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PREFACE

I OVERVIEW

« THE MANUAL FORMAT

~ This manual, "KC’s Problems and Solutions", is a collection of problems and solutions with compiled answers,
designed to accompany the Text “Microelectronics Circuits”, fourth edition, by Sedra and Smith, Oxford
University Press, 1997.

The goal of this Manual, captured in its former subtitle "Trial and Success", is to motivate and assist in
the dynamic process of active learning.

The mechanism provided here includes threec parts: I. Problems, II: Solutions, III: Answers.
Specifically:

Part I: Problems, consists of a collection of problems keyed to the Text in a variety of ways:
Most obviously, the problems are grouped according to the Sections of the Text. Possibly less
apparent is their relationship both to segments of the Text and to the end-of-chapter problems con-
tained there, about which more will be said shortly. As well, the problems are coded to indicate Com-
plexity (C), Length (L), and Design content (D), with an appended asterisk notation to indicate the
intensity of the associated attribute.

Part 1I: Solutions provides solutions which arc relatively detailed. While the presentation is
usually in a somewhat compressed format, attention has been given to revealing intermediate analytical
and computational steps. As well, additional comments on the interpretation of the Text, and the
direction for additional work are relatively common.

Part III: Answers allows rcaders to conveniently evaluate their success at problcm solving
without the inevitable hints that skimming the actual solution might provide.

* AN APOLOGY TO THE USER - THE LIKELYHOOD OF ERRORS

In a Manual such as this, intended as an aid to the student in a process of active learning, the issue of
errors is a very critical one. Obviously, errors embodied in the problem solutions presented here can be very
disconcerting to anyone who is less than secure in his or her knowledge of the subject matter. Thus the reduc-
tion of errors has been, and will continue to be, a high priority. It is in the latter sense that your indulgence
and help are sought in the conjoined processes of error detection and error recovery. Certainly I will be most
grateful for your help in reporting them!

In this process of error compensation, it is possibly useful to identify the types of errors you will inevit-
ably find. In order of increasing subtlety and criticality, they are:

Typographical errors:
There are many types of possible typographical errors which can be broadly characterized as
omission, exchange, and replacement, either in word, number, symbol, phrase or sentence con-
structs. While unnecessarily confusing, they usually have the virtue of being easily detectable
and correctable in context. To assist the detection process at its lowest level, solutions are
relatively detailed with lots of intermediate calculations, relatively consistent variable naming,
and relatively complete use of units for numerical results. Unfortunately, however, you may
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possibly find missing solution lines, as well.

Arithmetic Errors:

These occur between steps in a computation as a result of calculator misuse or transcription
error in the original work. They are distinguished from typographical errors by the fact that
they propagate. They can be detected only by carefully checking and reproducing the
preceeding substitutional and computational steps. Often the integrity of the following solu-
tion structure remains, but not always. One of the generic methods I use to help ensure struc-
tural integrity is an overall test for physical plausibility, or reasonableness, though this is often
not documented. However, an explicit demonstration of the attempt to reveal such errors is in
the use of frequent Check comments which typically employ a recent result in a somewhat-
global verification process. Incidentally, this is a good approach for you to use in your solu-
tions, as well!

Conceptual Errors:

These are of two kinds, either local or global. The former occur usually as a result of misin-
terpretation of a symbol, or of the scope of a question. Occasionally you may find a piece of
a question that was not answered at all, or answered in a less than complete fashion. The
only virtue of this sin is that it is normally detectable. On a far more serious scale will be the
occasional occurrence of totally wrong solution methods. These are quite insidious and
confusing to a novice, since they can easily be mistaken to be a valid alternative approach.
While these are relatively unlikely, they are almost certainly present. B

For all of these errors, please accept my apologies. While I have utilized many approaches to minimiz-
ing them, the limitations of available time and resources have produced the result you see before you. All that
remains to be said, again, is that I beg your indulgence, and look forward to your help in improving the situd-
tion!

« SOLUTION-PRESENTATION FORMAT

As you will note, the solution format in Part II: Solutions in this Manual is often less-than-ideal, being
basically a run-on string of what would ideally be separated lines. This choice was made in view of the need
to reduce the overall size of the Manual while making the solution relatively complete, with lots of intermedi-
ate steps. Obviously fewer steps in a more structured format would be more readable, and certainly more beau-
tiful, but probably less informative! To help in interpreting the string format, a somewhat-variable attempt at
the use of bridging language, sentence structure, and punctuation has been made. For instructive variety, some
solutions are presented more elegantly, including more explicit language, both with respect to physical arrange-
ment and description, as well as mathematical structure. :

II ADVICE TO THE STUDENT

* COPING WITH ERRORS

As noted earlier, I regret that you are likely to find errors in the solutions presented here. My regret con-
cerns the fact that I am distressingly aware that an error of mine can be difficult to separate from a conceptual
difficulty you may have. The only positive thing I can say is that learning to cope with imperfection is "good
for the soul”. Certainly a lot has been written about the positive effects of moderate stress on mental (and phy-
sical) development. Ask any reformed couch potato!
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But what can you do? Certainly compare notes with your colleagucs! Revel in the possibility that this
Manual is an ideal candidate for leisure-time conversation, after a hard day in class or study hall! More seri-
ously, it is certain that a minor degree of cross-checking with others can certainly avoid wasted time. Then,
and even on your own, if your solution and mine differ, certainly be prepared for a quick check of obvious
things — typos, arithmetic, etc. If you do not find the source of the discrepancy quickly, go on to another one,
as a way to test yourself. If you have trouble there as well, suspect your own need for more reading and
review of the Text. Otherwise a bit more work on checking the solutions is appropriate. Bear in mind, that it
is regrettable, but true, that there are errors in these Solutions. Feel good about yourself in finding them! Fecl
sadness (and compassion) for my failure to do so! In any case, report them (through our WWW page). We
will be grateful!

« THE ROLE OF CIRCUIT-RELATED SKETCHING IN
ELECTRONICS-PROBLEM SOLUTION

The merits of sketching in the solution of problems in Electronics cannot be overemphasized! Properly
organized, sketching constitutes a highly-cfficient information-transmission mechanism, a language in which
relatively complex issues in electronics design and analysis can be presented and communicated. As well, par-
ticularly for those broadly conversant with its idioms and dialects, circuit-related sketching can provide the
basis for an enriching aesthetic experience, manifesting a kind of "poetry", or "music for the eyes", so to speak.
This idea is a very important element in the graphic presentation style seen in the Text "Microelectronics Cir-
cuits", where a lot of use is made of schematic-circuit and waveform sketches. As well, the role of sketching
in laboratory work is made quite explicit in the associated Laboratory Manual "Laboratory Explorations".

Regrettably, here in this Manual, "Trial and Success", it has not been possible to properly present any-
thing like a complete view of the potential of sketching as language. There are two reasons, one economic, and
one paedogogical. ‘

The paedogogical issue appears first in problem presentations, in the use of circuit sketches in Part I:
Problems. Thus, there, you sec some problems posed almost exclusively in terms of circuit sketches. To
better appreciate circuit sketches as language, pause for a moment to reflect on how to present problems like
these, without a sketch! For large electronic assemblages, this can be a very daunting problem: For example,
for those of you familiar with SPICE as a Circuit Simulator, contrast the sterility of the SPICE input file — the
connection-specification list used in basic simulators (for example in Appendix D of the Text) — with the
aesthetic elements of the circuit sketch it attempts to describe. It is for this reason that schematic-circuit input
to circuit simulators is becoming more common, as you can see, for example, in the Electronic Workbench
material, by Interactive Technologies, Inc., provided with the Text.

It is for exactly this reason that the graphical user interface provided in "Electronic Workbench" is
recommended for practical work associated with the Text, particularly as a replacement for (or adjunct to) a
"hands-on" laboratory.

On the other hand, to communicate situational detail using spoken and written language is also important!
Certainly as a student of Electronics, or of engineering in general, you must be able to handle problems
presented in spoken-language style. However one of the best ways of dealing with such a word problem
presented to you, is first to prepare a sketch of the situation described. Incidentally, for a person proficient in
the process of circuit sketching, such a sketch would normally be created incrementally as the text description
is scanned, then augmented and checked later, as the text is reread.

In spite of all this, economic issue associated with the creation of well-formed drawings in a published
work such as this is a very real one. Regrettably, because of the relatively-high cost of production and presen-
tation, there are far fewer sketch-based problems provided to you in this Manual than good paedogogy would
suggest. In particular, as well, there is a lot of reference to existing figures in the Text. Notice, however, that
this is a good example of an important engineering principle, that reuse of a costly resource is a logical part of
a good engineering solution to any (engineering) problem!
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More critically, in terms of illustrating the best style for you to cmulate, I must emphasize that there are
Jar too few sketches used in the Solutions part of this Manual. Thc ones seen usually arise in response to a
direct request for a sketch. While this is paedogogically wrong, it is economically necessary. More concretely,
in your work in Electronics, normally without these constraints, the very best and most-effective style I would
recommend is to always try a sketch. "When in doubt, sketch", would not be too strong a recommendation to
follow. Notice that in the Text, an aspect of this idea is embedded in the recurring idea of "working on the
diagram" that appears there, for cxample on pages 248 (numerically) and 267 (analytically). As is illustrated
occasionally in the Solutions to follow, it is generally a very good idea to notate circuit sketches with small
calculations or notations, whose role it is to present, memorably, in context, circuit-specific data. For example,
a convenient way to notate event timing on digital or pseudo-digital circuits is illustrated on page 364 here in
the Solutions. In a very broad sense, in general, but certainly in the solution of the relatively intricatc prob-
lems which appear in this Manual, first try to capture the specified situation as a sketch. Then, at or near the
appropriate node of the circuit, possibly connected by a pointer line or other reference notation, do the calcula-
tions that you can do easily, such as those, for cxample, relative to bias-point analysis, signal limits, ctc. Usc
these (possibly approximate) results, then, to guide your more elegant and formal solution, and, as well, to pro-
vide a rough check on the plausibility of your final results.

« SOLVING A PROBLEM - SOME GENERAL ADVICE

Read the Problem carefully to see if you understand the general idea it attempts to present. As noted ear-
lier, try to present the situation described in a labelled sketch. The preparation of this sketch may be somewhat
iterative — first a rough idea with some labels (to be left in place on your page), then a refined version added,
with complete labelling. Note the idea of progression without erasure. As a general rule, don’t eliminate ear-
lier work, either by erasure or abandonment, for it represents the path of your progress, the history of the pro-
cess of your "learning to lcarn”, the shoulders on which your final solution stands, the available evidence of the
logical process you can use when reviewing your work, and so on. Perhaps, later, you may want to make your
solution more beautiful for final presentation, but this is oftcn not neccessary in the cngincering workplace,
except for very formal reports required by top management. Notice also that in the phrase "to be left in place",
I have attempted to suggest avoiding the scraps of paper, the legendary "back of the envelope”, and so on,
which are relatively inappropriate in a modern responsible decision-path-traccable engineering-design process.
It is for these reasons that working enginecrs often use a bound "Engincering Workbook" to record their pro-
gress.

. In general, it is often a good idea to redraw the circuit presented in the original problem specification (or
photocopy it with segmentation and enlargement, if complex), and then do your work while looking at it,
and working on it, if that is convenient.

. Prepare an informal summary table of the symbolic and numeric values of specified variables and of the
values which you must find in your calculations. It is often useful to organize the solution to your prob-
lem by first preparing a tabular format in which you might wish to present the results. Certainly from
the point of view of real engineering problem solving, this is a very credible and effective way to both
organize your thinking and to prepare for the ultimate presentation of your work to the "boss". Bear in
mind, of course, that while all of this is a good idea (else I would not have written about it!), it is often
difficult to do, and may be overkill in a simple situation. Whether you use the idea, or not, depends on
your particular situation, in the samc sense as does the use of refined sketches. If it helps, do it!
Notice, in general, that most of life’s problems are amenable to more than one solution style!

. As a generalization of the detailed comments above, always attempt to make the specifications of any
problem you face, whether here, now, or later in rcal life, as explicit as you can. That is what the
sketches and tables arc all about! Set yourself up, as much as you can, for a multisensory input, for the
possibility that a rapid review of the situation through, say, a quick glance at a circuit diagram can crys-
talize the issue before you, thereby avoiding the forgotten fact, the potential omission, the unnecessary
rework, etc. ’
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III GENERAL INFORMATION

*« RELATIONSHIP OF THE PROBLEMS HERE TO THE EXERCISES

AND PROBLEMS IN THE TEXT

The problems in this Manual are intentionally coupled in a variety of ways to the Exercises and Prob-

lems in the Text:

First, you will see that a fraction of the Problems are direct variations of those in thc Text. By and
large, these can be seen to represent several situations: One is of the acknowledged existence of a set of
relatively basic, classic problems that bear repeating. Another is where problem variety in some subject
is somehow limited. Another is a concern for representing, by example, a general approach to creating
numerically-different problems in an area where that is often not straightforward. Another is to provide,
in conjunction with the Exercises or Problems in the Text, an opportunity to sce the bigger picture as
influenced by a particular set of circuit-design parameters, and thereby experience the issue of design
variants, by viewing a few sample points in a related "design space”.

Second, a fraction of the Problems presented are coupled more subtley to those in the Text by being
expansions, extensions, or decompositions of them. By expansion, I imply the more detailed examination
of an interesting aspect of the Text problem. By extension, I imply the posing of questions which
enlarge the domain of analysis, of design, or of application. By decomposition, 1 refer to the reuse of
selected parts of a Text problem, often over a wider domain of device parameters, loads, frequencies, etc.
The enlarged dimensionality implied by the words expansion and extension is indicative of the fact that
the Problems presented are often relatively complex. The arguments, in support of the intended com-
plexity, are many: that real life is complex, that complexity may reinforce in-depth and long-chain think-
ing, that complexity by added parts implies choice, and, finally, that the existence of Solutions as aids,
all are intended to justify and support a complex situation that could otherwise be quite difficult.

* AIDS TO SIMULATION

You may notice that a large number of the circuit schematics used in this Manual have been prepared

using software associated with "Electronics Workbench” by Interactive Image Technologies, Ltd. A major
benefit of this approach is the availability of these circuits in a form-compatible with simulation using Electron-
ics Workbench. In the near future, we proposed to make such material selectively available through our WWW
site {sedrasmith.org} and in a CD-ROM.

* SOME FACTS OF INTEREST

This Manual contains 753 Problems, of which 202 involve direct design practice.
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PART I
PROBLEMS

pages 1 to 131

CHARACTERIZATION CODE

C Complex
D Design
L Long
Where suffixes * and ** indicate

indicate more and much more
of the preceeding attribute.






Chapter 1

INTRODUCTION TO ELECTRONICS

SECTION 1.1: SIGNALS
L

1.1 For the following circuits, identify the signal-source form, whether Thevenin or Norton, and provide, in
an organized two-column table, sketches of both standard forms. Where appropriate, reduce the circuit to
its single-source, single-impedance form. Be careful with the polarities of voltage and current generators.

Is(t) R q})vs(t)

Qi-1a Q1-1b
) )

o =
il @]
b =

G

[ N
*N

4

R1 R2 1

vs(t) Qj}:)is(t) R TC
2

L =8

2
Ql-1c Q1-1d
® [ ]
C1
TR !
11 _l_
<J:>vs(t) -[- c2 )
Ql-1e
[
R1 1
is(t) R2
2
Q1-1g -
®

SECTION 1.2: FREQUENCY SPECTRUM OF SIGNALS

1.2 For the following signals whose frequency is expressed either in radians per second or Hertz, find the
corresponding value in the alternate form. Provide your answers in a neat five-column format, a line
label at the left, Hz next left, rad/s at middle right, and 2 blank columns at the far right.

(a) 60Hz, (b) 754 rad/s, (c) 2513.3 rad/s, (d) 1010 kHz, (¢) 97.30 MHz, (f) 1 Hz, (g) 377 rad/s, (h) 1
rad/s, (i) 1 GHz, (j) 400 GHz.



1.4

L5

1.6

1.7

PROBLEMS: Chapter #1-2

For cach part of the previous question find the period of the signal. Express it in seconds in two ways,
using 3 significant digits:
a)  with one left of the decimal point and with an appropriate power of 10, and

b) using the standard names for subdivisions (seconds(s), milliseconds(ms), microseconds(us),
nanoseconds (ns), picoseconds (ps), femptoseconds (fs)).

Create your answer in two ways:
i)  directly from the specifications given in the previous question,
ii)  the easiest way, using data from your table.

Use the 2 far-right columns in the answer table of P1.2 above for your answer (first using powers of 10,
then names).

An oscillator, operating in an instrument at 10.7 MHz, is said to be stable within 3 parts-per-million per-
degree-Celsius variation in temperature. What change of period would you expect from the moment it is
first turned on in a room at 25°C, until it finally reaches its internal operating temperature at 50°C?

Three individuals, when asked to characterize different sine-wave signals presented to them, state:

a)  0.20 V peak-to-peak at 1000 Hz,

b) 2.12 V rms, with a 20usec period,

c) 1.0 V peak amplitude, and a frequency of 12.57 rad/s.

Find the amplitude and frequency ratios which characterize the 3 signals using a) as the reference.

What fraction of the energy in a square wave of frequency f and 10 V amplitude is contained in harmon-
ics above 9f ? at and above 3f ?

An ideal low-pass filter with cutoff frequency f passes all signal energy below f, and rejects all signal
energy above. Find the cutoff frequency of a low-pass filter such that square waves at 1 khz and 2 kHz,
with amplitudes of 1.1V and 1.2V respectively, provide nearly the same output-power levels.

SECTION 1.3: ANALOG AND DIGITAL SIGNALS

1.8

1.9

1.10

A square wave at frequency f can be considered to be the result of sampling a sine wave of frequency f
twice per cycle (at a uniform rate of 2f), and extending the measured value until the next sample. For
this interpretation, characterize the result of sampling a 1V rms sine wave:
a)  exactly at its peaks,
b)  at 90° from a negative-going zero crossing,
¢)  at 45° from a positive-going zero crossing.
What waveform results for case a) if the sampling frequency is
i) doubled, ii) halved?

A designer wants to represent all decimal numbers from O to 33. How many bits are needed? What are
the binary representations for 0, 7, 15, 31 and 33?7 What is the largest value that can be represented?

A second designer involved in creating a low-cost version of the application situation introduced in P1.9
above, realizes that only the even numbers from O to 30 must be represented. How many bits arc
needed? What are the binary representations she can use for 0, 8, 14, 28?7 What is the largest value that
can be represented in this low-cost version?



1.11

1.12

1.13

PROBLEMS: Chapter #1-3

Consider the 8-bit digital-signal representation shown in Figure 1.8 of the Text. If the most-significant
bit (MSB) is sent first (at time 0), what value D is represented if a) all bits are positive, b) all but the
MSB is positive; and the MSB has a negative weight (that is, b, is negative, while b, through b4, arc
positive). In each case, what is the value represented if the MSB is reversed (thus becoming logic 0)?

Reconsider the situation presented in P1.11 above, but with the MSB (b,) appearing last in time. What
is the value of D, the number represented? What value D is represented if a) all bits are positive, b) the
MSB (alone) has a negative weight, c) the MSB is considered to be a sign bit with zero weight, 1 being
the negative sign. What values are represented in each of these three interpretations, if the MSB is
reversed (that is, to take on the logic value 1)?

For a 5-bit digital representation, what are the largest and smallest numbers that can be represented?
What decimal value D corresponds to the 5-bit number 01101 written in conventional form. In a modern
instrumentation system using a 3V supply, the digit voltages arc OV and 3V for logic 0 and logic 1
respectively. For an associated 5-bit DAC circuit, the most-significant digit (alone) produces an output of
32 = 1.5V. To what output voltage does the number 01101 correspond? What is the highest available
voltage-output value? What is the smallest non-zero output value? What available output is closest to
1.00V? To what digital input to the DAC does this correspond?

SECTION 1.4: AMPLIFIERS

1.14

1.15

Measurements made on a set of amplifiers, labelled a) through e), provide the attributes tabulated below.
Calculate those missing elements needed to characterize each. Each amplifier uses £ 10V supplies with
no dc ground connection. Signal connections are with respect to ground, however. Signals are assumed
to be sine waves whose peak values are given. Amplifier a) has been completely characterized by way of
example.

Supply Input Output Av A i A p EfL.

w| L [ I[P |V;i| i; |Rin | Pin | Vo |io | Rivad | Pous | ratio | aB | ratio |[dB | ratio |aB| %
mA [mA oW [mv | HA [ KQ | Uw | Vv [ mA| KQ | mW | vimv mA/lLA mW/HW
al 3|3 ]e |1 1 1t faooos| 2 | 20] o1 20 2 |e6| 20 |86 |4x10*| % |3
b 1 20 ot 1 1
3

¢ 10° | o1 10 i0 10
d 200 oo 0 | o2
e 10 05 10 0.1 2

An amplifier operating from * 10V supplies has a linear transfer characteristic passing through (0, 0), but
with output saturation at +7V and -9V. If the amplifier gain is 50 V/V, what is the largest sine-wave



1.16

1.17

1.18

PROBLEMS: Chapter #1—4

input having no dc componcnt, that can be applied without clipping?

For the situation described in P1.15 above, it is desired to have the largest possible unclipped output, and
a dc component can be tolerated. What is the rms value of the largest possible sine wave at the output
and at the input? What is the dc output component? To what dc value must the input be biassed?

An amplifier having a transfer characteristic
Vo =8 -4 (v —1)?
with
1<y, Sv+1, Vo920

is to operate with a dc output voltage of 4V. For an output signal of <1 volt peak amplitude at the input
frequency ®, what % second-harmonic distortion results? (HINT: Seec Problem 1.15 on page 30 in the
Text)

Repeat Example 1.2 on page 17 of the Text, for the situation in which
Vg = 5- 10—10 840“’

for v; > 0 and vy = v; with the output biassed at Vp =+52 volts. Find V;, L+, L—, the peak magni-
tude V; of the output sine wave allowed, and the voltage gain A, at the bias point.

SECTION 1.5: CIRCUIT MODELS FOR AMPLIFIERS

1.19

1.20

1.21

1.22

1.23

DL*
1.24

A voltage amplifier connected to a particular source v; has a no-load voltage gain of 100 V/V and a gain
of 70 V/V with a 1 kQ load. What is its output resistance? What is its gain with a 500 Q load?

A voltage amplifier, when connected to a 10 kQ source, has an overall gain (v,/,) of 1667 V/V. When
a second identical amplifier is connected in parallel to the same source, the corresponding gain for each is
found to be 909 V/V. Estimate the input resistance of the amplifiers.

A voltage amplifier has an open-circuit voltage gain of A,,, an input resistance R;, and an output resis-
tance R,. Find the condition under which a cascade of n of these amplifiers has the same open-circuit
gain as a single amplifier.

A design is required of a voltage amplifier to operate between a 1 MQ source and a 100 Q load. You
have two amplifiers, each with a gain 10 V/V, but with the input and output resistances of A; being 1
MQ and 10 kQ, respectively, and of A, being 10 k€ and 100 Q, respectively. There are two possible
ways to connect the two amplifiers between the source and load. Which is best? What is the highest
overall gain? Contrast this with the gain using only one amplifier at a time? If a good fairy granted you
one wish — to double (or halve) any one property of either amplifier — is there a best choice to be made?

Why?

A voltage amplifier with a basic gain of 80 dB, has an output resistance of 10 k2. What is the voltage
gain which results for loads of 1 MQ, 10 kQ, 10Q? What is its equivalent transconductance when

operating into a zero-ohm load?

This problem is intended to provide you with a basis for insight into Problem 1.21 on page 51 in the
Text.
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(@) Evaluate the gain v,/v; for each of the amplifier stages described there interposed individually
between the stated source and load.

(b) From the process and results of (a), identify where the least loss occurs, whether at the source or
load, for each amplifier. Use these observations to make 3 lists of amplifiers (in which amplifiers
are put in descending order of merit), as input-stage coupler, output-stage coupler, and as provider
of gain.

(¢) Now consider a design with a pair of amplifiers, picking, as input, an amplifier high on list 1 and
rcasonable on list 3, and, as output, onc high on list 2 and rcasonable on list 3.

(d) What is the highest gain you can get from two stages?

(e) Reconsider the process outlined above, in an attempt to see if you could reach the same conclusion
by simply thinking about it, rather than by making explicit lists.

You are required to design a two-stage current amplificr to operate between a current source having a 10
kQ internal resistance and a load of 10 kQ. Three types of amplifier stage are available:

(1) A low-input-resistance type, with R; = 10 Q, R, = 10 kQ and A;;, = 100A/A

(2) A high-gain type, with R; = 10 kQ, R, = 1 kQ and A;; = 1000A/A

(3) A high-output resistance type, with R; = 10 kQ, R, = 100 kQ and A;; = 100A/A.
How many two-stage amplifier combinations are there? Rank them by available gain.

Reconsider Problem ].25 above, Rank the 3 amplifiers on the basis of a figure of merit (for current

A,‘_‘- X R,

amplifiers) which is . Select the two amplifiers of lowest rank, and use only those types to

i
design a two-stage current amplifier of highest-possible gain between a 10 kQ source and 10 kQ load.
What is the highest available gain?

Reconsider the three amplifiers introduced in Problem 1.25 above as transconductance amplifiers. Restate
the specifications of each as a transconductance amplifier. Identify a figure of merit for a transconduc-
tance amplifier like that suggested in Problem 1.26 above for a current amplifier. Use this to rank the
three as transconductance amplifiers.

Using the results of Example 1.4 (on page 25 of the Text) for a BJT, characterize its use with E
grounded, B as input and C as output, both as a current amplifier and as a transconductance amplifier.
Use 7o =5 kQ and B = 200. What are A;, and G,, respectively?

For the BJT circuit shown in Figure E1.14 on page 28 of the Text, find expressions for the voltage gain
v/, and the resistance seen by resistor R, connected between the emitter and ground. (Hint: to find the
latter, use a test voltage as in Examplel.4 in the Text)

For the BJT circuit shown in Figure E1.14 on page 28 of the Text, find expressions for the voltage gain
v/, and the resistance seen by Ry .

Use the results of Exercise 1.14 on page 28 of the Text and those from P1.29 above, to find an expres-
sion for the voltage gain v,/4; when a source v;, whose source resistance is Rs, is connected to the base.
What is the value of Rg for which v,A; is half the value of v.4;, found in P1.29 above.
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SECTION 1.6: FREQUENCY RESPONSE OF AMPLIFIERS

1.32 1In passing through a particular amplifier, an input sine wave of 2 mV peak-to-peak amplitude at 1 kHz
emerges with the same wave shape, an amplitude increased to 2V peak, and evidence that is has been
delayed by 0.2 ms. For the amplifier transmission, what is the magnitude? What is the phase?

1.33 A direct-coupled (dc) amplifier (onc whose response extends down to zero frequency) has an upper 3 dB
frequency of 100 kHz. What is its bandwidth? When coupled to a signal source using a capacitor, its
frequency response is found to deteriorate at low frequencies, the response being reduced by 3 dB at 20
kHz. What is the overall bandwidth of this arrangement?

1.34 Consider the circuits of Fig. 1.22 (on page 31 of the Text). In a particular system applicati'on, a new out-
put V,,, =V; =V, is created in each case. What is the type of the corresponding output V,,, for circuit
a)? circuit b)?

1.35 An amplifier, considered to have a high-frequency response which can be characterized as STC, is meas-
ured at 3 frequencies, 1 kHz, 10 kHz and 20 kHz, at which the gain magnitude is found to be 11 x 10%, 8
x 10% and 4 x 10°V/V, respectively. Estimate the 3 dB frequency and the frequency at which the gain
can be expected to drop to 1. At what frequency does a phase lag of 60° or so appear?

CDL

1.36 Consider one stage of the amplifier cascade in Fig. P1.37 (on page 54) of the Text. At what frequency is
its response 3 dB down from the midband value? For 2 stages in cascade, what docs the 3 dB frequency
become? For a modified 2-stage cascade in which one of the resistors is decreased to kR (k<1), find a
process to calculate what the frequency becomes. For what value of k does f3 4p of the modified 2-stage

0.
l"
cascade have a value mRC |

1.37 A voltage amplifier has the transfer function

T(f) = l 1000

| {10
1+ 105J ll+ij

On a Bode magnitude plot, sketch asymtotes representing each of the terms shown. Then sketch the
overall (sum) response. What do each of the three terms contribute (in dB) at f =1, 10, 100, 104 10°
and 10% Hz. What is the overall response at the same frequencies? What is the 3 dB bandwidth of the
amplifier? Over what frequency range is the phase 0 + 6°?

1.38 A voltage amplifier has the transfer function

T(f) = 0yf

[jf + 105] l—{%+ 1J

Note that this is not in the most useful standard form. Without converting it explicitly, what are the
upper and lower 3 dB frequencies and what is the midband gain (i.e. the gain between the upper and
lower cutoffs)? Now reduce T(f) to standard form, and consider the same questions: Do you have a
preference for one form over the other?

1.39 Consider the transconductance amplifier in Table 1.1 (on page 24) of the Text driving a load capacitance
of C = 10pF and driven by a 10 kQ source, R;. Find expressions for the gain at low frequencies and
the associated upper 3 dB frequency. For one particular amplifying device, namely a BJT, both R; and
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R, are inversely proportional to bias current /, while G,, is directly proportion to it. Typically,

R; =—2}—5, R, =—2%0- and G,, = 40[

Design the circuit bias current so that the resulting upper 3 dB frequency is | MHz or more. What is the
midband gain Ay that results? Using the expressions you have derived, find the product of gain and
bandwidth. What is interesting about it? Use this result to state the gain of an amplifier whose bias is
adjusted for a 3 dB frequency of 10 MHz. What current is nceded?

Consider the circuit of Figure 1.25 of the Text in which the output is augmented in two ways: capacitor
C, couples Ry, to another load resistor R,, and C; (a small capacitance) is shunted by a relatively large
capacitor Cy. Here, R, = 20kQ, R; = 100kQ, R, = 2002, R, = 1kQ, R, = 1kQ and p = 100V/V.
What is the nominal gain at midband frequencies, where the effects of C; and C, are ignored, that is, C,
is considered to be very small, and C is considered to be very large? Find valucs for C; and C, so that
the amplifier has a relatively narrow midband region extending from 20kHz to 80kHz. What gain results
at 40kHz? Over what frequency range is the gain within 1dB of the midband value. Here, the 3dB
bandwidth is designed to be 80 — 20 = 60kHz. What is the 1dB bandwidth? (Hint: Follow the general
appraoch implied in Equation 1.24 on page 34 of the Text and in Exercise 1.17 on page 38 there.

Find the transfer function of the circuit shown: Sketch its magnitude and phase.

L

L
>
+ Yo -
[ ——" Y
R = C

+vl

®

SECTION 1.7: THE DIGITAL LOGIC INVERTER

D
1.42

1.43

1.44

An amplifier, operating from a 5V supply limits 1.5V from the upper supply rail (at 5V) and 0.5V from
the lower rail (at OV). It has a relatively constant gain of —10V/V in the transition region which is cen-
tered at v; = 2.5V. Using the three-segment-transfer-characteristic inverter model of Fig. 1.29 of the
Text, find Vor, Vou, Vi, Vig, NMy, NMy. How wide is the transition region? If the transition region
is doubled in width due to a manufacturing error, what do the noise margins become? By what factor do
they change? If you, as a designer had a choice of relocating the center the transition region, what value
would you chose in order to equalize the impact of lower gain on noise margins?

For a particular logic inverter modelled by the circuit of Fig.1.31c) of the Text, Vpp = 5V, R = 1k,
Ron = 50R, Vopreer = S0mV. Find Voy and Vo, What static power is dissipated for input high? For
input low? If the switch also has a 5kQ leakage, what does Vo, become? What is the average static
power loss of this "leaky inverter" for 50% duty cycle?

For a logic inverter whose operation is modelled by the complementary-switch circuits of Fig.1.32 of the
Text, Vpp = 5V and R,, = 50Q. Find Vg, Vgy, and the average static power dissipation of the
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inverter. If each switch has a 5kQ leakage, what do Vg, Voy and the average power become?

Consider the switched-current logic represented in Fig.1.33 of the Text. For Igz = 4mA, what values of
Rc; and R¢, are required to achieve a 1V logic swing? For Ve = 0V, what values of Vg, and Vpy
result? To achieve equal noise margins, at what value of v; should the switch be made to operate?
(Note that the switch is usually modelled to have Vj, = Viy.) If Vgg = 5V, what is the average static
power dissipation in the circuit? Provided operation is otherwise OK, does switch resistance affect the
total power dissipation of the gate?

Reconsider the situation described in P1.44 above in which the logic gate, loaded by a 10pF capacitor,
operates at 100MHz. What is the dynamic power dissipation which results? Estimate the transition
times and propagation delay for this inverter following the definition in Fig.1.35 of the Text and assum-
ing that the switches operate instantancously at v; = Vpp/2.

Reconsider the situation presented in P1.44 above for Vpp reduced from 5V to 3V, with the switches still
operating at Vpp/2.

A current-mode-logic gate modelled by the circuit in Fig.1.33 of the Text, uses Igg = 4mA, Vo = 0V,
Vee = SV and R¢y = Rea = 250Q. The logic load connected to each output can be modelled by a 3 pF
capacitor. Sketch and label the output waveforms that result for a sequence of 2 switch reversals. Esti-
mate values for Vor, Vou, triu, truL, tein,-tpuy for each output, assuming switch operation to occur
instantaneously at its operating threshold. For this gate operating at 200 MHz with 50% duty cycle, what
are the static, dynamic and total power consumptions?
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OPERATIONAL AMPLIFIERS

SECTION 2.1: THE OP AMP TERMINALS

2.1

What is the number of op amps that can be accomodated in an 8-pin IC package? In a 14-pin package?
How many unused pins are there in each case?

SECTION 2.2: THE IDEAL OP AMP

22

2.3

An otherwise-ideal op amp, known to have a gain of 10* V/V, is measured in a circuit to have an output
voltage of —3 V. While it would be difficult to measure, what would you expect the voltage from the
negative input pin to the positive one to be? If the voltage at the positive pin is known to be +100 mV,
what is the voltage you would expect at the negative one?

For the amplifier described in P2.2 above, connected in the circuit shown in Fig. P2.2 (on page 110 of
the Text), what voltage v; would be required at the input to produce vy = 3.5 V?

SECTION 2.3: ANALYSIS OF CIRCUITS CONTAINING IDEAL OP AMPS -

24

25

CD
2.8

2.9

2.10

THE INVERTING CONFIGURATION

An inverting op-amp circuit with the topology of Fig. 2.4 on page 65 of the Text, has R; = 4.7 kQ and
R, =47 kQ. What closed-loop gain would you expect? In the laboratory, a student accidentally
exchanges these two resistors. What gain would you expect him to find?

The circuit shown in Fig. P2.8 c), (on page 111 of the Text) using an op amp with a gain of 10* V/V, is
found to have an output voltage of +10 V. What is the voltage required at the inverting input terminal of
the op amp for this to occur? What is the current through the grounded 10 kS resistor? What is the pre-
cise input voltage, v;, you would expect? (Hint: First, consider this question assuming that the gain
(10% is very very high. Then, refine your answer with a calculation in which a very small error correc-
tion is made).

Design an op-amp circuit with a gain of —2 V/V, using three 100 k<2 resistors. How many solutions are
there? What is the input resistance of each?

Design an inverting op-amp circuit with a gain whose magnitude is 10 V/V using one 220 kQ resistor
and another resistor no greater than 1 MQ.

Design an amplifier with a gain of —20 V/V, an input resistance of 100 k€2, and no resistor greater than 1
MQ. (Hint: you need more than 2 resistors! But not 4!)

An inverting- op-amp circuit is designed to use one 10 kQ and one 100 kQ resistor. What are the two
possible closed-loop gains you would expect with an ideal op amp? What gains do you get with an op
amp whose open-loop gain is only 100 V/V? .

An inverting op-amp circuit designed for a nominal gain of ~100V/V uses a very high-frequency
amplifier whose open-loop gain is relatively low. What must the amplifier gain be if the closed-loop gain
is to lie within 10% of the nominal value? Within 1% of nominal?
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For the inverting amplifier shown in Fig. 2.6 in the Text, find the input resistance R; of the feedback cir-
cuit connected to the rightmost end of R (namely the amplifier with gain —A and feedback resistor R;).
[Hint: Follow the general approach used in the analysis leading to Equation 2.1 with R; being the ratio of
the voltage at the negative input terminal and the current in R,.] The mechanism, that causes R; to be
quite small is called the Miller Effect. Use R; with Ry and A to calculate G. Compare the result with
Equation 2.1.

A relatively ideal op amp with open-loop gain A is connected in a circuit with its positive input grounded
and an unmarked resistor R; connected between its output and negative-input terminals. A 10uA test
current is injected into the negative-input connection, where a voltage of 10.1 mV is measured. A
corresponding measurement at the output shows v to be =978 mV. Estimate the value of the equivalent
input resistance at the negative-input node, the amplifier open-loop gain A, and the actual value of the
feedback resistor Ry. What is likely to be the nominal value of R,? What is its corresponding toler-
ance? For what value of resistor joining a sourcce Vs to the negative input terminal is
voAs = —~ 10.00V/V.

Design an amplifier with a gain of +200 V/V and an input resistance of 100 kQ using 2 op amps and
resistors no larger than 1 MQ. Share the gain as much as is convenient between the two amplifiers.

Reconsider P2.13 above if R;, must be 2 MQ. Use a minimum number of resistors.

Design the circuit of Fig. 2.8 on page 69 of the Text to have an input resistance of 1 MQ and a gain of
—22 V/V using resistors no larger than 1 MQ. If resistors no smaller than 100 k€2 are available, what do
you do?

Consider the circuit of Fig 2.8 of the Text with the grounded end of R; connected to input v,, and v,
connected to Ry. Use the approach in Example 2.2 (on page 69 of the Text) and superposition, to find an
expression for Vg in terms of v, alone, and of v; and v, together.

SECTION 2.4: OTHER APPLICATIONS OF THE INVERTING CONFIGURATION

L
2.17

2.18

Find the transfer function of the following circuit:
What is the condition for which the out-

vi c1 c2 put is independent of frequency? Sketch
} I Bode magnitude plots (in rad/s) for 3
cases:
R1 R2 a) C,=0.1C;= 0.1yF,
— W Ry =10R; = 100k<;

vo
>—J>——0 b) R, is raised to IMQ;
_E— ¢) R, is lowered to 10kQ.

A Miller intégrator for which the time constant is 1 ms is driven by a positive step of 1 volt amplitude.
What does the output do? At what rate? If the initial output voltage is 10 V, how long does it take for
the output to reach 0 V?

- 10 -
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2.19 A Miller integrator with a time constant of 10 ms is driven by a 60 Hz sine wave of 0.1 V peak ampli-
tude. Describe the resulting output waveform, in amplitude and phase. Is the output leading or lagging
the input?

2.20 Consider a differentiator circuit such as that shown in Fig. 2.14 a), on page 79 of the Text, having a 5 ms
time constant. For what rate of change of input signal is the output +1 V? An input signal begins to rise
from zero volts at ¢ = 0 at the rate of 1 V/ms, reaches a value of 20 V, then falls at the same rate to zero
volts. Sketch and label the resulting output waveform over an interval of 50 ms.

2.21 The differentiator circuit of Fig 2.14 a) of the Text is augmented by a resistor » = 100  in series with
C = 1.0 uF. Resistor R = 10 kQ. Sketch and label the output if the input is:

a)  a positive pulse of 0.1 V amplitude and 10 ps duration,
b)  a negative pulsc of 50 mV amplitude and 0.1 s duration.

D

2.22 Design a circuit with 3 inputs to provide an output Vg = — (V; + 2 vy + 3 V3) using 10 kQ as the smal-
lest resistor.

D

2.23 Design a circuit to combine 3 inputs to form Vo = V; + 2 v, = 3 V3. Use only inverting amplifiers, with
10 kQ as the smallest resistor. There is more than one way! Find one which minimizes the total resis-

tance used.

2.24 For the following circuit, find an expression for the output vy in terms of v; and v,, assuming an ideal
op amp.

vi 10kQ 0.1 uF
—AAA—4 —

v2 5kQ vo
—AAA e

SECTION 2.5: THE NONINVERTING CONFIGURATION

2.25 A non-inverting op-amp circuit with the topology of Fig 2.16, on page 82 of the Text, has R; = 4.7 kQ
and R, = 47 kQ. What closed-loop gain would you expect? In the laboratory, a student accidentally
exchanges these two resistors. What gain would you expect her to find?

D

2.26 Design a non-inverting amplifier with a gain of 1.5 V/V using three 1 kQ resistors. Sketch two solu-
tions.

CDL

2.27 Use the circuit idea shown in Fig P2.44 (on page 116 of the Text) to design a circuit whose output is
Vg = V; + 2V, — 3v;, with 10 kQ as the smallest resistor used. There are several possible ways! Find

one.

- 11 -
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Use the gencral result outlined in P2.44 on page 116 of the Text for the arrangement shown there in Fig
P2.44 to create a circuit to provide an output vy = 10 (V;—v;). (Hint; Use an additional positive input.)
Have you seen this circuit before? What is it called? You may find the latter questions more straightfor-
ward after you have read the next Section of the Text.

A designer, needing to provide a unity-gain buffer, considers the use of the circuit topology shown in
Fig. 2.19 on page 84 of the Text. However, the amplifier he has available has an open-loop gain of only
10. What closed-loop gain would the simple circuit produce? His boss suggests that he consider the cir-
cuit of Fig 2.16 on page 82 as a solution. As well, she requests that the smallest resistor used be 10 kQ.
What design would result?

SECTION 2.6: EXAMPLES OF OP-AMP CIRCUITS

CDh
2.30

CD
2.31

2.32

2.33

2.34

A designer wishes to use a simple modification of the circuit of Fig 2.20 on page 86 of the Text to
implement a centre-zero voltmeter whose scale ends are +1 volt. The meter movement provided is a 0 to
1 mA unit with a resistance of 50 Q. Her boss suggests that a solution is possible using a single addi-
tional resistor and one of the £10 V supplies from which the op amp is powered. What is the value of
the additional resistor? To what supply is it connected? To what circuit node is the additional resistor
connected? What is the required value of R?

An analog-circuit designer requires a +5 V power source from which to run a small amount of digital
logic requiring 20 mA at +5 V. The analog system uses 15 V supplies which are quite well-regulated
(that is stable over time and temperature and reasonably independent of load). Suggest a simple op-amp
circuit, using a resistor network operating at 0.5 mA, to do the job. If the op amp requires a bias current
of 2 mA from its supplies at no load, what is its total power dissipation when fully loaded at the max-
imum current required by the logic?

For a particular differencé amplifier using the topology of Fig 2.21 on page 86 of the Text,
V)
Ry =R4=100 kQ and R} = Ry = 10 kQ. What is the gain, G = 5 0

o you would expect? (Be care-
-0z
ful of what is asked!).

The difference amplifier described in P2.32 above is connected to two sources, Vg; and Vg, each having
v
a 10 kQ internal resistance. What is the gain D—O—D-—— which results? What must you do to achieve a
51—Vs2
source-to-output gain of magnitude 10. As well, the source resistance of Vg, is found to be only 8 kQ.
What else must you do to achieve true difference action?

Reconsider the difference amplifier analyzed in Example 2.6 on page 86 of the Text, using Fig 2.21 and
Fig 2.22, under the condition that resistor R4 is connected to a 3rd input, \)1%. Find the expression
R, 4

corresponding to Equation 2.13 for vg. Simplify it for the case in which R
1 3

-12-
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2.35 Consider the circuit shown here which employs an ideal op amp.

2.36

2.37

2.38

2.39

vi 100kQ B 100kQ
O——AN\—4

R2

v2 100kQ |A 300 kQ I
————AAA—4

Rda

150 kQ

-

What is the value of vy for

vo a) Vi=10,=5YV,

— AAA————
>——<———- b) v =1,=0V,

R3 Réb + 16V ) YV =+3V,0,=-2V?

Do your analysis from first principles.
Afterward, consider using the answer to
P2.34 above.

Using the circuit of Fig 2.25 on page 90 of the Text, design an instrumentation amplifier with a differ-
ence gain of 100 V/V shared equally between the input and output stages. Employ 10 kQ as the smallest
resistor. For your design, what voltages appear on the outputs of A} and A, for v; = 5.0 V and v, = 4.9

v?

>

X R3
_N\/\,_‘

Show that the input resistance of the circuit shown is
Ry

R, = —-R SR assuming the op amp to be ideal. (Hint: Use
2

a test voltage vy at node X and find the current it must sup-
ply.) To appreciate the significance of a negative resistance,
connect it in series with a resistor R4 to a signal source

at node W. Sketch the circuit. Find expressions for the input resistance R; seen by the signal source at
W, and for the voltage ratios Vy/Aw and VyAw. What do these become for Ry = R, and a) R4 = 2R3, b)
R4 = Rj, c) Ry = Ry2? For what value of Ry is the voltage gain vyAy equal to +10V/V?

vi,W R

For the circuit shown with input v;, find the Norton
equivalent circuit at node X. Assume the op amp to be ideal.
(Hint: Proceed as at the beginning of above.) What current
will flow in an impedance Z connected to node X? Find the
corresponding expression for the transmission from W to X
in general, and when Z is a capacitor C, in terms of complex
frequency s. Note that the latter circuit is actually a nonin-
verting integrator. What is its integrator time constant?
What is its unity-gain frequency?

A differential amplifier has a composite input signal consisting of 2 sine-wave components at different
frequencies (60Hz and 1kHz) at each of its inputs: Both have a common component of 8 volts peak at
60Hz. At 1kHz, each has a component of ImV amplitude, but of 180" relative phase. The output con-
sists of a 0.6V peak component at 60Hz and a 60mV peak component at 1kHz. Find the difference-mode
gain, and the common-mode gain. Using the definition of the Common-Mode-Rejection Ratio (CMRR)
provided in Problem 2.60 on page 118 of the Text, calculate the CMRR in dB.

-13 -
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2.40 A differential amplifier is characterized by the first equation in Problem 2.60 on page 118 of the Text
where CMRR is also defined. It is found to have a difference-mode gain of 200V/V and a CMRR of
100dB. For what amplitude of input common-mode signal is the unwanted output signal only 1% of the
desired difference-mode output of 2Vpp?

SECTION 2.7: EFFECT OF FINITE OPEN-LOOP GAIN AND BANDWIDTH ON
CIRCUIT PERFORMANCE

2.41 An internally-compensated op amp has f, of 10 MHz and a dc gain of 10° V/V. What is the 3 dB frc-
quency of its open-loop gain? If this amplifier is to be operated at 100 kHz, what open-loop gain is
available?

2.42 The op amp in P2.41 above is to be used in a closed-loop amplifier having a gain of 20 dB. What
corresponding break frequencies would you observe in the inverting and non-inverting versions? For
what frequencies is the phase shift of the corresponding amplifier less than 6 degrees?

2.43 The op amp described in P2.41 above is to be used in a system for which low-frequency operation should
extend (within 3 dB) to 10 kHz. What is the maximum closed-loop gain available from a single
amplifier? From 2 identical amplifiers used in cascade? (See the result for 2 amplifiers in cascade
developed in Problem 2.73 on page 119 of the Text).

2.44 A measurement of the closed-loop gain of an amplifier shows it to be =25 V/V at 120 kHz and -100
V/V at 5 kHz. Estimate the closed-loop gain at low frequencies and the corresponding 3 dB frequency.
What is f, for the op amp used? (Be carefull)

2.45 An amplifier intended for very-high-frequency operation, yet characterized by a single-pole rolloff, has fi
= 100 MHz and Ay = 20 V/V. For a design in which the actual (rather than the nominal) closed-loop
gain is —10 V/V, what 3 dB frequency results?

SECTION 2.8: LARGE-SIGNAL OPERATION OF OP AMPS

2.46 An op-amp circuit operating from £10 V supplies has L+ and L- of +8 V and -8.5 V respectively, and a
closed-loop gain of —10 V/V. What is the peak-to-peak value of the largest possible input sinc wave
having zero average, for which the output is not distorted?

2.47 An op amp has a slew rate of 10 V/usec. What is the highest frequency at which it can reproduce a 6-V
peak-to-peak triangle wave at its output?

2.48 Find an expression for the amplitude of the sine wave for which the small-signal and large-signal (SR-
limited) bandwidths are the same. When the small-signal bandwidth is 0.5 MHz and the slew rate is 2
V/usec, what is the amplitude for which equal bandwidths result?

SECTION 2.9: DC IMPERFECTIONS

D

2.49 For an amplifier operating with +4 V saturation limits at a closed-loop gain of —100 V/V, what input
offset voltage is required to assure less than 1% reduction in output swing capability due to offset?

D

2.50 An inverting amplifier with gain of =100 V/V and an input resistance of 100 kS, uses an op amp with 1
mV offset, a bias current of 30 nA and an offset current of 3 nA. What output offset results with a) a
basic uncompensated design b) a bias-current-compensated design? In the latter case, what compensating

- 14 -
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resistor do you use? Which offset source dominates in each case? What is the net output offset if the
dominant source is halved?

If the amplifier in P2.50 above is capacitor-coupled at the input, what output offset results in the basic
and compensated designs? What compensation resistor should be used?

Design a direct-coupled inverting op amp with a gain of —100 V/V, the highest possible input resistance,
and an output offset <0.5 V, using an op amp with 2 mV offset, and bias currents of 1 LA equal to
within £10%. What is R;, of your design?

A basic integrator circuit such as that shown in Fig.2.11 on page 74 of the Text, operates from +12V
supplies. The op amp saturates at £10V, has an input offset voltage of £2mV, a bias current of 100nA
(directed into the input terminals), and an offset current of £10nA. For R = 10kQ and C = 0.I1uF, an
input voltage of zero, and an initial charge of OV on the capacitor, what is the minimum time it will take
for the output to saturate, if imperfections lead to a) positive limiting, b) negative limiting. Consider the
circuit shown as a means for improving operation.

vl R ¢ Assuming R, >» R,, what value of R, should be used? What
‘_MA’_‘_‘”'_ do you expect the times to saturation to become now? If the
vo bias current doubles, while the offset current remains the
+ —* same, what (if anything) happens? For the offset voltage and

+ 12V bias current assumed to be stable at their most extreme values
Rb which cause positive saturation at the output, and with R, =
[ 10MQ, to what voltage should the wiper on R, be adjusted in
j-Ra Re order to reduce the rate of output-voltage change to essen-

-hav tially zero?

A non-inverting amplifier using resistors of 10k and 1MQ to achieve a high gain is found to have an
output offset voltage of +1.8V with input grounded. When a 10kQ resistor is used in series with the
positive input (and grounded), the output offset reduces to +0.6V. Estimate the nominal gain of the
amplifier, and the input-bias current. What can you say about the input offset voltage and offset current?
If the value of all 3 resistors is reduced by a factor of 10, the output offset reduces to 0.4V. What do
you estimate the input offset voltage to be? Now, if the 10 kS resistor connected to the amplifier’s nega-
tive input terminal is capacitor-coupled to ground, what does the output offsct voltage become? What
must you now do to compensate? What does the output offset voltage now become?
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Chapter 3

DIODES

SECTION 3.1: THE IDEAL DIODE

3.1  For the following circuits employing ideal diodes, find the labelled currents, I, and voltages, V, measured
with respect to ground.

*5v +6v + 8V + 6V + 6V
1kQ o
1kQ 16Q Ve vd Ve vd
Va Vb
le 1kQ 1kQ 1kQ
I ib
L -lsv - [1ov lsv -lsv
(a) {b) (c) () (e) (n
[ ] [ ) [ ] [ ] ® [ ]

3.2 For the following logic gates using ideal diodes:
i) IfVy=Vg=5V,and Vg = V¢ =Vp =0V, what is the value of Vy produced?
ii)  If logic '1’ = 5 V and logic "0’ = 0 V, identify the logic function performed.
iii)  If logic ’1’ = 0 V and logic "0’ = 5 V, identify the logic function performed.

B o + 5V
A c
—— %n
B Y D Y A Y
R R —H
= (2a) — (b) —l_(c)

— (d) = (¢)
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3.3
+6V
100 pA
A Dl Jp D5
—i N_.
g D2 +5V
1 )100 pa
g D3 q DS v
—i¢ P—e—e
c D4 o D7
——— —h—¢
1 )s0 pa
-lsv
34
Rs Re
10va P s
Vs

iVB

PROBLEMS: Chapter 3-2

For the conditions stated in P3.2 ii) above, find an expression
for the logic function Y=f(A, B, C, D, E) of the circuit
shown. In particular, for the input logic values stated, what is
the logic output value?

In the battery-charger circuit shown, the sinewave input vy is
12 V rms, while the battery voltage varies from 12 V to 14 V
from the discharged to fully-charged states. Rs = 10  is the
charging-source resistance, D is an ideal diode and
Rc = 50 Q is a current-controlling resistor established by the
designer. Sketch and label the diode-current waveform for
Vg =12 V. What are its peak and average values? What do
the peak and average diode currents beccome when Vp reaches
14 V?

3.5 Find the currents Iy, I, I3, I4 in each of the diodes D, D3, D3, D4 of the circuit shown. What Vy
results? The diodes are assumed to be ideal.

- 18 -



PROBLEMS: Chapter 3-3

SECTION 3.2: TERMINAL CHARACTERISTICS OF JUNCTION DIODES

3.6

3.7

3.8

39

3.10

A very small discrete silicon diode (a "100 pA diode") is found to conduct 100 pA at 0.700 V and 1 mA
at 0.815 V. Find the values of n and I which correspond.

A diode for which n = 1 conducts 0.1 mA at 0.7 V. Find its voltage drop at 1 mA. For what current is
its voltage drop equal to 0.815 V?

A 10-A silicon diode for which n =2 is known to have a forward voltage drop of 0.700 V at 10 A.
What is the junction voltage at which it conducts 10 mA? 10 uA?

A particular "1 mA diode", which at 25" C conducts 1 mA at 0.7 V, is operated at 95° C in a circuit
which provides it a constant 100 pA current. What does its junction voltage become if n = 2?

For the diode described in P3.9 above, the leakage current at 25° C is 1 nA. What does it become at 95°
C? at 100° C?

SECTION 3.3: PHYSICAL OPERATION OF DIODES
NOTE: For a summary of important relationships and values of particular parameters or physical con-
stants not stated explicitly in the following problems, please consult Table 3.1 on page 156 of the Text.

3.11

3.12

3.13

3.14

3.15

3.16

CL*
3.17

At a particular temperature, the fraction of ionized atoms in a piece of silicon is 10™. If the material is
doped to a level of 1 in 10™ with acceptor atoms, what is the net concentration of holes and electrons in

the resulting material?

Using Equations 3.6 and supporting data following it, find the intrinsic carrier density n; at 200K, 300K
and 400K, that is in the £ 100 °C range at and around room tcmperature. What is the % increase in con-
centration for the 100 °C rise above room temperature? At 127 °C, what fraction of the silicon atoms are
ionized?

Find the resistivity of a) intrinsic silicon and b) n-type silicon with Np = 10'%m3. Use
n; = 1.5 x 10%m?3 with p, = 1350cm%Vs and W, = 480cm’V, for intrinsic silicon, and mobility reduc-
tion to 80% for the doped material. To what values will the resistivity change in each case for a 100 °C
rise in temperature of the material?

For a pn junction in which the n region is doped at ten times the concentration of the p region, in what
region is the depletion region largest? By what factor?

For a junction in which the built-in voltage is 0.7V, what arc the doping-concentrations in the two
regions if: a) they are equal, b) they are in the ratio 10 to 1. [Hint: Use Eq.3.18 in the Text.] For each
case, what is the width of the depletion region and the distance it extends each side of the junction? For
a junction that is 30 pm by 50 pm in size, what is the magnitude of the uncovered charge on each side?

For a particular reverse-biased pn junction, the terminal current is 10 nA. If the drift current at the
operating temperature is 15 nA, what must the voltage-dependent diffusion current be at this particular

reverse voltage?

Find an expression for the charge ¢g; formed on cither side of the junction in terms of the applied reverse
voltage Vi, as represented in Fig. 3.14 of the Text. Calculate the value of g, which applies to the
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3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

PROBLEMS: Chapter 34

junctions described in P3.15 above, for Vg = 0V, 10V and 11V. Use the latter pair of values to estimate
the junction capacitance. Calculate this more directly at Vz = 10.5V, using Equations 3.25 and 3.26 on
pages 148 and 149 of the Text. If the junction is not abrupt, but has a grading coefficient m = 1/3, what
are the expected capacitances att Vg = 10.5 V? At Vi = 100V?

At a particular operating point of a reverse-biased pn junction, a change of 1 volt produces a transient
current increase corresponding to a net charge flow of 0.1 pC. What is the corresponding depletion capa-
citance of the junction at this opcrating voltage?

For a particular junction for which m=1.6, a capacitance C; of 1.8 pF is measured for a reverse junction
voltage of 2 V, and 0.2 pF for a voltage of 10 V. What arc the corresponding values of Vo, Cj and C;
at0v?

A particular pn junction for which the breakdown voltage is 120 V, can dissipate 50 mW while maintain-
ing its junction temperaturc at a value low enough to avoid permanent junction damage. What continu-
ous reverse current flow appears likely to cause permanent failure? If reverse current flows only 10% of
the time at the peaks of a cyclic applied voltage, what peak current can be tolerated?

In a diode intended for high-speed switching, the excess-minority-carrier lifetime for holes is 1 ns. Using
the value of hole mobility in doped silicon from Ex. 3.12 on page 143 of the Text, and the Einstein rela-
tion (in Eq. 3.12 on page 141), find an estimate of the diffusion length in the forward-conducting diode.
For this diffusion length, at what distance from the depletion-region edge will the excess hole density
reach 10% of its value there? '

For a 3um X 5um junction, with Ny = 10"%cm? and Np = 10'%m?>, in which minority-carrier lifetimes
are T, = 1 ns and 7, = 2 ns, hole and electron mobilities are 400 and 1100 cm®*, respectively, find Is.

Using Eq. 3.6 of the Text, evaluate the temperature dependence of Is (as defined in Eq. 3.34 there) in
%I/°C at room temperature (say 300K).

For the diode in P3.22 above, conducting a 1 mA current, what fractions of the current are carried by
holes and by electrons? Estimate both the hole and electron minority stored charges. What is the mean
transit time T7 of the diode? What is the associated small-signal diffusion capacitance?

For a junction conducting 1 mA at 700 mV, for which n = 2 and a diffusion capacitance of IpF is asso-
ciated, what is the value of T, which applies? For a junction 10 x larger what would T be? In the ori-
ginal junction, what is the total stored charge at ImA? At 10 mA?

Use the relationships given for charge Q in Eq. 3.38 on page 154 of the Text and thereafter, to calculate
the diffusion capacitance of a junction characterized by n, v, i in the diode equation.

SECTION 3.4: ANALYSIS OF DIODE CIRCUITS

3.27

A diode described by the exponential characteristic of Fig. 3.20 on page 159 of the Text is connected to a
source whose Thevenin-equivalent voltage is V7 and resistance is Rr. {Note that V7 is a Thevenin vol-
tage, not a thermal voltage!} Draw load lines and find operating points (Vp, Ip) for:

(a) VT=1V, RT=IOOQ,
(b) Vr=09YV, Rr=100Q,
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3.28

3.29

3.30

3.31

3.32

3.33

3.34

PROBLEMS: Chapter 3-5

(€ Vr=09YV, Rr= 90 Q.

Note that the graphical process, while tedious for a single analysis, can be quite effective if a variety of
related or similar situations are to be evaluated.

Determine the diode current Ip and voltage Vp for the circuit in Fig. 3.18 on page 157 of the Text, with
Vpp = 1.0 V and R = 100 Q. Consider the diode to be much like the one sketched in Fig. 3.20, having
a current of 1 mA at a voltage of 0.7 V, exhibiting a voltage change of 0.1 V per decade of current
change. Use an iterative solution of the diode logarithmic voltage-current relationship.

Repeat problem P3.28 above utilizing a pieccwise-linear diode model whose parameters are Vpp = 0.65
V and rp =20 Q.

Repeat problem P3.29 above utilizing a lower-resistance piecewise-lincar model whose parameters are
Vpo =0.70 V and rp = 10 Q. What do Ip and Vp become if a simple 0.75 V battery model (for which
rp = 08) is used?

In the context of the sequence of problems P3.28, 3.29 and 3.30 preceding, note that the degree of ade-
quacy of a simple model depends on the choice of its parameters in the particular context. To illustrate
this dependence, consider the circuit Figure 3.18 of the Text, with Vpp reduced to 0.8 V while R remains
at 100 Q. Find the operating point (Vp, Ip) for:

(a) a diode characterized by Fig. 3.20 on page 159 of the Text, by plotting the load line,
(b) a piecewise-linear diode for which Vpp = 0.65 V and rp =20 Q,

(c) a piecewise-linear diode for which Vpp =0.70 V and rp =10 Q,

(d) a constant-voltage model with Vp = 0.75 V.,

A scries string of S diodes is connected through a resistor R to a 10 V supply. For diodes having 0.7 V
drop at 1 mA and a 0.1 V/decade characteristic, find R required to establish a total diode-string voltage

of 4.0 V.

In problem P3.32 above, if R is reduced to 500 £, what does the voltage across the string of 5 diodes
become?

A 1-mA diode having a 0.1 V/decade characteristic operates from a constant-current supply with
Vp = 0.8 V. If it is shunted by two more identical diodes, what does the voltage drop become?

SECTION 3.5: THE SMALL-SIGNAL MODEL AND ITS APPLICATION

D
3.35

3.36

A junction diode for which n=2 operates in a particular circuit with a current that varies over the range
0.1 mA to 10 mA. What is the diode incremental resistance at the extreme values of current? If you
were asked to state an "average"resistance, which would be "best" — an arithmetic mean (r; + ry)2, or a
geometric mean (r; r2)”#? Calculate both, as well as the resistances at 5.05 mA and at 1 mA (the mean

currents of each kind). What do you conclude?

A diode for which n =2 operates in a circuit for which the current is essentially a constant value of 2
mA. Find the corresponding diode incremental resistance. A second identical diode is used to shunt the
first. What does the current in each diode become? What is the incremental resistance of each? What is
their parallel combination? What can you conclude about the relation of diode incremented resistance to
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3.37

3.38

3.39

CL*
3.40

junction size?

3®

*—e

=8

vs

PROBLEMS: Chapter 3-6

In the circuit shown, vg is a sine wave of amplitude
V and C¢ is a large capacitor which blocks direct-
current, and allows all of I to flow in D. For
Rs =1 kQ and vg < 10 mV, find vois for I = 10,
1, 0.1 and 0.01 mA. Use n = 2.

In the circuit shown, vs is a small signal having a
relatively low source resistance. [} =1, =1 is vari-
able. All diodes are identical, with n =2. For
Vo = Vs = 0V, how does the current I split among
the diodes? In general, as the output voltage varies,
what is the relationship amongst the diode currents?
Find an expression for the Thevenin-equivalent
source resistance seen by R; as a function of I for
Vg around zero volts. For R, = 10 kQ, find vo/s
for I =1 mA and 1 pA. For which current is the
input signal size most critical?

What is the peak signal for which reasonably linear operation is possible at I = 1pA ? Note that this cir-
cuit, when compared to that in P3.37 above, gives you a preview of a general principal that you will see
much more of in your Text. It is that an increased use of semiconductors (such as in the diodes and the
current sources, here) reduces the nced for other (often much larger) components (such as the capacitor

Cc in P3.37).

For the design described in problem P3.32 above, of a 4.0 V regulator using five diodes and a 600 Q
resistor with a 10 V supply, the supply voltage is found to vary by +£10%. What output-voltage variation
results? Use n = 2. If, separately, a load of 2 mA is applied to the output, what drop in output voltage
would you expect? For both low input voltage and maximum load, what is the lowest output voltage you
would find? Express the resulting changes in output voltage (for supply variation alone, load variation
alone, and both together) both in absolute terms and as % changes.

For a particular pn junction, the following measurements are taken:

C;j =08 pF at v, = 1V reverse bias,
Ci=02pFatv, = 5 V reverse bias,
Cj = 0.1 pF at v, = 10 V reverse bias,

Cr=Cj +Cy =10 pF at vy = 0.70 V where iy = 1 mA,

rg =50Q at iy =1 mA.

Find Cjo, Vo, m, n, 1. Whatis Cr = C; + Cy at iy = 10 mA?
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PROBLEMS: Chapter 3-7

For a diode 10 times the junction area of that in P3.40 above, find ry, Cy, Cj, Cr at iy = 5 mA forward
bias and C; at 10 V reverse bias.

SECTION 3.6: OPERATION IN THE REVERSE BREAKDOWN REGION -

3.42

343

3.44

3.45

ZENER DIODES

A 6.8 V Zener diode specified at 5 mA to have V; =6.8 V and r; =20 Q with I; =0.2 mA, is
operated in a regulator circuit using a 200 Q resistor and a 9 V supply. Estimate the knee voltage of the
Zener. For no load, what is the lowest supply voltage for which the Zener remains in breakdown opera-
tion? For the nominal supply voltage, what is the maximum load current for which the Zener remains in
breakdown operation? For half this load current, what is the lowest supply voltage for breakdown opera-
tion?

For the situation described in P3.42 above, what are the line regulation and load regulation (as defined in
Equations 3.60 and 3.61 in the Text).

For the situation described in P3.42 above, a modified design is required for the situation in which the
supply variation is +5%, the Zener-diode nominal voltage variation is 3%, and the load variation is
from 2 to 10 mA. Find the value of R for which the minimum Zener current is 2 2 Iz. For this situa-
tion, what are the limits on the output voltage produced? Assume rz =20 Q and I = 0.2 mA for all
available zeners.

A designer needing a well-regulated 15 V supply in an application where a poorly-regulated 24 V source
is available, considers the use of a shunt regulator string consisting of a series string of two 6.8 V Zeners
and two junction diodes. Available Zener diodes are specified to have Vz = 6.8V at 20 mA with
rz =5 Q. Available junction diodes are 10-mA types modelled at 10 mA by a 0.7 V drop and a 2.5 Q
series resistance. Design a suitable regulator for desired operation with a 15 mA nominal load. What
does the output of your design become if the supply is 10% high, the series resistor is 5% low, and the
load is accidentally removed? What is the power dissipated in each 6.8 V Zener under the worst combi-
nation of these conditions?

SECTION 3.7: RECTIFIER CIRCUITS

3.46

3.47

3.48

A half-wave rectifier using diodes for which Vp = 0.7 V, is supplied by an 8 V rms sine wave at 60 Hz.
What is the peak value of the output voltage for very light loads? For what fraction of a cycle does the
diode conduct (first approximately, and then more exactly)? What is the average value of the output vol-
tage? What is the peak-inverse voltage across the diode? Now, if the diode resistance is 10 £, the
source resistance is 50 Q, and the load resistance is 1 k€, what do the peak and average output voltages
become? [Hint: The average value of half-sine wave of peak amplitude Vp is Vp/r.]

In a half-wave rectifier employing an 8 V rms sine-wave supply and driving a 1 kQ load, a 6.8 V Zener
diode connected with its cathode at the output is accidentally substituted for the rectifier diode. Using
6.8 V and 0.7 V drops for diode conduction in the two directions, sketch the output voltage. What aver-
age value of the output voltage results? [Hint: The average value of a half-sinewave of peak amplitude

Vp is Vp/At.]

In a full-wave rectifier, using a centre-tapped transformer winding with full-output voltage of 16 V rms,
and having a 1 kQ load, 6.8 V Zener diodes are accidentally installed in place of high-breakdown diodes,
but with the same cathode polarities. Sketch and label the output voltage waveform in the event that the
total-winding equivalent resistance is 100 . What peak diode currents flow?
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3.49

3.50

K|

3.52

3.53

C*L*

3.54

PROBLEMS: Chapter 3-8

A transformer secondary winding whose output is a 12 V rms sinusoid at 60 Hz is used to drive a bridge
rectifier whose diodes’ conduction can be modelled as 0.7 V voltage drops. The load is a 1 kQ resistor.
Sketch the load waveform. What is its peak value? Over what time interval is it zero? What is its aver-
age value? What is the PIV for cach diode? [Hint: The average value of a full-wave rectified sinewave
of peak amplitude Vp is 2Vp/n.]

A half-wave rectifier employing a 12-V-rms 60-Hz sine-wave source and no dc load is filtered using a
polarized electrolytic capacitor having a small leakage current. For diodes assumed to have a 0.7 V drop
independent of current, characterize the resulting output. What is the PIV required of the diode?

To the circuit in P3.50 above, a load which can be modelled as a 1 mA constant current is connected. If
an output ripple of 0.4 V pp results, what is the value of the filter capacitor used? For half this ripple,
and double the load current, what capacitor is necessary? In each case, what average current flows dur-
ing the diode’s conduction interval?

For both situations described in P3.51 above, but with full-wave rectification, what capacitor values are
necessary? What average diode currents flow? What diode PIV is required?

A design is required of a full-wave rectifier with capacitor filter to supply 12 volts dc to a 100 Q load.
A ripple voltage of less than or equal 0.4 V pp is necessary. Diodes are assumed to conduct with 0.7 V
drop. Characterize the required 60 Hz transformer secondary, the capacitor and the diodes. For the
diodes, provide the required PIV and the peak-current ratings.

Consider a full-wave bridge rectifier operating at 60 Hz from a single transformer-secondary winding
having a 1.0 Q equivalent internal resistance and 20 V pp open-circuit output. The load consists of a
1000 pF capacitor and 200 Q resistor in parallel. Consider the diodes to have a constant 0.7 V drop dur-
ing conduction. [Hint: To characterize this situation, first consider the idcal case of a zero-impedance
source, finding the usual parameters, including the average diode current during conduction.] Assuming
the diode current to be a triangular pulse, limited by some combination of the sinewave slope and the
charging-circuit time constant, find the corresponding average voltage drop in the transformer resistance.

SECTION 3.8: LIMITING AND CLAMPING CIRCUITS

3.55

CD*
3.56

+ 2.3V For the passive symmetric hard limiter shown, find the upper
and lower limiting levels (including a 0.7 V diode drop), the
4 gain K, and the upper and lower input threshold levels.
vi 10kQ vo What is the input current required from an input which is
twice the upper threshold value?

10 kQ

Convert the circuit in P3.55 above to a soft limiter with K = Y after limiting begins, by adding two addi-
tional components. Add two more components (and additional power supplies) for hard limiting at +5.0
V. Using the new supplies and two more components, create an equivalent circuit having the same hard-
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3.57

3.58

3.59

CI
3.60

3.61

PROBLEMS: Chapter 3-9

and soft-limiting characteristics, but only two power supplics.) [Hint: Your final circuit should employ
six resistors, four diodes, and two power supplies!]

Design a passive symmetric high-gain pseudo-hard-limiting circuit using four diodes for £1.4 V limits.
Use only a connection to ground (that is, use no supplies). This limiter is to be used to create an
approximation of a square wave from a sine-wave input. For what peak-to-peak amplitude of the sine
wave is the rise and fall time of the pseudo-square wave <5% of the wave period. What resistor is
required for a peak diode current of about 10mA?

A simple clamped-capacitor circuit such as that shown in Fig. 3.56 of the Text, utilizing a capacitor C
and grounded-cathode diode, has a square-wave input with upper and lower levels at 100 V and 10 V
respectively. Describe the resulting output for a very high-resistance load to ground and a 0.5 V diode
drop at very low currents. What happens as the load resistance R reduces? Describe the output
waveform when RC = 2T where T is the period of the input square wave.

A voltage doubler, consisting of a clamped capacitor and a half-wave rectifier, operates at 20 kHz using
two 0.1 uF capacitors. For a sine-wave input signal of 100 V peak, what output voltage would you
expect at no load? For a peak-to-peak ripple voltage of 5% of the peak voltage, what average output vol-
tage would you expect? What is the load current for which this situation applies?

Consider the detailed operation of an unloaded half-wave doubler circuit with positive output using equal
capacitors C and driven by a 100 V pp square wave. In particular, follow the cycle-by-cycle operation
immediately upon turn-on, with the output voltage initially equal to zero and the input low. What is the
output voltage after the first half cycle (after the input has risen by 100 V and fallen again)? After the
first cycle (just after the input rises again)? After the first two cycles? After four cycles? After eight
cycles? Sketch the output voltage against time as measured by the number of cycles.

Continue to think about the operation of the half-wave doubler as suggested in P3.60 above. In particu-
lar, if the load is a current which discharges a capacitor of value C by 5% in ' cycle, find the steady-
state average output voltage as a function of Vy, the peak-to-peak input (Vo = 100 V here). (Hint: Note
a) that the total effective capacitance is 2C for half the cycle and b) that two equal capacitors when
joined, share their charge difference equally).

SECTION 3.9: SPECIAL DIODE TYPES

3.62

3.63

3.64

3.65

A particular silicon Schottky-barrier power rectifier conducts 0.1 A at 0.30 V, and 1 A at 0.37 V. Evalu-
ate n and Ig for this diode assuming that the diode equation applies. At 20 A, the rectifier diode has a
voltage drop of 0.8 V. Estimate its series resistance.

A small-signal silicon Schottky diode conducts 10 mA at 0.42 V with n = 1.5. If it has a series resis-
tance of 10€2, what is its voltage drop at 1 mA and at 50 mA?

A small GaAs SBD has n = 1.1 and Is = 107°A. Find the forward voltage drop at 0.1 mA and at 10
mA.

A Zetex silicon ion-implanted hyperabrupt-junction varactor, for which the grading coefficient is m =
0.9 and Vo = 2.2V, has a capacitance of 33 pF at a reverse bias of 2 V. Find its capacitance at 0 V, 1 V

and 10 V. What is the value of Cjo?
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3.68
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3.69

3.70

CD
3.71

PROBLEMS: Chapter 3-10

A particular photodiode capable of operating over a range of wavelengths from 350 nm to 1100 nm, has
a peak sensitivity of 0.7 pA/mW/cm? at 750 mm, and a dark current of 1.5 nA at 20 V reverse bias.
Incidentally, intended for high-speed applications, it has a junction capacitance of 12 pF and current
response time of 4 ns. For each 10°C rise in temperature, the dark current doubles, and the photocurrent
increases by about 3.5%. For illumination in bright sunlight with intensity estimated at 1000 W/m?2, what
photocurrent flows in a suitably-reverse-biased diode at 25°C? At 125°C? What is the dark current in
each case? Note the relative insensitivity of photocurrent to temperature.

Consider the operation of the photodiode introduced in P3.66 above, in a circuit in which the cathode is
connected to a +10-V supply and the anode to ground through a 100 kQ resistor. The photodiode is
illuminated either directly by a light beam at 10 mW/cm? or indirectly by reflected light at 0.5 mW/cm?.
What are the two output-signal levels available? Modify the circuit using a 5 V supply, a second diode,
a single resistor, and a fixed-intensity light source of your choice, in order to produce a + 1 V output
signal.

The photodiode introduced in P3.66 above, can be
used for detecting relatively high-speed light pulses

sr:fo : using the circuit shown, in which the op amp gain
and bandwidth are large. If D is an ordinary diode
Vo (in a light-sealed package), what value of vy would

Light-> . . .
g. o result? If D is a photodiode (or even a conventional

— diode whose junction is exposed to light), what hap-

= pens? For the diode described in P3.66 above
exposed to light of intensity of 20 mW/cm?, what
does the output become?

A silicon solar panel intended to operate with a 12 V automobile battery, consists of a large number of
large-area diodes, or cells,in series. Its commercial specifications, an optimistic combination of average,
expected, uncoordinated-limiting-case and optimized behaviours, include the following: In bright sunlight
(at 1000 W/m?) the panel has an open-circuit voltage at 24 V, and a short-circuit output current of 110
mA. The panel generates a maximum load power at 17.5 V (where at higher voltages the forward con-
duction loss reduces available load current significantly). Nominal operation (in the battery environment)
is at 14.5 V with nominal 100 mA output current. At what power level is the panel normally operating?
If each diode has a forward-conduction voltage of 0.67 V at around 10 mA, how many serics diodes are
used in the pancl? Estimate the value of n for these diodes and the corresponding current lost to diode
forward conduction at the normal operating voltage of 14.5 V.

A GaAs LED producing red light at 635 nm operates at 10 mA with a junction voltage of 1.9 V. What
is the corresponding input-power level? This diode has a 60 mW power rating. If the junction is charac-
terized by n = 1.2, what current and voltage correspond to operation at half the maximum rated power
level? The LED is to be driven by a logic gate for which Vo, = 0.5 V, using a series resistor connected
to a + 5 V supply. What resistors are needed for operation in the low- and high-current modes suggested

above?

A particular opto-isolator, the Siemens IL 300-X016, available in a wide-body 8-pin dual-in-line package,
includes three optically-coupled diodes — one emitter diode and two detector diodes — with physical
separation between diodes capable of withstanding 7500 V. The two detectors are closely matched to
allow feedback from one of them to the emitter driver circuit to ensure a linear relationship between the
input current and the output current from the second isolated detector diode. For the AlGaAs emitter
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LED, the operating point is typically at 1.25 V and 7 mA. For the dctector, the corresponding open-
circuit voltage is about 500 mV, and the short-circuit current is about 70 pHA. Overall, the current-
transfer gain is specified to be within the range from 0.6% to 1.6%. For what mode of operation are the
detector diodes specified? For an emitter current of 5 mA, what is the range of short-circuit diode
currents you would expect? Sketch an isolating driver and receiver system using two op amps and a
small number of resistors, operating from two isolated sets of £ 5 V supplies.
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NOTES
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Chapter 4

BIPOLAR JUNCTION TRANSISTORS (BJTs)

SECTION 4.1: PHYSICAL STRUCTURE AND MODES OF OPERATION

4.1

4.2

Various transistors, either npn or pnp are measured with the following voltages on their terminals
labelled E, B, C. Identify the likely transistor type and its operating mode:

# | E B C Type | Mode
1121128 4.9
21101 12] 100
3121247 ) -11
4122 14 1.9
5118 ] 14| -89
6106 14 0.9

The BIT transistor, whose simplified structure is shown Fig. 4.2 of the Text, has two junctions, each of
which can be either forward-biased or reverse-biased. How many different modes of operation are possi-
ble? What is missing from Table 4.17 It is called the inverse or inverted or reverse mode of which
something is said on pages 234 and 308 of the Text. This mode is relatively rarely used directly, except
in one form of BJT digital logic (called TTL), but can occur in the dynamic operation of other more-
conventional circuits.

SECTION 4.2: OPERATION OF THE NPN TRANSISTOR IN THE ACTIVE MODE

4.3

44

4.5

4.6

A particular npn transistor operating at about 25°C conducts a collector current of 2.0 mA at a base-
emitter voltage of 0.70 V. For an IC process in which n = 1, what is the value of the saturation current
Is? For this device, Ny = 10'%m?* where p, = 1100 cm?%Vs. Find the value of D, which applies, and
estimate the emitter-base junction area Az in terms of the effective base width W. What docs it become
for W = 2um? [Hint: Use Equations 4.4 and 3.12 with n; = 1.5 X 10'%m?, ¢ = 1.6 x 1071°C ]

For a transistor which is 100 times larger in emitter-base junction area than that described in P4.3 above,
find the value of Ig, the current at Vgg = 0.70 V, and the voltage at 1.0 mA, which apply. What do I
and Vpg (at 1 mA) become if the temperature is raised by 100°C? [Hint: Use Equations 4.3, 4.4 and

3.6.]

A particular npn transistor has an emitter area of 20um X 20um. The doping concentrations are:
Np =10"%m3 in the emitter, Ny = 10"%m?> in the base, and Np = 10"%m?* in the collector. The
transistor operates at T = 300K, where n; = 1.5 x 10/%m?. For electrons diffusing in the base: L,
19um and D, =21.3cm%. For holes diffusing in the emitter, L, = 0.6 pm and D, = 1.7cm% and
g =1.60 x 107" C. For base widths W = 1um and 0.1um, and vgg = 700 mV, calculate n,g, n,(0), I,,
Is, ic, B, o.. [Hint: Use Equations 4.1, 4.2, 4.3, 4.4, 4.12, 3.30.]

Using the information provided in P4.2 in the Text, find the value of base width W for which B is a)
1000, b) 2000.
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49

4.10

4.11

4.12

4.13

4.14

PROBLEMS: Chapter 4-2

A particular BJT for which n = 1 has a base-emitter voltage of 0.650V at ic = 10uA. What value of Ig
applies? By what factor must the base-emitter junction area be increased to provide a 0.500 V drop at
10puA? For what current does this large junction have a base-emitter voltage of 0.650 V? 0.700 V?

A particular npn BJT operates in the active mode with ic = 10 mA, ig = 75uA, and Vg = 0.69 V.
With a view to providing values for all the parameters in the large-signal T models presented in Fig. 4.5
of the Text, find the corresponding diode scale currents, as well as o and .

Measurements made on the emitter and collector currents of a particular BJT show values of 0.753 mA
and 0.749 mA. Assuming these results to be accurate to within £1 in the third decimal placc, find the
range of o and B which may apply.

For the transistor and situation described in P4.3 above, find the stored base charge at ic = 2 mA. If the
common-emitter current gain f is found to be 120, and assuming recombination to be the dominant
source of base current, estimate the minority-carrier lifetime <.

A particular npn BJT operates with the base-emitter junction forward-biased, with the base-to-emitter vol-
tage being 700 mV. For active-mode operation, in what range must the collector-to-base and collector-
to-emitter voltages lie? When the transistor is appropriately biased in the active mode, the collector
current is found to be 10 mA. What is the corresponding value of Ig for this transistor if n is assumed
to be 1?7 Under the same conditions, the base current is found to be 100 pA. What is the value of B for
this transistor? If measured, what would the emitter current be found to be?

For the devices and situations described in the following table, provide the missing entries. Line a) is
given completely by way of example.

Device | I¢ Iy Ig o B
# mA mA mA

a 10 0.1 10.1 | 0.99 100
b 1 50
c 2 0.98

d 0.01 0.995

€ 110 10
f 0.001 1000

Note that transistors like device f) are constructed with very thin bases in order to achieve high f3, but
suffer accordingly from reduced breakdown-voltage ratings.

Of the first-order large-signal equivalent-circuit models of an npn BJT shown in Fig. 4.5 of the Text, con-
sider the two which employ o and P explicitly. Draw these side-by-side to emphasize current flow
directly from collector to emitter with basc current entering from the left (the final shape can be called a
"tilted T", or, in the spirit of livestock branding in the far west of North America, a "Lazy T" or, simply,
a T (model)). Label all currents and vpg in each case. What two labels can be applied to each of the
two controlled current sources?

A particular BJT operates in its usual current range with vgg = 0.7 V, and ic = 1 mA. What would be
its Vg at ic = 0.1 A for n = 1?7 Repeat for n = 2.
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4.16

PROBLEMS: Chapter 4-3

For a "1 mA transistor", that is, one for which ic = 1 mA for vz = 700 mA, the collector-base reverse
current, Icgo, is 0.1 nA at 25°C. Device P is nominally 100. For a transistor operating with its base
open-circuited (in which case Icpp constitutes the only source of base current), what collector current
flows, at 25°C? At 95°C?

For a particular BJT fabricated in the style shown in Fig. 4.6 of the Text, the collector-base junction is
100 times larger in arca than the emitter-base junction. If, for this device, normal B = 150, what would
you expect it to become if the roles of emitter and collector are reversed? That is, estimate Bg.

SECTION 4.3: THE PNP TRANSISTOR

4.17

4.18

+

E 1F v De For the accompanying equivalent circuit of a pnp

. transistor (drawn to cmphasize the direction of

ve g *'E current flow), o= 0.975. For an external current
- extracted from the base, Iz = 10 pA, what collector

and emitter currents would you expect? If for this
device, Vgg =0.70 V at I = 1 mA, what value of

Is i
ale vgp would you expect? (Assume that n=1)

(o]

For a particular pnp transistor for which Dy has a scale current of 10713 A, and D has a scale current of
107" A, calculate B and i¢c for vgg = 0.643 V, for n = 1.

SECTION 4.4: CIRCUIT SYMBOLS AND CONVENTIONS

4.19

4.20

The operation of the BIT in this circuit can be shown to be con-

veniently independent of device parameters. Of course, it requires the

complexity of the current sink /. However, this will be shown later

(in Sections 4.10 and 6.4 of the Text) to be relatively simply con-

Re structed in an integrated-circuit environment. Specifically, for opera-

veC tion of this circuit, consider various different devices for which vgg
varies from 0.6 to 0.8 V at 1 mA with B variation from 10 to 300.

+ Yce

= VE (@) For/ =1 mA, what is the range of values expected for emitter
current ig, emitter voltage Vg and collector current ic?
! (b) For Ve = 10 V, Rc = 5 kQ, what is the corresponding
expected range of values of V¢? Does variation of Vg from
device to device make any difference?

(c) To ensure operation in the active mode, vcg 2 0. What is the
largest value of R¢c which maintains active-mode operation?

Reconsider the situation described in P4.19 above, modified to include an additional (signal) current
source iy connected to the emitter. For our purposes here, iz can be considered to be a sine-wave
current with peak amplitude of 0.1 mA, that is 1/10 of the emitter-bias current / = 1 mA. For this situa-
tion, express the collector current ic in terms of /, iy and o.. What is the largest value of i¢ for a) very
high B, b) B=10? Under these conditions, what is the largest value you can use for R¢ to ensure active-
mode operation? [Recall that V¢ = +10 V.] For this value of R¢, what is the peak-to-peak value of the
signal voltage V¢ at the collector that is produced for a) very high B and b) § = 10?

-31 -



PROBLEMS: Chapter 4-4

4.21 Reconsider the situation described in P4.19 above in which I is implemented using a resistor Rg and a
negative voltage supply. With a ~10 V supply what value of Rg ensures Ir = 1 mA for a transistor for
which Vg = 0.7 V. For Rg, select a "pseudo-standard value", one specified to two significant digits,
chosen to produce a current on the high side of your calculated value. Now, for V¢ varying from 0.6 V
to 0.8 V, B from 10 to o, and Rz by £1%, what is the largest available collector current? Now chose R¢
as large as possible while ensuring active-mode operation. For R¢, select a pseudo-standard value (as
specified above) on the low side. What is the lowest possible value of v¢ for your chosen R varying
by £1%?

SECTION 4.5: GRAPHICAL REPRESENTATION OF TRANSISTOR
CHARACTERISTICS

4.22 A BIT which conducts ic = 10 mA at Vg = 0.7 V and 25°C is operated with Vg fixed at 0.62 V.
What is the collector current at 0°C, 25°C and 50°C? Assume n=1.

4.23 A BIJT operating at a fixed Vpg is found to have ic = 2.1 mA at Vgg =2V, and ic = 2.19 mA at Vg =
9 V. What is its output resistance rp at this current level? What value of V4 corresponds? What would
its output resistances be at 0.1 mA and 10 mA (approximately)?

4.24 A BIJT for which V, = 200 V operates at Vg = 5 V at a current of 100 pA. What would its current
become (provided breakdown does not occur) if Vg is raised to 50 V?

SECTION 4.6: ANALYSIS OF TRANSISTOR CIRCUITS AT DC

L

4.25 For the following circuits, find node voltages, Vg, V¢, and branch currents Ig, Ic, Ip. Use
Ve = I VEB l =0.7Vand|3=50.

+ 2V
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D

4.26 For the circuits shown in P4.25 a), b) above, find emitter and collector resistors (to replace the present
ones) such that I = 0.5 mA and Vge =0 for o = 1.

4.27 For the following circuits in which |Vgz| = 0.7 V and B = 10, find the collector, emitter and base
currents and voltages.

+ 10V + 10V
+ 10V + 10V + 10V
100 kQ 2 kQ
100 kQ 22 kQ
100 ko‘% kQ 10 kQ
— (a) = — (b) — = (¢)
+ 10V v

100 kQ S 2 kQ

-[1ov - ji0v

4.28 For the following circuits in which |Vggz| = 0.7 V and B = 20, find the collector, base and emitter vol-
tages and currents.

+ 10V + 10V + 1ov
10 kQ 10 kQ 10 kQ
10 kQ 100 kQ 1MQ
=) Sk TP Sk T Sk
- lov - lov - 1oV
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429 + 10V + 10V

For the circuit shown, find the voltages at the base,
emitter and collector for B =oc, 100 and 10.

R1 R4 Assume Vg = 0.7 V.
100 kQ 3.3kQ

R3
3.3kQ

4.30 For the circuit of P4.29 above, for what value of B does the emitter current reduce to 80% of that for
B = oo?

4.31
For the circuit shown, find Iz and Vg for Vg = 0.7
+ov +ov V and
a) f=co
b) B =100
20kQ 22kQ c)p=10
10kQ 21kQ

4.32 For the following circuits, find the currents I and the voltages Vcg. Use B =50 and Ve = 0.7 V.

+ 10V + 10V + 10V + 10V
10 kQ 10 kQ %10 kQ
660 kQ 33KQ 68kQ S1kQ
10V 1
— (b) = = (c) = = (d)
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433
For the circuit shown, find the labelled node voltages
when B is a) e, b) 100.

SECTION 4.7: THE TRANSISTOR AS AN AMPLIFIER
4.34 What values of transconductance apply to BJTs biased at 1 pA, 100 pA, 1 mA, and 100 mA?

4.35 For the current levels listed in P4.34 above, what equivalent small-signal input resistances model opera-
tion as seen at the emitter? At the base, for § = 100?

D

4.36 In the design of a particular amplifier, a young engineer considers the use of bias currents /g, from 0.1 to
10 mA. Unfortunately, the application requires that the dc voltage across the load resistor be held con-
stant to provide correct biassing of a connected amplifier stage. Find the range of gains she can expect
from this gain stage.

4.37 A particular amplifier utilizes a BJT biased at Iz = 100 pA and having B = 150 to drive a load of 10 kQ.
For the emitter grounded for signals, what is the input resistance at the base, and the voltage gain from
base to collector?

4.38
What is the voltage gain v,A; of the amplifier shown? Note that

capacitor C grounds the base of the amplifier for ac signals. Note
that the gain is essentially independent of P (although the dc voltage
Vo is not). What is the input resistance "seen" by the source v;.
What does the gain v,/A, become if the source resistance is 75 Q.

SECTION 4.8: SMALL-SIGNAL EQUIVALENT-CIRCUIT MODELS

439 A BIT having a particular B and bias current, has a resistor rz added in series with the emitter. Use the
T model shown in Fig. 4.27 a) of the Text to create a simplified hybrid—= model for the overall amplifier
(including rg). For this model find g,’, rx’ in terms of rg, g, and ry of the basic BJT. What is the
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PROBLEMS: Chapter 4-8

equivalent input resistance (r;") and transconductance (g,,") of the modified amplifier, for p = 100, Ic= 1
mA and rg = 3r,?

An appropriate choice of one of the BJT models of Figs. 4.26 and 4.27 of the Text, often makes the solu-
tion of a particular problem somewhat easier. To illustrate, find the gain v,/ for

each of the circuits below using the model(s) suggested as 1y, I, T, T, corresponding to Fig. 4.26
a) 426 b), 4.27 a), 4.27 b) respectively. In each case, assume (for simplicity) that Iz = 1 mA,
re =25Q, rpy=2.5 kQ, p =100, =099 and g, = 40 mA/V. (Note that biassing is generally not
shown in detail).

X Use T ®) Use IT <)

se Tgm s Use

(or Ta) 1kQ (or Igm) (or m;;m
: vo 1kQ

10k
Vo
Vs Vo
Vs
1kQ
== Vs
Use Igm
9 Use Ta °) 1kQ ‘
(or Tgm) Vo
1k 10kQ
Vo
Vs 2.5k

Vs =
1000 l

—

In the circuit shown, I = 1 mA, R¢c = 7.5 kQ and
o =0.99. What is the voltage gain v,/0;? What is
the largest sine-wave output for which the transistor
remains in the active region? What is the peak value
of the corresponding input?

o+ 10V
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4.42 For reasonably-linear operation of a transistor amplifier, it is customary to limit the base-emitter voltage
swing to £10 mV around the operating point. For a transistor for which n=1, to what fraction of the
emitter bias current does this voltage range correspond? For the circuit shown in P4.41 above, find the
value of Rc which provides the largest-possible reasonably-linear output while operation remains in the

linear region.

4.43
+ Vee An amplifier employs the components shown,
together with others that maintain
Vbias ici=ic2=100 pA and Vy = V2. What is the
Q2 gain v,/; for V, =200 V?
vo
vi
Q1
C
4.44
+ Vee Find the equivalent resistance of the circuit shown, as a two-terminal
1 device, (i.e., find r = v4) in terms of B, r., Ry, R,. Assume that the
1 transistor remains biassed at current /. What does r become when:
t . a) Ry =0, Ry =c0
b)Ry=oo, Ry=ry
)Ry =Ry=1rg?
R2
v
R1
445
Use the hybrid-t model with g, and r, to find the
+ Vce voltage gain, A, =v,/,, and the input resistance,
R; = v/i,, of this circuit, assumed biassed at ic = 1.
What do these parameters reduce to when Ry =7,.
| (Hint: Use the fact that the signal at the base must
Rt vo be relatively small).
is—>
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c Find the equivalent hybrid-m model of the following
circuit (called a Darlington connection) expressing
overall values r,” and g,,” in terms of rgy, gmi» Fn2

B and g,2. Now, realizing that the total collector
current will flow predominantly in Q; and, accord-
o ingly, that the parameters of Q, will differ from
those of O, by a factor of approximately B; (for
E* B >> 0), find a corresponding approximate model.

SECTION 4.9: GRAPHICAL ANALYSIS

4.47

Sketch the ic — Vgc characteristics for a pnp transistor having P =200 and V4 =100 V. Sketch the
characteristic curves for iz = 1, 2, 5, 8, 10 pA. Assume for this sketch that ic = Big at vgc = 0. Sketch
the load line for V¢ = 10 V and R = 5 kQ. Operation is defined by a dc bias current of Iz = SpA.
Identify the operating point, and estimate its coordinates. For a triangular signal of 3 pA peak superim-
posed on I, find the corresponding signal component of ic and vgc. For operation in the active region,
defined for convenience as Vgc 2 0, estimate the maximum peak of an output triangle wave and the
corresponding peak signal current. Sketch the output which corresponds to a superimposed base-current
triangle wave of 10 nA peak amplitude. Assume for this purpose that vgc can reduce to zero. For what
fraction of a cycle is its output clipped?

SECTION 4.10: BIASING THE BJT FOR DISCRETE-CIRCUIT DESIGN

D
448

D
4.49

4.50

451

4.52

4.53

4.54

Consider the one-supply bias scheme in Fig. 4.39 of the Text. For Rg = Rg, above what value of B is Ig
constant to within 1%?

Using the rule (Vgg = Vg = Vee/3) and Rg = PR /10, provide a design for the circuit of Fig. 4.39 in
the Text, in which Vgc = 12 V and Iz = 100 mA. For the BJT, B =50 and Vgg =0.7V. Find
Re, Ry, Ry, Rc to the nearest single significant digit. What values of Ir and Vg does your design pro-
vide?

For the bias arrangement shown in Fig. 4.40 in the Text, using £5 V supplies, a design is required for
which Ig is fixed to within 5% and a £1 V signal output range is available, for p 2 20 and R¢c = 1 kQ.

A design is required of the feedback-bias scheme shown in Fig. 4.41 in the Text which will maintain
Veg 2 0.5V for B £200, Voe =5 V and Re = 3.6 kQ, with Vgg = 0.7 V. For B 2 50, what is the range
of Ir and Vg you achieve?

In the situation described in P4.51 above, a designer, faced with the possibility of B being uncontrollably
high, choses to shunt the base-emitter junction with resistor Rg. What is its value for B, <200? Find
R to meet the other specifications. What ranges of I and V¢p result for f 2 507

Repeat P4.52 above for B,, < 100.

For a BIT operating with the constant-current-source bias shown in Fig. 4.42a) in the Text, the manufac-
turer specifies P to lie in a range from 40 to 200. The bias-current source operates at 1 mA for voltages
at its upper end in the range £5V. For Vg = 0.70V, what is the largest value of Rp that can be
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tolerated? For this value of Rg, what is the range of dc voltages to be found at the base? For Ry = 100
rp at the lowest value of B, what range of base voltages results?

4.55 A current source using the current-mirror circuit shown in Fig. 4.42b) of the Text operates from %5V sup-
plies. Select a value of R for / = 1 mA. Over what range of voltages V, does the current remain
essentially constant? Use Vgg = 0.7 V and assume that linear operation is possible until V¢ reaches the
edge of conduction at 0.5 V.

SECTION 4.11: BASIC SINGLE-STAGE BJT AMPLIFIER CONFIGURATIONS

4.56 For the circuit in Fig. 4.43 in the Text, R; = 0.5 kQ, R¢c = 0.5kQ, I = 10 mA V¢ = Vgg = 10°V. For
the BJT, B =100 and V4 = 100 V. Find the corresponding values of Vg, Vg, Ic and V. Find
8m» Tes 'y and r, which correspond.

4.57 Consider the common-emitter amplifier, whose bias design was analyzed in P4.56 above. Find the values
of R; R,, Ay, A;. What does A, become if the collector is coupled appropriately to a 500 Q load?
Compare your results with those in Ex. 4.31 (page 285 of the Text). What conclusions can you reach
related to resistance-scaled (or current-scaled) designs?

CD

4.58
+ 9V In an attempt to reduce the number of components in

a space-critical design, a designer employs the circuit
shown, which incorporates the source resistance Rg
and load resistor R, as part of the bias design. In
this particular situation, R, = 10 kQ, Rg = 100 kQ,
B 290 and V4 =100 V. Design for the highest pos-
sible gain and an output-signal swing of 1 Vpp under
all bias conditions. What are the extreme values of
Ve, Ve and I¢ which your design produces? What
is the range of voltage gains v,/A; you expect?
What is the range of voltages v, and v, which
correspond to 1V output signals?

4.59 A common-emitter amplifier operating between a 10 kQ source and a 10 kS capacitor-coupled load, with
+10 V supplies, employs Rg = Rc = 10 kQ2. For V4 =200 V and P ranging from 50 to 150, what range
of voltage gains v,/ results?

4.60 An alternative to the CE amplifier described in P4.59 above is considered in which a 100 Q part of R is
left unbypassed. What range of voltage gains v,/v; results?
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461 + 10V

+ 10V
RL RL
10 kQ 10 kQ
Rb2—> vo
Rs
10kQ Rb1>

Q2 10 kQ

- |10V

Y, Vp2 Vp1 Yy

Ry — Rppy — —
’ 9y ’ 9’ , .
Vp2 Vp1 Vs Y

For B = 150, find

4.62 Provide a design using the basic circuit in Fig. P4.84 on page 344 of the Text in which Rz (shown as
125 Q) is chosen so R;, is 10 kQ for B = 50. what is its voltage gain from v, for the load reduced
(from 10 kQ) to 1 kQ?

4.63 A common-basec amplifier, biased at an emitter current of 3 mA, employs an unbypassed base resistor
Rp = 2 kQ, with R¢ =3 kQ, Rg =3 kQ and R, = 1 kQ. For f§ 2 150, what range of input resistances
result? What range of voltage gains result from a 100 Q source? What does the input resistance and gain
become if Ry = 0 Q? Note how much simplier the design now becomes!

4.64

For the circuit shown, evaluate Vg, Vg, Vo and I¢
for B = 100. Show capacitor-coupled connections to
a 0 Q source, a 10 k2 load, and ground to achieve
voltage gains of:

ay=+1V/NV

b) — 1 V/V (Hint: Use an extra resistor)

¢) — K, where K is large

d) + K, where K is large

4.65 For each of the designs created in P4.64 above, calculate the cxact gains assuming B = 100, V4 = oo,

4,66 An emitter follower biassed at 0.1 mA employs a 100 kQ base resistor and a 50 kQ emitter resistor. The
BIT has B = 50 and V, = 100 V. When driven by a capacitor-coupled 20 kQ source and driving a 2 k€
capacitor-coupled load, what is the voltage gain which results?
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4.67

vs

-

+ &Y
1.5 kQ
1 MQ
ANA——g
+ 6V
co
Rin~>
1~—l
Q1 Vb
Q2
R
68 kQ

vo

PROBLEMS: Chapter 4-13

The circuit shown is a combination of a fol-
lower and common-emitter amplifier (It is
called a CC — CE cascade.), which has the
advantage of a simple biassing structure and
relatively high input resistance.  For
B =100 and V, =100 V, find v,A,; and
R;, for the circuit a) as shown, and b) with
R removed. [Hint: To calculate R;,, realize
that the 1MQ resistor R, has an important
effect since at its right-hand-side, the vol-
tage is V,A; times that at its left; Thus for
a test-voltage input v, at the left, the input
current is iy =V, (1-V,05)Rs. This is an
example of the Miller-Effect idea introduced
earlier in P2.11 in this book.

SECTION 4.12: THE TRANSISTOR AS A SWITCH —
CUTOFF AND SATURATION

4.68 1In the circuit shown in Fig. P4.97 in the Text, the transistor operates with Vcg = 0.2 V, Vgg = 0.7 V, and
forced B of three. What must the value of Rz be? For Brorced < B2, what is the largest value Rg can

have?

4.69

+ 6V

+ 6V

1kQ

Q2

vo

For the circuit shown, characterize the mode of
operation of each transistor and the voltages vy and
Vo for v; equal to:

a0V
b)+5V

Assume that Veg 5 = 0.2V, Ve = 0.7 V. At what
value of forced B do Q; and Q, operate, when
saturated?
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PROBLEMS: Chapter 4-14

In the following circuits, B = 100, Vg = 0.7 V, and Vg 5 = 0.2 V. Find Vg, Vg, V¢ and the value of
B at which each BJT operates. At what value of / does each transistor just leave saturation?

+ 5V + 10V
+ 6V
10kQ 10 kQ 100 pA
(a) (b)
I I
1mA 1mA

SECTION 4.13: A GENERAL LARGE-SIGNAL MODEL FOR THE BJT:

4.71

4.72

4.73

4.74

4.75

THE EBERS-MOLL (EM) MODEL

A particular large npn BJT is known to have a base-emitter diode whose scale curent is 2 x 10713A, and
a base-collector junction which is 40 times larger. Current gain By is measured to be 150. For this
transistor, what are the values of Isg, Isc, O, O, and Bg?

The transistor in P4.71 above is operated as a diode. If operation is in the forward active mode, what is
the resulting diode drop at a diode current of 100 mA?

In an application of the transistor in P4.72 above, the base connection is changed, being wired to the
emitter rather than to the collector. Since the base and emitter voltages are the same, the base-emitter
junction is cut off. What happens to the direction of current flow? What is the mode of operation
called? What is the voltage drop between emitter and collector for a 100 mA current flow?

A particular BJT for which B is 200 is known to have CBJ 50 times larger than EBJ. What is its valuc
of Bg? This transistor is to be operated as a saturated switch with Iy = 1 mA and I¢ = 0. What value
of Vg, results if the transistor is used in the normal saturation mode?

Consider the possibility that a BJT operating with collector open, and a somewhat-variable base current,
can be used as a very-low-voltage regulator. What value of Bgo.c.s applies? For base currents varying
from 1 to 4 mA, a junction-area ratio of 10 to 1, and Pr ranging from 70 to 280, what range of
collector-to-emitter voltages result? Note that for a range of transistors, this voltage is relatively constant,
even for varying base currents!
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4.76

4.77

4.78

4.79

4.80

PROBLEMS: Chapter 4-15

A patticular BJT for which Br = 100, when

operated as suggested in P4.75 above, with open col-
I 1';1) lector and 1 mA base current, has a collector-to-
1mA vo emitter voltage of 100 mV. What is the output vol-
tage, Vg, of the circuit shown? For I = 1 mA and
R2 Ry =R, = 5009, what does Vg become? What is

_j 1kQ the equivalent Rcg_ of the device itself?

Considering Table 4.4 on page 307 of the Text, prepare a table for the same transistor but with emitter
and collector roles interchanged. What is the limiting value for forced B? Find table entries at 90%,
50%, 20%, 10% and 1% of this value, as well as for Bf,rceq = O.

Prepare a table of saturation voltages versus Bs,,c.s for an npn transistor for which oz = 0.995 and the
collector-junction area is 5 times that of the emitter. What is the limiting value of forced B? Tabulate
VCEW for Brorcea values as suggested in P4.77 above. For Iz = 10 mA and Ic = | mA, what voltage

exists between collector and emitter with the transistor operated in the normal mode? inverted mode?

For a grounded-emitter pnp transistor for which Bz = 200 and Bz = 2, operated in a circuit for which
Ig = 1 mA and Bforees = 10:

a)  Calculate and label all currents in the branches of the EM model (with diodes reversed from
Fig.4.55b).

b) For Iy = 107! A, find the voltages across the two junctions and Vec,,-

c)  Verify Vgc_ using Equation 4.114.

+ 0.1V Use the transport model to find the current flowing
from 0.1 V to ground in the circuit shown using a
100 [ transistor for which Br = 50, Bg = 0.1, and Vg =
nA 0.70 V for ic = 10 mA in normal active mode.
B
E

SECTION 4.14: THE BASIC LOGIC INVERTER

4.81

A particular version of the logic inverter circuit of Fig. 4.60 of the Text (called Resistor-Transistor
Logic), popular in the early days of integrated circuits, used Vec = 3V, Rg = 450Q and R¢c = 640Q.
For a transistor for which Vg = 0.70 V in saturation with conduction beginning at about 0.5 V, and
Vee, = 03V, with B = 30, find Vpy, Vor, Viy and V;, and the noise margins for 2 cases of fanout to

similar circuits: a) 10, b) 1. What is the voltage gain in each case for vp = 0.7 V?

-43 .



CL
4.82

PROBLEMS: Chapter 4-16

Reconsider P4.81 above for fanout of 1, using a transistor for which vgz = 0.70 V for ic = 1 mA,
n =1, Br = 30, and the collector junction is 5 times the size of the emitter. Using a detailed analysis,
find Vou, Vor, Vin, Vi, NMy, NM, the overall voltage gain, and the small-signal gain at vp = 0.7 V.

SECTION 4.15: COMPLETE STATIC CHARACTERISTICS, INTERNAL

4.83

4.84

4.85

4.86

4.87

4.88

CAPACITANCES, AND SECOND-ORDER EFFECTS

For a particular transistor, for which V4 =200 V, B = 120, operating in the grounded-base configuration,
the collector current is found to increase by 50 nA from its former value of 0.1 mA when the collector
voltage is raised by 10 V. Estimate r, and r,,. (Hint: Use the results of P4.119 in the Text)

A particular transistor for which BV¢gg = 50 V, BVggg =7 V, BV¢go = 30 V is used in the following
circuits: In each case, find V. Note that X represents (the shears causing) an open circuit.

+ Vce + Vce + Vee
100 pA 100 pA Open circ,
Voa Vob
Open cire.
— = (a) — (b)

A particular BJT with grounded emitter and a constant base current of 0.1 mA, is found to have V¢g o
of 0.2 Vatlc =3 mA and Vg4 of 0.1 V at Ic = 1 mA. What are the corresponding values of Rcg gur
and VCE of f ?

A BIJT operating at a constant collector-to-emitter voltage of 10V is found to have I¢ = 1.20 mA with
Ig =11 pHA. When Ip is increased to 12 pA, Ic becomes 1.29 mA. What are the values of gz and hy,
for this transistor in this situation? Estimate V.

+ &Y For Vcg oy = 50 mV and Rcg o =50 Q for a

) transistor operating at a base current of 1 mA in the

circuit shown, what output voltage results? If the

| base drive were quadrupled, what would you expect
Vo to become?

820 Q

Consider the relationships shown in Fig. 4.68 of the Text between P, /¢ and temperature T. Estimate an
average value for the temperature coefficient of B in %/°C for Ic = 1 A and 1 mA,
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4.89

4.90

491

4.92

4.93

PROBLEMS: Chapter 4-17

Consider the npn transistor whose detailed physical parameters are as specified in P4.2 of the Text, when
operating at Ic = 1 mA. For W = 1 pm and 5 pm, calculate: the stored base charge, the forward base
transit time and the emitter diffusion capacitance.

For the BJT specified in P4.2 of the Text having a base width of 1 pum, calculate Cj, and C,, using Equa-
tions 4.123 and 4.124 with Equations 3.26 and 3.18. Use a grading coefficient of 0.4 for the CBJ, which
is 10 times the area of the EBJ and reverse biased by 2.0 V. Note that the permittivity of silicon is
€s = 1.04 x 107!2 F/cm. Using the result for the emitter diffusion capacitance at 1 mA found in P4.89
above, calculate C;; and f7. i

A particular BJT for which fr is 10 GHz at I¢ = 10 mA, has f7 reduce to 7 GHz at Ic = 1 mA. Esti--
mate values for Cy, + Cj,, and Cy, at 10 mA and at 10 pA. What is fr at 10 uA?

A neced arises to adapt the BJT described in Exercise 4.44 of the Text to a new application in which
operation is desired at Ic = 4 mA, but with the base-emitter voltage unchanged. A decision is made to
use the same process but to double the perimeter of the square base area. What do the values of 1r,
Cijcor Cpos Voes mcpss Cues Ciey Cry Cy and fr become for operation at 4 mA? What fr results at I¢ =
1 mA?

The 500 MHz transistor in Exercise 4.45 of the Text is being considered for operation at ic = 10pA and
even ic = 1 HA. What unity gain frequencies would likely apply? If it is possible to reduce each of the
sides of the square base used in this device structure by a factor of 10, what values of fr would you
expect at 10 HA and 1 pHA?
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NOTES
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Chapter 5

FIELD-EFFECT TRANSISTORS (FETs)

SECTION 5.1: STRUCTURE AND PHYSICAL OPERATION OF THE

5.1

52

ENHANCEMENT - TYPE MOSFET

An n-channel enhancement MOS transistor for which V, = 1.5 V is operated with a source voltage of 0
V. For what range of values of vgs is a channel induced? For vgs = 3.0 V, for what range of values of
Vps is the channel pinched off at the drain end? For what range of values of vp does the drain current
saturate? For what range of values of vp does the transistor operate in the triode mode?

Complete the following table for devices (a) through (g)

# | Channel | V; | vs | vg Vp Mode
Type vVi{iv ]V \% (region)

a n 1 0 3 2.1

b n 2 | =21 2 | =01

c P -2 10 -1 -3

d p -1] 2 0 -1

[0 2 13 0 saturated

f =21 3 0 -1

g -21 3 -3 cutoff

SECTION 5.2: CURRENT-VOLTAGE CHARACTERISTICS OF THE

53

ENHANCEMENT MOSFET

The n-channel enhancement MOSFET characteristics shown in Fig. 5.11b of the Text represent the rela-
tionship between ip, Vps and vgs for a range of devices for which k = k'(W/AL) = 0.5 mA/V? with V, as
a parameter. For a particular device for which V, = 1 V, use the data in the following table to locate the
point (or points) of operation and, thercby, the missing attribute. [Hint: It may help to mark and label
the points on Fig. 5.11b in the Text, or, preferably, a photocopy of it.

Reference | vgs | Vps ip
\'% \' mA
a 4 4
b 4 2.25
c 4 2.25
d 3 3
e 3 2
f 3 1
g 5 4
h 5 3
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5.5

DL
5.6

5.7

5.8

59

5.10

PROBLEMS: Chapter #5-2

The characteristic curves in Fig. 5.11b of the Text arc even more useful than you have perhaps realized.

On a photocopy or other facsimile of the curves, relabel the axes and vgs values to correspond to the fol-

lowing situations:

a) k' (WA)=050mANV?, V, =1V

b) k'(WA)=050mANV? V, =05V

) k(WAL)=025pAN?, V, =1V

d)  kK'(WAL)=100mAN? V,=1V

*e) k'(W/L) = 2.0 mA/V?, with the five vgg lincs labelled from (and including) the lower axis as 1.0,
1.5, 2.0, 2.5 and 3.0 volts. [Hint: The ip axis remains unchanged.]

**f) k'(W/L) = 0.50 mA/V?, with the five vgs lines labelled from (and including) the lower axis as 0.5,
1.0, 1.5, 2.0, 2.5 volts.

An n-channel enhancement MOSFET having u,C,, = 20 pA/V? WA = 10, and V, = +1 V is
operated with vy =0 V and vg =3 V. For what range of voltages, vp, on the drain is operation in the
triode region? What current flows for vps =2 V? 1 V? 0.5 V? What is the value of rpg for vpg rela-
tively small? At what value of vps does rps increase beyond its very low-voltage value by 1%? 10%?

An n-channel enhancement MOSEET having i, Cox = 20 HA/VZ, W =20um, L =2um, and V, = +1 V
is to be used for small signals as a linear resistor in the range 1 kQ to 1 MQ. What is the corresponding
range of values of vgs required? What are the corresponding ranges of operating current (ip) and vol-
tage (Vps) for which the resistance provided is within 10% of its desired value?

Using Equations 5.5 and 5.6 of the Text, find a relationship for vpg for which ip is 100%, 99%, 90%
and 50% of its saturated value. For a device for which K W/L = 0.50 mA/V? and V, = 2 V, find the
values of vpg forvgs =V, + |V, | =21Vl

For a particular MOSFET operating in saturation at ip = 2.10 mA and vps = 3.0 V, the drain current is
found to increase to 2.20 mA when vpg is raised by 5 V. Find the corresponding output resistance and
estimates for the channel-length-modulation factor A, and the equivalent Early voltage V,.

A p-channel MOSFET for which V; = -2 V has a channel width of 100 pm and length of 3 um. If it is
fabricated in a process for which p, C, =20 pA/V? and A = -0.01 V-1, estimate the drain current for
saturation operation with vgs = vps = =5 V. [Hint: Note p, above, not p,; Use p, = 2.5 ]

A p-channel MOSFET for which the nominal threshold is — 1 V (when vgg = 0) operates in a circuit for
which operation is such that the source voltage takes on any value between 0 V and +5 V. In a process
for which y= 0.6 V” and ¢y = 0.3 V, what is the threshold voltage which applies at 5 V? at 0 V? [Hint:
Note that the substrate must be connected to a voltage which prevents the substrate-to-channel junction
from becoming forward-biassed; here, + 5 V would be the normal choice.]
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PROBLEMS: Chapter #5-3

5.11 For the following circuits employing enhancement MOSFETS, for which |V, | =2 V and u,C,, = 20
MANVZ W = 20um, and L = 2pum, find the labelled voltages and currents,

+5V +5V
® | ® 0.4mA
__.l Vb

*ll

==

+5V +2V +5V

© ® 1

*lc

Vd
0.9mA

SECTION 5.3: THE DEPLETION-TYPE MOSFET

5.12 A depletion-type n-channel MOSFET for which y, C,, = 20uA/V?, W =200um, L =2um and V, = —4
V is operated under a variety of conditions as stated partially in the following table: Complete the table

by providing the missing entries:

| # ] vg Vg VGs Vp Vps Operation ip
\% \% \% \% \ Mode ‘mA
a 0 -4 5
b{ O -2 3 saturation
c 0 0 5
d} O 0 2
€ 0 +1 5 25
fl| O +2 5 triode
g| O +2 0
h 0 +2 0 triode
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PROBLEMS: Chapter #5—4

5.13 For the following circuits employing depletion MOSFETS, for which |V,] = 2 V and
Ha Cox = 20uANV? and W/L = 10, find the labelled voltages and currents.

+5V

Vb
Via = 0.4mA

- © +sv @ +5V +sV
0.9mA id +5V
i |
= = Ve
L vd -

0.4mA

_sv 1.8mA

5.14
A depletion-type PMOS transistor operates in the cir-
cuit shown with vp = 4.8 V when vg = 5V, and vp

vas +5V =4.95 V when vg = 0 V. Find its Ipss and V,.
S —
+
G VoS
va +
VO
I=1 O0uA
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PROBLEMS: Chapter #5-5

SECTION 5.4: MOSFET CIRCUITS AT DC
D

5.15 For a circuit whose topology is as shown in Fig. 5.24 of the Text, employing an n-channel enhancement
transistor for which V, = 1 V, n,C,y =20 pA/V? and W = 40 L, and with Rp = 7.5 kQ and £5 V sup-
plies, Vp is measured to be +2 V. What is the current Ip? What source voltage would you expect?
What is the value of Rg used? Assume A = 0.

5.16 A circuit using the topology shown in Fig. 5.24 of the Text with Rp = Rs = 7.5 kQ is found to have Vp
= +2 V. If V, is known to be 1 V, what value of K = 12k (W/L) applies? For K of half this value,
what Vp results? By what factor has it changed to compensate for a 50% change in K?

5.17 Design the circuit of Fig. 5.25 of the Text, to obtain Ip = 0.4 mA with the transistor specified in P.5.15

above.
D
5.18
+5V +5V For a transistor for which V, = 1 V and k'(WA) = 1 mA/V? used in
the circuit shown, find the value of Rg for which Vp = 42 V. Specify
ma 150kQ Rs to 1 significant digit. For this value of Ry, what would a more
precise measurement of Vp show it to be?
Rs .
C

5.19 In the following circuit, the transistor employed has nominal values of K = 12k'(W/AL) and |V, | of 0.5
mA/V? and 1V respectively.

What voltage would you expect at Vp? If the voltage actually meas-

ured at Vp is 90% of that expected, what % change from the value

+SV +5V specified for in V; alone or of K alone would account for the result?
ioMQ 1kQ
omMa 4k
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PROBLEMS: Chapter #5-6

5.20 In the circuit shown, the depletion PMOS has , C,, = 8uA/V% W = 500 pm, L = 2um and V, = 2 V.

5.21

5.22

What is its value of Ipgg?
. What are the voltages at the source and drain? What is the lowest
Vas=18V  value of Vgs for which the device remains in the saturated mode?

1kQ

2kQ

+5V +5V In this circuit, the depletion PMOS has V, = 2 V,

wa a Hp Cox =8gA/V{ and W/ = 250. What is the
corresponding value of Vpg?

4MQ 1kQ

+ BV N In this circuit, the enhancement NMOS have

5V
WnCox =20uANV?,  V,= 1V, L =2um and
%m %Rz W =30um. Find R; so the current ip; is 150 pA.

must R, now be to make Vpgy = Vps;?

If Ry = R,, what voltage results at the drain of M,.
—
e L

Suggest a connection for a third transistor M3 which
will potentially double the current in R,. What value

SECTION 5.5: THE MOSFET AS AN AMPLIFIER

5.23

5.24

5.25

Consider the generalized amplifier circuit of Fig. 5.31 of the Text, in which is installed a transistor with
V, = 2V, and k'(WAL) = 2mANV? For Vop = 12V, Rp = 0.5kQ and Vgs = 5V, what ip and vp
result? For v, = + 0.5V peak, what is the total variation in drain current? [Hint: Perform 2 more bias
calculations for this result.] What is the peak-to-peak value of vy.

For the situation described in P5.23 above, what is the largest load resistance for which operation remains
in the saturation mode for Vpp = 12 V and vy = 0.5 V. For the load resistance increased to 1 k€,
what is the ratio of the peak voltages of the output signal produced by a £0.5 V input signal?

For the situation described in P5.23 above. Use Eq. 5.38 of the Text to find g,,. What is the voltage
gain you expect (using Eq. 5.40). Using this result, with a £0.5 V input, what output signal should
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5.26

5.27

5.28

5.29

5.30

5.31

PROBLEMS: Chapter #5-7

result? Using Eq. 5.35, what peak output signal voltages would you expect? [Hint: Use the last term in
Eq. 5.35 extended which represents a dc output shift.] Compare generally with the results of P5.23
above.

A p-channel MOSFET, for which p, C,; = 10 MANVEL W =300 um, and L =3 um is operated at Ip = 4
mA. What is the corresponding value of g,. For what value of R;, is the gain of a simple amplifier
equal to —10 V/V? For what peak input signal value is operation reasonably linear. [Hint: use Eq. 5.36
with Eq. 5.32.]

A MOS device operating at a dc bias current of 1 mA with a 10 kQ load has a gain of -9.091 V/V for
small signals. When the current is reduced to % mA, the gain reduces to —4.808 V/V. What values of
K =12k'(WA) and V, apparently prevail? At Ip = 1 mA, as a sine wave input signal is raised in
amplitude, the output signal peaks are found to change by 10% from their expected value for input peaks
of £0.5 V. What is the value of (vgs — V) which apparently applies?

+5V .
For the transistor shown, k' (W/A) =2 mANV?% V, = 1
* | V, and V4 = 50 V. Find Vp, Ip, gu, r,, V,/A; and
10’:‘30 R; for Ry =R. For I =1 mA, what are R;, v,/;
AA | for R, = Rg? r,?, R;?. Note that the latter gain is
Ri | vo the one to be used for each stage i de of
L ge in a cascade of n
% AL identical stages.
hon e IR
o0
=
+15V For the transistor shown, g, = 1 mA/V and r, = 100
kQ. Find v,A;. What does the gain become for Rg
10kQ =0? for Ry = 3.76 kQ?.
‘
l Vo
| (-]
I 10kQ
vi Rs =
1kQ oo
imA =
-15V

An NMOS source follower operates with a constant bias current Is for which g, = 0.725 mA/V and
r, = 47kQ. Ignoring the body effect, use the T model to find the output resistance of the follower.
What is the no-load voltage gain Go? For what range of load resistances is the follower gain greater than

0.95?7 0.90?

Consider the impact of body effect on the situation described in P5.30 above. Generally speaking, there
are two effects of substrate bias on V;: The first is the average change in V, from Vo as the average
value of vg changes. The second is the instantaneous signal-induced change in V, due to the changing
channel-to-substrate voltage and modelled by . For this situation (where Is is fixed), does the first
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PROBLEMS: Chapter #5-8

effect matter? [Hint: Consider what controls g,.] For = 0.2, find a better estimate of the follower
output resistance. What is the follower no-load gain? For what load resistor is the follower gain greater
than 50%?

SECTION 5.6: BIASING IN MOS AMPLIFIER CIRCUITS

5.32

CDh
5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

A particular n-channel enhancement MOS device for which V, = 2 V and k' (W/L) = 1.0 mA/V? is to be
biassed using the circuit of Fig. 5.39a of the Text with a 9 V supply. For Rg, = Rg, = 10MQ and
Rs = Rp =10 kQ, find I, and Vpg. For what peak amplitude of output signal will operation remain in
the saturation region? What are all the corresponding values when a device with V, = 1 V is substituted
in the same circuit?

A design of a bias circuit using the scheme shown in Fig. 5.39a is required for a family of MOSFETs,
for which V; ranges from 1 to 2 V and K = 12k'(W/L) ranges from 0.3 to 0.5 mA/V2. The design should
provide the largest possible gain using a drain current limited to the range 0.5 to 1 mA. For the situation
in which the largest resistor available is 10 M, what are the values of Rgi, Rgy, Rs and Rp to be used
with a 9 V supply? Arrange that the largest output signal for which operation in saturation is assured, is
0.5V peak.

A particular n-channel enhancecment MOS device for which V, =2 V and k'(WAL) = 1.0 mA/V? is to be
biased using the circuit of Fig. 5.39d of the Text with Rg = 10 MQ, Rp = 20 k2 and Vpp = 9V. Find
Ip and Vps. For what peak amplitude of the output signal will operation remain in the saturation region?
What are the corresponding values when a device with V, = 1 V is substituted?

The circuit and situation described in P5.34 above, is modified by a second resistor, Rg, = 10 MQ
shunted from gate to source. Repeat the computations requested there.

Using the circuit of Fig. 5.39d of the Text, prepare a design for the situation described in P5.33 above,
but with a 5 V supply.

Reconsider the situation presented in P5.36 above using the topology of Fig. 5.39d of the Text, but with
a resistor Rg, added from gate to source to increase the output swing by a factor of 1.5, all other condi-

tions being the same.

For a depletion MOS device for which V, = -4 V and Ipgs = 32 mA, design a bias circuit of the type
shown in Fig. 5.39a of the Text for a drain current of 8 mA, using a 9 V supply, and the largest possible
value of Rp that allows for a drain-signal swing of £2 V. Find values for Rg, Rp, Rgy, Rg, using 10
MQ as the largest available resistor value.

A basic current mirror circuit resembling that in Fig. 5.40 of the Text, operates with two transistors for
which V, = 1V, 4, Cox = 20uA/V? and W = 4 pm and L = 2 um, from a 5 V supply, with vgs =
2.5V. What is the output current flowing into Q,? What value of R is to be used? For what range of
voltages on Q, does it operate in saturation? For what value of output voltage does the output current
reduce by a factor of 2?

Using transistors for which V, = 1V, V4 = 10 V/um of channel length, and k, = 20 pA/V?, design a
mirror circuit, using a reference current of 25UA, to produce a nominal output current of 100pA with an
output resistance of IMQ. Arrange that the output transistor remains in saturation mode for voltages to
within 0.5 V of the negative supply. What values of L, W, and W, should be used? At what output
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voltage (measured from the negative supply) will the output be exactly 100uA? What does the output
current become for an output that is 5V above the negative supply?

Sketch the topology of a multiple-output current-steering circuit using a 10iA reference current source, to
produce current sinks of SHA, 40UA and 100pA, and sources of 20A and 40pA. Use transistors all of
the same length and having a minium width of 2um. How many individual transistors are needed?
What is the total width of all the NMOS? of all the PMOS?

SECTION 5.7: BASIC CONFIGURATIONS OF SINGLE-STAGE

5.42

5.43

5.44

5.45

5.46

547

DL
5.48

IC MOS AMPLIFIERS

For each of the circuits of Fig. 5.44 of the Text operating from a £5V supply with transistors for which
V; = 1V and operation is at Vgs = 2V using current/sources/sinks whose minimum operating voltage is
0.5V, find the nominal operating voltage or voltage range for cach of the input and output tcrminals.

A CMOS amplifier using the topology of Fig. 5.45 of the Text employs devices for all of which
k=k'(WA)= 20uA/V? and V, = 100 V. What is the small-signal voltage gain which results for
Irgr = 25 A, and for 0.25 pA?

A CMOS amplifier using the topology of Fig. 5.45 of the Text is fabricated using a process for which 0.5
MaCox =1y Cox = 20 WA/VZ, |V, | = 1V, | V4| = 50 V,and L = 10 pm, to have W, = W, = 100
pum. [Iggp is created using a diode-connected NMOS device half the width of Q. For the amplifier
biased to have Vg5 = Vpg; using a 5 V supply, find the total supply current, the dc output voltage Vj,
the voltage gain v,/;, and the output votlage signal range for which all devices operate in saturation.

Consider the CMOS common-gate configuration shown in Fig. 5.47 of the Text, using transistors for
which |V, | = 1V, B, Cpy =244,C, = 20pA/V?, | V4| = 50 V, L = 10 pm and W, = W, = 100
wm, Ipgr = 50 pA. For the input signal source having an average voltage of 0 V, what must Vg5 be?
For x found to be 0.2, what are the values of the voltage gain v,/A;, and the input resistance at the
source R;, which result?

Consider the common-drain circuit shown in Fig. 5.48 of the Text, using transistors for which p,C,, =
20 A/VYL V,= 1V, V4= 50V, L=10pum, W= 100 pum, x= 0.2, Izggr = 50 pA, and
Vpp = Vsgs = 5 V. What are the limits on v; and vy for saturation-mode operation? Find the no-load
voltage gain v,/;, and the output resistance R,. For what value of load resistor is the gain reduced by a

factor of 2?

A source follower employing a constant-current bias supply is measured to have an output resistance of
952 ohms. When its bias current is quadrupled, its output resistance reduces to 455 ohms. Find values
for g, and r, in the original situation. If this bias current was 1 mA at first, what is V, for this transis-
tor? At 1 mA bias, for what range of loads is the follower gain 2 0.900 V/V?

Two p-channel transistors, one enhancement and one depletion, are operated as 2-terminal devices. For
each, how many connections are there in which current can flow between the two terminals? (Be care-
full) In total, how many configurations allow the device to operate in saturation? Sketch them and iden-
tify for each the minimum terminal voltage at which current flows in the saturation mode.
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PROBLEMS: Chapter #5-10

5.49 For the following circuits, for which k(W)= 2 mA/V? and |V, | =2V, find the labelled currents

5.50

5.51

5.52

5.53

and voltages.

a) A +5V bi A +5V
{ vi —-IE yi2
. Vi Yz
= =
+5V
c) +5V d) +5V o)
¥is ——-{ ‘*14 ‘-——“_’*ls
—e Vs ® V, ﬁ‘vs

1 1

A particular amplifier employs two enhancement p-channel transistors for which V, =—1 V. For the
driver, kp = kp(W/L) = 180pA/V2. For the load, k, = k,(W/L) = 20uA/V2 The power supply is +5 V.
Ignoring the body effect, when this amplifier is operated in its linear range, what is the gain, v,A;?
What is the value of v, for which vp = Vpp/22? What are the upper and lower values of output voltage,
and corresponding input voltage, for which Equation 5.81 applies?

For an NMOS enhancement-load transistor for which V,, = 0.9V, 29, = 0.6V, v = 0.5V%,
k'(W/L) = 20pA/V?, connected to a +5 V supply, what is the upper limit of the output-voltage range?
[Hint: Use Eq. 5.30 on page 374 of the Text]. What are the values of V,, X, and g,, for outputs near the
upper limit, and near 0 V? [Hint: Use Eq. 5.51 on page 399 of the Text.]

For the load situation described in P5.51 above, employing a driver for which k,p(W/L) = 180 pA/NV?,
what voltage gain results for Vp = 2.5 V?

An NMOS amplifier employs a driver for which V, = 1 V and kp = 180uA/V?2 with a depletion load for
which V, = =2 V and k/(W/L) = 45uA/V2. For both devices V4 = 50 V. The power supply is +5 V and
% = 0.2. Find the gain for Vo around 2.5 V. What is the range of outputs for which this gain value
applies?

SECTION 5.8: THE CMOS DIGITAL LOGIC INVERTER

5.54

A CMOS logic inverter such as that in Fig. 5.55 of the Text employs matched transistors in a 0.5{m pro-
cess in which p,C,, = 100UA/VH(WAL), = @um/um), | V4| = 40 Vand |V,| = 0.8 V, with a
3.3 V supply. Find values for Voy, VoL, Viu, Vi, NMy, NMy, and V,, = Vy (where v; =vg), [Hint:
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PROBLEMS: Chapter #5-11

Use Equations 5.93 to 5.96.). What is the current lpeax  which flows from the supply when
vV =V = Vy =V, =Vpp/2? At what input voltages is the current half that value? one-tenth that
value? What are the output resistances of this gate in the high and low output states? Estimate the out-
put voltage levels for load-current levels equal to [, .

For the CMOS inverter described in P5.54 above, loaded by a capacitance of 50fF, estimate the average
propagation delay fp = (tp y + tpy,Y2. For operation at the frequency 1/4¢p), estimate the average
power dissipation for transition times which are a) ideal (that is, zero), and b) equal to 2¢p. [Hint: For the
latter case, consider the triangular current pulses conducted through the two devices.] Estimate the
delay-power product on the latter basis. How does the result compare with CV3, suggested on page 435
of the Text. What is the reason for the difference?

SECTION 5.9: THE MOSFET AS AN ANALOG SWITCH

D
5.56

5.57

A MOSFET switch is to be used to ground an internal node of a network whose open-circuit voltage
ranges from 1.1 to 3.3 V and source resistance is 21 kQ. The available FET control voltage available
switches between 0 and 5 V. For the technology used, V, = 1 V, u,C,, =20 uA/V? and L = 10 pm.
What switch width is required to guarantee that the node can be brought to within 10 mV of ground?

A CMOS transmission gate uses devices for which W, =2W, =100L, IVl = 2 V and
M Cox =20 HA/V2 For control signals of 5 V and a load of 5 kQ to ground, what is the fraction of the
ac input signal lost in the switch, for an input v; =v; + V;, for V; ==5V, 0V or +5 V?

SECTION 5.10: THE MOSFET INTERNAL CAPACITANCES AND

L
5.58

5.59

5.60

5.61

HIGH-FREQUENCY MODEL

The gate-to-channel capacitance of a MOS transistor is often used as an explicit capacitor in MOS cir-
cuits, in which case the gate and source are joined to form the second electrode. Use the data provided
in Table 5.1 on page 364 of the Text to calculate the dimensions of a square capacitor of 1 pF for the
range of technologies cited, where oxide thickness ranges from 20 nm to 100 nm. In a 0.8 pum feature-
size technology, in which the minimum-size NMOS digital device has L = 1.2um and W = 2.4um, to
how many such transistors do these capacitor areas correspond?

For the 1.2 um technology whose parameters are provided in Ex. 5.41 on page 444 of the Text, calculate
values of C,y, Cpsy Gga» Csp» Cap, for transistors operating in saturation at | Vsg | = | Vpg | = 2V for
which: a) L = 24 um, W = 100 um; b) L = 24 um, W = 10 um. [Hint: Recall in calculating Cy,
and Cy, that the values at Cyo and Cyg provided are approximately proportional to source and drain
areas, respectively and correspondingly to device widths.]

For each of the transistors in P5.59 above, operating at Ip = 100 UA with k, = 100 w/V? calculate fr.
What does f7 become in each case if the operating current is reduced to 10uA?

For the transistor evaluated in Ex. 5.42 and Ex. 5.41 on pages 447 and 444, respectively, of the Text,
what is the gate input impedance of the NMOS device with output shorted when operating at fr. What
does the input impedance become at f7/10 if the FET operates there with a voltage gain of -2 V/V?
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PROBLEMS: Chapter #5-12

SECTION 5.11: THE JUNCTION FIELD-EFFECT TRANSISTOR (JFET)
D

5.62 An n-channel JFET with Ipgs = 10 mA and V), =— 2 V operates with gate and source grounded and
drain connected to a positive voltage V,. What current flows when V.= +4 V? +2 V? +1 V? At
what value of V., does ip become half its saturation value?

5.63 An n-channel JFET for which Ipss = 10 mA and Vp = — 2 V operates with source grounded and drain
at +1 V. For what value of gate voltage is the drain current 5 mA? 1 mA?

5.64 An n-channel JFET for which Ipgs = 10 mA and Vp = — 2 V operates as a switch with small vps.
What is the series switch resistance for vgs = 0 V? -1 V? - 2V?

5.65 An n-channel JFET for which Ipss = 10 mA, and Vp = — 2 V operates at vpg = 2 V with ip = 5
mA, and at vps = 7 V with ip = 5.1 mA. If vgs is the same in each case, what is its value? What
values of r,, A and V, corespond?

5.66 For the following JFET circuits, using devices for which Ipss = 4 mA and |V, | = 2V, find the
labelled voltages and currents.

?:_ jv o J+sv

1 O

@ 1mA @ -1

Ve

f1 Lo
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5.67

iMa

5.68

1 +5V

R
1kQ
p® Vo

*lo

‘ R
kaQ

-5V

+5V

>

o

BN

mni
=
-5V

vo

PROBLEMS: Chapter #5-13

For the FETs shown, Ipss = 4 mA, Vp = -2 V.
What values of Ip and Vy result? What do they
become if both resistors are accidentally replaced by
oncs of value 2 kQ?

For the FET in the circuit shown, Vp = -2 V,
Ipss = 10 mA, Vo= 100V. Forl = 10 mA, what
are Ip, Vp, r,, 8m> and V,/; and R; for Ry = 00?7
forR, =r,?

SECTION 5.12: GALLIUM ARSENIDE (GaAS) DEVICES - THE MESFET

5.69 A GaAs MESFET for which B = 107“A/V? for each um of gate width, A =0.2 V! and V, ==1.0 V, and
having a width of 100 pm, is operated at vgs = 0 £ 0.2 V, with vps of about 3 V. Find the range of
&m» T, and the highest available voltage gain you can expect for such operation.

5.70 The transistor described in P5.69 above is operated with a 3 V supply and a 100 Q load. What values of
Vps result for the inputs stated? What is the corresponding "voltage gain” for a + 0.2 V input signal?

5.71 The amplifier in Example 5.11 and Fig. 5.73 on page 457 of the Text is modified by increasing the width
of @, to equal that of Q. For the output stabilized at 5 V by some external means, what values of ip,

VGs1» &m1, and small-signal voltage gain result?

5.72 For the situation described in P5.71 above, the output is stabilized at +3 V. What is the value of Vgg
required? What are g,,; and the gain v,A;?
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NOTES
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Chapter 6

DIFFERENTIAL AND MULTISTAGE AMPLIFIERS

SECTION 6.1: THE BJT DIFFERENTIAL PAIR

6.1

L
6.3

For the BIT differential-pair configuration, find the diffcrential signal (v; = V51—~Vg) sufficient to cause
a)  ic=99% 1
b) ici=95% 1
) ic1=90ic;

For situations related to those shown in Fig. 6.2 of the Text, some measurements are taken as tabulated
below: For all cases, Voc =+ 10V, Rc =4 kQ, and I =2 mA. For the BJTs, assume B is high, Vgg =
0.7V, V¢g sat = 0.2 V, all essentially independent of the detail of junction-current magnitude. Find the
missing values.

Case | vp; | Vg2 | VE12 | Vci | Ve2

\" A\ \'% \' A%

a 0 -0.7 6

b 2 2 6

c 1 1.3

d -2 0.3 10

e 1 2.8 3

f -4 -4 8

g 0 | +33

h 1 3.5

For an npn BJT differential pair using a +10 V supply and collector resistors of 4 kQ, partial measure-
ments provide results as follows. Find the missing entries, assuming oo = 1 and n = 1.

Case I Vg Vg2 Vg V¢ Vca
mA \'/ \'% \' A" A"

a 0.2 0.00 -.700 9.60
b 0.2 0.01 0.00
c 0.2 0.00 0.05
d 0.2 0.00 | —-.675
e 0.2 | -1.00 9.90
f 20 | -1.00 | -1.00
g 2.0 0.01 0.00
h 2.0 0.00 0.05
i 2.0 1.00 3.00
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PROBLEMS: Chapter #6-2

SECTION 6.2: SMALL-SIGNAL OPERATION OF THE BJT

6.5

6.7

6.8

6.10

DIFFERENTIAL AMPLIFIER

Explore the nature of the small-signal assumption made following Eq. 6.11 on page 493 of the Text, in
the creation of Eq. 6.12, by including one additional term of the exponential series (e*=1+x+x%2) in the
creation of a higher-order alternative. What is the error made in using Eq. 6.12 for v,2 < 10 mV? For
what value of v, is the error made by the linear approximation equal to 10%, 5%, 1%?

A particular differential amplifier resembling that in Fig. 6.5 of the Text, uses / = 200 pA, Rc = 10kQ
and Vee = 43 V. What is the differential gain achieved for outputs taken differentially? If taken from
one or the other collectors separately? What is the upper limit of common-mode input voltage, for which
operation maintains Ve 2 -0.4 V?

A differential amplifier resembling that in Fig. 6.5 of the Text, employs collector resistors of 100 kQ and
a bias source of 200 pA. What is its differential voltage gain for outputs taken differentially? What is
its differential input resistance? Transistor § = 150. Emitter resistors are added to double the input resis-
tance. What are their values? What docs the differential voltage gain become?

A differential amplifier employing 10 kQ collector resistors, and for which the emitter bias current is 400
HA, uses BJTs for which n =1 and B =200. It is driven differentially by signal sources whose output
resistances are 10 k. The emitter-current source has an output resistance of 0.5 MQ. For outputs taken
both differentially and single-endedly, find the differential input resistance, the differential-mode gain
from the source, the common-mode input resistance, the common-mode gain, and the CMRR as a ratio
and in dB. '

For the situation described in P6.7 above, the collector resistors are mismatched. For outbuts taken dif-
ferentially, find the common-mode gain and CMRR (as a ratio and in dB) for load resistors specified to
be +£1%, and to be £10%. ‘

For the situation described in P6.7 above, the source resistors are mismatched by 10% and device betas
vary by £10% from their nominal value. For outputs taken differentially, find the nominal differential
gain, the worst-case common-mode gain, and the corresponding CMRR in dB. Hint: Note that the half-
circuit idea does not work directly here; rather current division in a Y-shaped resistor network must be
considered.

For the situation described in P6.9 and P6.7 above, fixed emitter resistors, each of value R = 9r, (where
r. is the incremental emitter resistance) are added. What do A4, A, and CMRR become for the output
taken differentially from matched collector resistors?

SECTION 6.3: OTHER NON-IDEAL CHARACTERISTICS OF THE

6.11

6.12

DIFFERENTIAL AMPLIFIER

A BIT differential amplifier operating at a total bias current of 200 pA employs collector resistors that
have a £5% tolerance. What is the worst-case input offset voltage you would expect? If emitter resistors
are added, with Rg = 9r, what input-offset voltage results?

If in P6.11 above, the added emitter resistors each have a £5% tolerance, what might the most extreme
input offset become? What might be a more realistic estimate of its expected value [Hint: Use the idea
of uncorrelated variations presented in Eq. 6.55 on page 506 of the Test.] If the collector resistors are
now trimmed to have exactly equal values, what does the input offset become?
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6.13

6.14

6.15

PROBLEMS: Chapter #6-3

Four uncorrelated sources of input offset to which a differential amplifier is subject, produce essentially
equal individual contributions of 2 mV. Estimate the total offset resulting. If closer examination reveals
that the offsets are 0.5, 1, 2, and 4 mV individually, what overall offset might be expected?

For a BIT differential pair biased at current I, both a B mismatch of 10% and a source-resistance
mismatch of 10% are present. For nominal values of /, B, and Rs of 100 pA, 100, and 100 kQ, respec-
tively, what worst-case input-voltage offset is possible?

An npn BJT differential amplifier for which the bias current is 300 pA employs a 15 V supply and 60kQ
resistors. For peak signals of 10 mV across the junctions of each input transistor and Vg, limited to
0.4 V with Vgg = 0.7 V, what is the most positive usable common-mode input signal?

SECTION 6.4: BIASING IN BJT INTEGRATED CIRCUITS

6.16

6.17
DL*
6.18

6.19

6.20

6.21

6.22

CDL

6.23

A diode-connected transistor is operated at a bias current of 100 pA. What is the resistance between its
two terminals? If two such transistors are connected, a) in parallel, b) in series, to the same biassing
source, what do the resistances across the combinations become?

For what value of B would a simple current mirror have a gain error of 1%? 0.1%?

A simple mirror operating at a current of 1 mA is augmented by resistors in series with each emitter
across which the nominal voltage drop is 1/10 Vgg. For transistors for which Vgg = 0.700 V at 10 mA
and n = 1, what resistors would be used (specify to 1 significant digit only). Now one of these resistors
is to be laser-trimmed to raise its value to compensate for a nominal value of B equal to 90. Which
resistor must be adjusted? What is its required value? What is the current error at 0.5 mA and at 2 mA
with nominal B? At each of the 3 currents with § = 70?

A simple current mirror operating at 100 pA employs devices for which B = 150 and V4, = 150 V. For
what value of output voltage do the two imperfections cancel? Over what output-voltage range is the net
error less than 1%?

In the design of a simple current mirror for a particular application, there is a concern for the effect of
temperature change on the output current. Chose a value of R and V¢ to provide a nominal current of
100 pA at 25°C, at which Vg = 0.700V, and for which the change at 75°C limited to 5% (Use a junc-
tion temperature cocfficient of —2 mV/°C).

Given several identical npn transistors and a reference current of 1 mA, sketch the circuit of a multiple-
output mirror whose nominal current values are 0.5 mA, 1 mA, and 2 mA. How many transistors do you
need? If you also are provided with some matched pnp transistors, is it possible to save transistors?
Sketch an alternative circuit topology assuming only one end of Iggr is available. How many transistors
do you need? What is the number needed if both ends of Irgr are available (as in Fig. 6.18 of the Text).

Repeat the analysis of the circuit of Fig. 6.16 of the Text, by starting with ig; = igy = i. What does the
current gain become with two outputs using two identical transistors Q,, and Q,, with separate collec-
tors?

For the compensated circuit of Fig. 6.19 of the Text, repeat the analysis leading to Eq. 6.67, but maintain
all 3 B values separately. For 3 transistors having current gains of B and B(1 £ k), select an optimal
placement of each in the circuit. Is there a particular value of k& for which your design is particularly
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PROBLEMS: Chapter #6-4

good?
DC

6.24 For the Wilson Mirror in Fig. 6.20 of the Text, follow through the process with separate betas as sug-
gested in P6.23 above for the base-current-compensated mirror.

D

6.25 Design a two-output Widlar current source using a 100 pA reference to provide outputs of both 1 pA and
10 MA using ImA transistors for which Vg = 0.700V at ImA with n = 1.

SECTION 6.5: THE BJT DIFFERENTIAL AMPLIFIER WITH ACTIVE LOAD

6.26 The amplifier shown in Fig. 6.25 of the Text uses a bias source of 100 LA with devices for which V, =
150 V and B = 75. What is its overall transconductance, its open-circuit voltage gain, its output resis-
tance, and its differential input resistance? What does the voltage gain become when feeding a load
equal to the input resistance?

6.27 The differential amplifier in Fig. 6.25 of the Text, using a 100 pA bias source, is augmented with 500 Q
resistors in the emitters of each of Q; through Q4. For B = 75 and V, = 150 V, what is the overall tran-
sconductance, the output resistance, and the open-circuit voltage gain. (Hint: Note that the common con-
nection between emitter resistors is virtual ground for differential inputs).

6.28

Ve For the circuit shown, with B = 75, V4 = 75 V and
I=100 pA, find the overall g,, the output resistance
and the open-circuit gain. Incorporate the fact that
ry =10 Pr,.

Vit
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PROBLEMS: Chapter #6-5

SECTION 6.6: MOS DIFFERENTIAL AMPLIFIERS

. . . Vig
6.29 Consider Fig. 6.30 in the Text, where the slope of the curves represents g,,. For what values of V—'IV-
Gs—Vs
does g, of each device deviate from its value at vy = 0 by 10%? 5%? 1%? [Hint: Consider Eq.

6.101.]

6.30 A PMOS differential amplifier utilizing a bias current of / = 25 pA uses devices for which V, =1 V, W
=120 pm, L = 6 pm, W, C,=10 pAV? and V4 =50 V. Find Vs, &m and the maximum possible vol-
tage gain using current-source loads which are a) ideal, b) have V, =50 V.

6.31 For the amplifier in P6.30 above, the current-source loads are unbalanced, one being 10% higher and the
other 10% lower than the nominal value of /2. What input offset voltage is required to compensate?

6.32 Reconsider Ex. 6.16 on page 533 of the Text, for the situation in which the Rp and W/L tolerances are

' +1%, and the V, tolerance is £0.6 mV. Find the separate offsets corresponding. What is the worst-case
total offset? What is a likely value for the offset, assuming the offset sources are independent? [Hint:
Use a root-sum-of-squares estimate.] '

6.33 Consider the cascode mirror circuit of Fig. 6.32b of the Text, for the situation in which V, = 1 V,
kK'(WAL)= 200 MANV?, Iggr = 100 pA, and V, = 20 V, for all transistors. Include the effect of A in
your bias calculations. What is Vs,? What is Iy for Vp3 = Vp4s? For Vp3 = 12V? What is the output
resistance?

6.34 Repeat P6.33 above for the (simple) Wilson mirror of Fig. 6.32c.

6.35 Consider the cascode mirror as described in P6.33 above, augmented by another transistor Qs having gate
and source connections common with those of Q3 and providing a second output, Io;. What values of ¢,
and /g result? (Be careful!) What is the output resistance of the outputs, when joined? When operated
independently? What change can be made to provide two high-resistance outputs of Iggr/2 each? Com-
pare the total width of the transistors used in the two cases with that of the original single-output mirror.

6.36 For the CMOS amplifier of Fig. 6.34 in the Text, all transistors have V4l =20V, IV,l =1 V, and
kK'(WL)= 200 MANV2 For I = 200 pA, find the voltage gain. For what cxternal load docs the gain
reduce by a factor of 2?

SECTION 6.7: BiCMOS AMPLIFIERS

6.37 For I =10 YA, find g, R;, r, and the voltage gain of the CE and CS amplifiers shown in Figs. 6.35a, b.
For the BJT, V, = 100 V, B = 100. For the MOSFET, V, =20 V, u,C,, =20 pAV?% L =2 um and
W =20 pum.

6.38 For the BICMOS cascode shown in Fig. 6.35c of the Text, using the parameters provided in P6.37 above,
find the overall voltage gain v,/;, for I = 10 pA.

6.39 For the BiCMOS cascode shown in Fig. 6.35d of Text, using the parameters provided in P6.37 above,
find the voltage gain v,/v;, for I = 100 KA.

6.40 Consider the BiCMOS double-cascode mirror in Fig. 6.37 of the Text using devices described in P6.37
above, and operating at 10 pA. What does the output resistance become if Q3 and Qg arc not used?
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PROBLEMS: Chapter #6-6

Recall that r,=10 Br,. What does the output resistance become if Q¢ and Qj are retained, but Qs, Q,

are eliminated?

SECTION 6.8: GaAs AMPLIFIERS

6.41
T +5V +5V
2 b) * Jﬂm
» |z 10um Ib
‘ IL——O
la
) o 11Q2 30um
Va 100k .
b Vb
191 1oum
- E Q1 20um
=
Y.-5v

+5V; i +5V +5V
10um _1
2k 2kQ
? 10pm lcz"P——' Vez % @ ‘ld
A~ 10pm I:i_

r—o Vd

o———11Q1 20pm
I + e Vci

1
Q1 4—1
20um =
-5V¢

100k

For the following GaAs circuits,
using devices characterized by the
normalized data given in Table 5.2
(see page 456 of the Text) with
width in pm as noted near each,
find labelled values of I and V.

+5V
10pm T
°) > Q2 *le
® Ve
o——>{1 Q1 20pm
+0.2V
4

6.42 Repeat Ex. 6.24 on page 544 of the Text for the cascode current source, for conditions as stated, except

that W ;=5 um.
L

6.43 The circuit of Fig. 6.40 of the Text is extended to a double cascode by adding a transistor Q3 of width
20 pm whose gate is connected to Vg5 2, With a change of Vsg to 6 V, and Vs to Vgpus | = =5.3 V.
For this design provide the data requested in Exercise 6.24 on page 544 of the Text.

6.44 Consider the circuit of Fig. 6.41. Using the data from Table 5.2 (on page 456 of the Text), select
appropriate values for FET channel and diode widths for operation at / = 5 mA, with Vpp=5 V and

v
V4 =2 V. For this design, calculate o0 = ;”— from Eq. 6.132 on page 546 of the Text, and R, from both

(]

Eq. 6.133 and Eq. 6.134.

- 66 -



CDL

6.45

6.46

CDL

6.47

PROBLEMS: Chapter #6—7

Using Table 5.2 values, design a composite MESFET for nominal operation with Ipgs., = 0.5 mA, vps =
3 Vand vps; =0.7 V. What are W and W required? Using basic relationships for device currents and
voltages, what does Ipgs become when vps is increased to 6 V? Using formal small-signal analysis,
what is R,., nominally? How well does this account for the change in Ipss already found?

Use two of the composite devices created in P6.45 above to implement the amplifier in Fig. 6.43c. For
Vpp = 6 V, what nominal value of bias V; is required for Vp = Vpp2? Using the results of P6.45
above, what is the output resistance of the amplifier? What is the overall gain?

For the gain-enhanced MESFET differential amplifier in Fig. 6.45 of the Text, prepare a design for opera-
tion of as many as possible of the devices at a nominal ip of 0.5 mA and vgs = —0.5 V. What currcnt
sources are needed for vy around O V and Vpp = 5 V? What is Vp? What is the resulting gain

V,;?

SECTION 6.9: MULTISTAGE AMPLIFIERS

6.48

DL
6.49

6.50

For the multistage amplifier of Fig. 6.46 of the Text, evaluate the input resistance, output resistance and
overall gain for the situations in which:

a) PB=e
b) P=50

Consider the amplifier in Fig. 6.46 of the Text,, with the third and fourth stages modified to operate at a
higher current to allow more output-drive capability. For i¢c; and icg increased by a factor of 2 and 4
respectively, what resistor values must be changed? What do A3, A4, A and Ry become for f = 100?
For what load does the gain reduce to 0.8 of the value calculated? For this load, what output signal
swing is possible?

Consider the multistage amplifier in Fig. 6.46 of the Text with the supplies reduced to £+ 10 V: Find the
values of all resistors to accommodate the charge in supply while maintaining vo = 0V, Ic3 = 0.5 mA,
Ic7= 1 mA, Icg= 5 mA, 3 V across the collector resistors of @y, Q5, and 2 V across the collector
resistor of Qs. Use IVggl= 0.7 V and B = 50. Now, find the overall gain using the method described
on page 557 of the Text. [Hint: First find critical input resistances, namely R;;, R;2, R;3, Ri4; then evalu-
ate the local current-transmission factors.] What happens to this method when B =eo? (Essentially,
when B = e, each amplifier stage becomes exclusively voltage-controlled, and the usual voltage-factor

method must be used.)

- 67 -



PROBLEMS: Chapter #6-8

NOTES
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Chapter 7

FREQUENCY RESPONSE

SECTION 7.1: S-DOMAIN ANALYSIS: POLES, ZEROS, AND BODE PLOTS

7.1

L*
72

73

Find the transfer function T'(s) = V, (s Y¥;(s) of the circuit shown: Is this an STC circuit? If so, of
what type? For 10C|=C,;=0.5uF and R; =10
k€, find the location of the pole(s) and zero(s) and

R1 sketch Bode plots for the magnitude and phase
I—-’V\— responses.
~— I °
vi i vo
C _1_
==C2
=

For the transfer function:

T(s) = 108 (s) (s + 10)
(s + 1) (s +100) (s + 10% (s + 109

find
a)  The equivalent expression in which the factors are of the form (1 + i);
a

b)  The gain and phase at very low frequencies and at very high frequencies;
c) The poles and zeros;

d)  The greatest-available gain and corresponding phase;

e)  The gain at 10° rad/s, 10° rad/s.

Sketch Bode plots for gain and phase. Note that you have been asked to prepare Bode plots at the very
end. Is this appropriate? At what stage in your overall answer would the Bode sketches have been casi-

est? most useful?

For the situation presented in P7.2 above, use exact analysis to calculate the amplitude and phase of T(s)
at 100 rad/s and 2 x 10° rad/s.

SECTION 7.2: THE AMPLIFIER TRANSFER FUNCTION

7.4

1.5

7.6

For an amplifier whose overall response is characterized as in P7.2 above, find (expressions for)
AM» FL(S): FH(S)v AL(“')’ AH(S)'

From a dominant-pole point of view, find approximate transfer functions for Fy(s), Fy(s) and A(s) for
an amplifier characterized by the complete transfer function in P7.2 above.

For the transfer function in P7.2 above, find a value for the lower 3-dB frequency a) from a dominant-
pole viewpoint, b) using the root-squares approach, and c) exactly.
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7.7
C
7.8

CL*

7.9

L

PROBLEMS: Chapter #7-2

Proceed as in P7.6 above, but for the upper 3-dB frequency.

An amplifier having the transfer function described in P7.2 above, is augmented by circuitry which
causes the addition of a zero and pole at 10° and 2 x 10° rad/s respectively. What is the new transfer
function? Estimate the new upper 3-dB frequency. Calculate it exactly. Note that the technique demon-
strated is called pole-zero cancellation.

For the circuit shown, find the upper 3-dB frequency using the mecthod of open-circuit time constants,
and exactly, for the conditions that:

R a) R =R,=10kQ,
R1 2
) C|=C2=IOOPF.
—AA °
v _[ M—y—s, b) Ry =10k, R, = 100 kQ,
Ci — o, C, = 100 pF, C, = 10 pF.
I c)  Asinb), but with C; = 10 pF.

_—
——

1l

7.10 For the circuit shown, find the lower 3-dB frequency using the method of short-circuit time constants,

for the conditions that:

Ci C2 a) Ry =R;=10kQ

s G
Vi vo b) R, =10kQ, R, = 100kQ
R1 Rz Ci=1WF, C;=0.1 uF

c¢) Asinb) but with C; =0.1 uF

SECTION 7.3: LOW-FREQUENCY RESPONSE OF THE

7.11

7.12

CDL

7.13

COMMON-SOURCE AND COMMON-EMITTER AMPLIFIERS

A MOSFET amplifier using the topology of Fig. 7.10 fo the Text, employing R = 100k, Rg, = 10 MQ,
Re1=22MQ, Rs =Rp =10 kQ, R, =20 kQ, C¢; = 0.01 uF, C¢, = 0.1 uF and Cs = 1 UF, operates
with g,, =2 mA/V. Find the midband gain, and 3 poles and a zero at low frequencies.

For the situation described above in P7.11 above, it is desired to have a single dominant pole at 10 Hz or
less, and two coincident ones at about 1 Hz. What values of coupling and bypass capacitors should be
used which minimize the total capacitance? Specify the capacitors to 1 significant digit. What poles and
zero actually result?

The circuit and situation described in P7.11 above is modified by the addition of a resistor rg in series
with Cg. Find expressions for the associated zero and pole, and the gain which correspond to Equations
7.37, 7.38 and 7.42, respectively. For gain reduced from its maximum value by a factor of 2 using Vg,
what do the new pole and zero associated with Cs become? '
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7.14

7.15

7.16

PROBLEMS: Chapter #7-3

For a particular BJT CE amplifier using the circuit of Fig. 7.13 of the Text, Rg = 10 kQ, R; l R, = 40
kQ, Rg = 82 kQ, Rc = 9.1 kQ, R, = 10 kQ, and Vo = 5 V. Under these conditions, /g is 0.15
mA, at which B= 150 and r, = 500 kQ. Coupling capacitors of value Cc; = Cca= 1 pF and a
bypass capacitor Cg = 10 UF are used. Calculate the three associated pole and zero frequencies, and
estimate the gain and lower 3dB frequency.

For the situation described in P7.14 above, find suitable values for Ccy, C¢y and Cg so that the dominant
low-frequency pole is at 20 Hz, another pole is at 2 Hz, and the third pole and zero coincide.

For the situation described in P7.14 above, an additional resistor of 350 Q is included in series with Cg.
Calculate the midband gain and the associated pole and zero frequencies and estimate the lower 3dB fre-
quency.

SECTION 7.4: HIGH-FREQUENCY RESPONSE OF THE COMMON-SOURCE AND

L
7.17

7.18

7.19

7.20

721

7.22

COMMON-EMITTER AMPLIFERS

Find values of the FET unity-gain frequency f7 (for operation in the grounded-source (CS) configuration)
for:
a) A JFET for which Ipss = 4 mA, V,, = -2V, C,; =2 pF and Cga = 0.2 pF, operating at 1 mA.
b) A MOSFET with gate-to-channel capacitance of 0.15 pF, overlap capacitance of 20 fF, gate-to-
substrate capacitance of 0.1 pF, having V, = 1 V, and k' (W/L) = 200 pA/V?, operating at 200 pA.
¢) A GaAs MESFET for which g, = 10 mA/V at relatively high bias currents with C; = 0.15 pF and
Cea = 15 fF. ,
[Hint: See the development associated with Eq. 5.115 on page 446 of the Text.]

An  n-channel enhancement MOSFET, for which C,, = 1.0 fFfim? p, =0.05m%Vs,
L=3um,W =27 um, and V, =0.5 V, operates with vgs =vps =2.5 V, and the source grounded.
The gate overlap is about 0.3 um. Estimate Cg, Cpy and the unity-gain frequency fr which
corresponds.

A particular FET transistor is to be operated in one of two grounded-source topologies for which the gain
from gate to drain is either —1 or =100 V/V. Its Cy, = 200 fF, Cy, = 100 fF, Cyy = 20 fF. Find the
equivalent capacitances to ground at the gate and at the drain of each circuit.

A particular FET operates in a common-source circuit environment in which g,, = 1 mA/V, r, = 50 kQ,
Cgs = 1 pF, Cpg = 0.5 pF, R, = 100 kQ, R;, = IMQ, Rp = 10 kQ and R, = 30 kQ. Find the equivalent
input capacitance at the gate, output capacitance at the drain, two poles, and an estimate of the upper 3-
dB frequency. What is the highest frequency to which fy can be raised by lowering R;? What is the
value of R, which reduces fy to 90% of that frequency?

For the situation described in P7.20 above, find exact values of the associated poles and zero, and an esti-
mate of fy. [Hint: Use the results associated with Eq.7.61 of the Text.] To what do all these frequen-
cies change if the signal-source resistance R; is reduced to 1 kQ?

A high-performance n-channel MOS device for which V; = 1 V and fr = 1 GHz [See Eq. 5.115 of the
Text.] operates at 1 mA and Vgs = 2 V in a common-source amplifier stage for which the gain is —3
V/V. If Cpy is known to be < 0.2C,; = Cyp, What is the equivalent input capacitance? If driven from a
similar amplifier whose output impedance is approximately (3/g,,) Il 4Cy,, what 3-dB frequency would
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7.23

7.24

7.25

7.26

727

PROBLEMS: Chapter #7-4

you estimate? Consider this situation in the context of that described in P7.50 of the Text.

A MOS amplifier resembling that in Fig. P7.50 of the Text uses a resistor R, connccted from the drain to
the gate of O for biasing. If the stage gain is 3, and the output resistance of the source is 10 k2, what
is the minimum value of R, to ensure at most a 5% loss in signal at the input?

For a particular BJT transistor, for which C, = 0.5 pF, operating at 2 mA, with § = 200 and f3 = 12.7
MHz, find the corresponding values of unity-gain frequency fr and Cy. [Hint: See Eq. 4.131 on page
321 of the Text.] If the bias current is increased to 10 mA, what values of f and Cy apply? For the
usual situation described, for what range of currents is fr maintained at the value estimated, as defined
by the situation in which Cy 2 C,?

For a particular BJT CE amplifier using the circuit of Fig. 7.13 of the Text, R, = 10 kQ, R, i R, = 40
kQ, Rg = 82 kQ, Rc = 9.1 kQ, R, = 10 kQ, and Vgc = 5 V. Under these conditions, Ig is 0.15
mA, at which p= 150, r, = 500 kQ, r, = 50 Q, fr = 1 GHz and C,= 03 pF. Estimate the mid-
band gain and the upper 3-dB cutoff frequency assuming large bypass and coupling capacitors.

For the situation described in P7.25 above, with all coupling and bypass capacitors appropriately large, an
additional resistor R = 350 Q is included in series with Cg. What new values of midband gain and
upper 3 dB frequency result?

An amplifier having a gain of =50 V/V and dominant poles at 50 Hz and 50 MHz is supplied by a nega-
tive pulse of 50 mV amplitude and 50 ps duration. Completely characterize the output pulse produced.
[Hint: Consult Appendix F, pages F-14 to F-17 of the Text.]

SECTION 7.5: THE COMMON-BASE, COMMON-GATE AND

7.28

7.29

CASCODE CONFIGURATIONS

For a particular BIT common-base amplifier using the topology of Fig. 7.21 of the Text, R, = 100 , R¢
= 9.1 kQ, with an external load R, = 10 kQ. The bias current is / = 0.2 mA, at which § = 150, r, =
400 kQ, ry =50 Q, fr = 1 GHz and C,, = 0.3 pF. Estimate the midband gain and the upper 3-dB fre-

quency.

For a particular BJT cascode amplifier using the circuit of Fig. 7.33 of the Text, Ry = 10 kQ, R¢c = 9.1
kQ and an external load R, = 10 kQ is connected. The bias current I is 0.15 mA, at which B = 150,
r, = 500 kQ, r, =50 Q, fr = 1 GHz and C;, = 0.3 pF. Estimate the midband gain and the upper 3-
dB frequency.

SECTION 7.6: FREQUENCY RESPONSE OF THE EMITTER AND

7.30

7.31

SOURCE FOLLOWERS

For a particular BJT emitter-follower circuit resembling that in Fig. 7.25 of the Text, Ry = 10 kQ, Rg =
8.2 kQ and R, = 10 kQ is coupled through a capacitor C¢c =1 pF. Under these conditions I = 0.15
mA, at which = 150, r, = 500 kQ, r, = 50Q, fr = 1 GHz and C,, = 0.3 pF. Estimate the midband
gain and the upper and lower 3-dB frequencies.

For a particular FET source-follower circuit operating at a 1 mA bias current, Ry = 1 MQ, R, = 10 k€,
8m = 1 mA/V, Cy = Cpy = 1 pF. Estimate the midband gain and upper 3dB frequency resulting.

72 -



PROBLEMS: Chapter #7-5

SECTION 7.7: THE COMMON-COLLECTOR COMMON-EMITTER CASCADE
CL
7.32

For the circuit shown, R, = 100 kQ, R, =

10kQ, Rc = 9.1 kQ, Ry = 10 k9,

I'=160 puA, R = 70 kQ, Cc¢;=1uF,

Cg =10 uF. Under these conditions, B =

150, V4 =100 V, r, =50 Q, fr = 1 GHz
® Vo and C, = 0.3 pF. Estimate the midband
gain and the upper and lower 3-dB frequen-
cies. Use Vgg = 0.7 V. Note that for low-
current operation, fr may reduce, since
Crmin = Cp.

L

L*
7.33 Repeat P7.32 above for the situation in which a) R = 14 kQ, b) c.

SECTION 7.8: FREQUENCY RESPONSE OF THE DIFFERENTIAL AMPLIFIER

7.34 A BIT differential amplifier operates with a 300 LA emitter-current source and collector resistors of 4
kQ. For differential input from a source having a total resistance of 10 k€2, and output to a 10 kQ load
connected differentially, what are values of the gain v,/0; and the upper 3-dB frequency? For the BITs
used, B = 150, fr = 1 GHz and Cy, = 0.3 pF.

7.35 The situation described in P7.34 above, is modified so that one BJT base is grounded, with the other con-
nected to a 10 kQ source. Both collector resistors remain, but the 10 kS load is capacitively-coupled to
only one of them. There are two possible topologies. Find the midband gain and upper cutoff frequency
for each.

7.36 The situation described in P7.35 is further modified so that the 10 kQ load is connected to the collector
resistor of the grounded-base BIJT, while the collector of the other BIT is connected directly to the sup-
ply. What midband gain and upper cutoff frequency result? '

7.37 The situation described in P7.34 above is modified by the addition of resistors equal in value to r, con-
nected in series with the emitter of each of the BJTs of the differential pair. What midband gain and cut-

off frequency result?

7.38 For the situation described in P7.34 above, the emitter-current source uscs a single transistor for which
C, = 0.3 pF and V4 =200 V. Wiring at the common-emitter connection accounts for an additional 0.5
pF. For a common-mode input signal of 5 V peak, what is the corresponding peak voltage on the ends
of the load resistor at low frequencies? At what frequency does it reach 1V peak? At what frequency of
the common-mode signal, do the input transistors saturate, for Vee = 10V?
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D
7.39

7.40

741

7.42

7.43

PROBLEMS: Chapter #7-6

A wideband amplifier using the topology shown in Fig. 7.34 of the Text, employs a 300 pA emitter-
current source, a source resistance of 10 k€, and an equivalent collector resistance of 2.7 kQ. For the
BJTs used, B = 150, fr = 1 GHz and C,, = 0.3 pF. What midband gain and high cutoff frequency
result? [Ignore the effect of bias imbalance due to the asymmetric drive.]

For the situation described in P7.39 above, emitter resistors are uscd to double the input resistance
presented to the 10 kQ source. Find the modified midband gain and cutoff frequency.

In the CD-CG amplifier shown in Fig. 7.35 of the Text, the MOS devices each operate with g, =
ImA/Y, Cp = 200 fF, Cy, = 100 fF, and Cyy = 20 fF. The drain resistor is 5 k2. Find the value of
fr which characterizes these transistors. Find the midband gain and upper 3dB frequency.

In the common-base differential circuit shown in Fig. 7.36a) of the Text, assume all transistors arc rela-
tively well-matched with specifications as in P7.39 above, namely B = 150, fr = 1 GHz and C, = 0.3
pF. Feedback biasing assures that each transistor operates at 150 pA emitter current. The collector load
resistors are 2.7 kQ. The source resistances are cach 10 kQ. Find the midband gain and upper 3dB fre-
quency.

Repeat P7.42 above, for the situation in which the pnp transistors, while matched to each other, have
B= 50, fr = 300 MHz and Cy, = 1 pF.
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Chapter 8

FEEDBACK

SECTION 8.1: THE GENERAL FEEDBACK STRUCTURE

8.1

8.2

A feedback amplifier having the structure shown in Fig. 8.1 of the Text, is found to have x, = 3.0 V and

¢ = 0.99 V when a signal of x; = 1.00 V is applied. What value of x; results? What must the values of
A and B be? What is the open-loop gain? What is the amount of feedback? What is the closed-loop
gain? If by accident the connection to the B network were removed, what value would the load voltage
tend toward? Is that value likely to be measured? What would happen instead?

For the circuit in Fig. E8.1 on page 670 of the Text, with A = 10 V/V, find RyR, for a closed-loop vol-
tage gain of 8 V/V. What is the corresponding value of B? What is the amount of feedback in decibels?
For V; =0.125 V, find V,,, V; and V;. If A increases by 100%, what is the % change in Af?

SECTION 8.2: SOME PROPERTIES OF NEGATIVE FEEDBACK

8.3

8.4

85

8.6

8.7

8.8

An amplifier for which design was done with A = 10 and B = 1072 is manufactured using an amplifier
with half the intended gain. What is the desensitivity factor? What is the sensitivity of closed-loop to
0As/As
JdA/A

open-loop gain in dB? What closed-loop gain results?

An amplifier for which the loop gain is designed to be 89 V/V is suspected to be deteriorating over an
extended period of operation at high temperature. The closed-loop gain is found to be 98 V/V rather
than the value of 99 V/V measured shortly after original installation. On the assumption that the change
has occurred in the active components within the basic amplifier itself, what % deterioration would you
expect to find in the open-loop gain if it were possible to measure it directly?

An amplifier whose open-loop response is characterized by a dc gain of 10* V/V and a 3-dB rolloff at
10* Hz, is connected in a feedback loop for which the overall low-frequency gain is 10> V/V. What is
the 3 dB rolloff with feedback? What are the valucs of the Gain-Bandwidth product of the basic
amplifier and of the feedback arrangement?

If in P8.5 above, a manufacturing error reduces the upper 3-dB cutoff to 2 x 10* Hz, what does the
closed-loop upper cutoff become? Is this consistent with the sensitivity idea? To appreciate this situa-
tion better, find the new gain at 10* Hz using a relatively basic calculation. How does the desensitivity

factor manifest itself?

Performance of a basic power amplifier having a signal-to-noise ratio of —3 dB (at the output) is to be
improved, using a low-noise preamplifier and feedback, by 40 dB. What is the gain of the preamplifier
required? What does the S/V ratio at the output become?

An amplifier exhibiting a non-linear transfer characteristic with a gain > 10’V/V for vy < 0.1V, a gain 2
102V/V for 0.1V £ vp < 1V, but which hard-limits at vy = 1 V, is connected in a feedback loop with B
= 0.01 V/V. Characterize the transfer characteristic of the closed-loop circuit by finding values of
closed-loop gain for the 3 regions of operation, and the values of input and output voltage which bound

them.
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PROBLEMS: Chapter #8-2

SECTION 8.3: THE FOUR BASIC FEEDBACK TOPOLOGIES

8.9 Characterize each of the following amplifiers by feedback type. As well, for each, find f in terms of the
labelled components. In all cases, assume that the op amp is ideal.

3
i
3

)

S~ . +
vs > AL vo vs R *io
¢—N—— «
R2 Ra (
iﬂ’ i R1

8.10 For each of the circuits below, identify the feedback type and find an expression for 3. Assume for the
present purposes that g, for each FET is very high.

a) b)
is
c

+ “vo
is Rs .
Ra2 , Ra
Rs

)

b)
v)I
a) v Re d) v
AL M . Rs
‘ *b :: ll )

Rs y i vs

\Z ] °C° .l' c r
vs oo
'Y ¢ c) b io !
1 v ‘
7 c
Vs VO
| oo Ru
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PROBLEMS: Chapter #8-3

8.11 A scries-scries feedback circuit representable by Fig. 8.4c in the Text, and which uses an ideal transcon-
ductance power amplifier, operates with V; = 1V, V, = 0.1 V and I, = 2 A. What values of A and B
correspond (with correct units noted)?

SECTION 8.4: THE SERIES-SHUNT FEEDBACK AMPLIFIER

8.12 A series-shunt feedback amplifier, has an A circuit for which A = 100 V/V, R; = 10 kQ and R, = 10 Q,
and a B circuit with B = 0.1 V/V, R, = 2 kQ and R, = 18 kQ. When operating from a zero-impedance
source and with no load, what is thc overall gain and input and output resistances that result with feed-
back? If this feedback amplifier is connected between a 0.1 V rms source whose resistance is 10 kQ and
a load of 100 £, what does the output voltage become?

8.13 A feedback amplifier connected in the series-shunt topology employs an amplifier having a gain of 900
V/V, an input resistance of 20 k€, and an output resistance of 1 kQ, with a feedback network employing
two resistors of 10 kQ and 190 kQ at its output and input respectively. The amplificr operates between a
10 kQ source and a 1 kQ load. Find A, B, Ry, Ry and Ay as well as the overall gain and input and
output resistances seen by the source and load respectively.

CL
8.14

For the circuit shown, the transis-
tors have BIT B = h;, = 120. Find
v, , R, and R,,. For what

v
: values of Ry and R; (considered
separately) does v,/v, drop to %
Qs Q¢ ‘JJ the value just found. (Hint: be
careful!
< Qs ulh
’\25 |

+5

Rs
100kQ
vo
s—M n /
10ka
RL
vs Rin
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PROBLEMS: Chapter #8—4

In the circuit shown, all transistors
have V, = 1 V,

K =Y%k'(W/L) = 100pANV?, V, =
20 V. Find, v,A¢, Ry, Rou.
What does the overall gain become
with a 1 kQ load? Estimate the
offset voltage. [Hint: Consider the
effects of ro;, roz, ro3 and roq.]

In the circuit shown, all transistors
have V, = 1V, K = %k'(WAL) =
0.1 mA/V% V4= 20 V. Find
v,/, and R,, using a feedback
approach. Formulate the process in
two slightly different ways involv-
ing interpretations of whether Q, is
part of A or part of . What hap-
pens if @, and Q3 are increased by
a factor of 10 in width, and I is
increased to 1.1 mA?

Considering Q, and Q4 to be the
feedback network, find

A, Ry, Ry, Ay and R,,,. Use the

L
8.15 +5V
Q2 I—o-l Qs
| ‘.____l Qs
1MQ
M o .
vs Rin . Rout
. 200pA Ci)zoouA
L* ’
8.16
+5V
¥) 100pA
I as
|
® vo
Ma | ,
Q1 Qz,}—— LR“
vs |
=10kQ
200pA TR
8.17
+5V
¥) 100uA
1™ as
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PROBLEMS: Chapter #38-5

SECTION 8.5: THE SERIES-SERIES FEEDBACK AMPLIFIER

8.18

8.19

8.20

A feedback amplifier connected in the series-series topology uses a basic amplifier having a gain of 900
V/V, an input resistance of 20 kQ and an output resistance of 1 kQ, with a feedback network for which B
= 50 V/A, R; = 10 kQ and Ry; = 200QQ. The amplifier operates between a 10 kQ source and a 1 kQ
load. Find A, Ay as well as the resistance R;, and R,,, seen by the source and the load. [Hint: Note the
specification of A is as a voltage amplifier: You must transform it suitably!]

Reconsider the situation described in Example 8.2 and Fig. 8.17 on pages 692 through 696 of the Text,
modified to place R, = 600 Q between the emitter of Q5 and the connection to Rg; and Rp. The output
current is that measured in R;. Find A, B, Ay and the input and output resistances seen by the source
and load respectively.

For the circuit shown,
I’lfe = hFE = 100, VA = 200V.

Find B, Ry, Ry, A, A;, and the
resistances R;, and R,,,.

SECTION 8.6: THE SHUNT-SHUNT AND SHUNT-SERIES FEEDBACK

CDL
8.21

AMPLIFIERS

A shunt-shunt feedback circuit uses a basic amplifier whose voltage gain is 900 V/V, input resistance is
20 k€, and output resistance is 1 kQ, with a feedback network consisting solely of a 100 kQ resistor.
The amplifier operates between a 10 kQ source and 1 kQ load. What is the transresistance of the basic
amplifier? What are Ry, Ry, A, Ay and the input and output resistances presented to the source and
load? What does the gain become if the load resistance is halved? What change in Ry (nominally 10
kQ) is needed to compensate?
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PROBLEMS: Chapter #8-6

L*

8.22

The circuit shown combines two feedback
loops: One, involving R;, R; and Rj;
operates at dc, but because of C3, not at
high frequencies. The other, involving
R3 and Rs operates at high frequencies,
but because of C,, not at low frequen-
cies. At low frequencies, the feedback is
intended to establish the dc voltage at A
at a value which is nearly the voltage
Vgey, and thereby the entire bias-current
situation at nodes B and C. What is the
feedback type? At high frequencies the
object is to create an output current i,.
What is the feedback type? For the latter
feedback loop, find B (with its charac-
teristic resistances

th RZZ): A, Aj, = io/o.n Rins Rows .
Assume hpg = oo, and hy, = 100.

‘lOkﬂb_“—_4

Rr Ci

©0

vs

C2

[~ -]
__II
|

5kQ

8.23 For the shunt-shunt loop described in P8.22 above, which operates at low frequencies, what is B, the
corresponding Ry and Ry, and A;? What is the corresponding resistance seen by C3;? What is the
upper cutoff frequency for a 100 UF capacitor? What would you have judged it to be before considering
the feedback situation?

8.24 Again consider the circuit in P8.22 above: As noted in P8.23 above, capacitor C3 must be very large (and
therefore costly). What occurs at high frequencies if it is removed? What are B, Ry;, Ry, A and
Ay =i/, corresponding?

8.25 Using the results of P8.23, and those of P8.24 above with C3 removed, find C; and C, for poles at 1 Hz
and 10Hz respectively.

CDL

8.26 For the circuit of P8.10d above, with I such that g, = 2 mA/V, r, = 10 kQ, Ry = 100 k€, and r = 1
kQ, find i, A, for a rcasonable range of choices of R;. What is the source resistance associated with i,?
What constrains the values of R; that can be used?

CDL

8.27 Reconsider the situation in P8.23 above with respect to C3. Consider the effect of moving C3 to some
tap on R;: That is, split R, into two parts Ry,, Ry, where R| = Ry, + R,;,. For what ratio of R(,/R is
the resistance seen at the tap, a maximum? What is the input resistance seen at the tap at this setting
when the low-frequency feedback loop is closed? By what factor can the capacitor C3 be reduced to
maintain the same pole frequency as found in P8.23?
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PROBLEMS: Chapter #8-7

SECTION 8.7: DETERMINING THE LOOP GAIN

C*
8.28

DL
8.29

8.30

8.31

8.32

A particular feedback loop intended for relatively high-frequency operation, when opened and terminated,
returns a signal of 1.27 V rms when a signal of 20 mV rms at 1 kHz is injected, and 3.1 V rms when a 2
mV rms signal at 10 Hz is injected. What are the loop gains at the two frequencies? Assuming a single
capacitor is associated with low-frequency bias stabilization of a direct-coupled amplifier, what do you
imagine to be happening? Estimate the lower 3-dB point associated with the loop-gain response. What
would you estimate the lower 3-dB responsc of the closed loop to be? If a third measurement indicates
the loop gain to be only about twice as great at 1 Hz as at 10 Hz, estimate a lower bound for the open-
loop gain of the basic amplifier. What might the closed-loop gain at 1 kHz be? If the capacitor which
stabilizes the bias loop has been identified to be 1 uF, what is the equivalent (open-loop) resistance at the
node to which it is attached? (Hint: sce P8.29 following).

A useful circuit, which is also a possible model of the situation alluded to in P8.28 above, is shown
here. For an ideal amplifier with A = 1550 V/V and
R| = 2 kQ, R, = 47 kQ, find the loop gain at high
frequencies and at very low frequencies. For what
value of C does the loop gain have a zero at 2.45

vo Hz? What is the associated pole of the loop gain?
What is the corresponding 3-dB frequency of the
closed-loop gain? If the capacitor used must be 10
UF, what values of R; and R, are needed to keep the
same frequency response?

) ew*(
l

j-m
=

A non-inverting op-amp circuit for which the two resistors in the B network are 100 Q and 10 kQ is
measured for loop gain by disconnecting the larger resistor from the output, injecting a 10 mV signal and
measuring the returned signal to be 1.2 V. What is the loop gain found? What is the basic op-amp

open-loop gain?

For a particular situation involving a non-inverting series-shunt feedback amplifier in which a complex
unlabelled feedback network is used, measurements at a .particular frequency show both the loop gain
magnitudes and the closed-loop gain to be 10. Estimate the (gain) of the basic amplifier and P at this
frequency.

For the circuit shown in P8.15 above, evaluate the loop gain for the conditions stated with a) no load,
and b) a load of 1 kQ. Using the fact that B = 1, what closed-loop gain results in each case? Check
your results with those obtained in P8.15 using the direct method.

SECTION 8.8: THE STABILITY PROBLEM

8.33

An amplifier with a midband gain of 10* and dominant pole at 10 rad/s has two other poles coincident at
10° rad/s. At what frequency does its total phase shift become 180°? At that frequency, what is its gain
magnitude? When incorporated in a feedback loop for which the feedback factor is independent of fre-
quency, for what range of B is the resulting amplifier stable?
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8.34

C
8.35

PROBLEMS: Chapter #8-8

For the situation described in P8.33 above, sketch Nyquist plots for the loop gain |AB |, for three values
of B: equal to the critical value, and 20 dB more and less than that.

Through a manufacturing error, an op amp whose dc gain is 10% V/V and dominant pole is at 10* rad/s,
acquires a second non-dominant pole at 10® rad/s. When used with a frequency-independent feedback
network, what total phase shift can result when | AR | = 1 for B < 1. Can oscillation occur? Unfor-
tunately, in a particular application, a stray capacitance of up to 5 pF to ground is associated with the
output of the feedback network. For nominal B = 0.5, what is the maximum tolerable equivalent output
resistance of the B network for which oscillation will not begin?

SECTION 8.9: EFFECT OF FEEDBACK ON THE AMPLIFIER POLES

8.36

8.37

8.38

DL
8.39

CL
8.40

A dc amplifier having a single-pole response with pole frequency at 5 x 10} Hz and unity-gain frequency
of 20 MHz is operated in a loop whose feedback factor is 0.125, independent of frequency. Find the
low-frequency gain, the 3-dB frequency and the unity-gain frequency of the closed-loop amplifier. By
what factor did the pole shift?

Using the dc amplifier described in P8.36, above, a design is required of a closed-loop amplifier whose 3
dB frequency is at least 1 MHz. What is the corresponding amount of feedback required? The loop
gain? The feedback factor? What low-frequency gain results?

A two-stage dc amplificr having a low-frequency gain of 10* K, one pole at 10° Hz and a second pole at
109K, where K is a factor depending on the choice of a resistor in one of the stages. For a particular
feedback application using a frequency-independent feedback factor, coincident closed-loop poles at
5 x 10° Hz are acceptable. What value of K can be used? What is the dc open loop gain of the
amplifier? the frequency of its second pole? the value of B for which the poles are coincident? and the
corresponding low-frequency closed-loop gain?

A two-pole amplifier with dc gain of 10* and poles at 10° Hz and 2 x 107 Hz is available to a designer
interested in exploring bandwidth extension using feedback. For a maximally flat design, what pole fre-
quencies result? What is the corresponding value of Q? of w,? of the 3-dB frequency? What valucs
of B and closed loop gain are achieved with this design?

Consider the amplifier of P8.33 above in a feedback loop with frequency-independant B. Find the
closed-loop poles as a function of B. Sketch a root-locus diagram. At what frequency and for what B is
the complex-pole-pair Q = 0.707? What is the corresponding phase margin?

SECTION 8.10: STABILITY USING BODE PLOTS

8.41

8.42

8.43

Use equation 8.48 on page 726 of the Text to explore response peaking as a function of phase margin:
For what phase margin is there no peak? For what margin is the peaking factor equal to 2? to 10?

A particular amplifier with a dc gain of 10* has one pole at 10° Hz and two coincident poles at 10® Hz.
Provide a sketch of the Bode magnitude and phase plots. Use them to estimate the following: What is
the value of frequency-independent B for which the margins are zero? For what value of B is the phase
margin 78°? 45°? What are the corresponding closed loop gains? What is the phase margin for
B=3x10%

For the situation described in P8.42 above, express the amplifier transfer function in a form correspond-
ing to Eq. 8.50 on page 727 of the Text. Then use the approach exemplified in Eq. 8.51 to find more
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PROBLEMS: Chapter #8-9

precise values for the results requested in P8.42 above.
DL¥*

8.44 For the parameterized amplifier design described in P8.38 above, and frequency-independent feedback,
use the rate-of-closure rule to design an amplifier with 20 dB of feedback at low frequencies and the
greatest available bandwidth. What is the available bandwidth? For a closed-loop gain of 10, what is the
bandwidth? For each design, what are the corresponding values of K, dc gain, and the second-pole fre-
quency?

SECTION 8.11: FREQUENCY COMPENSATION
D

8.45 For the amplifier described in P8.42 above, consideration is being given to various frequency-
compensation ideas. In the case of an added dominant pole, what must its location be for a closed-loop
gain of 10?7 of 1?7 What arc the corresponding closcd-loop cutoff frequencies?

8.46 Continue the compensation evaluation begun in P8.45 above, by considering the possibility of lowering
the existing dominant pole. To what frequency must it be lowered for a closed-loop gain of 10? of 1?
What closed-loop cutoff frequencies correspond? (Hint: Concerning the double pole, find the frequency
at which each pole contributes 22.5° as the frequency to use in the design to give a net margin of 45° or
s0.)

DL**

8.47 For a particular amplifier in which one pole is at 10° Hz and two at 107 Hz, one approach to compensa-
tion involves lowering the dominant pole to 10* Hz. It is realized that two of the poles are controlled by
one amplifier stage, for which input and output capacitances and resistances are C;=C,;=C,
Ry =100 R, = 1 MQ, and the gain is ~ g, R, = — 100, and across which a Miller capacitor can be
installed. What is the required value of C;? What is the overall effect on the other poles? What is the
resulting cutoff frequency? In view of the pole shift, by how much can the dominant pole be raised to
maintain the same margins? What new value of C; is needed? What poles result? What is the resulting
cutoff? For comparison, what was the original frequency at which the phase margin was 45°?
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NOTES
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Chapter 9

OUTPUT STAGES AND POWER AMPLIFIERS

SECTION 9.1: CLASSIFICATION OF OUTPUT STAGES

9.1 A particular amplifier for which the output-stage bias current is 50 mA is intended to produce single-
sine-wave output signals of 1, 10, 100 V rms across a load R;,. In each case, classify the mode of opera-
tion that prevails for R;, = 1 kQ, and 0.25 kQ. If a manufacturing error causes the bias current to reduce
to zero, yet the output appears nearly normal for large signals, what mode of operation is apparently pos-
sible?

SECTION 9.2: CLASS A OUTPUT STAGE

9.2 The emitter-follower shown in Fig. 9.2 of the Text operates from + 3 V supplies with R = 1.5 k€, using
three identical transistors. For Vg 4 = 0.3 V, what is the largest undistorted sine wave with zero aver-
age that can be produced across a 1 kQ load? a 10 k€ load? For what range of load resistances is the
output symmetrically clipped? For a circuit modification involving connecting a second device in parallel
with @,, what change occurs?

9.3 :
The follower design shown is intended to
provide a relatively high input resistance.
For VCC =5V, VEB =07V, VCE sat = 0.2
V, what is the largest possible unclipped
zero-average sine-wave output? For a
minimum load resistance of 100 Q, what is
the minimum value of I which maintains
Ig, 2 I, for the largest possible undistorted
output? Note the transistor sizing indicated
by the notation X 7.

Vi @

9.4 The class-A follower shown in Fig. 9.2 of the Text operates from £9 V supplies with / = 10 mA using
three identical transistors. Ignoring the power loss in R and Qs3, find the load power, the supply power
and the conversion efficiency for:

a)  The largest-possible sine-wave output and the smallest-possible load resistance (assuming Vg s =
0.3 V).

b) A sine wave of half the amplitude in a) across a load which is half the resistance of that in a)
c)  Repeat a) including the loss in Q3 and R (note that it is connected to ground!)
d)  Repeat b) including the loss in Q3 and R.
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9.5

PROBLEMS: Chapter #9-2

For the FET follower shown, V, = =2 V, Ipss = 10

1+9V mA. For vp = 0V, what value of v; is measured?

M o For R, =1 kQ, what are the most positive and most

vi negative outputs for which both transistors remain in
vo saturation? What are the corresponding inputs?

S What are the corresponding values of load power,
. supply power, and conversion efficiency? What is
Q2 R the largest possible relatively undistorted output sine
wave, and the corresponding conversion efficiency?

-9V

SECTION 9.3: CLASS B OUTPUT STAGE

C
9.6

9.7

9.8

For the circuit shown, sketch the transfer characteristics for R, = o and R, = 10 kQ2. For both
devices, |V, |= 1V and K = %k (W/AL) = 1 mA/V2
What is the amplitude of the maximum possible out-

__j*‘ov put sine wave for which Q;, Q, remain in satura-
| tion? What are values for the corresponding input
—'l Q1 voltage cquivalent gain, supply power, load power,
vo and conversion efficiency?
Gl L
vi
—-l Q2 R

-10V

Consider the circuit of Fig. 9.9 of the Text, in which the supplies for A, and the output stage are £3 V,
and A, is a CMOS amplifier with rail-to-rail (i.e. £3 V) outputs, having a transconductance of 10 mA/V.
For R, = 100Q, | Vg | = 0.7 V, B = 50, find the input voltages required for outputs of +10 mV, +100
mV and 1 V.

Consider a particular automotive application of the circuit of Fig. 9.10 of the Text, for which R, = 16 Q
and 2V¢oc = 12 V nominally, and the base input is biassed at V. What is the power level of the largest
possible undistorted output signal? What is the corresponding supply power? What is the power dissipa-
tion in the two transistors? What is the corresponding efficiency? What are the values of output power,
supply power, total device dissipation, and efficiency for output sine-wave signals of 4-V peak ampli-
tudes. For the signal level maintained at the maximum undistorted level found above, but with the sup-
ply raised to 14.5 V, what do the total device dissipation and efficiency become?

SECTION 9.4: CLASS AB OUTPUT STAGE

9.9

A BIT class-AB output stage using the structure shown in Fig. 9.11 of the Text employs transistors for
which Vg = 0.690 V at 10 mA and n = 1. For a small-signal output resistance at light loads of <5 Q,
what quiescent current is needed? What value of Vpp should be used? For a 50 €2 load and peak output
voltage of 5 V, what is the peak input voltage required? What large-signal gain results? For R, = 50 Q,
what is the corresponding small-signal gain?
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9.10

PROBLEMS: Chapter #9-3

Design the quiescent current of a class-AB MOS output stage so that the incremental voltage gain for v,
near zero volts, is in excess of 0.99 V/V, for loads larger than 100 Q. The MOS devices have | V, | = 1
V and K = %k (W/L) = 200 mA/VZ. What value of Vyp is required?

SECTION 9.5: BIASING THE CLASS AB CIRCUIT

D
9.11

DL
9.12

9.13

For the situation described in P9.9 above, in which the output transistors have B 2 30, design a 2-junction
biassing scheme, such as that shown in Fig. 9.14 of the Text, with devices having one-fourth the junction
area of those at the output. What is the maximum output current available into a short circuit? For a 50
Q load, what is the value of the peak outfut signal for which the current in the bias junctions reduces to
1/10 of the no-load value?

For the situation described in P9.9 above, in which the output transistors have B 2 30, design a Vg mul-
tiplier, such as that shown in Fig. 9.15 of the Text, with a device for which the junction area and B are
the same as those of the output transistors. For a 1-volt positive output across a 50 Q load, arrange that
the bias network current reduces to no less than 20% of its normal value, and that the current in the
biassing transistor is no less than half of that. What is the incremental gain for your design with the peak
positive output described, and B = 30?

For the Vpr multiplier embodied in Fig. 9.15 of the Text and operating at total current /, find an expres-
sion for the incremental resistance between its terminals in terms of /, Ry, Vg and B, and a multiplica-
tion factor k =1+ RyR;, k 2 1. Fork =2,1 =1 mA, and B 2 50, what is the available value of incre-
mental resistance when R; = r?

SECTION 9.6: POWER BJTs

9.14

9.15

9.16

The base-emitter junction voltage of a heat-sink-mounted power BJT, measured at a particular test current
immediatedly following the application of power, is found to be 630 mV at what is assumed to be T; =
30°. Subsequently, it is found to display a junction voltage of 500 mV when operated for some time at
ten times the initial test current and with a larger supply voltage at a power level of 45W. Estimate the
new junction temperature. If the ambient temperature remains at 30°C, what is the thermal resistance of
this device? To maintain operation with a junction temperature of 180°, at the same collector voltage,
what collector current would be needed? What voltage drop across the base-to-emitter junction would
you expect under these conditions? Use a junction T7C of =2 mV/°C.

A power transistor, for which the maximum safe junction temperature is believed to be 150°, has a ther-
mal resistance junction-to-case of <1.1°C/W. What is the maximum power it can dissipate for a case
temperature <55°C? For half that power level, to what temperature can the case be allowed to rise? For
an ambient temperature of 30°C, what is the thermal resistance of the heat sink needed in each of these
situations? For a modular heat sink design for which the rating is 3°C/W for each cm of length, how
long a heat sink is needed in each case? If all the thermal resistance measurements cited can be in error
by as much as 20%, to what length must the large heat sink be increased to guarantee safe operation?

A BIT for which T ,,« = 150°, and ©;¢c = 2°C/W, operates with an electrically-isolating bond to a heat
sink for which the resistances are O¢s = 0.5°C/W, and ©g4 = 1°C/W for each cm of heat-sink length,
respectively. For a 10 cm heat sink, what is the maximum power this device can dissipate for ambient
temperatures less than 40°C? What is the effect of doubling the heat-sink length? What do you con-

clude?
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9.17

PROBLEMS: Chapter #9—4

A power BIT operating at a high current density at Iz = 5 A is found to have a base current of 0.2 A and
a base-input resistance of 0.72 Q. Estimate a value for the base spreading resistance. Estimate a value
for the base-input resistance at [y =3 A,

SECTION 9.7: VARIATIONS ON THE CLASS AB CONFIGURATION

D
9.18

9.19

9.20

9.21

A version of the circuit in Fig. 9.24 of the Text, uses equal current sources, I, in place of R and R,.
What must their value be for the following situation: the maximum load current is 100 mA, B,,, 2 100,
Bpnp 2 80; the minimum current in @ and Q3 must be no less than the maximum base currents of Q3 or
Q4, nor smaller than 1.5 mA. For the situation in which Q3 and Q4 have junction arcas 5 times those of
Q1 and Q, and conduct 50 mA at 0.7 V, (with n = 1 for all), find Ry = R4 so that the quiescent output
current is equal to I calculated above. For what value of R; is the small-signal gain 20.90 for output
voltages a) near zero volts b) near +10 volts, c) near —10 volts.

For the output stage using compound devices as shown in Fig. 9.27 of the Text, the output npns are 100
mA devices while the other transistors are ImA devices. For the npns, = 100, and for the pnp, B = 20.
Find the voltage needed across the Vpg multiplier for a standing current, Ig, of 10 mA in the output,
when a) the circuit is as shown, b) the base-emitter junctions of Q9 and Q4 are shunted to provide 1 mA
currents in each of @; and Q3. For each situation described, with calculated voltages applied between
the bases of Q@ and Q3, estimate the total effect of all transistors having a B which is ten times their
minimum specified value.

For the circuit of Fig. 9.28 of the Text, in which transistors conduct 1 mA at 0.7 V, with n = 1 and 2
100, and Ij;,,, = 1 mA, find Rg; = Rg, so that the outgoing short-circuit current is limited to 25 mA.
What is the current available without Qs?

find the limits of the ranges of values of

For the circuit shown, with B ranging from
é 50 to 150, V4 = 100 V, and r, = 10 Br,,
¥)10mA
Em eqr Vi, Rin and Ry .

‘_F . Q‘l ROUI
vi Q2
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9.22

PROBLEMS: Chapter #9-5

Consider the circuit shown as a simple candidate for use in a
thermal-shut-down mechanism. The transistor has Vg of 0.7
V at 100 pA, B = 100 and a TC of -2 mV/°’C at 25°C.
Design the circuit so that at 125°C the current in R; and Q,
are each 100 pA. What is the current in Q, at 25°C? For
what supply voltage (nominally 10 V) would the current at
25°C be double the value found? For operation at 100°C, at
what value of supply voltage does the current in Q, become
50 pA?

SECTION 9.8: IC POWER AMPLIFIERS

D
9.23

9.24

9.25

9.26

9.27

Consider the circuit of Fig. 9.30 in the Text. For operation with a supply voltage of 25 V, it is desired to
reduce the input bias current to 0.5 pA while maintaining nearly the original gain. Find new values for
all the important resistors that must be changed. As a result of your change, what happens to the steady
currents in Q3 and Qg? Assume B,,, = 100, By, = 20,| Ve | = 0.7V.

For the circuit shown in Fig. 9.30 in the Text, operating from a 27 V supply with all transistors (but Q-
and Qo) of the same junction size, and V4 = 100 V, and with Brpn = 100 and Bpnp = 20, estimate the
gain A (as shown in Fig. 9.31) with no external load, and the corresponding 3 dB rolloff. Note that the
current level in Qg is about 10 times that in Q.

For the circuit of Fig. 9.33 of the Text, find the value of R for which a load current of 50 mA is shared
equally by Q3 and @s. By what factor does the current in Q5 increase for a total output current of 1A?
Qs and Q¢ both have an emitter-base voltage of 1.0 V at 1A, while Q5 and Q4 are 10 mA units, and Q,,
Q, are 1mA units. All show a 0.1 V/decade junction-voltage variation. Use B = 30 for Qs, Q¢ and 100
for the other devices. What values of Rs5 and R ensure a quiescent current of 2mA in Q3 and Q4?7

Design the bridge amplifier shown in Fig. 9.34 of the Text, to provide the largest possible output sine
wave from an input sine of 0.1 V peak. The input resistance should be 10 kQ or more, with the largest
available resistor limited to 10 MQ. The op amps saturate at (at most) 2 V from the supply rails. Use
+12 V supplies.

Modify the connections shown in Fig. 9.34 of the Text to create a bridge amplifier with infinite input
resistance. Choose values to provide a 20-V peak output from a 1-volt peak input signal.

SECTION 9.9: MOS POWER TRANSISTORS

9.28

9.29

A power MOSFET for which p, C,, = 30uA/V? has W = 10%um, L = 5um. For electrons in silicon,
U = 5x10* m/s and w, = 5x102m%Vs. For V, = 2 V, find the value of vgs for which velocity satura-
tion begins. What is the corresponding current? What are the currents at twice and half this value?
Find g,, at all three values of current.

For the class-AB amplifier shown in Fig. 9.38 of the Text, operating in the non-saturated-velocity region,
K =%k'(WA)= 200 mA/V?, |V, | =2V, | Vgg | = 0.7V, B is high, and the quiescent currents
Ip =1y =1, =13 =5 mA. Find the required voltage V4 between the bases of @ and Q4. What is the
value of resistor R? If the TC of V, (at low currents) is =3 mV/°C and of Vpz is =2 mV/°C, what
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PROBLEMS: Chapter #9-6

fraction of thé voltage V4 must appear across Q¢? Estimate the voltage gain of the resulting stage for a
load of 100 Q for a) outputs around O volts b) around +20 V.

9.30

20V 4 In the circuit shown, where K = Vzk'(W/L ), K3=K,
* = 100 K, = 100K, = 100 mA/VZ, and | V, | = 1 volt

I for all devices. Find I for a quiescent current in Q4

and Q4 of 10 mA. What is the gain of the amplifier

with a 100 Q load, for an output voltage of a) 0 V

b) +10 V. Find voltages at A, B, C, D for each

B
__I Q1 —‘{ @
‘ “'Pl : casc. Comment on the mode of operation of each
Q¢

transistor in each case.

O
Se

<+—(<)
r
(=]
<
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Chapter 10

ANALOG INTEGRATED CIRCUITS

SECTION 10.1: THE 741 OP-AMP CIRCUIT

D
10.1

10.2

CD*

10.3

10.4

In the 741 op-amp circuit of Fig. 10.1 of the Text, transistors O, and Q, with Rs establish Iz for
the rest of the circuit. For £15 V supplies and | Vgg| = 0.7, what value of Izgr results? What is Ipze
for £5 V supplies? To what value must Rs be changed to restore Iggr to its high-supply value?
Specify it to 2 significant digits.

For the situation described in P10.1 above, consider the operation of the Widlar currcnt source involv-
ing Q10 and @y with Ry. For both devices having s = 107'*A and n=l, calculate the Widlar output
current for 15 V and %5 V supplies. Choose a new value for R4 which reestablishes the £15 V
current level in Qo for the £5 V situation.

A designer, attempting to reduce the number of high-value resistors in the 741 design shown in Fig.
10.1 of the Text, notes the possibility that Rg can be replaced by another transistor Qs and a small
resistor R ;. Suggest two possible connections and corresponding resistor values to establish a suitable
current. Which is best? Why?

Reflect upon the ability of the extended input stage of the 741 Op Amp of Fig. 10.1 (consisting of
Q1, 02, Q3 and Q4, with Qs, Q¢, O3, Qo, Qo) to withstand the application of voltages outside the
normal operating range. For this purpose, approximate the breakdown voltages as follows: 7 V
between the npn base and emitter, and 50 V for both pnp junctions and the npn base-to-collector junc-
tion. Specifically, consider a) In+ and In- connected in all possible ways to the £15 V rails, b) In+
and In- having voltages somewhat outside the supply range. What are the limitations you sce?

SECTION 10.2: DC ANALYSIS OF THE 741

10.5

10.6

10.7

10.8

10.9

For the Widlar current source in Fig. 10.2, find the effect on Equation 10.1 of making the base-emitter
junction of Qo k times that of Q. For Iggr = 730 pA, R4 = 50009, £ = 0.5, what does I¢cjo
become? For what value of R4 does it become 19 LA again?

For Icjp = 19 HA, and the inputs to the bases of O and O, both at zero, what voltage on the bases of
Q3 and Qg4 results?

For the mirror circuit consisting of Qs, Q¢, Q7, and assuming all devices conduct approximately the
same current with R} = R, = 1kQ and R3 = 50kQ, find the ratio Ic¢c3 in terms of P, assumed equal

for all devices. What is its value for B = 200?

For the mirror consisting of Qs, Q¢, @7, find the ratios Ic¢Zcs for Ry and R, shorted separately.
Assume [ is high, and operation is at I¢cs + Icg = 19uA.

For the extreme situations described in P10.8 above, what are the corresponding input-offset voltages

(between the bases of Q, Q;) which result? Note in general that offsets originating anywhere in the
input stage can be compensated by varying R; and R,.
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10.10

10.11

PROBLEMS: Chapter #10-2

Consider the second stage of the 741 op amp shown in Fig. 10.1 of the Text modified slightly by con-
necting the lower end of Ry to the emitter of Q7. What should its value be to maintain the current in
Q¢ at its present value? What must (the new) Rg be to reduce its current to 4 times that in the base
of Q7, for which B = 200 is assumed?

For the output-stage-biasing scheme of the 741 op amp shown in Fig. 10.1 of the Text, what value of
Rio would be needed to increase the quiescent current in Q4, Qg by 50%? First assume
Rg¢ = R7 =0. Then consider R¢ = R7 = 27Q.

SECTION 10.3: SMALL-SIGNAL ANALYSIS OF THE 741 INPUT STAGE

10.12

10.13

10.14

10.15

10.16

For a particular application,' it is desired to raise the input resistance of a 741-like input stage to 3.6
MQ for B, = 180. If a change of input-stage bias currcnt is to be uscd for this purpose, to what value
must the current be changed? What is the corresponding value of G,,; which results?

Reconsider the output resistances of Q4 and Qg as calculated in association with Fig. 10.8a, b of the
Text. What is the value of R, for which Rgs = Rgq = 10.5MQ? What is the corresponding value of
Ro1? Contrast the open-circuit voltage gains for the original and Rj-modified versions of the input
stage.

In an input-stage design for which the new value of R and R,, as established for R, in P10.13 above,
is used, the actual resistors installed are different from each other by 2%. Calculate the corresponding
input-offset voltage which results. Contrast that with the result for the original design as calculated in
Example 10.1 on page 825 of the Text.

Use the result of Exercise 10.9 on page 826 of the Text to evaluate the required degree of match
between R and R, to ensure that the CMRR without feedback (that is the ratio of G, to G,cn) is
280 dB.

In the calculation of Ry performed in Exercise 10.10 on page 827 of the Text, its value is seen to be
dominated by that of Rgs. Augment Qg and Qg with additional resistors which will raise Rg9 to be
equal to Rg;o. What resistors are nceded? What value of Ry results? For this situation, find a new
value for G, as requested in Exercise 10.11 on page 827 of the Text, and CMRR as requested in
Exercise 10.12, there.

SECTION 10.4: SMALL-SIGNAL ANALYSIS OF THE 741 SECOND STAGE

10.17

D
10.18

Find the input resistance of the 741 second stage in the event that Ry is replaced by a transistor Qs
and 1 kS resistor Ry, all connected suitably to the emitter of Q.

A designer wishes to capitalize on the change suggested in P10.17 above by lowering Rg to a value
which causes R;, to return to the value of about 4 MQ. What value of Rg is appropriate? What value
of G, results? What does Rg;7 become? What is the new value of Rg,? What is the new value of
the no-load voltage gain of stage 2? Contrast this with the original value (having the same input resis-
tance).

SECTION 10.5: ANALYSIS OF THE 741 OUTPUT STAGE

10.19

Assuming the existence of some degenerative process which causes the  of Q3 to reduce, what is the
value for which R;; reduces to 4 times the value of Rg,? What does the second-stage gain become
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with R; =2 kQ and the conditions assumed just following Equation 10.22 on page 832 of the Text?
What does the corresponding output resistance become?

Evaluate the sensitivity of the output-current-limiting scheme involving Rg to the B of Q4 and Q;s.
In particular, calculate the output current levels at which the excess current available from Q34 (180
MA) is absorbed by Qs, for the cases in which transistor B is 400, 200 or 100. Recall that
Is1s = 1074A,

SECTION 10.6: GAIN AND FREQUENCY RESPONSE OF THE 741

10.21

10.22

10.23

10.24

For the situation described in P10.18 above, calculate the overall gain which results when the amplifier
is loaded with R, =2 kQ. Find the frequency of the dominant pole associated with Cc = 30 pF.
Find the unity-gain frequency f,. Provide a corresponding Bodc plot for this situation. What do you
notice about f, in this and the original cases?

Consider the possibility of a 741-like amplifier in which C¢ is available for the customization of fre-
quency response for high-gain applications. What values of C¢c would be necessary to maintain phase
margins of 45° and of 60° for closed-loop gains of 1000 and of 10*. In each of the four cases, what
upper 3 dB frequencies are possible?

For the two modified versions of the 741 amplifier alluded to in P10.22 above, for which the phase
margin is 45°, calculate the corresponding values of slew rate SR and full-power bandwidth f, for
outputs of £10 V.

Reconsider the amplifier shown in Fig. P10.44 on page 880 of the Text, modified to have the bias
currents reduced by a factor of 2, to 50 pA and 500 pA respectively, and the junction sizes of Q¢ and
Q7 made 2 times that of Qs. Assume = 120 and V, = 200 V for all devices. What is the
classification of the output stage type? What is its standing current? What is the gain with a load of
10kQ? Calculate the capacitor C required for an open-loop 3dB frequency of 1kHz?

SECTION 10.7: CMOS OP AMPS

L*
10.25

10.26

10.27

10.28

Consider a CMOS amplifier which uses the topology of Fig. 10.23 of the Text, but with somewhat dif-
ferent device sizing than that in Example 10.2 on page 842 of the Text. In particular, all devices have
L =10um, the p devices have W =200um, and the n devices are such that
W = 2W4 = 2W;3 = 200um. Generally, V4 =25V, Vpp = Vgs =5V, and Iggr = 254A. For all dev-
ices, evaluate Ip, | Vgs| , gm, and r,, with V, ignored in the bias calculations. Present these results in
tabular form. Also find A}, A,, the dc open-loop gain, the input common-mode range, and the output
voltage range. Use p, C,x = 20uA/V? = 21, Cox, and |V, [=1V.

Repeat Example 10.2 on page 842 of the Text for Iggr = 121A.

A young designer having forgotten the issue revealed in Eq.10.46 on page 844 of the Text, uses
(W/L)g = (W/L)4 = 50710 in a design otherwise the same as considered in Example 10.2. What new
value of Vggg is required? Recalculate the value of A, and the overall gain which result. What is the

input offset voltage produced?

For the modified amplifier described in P10.25 above, find the value of Cc¢ that will result in f, = 1
MHz. Find the value of R that places the transfer-function zero at infinity. Find the frequency of the
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second pole under the condition that the total capacitance at the output (C3) is 10 pF. Find the excess
phase it introduces at ® = ®,. For a 10 pF load, what value of C¢ is required to reduce the excess
phase shift to 6° at a modified f, frequency (f,”). What is the maximum available slew rate for the
two cases of excess phase?

In the CMOS bias circuit in Fig. 10.25 of the Text, all transistors have the same W/L ratio, W/ = 2,
except for O, which is m times larger. For all devices operating at a bias current of 5 pA in a pro-
cess in which p, C,, =2.51,C, = 20 HA/V?, with V, very large, find Rg, g1z, and go, for m
selected to be a) 2, and b) 5. Note that the circuit incorporates a positive feedback loop involving all
the transistors and Rp. Breaking the loop at the gate of Qg, evaluate the loop gain in terms of m.
Are there any restrictions on the value of m which can be used? What factors determine a good
choice for the value of m? Assume, for simplicity, that operation is at a fixed bas current I.

SECTION 10.8: ALTERNATIVE CONFIGURATIONS FOR CMOS AND

D
10.30

10.31

10.32

10.33

10.34

10.35

BICMOS OP AMPS

Consider the mirror used for differential-to-single-ended signal conversion in the cascode first-stage
configuration in Fig. 10.26 of the Text. In this context, consider the relative merit of configuring
Q3, Qsc, Q4 Quc as a simple cascode mirror, or as a Wilson mirror. Assuming all transistors identi-
cal and characterized by | V,l, K, Vgs, and r,, find the (effect of the) output resistance of each (as seen
at the drain of Q4c). Also, find the minimum voltage between Vpj5 2 and —Vgs to cnsure that all
transistors operate in saturation.

Repeat Exercise 10.29 on page 852 of the Text for the current 2I reduced to 10 pA, but all other con-
ditions the same. What values of R, and A result?

A designer inspired by the additional gain provided by the cascode connection as exemplified in Fig.
10.26 of the Text, contemplates the use of a 3-layer cascode using Qicc, Qacc and Vpjs 3 with
Q3cc and Q4 cc in a simple cascode connection. Find an expression for the output resistance R,
now available. For conditions corresponding directly to those in Ex. 10.29 on page 852 of the Text,
find the new values of R, and A|. Assuming the values of Vpj5 7 and Vs 3 to be optimized, what is
the total voltage required for saturation operation, as measured from the gates of Q, Q5 to the supply,
~Vss?

For the circuit in Fig. 10.27 of the Text, and conditions as stated in Exercise 10.30, on page 853, but
with 2I = I = 10uA, find values of Vs 1, Vaias 20 Vaias 3 so that Qg and Q5 operate at the edge of
saturation. As well, find the output resistance and overall gain in the event that V4 | = 25 V for all
devices.

A folded cascode such as that shown in Fig. 10.27 of the Text, operates with a bias current of 10 HA
flowing in each of the devices Q, Q@2 Qics Q2c and Qjic, Q4c all having the same value of
K =%k’ (W/L) and V4, =25 V. For a load capacitance, C;, of 10 pF, a unity-gain frequency of 1
MHz is found. What is the value of g,, for the critical devices? What is the low-frequency voltage
gain of the amplifier? What is the dominant-pole frequency? The slew rate?

Repeat Problem P10.59 on page 882 of the Text for the situation in which Iz = 800pA and (W/L), =
600/10, with w, C,, = 10uA/V 2, and C, = 2 pF. What output-polc frequency f, results? For all BITs
of the same size, what is the minimum value of unity-gain frequency of the BJT which ensures that
the parasitic pole is at least a factor of 10 higher than the overall f;.
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SECTION 10.9: DATA CONVERTERS - AN INTRODUCTION

10.36

10.37

A sample-and-hold circuit operating at a 100 kHz rate uses a sampling switch which closes for a 10-
nsec interval during each cycle. What is the frequency, f, of the highest-frequency square-wave input
singal for which the output of the S/H provides an adequate representation? Sketch the output of the
S/H for input square waves having a frequency f, 0.5f, 1.1f and 2f. Note in this context that
Shannon’s sampling theorem states that sampling must be performed at a frequency at least twice that
of the highest frequency component to be represented. For a sampling capacitor of 100 pF, what is the
maximum value of total source and switch resistance that will normally provide samples which are
accurate to within 1%? (Hint: think again of the square-wave situation).

A signal, to be sampled and converted to digital format, has a dynamic range of £5 V. If it is impor-
tant to resolve signals and signal changes as small as 0.1 V, what is the number of binary digits (bits)
required in the converter? What is the greatest possible resolution that a 10-bit converter would pro-
vide?

SECTION 10.10: D/A CONVERTER CIRCUITS

10.38

10.39

10.40

For the DAC circuit shown in Fig. 10.32 of the Text, using resistors no smaller than 1 kQ, what is the
largest resistor required to implement an 8-bit converter? (Be careful!). What is the largest value of
switch resistance for which the associated error is at most /4 LSB? Assuming that resistors are
adjusted to compensate for the average value of switch resistance, what variability in switch resistance
is acceptable if the corresponding error is limited to £%4 LSB? If the two sources of error identified
are switch-resistance variation and resistor tolerance, and each is allowed to contribute equally to the
overall error, what switch-resistance variation and resistor tolerance are needed for the 8-bit converter
described?

For an R-2R ladder of 8 bits using a 10 V reference, what is the value of R which ensures that the
total reference-supply current is 1 mA? What switch resistance would cause an error of ¥ LSB if left
uncompensated? If compensated by an appropriate change in the 2R resistor, what value of switch
resistance, when doubled, produces an error < % LSB?

A D/A circuit modelled after that shown in Fig. 10.34 of the Text operates with /,; = 1 mA and R =
0.5 kQ. If device EB Junction area can be maintained only to within 1%, while other components and
parameters are ideal, what is the greatest number of bits possible for which the corresponding error is

+ 2 LSB?

SECTION 10.11: A/D CONVERTER CIRCUITS

D
10.41

Sketch the design of a 2-bit flash converter for signals in the range *1 V using uncompensated op
amps as comparators. How many comparators do you need? What reference voltages would you use?
Assuming op amps whose output limiting levels are precisely £10 V, sketch a converter circuit using 2
op amps, one of which detects the polarity of the input, and, thereby, controls the reference voltage for
the second. For the analog input connected to positive input terminals of each op amp, find, for the
both the 3-op-amp and 2-op-amp designs, the output codes corresponding to inputs of +0.75 V, +0.25
V, —-0.25 V and -0.75 V. Let +10 V correspond to logic '1°, and =10 V correspond to logic '0’ in

both cases.
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The following circuit, whose operation is related to that of the charge-redistribution converter, can be
used as a comparator component in a flash converter. With X indicating an NMOS switch operated by
non-overlapping positive pulses ®4 or ®p, describe vg: a) during d4, b) following P4, before Oy,
¢) during ®p, d) following ®p, for i) V4 > Vegr, i1) V4 < Vggr. Assume that the op amp saturates at
+10 V.

QA

@A

VA oy c "
o—n,(-«x—-ll b4 > Vo
VREF ®B | . )——o
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Chapter 11

FILTERS AND TUNED AMPLIFIERS

SECTION 11.1: FILTER TRANSMISSION, TYPES, AND SPECIFICATION

L
11.1

11.2

11.3

114

The transfer function of a first-order high-pass filter (such as that realized by an RC circuit) can be

expressed as T(s) = , where , is the 3 dB frequency of the filter. Provide a table of values of

(]

ITI, ®, G and A at @ = o0, 20),, ®,, ®,/2, ®,/5, ®,/10, ®,/100, ®,/1000.

A high-pass filter has an equiripple magnitude response and specifications resembling those in Fig. 11.3
of the Text, but with the passband and stopband exchanged on the frequency axis. Provide a sketch
corresponding to this situation. If Ay = 1 dB and Ay, = 50 dB, find 1T at @ =, ® =, and
W= W

A high-pass filter is required to pass all signals within its passband extending from 4 kHz to o, with a
transmission variation of at most £5%. The transmission in the stopband, which extends below 3.2 kHz,
should not exceed 0.05% of the maximum passband transmission. Find corresponding values of A
A in, and the selectivity factor.

A high-pass filter is specified to have A = 0.5 dB and A, = 20 dB. It is found that its
specifications can be just met with a single-time-constant RC circuit with a time constant T of 103 s
and a high-frequency transmission of unity. What are the values of ®,, w; and the selectivity factor
which correspond? In a modified design for which A s, Anax and @,/ are the same, but f), = 103
Hz, what value of T is required? What is the 3-dB frequency of the STC nctwork? What is the result-
ing attenuation at 100 Hz?

SECTION 11.2: THE FILTER TRANSFER FUNCTION

11.5

11.6

A third-order high-pass filter has transmission zeros at ® = 0 and ® = 0.1 rad/s. Its natural modes are at
s =—1 and s = —0.5 £0.8. The high-frequency gain is unity. Find T(s).

Find the order N and the form T'(s) of a bandpass filter having transmission zeros as follows: one at
@ =0, one at ® = 1 x 10° rad/s, one at 2 x 10* rad/s, one at 6 X 10? rad/s, one at 12 x 10? rad/s and
one at oo. If this filter has a monotonically decreasing passband transmission with a peak at the center
frequency of 4 X 10 rad/s. and equiripple response in the stop bands, sketch the shape of its IT1 .

SECTION 11.3: BUTTERWORTH AND CHEBYSHEV FILTERS

11.7

11.8

Determine the order N of the Butterworth filter for which A, = 0.5 dB, A, 2 40 dB, and the selec-
tivity ratio W/, = 1.6. What is the actual value of minimum stopband attenuation realized? If Ay, is
to be exactly 40 dB, to what value can A, be reduced? For A, raised by 0.1 dB, what change in
A nin results for the same filter order?

Design a Butterworth filter having the following low-pass specifications: f, = 20 kHz, Ao = 1 dB, f;
=30 kHz and A, = 20 dB. Find N, the natural modes, and T(s). What attenuation is provided at 25

kHz? 40 kHz?
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L
11.11
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Contrast the attenuation provided by a 3rd-order low-pass Chebyshev filtcr at w; = 20, to that provided
by a Butterworth filter of the same order. For both, A, = 1 dB. Sketch IT| of both filters on the
same axes.

Repeat P11.7 above for a Chebyshev filter.

For P11.7 and P11.10 above, with @, = 10° rad/s, and a dc gain of 1, find the required natural modes.

SECTION 11.4: FIRST-ORDER AND SECOND-ORDER FILTER FUNCTIONS

11.12

11.13

DL
11.14

DL
11.15

11.16

Consider the op-amp circuit of Fig. 11.13a) on page 902 of the Text driven so as to have a infinite input
resistance, a dc voltage gain of 11, and a 3 dB frequency of 10 kHz using 10 kQ as the lowest resistor
value. What is the frequency of the associated zero? What is the gain at high frequencies? For the
pole and zero separated by a factor of 100, what must its dc gain become?

Use a combination of the table entrics in Fig. 11.13 on page 902 of the Text to design a first-order
bandpass filter using a single op amp with 3 dB frequencies at 100 and 1000 Hz. Arrange for a mid-
band gain of —1 V/V and midband input resistance around 10 k. Available capacitors can be specified
only to one significant digit.

Find the transfer function T'(s) of the circuit shown: Use it to create a spectrum-shaping network, hav-
ing a midband gain of —10 V/V, with gain at high and low frequencies of —1 V/V. The 3-dB limits of
midband gain should be at 100 and 1000 Hz. The midband input resistance should be around 10 kQ.
Available capacitors can be specified to only one significant digit. Skctch and label a pole-zero plot for
this design.

Ci Ca
W o O O
—A\ M—e—A NM—e—o
R1a Rib Raa Rab
+

Use the circuit in P11.14 above, and any insight you may have derived about it, to design a spectrum-
shaping network, for which the gain between (3-dB points at) 100 Hz and 1000 Hz is —1 V/V, but the
gain at high and low frequencies is =10 V/V. Arrange that the lowest resistance presented to the input
source is around 10 kQ, with the same capacitor-availability restriction as stated in P11.14 above. Pro-
vide a labelled pole-zero plot.

For the op-amp phase-shifter circuit derived from that shown in Fig. 11.14 of the Text by the exchange
of R and C, find the transfer function T(s) and the corresponding pole and zero. What phase shift
results at ®, = VCR? For an input frequency of 10* Hz, and C = 1.59 nF, what values of R are
required for phase-shift magnitudes of 6°, 12°, 30°, 60°, 90°, 120°, 150°, 168", and 174°?
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11.18

DL
11.19

PROBLEMS: Chapter #11-3

Use the information in Fig. 11.16c) on page 907 of the Text, to obtain the transfer function of a
second-order bandpass filter with , = 10° rad/s, a maximum gain of 1, and a 3-dB bandwidth of 200
rad/s. What are the frequencies at the stopband edge as characterized by A, = 20 dB?

Using the information provided in Fig. 11.16b) on page 907 of the Text, find the transfer function for 2
second-order high-pass filters for which A o = 3-dB, w, = I rad/s, and the maximum gain is 1. For
one version, the maximum gain occurs at very high frequencies; for the other, the maximum is at rela-
tively low frequencies. Each has the maximum possible Q. For each, what is the lower 3 dB fre-
quency, and A ;, at o, = % rad/s?

Use the result of Exercise 11.15 on page 905 of the Text to find the transfer function of a notch filter
that is required to eliminate 60 Hz power-supply hum in an instrumentation system. To accommodate
some variability in the power-supply frequency component values, design the filter to provide 20 dB or
more attenuation over a band of 1 Hz total width, nominally centred at 60 Hz. The high-frequency
transmission is to be unity. What is the 3-dB bandwidth of the notch? At what frequencies is the notch
transmission down by 1 dB? by 1%?

SECTION 11.5: THE SECOND-ORDER LCR RESONATOR

D
11.20

11.21

11.22

Using the data in Fig. 11.16c and Equation 11.29 on pages 907 and 905, respectively, of the Text,
design the LCR resonator of Fig. 11.17b) (on page 910 of the Text) for operation at 1 MHz with a 20
kHz bandwidth, for R = 10 kQ. What is the rms output when driven by a 1 MHz 1 mA-rms current?

The user of an FM radio receiver, discovering that reception is bad due to overload from a nearby
broadcast transmitter radiating at 99.9 MHz, considers the use of a "wave trap" employing the notch cir-
cuit of Fig. 11.18c) on page 912 of the Text. The input resistance of his receiver is 75Q. Design the
trap’s LC components so that the loss presented to stations 2 MHz from the interfering one is only 3
dB. If the initial adjustment and stability of the trap components is such that the trap can be off-tuned
by as much as 100 kHz, what attenuation would you expect of the offending station’s signal?

Using the circuit of Fig. 11.18c) on page 912 of the Text, design an RLC high-pass filter having a max-
imally flat response with a 3-dB frequency of 100 kHz, to operate as part of a circuit for which the
loading resistance is 10 kQ. If coil Q of 50 is available, find suitable values of L and C.

SECTION 11.6: SECOND-ORDER ACTIVE FILTERS BASED ON

D
11.23

DL
11.24

INDUCTOR REPLACEMENT

Design the inductance-simulator circuit of Fig. 11.20 of the Text to realize inductances of 10 H and 0.1
H for operation around 1 kHz. Choose a majority of resistors of value 10 kQ and a capacitor whose
impedance is about 10 kQ at the operating frequency. Available capacitors can be specified to only one

significant digit.

Use the designs prepared in P11.23 above to create a circuit which, when connected to a source having
an output resistance of 20 kQ, provides a bandpass function at 1 kHz. with a) the highest possible Q,
b) the least-possible capacitor spread c) equal-valued capacitors (specified to 1 significant digit) and a
change of a single resistor but whose value is not less than 1kQ. What are the Q values which result in

each case?
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11.25

CD
11.26
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Design a fifth-order Butterworth LP filter having a 3-dB bandwidth of 10* Hz, and a dc gain of 10. Use
a cascade of the circuits shown in Figs. 11.22a) and 11.13a) of the Text. Assume that capacitors of any
required two-digit value are available as composed of 2 paralleled parts, each specified to 1 significant
digit. Use as many resistors of 33 kQ as possible. [Your boss has a surplus of these, since all the other
employees seem to prefer to use 10 kQ in their designs! As well, she likes the colour code!]

Rework the transfer function of the BP filter given in Table 11.1 on page 922 of the Text, to employ
equal capacitors C with two resistors chosen to control Q and ®, as conveniently as possible, with all
the other resistors of some fixed value. For Q ranging from 0.5 to 50, and capacitors specifiable using
single digits 1, 2, 3 or 5, what is the range of values, specified by the ratio of maximum to minimum
value, required for the resistors sclected to tune Q and ,.

SECTION 11.7: SECOND-ORDER ACTIVE FILTERS BASED ON THE

CDL
11.27

11.28

11.29

TWO-INTEGRATOR-LOOP TOPOLOGY

Design the KHN circuit of Fig. 11.24a) of the Text to realize a bandpass filter with center frequency of
10 kHz and 3 dB bandwidth of 500 Hz. Use 1 nF capacitors. Arrange that the input resistance is 100
kQ, that 100 k€2 resistors predominate, and that no resistor larger than 1 MQ is used. [Hint: In general,
you may have to replace R3 by a T network.] Sketch the complete circuit and specify all components.
What center-frequency gain results?

Use the KHN circuit with an output summing amplifier, to design a low-pass notch filter with f, =5
kHz, f, = 7.5 kHz, @ = 10 and a dc gain magnitude of 3. Where possible, use the valucs found in
Exercise 11.22 on page 929 of the Text.

Consider the bandpass filter described in P11.27 above, implemented using the Tow - Thomas biquad.
Maintain the same center-frequency gain. Find suitable capacitor and resistor values, (assuming no
value restriction).

SECTION 11.8: SINGLE-AMPLIFIER BIQUADRATIC ACTIVE FILTERS

DL
11.30

11.31

CL
11.32

Design the circuit of Fig. 11.29 of the Text to realize a pair of poles for which @, = 10° rad/s and
Q= 2. Use the largest possible values of resistance, but with 1 MQ as the largest available (pre-
cisely specifiable) value. Precision capacitors available are specified to one significant digit, either 1, 2
or 5.

Design the Bridged-T-based circuit of Fig. 11.30 of the Text, to realizc a bandpass filter with center fre-
quency of 10 kHz, center-frequency gain magnitude of 1, and 3-dB bandwidth of 500 Hz. Use 1 nF
capacitors. What is its input resistance at very-low and very-high frequencies?

For the bandpass circuit of Fig. 11.30 of the Text, find an expression for the input impedance as a func-
tion of component values and o, and then as a function of center-frequency gain, w, and Q. What is
the value of input impedance at very low frequencies, very high frequencies, and at the center fre-

quency?
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Design a 7th-order Butterworth low-pass filter with a 3-dB bandwidth of 5 kHz and a dc gain of unity,
using the cascade connection of 3 Sallen-and-Key biquads [Fig. 11.34c)], and a first-order section [Fig.
11.13a)]. Use a 3.3 nF value for all capacitors.

SECTION 11.9: SENSITIVITY

11.34

11.35

In a particular implementation of the feedback loop of Fig. 11.34a) of the Text, for which the values of
o, and Q are given by Equations 11.77 and 11.78 respectively, each of the capacitors C3 and Cy is
created using the parallel combination of 2 others. In particular, C3 = C3, + C3, where C3, = k3 C3,
and C4 = Cyy + Cy, wWhere Cy, =ky Cy, for 0 S ks, ky < 1. Find the passive sensitivities of w, and
Q relative to Ca,, C3p, Cau, Cap in terms of k3, k4, and when k3 =ky = 1.

The feedback loop of Fig. 11.34 of the Text, for which w, and Q are described by Equations 11.77 and
11.78 there, operates over a range of temperatures for which the resistors, nominally equal, have a resis-
tance which is not exact and, as well, a function of temperature, T. Thus Ry =k; R and Ry =k, R
where ki, ko =1xk,k << 1,and R =R, (1 + a(T,-T)). Find the sensitivities of w, and Q to both
k and T. Note that although this is a special situation in which the resistors vary equally around a fixed
mean value, the results can be usefully combined with the average resistor sensitivity of —1/2, as
needed.

SECTION 11.10: SWITCHED-CAPACITOR FILTERS

11.36

11.37

For a dc voltage of 1 V applied to the input of the circuit of Fig. 11.35b) of the Text in which the capa-
citance C; is 0.1 pF, what charge is transferred for each cycle of a 1 MHz clock. What is the average
current drawn from the input source? What is the equivalent resistance scen by the input source? For a
2 pF feedback capacitance, what change in output would you expect for each cycle of the input clock?
In what direction? For an amplifier saturating at £10 V, how many cycles does it take for the amplifier
output to go from one limit to the other? What is the average slope of the output? What does the slope
become for an input of ~0.1 V?

Design the circuit of Fig. 11.37b) of the Text to realize, at the second integrator output, a Butterworth
(maximally-flat) low-pass function with f343 = 10° Hz, and unity dc gain. Use a clock frequency of
fe = UT, =1 MHz with Cy = C, = 2 pF. Find values for C3, C4, Cs, C¢ (Note that for a 2nd-order
maximally-flat response, Q = IN 2 and w33 = ®,). Characterize the output of the first integrator:
What is its centre frequency? Its 3-dB bandwidth? Its associated maximum gain?

SECTION 11.11: TUNED AMPLIFIERS

11.38

11.39

A signal source with internal resistance Rg = 10kQ is connected to the input of a common-emitter BJT
amplifier having an emitter resistor Rg. From base to ground, a tuned circuit having L = 1pH and C =
200 pF is connected. The transistor is biased at 1 mA, with B = 200, C, = 10 pF and C,, = 1 pF. The
transistor has a load resistance of 5 kQ. Find w,, Q, the 3-dB bandwidth and the center-frequency gain
which result for: a) Rg =r,, b) Rg =9r,. (Hint: Use a Miller calculation for the effect of both C}, and

Cr)-

Repeat P11.72 on page 971 of the Text for the situation as described, except that the base is connected
to a coil tap located at a fraction k from the grounded end ( the one to which the emitter is connected.).
Find w,, @, the bandwidth and overall center-frequency gain for: a) kK = 0.5 and b) k¥ = 0.1. Contrast
these results with those found in P11.38 above.
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11.40

11.41

11.42

PROBLEMS: Chapter #11-6

A coil having an inductance of 2 pH and intended for operation at 10 MHz, has a Q specified to be
200. What is its equivalent series resistance, its equivalent parallel resistance, the value of the resonat-
ing capacitor, and the parallel resistance, which, when added, provides a bandwidth of 200 kHz?

A particular LC single-tuned amplifier has a center frequency of 1 MHz and a 3-dB bandwidth of 100
kHz. What is the corresponding @? How many such amplificrs synchronously-tuned would result in a
bandwidth reduced to 50 kHz? For the basic amplificr, what is the 30-dB bandwidth and skirt selec-
tivity? What do thesc become for the synchronously-tuned cascade with a 50 kHz bandwidth?

A two-stage 4th-order stagger-tuned Butterworth design is required with center frequency of 10.7 MHz
and an overall bandwidth, B = 250 kHz. Using 3 pH inductors, find C and R for each of the two
stages. What is the relative peak gain of cach of the two stages?
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Chapter 12

SIGNAL GENERATORS AND WAVEFORM - SHAPING CIRCUITS

SECTION 12.1: BASIC PRINCIPLES OF SINUSOIDAL OSCILLATORS

12.1

CD

12.2

12.3

12.4

12.5

Consider a sinusoidal oscillator consisting of a non-inverting transconductance amplifier and an RLC
tank circuit. The amplifier is characterized by transconductance G,,, input resistance R;,, and output
resistance R,. The tank circuit employs a tapped inductor L for which the turns ratio is n (sce Fig.
11.42 on page 951 of the Text), and whose total series resistance is Rj;, with a capacitor C whose
(small) loss is represented by a parallel resistance R.,. For the amplifier input connected across the
small part of the coil, and the amplifier output connected so as to drive it all, find an expression for the
conditions for oscillation, the oscillation frcquency, and the required relationship amongst parameters.

For the situation described in P12.1 above, sketch the corresponding circuit topology. Prepare a second
sketch to show what must be done if the available transconductance is of an inverting kind. What are
the new conditions for oscillation?

For a situation related to that described in P12.1 above, the connections between the coil and transcon-
ductor are exchanged, such that its output drives the tap, while its input is connected across the entire
coil. What are the conditions which prevail at the threshold of oscillation?

For a particular oscillator application, the limiting-amplifier topology shown in Fig. 12.3 of the Text is
being considered. The requirement is a design with a maximum gain of 5 which reduces to 0.5 at +2.5
V, and has an input resistance of 10 kQ. The op amp to be used has an open-loop gain of 1000V/V or
more. Supply voltages of £10 V are available. Assume a diode drop of 0.6 V at the levels of conduc-
tion implied. Find appropriate component values. If the op amp, assumed to have a single-pole rolloff,
has an f, of 1 MHz, what is the maximum frequency of operation for which an amplifier phase shift of
2° can be tolerated.

Reconsider the circuit of Fig. P12.8b) on page 1032 of the Text with Ry = 10 kQ, R; = 7.5 kQ and a
resistor Ry = 10 kQ connected in series with Z; and Z,. Sketch the resulting transfer characteristic
under the conditions that Vz = 6.8 V, V; = 0.7 V and Iz is 100 pA. Show what happens if, for a
better zener, Izx reduces to 10 pHA.

SECTION 12.2: OP-AMP-RC OSCILLATOR CIRCUITS

DL
12.6

12.7

Design a basic Wien-Bridge oscillator circuit, using the topology of Fig. 12.4 augmented by a gain-
control mechanism consisting of two paralleled anode-to-cathode-connected diodes and a serics resistor
equal to R;. The diodes are 1 mA units for which n = 2, and the voltage drop at 1 mA is 0.7 V.
Select component values for an output voltage of 2 V peak-to-peak at 10 kHz using 10 nF capacitors.
Assume the op amp to have A, and f, high enough to be ignored.

A designer, wishing to use the idea described in P12.6 above at a higher frequency, is concerned with
amplifier phase shift. She considers an otherwise-suitable amplifier for which f; = 1 MHz. What is the
highest nominal frequency of operation for which the actual frequency of oscillation is different by 10%,
because of amplifier phase shift. What must the amplifier closed-loop gain be for operation in this

mode?
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CL

12.8
A designer, wishing to employ the phaseshift inherent in a
R1 A Rz compensated op amp, operated in a closed loop in the vicin-
AN AN ity of its 3dB frequency, considers the circuit shown: For an
op amp having a relatively large open-loop gain and high-
order poles remote from f,, find expressions for the loop
) C gain and potential conditions for oscillation. For what value
of R, is the frequency of oscillation 4/RC? Now for excess
phase shift at f;, what occurs? How could you use this idea
B "'—_—” to evaluate f,, and phase margins under various conditions?

Rj:-'

i—

CL

12.9 The circuit of Fig. P12.18 on page 1033 of the Text is modified by removing the rightmost resistor R
and connecting the lower node of the rightmost capacitor C to the op-amp negative input. Find an
expression for the loop gain, the frequency of possible oscillation and the conditions for which it occurs.
What is the sensitivity of the frequency of oscillation, and of the critical value of R, to a deviation of
value of any one of the resistors R.

12.10 Another possible variant of the phase-shift oscillator of Fig. P12.18 of the Text can be considered in
which the right-most RC circuit is removed, and a capacitor C is shunted across R;. Find an expres-
sion for the corresponding loop gain, and the frequency and gain conditions for possible oscillation.

CD

12.11 A phase-shift oscillator is considered which resembles that of Fig. 12.7 of the Text, but uses a positive-
gain amplifier. What is the minimum number of RC sections required? What is the corresponding fre-
quency of oscillation and critical value of gain, K?

12.12 For the circuit of Fig. 12.8 of the Text, consider the effect of adding an additional RC section. What
are the conditions of oscillation? For the modified and original circuits, find the effect on frequency and
critical gain of a simultaneous change in value of all its resistors R. [Hint: Economize your effort by
using the technique described in Exercise 12.5 on page 963 of the Text. Correspondingly, note the solu-
tion of Exercise 12.5 which emerges in your work.]

C*D
12.13 Design the active-filter tuned oscillator shown in Fig. 12.11 of the Text for operation at 10 kHz using

10 nF capacitors, and diodes for which the voltage drop is a 0.7 V at 1 mA. Establish @ to reduce the
3rd-harmonic distortion to less than 1%. What is the output voltage which results?

SECTION 12.3: LC AND CRYSTAL OSCILLATORS

CHL**

12.14 For the Colpitts oscilator shown in Fig. P12.21b) on page 1034 of the Text, in which both FETs are
matched with Ipss = 4 mA, V, = =2 V and V4 = 100 V, the load resistor is 10 k€2, and the inductor
has an inductance L = 10 uH with a Q of 100 at the operating frequency of 1 MHz. Find the values of
C, and C, to ensure oscillation at 1 MHz. With C, set 5% lower than the value calculated, and the
gate-to-source diode of Q) characterized as having a 0.7 V drop at 1 mA and n = 1, find the output sig-
nal amplitude, assuming the supply voltages to Q; and Q, are high enough. For supplies of 3 V,
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estimate the amplitude of the output signal. (Hint: Use the incremental slope of the characteristic in the
upper end of the triode region for a value of Vps slightly less than V1.

C*DL¥*

12.15 A particular quartz crystal is measured to have a series resonance at 2.015 MHz, a parallel resonance at
2.018 MHz, a parallel plate capacitance of 4pF, and a Q of 50 X 10%. Find corresponding values of
L, C;, and r. When used in the circuit of Fig. 12.16 of the Text, C; = 10 pF, and C; can be as low as
1 pF. For device sizing and Vpp such that g,,, =gy, = 1 mA/V and V, is large, with Ry = 1 MQ,
choose values of C; and Ry, for which the loop gain can be assumed to be >1. (Hint: Consider the
CMOS amplifier as an op amp with finitc gain loaded by R Il Ry, with gain cstablished by a network
consisting of Miller-multiplied R, reflected back through the Cy/C, capacitor ratio, driven by R;. Using
this idea, find a maximum value for R)).

SECTION 12.4: BISTABLE MULTIVIBRATORS

CDL*¥*

12.16 For the CMOS circuit shown, in which all transistors are matched with K = Vzk'(W/L) = 1 mA/V? and
Wl =1V,
V4 =30V, design a version whose output voltage
range extends beyond +4.9V and +0.1V for inputs
J +5V ‘_T in the range 0 to 5V, with Vry = 2.0V, and Vyy =
‘ ‘ Te 3.0V. What is the consequence on the input thres-
vi Rt A _—{ T2 5 G vo holds of K and V, varying by £20%? For amplifier
—AA —e capacitance characterized as 10 pF at each inverter
T input and 1 pF at each inverter output, estimate the
—“ T1 output rise and fall times. For an input rising and
! falling at a rate of 1 V/usec, estimate delay time
Rz = from the time the source begins to change until
—A regeneration begins.
DL
12.17 In the circuit shown, using a high-gain op amp, the output signal is £13 V or so with £ 15V supplies,
and
diode drops are 0.7 V for reasonable currents.
A Design Ry, Ry, and Rj3 so that each diode, when
PO c conducting, has a current in the range 1 to 4 mA,
vi B - —e with as low a current level as possible preferred.
+ vo What are the input thresholds Vyy, Vry for this cir-
vl : f; cuit?
_J_ g | +15V
= D1 Z D2
Ra

Da
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12.18 In the circuit shown, all transistors have [V, = 1 V and, with K = %k'(W/L), K, =Ky,=K3=K,
=2Ks =2K¢ = 100pA/V2

+5V j

vi

+5V 1

Sketch and label the transfer characteristic of the
Q3 - 04 inverter. Now sketch and label the
transfer characteristic v, versus v;. What are V4
and V;.?

Vo

el

Qi Q3
A
Q Q4
- 1

1

Q
-

t

SECTION 12.5: GENERATION OF SQUARE AND TRIANGULAR WAVEFORMS
USING ASTABLE MULTIVIBRATORS

With high-gain op amps for which v, of
+13 V is guaranteed, design the circuit

DL
12.19
R1
il
vi
o]

—a
am——

shown, using a 6.8V zener diode, to pro-
vide a triangle-wave output at vy of £1 V
amplitude at 10 kHz, using a 1000 pF
capacitor. Arrange a current of at least 1.0
mA in the zener diode and approximately
equal current flow in R, and R. For this
design, find both the average and extreme
slopes of the output triangle wave. If it is

—o important to reduce the slope variation by

vo3 a factor of 2, show a simple circuit
modification involving the addition of 2
resistors and suitable changes in values,
which does the job.
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12.20 Use the topology of Fig. 12.25 of the Text, implemented using the output-voltage-regulator scheme
shown in P12.19 above, to provide square and triangular waves at 10 kHz, each of +1 V peak ampli-
tude, the square wave being obtained from an appropriate voltage divider using a 1 mA current. Notice
that the required bistable is of the non-inverting type. What must its upper and lower thresholds be?
Sketch the complete circuit, and select values consistent with specifications provided in P12.19 above.

SECTION 12.6: GENERATION OF A STANDARDIZED PULSE -
THE MONOSTABLE MULTIVIBRATOR

12.21 The circuit shown uses an op amp for which the limiting output voltages are 10 V.

' v| C o R Rz
o—” AN AN
vi
P
D v
A.__.Dl.___M_—.
) D2 Re
L—Dﬁ —M
Dy R)

Ci

o

12.22 For the circuit shown, @, through @4 have 1V,l

T +5V

1 +5V

Qi (0]
B c vo
Q2 Q4
= _l
A <;‘II D 1212
I ~
R2 R1 D1
—_—p | ¢
L 5V
- vi
ov
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For this  design, R, R3 = 100kQ,
Rl =R5=R4 = 10k, Cl = 10 nF, C2 = 1000 pF.
What are the resting voltages at A, B, C,D?
What is the minimum amplitude of a positive step
(V) at the input that will trigger the circuit? Sketch
waveforms at all nodes for the case in which V is a
5 V step. What is the length of the output pulse
produced? What is the purpose of R4? For V, a
rate-limited rising input of 5 V, what is the slowest
rate of rise to ensure triggering? How soon after
the output falls can the circuit be retriggered with
the expectation of an output pulse of the usual
duration?

1 V and equal values of K = vk (W/L).
Correspondingly, their active (amplifying) region is
around Vpp/2 = 2.5 V. Normally A is held at 0 V
by Ry, B is high at 5 V and C is low at OV. When
input v; is applied, D rises and A rises with it,
lowering B and causing C to rise, replacing v;
through D,. For R; = R, = 10 kQ, C| = 10 nF,
sketch the waveforms at all nodes following the rise
of v;. What is the expected maximum duration of
v;? What happens if it stays high longer? In this
event, the circuit operates open-loop for the fall of
v, (and does not regenerate upon turnoff). If v; is
too long and the gain of each stage is 40 V/V, what
output fall time results?



PROBLEMS: Chapter #12-6

SECTION 12.7: INTEGRATED-CIRCUIT TIMERS

12.23

12.24

12.25

With reference to Fig. 12.28 in the Text, showing the 555 timer opcrating as a monostable multivibrator
with R = 10 kQ and C = 10 nF, what is the length of output pulse produced by a negative trigger
pulse? What is the maximum length of input pulsc which might logically be uscd? What happens to
the flip-flop if the input is longer than this? It is usual in the case of such conflict that the flip flop is
arranged to be so-called "set-dominant”, such that v, (that is, Q) remains high (with Q low) while S is
high (held by V trigger being low).

With reference to the situation described in P12.23 above, and for normal operation with a 5 V supply,
what is the % change in output pulse length for each 100 mV increase in the saturation voltage of Q,?

For the astable connection of the 555 timer depicted in Fig. 12.29 of the Text, using C = 10 nF and
R4 = Rp = 10 k€, what is the frequency of the output at v,? What is the duty cycle? What do these
become if Rp is reduced to 1 k2? What change must be made to R4 to return to the same frequency?
What combination of resistors will provide an output at 10 kHz with a duty cycle of 10%?

SECTION 12.8: NONLINEAR WAVEFORM-SHAPING CIRCUITS

DL*
12.26

DL*
12.27

CD
12.28

Design a sine-wave shaper using a series resistance R and two shunting diodes connected to ground,
one with anode grounded, and the other with cathode grounded. The input is a triangle wave whose
amplitude is such that its zero-crossing slope equals that of the desired output sinewave. The diodes are
characterized as conducting 1 mA at 0.700 volts, with n = 2. Find the triangle-wave peak voltage, and
a suitable value for R. Then find the angles © (© = 90° at the wave peak) wherce the output of the cir-
cuit is 0.7, 0.65, 0.6, 0.55, 0.5, 0.4, 0.3, 0.2, 0.1 and 0 V. Use these angles to find the values of the
prototype sinc wave (i.e., v, = 0.7 sin ©) and the corresponding errors. Present your results in tabular
form.

Use the results obtained in Exercise 12.22 on page 1017 of the Text, for the square-law shaper shown in
Fig. E12.22 there, using ideal diodes, as the basis of a design with real diodes. First consider pseudo-
1-mA diodes modelled by an ideal diode, a 600 mV offset and a 100 L resistor. Chose new values for
R1, Ry, R3 and associated voltages V, and V;. Second, using these values of V, and V3, create a
revised design using diodes for which the drop is 0.7 V at 1 mA with n = 2. In each case, in approxi-
mating { = 0.1v% arrange that the approximation is perfect at 2, 4, and 8 volts, and calculate the error at
3, 5, 7 and 10 volts.

Using the idea embodied in Fig. P12.44 on pages 1037 and 1038 of the Text and similar component
values, prepare a design of a circuit for which the output is v, = v; V3 for ¥y, vy, V3 > 0. Check cir-
cuit performance at various combinations of input voltages, say, 0.5, 1, 2, 3 volts. Assume that all
diodes are identical with 700 mV drop at 1 mA with n = 2.

SECTION 12.9: PRECISION RECTIFIER CIRCUITS

D
12.29

Combine the circuits of Fig. 12.33 and Fig. 12.34 of the Text into a single one connected both to a
common source v; and a common load R, as in P12.30 below. Sketch the composite circuit and its
composite transfer characteristic. Since its output is always positive, yet proportioned to the size of the
input, what is such a circuit called?
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D

12.30 Note that the circuit created in answer to P12.29 above is not symmetric, in the sense that one amplifier -
is allowed to saturate. Add an additional resistor R3 and diode D4 to correct for this, using the idea
embodied in the use of D; in the more complete sub-circuit. How should the value of Rj3 be chosen in
relation to R}, R;, and Ry?

12.31 A designer wishes to create an expanded-scale ac voltmeter in which voltages in the range 100V rms to
140 V rms are displayed. Note that for voltages < 100 V rms, the meter reads 100 V at the left end of
the moving-coil-meter scale. Use a combination of the circuit in Fig. 12.35 of the Text, the idea embo-
died in Fig. E12.28 on page 1021 there, and a 1-mA 50-Q meter connected in series with R4 = 10 kQ
of the filter. Within the circuit itself, design for signals whose largest value in the normal operating
range is £10 V. Chose R, to absorb the very large input voltage involved. Note that £15 V supplies
are available.

12.32
Consider the operation of the circuit shown: What

is the output voltage for v; = +5 V, 0 V, =5 V.
What is the input resistance of the circuit? What
might the circuit be called? Notice the relationship
to the bridge amplifier in Fig. P9.52 on pages 808
and 809 of the Text.

12.33
— Consider the transfer chfxracteristic of the circuit
vi y——e VO shown. Sketch and label it for R; = 1k, R, = 100
- kQ, R; = 100 kQ, with rz = rp =0, but V; = 6.8
V,Vp=07V.

R
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D1 ==C
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For the circuit shown using ideal op amps,
what output results for the application of a
100 mV peak sine wave of frequency f at
the input? What happens to the output
when the input signal is removed? Add a
component which will return the output
95% of the way to zero in a time 10/f.
What happens if the average value of the
input drifts around by a volt or so at a rate
f7100 Hz? Add a component to correct
for drift at the stated rate or less. Provide
a labelled sketch of the output with these
two components added.



Chapter 13

MOS DIGITAL CIRCUITS

NOTE CONCERNING STANDARD DEVICE SPECIFICATIONS: In some of the problems to follow, we
will consider the design of a 3.3 V. CMOS inverter in a generic 0.8 pm process in which: V,, = -V, = 0.6
V, Ha Cor = 100 pA/V?, 1, C, = 40 HA/V?, and the minimum size digital device has WA = 1.2 um/0.8 pm
= 1.5. For capacitance calculations, use C,, = 1.8 fF/um?, gate-drain overlap capacitance as 0.5 fF/um of
gate width, and drain-to-body capacitance as Cy, = 2.5 fF/um of gate width. For gain calculations, use
[Va| = 20V for all 0.8 pm channels. For body-effect calculations, Vol =0.6V,y= 0.5 V4, 20, = 0.6V.

SECTION 13.1: DIGITAL CIRCUIT DESIGN: AN OVERVIEW

13.1 The voltage-transfer characteristic (VTC) of a particular logic inverter is observed to have the following
salient features:

a) The upper output voltage level is 3.3 V.
b) The lower output voltage level is 0 V.
c) The slope of the characteristic is —1 V/V for inputs of 1.8 V and 1.2 V.

d) The maximum slope is about — 40 V/V occuring where the input and output voltages each
equal 1.5 V.

Sketch and label the transfer characteristics. Find values for Vor, Vou, Vie, Vins Vi, Vi, NMy, NMy.

13.2  Five inverters of the type described in P13.1 above are connected in a ring (each driving the next; each
with a fanout of 1). Convince yourself that this circuit will oscillate by sketching waveforms at each
successive gate input. Though your sketch can be quitc rough, make sure it includes identifiable propa-
gation delays. The circuit is called a ring oscillator. How many transitions does each inverter make in
one cycle of the overall oscillation? How many gate-propagation declays fpry are there in one cycle?
How many tpy;,? How many transitions in total? If the ring of 5 oscillatcs at 100 MHz, what is the
average propagation delay, tp? If the asymmetry of the inverter makes ¢py; 20% greater than tpyy,, csti-
mate each value.

13.3 During oscillation at 100 MHz, the ring-of-five described in P13.2 above is found to use 300 HA from
the 3.3 V supply. When the loop is opened, and the input to the string grounded, the supply current is
essentially zero. What is the dynamic power Pp of each inverter (whose fanout is 1)? What is the
capacitance associated with each? What is the delay-power product DP for this logic?

13.4 A particular two-input NOR logic gate has tp;y = 30 ns and fpy;, = 10 ns. Five such gates, each with
one input low, are connected in a ring. What is the frequency of the oscillation which results? Two
additional NOR gates, A and B, are connected to the ring, gate A to the outputs of gates 1 and 3, and
gate B to the outputs of gates 1 and 4. Sketch the resulting waveforms at the NOR-gate outputs, paying

attention to their relative timing.

SECTION 13.2: DESIGN AND PERFORMANCE ANALYSIS OF THE
CMOS INVERTER
13.5 For the generic process described in the introductory NOTE, above, what is the W/L ratio for the
PMOS device in a matched minimum-size inverter (for which the output drive currents are equal). For
this design, what are the values of Vy,, Vi, Viy, NMy, NM,? [Hint: Use Equations 5.93, 5.94, 5.95,
5.96 and 13.8 in the Text.]
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13.6

13.7

13.8

13.9

13.10

13.11

13.12

13.13

13.14

PROBLEMS: Chapter #13-2

For a general CMOS inverter characterized by V,,, Vy,, k, and k,, and Vpp where k = k'(W/L), derive
the expression for Vyy = V,, given in Equation 13.8 in the Text. As an extra challenge, you might con-
sider deriving corresponding expressions for Vi, Vi, NMy and NM,. If you try this, you can test
your results for the special case of a matched inverter as expressed in Equations 5.93, 5.94, 5.95 and
5.96 in the Text.

For the the general CMOS inverter alluded to in P.13.6 above, for which Early voltages are Vy,, Vyp,
find an expression for the slope of the transfer characteristic at Vy;. For the general minimum-size
matched inverter (as described in the introductory NOTE above), what is the voltage gain for a linear
amplifier biased at vy =v; = Vy,.

Consider a CMOS inverter for which W, C,, =2u,C, = 20uANV?, (WAL), = 8um2um, (W), =
l6um/2um, V,, ==V, =1V, and Vpp = 5 V. What are the resistances from the output node to the
supply rails for inputs high (+5 V) and low (0 V).

For the inverter described in P13.8 above, with standard inputs of O V or Vpp, find the maximum
currents that can be sourced or absorbed with the output joined to ground or Vpp, respectively. What
do these currents become for an output voltage of Vpp/2? for an output voltage of 0.1 Vpp from either
VDD or OV?

A CMOS inverter for which the device thresholds and &’ factors are matched, with | V, | nominally 1 V,
operates from a nominal supply voltage of 5 V. For possible variation of both V; (of both devices) and
Vop by £25%, what ranges of Vi, Viy, VoL, Voy result? [Hint: Use Equations 5.93 and 5.94 in the
Text.] What ranges of NMy; and NM| result between various pairs of these inverters?

Consider the propagation delay associated with the gencric minimum-size matched inverter described in
the introductory NOTE above, in the context of the description of the associated capacitances identified
in Fig. 13.6 of the Text. In particular, evaluate the total load capacitance C seen by the test inverter
using Equation 13.12. Assume the wiring capacitance C,, to be about equivalent to the n-channel gate
capacitance. Now, estimate ¢py;, tpry and tp from Equations 13.18 and 13.19.

In the computation for propagation delay leading to Equation 13.17 of the Text, both saturation and
triode operation of thc driving transistor are considered. What propagation delay would result if
saturation-mode current was available for the entire half-signal transition? Put your result in the stan-
dard form represented by Equation 13.18. For the standard minimum-size matched inverter for which
tpyr = tpy = tp, what are the 3 available estimates? Which is easiest to calculate from first principles?
(But see the effect of decreased V| in P13.13 below.)

Repeat the analysis leading to Equation 13.18 of the Text, for the situation in which V, = 0.1 Vpp. For
the approximation in which the initial saturation current is presumed to continue at the level provided by
Equation 13.14, what relationship results? Finally, substitute for this valuc of V; in Equation 5.101 to
find the presumably most accurate result. What do you prefer for rapid analysis?

The CMOS inverter specified in P13.8 above, and having a 0.5 pF load, is switched at a rate of 20 MHz
by an input wave whose rise and fall times are each % of the wave period. What is the peak current
due to gate self-conduction? Assuming the gate self-current to be triangular in pulse form, flowing for
input voltages v; = V|l to vy =Vpp — IV,I, find the average supply current due both to self-
conduction and capacitor charging. What is the gate power dissipation for this situation? What is it
with the load capacitor removed?
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13.16

13.17

PROBLEMS: Chapter #13-3

For the inverter specified in P13.8 above, loaded with a 0.5 pF capacitor, estimate tpy; and tpry using
Equations 13.18 and 13.19 of the Text. What is the oscillation frequency of a five-stage oscillator?
What is the corresponding delay-power product?

A CMOS inverter for which k, =k, =k =20 MANV? and IV,l= 0.8 V, is considered for operation in
an electronic-watch environment with Vpp = 1.3 V,

(a) For what range of input voltages does Q, conduct? Q, conduct? What happens for v; = Vpp/2?
(b) What range of output voltages is possible? What values of Vo and Vg, can be identified?

(c) What are the values of Vj; and Vjy which apply? What currents flow in the transistors for vol-
tages between Vy, and Viy?

(d)  Sketch the transfer characteristic, under the assumption that the input is a triangle wave extending
from Vg to Vgy, and that the output is loaded with a very small capacitor to ground.

(e) For the inverter loaded by a 1 pF capacitor, and input driven by an idcal square wave, sketch the
output waveform. Estimate the times taken for the output to rise and fall by the amount V, fol-
lowing a change in state of the input? Estimate the propagation delay, as defined as the time
taken for the output to move to the switching threshold of a succeeding gate, following the cross-
ing of its own threshold.

(f) Estimate the frequency of oscillation of a ring of S such gates, once an oscillation is initiated.
Note that this oscillator is not ordinarily self-starting, but must be "kick-started" by an external
signal. Otherwise, the ring has a stable state with all voltages in a range around Vpp/2 (in fact
from 0.5V to 0.8V).

Consider ~an  inverter  for  which  p,C, =2u,C, =20uA/NV 2, (WA), = 18um2um,
(WAL), = 4um2um, V,y ==V, =1V, and Vpp =5 V. What values of Voy, Vo, Vi, Viy and Vy,
apply? For the latter threshold voltage used in defining propagation delay, find tp;y and tpy, with the
gate loaded by a 0.5 pF capacitor.

SECTION 13.3: CMOS LOGIC-GATE CIRCUITS

D
13.18

13.19

13.20

For the Boolean function ¥ = A(B + C), synthesize the PDN and PUN networks for a CMOS imple-
mentation using the direct method. Now, use the PDN to obtain a PUN design. Is it identical, or are the
details of some transistor connections different? Did you have other choices? Now, perform the com-
plementary process, obtaining the PDN from the PUN. Note in your designs that some transistors are
connected directly to a power supply while others are more remote. Correspondingly, several different
arrangements are usually possible. How many different PDN are there? How many PUN? How many
different gate topologies exist? We will see in other contexts that the position of inputs can effect gate
dynamic performance, and that, correspondingly, gate performance can be optimized depending on the
statistics on input activity.

As noted in Fig. 13.15 of the Text, the PUN and the PDN there, cach synthesized directly, are not dual
networks. Sketch the PDN which is dual to the PUN shown, and the PUN which is dual to the PDN
shown. How many possible XOR circuits of this general kind are possible using these four networks?
How many are there if the proximity of an input to a power-supply connection is of importance?

Design a minimum-size 4-input CMOS NOR gate for ideal performance similar to that of the
minimum-size matched inverter suggested in the introductory NOTE. What is its arca? Compare that
with the area of the basic inverter.
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Repeat P13.20 above for a 4-input CMOS NAND.
Repeat 13.20 for the circuit whose topology was considered in P13.18 above.

For the 2-input NOR circuit of Fig. 13.12 of the Text, in which p, =2,, &k, = ky(W/L), =k,
Vin ==V =1V, and Vpp =5V, find the value of k, such that the threshold for a single input active
is 2.50 V. What is the corresponding threshold for both inputs tied togcther?

Create a CMOS implementation of the logic function ¥ = AB + ACD both directly and in factored
form (ie Y = A (B + CD). Size all devices for worst-case speed performance equivalent to that of the
minimum-size matched inverter described in the introductory NOTE above. What is the total device
width needed in each casc? Clearly, Boolean factoring and minimization are important elements in digi-
tal logic-circuit design!

In a so-called buffered-logic family for which minimum overall size and input capacitance is important,
a minimum-size input stage is buffered by two additional larger inverters. For example, a buffered-
inverter input stage is matched, using the smallest possible n-channel device of unit area with a p-
channel device of twice its width. In the 2nd and 3rd stages, all corresponding devices are each 3x
wider. What is the total area of the buffered inverter? What is the total area of a buffered 4-input NOR
whose first stage is made basic-inverter-compatible? What is the input capacitance relative to the
inverter? A second design is considered with the same stage-sizc ratio (iec 3 X) but using minimum-size
matched input inverters and an intermediate-stage NAND. What is its total area? What is the relative
input-capacitance presented?

SECTION 13.4: PSEUDO-NMOS LOGIC CIRCUITS

D
13.26

13.27

13.28

Using the parameters introduced in the NOTE preceding Section 13.1, design a pseudo-NMOS inverter
to operate with a 3.3 V supply using a minimum-size NMOS device and a PMOS of minimum area
chosen to provide equal positive and negative current drive to a load capacitor at vp = Vpp”22. What
value of r is needed? What are Vgy, VoL, Viu, Vi, and Vy for this design? What do you think of the
design?

A designer, wanting to reproduce the dynamic behaviour of a complementary matched CMOS inverter,
considers a pseudo-NMOS inverter using a minimum-size NMOS with a PMOS that provides the same
maximum load-driving current as is available from a complementary gate. What is the problem with
this idea? What value of Vg, and V), result? Use Vpp = 3 V.
As noted on page 1072 of the Text, pscudo-NMOS is a ratioed logic for which
r =ky/k, = k,,'(W/L),,Ac,,'(W/L),, has a value from 4 to 10. Using a technology in which n, = 2.0 p,
and the minimum gate length and width are each 1 unit, consider two types of designs for cach of the
extreme values of r:
a) With the minimum-size NMOS and W, = 1 unit, find L, and the combined arcas of the n-
channel and p-channel devices.
b) With the minimum-size PMOS, and L, = 1 unit, find W, and the combined areas of the n-
channel and p-channel devices.
By what factor does the output-current drive improve in design b) over that in a)? Now consider an
intermediate design c) in which the extreme dimensions of devices are reduced by "sharing" the ratio
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between the two devices, making each more "square" and reducing the total device area. Find such a
design for which as many dimensions as possible arc of miniumum value. What is the total area
required? By what factor does the output-current drive exceed that in a)?

Use Equations 13.41 and 13.42 to find the value of r for which the noise margins of a pseudo-NMOS
inverter are equal. What values of Voy, Vor, Viy, Vi, Vi, NMy, NM,, correspond, when Vpp = 3.3
Vand V, = 0.6 V? For the NMOS specified as the minimum-size device in the NOTE preceeding Sec-
tion 13.1 above, what is I, ?

For Vg, of a pseudo-NMOS gate expressed as a fraction o of V, = V,, = — Vip, find r. For Vpp =
33Vand V, = 0.6 V, what is the value of r for which oo = 0.5?

For a pseudo-NMOS inverter for which Vpp = 3.3 V and 1V,l= 0.6 V, find r for: a) V) = Vpp2; b)
VoL =V,; ¢) Voo = 0.1 V; d) Vo = 0.01 V; ¢) Vy, =2V,. For case a), find Vg ; For cases c), d),
find VIL-

For a pseudo-NMOS inverter, use Equations 13.43 and 13.44 and the fact that r = ku/k, to find expres-
sions for tpy;, and tpyy in terms of a) kl’ » b) k,. Further, find the ratio tp;p/tpy.. For tpyy = tpy = tp,
what value of r is needed? For this value, what are Vj;,Vp,, and the noise margins? By what factor is
tpyr longer than that of a matched CMOS inverter using the same devices, supply voltage, and capaci-
tive loading. Is such a design useful? Recall that the major advantage of pseudo-NMOS occurs with
complex logic functions where a large saving in gate area can be achieved by eliminating the PUN. In
some such circumstances a high-threshold complementary load inverter may be used to accommodate
the high Vg, level of a design like this one.

An 8-input pseudo-NMOS NOR gate operating at 3.3 V uses the standard minimum-size NMOS devices
described in the introductory NOTE preceding Section 1.1. It is to be loaded with an inverter of similar
design. For r = 4 and r = 10, cvaluate tp;y and tpy;, for a single input active and for two inputs
operating together.

Compare the total device areas of pseudo-NMOS and matf:hed complementary CMOS implementations
of an 8-input NOR. Use all minimum-size NMOS, with &, = 2.5k,, and r = 2.

SECTION 13.5: PASS-TRANSISTOR LOGIC CIRCUITS

L
13.35

13.36

For the standard minimum-size NMOS transistor (specified in the introductory NOTE) used as a pass
transistor in a 3.3-V system, find Vo, and Vo assuming both the logic and gate inputs to be full-swing
signals, O to 3.3 V. For a second pass gate driven by this one, what does Vpy become? For this value
of Voy, what current will flow in a connected minimum-size matched complementary CMOS inverter?
What will the inverter output voltage be? For a single pass gate driving the basic inverter, with a
second passgate connected to ground at the inverter input, estimate the total capacitance there, and then
tpry and tpy;, as the logic input to the pass transistor rises and falls.

Consider the pass-gate situation described in P13.35 above agumented by the circuit of Fig. 13.28 of the
Text, using a PMOS of minimum width with (W/L), = 0.1. Using the notation of that figure, at what
value of vy, rising from 0 V does Qg begin to conduct? What is the effect on #p 4y ? What is the gen-
eral effect on the upper end of the rising transition? What does Vyy become? As measured at vg;, esti-

mate what tpy; becomes.
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Consider the operation of a single CMOS transmission gate in a pass-transistor logic configuration con-
nected to a standard matched inverter and a single NMOS grounding switch (as additional capacitance).
At the inverter input, what do Vo, and Vpy become? Estimate the capacitance at the inverter input
node. Estimate tpyy; and fpy,. Assume all the pass transistors have (W/L) = 1.20.8 to the inverter
input.

Following the pattern suggested in Fig. 13.30 of the Text, sketch a PTL version of a 4-to-1 multiplexor
with automatic decoding of two control bits (C; and C,). Label inputs X;, X, X3, X4 and output Y.
[Hint: Consider 2 inputs at a time.]

Consider the Exclusive-OR function PTL implementation for two variables shown in Fig. 13.31 of the
Text. Extend the Boolean cxpression to a third input variable C. [Hint: A with B produce X and X
with C produces Y.] Sketch the corresponding PTL rcalization.

The circuit shown illustrates the existence of yet other possibilitics for the design of flexible logic func-
tions using CMOS devices:
It combines aspccts of transmission-gate logic and

Y Y4 C conventional CMOS logic, with neither in its com-

T I T plete form. In usual applications, the signal C acts

- - as a clock, being normally held high while X, Y

x I Qs 1Q2 jq‘ o F and Z change. Finally, C falls while X, Y, C are

stable. For signals having 0 V and 5 V levels and
‘ using the positive logic convention (where logic '1’
Co— LTQ.‘ is high), prepare a truth table for F. Express F as
a function of C, X, Y,Z. In an application in

-4 which variable X is available, but X is not, suggest

- a means to provide the required function without
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