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PREFACE

What is the value of pi (m)? Is it 3? Is it 3.1? How about 3.14? Or perhaps you think
3.1415952653589793238462643383279 is more appropriate. Each of these answers
is correct just as each of these answers is incorrect; they vary in their degrees of
resolution and accuracy. The degree of accuracy is often proportional to the com-
plexity or difficulty of computation. So it is with operational amplifier circuits, or
all electronic circuits for that matter. The goal of this text is to provide workable
tools for analysis and design of operational amplifier circuits that are free from the
shrouds of complex mathematics and yet produce results that have a satisfactory
degree of accuracy.

This book offers a subject coverage that is fairly typical for texts aimed at the
postsecondary school market. The organization of each circuits chapter, however, is
very consistent and provides the following information on each circuit presented:

1. Theory of operation. A discussion that describes what the circuit does, ex-
plains why it behaves the way it does, and identifies the purpose of each
component. This section contains no mathematics, promotes an intuitive
understanding of circuit operation, and is based on an application of basic
electronics principles such as series and parallel circuits, Ohm’s Law,
Kirchhoff’s Laws, and so on.

2. Numerical analysis. Techniques are presented that allow calculation of most
key circuit parameters for an existing op amp circuit design. The mathe-
matics is strictly limited to basic algebra and does not require (although
it permits) the use of complex numbers.

3. Practical design. A sequential design procedure is described that is based
on the preceding numerical analysis and application of basic electronics
principles. The goals of each design are contrasted with the actual circuit
performance measured in laboratory tests.

In addition to presenting these areas for each type of circuit, each circuits
chapter has a discussion of troubleshooting techniques as they apply to the type of
circuits discussed in that particular chapter.

xi
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The majority of this text treats the op amp as a quasi-ideal device. That is,
only the nonideal parameters that have a significant impact on a particular design
are considered. Chapter 10 offers a more thorough discussion of nonideal behav-
ior and includes both AC and DC considerations.

The analytical and design methods provided in the text are not limited to a
particular op amp. The standard 741 and its higher-performance companion, the
MC17415C, are frequently used as example devices because they are still used in
major electronics schools. However, the equations and methodologies directly
extend to newer, more advanced devices. In fact, because newer devices typically
perform closer to the ideal op amp, the equations and methods frequently work
even better for the newer op amps. To provide a perspective regarding the range of
op amp performance that is available, Chapter 11 includes a comparison between a
general-purpose op amp and a hybrid op amp, which has for example, a 5500
volts-per-microsecond slew rate as compared to the 0.5 volts-per-microsecond slew
rate often found in general-purpose devices.

Every circuit in every circuits chapter has been constructed and tested in the
laboratory. In the case of circuit design examples, the actual performance of the
circuit was captured in the form of oscilloscope plots. The following test equip-
ment was used to measure circuit performance:

. Hewlett-Packard Model 8116A Pulse/Function Generator
. Hewlett-Packard Model 54501 A Digitizing Oscilloscope

. Hewlett-Packard Think Jet Plotter

. Heath Model 2718 Triple Output Power Supply

= W N e

Items 1 to 3 were provided courtesy of Hewlett-Packard. This equipment
delivered exceptional ease of use and accuracy of measurement, and produced a
camera-ready plotter output of the scope displays. The oscilloscope plots pre-
sented in the text are unedited and represent the actual circuit performances, thus
alleviating the confusion that is frequently encountered when the ideal waveform
drawings typically presented in textbooks are contrasted with the actual results in
the laboratory. Any deviations from the ideal that would have been masked by an
artist’s ideal drawings are there for your examination in the actual oscilloscope
plots presented throughout this book.

Although this text is appropriate for use in a resident electronics school, the
consistent and independent nature of the discussions for each circuit make it
equally appropriate as a reference manual or handbook for working engineers and
technicians.

So what is considered to be a satisfactory degree of accuracy in this text? On the
basis of more than 20 years of experience as a technician, an engineer, and a class-
room instructor, it is apparent to the author that most practical designs require
tweaking in the laboratory before a final design evolves. That is, the engineer can
design a circuit using the most appropriate models and the most extensive analysis,
but the exact performance is rarely witnessed the first time the circuit is constructed.
Rather, the paper design generally puts us close to the desired performance. Actual
measurements on the circuit in a laboratory environment will then allow optimiza-
tion of component values. The methods presented in this text, then, will produce
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designs that can deliver performance close to the original design goals. If tighter
performance is required, then tweaking can be done in the laboratory . . . a step that
would generally be required even if more elaborate methods were employed.

The majority of text material included in the first edition is retained in this
second edition. Feedback from reviewers emphasized the point “Take nothing out
... it’s all important!” However, all known typographical errors and oversights
that appeared in the first edition have been corrected here. We have also updated
several references to actual A/D and D/A conversion products in Chapter 8, to
identify newer products that are more readily available. Additionally, an instruc-
tor’s answer key has been developed and is available from the publisher; it
includes solutions to all end-of-chapter problems.

For reasons stated previously, we have elected to continue using the basic
741 as the primary op amp for use in the analysis and design examples. Clearly,
the 741 is a mature product, but the analytical techniques presented work well
with newer and more ideal op amps. Fortunately, the decision to focus on these
older devices to satisfy the requirements of many school curriculums does not
lessen the applicability of the material to programs that use higher-performance
devices.

Your comments, criticisms, and recommendations for improvement of this
text are welcomed. You may send your comments to the publisher; or alternatively,
if you prefer you may send your comments directly to the author via e-mail to
feedback@terrelltech.com. While visiting the Terrell Technologies, Inc.,
home page, you can also download other useful educational materials and soft-
ware products. In early 1996, the company plans to have PSpice files available for
all the op amp designs presented in this text; they will be available to be down-
loaded for free.
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CHAPTER ONE

Basic Concepts of the
Integrated Operational
Amplifier

1.1

1.1.1

1."2

OVERVIEW OF OPERATIONAL AMPLIFIERS

Brief History

Operational amplifiers began in the days of vacuum tubes and analog computers.
They consisted of relatively complex differential amplifiers with feedback. The
circuit was constructed such that the characteristics of the overall amplifier were
largely determined by the type and amount of feedback. Thus the complex differ-
ential amplifier itself had become a building block that could function in different
“operations” by altering the feedback. Some of the operations that were used
included adding, multiplying, and logarithmic operations.

The operational amplifier continued to evolve through the transistor era and
continued to decrease in size and increase in performance. The evolution contin-
ued through molded or modular devices and finally in the mid 1960s a complete
operational amplifier was integrated into a single integrated circuit (IC) package.
Since that time, the performance has continued to improve dramatically and the
price has generally decreased as the benefits of high-volume production have
been realized. The performance increases include such items as higher operating
voltages, lower current requirements, higher current capabilities, more tolerance
to abuse, lower noise, greater stability, greater power output, higher input imped-
ances, and higher frequencies of operation.

In spite of all the improvements, however, the high-performance, integrated
operational amplifier of today is still based on the fundamental differential ampli-
fier. Although the individual components in the amplifier are not accessible to
you, it will enhance your understanding of the op amp if you have some appreci-
ation for the internal circuitry.

Review of Differential Voltage Amplifiers

You will recall from your basic electronics studies that a differential amplifier has
two inputs and either one or two outputs. The amplifier circuit is not directly

1



2 BASIC CONCEPTS OF THE INTEGRATED OPERATIONAL AMPLIFIER

affected by the voltage on either of its inputs alone, but it is affected by the differ-
ence in voltage between the two inputs. This difference voltage is amplified by the
amplifier and appears in the output in its amplified form. The amplifier may have
a single output, which is referenced to common or ground. If so, it is called a
single-ended amplifier. On the other hand, the output of the amplifier may be
taken between two lines, neither of which is common or ground. In this case, the
amplifier is called a double-ended or differential output amplifier.

Figure 1.1 shows a simple transistor differential voltage amplifier. More specifi-
cally, it is a single-ended differential amplifier. The transistors have a shared emitter
bias so the combined collector current is largely determined by the -20-volt source
and the 10-kilohm emitter resistor. The current through this resistor then divides
(Kirchhoff’s Current Law) and becomes the emitter currents for the two transistors.
Within limits, the total emitter current remains fairly constant and simply diverts
from one transistor to the other as the signal or changing voltage is applied to the
bases. In a practical differential amplifier, the emitter network generally contains a
constant current source.

Now consider the relative effect on the output if the input signal is increased
with the polarity shown. This will decrease the bias on Q, while increasing the
bias on ;. Thus a larger portion of the total emitter current is diverted through Q,
and less through Q,. This decreased current flow through the collector resistor for
Q, produces less voltage drop and allows the output to become more positive.

If the polarity of the input were reversed, then , would have more current
flow and the output voltage would decrease (i.e., become less positive).

Suppose now that both inputs are increased or decreased in the same direc-
tion. Can you see that this will affect the bias on both of the transistors in the same
way? Since the total current is held constant and the relative values for each tran-
sistor did not change, then both collector currents remain constant. Thus the out-
put does not reflect a change when both inputs are altered in the same way. This
latter effect gives rise to the name differential amplifier. It only amplifies the differ-
ence between the two inputs, and is relatively unaffected by the absolute values
applied to each input. This latter effect is more pronounced when the circuit uses
a current source in the emitter circuit.

+20V

Single—ended
I~ output

+
Differential
input

>

10 k0
FIGURE 1.1 A simple differential

voltage amplifier based on transistors.
-20V
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In certain applications, one of the differential inputs is connected to ground
and the signal to be amplified is applied directly to the remaining input. In this
case the amplifier still responds to the difference between the two inputs, but the
output will be in or out of phase with the input signal depending on which input
is grounded. If the signal is applied to the (+) input, with the (-) input grounded,
as labeled in Figure 1.1, then the output signal is essentially in phase with the
input signal. If, on the other hand, the (+) input is grounded and the input signal
is applied to the () input, then the output is essentially 180 degrees out of phase
with the input signal. Because of the behavior described, the (-) and (+) inputs are
called the inverting and noninverting inputs, respectively.

1.1.3 A Quick Look Inside the IC

Figure 1.2 shows the schematic diagram of the internal circuitry for a common
integrated circuit op amp. This is the 741 op amp which is common in the indus-
try. It is not particularly important for you to understand the details of the internal
operation. Nor is it worth your while to trace current flow through the internal
components. The internal diagram is shown here for the following reasons:

1. To emphasize the fact that the op amp is essentially an encapsulated circuit
composed of familiar components

2. To show the differential inputs on the op amp

3. To gain an understanding of the type of circuit driving the output of the
op amp

You can see that the entire circuit is composed of transistors, resistors, and a
single 30 picofarad (pF) capacitor. A closer examination shows that the inverting
and noninverting inputs go directly to the bases of two transistors connected as a
differential amplifier. The emitter circuit of this differential pair is supplied by a

EQUIVALENT CIRCUIT SCHEMATIC
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FIGURE 1.2 The internal schematic for an MC1741 op amp. (Copy-
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4 BASIC CONCEPTS OF THE INTEGRATED OPERATIONAL AMPLIFIER

constant current source. If you examine the output circuitry, you can see that it
resembles that of a complementary-symmetry amplifier. The output is pulled clos-
er to the positive supply whenever the upper output transistor conducts harder.
Similarly, if the lower output transistor were to turn on harder, then the output
would be pulled in a negative direction. Also note the low values of resistances in
the output circuit.

The inputs labeled “offset null” are provided to allow compensation for
imperfect circuitry. Use of these inputs is discussed at a later point.

1.1.4 A Survey of Op Amp Applications

Now you know where op amps came from, what they are made of, and a few of
their characteristics. But what uses are there for an op amp in the industry?
Although the following is certainly not an exhaustive list, it does serve to illustrate
the range of op amp applications.

Amplifiers. Op amps are used to amplify signals that range from DC through
the higher radio frequencies (RF). The amplifier can be made to be frequency selec-
tive (i.e., act as a filter) much like the tone control on your favorite stereo system. It
may be used to maintain a constant output in spite of changing input levels. The
output can produce a compressed version of the input to reduce the range needed
to represent a certain signal. The amplifier may respond to microvolt signals origi-
nating in a transducer, which is used to measure temperature, pressure, density,
acceleration, and so on. The gain of the amplifier can be controlled by a digital com-
puter, thus extending the power of the computer into the analog world.

Oscillators. The basic op amp can be connected to operate as an oscillator. The
output of the oscillator may be sinusoidal, square, triangular, rectangular, saw-
tooth, exponential, or other shape. The frequency of oscillation may be stabilized
by a crystal or controlled by a voltage or current from another circuit.

Regulators. Op amps can be used to improve the regulation in power supplies.
The actual output voltage is compared to a reference voltage and the difference is
amplified by an op amp and used to correct the power supply output voltage. Op
amps can also be connected to regulate and/or limit the current in a power supply.

Rectification. Suppose you want to build a half-wave rectifier with a peak
input signal of 150 millivolts. This is not enough to forward bias a standard silicon
diode. On the other hand, an op amp can be configured to provide the characteris-
tics of an ideal diode with 0 forward voltage drop. Thus it can rectify very small
signals.

Computer Interfaces. The op amp is an integral part of many circuits used to
convert analog signals representing real-world quantities (such as temperature,
RPM, pressure, and so forth) into corresponding digital signals that can be manip-
ulated by a computer. Similarly, the op amp is frequently used to convert the digi-
tal output of a computer into an equivalent analog form for use by industrial
devices (such as motors, lights, and solenoids).
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Fields of Application. Op amps find use in such diverse fields as medical
electronics, industrial electronics, agriculture, test equipment, consumer products,
and automotive products. It has become a basic building block for analog systems
and for the analog portion of digital systems.

1.2

1.2.1

REVIEW OF IMPORTANT BASIC CONCEPTS

Throughout my career in the electronics field, I have known certain individuais
whose observable skills in circuit analysis far exceeded most others with similar
levels of education and experience. These people all have one definite thing in
common: They have an unusually strong mastery of basic—really basic—
electronics. And they have the ability to look at a complex, unfamiliar circuit and see
a combination of simple circuits that can be analyzed with such tools as Ohm'’s and
Kirchhoff’s Laws. We will strive to develop these two skills as we progress through
the text.

This portion of the text provides a condensed review of several important
laws and theorems that are used to analyze electronic circuits. A mastery of these
basic ideas will greatly assist you in understanding and analyzing the operation of
the circuits presented in the remainder of the text and encountered in industry.

Ohm’s Law

The basic forms of Ohm’s Law are probably known to everyone who is even
slightly trained in electronics. The three forms are

V=IR {1,1)\:
|

1% i
[=— M |
R ([_};

|

v |
R=— ;
I (1(3)%

where V (or E) represents the applied voltage (volts), R represents the resistance of
the circuit (ohms), and I represents the current flow (amperes). Your concept of
Ohm's Law, however, should extend beyond the arithmetic operations required to
solve a problem. You need to develop an intuitive feel for the circuit behavior. For
example, without the use of mathematics, you should know that if the applied
voltage to a particular circuit is increased while the resistance remains the same,
then the value of current in the circuit will also increase proportionately. Similarly,
without mathematics, it needs to be obvious to you that an increased current flow
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FIGURE 1.3 How does an increase
in the resistance of R; affect the
currents Iy, |,, and ;2
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through a fixed resistance will produce a corresponding increase in the voltage
drop across the resistance.

Many equations presented in this text appear to be new and unique expres-
sions to describe the operation of op amp circuits. When viewed more closely,
however, they are nothing more than an application of Ohm’s Law. For example,
consider the following expression:

Once the subtraction has been completed in the numerator, which is like
computing the value of two batteries in series, the problem becomes a simple
Ohm’s Law problem as in Equation (1.2).

For a test of your intuitive understanding of Ohm’s Law as applied to series-
parallel circuits, try to evaluate the problem shown in Figure 1.3 without resorting
to the direct use of mathematics. In the figure, no numeric values are given for the
various components. The value of R; is said to have increased (i.e., has more resis-
tance). What will be the relative effects on the three current meters (increase,
decrease or remain the same)? Try it on your own before reading the next para-
graph.

Your reasoning might go something like this. If R; increases in value, then
the current (I5) through it will surely decrease. Since R; increased in value, the par-
allel combination of R, and R; will also increase in effective resistance. This
increase in parallel resistance will drop a greater percentage of the applied volt-
age. This increased voltage across R, will cause I, to increase. Since the parallel
combination of R; and R, have increased in resistance, the total circuit resistance is
greater, which means that total current will decrease. Since the total current flows
through R;, the value of I; will show a decrease.

This example illustrates an intuitive, nonmathematical method of circuit
analysis. Time spent in gaining mastery in this area will pay rewards to you in the
form of increased analytical skills for unfamiliar circuits.

Ohm'’s Law also applies to AC circuits with or without reactive components.
In the case of AC circuits with reactive devices, however, all voltages, currents,
and impedances must be expressed in their complex form (e.g., 2 — j5 would rep-
resent a series combination of a 2-ohm resistor and a 5-ohm capacitive reactance).

Kirchhoff’s Current Law

Kirchhoff’s Current Law tells us that all of the current entering a particular point
in a circuit must also leave that point. Figure 1.4 illustrates this concept with sev-
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eral examples. In each case, the current entering and leaving a given point is the
same. This law is generally stated mathematically in the form of

l §
| IT=11+12+13+“‘IN (14‘} 1

|

where I1 is the total current leaving a point (for instance) and I, I;, and so on, are
the various currents entering the point. In the case of Figure 1.4(c), we can apply
Equation (1.4) as

I4=I]+Iz+13

Here again, though, it is important for you to strive to develop an intuitive, non-
mathematic appreciation for what the law is telling you.

Consider the examples in Figure 1.5. Without using your calculator, can you
estimate the effect on the voltage drop across R, when resistor R; opens? Try it
before reading the next paragraph.

In the first case, Figure 1.5(a), your reasoning might be like this. Since the
open resistor (R;) was initially very small compared to parallel resistor R,, it will
have a dramatic effect on total current when it opens. That is, Kirchhoff’s Current
Law would tell us that the total current (I;) is composed of I, and I;. Since R; was
initially much smaller than R,, its current will be much greater (Ohm’s Law).
Therefore, when R; opens, the major component of current I; will drop to zero. This
reduced value of current through R; will greatly reduce the voltage drop across R;.

In the second case, Figure 1.5(b), R; is much larger than the parallel resistor
R, and therefore contributes very little to the total current I;. When R, opens, there
will be no significant change in the voltage across R;.

Again be reminded of the value of a solid intuitive view of electronic circuits.

0.7 A 3 mA 2 mA
— i, —
—t ——
.25 A ‘5 mA
(a)
(v)
-l 100 mA 50 mA 25 mA
- - -
50 ma } 25 ma
t75 ma
(e) (d)

FIGURE 1.4 Examples of Kirchhoff’s Current Law illustrate that the
current entering a point must equal the current leaving that same point.
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L R 27k
—AM—

R, 10 k0 ]

820 k0

fI; — WA

Ts Rs
= R
18 k0 = 3.3 kn 1
t,

(a) (b)

FIGURE 1.5 Estimate the effect on circuit operation if R; were to become
open.

Kirchhoff’s Current Law can also be used to analyze AC circuits with reac-
tive components provided the circuit values are expressed in complex form.

1.2.3 Kirchhoff’s Voltage Law

Kirchhoff’s Voltage Law basically says that all of the voltage sources in a closed
loop must be equal to the voltage drops. That is, the net voltage (sources + drops)
is equal to zero. Figure 1.6 shows some examples. This law is most often stated
mathematically in a form such as

Vl + Vz + VAPP =0 (15) §
{

FIGURE 1.6 Examples of Kirchhoffs Voltage Law illustrate the sum of oll voltages
in a closed loop must equal zero.
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In the case of Figure 1.6(c), we apply Equation (1.5) as
+V1 - VRl- VRZ_ Vz" VR3 + V3 =0

Another concept that is closely related to Kirchhoff’s Voltage Law is the
determination of voltages at certain points in the circuit with respect to voltages at
other points. Consider the circuit in Figure 1.7. It is common to express circuit
voltage with respect to ground. Voltages such as V = 5 volts, V, =2 volts, and V4
= 8 volts are voltage levels with respect to ground. In our analysis of op amp cir-
cuits, it will also be important to determine voltages with respect to points other
than ground. The following is an easy two-step method:

1. Label the polarity of the voltage drops

2. Start at the reference point and move toward the point in question. As you
pass through each component, add (algebraically) the value of the voltage
drop using the polarity nearest the end you exit.

For example, let us determine the voltage at point A with respect to point C
in Figure 1.7. Step one has already been done. We will begin at point C (reference
point) and progress in either direction toward point A, combining the voltage
drops as we go. Let us choose to go in a counterclockwise direction because that is
the shortest path. Upon leaving R, we get +4 volts, upon leaving R; we get +3
volts, which adds to the previous +4 volts to give us a total of +7 volts. Since we
are now at point A we have our answer of +7 volts. This is an important concept
and one that deserves practice.

Kirchhoff’s Voltage Law can also be used to analyze AC circuits with reac-
tive components provided the circuit values are expressed in complex form.

Thevenin’s Theorem

Thevenin’s Theorem is a technique that allows us to convert a circuit (often a
complex circuit) into a simple equivalent circuit. The equivalent circuit consists
of a constant voltage source and a single series resistor called the Thevenin volt-
age and Thevenin resistance, respectively. Once the values of the equivalent cir-
cuit have been calculated, subsequent analysis of the circuit becomes much
easier.

FIGURE 1.7 A circuit used to AN
itlustrate the concept of reference @ R, J_

points.




10

FIGURE 1.8 Determine the voltage
Vo for each of the values of Ry.
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You can obtain the Thevenin equivalent circuit by applying the following
sequential steps:

1. Short all voltage sources and open all current sources. {(Replace all sources
with their internal impedance if it is known.) Also open the circuit at the
point of simplification.

2. Calculate the value of Thevenin’s resistance as seen from the point of
simplification.

3. Replace the voltage and current sources with their original values and open
the circuit at the point of simplification.

4. Calculate Thevenin’s voltage at the point of simplification.

5. Replace the original circuit components with the Thevenin equivalent for
subsequent analysis of the circuit beyond the point of simplification.

Consider, for example, the circuit in Figure 1.8. Here four different values of
R, are connected to the output of a voltage divider circuit. The value of loaded
voltage is to be calculated. Without a simplification theorem such as Thevenin’s
Theorem, each resistor value would require several computations. Now let us
apply Thevenin’s Theorem to the circuit.

First we will define the point of simplification to be the place where R, is
connected. This is shown in Figure 1.9(a). The voltage source is shorted and the

Ry (1k, 2k, 4k, Bk)

Point of
20 kn simplification 20 k0
10V =
5 k0 VoS Ry S ki Ry
(a) (b)
Ry
20 kO 4 kO
Vg =2V Ry

FIGURE 1.9 Thevenizing the circuit of Figure 1.8.
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circuit is opened at the point of simplification in Figure 1.9(b). We can now calcu-
late the Thevenin resistance (Rry). By inspection, we can see that the 5-kilohm and
the 20-kilohm resistors are now in parallel. Thus the Thevenin resistance is found
in this case by the parallel resistor equation:

g, - RiRe

TR +R, (1.6)

In this particular case,

_ 5kQ-20 kQ
5 kQ + 20 kQ
_ 100 x 10¢
25 x 103
=4 kQ

Rry

Next we determine the Thevenin voltage by replacing the sources (step 3).
This is shown in Figure 1.9(c). The voltage divider equation, Equation (1.7), is
used in this case to give us the value of Thevenin’s voltage.

R
Vg, = (R1 +1 R, )VAPP (L.7)

That is,

5 kQ + 20 kQ
=02x10V
=2V

Viy = (__i_l.c_%___]xlo Vv

Figure 1.9(d) shows the Thevenin equivalent circuit. Calculations for each of
the values of R, can now be quickly computed by simply applying the voltage
divider equation. The value of Thevenin’s Theorem would be even more obvious
if the original circuit were more complex.

The preceding discussion was centered on resistive DC circuits. The techniques
described, however, apply equally well to AC circuits with inductive and/or capaci-
tive components. The voltages and impedances are simply expressed in their com-
plex form (e.g., 5 + j7 would represent a 5-ohm resistance and a 7-ohm reactance).

Norton’s Theorem

Norton’s Theorem is similar to Thevenin’s Theorem in that it produces an equiva-
lent, simplified circuit. The major difference is that the equivalent circuit is com-
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posed of a current source and a parallel resistance rather than a voltage source and
a series resistance like the Thevénin equivalent. The sequential steps for obtaining
the Norton equivalent circuit are as follows:

1. Short all voltage sources and open all current sources (replace all sources
with their internal impedance if it is known). Also open the circuit at the
point of simplification.

2. Calculate the value of Norton’s resistance as seen from the point of
simplification.

3. Replace the voltage and current sources with their original values and short
the circuit at the point of simplification.

4. Calculate Norton’s current at the point of simplification.

5. Replace the original circuit components with the Norton’s equivalent for
subsequent analysis of the circuit beyond the point of simplification.

Figure 1.10 shows these steps as they apply to the circuit given in Figure 1.8.
Once the equivalent circuit has been determined, the various values of R, can be
connected and the resulting voltage calculated. The calculations, though, are sim-
ple current divider equations.

Norton’s Theorem can also be used to analyze AC circuits with reactive com-
ponents provided the circuit values are expressed in complex form.

1.2.6 Superposition Theorem

The Superposition Theorem is most useful in analyzing circuits that have multiple
voltage or current sources. Essentially it states that the net effect of all of the
sources can be determined by calculating the effect of each source singly and then
combining the individual results. The steps are

1. For each source, compute the values of circuit current and voltage with all
of the remaining sources replaced with their internal impedances. (We
generally short voltage sources and open current sources.)

20 k0 20 k0
-4

10V =
5 x0 >R. 5 k0 )1,.

(a) )

0.5 mA()I. RyS4 k0 SRy

FIGURE 1.10 Determining the hd
Norton equivalent for the circuit of
Figure 1.8. (c)




Basic Characteristics of Ideal Op Amps 13

2. Combine the individual voltages or currents at the point(s) of interest to
determine the net effect of the multiple sources.

As an example, let us apply the Superposition Theorem to the circuit in Fig-
ure 1.11(a) for the purpose of determining the voltage across the 2-kilohm resistor.
Let us first determine the effect of the 10-volt battery. We short the 6-volt battery
and evaluate the resulting circuit, Figure 1.11(b). Analysis of this series-parallel
circuit will show you that the 2-kilohm resistor has approximately 1.43 volts
across it with the upper end being positive.

Next we evaluate the effects of the 6-volt source in Figure 1.11(c). This is
another simple circuit that produces about 1.71 volts across the 2-kilohm resistor
with the upper end being negative.

Since the two individual sources produced opposite polarities of voltage
across the 2-kilohm resistor, we determine the net effect by subtracting the two
individual values. Thus the combined effect of the 10- and 6-volt sources is 1.43 V -
1.71 V =-0.28 volts.

The Superposition Theorem works with any number of sources either AC or
DC and can include reactive components as long as circuit values are expressed as
complex numbers.

BASIC CHARACTERISTICS OF IDEAL OP AMPS

Let us now examine some of the basic characteristics of an ideal operational
amplifier. By focusing on ideal performance, we are freed from many complexities
associated with nonideal performance. For many real applications, the ideal char-
acteristics may be used to analyze and even design op amp circuits. In more
demanding cases, however, we must include other operating characteristics
which are viewed as deviations from the ideal.

(e)

FIGURE 1.11 Applying the Superposition Theorem to determine the effects
of multiple sources.
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Inverting input

Output

FIGURE 1.12 The basic operational  NORinverting input
amplifier symbol.

1 .3.1

The basic schematic symbol for an ideal op amp is shown in Figure 1.12. It
has the inverting and noninverting inputs labeled (-) and (+), respectively, and
has a single output. Although it certainly must have power supply connections,
they are not generally included on schematic diagrams.

Differential Voltage Gain

The differential voltage gain is the amount of amplification given to voltage
appearing between the input terminals. In the case of the ideal op amp, the differ-
ential voltage gain is infinity. You will recall from your studies of transistor ampli-
fiers that the output from an amplifier is limited by the magnitude of the DC
supply voltage. If an attempt is made to obtain greater outputs, then the output is
clipped or limited at the maximum or minimum levels. Since the op amp has such
extreme (infinite) gain this means that with even the smallest input signal the out-
put will be driven to its limits (typically +15 volts for ideal op amps).

This is an important concept so be sure to appreciate what is being said. To
further clarify the concept let us compare the ideal op amp with a more familiar
amplifier. We will suppose that the familiar amplifier has a differential voltage
gain of 5 and has output limits of +15 volts. You will recall that the output voltage
(v,) of an amplifier can be determined by multiplying its input voltage times the
voltage gain.

v, = viAy (1.8)

Let us compute the output for each of the following input voltages: -4.0,-2.0, --1.0,
-0.5,-0.1,0.0,0.1,0.5, 1.0, 2.0, 4.0.
V, =—4Vx5=-20V [output limited to -15 volts]

=2Vx5=-10V

=-1Vx5=-5V

=-05Vx5=-25V

=-01Vx5=05V

=0Vx5=00V

=01Vx5=05V

=05Vx5=25V
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=1Vx5=5V
=2Vx5=10V
=4V x5 =20V [output limited to +15 volts]

Now let us do similar calculations with the same input voltages applied to
an ideal op amp. You can quickly realize that in all cases except 0.0 volts input, the
output will try to go beyond the output limit and will be restricted to +15 volts.
For example, if 0.1 volts is applied

V,=0.1V xec = e V [output limited to +15 volts]

In the case of 0.0 volts at the input, we will have 0.0 volts in the output since 0.0
times anything will be zero. At this point you might well be asking, “So what good
is it if every voltage we apply causes the output to be driven to its limit?” Well,
review Section 1.1.4 of this text, which indicates the usefulness of the op amp in
general. In Chapter 2 you will become keenly aware of how the infinite gain can
be harnessed into a more usable value. For now, however, it is important for you
to remember that an ideal op amp has an infinite differential voltage gain.

1.3.2 Common-mode Voltage Gain

Common-mode voltage gain refers to the amplification given to signals that
appear on both inputs relative to the common (typically ground). You will recali
from a previous discussion that a differential amplifier is designed to amplify the
difference between the two voltages applied to its inputs. Thus, if both inputs had
+5 volts, for instance, with respect to ground, then the difference would be zero.
Similarly, the output would be zero. This defines ideal behavior and is a charac-
teristic of an ideal op amp. In a real op amp, common-mode voltages can receive
some amplification and thus depart from the desired behavior. Since we are cur-
rently defining ideal characteristics you should remember that an ideal op amp
has a common-mode voltage gain of zero. This means the output is unaffected by
voltages that are common to both inputs (i.e., no difference). Figure 1.13 further
illustrates the measurement of common-mode voltage gains.

1.3.3 Bandwidth

Bandwidth, as you might expect, refers to the range of frequencies that can be
amplified by the op amp. Most op amps respond to frequencies down to and
including DC. The upper limit depends on several things including the specific op
amp being considered. But in the case of an ideal op amp, we will consider the

Vo = 0.0V
v A
™ common-—mode gnin=-vl =0.0
™

FIGURE 1.13 The common-mode
voltage gain of an ideal op amp is 0. =
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range of acceptable frequencies to extend from DC through an infinitely high fre-
quency. That is, the bandwidth of an ideal op amp is infinite. This is illustrated
graphically in Figure 1.14. The graph shows that all frequencies of input voltage
receive equal gains (infinite).

1.3.4 Slew Rate

The output of an ideal op amp can change as quickly as the input voltage changes
in order to faithfully reproduce the input waveform. We will see in a later section
that a real op amp has a practical limit to the rate of change of voltage on the out-
put. This limit is called the slew rate of an op amp. Therefore, the slew rate of an
ideal op amp is infinite.

1.3.5 Input Impedance

The input impedance of an op amp can be represented by an internal resistance
between the input terminals (refer to Figure 1.15.) As the value of this internal
impedance increases, the current supplied to the op amp from the input signal
source decreases. That is to say, higher input impedances produce less loading by
the op amp. Ideally, we would want the op amp to present minimum loading
effects so we want a high input impedance. It is important to remember that an
ideal op amp has infinite input impedance. This means that the driving circuit
does not have to supply any current to the op amp. Another way to view this char-
acteristic is to say that no current flows in or out of the input terminals of the op
amp. They are effectively open circuited.

1.3.6 Output impedance

Figure 1.16 shows an equivalent circuit that illustrates the effect of output imped-
ance. The output circuit is composed of a voltage source and a series resistance
(r,). You can think of this as the Thevenin equivalent for the internal circuitry of
the op amp. The internal voltage source has a value of A,v;. This says simply that
the output has a potential similar to the input but is larger by the amount of volt-

GAIN
[ R ——
vm w vo ]
O<freq<intinity ]
FIGURE 1.14 The bandwidth of an o p
ideal op amp is infinite. FREQUENCY

FIGURE 1.15 The input impedance
of an ideal op amp is infinite.
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"

FIGURE 1.16 The output impedance of an ideal op amp is 0.

age gain. Regardless of the absolute value of the internal source, the equivalent
circuit shows that this voltage is divided between the external load (R;) and the
internal series resistance r,. In order to get the most voltage out of the op amp and
to minimize the loading effects of external loads, we would want the internal out-
put resistance to be as low as possible. Thus, the output impedance of an ideal op
amp is zero. Under these ideal conditions, the output voltage will remain constant
regardless of the load applied. In other words, the op amp can supply any
required amount of current without its output voltage changing. A practical op
amp will have limitations, but the output impedance will still be quite low.

- NOTE: For most purposes throughout this text, we do not distinguish
between input/output resistance and input/output impedance.

1.3.7 Temperature Effects

1.3.8

Because the op amp is constructed from semiconductor material, its behavior is sub-
ject to the same temperature effects that plague transistors, diodes, and other semi-
conductors. Reverse leakage currents, forward voltage drops, and the gain of
internal transistors all vary with temperature. For now we will ignore these effects
and conclude that an ideal op amp is unaffected by temperature changes. Whether
we can ignore temperature effects in practice depends on the particular op amp, the
application, and the operating environment.

Noise Generation

Anytime current flows through a semiconductor device, electrical noise is gener-
ated. There are several mechanisms that can be responsible for the creation of the
noise, but in any case it is generally considered undesirable. In many applications
the noise levels generated are so small as to be insignificant. In other cases, we
must take precautions to minimize the effects of the noise generation. For now,
however, we will consider that an ideal op amp does not generate internal noise.
If we apply a noise-free signal on the input, then we can expect to see a noise-free,
high-fidelity signal reproduced at the output.
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1.3.9 Troubleshooting Tips

Even though we have barely begun to discuss op amps and how they work, we
can still extend our troubleshooting skills to include op amps. Figure 1.17 shows a
simple op amp circuit. Notice the addition of the power supply connections (+15V
and -15V) and the pin numbers of the integrated circuit package (741). With refer-
ence to the ideal op amp circuit shown in Figure 1.17, we know the following rep-
resent normal operation:

1. There should be positive 15 volts DC on pin 7 with respect to ground.
2. There should be negative 15 volts DC on pin 4 with respect to ground.

3. Aslong as V; is greater than 0, the output should be at either of two extreme
voltages (approximately +15 volts).

Items 1 and 2 are essential checks regardless of the circuit being evaluated. Item 3
results from the infinite voltage gain of the ideal op amp. If you applied an AC sig-
nal and monitored the output of Figure 1.17 (under normal conditions) with an
oscilloscope, you would see a square wave. The amplitude would be near +15
volts and the frequency would be identical to the input. Satisfy yourself that this
latter statement is true, and you will be well on your way toward understanding
op amp operation.

1.4 INTRODUCTION TO PRACTICAL OP AMPS

Now let us consider some of the nonideal effects of an op amp. By understanding
the ideal characteristics described in the preceding sections and the nonideal char-
acteristics presented in this section, we will be in a position to evaluate and discuss
these characteristics as we analyze and design the circuits in the remainder of this
text. As the circuits are presented, an ideal approach will be used whenever practi-
cal to introduce the concept. We will then identify those nonideal characteristics
that should be considered for each application. A more detailed discussion of the
nonideal performance of op amps is presented in Chapter 10. As each characteristic
is discussed in the following paragraphs, we will compare the following items:

1. The ideal value
2. Atypical nonideal value
3. The value for a real op amp

2
Vi @ @
FIGURE 1.17 Schematic repre-

sentation of an op amp showing the ~15V
* power supply connections.
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Appendix 1 presents the manufacturer’s specification sheets for a 741 op
amp, one of the most widely used devices. We will refer to these specifications in
the following paragraphs.

Differential Voltage Gain

You will recall that an ideal op amp has an infinite differential voltage gain. That
is, any nonzero input signal will cause the output to be driven to its limits. In the
case of a real op amp, the voltage gain is affected by several things including

1. The particular op amp being considered
2. The frequency of operation

3. The temperature

4. The value of supply voltage

For DC and very low-frequency applications the differential voltage gain
will generally be from 50,000 to 1,000,000. Although this is less than the infinite
value cited for ideal op amps, it is still a very high gain value. As the frequency
increases, the available gain decreases.-The point at which this decreasing gain
becomes a problem is discussed briefly in a subsequent paragraph and more thor-
oughly in Chapter 10. For purposes of the present discussion, you should know
that the differential voltage gain of a typical nonideal op amp starts at several
hundred thousand and decreases as frequency increases.

Now let us determine the differential voltage gain for an actual 741 op amp
(refer to Appendix 1). In the specification sheet, the manufacturer calls this param-
eter the Large Signal Voltage Gain. The value is given as ranging from a low of
20,000 to a typical value of 200,000. No maximum value is given. You will also find
a number of graphs in Appendix 1. You should examine the graphs that present
open-loop voltage gain as a function of another quantity. The terms open and closed
loops are used extensively when discussing op amps. If a portion of the ampli-
fier’s output is returned to its input (i.e., feedback), then the amplifier is said to
have a closed loop. You can readily see from the graphs in Appendix 1 that the
gain of the op amp is not especially stable. Pay particular attention to the graph
showing open-loop voltage gain as a function of frequency. Notice that the gain
drops dramatically as the frequency increases.

In Chapter 2 you will learn that the gain of the op amp can be easily stabi-
lized with a few external components. In fact, the fluctuating gain characteristic
can be made insignificant in an actual op amp circuit.

1.4.2 Common-mode Voltage Gain

Although an ideal op amp has no response to voltages that are common to both
inputs (i.e., no difference voltage), a practical op amp may have some response to
such signals. Figure 1.18 shows how the common-mode voltage gain is measured.
In the ideal case, of course, there would be no output and the computed gain
would be zero. In the real case, there might be, for example, as much as 2 millivolts
generated with a 1 millivolt common-mode input signal. That is, the common-
mode voltage gain might be 2 in a typical case.
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Vo
FIGURE 1.18 Measurement of the v, v
common-mode voltage gain for an op A= v"-
1

amp. =

Manufacturers usually provide this data by contrasting the differential volt-
age gain and the common-mode voltage gain. This parameter, called common-mode
rejection ratio (CMRR), is computed as follows:

Ap

M

CMRR = (1.9)

where Ap and Ay, are the differential and common-mode gains respectively. On a
specification sheet this is usually written in the decibel form. To convert from the
decibel value given in the data sheet to the form shown, the following conversion
formula is used:

CMRR = 1045/20 (1.10)

where dB is the value of the common-mode rejection ratio expressed in decibels.
Now let us refer to Appendix 1 and determine the common-mode voltage gain for
a 741 op amp. The minimum value is listed as 70 dB with 90 dB being cited as typ-
ical. Converting the typical value to the standard CMRR ratio form requires appli-
cation of Equation (1.10).

CMRR = 10%/2
— 1090/20
=10
=31,622

To determine the actual common-mode voltage gain, we simply divide the differ-
ential voltage gain by the CMRR value [transposed version of Equation (1.9)].

__4p
CMRR

Acm (1.11)

Recall that a typical differential voltage gain for the 741 is 200,000. Thus a
typical common-mode voltage gain can be shown to be

_ 200,000 =63
31,622

CM
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Whether this value is good or bad, high or low, acceptable or unacceptable is
determined by the particular application being considered. For now, you should
strive to understand the meaning of common-mode voltage gain and how it dif-
fers from the differential voltage gain.

Bandwidth

You will recall from your studies of basic amplifier and/or filter theory that the
bandwidth of a circuit is defined as the range of frequencies that can be passed or
amplified with less than 3 dB power loss. In the case of the ideal op amp, we said
that the bandwidth was infinite because it could respond equally well to frequen-
cies extending from DC through infinitely high frequencies. As we saw in our dis-
cussion of differential voltage gain, however, not all frequencies receive equal
gains in a practical op amp.

If you examine the behavior of the op amp itself with no external circuitry, it
acts as a basic low-pass filter. That is, the low frequencies (all the way to DC) are
passed or amplified maximally. The higher frequencies are attenuated. The band-
width of practical op amps nearly always begins at DC. The upper edge of the
passband, however, may be as low as a few hertz. This would seem to represent a
serious op amp limitation. We will see, however, that this apparently restricted
bandwidth can be dramatically increased by the addition of external components.

Now let us determine the bandwidth of a 741 op amp by examining the spec-
ification sheets in Appendix 1. The bandwidth often cited for 741 op amps is 1.0
megahertz (MHz). This seems like a fairly respectable value but it is misleading
when viewed from the basic definition of bandwidth. In the case of op amps, the
true open-loop (i.e., no external components) bandwidth is of very little value
since it is so very low (a few hertz). The bandwidth generally cited in the data
sheet is more appropriately labeled the gain-bandwidth product. Recall that the dif-
ferential gain decreases as the frequency increases. The gain-bandwidth product
indicates the frequency at which the differential gain drops to 1 (unity). This fre-
quency is also called the unity gain frequency.

To further illustrate the bandwidth characteristics of the 741, examine the
graph showing open-loop voltage gain as a function of frequency. You can see that
the amplifier has a gain of about 100 dB at 1 hertz, but the gain has dropped dra-
matically by the time the input frequency reaches 10 hertz. In fact, the actual
upper edge of the passband (the half-power or 3 dB frequency) is about 5 hertz.
This is the actual bandwidth of the open-loop op amp. Observe that the gain drops
steadily until it reaches unity at a frequency of 1.0 megahertz. This is the unity-
gain frequency. This same value (1.0 MHz) is obtained by multiplying the DC gain
(200,000) by the bandwidth (5 hertz). Thus it is also called the gain-bandwidth prod-
uct. It is the gain-bandwidth product that is labeled “bandwidth” in some manu-
facturers’ data sheets.

Slew Rate

Although the output of an ideal op amp can change levels instantly (as required
by changes on the input), a practical op amp is limited to a rate of change specified
by the slew rate of the op amp. The slew rate is specified in volts per second and
indicates the highest rate of change possible in the output.
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To further appreciate this characteristic, consider a square wave input to an
op amp. In the case of an ideal op amp, the output also will be a square wave. In
the case of a real op amp, however, the rise and fall times will be limited by the
slew rate of the op amp. In the extreme case, a square wave input can produce a
triangle output if the slew rate is so low that the output is not given adequate time
to fully change states during a given alternation of the input cycle.

The 741 op amp has a slew rate of 0.5 volts per microsecond. Other op amps
have significantly higher rates.

The slew rate (in conjunction with the output amplitude) limits the highest
usable frequency of the op amp. The highest sinewave frequency that can be
amplified without slew rate distortion is given by Equation (1.12).

slew rate

= e { 27 !
fori v, (max) (L12)

where v,(max) is the maximum peak-to-peak output voltage swing. In the case of
a 741 op amp, for example, the 0.5 volts-per-microsecond slew rate limits the use-
able frequency range for a 10 volt output swing to

slew rate

fSRL =

v, (max)

0.5 Vius

=2 596 kH
314x20V z

input Impedance

The input impedance of an op amp is the impedance that is seen by the driving
device. The lower the input impedance of the op amp, the greater is the amount of
current that must be supplied by the signal source. You will recall that we consid-
ered an ideal op amp to have an infinite input impedance, and therefore, drew no
current from the source.

A real op amp does require a certain amount of input current to operate but
the value is generally quite low compared to the other operating currents in the cir-
cuit. You may wish to reexamine Figure 1.2 and notice that the current for the input
terminals is essentially providing base current for the differential amplifier transis-
tors. Since the transistors have a constant current source in the emitter circuit, the
input impedance is very high. A typical op amp will have an input impedance in
excess of 1 megohm with several megohms being reasonable. If this is still not high
enough, then an op amp with a field-effect transistor input may be selected.

Appendix 1 shows the data sheet for a 741 op amp. If you look under the
heading of Input Resistance you will find that these devices have a minimum
input resistance rating of 0.3 megohms and a typical value of 2.0 megohms. Fur-
ther, the input impedance is not constant. It varies with both input frequency and
operating temperature. In many applications, we can ignore the nonideal effects
of input impedance. As we study the applications in this text, we will learn when
and how to consider the effects of less than ideal input impedances.
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1.4.6 Output Impedance

The output impedance of an ideal op amp is 0. This means that regardless of the
amount of current drawn by an external load, the output voltage of the op amp
remains unaffected. That is, no loading occurs.

In the case of a practical op amp, there is some amount of output impedance.
The ideal output voltage is divided between this internal resistance and any exter-
nal load resistance. Generally this is an undesired effect so we prefer the op amp to
have a very low output impedance.

The manufacturer’s specification sheet in Appendix 1 lists the typical value
of output resistance for a 741 as 75 ohms. What is not clear from the data sheet is
that this value refers to open-loop output resistance. In most practical applica-
tions, the op amp is provided with feedback (i.e., closed-loop). Under these condi-
tions, the effective output impedance can be dramatically reduced with values as
low as Vioth of the open-loop output impedance being reasonable.

1.4.7 Temperature Effects

] l4.8

Although we want an ideal op amp to be unaffected by temperature, some effects
are inevitable since the op amp is constructed from semiconductor material that
has temperature-dependent characteristics. In a practical op amp, nearly every
parameter is affected to some degree by temperature variations. Whether the
changes in a particular characteristic are important to us depends on the applica-
tion being considered and the nature of the operating environment. We will exam-
ine methods for minimizing the effects of temperature problems as we progress
through the remainder of the text.

Noise Generation

Under ideal conditions, an amplifying or signal-processing circuit should have no
signal voltages at the output that do not have corresponding signal voltages at the
input. When the circuit has additional fluctuations in the output we call these
changes noise.

There are many sources of electrical noise generation inside of the op amp. A
detailed analysis of the contribution of each source to the total circuit noise is a
complex subject and well beyond the goal of this text. We will, however, examine
techniques that can be used to minimize problems with noise. It is fortunate that
noise problems are most prevalent in circuits operating under low-signal condi-
tions. Most other circuits do not require a detailed analysis of the circuit noise and
can be adequately controlled by applying some basic guidelines and precautions
for minimizing noise.

We can get an appreciation for the noise generated in a 741 by examining
the data supplied by the manufacturer and shown in Appendix 1. Several
graphs describe the noise performance of the 741. The op amp noise is effectively
added to the desired signal at the input of the op amp. If the input signal is small
or even comparable in amplitude to the total op amp noise, then the noise volt-
ages will likely cause erroneous operation. On the other hand, if the desired sig-
nal is much larger than the noise signal, then the noise can be ignored for many
applications.
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1.4.9 Power Supply Requirements

When ideal op amps were discussed, we briefly indicated that all op amps require
an external DC power supply. Many op amps are designed for dual supply opera-
tion with #15 volts being the most common. Other op amps are specifically
designed for single-supply operation. However, in all cases, we must provide a
DC supply for the op amp in order for it to operate.

The power supply connections on the op amp are generally labeled +V. or
V* for the positive connection and -V, or V- for the negative connection. You will
recall from Figure 1.2 that the DC power source provides the bias and operating
voltages for the op amp’s internal transistors. The magnitude of the power supply
voltage is determined by the application and limited by the specific op amp being
considered. A typical op amp will operate with supply voltages as low as 6 volts
and as high as 18 volts, although neither of these values should be viewed as
extremes. Certain devices in specific applications can operate on less than 5 volts.
Other high-voltage op amps are designed to operate normally with voltages sub-
stantially higher than 18 volts.

The current capability of the power supply is another consideration. The
actual op amp draws fairly low currents with 1-3 milliamperes being typical.
Some low-power op amps require only a few microamperes of supply current to
function properly. In most applications, the external circuitry plays a greater role
in power supply current requirements than the op amp itself.

Yet another power supply consideration involves the amount of noise con-
tributed to the circuit by the power supply. There are several forms of power-
supply noise including

. Power line ripple caused by incomplete filtering

. High-frequency noise generated within the supply circuitry

. Switching transients produced by switching regulators

. Noise coupled to the DC supply line from other circuits in the system
. Externally generated noise that is coupled onto the DC supply line

. Noise caused by poor voltage regulation
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Noise that appears on the DC power supply lines can be passed through the
internal circuitry of the op amp and appear at the output. Depending on the type
and in particular the frequency of the noise voltages, they will undergo varying
amounts of attenuation as they pass through the op amp’s components. Frequen-
cies below 100 hertz are severely attenuated with losses as great as 10,000 being
typical. As the noise frequencies increase, however, the attenuation in the op amp
is less. Frequencies greater than 1.0 megahertz may be coupled from the DC sup-
ply line to the output of the op amp with no significant reduction in amplitude.
The degree to which the output is affected by noise on the DC supply lines is
called the power supply rejection ratio (PSRR).

Power distribution is a very important consideration in circuit design, yet
frequently receives only minimal attention. This issue will be addressed in the fol-
lowing section with regard to circuit construction.
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1.4.10 Troubleshooting Tips

At this point in our study of op amps, there is little difference between ideal and
nonideal devices. You will recall from Section 1.3.9 that the following items are
necessary for proper operation of the op amp:

1. There should be positive 15 volts DC on the V* connection with respect to
ground.

2. There should be negative 15 volts DC on the V- connection with respect to
ground.

3. Aslong as the differential input voltage is greater than zero, the output
should be at either of two extreme voltages (approximately +15 volts).

Items 1 and 2 are essential checks regardless of the circuit being evaluated
and whether it is viewed as ideal or nonideal. In the case of Item 3, we can now
refine our expectations of normal operation. We saw from Figure 1.2 that the out-
put of an op amp has two transistor/resistor pairs between the output and the
+V,, connections. As you know, when current flows through these components a
portion of the supply voltage is dropped. For most bipolar op amps, the internal
voltage drop is approximately 2 volts regardless of the polarity of the output
voltage. Thus, if the output of an op amp was forced to its positive extreme and
was being operated from a +15 volt supply, we would expect the output to mea-
sure approximately +13 volts. This is called the positive saturation voltage (+Vs,r1).
Similarly, the negative extreme of the output is called the negative saturation volt-
age (V) and is about 2 volts above (i.e., less negative than) the negative power
supply voltage.

1.5

1.5.1

CIRCUIT CONSTRUCTION REQUIREMENTS

This is one of the most important sections in the text and yet the most likely to be
skipped or skimmed. Every technician and engineer believes he or she knows
how to build circuits. Perhaps you do know how to build circuits, but you are
urged to study the following sections anyway. It is difficult to convince people of
the value of many of the techniques discussed. The reason for the lack of accep-
tance is that many of the techniques can be skipped or slighted without any
observable deterioration in circuit performance in many cases. But it is equally
true that some of the most elusive problems experienced when building and test-
ing circuits are a direct result of poor, or at least inappropriate, circuit construc-
tion techniques. So, to repeat, you are urged to apply the following techniques on
a consistent basis whether or not there appears to be an observable change in per-
formance.

Prototyping Methods

There are numerous ways to construct a circuit for purposes of testing prior to
committing the design to a printed circuit board. The techniques and precautions
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described in subsequent paragraphs are universal and are appropriate to all pro-
totyping methods including the following:

Protoboard
Wirewrap
Perforated board
Copper-clad board

BN e

This is not intended as a complete list of prototyping methods or even the
best methods. Rather, the list represents some of the most common methods used
by technicians and engineers in the industry.

Component Placement

Circuit construction essentially consists of placing the components on some sort of
supporting base, then interconnecting the appropriate points. If the circuit being
constructed is a noncritical, DC, resistive circuit, then component placement may be
arbitrary. As the frequency of circuit operation increases, the importance of proper
component placement also increases. An op amp is inherently a high-frequency
device. Even if it is being used as a DC amplifier, high-frequency noise signals will
be present and can adversely affect circuit operation. Therefore component place-
ment is important when constructing op amp circuits regardless of the application.

The components should be physically placed such that both of the following
goals are accomplished:

1. Interconnecting leads can be as short as practical

2. Low-level signals and devices should not be placed adjacent to high-level
devices

Although these rules may seem difficult or unnecessarily restrictive at first,
they will become second nature to you if you consistently use these practices.

Routing of Leads

If you consistently achieve the goals cited in Section 1.5.2, then the task of properly
routing the interconnecting wires is much easier. The wire routing should achieve
the following goals:

1. Make all leads as short as practical

2. Avoid routing input leads or low-level signals parallel to output or high-
level signals

3. Make straight, direct connections rather than forming cables or bundles of
wires

Power Supply Distribution

Power supply distribution refers to the way that the £V, and ground connections
are routed throughout the circuit. For consistently good results with prototype
operation, you should apply the following power supply distribution techniques:
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. Use a wire size that is large enough to minimize impedance.

Run £V, and ground parallel and as close as possible to each other.

Avoid longer lead lengths than necessary.

Do not allow the current for digital or high-current devices to flow through
the same ground wires as small linear signals (except for the main system
groundpoint).

5. Twist the power distribution lines that run between the power supply and
the circuit under test.

R

For many circuits, these rules and practices can be severely abused with no
apparent reduction in circuit performance. But why take the chance? If failure to
apply these techniques is the cause of poor circuit performance, it may be very dif-
ficult to isolate, and an otherwise good design may be classed as unpredictable,
unreliable, impractical, and so on.

Power Supply Decoupling

Closely associated with power supply distribution is power supply decoupling.
Again, this is an area that is hard to appreciate and frequently gets slighted. To
help you understand the mechanisms involved, let us examine the problem of
power distribution more closely.

In theory, each device or circuit connected between a DC source and ground
receives the same voltage, and they are unaffected by each other (i.e., they are in
parallel). In practice, however, the wires supplying the power contain resistance
and inductance. Figure 1.19 shows a simplified representation of the problem.

As the current for circuit 1 flows through the power supply lines, the induc-
tance and resistance cause voltage to be dropped. Thus circuit 1 receives less volt-
age than expected. Circuit 2 cannot receive more voltage than circuit 1 and, in fact,
receives even less due to the voltage drop across the resistances and inductances
between circuits 1 and 2.

You may not be alarmed at this point because you know that the resistance in
copper wire is very low and so the resulting voltage drop must surely be very low.
You may be right as long as both the current and the frequency are low.

In the case of an op amp circuit, the frequency is rarely low. Even if it is your
intention to build a DC amplifier, there still will be high-frequency noise signals
in the circuit. The high frequencies, whether desired or undesired, cause high-
frequency fluctuations in the power supply current. These changes in current

= 't '__.IYW\_JVW.__JWV\_{
._.l '—1 To
[ s : other
Vee = IC:rcult # lClreuxt #2 l circuits
LMV\W ot foed YN AAA prebee Y f

FIGURE 1.19 Printed circuit traces and wire used for DC power distribution
have distributed inductance and resistance that cause voltage drops for high-
frequency currents.
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cause voltage drops across the distributed inductance in the power and ground
lines. Since the frequencies are generally in the megahertz range, substantial
inductive reactance and therefore voltage drop may result.

The high-frequency voltage drops just described cause several problems includ-
ing the following;:

1. The noise and/or high-frequency signal from one circuit affects the supply
voltage for another circuit. The circuits are now coupled rather than being
independent as theory would suggest.

2. The output of a circuit can be shifted in phase and coupled back to its input.
If the circuit has sufficient gain, then we will have all the conditions
necessary for sustained oscillation.

3. The overall power distribution circuit tends to behave like a loop antenna
and radiates the high-frequency signals into adjacent circuits or systems.

Section 1.5.4 specifies the use of an adequate wire size. This primarily affects
the DC resistance of the wire. By running the V. line and the ground return phys-
ically close together as suggested in Section 1.5.4, however, you can reduce the
actual inductance of the supply lines and thus improve the high-frequency perfor-
mance. Additionally, by keeping the supply lines close together, you reduce the
loop area of an effective loop antenna and dramatically reduce radiations from the
power supply loop.

Sections 1.5.2, 1.5.3, and 1.5.4 all recommend the use of short lead lengths.
Shorter lead length directly reduces the value of distributed inductance and so
reduces the magnitude of the high-frequency voltage drop problem.

You are now in a position to appreciate the value of decoupling components.
The intent of decoupling is to further isolate one circuit from another with refer-
ence to the DC power distribution lines. We will examine decoupling at two
important points in the system:

1. Circuit decoupling
2. Power-entry decoupling

Circuit decoupling generally consists of a capacitor connected between +V,
and ground at a point physically close to the circuit being decoupled. Figure 1.20
illustrates the effect of the decoupling capacitor. Without the coupling capacitors
(refer to Figure 1.19), surges in current (i.e., high-frequency changes) had to pass
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FIGURE 1.20 Decoupling capacitors placed physically close to the circuit
being decoupled helps improve circuit isolation.
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through the inductance and resistance of the power supply distribution lines.
With the decoupling capacitors in place, short-term demands for increased cur-
rent (i.e., transients or high-frequency changes) can be supplied by the decoupling
capacitor. You may view it as a filter capacitor that disallows sudden changes in
voltage across its terminals. You may also consider that the decoupling capacitor
has a low reactance to high-frequency signals and bypasses those signals around
the circuit being decoupled. In any case, the net result is that the circuits are pro-
vided with a more stable, electrically quiet source of DC power and are more
effectively isolated from each other.

In most cases, ceramic disc capacitors in the range of 0.01-0.1 microfarad are
good choices for circuit decoupling capacitors. Aluminum electrolytic capacitors
are useless for this purpose because of their high internal inductance. It should be
clear from Figure 1.20 that the decoupling capacitor must be connected physically
close to the circuit or device being decoupled in order to be effective. Additionally,
the leads of the decoupling capacitor should be kept as short as possible. Lengths
as small as % inch can nullify the effects of the decoupling capacitor in many cases.

Power-entry decoupling provides a similar function but is applied at the
point where the power supply leads attach to the circuit under test. Power-entry
decoupling consists of the following:

1. Atantalum electrolytic capacitor connected between each V., line and
ground. The ideal value is dependent upon the circuit being tested, but
generally a value of 25 to 100 microfarad is adequate.

2. A0.1-microfarad ceramic capacitor connected in parallel with the tantalum
decoupling capacitor.

3. Anoptional, but desirable, ferrite bead slipped over the +V . wires leading
to the power supply.

4. Twisted leads between the power supply and the power entry point.

1.5.6 Grounding Considerations

Since ground is inherently part of the power distribution system, many of the prac-
tices presented in Sections 1.5.4 and 1.5.5 apply to the ground structure as well. In
addition to these practices, though, we must take some additional precautions to
ensure reliable circuit performance. We shall examine the following techniques:

1. Use of a ground plane
2. Quiet grounds

The performance of a circuit can nearly always be improved by using a large
planar area as the ground connection. For prototyping purposes, however, it is not
always easy to get a ground plane. Perforated board is probably the most imprac-
tical method of prototyping when a ground plane is desired. Wirewrap boards, on
the other hand, are available with an integral ground plane.

Copper-clad board prototyping is probably the least professional from the
standpoint of appearance, but can provide electrical results that exceed those of
the other methods when high-frequency operation is required. In this case, the
entire surface of the copper-clad board is connected to system ground. This mini-
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mizes the resistance of the ground path and provides a shield against external
interference. Additionally, when the insulated +V,, wires are routed against the
ground plane, the inductance of the power distribution system is greatly reduced.
Radiation into neighboring circuits is also minimized. It should be noted that mul-
tilayer printed circuit boards use one or more entire layers for the ground plane.
This practice minimizes the ground impedance and dramatically reduces both
emissions from the circuit and susceptibility to externally generated noise.

Protoboard provides one of the fastest methods for prototyping circuits.
Additionally, the metal base plate (on some models) provides a ground plane. The
ground currents, however, do not flow through this ground plane. The ground
and V,, distribution buses are physically close and parallel, which lowers the
inductance and radiation. One potential problem that you must be aware of with
this type of board is that there is a significant amount of capacitance between the
various connections on the board. The problems caused by this capacitance
increase as the frequency increases and/or the signal amplitudes decrease. Boards
of this type are generally best suited for low-frequency circuits. It should be noted,
however, that most of the circuits presented in this text were constructed and tested
on such a system with excellent results.

The term quiet ground is most often used with reference to digital systems or,
more commonly, systems that have a combination of analog and digital devices.
Digital circuits can generate high levels of transient currents in the ground net-
work. These currents can interfere with the proper operation of low-level analog
circuits. The degree of interference is generally worsened for faster rise times and
increased current drive in the digital gates. To minimize the ground noise problem
(sometimes called ground bounce), the circuit should be constructed such that the
analog devices are connected directly to the main ground (power input) connec-
tion. That is, the ground currents for the digital devices should not be allowed to
flow through the ground wires of the analog devices. Figure 1.21 clarifies this con-
cept. In Figure 1.21(a), the return, or ground, current for the digital circuitry flows
through wires (generally printed circuit traces) that are common to the analog cir-
cuitry. This will likely cause interference or noise in the analog circuitry. By con-
trast, Figure 1.21(b) shows a similar circuit that utilizes a separate ground path for
the digital and analog circuitry. In practice, we can often achieve this result through
proper positioning of the components on the circuit board.

1.5.7 Actual Circuit Performance

This section is included as a final effort to make a believer of you. Figure 1.22
shows two sets of oscilloscope waveforms. These waveforms are real and were
obtained from the plotter output on a digitizing oscilloscope; they are not theo-
retical drawings. Each set of waveforms illustrates the effect of one of the circuit
construction rules presented in preceding sections. The first oscilloscope plot in
each set illustrates circuit performance with a construction rule violated. The
companion waveform shows the exact circuit with that one rule implemented
properly. The results clearly indicate the change in performance. Figure 1.22(a)
shows an effect of improper component placement. Figure 1.22(b) illustrates how
the circuit performance can deteriorate when excessive lead lengths are used to
construct the circuit.
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FIGURE 1.21 Wires that carry both digital and analog currents can intro-
duce noise to the analog circuits.

1.6

ELECTROSTATIC DISCHARGE

Anyone who has been in a cold, dry climate has probably walked across a carpet
or slid across a car seat and then witnessed a sizable high-voltage arc jumping
between his or her body and a nearby metal object. This discharge of static elec-
tricity is called electrostatic discharge or simply ESD, and can pose a serious threat
to op amps and other integrated electronic components. The sensitivity of an op
amp (or other component) to ESD is largely a function of the technology used to
build the device. In general, integrated circuits using MOSFET transistors are
more susceptible to damage by ESD than circuits employing bipolar transistors.
But, even bipolar circuits can be destroyed, or at least weakened, by ESD currents.

When handling integrated circuits—particularly in a cold, dry climate—you
should be sure that your body is not allowed to accumulate static charge. This can
be accomplished in several ways:

1. Attach a conductive strap to your wrist with the other end connected to a
ground potential. Many manufacturers offer straps of this type that provide
a discharge path for the static electricity, but do not present a safety hazard
to the wearer.

2. Always touch ground (e.g., a metal chassis) before contacting the integrated
circuit. :

3. Condition the environment by either ionizing the air or using an effective
humidifier.
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SUMMARY

Operational amplifiers are integrated circuits that contain complete functional
amplifier circuits whose electrical characteristics can be altered by external feed-
back. The input circuitry and essentially the heart of an op amp is the differential
amplifier circuit. An op amp responds to the difference in potential on its two
input terminals.

Ohm’s and Kirchhoff’s laws are essential tools for the analysis of op amp cir-
cuits. Additionally, simplification methods such as Thevenin’s Theorem, Norton’s
Theorem, and the Superposition Theorem can simplify the analysis of otherwise
complex op amp circuits.

Table 1.1 contrasts the characteristics of an ideal op amp with those of a typ-
ical op amp.

Practical op amps require a DC power source, and in many cases, a dual ()
supply. It is important that the power distribution system be properly constructed
and effectively decoupled to prevent oscillation and other performance problems.

Care should be used when handling op amps—especially those with MOS-
FETS—because they can be damaged by ESD.

TABLE 1.1 A Comparison of Ideal and Typical Op Amp Characteristics

Characteristic Ideal Op Amp Typical Op Amp

Differential voltage gain infinite >100,000 for low frequencies, but
decreases with frequency

Common-mode voltage gain zero 2-3

Bandwidth infinite <10 Hz open-loop, but can be increased
with feedback

Slew rate infinite 205V/us

Input impedance infinite >1.0 megohm

Output impedance zero A few ohms

Affected by temperature no Several characteristics change with
temperature

Noise generation none Generates some internal noise

REVIEW QUESTIONS

1. How many inputs does a differential amplifier have?

2. If a differential amplifier has a single output pin, it is called a -ended amplifier,
and the output is referenced to .

3. Adifferential amplifier whose output is taken between two pins (neither of which is
ground) is called a -ended amplifier.
4. What is the lowest frequency that can be amplified by a typical op amp?
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. If three 10-megohm resistors were connected in series across a 10-volt power supply

and one of the resistors became open, would this open have much effect (e.g., >5%) on
the currents in the remaining resistors?

. What is the effect (significant or negligible) on total current if the resistors described in

Question 5 are all connected in parallet with the power source?

. If two 10-megohm resistors are connected in parallel with a 1.0-kilohm resistor,

explain the relative effect on total current if one of the 10-megohm resistors opens.
Repeat this question for the case where the 1.0-kilohm resistor develops an open.

. If zero volts is applied directly to the inverting input of an ideal op amp at the same

time that -0.1 volts is applied to the noninverting input, compute or describe the value
of the output voltage.

. If a portion of an op amp’s output signal is returned to its input (i.e., feedback), we say

that the amplifier is operating ____-loop.
What is the value of each of the following parameters for an ideal op amp?
a. Bandwidth
b. Input current
Open-loop voltage gain
. Input impedance
. Lowest operating frequency
Highest operating frequency
. Slew rate
. Output impedance
i. Common-mode voltage gain
Can a real (i.e., practical) op amp be used to amplify DC?

If the largest output voltage swing for a particular 741 design is +5 volts, what is the
highest sinewave frequency that can be amplified before slew rate limiting begins to
distort the output? (Assume a slew rate of 0.5 V/us.)

- ooon
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Refer to Appendix 1 for questions 13 to 15.

13.

14.
15.

What is the open-loop voltage gain of a standard 741 op amp at a frequency of 2 hertz
(interpret the graphical data)?
What is the minimum input resistance of a 741 op amp?

What is the approximate open-loop voltage gain of a standard 741 op amp at a
frequency of 100 kilohertz (interpret the graphical data)?



CHAPTER TWO

Amplifiers

2.1

2.1.1

AMPLIFIER FUNDAMENTALS

Gain

This chapter focuses on the analysis and design of several basic amplifier cir-
cuits. Not only is the amplifier circuit a fundamental building block in linear
circuits, but the analytical techniques introduced in this chapter will greatly
enhance your ability to analyze the circuits presented in subsequent chapters.
Regardless of the specific circuit application (e.g., summing circuit, active filter,
voltage regulator, and so forth), the op amp itself is simply an amplifier. There-
fore, a thorough understanding of op amp behavior in circuits designed specifi-
cally as amplifiers will provide us analytical insight that is applicable to nearly
all op amp circuits.

An amplifier generally accepts a small signal at its input and produces a
larger, amplified version of the signal at its output. The gain (A) or amplification is
expressed mathematically as

gain=A = (2.1)

We may speak of voltage gain, current gain, or power gain. In each of these cases
the above equation is valid. If, for example, a particular voltage amplifier pro-
duced a 5-volt RMS output when provided with a 2-volt RMS input, we would
compute the voltage gain as

voltage gain = Ay = o—___________.utp ut voltage = 5V =25
input voltage 2V
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There are no units for gain; it is simply a ratio of two numbers. It is also convenient
to express a gain ratio in its equivalent decibel (dB) form. The conversion equa-

tions are listed below:
voltage gain(dB) = Ay(dB) = 20 logy, ‘?/)UT (2.2)
IN
current gain(dB) = A;(dB) = 20 logy !IQU_T. (2.3)
IN
P |
power gain(dB) = Ap(dB) = 10 log Ig’“T (24) |
IN !
i
|

The voltage gain of 2.5 on the amplifier discussed in the prior example could be
expressed in decibels by applying Equation (2.2):

Ay(dB) = 20 logy, Your
VIN

5V
=201 —
0810 v

= 20 loglo 25
=20 x 0.3979
=796 dB

Thus, we see that an amplifier with a voltage gain of 2.5 also has a voltage
gain of 7.96 dB. It should be noted that, technically, the equations cited previously
for calculating voltage and current gains in their decibel form require that the
input and output impedances be equal. In practice, this is rarely the case. Despite
this known error, it is common in the industry to calculate and express the gains as
described.

You should also be reminded that fractional gains (i.e., losses) are expressed
as negative decibel values.

2.1.2 Frequency Response

The frequency response of an amplifier describes how its amplification varies
with changes in frequency. We often communicate the frequency response of an
amplifier in graphical form. Figure 2.1 shows a typical frequency response curve.

The vertical axis indicates the amplifier’s voltage gain expressed in decibels.
The horizontal axis shows the input frequency range.
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The frequency response curve shown in Figure 2.1 indicates that the amplifier
provides greater gain for low frequencies. Once the input frequency exceeds a cer-
tain value, the amplification begins to reduce significantly. Frequencies that are
amplified to within 3 dB of the maximum output voltage level are considered as
having passed the amplifier. Any frequency whose output voltage is lower than
the maximum output voltage by more than 3 dB is considered to have been rejected
by the amplifier. The frequency that separates the passband frequencies from the
stopband frequencies is called the cutoff frequency. And since -3 dB corresponds to
a power ratio of 0.5, the cutoff frequency is also called the half-power point on the
frequency response curve.

The bandwidth of an amplifier is measured between the two half-power
points. If the frequency response of an amplifier extends to include 0 (i.e., DC),
then the bandwidth of the amplifier is the same as the upper cutoff frequency. This
is the case for the amplifier represented in Figure 2.1. Here the lower frequency
range extends all the way to 0, but in many circuits there will be a lower cutoff fre-
quency that is greater than DC. The bandwidth is expressed as

bandwidth = bw = f;, - f; (2.5)

where f;; and f are the upper and lower cutoff frequencies, respectively.

2.1.3 Feedback

So far in our discussions of op amps, we have considered only the behavior of the
op amp itself with no external components. The op amp has been examined only
in its open-loop configuration. In most practical applications, a portion of the
amplifier’s output is returned through external components to the input of the
amplifier. The return signal, called feedback, is then mixed with the incoming signal
to determine the effective signal applied to the input of the op amp.

The amplitude, frequency, and phase characteristics of the feedback signal
can dramatically alter the behavior of the overall circuit. If the feedback signal has
a phase relationship that is additive when mixed with the incoming signal, we
refer to the return signal as positive feedback. On the other hand, if the feedback sig-
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nal is out of phase (optimally 180 degrees) with the input signal, then the effective
input signal is reduced and we label it negative feedback. Both forms of feedback are
useful in certain op amp applications, but for the remainder of this chapter we will
limit our attention to negative feedback.

The external components that provide the feedback path may be frequency
selective. That is, if some frequencies pass through the feedback circuit with less
attenuation than other frequencies, then we have frequency-selective feedback.
This is a very useful form of feedback, but for the remainder of this chapter we
will limit our discussion to nonselective feedback methods.

2.2

2.2.1

INVERTING AMPLIFIER

The first circuit we will examine in detail is the inverting amplifier, one of the most
common op amp applications. Figure 2.2 shows the schematic diagram of the
basic inverting amplifier.

Operation

Under normal operation, an amplified but inverted (i.e., 180° phase shifted) ver-
sion of the input signal (v)) appears at the output (vo). If the input signal is too
large or the amplifier’s gain is too high, then the output signal will be clipped at
the positive and negative saturation levels (£V,).

Now let us understand how the negative feedback returned through R
affects the amplifier operation. To begin our discussion, let us momentarily freeze
the input signal as it passes through 0 volts. At this instant, the op amp has no
input voltage (i.e., vp = 0 volts). It is this differential input voltage that is amplified
by the gain of the op amp to become the output voltage. In this case, the output
voltage will be 0.

Now suppose the output voltage tried to drift in a positive direction. Can
you see that this positive change would be felt through Ry and would cause the
inverting pin (-) of the op amp to become slightly positive? Since essentially no
current flows in or out of the op amp input, there is no significant voltage drop
across Ry. Therefore the (+) input of the op amp is at ground potential. This causes
up to be greater than 0 with the (-) terminal being the most positive. When v}, is
amplified by the op amp it appears in the output as a negative voltage (inverting
amplifier action). This forces the output, which had initially tried to drift in a pos-
itive direction, to return to its O state. A similar, but opposite, action would occur if

10 k0O
——AM—
R; Rp
MV " - v
1 k@1 Yo + 0

FIGURE 2.2 A basic inverting
amplifier cireuit. = =
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the output tried to drift in the negative direction. Thus, as long as the input is held
at 0 volts, the output is forced to stay at 0 volts.

Now suppose we allow the input signal to rise to a +2 volt instantaneous
level and freeze it for purposes of the following discussion. With +2 volts applied
to R; and 0 at the output of the op amp, the voltage divider made up of Rr and R,
will have two volts across it. Since the (-) terminal of the op amp does not draw
any significant current, the voltage divider is essentially unloaded. We can see,
even without calculating values, that the (-) input will now be positive. Its value
will be somewhat less than 2 volts because of the voltage divider action, but it will
definitely be positive. The op amp will now amplify this voltage (vp) to produce a
negative-going output. As the output starts increasing in the negative direction,
the voltage divider now has a positive voltage (+2 volts) on one end and a nega-
tive voltage (increasing output) on the other end. Therefore the (-) input may still
be positive, but it will be decreasing as the output gets more negative. If the out-
put goes sufficiently negative, then the (-) pin (vp) will become negative. If, how-
ever, this pin ever becomes negative then the voltage would be amplified and
appear at the output as a positive going signal. So, you see, for a given instanta-
neous voltage at the input, the output will quickly ramp up or down until the out-
put voltage is large enough to cause vy to return to its near-0 state. All of this
action happens nearly instantaneously so that the output appears to be immedi-
ately affected by changes at the input.

We can also see from Figure 2.2 that changes in the output voltage receive
greater attenuation than equivalent changes in the input. This is because the output
is fed back through a 10-kilohm resistor, but the input is applied to the 1.0-kilohm
end of the voltage divider. Thus, if the input makes a 1-volt change, the output will
have to make a bigger change in order to compensate and force v, back to its near-
0 value. How much the output must change for a given input change is strictly
determined by the ratio of the voltage divider resistors. Therefore, since the ratio of
output change to input change is actually the gain of the amplifier, we can say that
the gain of the circuit is determined by the ratio of Rr to R;.

Recall that the internal gain (open-loop gain) of the op amp is not a constant.
It varies with different devices (even with the same part number), it is affected by
temperature, and it is different for different input frequencies. Now that we have
added feedback to our op amp, the overall circuit gain is determined by external
components (R and R)). These can be quite stable and relatively unaffected by
temperature, frequency, and so on.

If the input signal is too large or the ratio of Ry to R; is too great, then the out-
put voltage will not be able to go high enough (positive or negative) to compen-
sate for the input voltage. When this occurs, we say the amplifier has reached
saturation, and the output is clipped or limited at the +V,; levels. Under these
conditions the output is unable to rise enough to force vy, back to its near-0 level.
From this you can safely conclude the following important rules regarding nega-
tive feedback amplifiers:

1. If the output is below + V¢, and above - V4, then vp will be very near 0 volts.

2. If vp is anything other than near 0 volts, then the amplifier will be at one of
the two saturation voltages (+V7).
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When the feedback and input resistor combination in Figure 2.2 are viewed
as an unloaded voltage divider, it is easy to determine current flow. Since we
know that no significant current is allowed to enter or leave the (-) pin of the op
amp, we can conclude that any current flowing through R; must also pass through
Rf. The polarity of the input and output voltages will determine the direction of
this current, but it is important to realize that the value of current through R; is the
same as the current through R;.

Since very little current flows in or out of the input terminals of the op amp,
we saw that there was essentially no voltage drop across Rz which caused the (+)
input terminal to remain at ground potential. Since vy, is always near 0 as long as
the amplifier remains unsaturated, this means that the (-) input terminal must
also remain very near to ground potential. This is an important concept. Although
the (<) input is not actually grounded, it remains very near ground potential. We
commonly refer to this point in the circuit as virtual ground.

Rpis included to compensate for errors caused by the fact that some bias cur-
rent does flow in or out of the op amp terminals. Even though this bias current is
small, it can cause a slight voltage drop across Ry and R;. This voltage drop is then
amplified and appears at the output of the op amp as an error voltage. By includ-
ing Ry in series with the (+) terminal and making its value equal to the parallel
combination of Rr and R;, we can generate a voltage that is roughly equal, but the
opposite polarity from that caused by the drop across Ry and R,. The error is gen-
erally reduced substantially but will be reduced to 0 only if the bias currents in the
two input terminals happen to be equal. We will discuss this in greater detail in
Chapter 10.

Numerical Analysis

Let us now learn to analyze the performance of the inverting amplifier circuit. We
will calculate all of the following:

Voltage gain

Input impedance

Input current requirement
Slew-rate limiting frequency

. Maximum output voltage swing
. Maximum input voltage swing

. Output impedance

. Output current capability

. Minimum value of load resistance
. Bandwidth

. Power supply rejection ratio

O 0N O Ul N e

O
-0

For purposes of our first numerical analysis exercise, let us evaluate the perfor-
mance of the circuit in Figure 2.3.
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500 mVpyx load resistance
—18V R, S 47 k0
2.7 ki

FIGURE 2.3 An inverting amplifier circuit used for a numerical analy-
sis example.

Voltage Gain. You will recall that the voltage gain for this circuit is deter-
mined by the ratio of Ry to R; or simply

voltage gain = Ay = —— (2.6)

The minus sign is used to remind us of the phase inversion since this is an invert-
ing amplifier. Do not interpret the minus as a loss or a reduction in signal strength.
For the circuit in Figure 2.3 the voltage gain will be

We can express this as a decibel gain by applying Equation (2.2):

Av(dB) =20 logm AV
=20logy 12.2
=21.7dB

In this conversion, we must be particularly careful not to include the minus sign as
part of the voltage gain. First, we will be unable to compute the logarithm. Second,
if we tried to put the minus sign in after the calculation the resulting negative
decibel answer would be misinterpreted as a loss.

It is important to note that the voltage gain computed in this section is the
ideal closed-loop voltage gain of the circuit. The actual circuit gain will roll off as
the input frequency is increased. This effect is discussed below as part of the dis-
cussion on bandwidth.
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Input Impedance, The input impedance of the amplifier shown in Figure 2.3
is that resistance (or impedance) as seen by the source (v;). You will recall that the
voltage between the (+) and (~) terminals of the op amp (vp) will always be about
0 unless the amplifier is saturated. Since the (+) terminal is connected to ground
(via Rp) in the inverting amplifier circuit, it is reasonable to assume that the (-) pin
will always be near ground potential even though it is not and cannot be connect-
ed directly to ground. But, since the (-) input is essentially at ground potential we
call this point in the circuit a virtual ground.

Considering that the (-) pin is a virtual ground, it becomes apparent that the
input impedance seen by the source is simply R,. That is, as far as current demand
is concerned, resistor R, is effectively connected across the signal source. The equa-
tion for input impedance then is given by Equation (2.7).

input impedance = Z; = R, (2.7) ;

For the case of the inverting amplifier shown in Figure 2.3, the input impedance is
computed as follows:

ZI= RI
=2.7kQ

In general, as long as the (-) pin remains at a virtual ground potential, the input
impedance will be equal to the impedance between this pin and the source. If the
impedance is more complex (e.g., resistor capacitor combination), then you must
use complex numbers to represent the impedance. The basic method, however,
remains the same.

Input Current Requirement. Ohm'’s Law can be used to calculate the amount
of current that must be supplied by the source. Recall that essentially no current
flows into or out of the (=) terminal of the op amp. Therefore the only current sup-
plied by the source is that drawn by R,. Since R, is effectively in parallel with the
source due to the effect of the virtual ground, the input current can be computed
as follows:

input current = i; = Vi (08
I 1{J 14, )
=l
Iy = R{
5
_ 200 mV peak _ 1oz, pA peak

2.7 kQ
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Since this is a sinusoidal waveform, we could easily convert this to an RMS value
if desired as shown:

i(RMS) = i|(peak) x 0.7071 (2.9)

In our present case, the RMS value is found as follows:

i, (RMS) = iy (peak) x 0.7071
= 185 pA x 0.7071
=1309 uA

As long as the input source can supply at least this much current without reducing
its output, the op amp circuit will not load the source.

Maximum Output Voltage Swing. The output voltage of an op amp is lim-
ited by the positive and negative saturation voltages. These can both be approxi-
mated as 2 volts less than the DC supply voltage. Since the DC supply in Figure
2.3 is #15 volts, the saturation voltages will be +13 volts and -13 volts for the pos-
itive and negative limits, respectively. Thus, the maximum output voltage swing
is computed as follows:

vo(max) = (+Vsar) = (~Vsar) (2.10)

For the circuit in Figure 2.3, the maximum output voltage swing is found as shown:

vo(max) = (+Vsar) = (~Vsar)
=(+13V)-(-13V)
=26V

Since both DC supplies are equal, the output can swing equally above and below
0. This is the normal condition.

If you desire to be more accurate in the estimation of output saturation volt-
age, you may refer to the manufacture’s data sheet in Appendix 1. The manufac-
turer lists minimum and typical output voltage swings for different values of load
resistance.

Slew-Rate Limiting Frequency. It should also be noted that the above maxi-
mum output is only obtainable for frequencies below the point where slew rate
limiting occurs. This frequency can be estimated with the following equation:

slew rate

forL = (2.11)

TUp(max)
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In the case of the circuit being considered, the highest frequency that can produce
a full output swing without distortion caused by slew rate limiting is computed as

slew rate

. 05Vius
T 314x26V

=6.12 kHz

If we attempt to amplify frequencies higher than 6.12 kilohertz (and full amplitude)
with the circuit shown in Figure 2.3, then the output will be nonsinusoidal. Once
the input frequency goes higher than a certain frequency (about 9 kilohertz in this
case), then the output amplitude begins to drop in addition to the distorted shape.

Maximum Input Voltage Swing. We have computed the voltage gain of the
circuit, and we know the maximum output voltage swing. We, therefore, have
enough information to compute the largest input signal that can be applied with-
out driving the amplifier into saturation.

vi(max) = 99—%3& (2.12)
\4

Calculations for the present case are shown below:

Up(max)
Ay
2%V
T 122
= 2.13 V peak-to-peak

v;(max) =

Since we are working with sinusoidal waveforms, we might choose to express this
value as peak or RMS as shown below:

vy(peak) = y(max) (2.13)
For our present circuit, we have
v; (peak) = U (r;ax)
213V
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Also,

v(RMS) = v/(peak) x 0.707 (2.14)

In the present case,

v(RMS) = v{peak) x 0.707
=1.07 Vx0.707
=756.5 mV RMS

So, for the amplifier circuit presented in Figure 2.3, input signals as great as 756.5
millivolts RMS can be amplified without saturation clipping. If you attempt to
amplify larger signals, then the peaks on the output waveform will be flattened at
the output saturation voltage limits.

Output Impedance. You will recall from Chapter 1 that the output impedance
of an op amp is generally quite low. The data sheet in Appendix 1 lists 75 ohms as
a typical output resistance for a 741 op amp. This value, however, is the open-loop
output resistance. When negative feedback is added to the amplifier (as in Figure
2.3) the effective output impedance decreases sharply. The value of effective out-
put impedance can be approximated as shown:

- (R; + Ry) x output impedance(open loop)
o AoLR;

(2.15)

where A, is the open loop gain of the op amp at the specified frequency. This can
be read from the manufacturer’s graphical data (see Appendix 1) showing open-
loop gain as a function of frequency. Alternatively, you may estimate it as

unity gain frequency
Ao = [;
IN

(2.16)

where fyy is the specific input frequency being considered.

For the circuit in Figure 2.3, the closed-loop output impedance can be esti-
mated at 1000 hertz as follows. First we compute the open-loop gain at 1000 hertz
by applying Equation (2.16):

unity gain frequency
Ao =
fmv

_ 1.0 MHz
" 1.0 kHz

= 1000




FIGURE 2.4 The equivalent output
circuit of an op amp can be used to
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Next compute the effective output impedance with Equation (2.15):

ro = (R; + Rr) x output impedance(open loop)
AoLR;
(2.7 kKQ + 33 kQ) x 75 Q
T 1000 % 27 kQ

=099 Q

47

This low value approaches our ideal value of 0 ohms. Now, as an illustration,

recompute the value of output impedance at a higher frequency of 5 kilohertz.

First compute Ay, with Equation (2.16).

unity gain frequency
Ao = Fn
_ 1 MHz
"~ 5kHz

=200

Next compute the effective output impedance with Equation (2.15).

_ (Ry + Rg) x output impedance(open loop)
__ AoLR;

(2.7 kQ + 33 kQ) x 75 Q
- 200 x 2.7 kQ

=496 Q

o

This value is significantly higher than our first estimate and clearly shows

the increase in output resistance as the input frequency is increased.

How does a particular value of output impedance affect the performance of
the amplifier circuit? To understand the effects, we can examine the equivalent cir-
cuit shown in Figure 2.4. Here we see a voltage source labeled v, driving a series

circuit.

The vp source is that voltage that would be present at the output of the op
amp if the output impedance were truly 0 ohms. You can see that this ideal voltage
(vo) is divided between the output impedance (rp), which is internal to the op
amp, and R;, which is the op amp load. The voltage reaching the load can be com-

puted with the voltage divider equation.

To

Vo RL

judge the effects of output impedance

{ro).



a8

AMPLIFIERS

VoR,
RL + 1

load voltage = vjpy =

Let us compute the actual load voltage in Figure 2.3 at a frequency of 5 kilohertz.
First we compute the ideal output voltage Equation (2.1):
vo=VAy
=500 mV x 12.2
= 6.1V peak
We have found the value of r at 5 kilohertz to be 4.96 ohms. Using the method

shown in Figure 2.4, we can now determine the actual load voltage with Equation
(2.17).

6.1V, x47 kQ
AT KQ+496 Q

= 6.099 V peak

At a frequency of 5 kilohertz when the output resistance has increased to nearly
5 ohms, the effect of nonideal output resistance is minimal. Problems could be
anticipated when the output resistance exceeds 1 percent of the value of load
resistance.

Although the preceding calculation illustrates the effects of output resis-
tance, it is valid only if we are below the frequency that causes slew rate limiting
(fsro)- I fore is exceeded, we can expect the actual output to be much lower than the
value computed with Equation (2.17), and the output will be nonsinusoidal in
shape. Additionally, this method is inappropriate if the output drive capability of
the op amp is exceeded.

OQutput Current Capability. The output of the op amp in Figure 2.3 must sup-
ply two currents: the current through the feedback resistor (i) and the current to
the load resistor (7;). It is the sum of these currents that flows into or out of the out-
put of the op amp.

The output of many (but not all) op amps is short circuit protected. That is,
the output may be shorted directly to ground or to either DC supply voltage with-
out damaging the op amp. For a protected op amp (such as the 741), the output
current capability is not determined by the maximum allowable current before
damage, but rather depends on the amount of reduced output voltage the appli-
cation can tolerate.

With no output current being supplied to the load, the output voltage stays
at the expected v, level, and the total output current is equal to ir. As the load cur-
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rent is increased (load resistance decreased), the actual output voltage begins to
drop as shown in the previous section. Finally, if the load resistance is reduced all
the way to 0 ohms, the output current will be limited to a safe value. This value
can be found in the data sheet (Appendix 1), and is 20 milliamps for the 741
device.

As the load resistance varies from infinity (open) to zero (short), the output
current from the op amp varies from iy to 20 milliamps. The limiting factor is the
amount of reduction that can be tolerated on the output voltage.

The amount of current (ir) flowing through the feedback resistor is easily
computed with Ohm’s Law as

feedback current = iy = LA {2.18)

F

On an unprotected op amp, the value of load current plus the value of feedback
current must be kept below the stated output current rating. If this value is not
supplied in the data sheet, then it can be estimated by using the maximum power
dissipation data; recall that power = voltage X current.

Minimum Value of Load Resistance. The minimum value of load resis-
tance is determined by the maximum value of output current (determined in the
previous section). The actual computation is essentially Ohm’s Law:

.. . . (4
minimum load resistance = R; (min) = -t (2.19)
53 ‘

|

where i is the maximum allowable output current of the op amp minus the cur-
rent (iy) flowing through the feedback circuit, and v; is the minimum acceptable
output voltage.

Note that in many, if not most, applications, the value of output current
needed for the load is substantially below the limiting value, so no significant
loading occurs.

Let us assume that the application shown in Figure 2.3 requires us to have at
least 1.19 volts across the load when 100 millivolts is applied to the input terminal.
Let us further assume that the frequency of interest is 5 kilohertz. From previous
calculations we know that the voltage gain (Ay) is 12.2 (ignoring the effects of
bandwidth described in the next section) and that the output resistance at 5 kilo-
hertz is 4.96 ohms.

Figure 2.5 shows the equivalent circuit at this point. The value of i, can be
computed with Ohm's Law.

. Up — U
i =——=

%
]
=)
=

o
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v.=1.19V
i, 4980 s
r
Vo ° m m
1.22V 33 k0 RP R,

FIGURE 2.5 An equivalent circuit
used to compute the minimum
allowable load resistor. = = =

More specifically,

. Vo — UL
o ==~

(o]
12V-119V

4.96 Q
= 6.05 milliamps

The value of ir can also be computed using Ohm'’s Law, Equation (2.18).

=
I~

l

If

= A
>l

19V

T 33k
= 36.1 A

Kirchhoff’s Current Law can now be used to determine the value of load current (7).

(2.21)

iL=iO~iF

Calculations for the present example are shown below:
iL = io - l';:
=6.05 mA -36.1 uA
=6.01 mA

Using Ohm'’s Law, Equation (2.19), we can now compute the value of R;.

(4%

i

119V 198 O
6.01 mA

RL=
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With this small value of load resistance, we would not be able to provide fuil-
range voltage swings on the output because of excessive loading.

In the foregoing calculations (as with most calculations presented in this
book), it is not important to remember all of the equations. Rather, strive to under-
stand the concept and realize that most of what we are discussing is centered on
basic electronics principles that you learned when you studied introductory AC
and DC circuits.

Bandwidth. Although the bandwidth of an ideal op amp is considered to be
infinite, the bandwidth of real op amps and the associate amplifier circuit are def-
initely restricted. In the case of the circuit shown in Figure 2.3, the lower cutoff fre-
quency is essentially 0. That is, since the op amp responds all the way down to
DC, and since there are no reactive components to reject the lower frequencies, the
amplifier circuit will operate with frequencies as low as DC.

The upper cutoff frequency is quite a different story. Figure 2.6 shows the
open-loop frequency response (upper curve) for a 741 op amp. This is the same
curve presented in the manufacturer’s data sheet as open-loop voitage gain as a
function of frequency. Also drawn on the graph in Figure 2.6 is a line showing a
voltage gain of 12.2. This is the ideal closed-loop gain that we calculated for the
circuit in Figure 2.3.

Notice that the difference between the open- and closed-loop gain curves is
maximum at low frequencies. As the frequency increases, the difference between
the two curves becomes less. Near the right side of the graph, the two curves actu-
ally intersect. What really happens to the overall circuit gain as the frequency
increases?

The derivation of the formula for amplifier voltage gain (Ay = -R;/R;) was
based on the assumption that the op amp had an infinite (or at least a very high)
voltage gain. This allowed us to make the assumption that the differential input
voltage (vp) was 0. As you can see from the graph in Figure 2.6, our assumptions
are reasonable for low frequencies. That is, the open-loop voltage gain is very
high. But as the frequency increases and the open-loop gain rolls off, our assump-
tions begin to lose their validity. The most obvious proof of this exists beyond the
point of intersection of the open- and closed-loop curves. In the region to the right
of the intersection point, the open-loop gain is actually lower than our calculated

+120
& +100 -«# X . H
S se0 - Yo
z WU||if OPEN LOOP
S +60 T 4 T
= +40 1 H
g N Ay=12.2
= +20 PH = = = 4
= ,
g, L Il
-20

FIGURE 2.6 Frequency response of 1.0 10 100 1k 10k 100k 1.0M 1OM
the standard 741 op amp. FREQUENCY (Hz)
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closed-loop gain, thus making it impossible for our circuit to deliver the desired
amplification.

It is common to compute bandwidth in a circuit like that shown in Figure 2.3
by applying the following equation:

i bw = kfﬂ-ﬁ%’— (2.22)
I F
l

where f;; is the unity gain frequency of the op amp. Substituting values and com-

puting gives us the following:
bw = 1.0 MHz x 2.7 kQ
T 27 kQ+33kQ
= 75.6 kHz

The actual frequency response for the circuit shown in Figure 2.3 is plotted in Fig-
ure 2.7. This represents the circuit’s real behavior. Two additional lines are super-
imposed on the plot for reference: the open-loop frequency response curve of the
741 op amp and the ideal gain curve of the circuit in Figure 2.3.

Power Supply Rejection Ratio. If the DC supply lines (V* and V") have
noise, particularly high-frequency noise, these noise signals may affect the output
signal. The degree to which the op amp is affected by the power supply noise is
called the power supply rejection ratio (PSRR). The manufacturer’s data sheet nor-
mally expresses this parameter in microvolts per volt. To determine the magni-
tude of the noise signal on the output for a given amplitude of noise signal on the
supply lines, we can use the following calculation:

Uno = PSRRUN[% + 1J (2.23)

1

+120 E
= +100 b|-
2 .80 I 741 L
Z OPEN LOOP
3 +60 | - -
® +40 -
2 'Av-lz.z
5 +20 P =
g o ACTUAL ,
i i |

FIGURE 2.7 Actual frequency
response of the circuit shown in 10 10 100 1k 10k 100k 1.0M 10M

Figure 2.3. FREQUENCY (Hz)
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27 k)
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+V
1.2 kO
AMN o
R, 741
4+
A
FIGURE 2.8 An inverting amplifier Rs -V Ry & 47 k0

circuit used to demonstrate the effects
of the power supply rejection ratio. = = -

2.23

where vy, Uy, Ry, R}, and PSRR are the values of the output noise signal, the noise
signal on the DC supply lines, the feedback resistor, the input resistor, and the
power supply rejection ratio, respectively. For example, refer to Figure 2.8.

The manufacturer’s data sheet in Appendix 1 for a 741 op amp lists the
power supply rejection ratio as ranging from 30 to 150 microvolts per voit. Thus,
the worst-case effect on the output voltage for the circuit in Figure 2.8 is computed
with Equation (2.23) as

Ono = PSRR‘UN(%‘E' + l)

1

=150 pV/V x ‘UN(27 KQ + l)

12 kQ
= vy x 0.003525

In other words, the amplitude of the power line noise (vy) will be reduced by a fac-
tor of 0.003525. This means, for example, that if the DC supply lines have noise
signals of 100 millivolts peak-to-peak, then we can anticipate a similar signal in
the output with an amplitude of about

Uno = U X 0003525

=100 mV x 0.003525
=352.5 uV peak-to-peak

Practical Design Techniques

The following design procedures will enable you to design inverting op amp
circuits for many applications. Although certain nonideal considerations are
included in the design method, additional nonideal characteristics are described
in Chapter 10.

To begin the design process, you must determine the following requirements
based on the intended application:

1. Voltage gain
2. Maximum input current
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3. Frequency range
4. Load resistance
5. Maximum input voltage

As an example of the design process, let us design an inverting amplifier with the
following characteristics:

1. Voltage gain 12

2. Maximum input current 250 microamperes RMS

3. Frequency range 20 hertz to 2.5 kilohertz

4. Load resistance 100 kilohms

5. Maximum input voltage 500 millivolts RMS, 0-volt reference

Determine an Initial Value for R,. The minimum value for R, is determined
by the maximum input voltage and the maximum input current and is computed
with Ohm’s Law as follows:

R =— (2.24)

In this case, the calculations are

v
R[zl—['
1

500 mV
250 pA
=2kQ

As a general rule, you should avoid designing amplifiers with input resis-
tances of less than 1000 ohms unless you have a specific need for them. In our
present case, the computed minimum (2.0 kilohms) is greater than 1000 ohms, so
we will use the computed value. It should also be noted that the minimum input
impedance is often determined by the needs of the application.

Determine the Value of R;. R; can be computed from the voltage gain equa-
tion, Equation (2.6):

Re
Ay =—-—,0
v R, r
RF = AyR,

Note that the inversion sign is omitted from the equation when computing a resis-
tance value. For the present example, we compute R; as follows:
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R[: = AVRI
=12x2kQ =24 kQ
Determine the Required Unity Gain Frequency. The minimum unity gain

frequency for the op amp can be estimated by applying Equation (2.22). For the
present case, we have

£ = 0ARe £ R)
uG R]
(2.5 kHz)(24 kQ + 2 kQ)
- = 325 kH
uc 2 kQ z

Since this is well below the 1.0-megahertz unity gain frequency of the 741, we
should be able to use the 741 in this application (with regard to bandwidth).

Determine the Minimum Supply Voltages. The minimum supply voltages
are computed by simply ensuring that the maximum expected output voltage
swing is no greater than the +V;,r values. The maximum output swing can be
found by using the basic equation, Equation (2.1), for voltage gain:

(Y
AV — zour

, or
UiN

Vour = UnAy
In our particular example, the maximum output voltage will be

Vour = UnAy
=500 mV(RMS) x 12 x 1.414
= 8.48 V peak, or
=2 x 8.48 V(peak) = 16.96 vp_p

Notice the multiplying factor 1.414 to convert our input voltage (given in
RMS) to a peak or worst-case value. The manufacturer’s data sheet in Appendix 1
indicates that the 741 op amp will produce at least a +12-volt output swing with a
#15-volt supply voltage as long as the load resistor is at least 10 kilohms. Thus, we
can infer that we have a worst-case internal voltage drop of 15 - 12, or 3 volts. This
means that the minimum power supply voltage for our circuit must be higher
than the maximum output voltage by the amount of the internal voltage drop
(Vivp). That s,

tVMIN = Vou'r(max) + V!NT (2.25)
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For our particular case, the minimum power supply voltages will be

Vv = Vour(max) + Viyr

=848V +3V=1148V

Anything greater than £11.48 volts for the DC supply will be adequate; therefore,
let us choose the standard values of +15 volts for our application.

Determine the Required Slew Rate. The required slew rate of the op amp
is affected by the highest operating frequency and the maximum output voltage
swing. In our present case, the highest input frequency has been specified as 2.5
kilohertz. The maximum peak-to-peak output voltage swing (vo(max)) was previ-
ously computed as 16.96 volts. The minimum required slew rate for the op amp is
determined by rearranging Equation (2.11) to yield

slew rate(min) = sif{max)vo(max)
=3.14x2.5kHz x 16.96 Vpp
=0.133v/us

Since the slew rate of the 741 exceeds this minimum value, we can continue
with our initial op amp selection. If the above calculation indicates a higher
requirement than our preliminary op amp selection can deliver, then another op
amp must be selected that has a higher slew rate.

Calculate the Value of Compensation Resistor (Rg). The compensation
resistor (Rp) reduces the error in the output voltage caused by the voltage drops
that result from the op amp’s input bias currents. To achieve maximum error
reduction, we try to place equal resistances between both op amp input terminals
and ground. If we were to apply Thevenin’s Theorem to the inverting input circuit,
we would see that resistors Rp and R, are effectively in parallel. This means that the
optimum value for Ry is simply the combined value of Ry and R, in parallel.

_ _ReRy

= 2.26
Ry +R; (226)

B

For the present example, we compute Rj as follows:
RB - RF RI
Ry + R,

24 kQx 2 kQ
24 kQ + 2 kQ

= 1.8 kQ
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The final schematic is shown in Figure 2.9.
The actual behavior of the circuit is indicated in Figure 2.10 by an oscilloscope
display. The measured performance is compared to the design goals in Table 2.1.

2.0 kN Ry

Vi
Ry 2 1.8 k0 R; 2 100 kD

FIGURE 2.9 An inverting amplifier
design. = = =

TABLE 2.1

Parameter Design Goal Measured Value
Voltage gain 12 11.7-12
Frequency range 20Hz-25kHz <20 Hz->2.5 kHz

Low-Frequency Performance
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/.' /,4—-\\ ,"!_\‘\ y P
Vo i ,-‘ \.‘ v N !‘\. . & X \‘\ . A
i / 5 / N / N S 4 10,0 vidiv
S AN N e’ offset: 0,000
106,00 ¢ 1 dc
T0.00000 100,000 ms 200.000 ms
20.0 ms/div
Vrms( 4 500 . BE6WY Vrmsl 4 S.88389 ¥
frequencyC 4)  20.0400 K
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(a)

FIGURE 2.10 Oscilloscope displays showing the performance of the inverting amplifier shown in

Figure 2.9. (Test equipment courtesy of Hewlett-Packard Company.)

(continued)



58 AMPLIFIERS

High-Frequency Performance
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FIGURE 2.10 Continued

2.3 NONINVERTING AMPLIFIER

2.3.1 Operation

Figure 2.11 shows the schematic diagram of a basic noninverting amplifier. As you
might expect, the input signal is applied to the (+), or noninverting, input. Resistor
Rp is a compensation resistor similar to that described for the inverting amplifier.
Because it has such a tiny current through it, we will ignore its effects for the
immediate discussion.

Resistor Rf and resistor R; form a voltage divider between the output termi-
nal and ground. That portion of the output that appears across R; will provide the
input to the (-) input terminal. The input signal (v)) supplies the voltage to the (+)
input terminal. The difference between these two voltages (vp) is amplified by the
open-loop gain of the op amp. Recall that as long as the output of the op amp is in
the linear range (i.e., not saturated), the magnitude of vy, will be very near 0 volts.
Since the (+) input terminal is equal to v;, and since vp, is approximately 0, we can
conclude that the voltage on the (-) input terminal must also be nearly equal to v;.
Recall that the source for the (-) input voltage is the output of the op amp. Now
we see that the output will go as high as necessary in order to develop enough
voltage drop across R; to equal v;.

Suppose, for example, that the input voltage (v;) made a sudden increase
from 0 volts to some positive level. At this first instant, the (+) input of the op amp
would be positive and the () input would still be at its previous 0-volt level. The
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FIGURE 2.11 The basic noninverting
amplifier circuit.

voltage vp would now be amplified. Since the (+) input is more positive, the out-
put rises as quickly as possible in the positive direction. As the output goes posi-
tive, a portion is fed back through the Ry and R, voltage divider to the (-) input.
Since the (-) input is becoming more positive, the value of v is decreasing. That is,
the two input terminal voltages are getting closer together. Finally, the output of
the amplifier will stop going in the positive direction whenever the (-) input has
come to within a few microvolts of the (+) input.

Now consider how high the output voltage had to go in order to bring the (-)
input up to the same voltage as the (+) input. You can see that it is strictly the val-
ues of the voltage divider Ry and R, that determine the amount of output voltage
change required. Thus, for a given input voltage change, the output will make a
corresponding change. The magnitude of the change is the gain of the amplifier
and is largely determined by the ratio of Ry to R,. This action is explained with
mathematics in the following section.

Additionally note that as the input went positive, the output went positive.
That is, the amplifier configuration is noninverting.

2.3.2 Numerical Analysis

Much of our analysis for the inverting amplifier is applicable to the noninverting
amplifier circuit. We will determine a method to enable us to compute the follow-
ing circuit characteristics:

Voltage gain

Input impedance

. Input current requirement

. Maximum output voltage swing
. Slew-rate limiting frequency

. Maximum input voltage swing

. Output impedance

. Output current capability

. Bandwidth

. Power supply rejection ratio

O 0NN U G N

-
<o

For purposes of this discussion, let us analyze the noninverting amplifier cir-
cuit shown in Figure 2.12.
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18 k0

l 3.3 k0 Vo

Vi
FIGURE 2.12 A noninverting 2Vex
amplifier circuit used for a numerical ~ 100<1<2500 Hz
analysis example.

68 k0

Voltage Gain. We know by inspection of the circuit in Figure 2.12 that the volt-
age on the (+) input is approximately equal to v;. That is, there is no significant
voltage drop across R because the only current allowed to flow through R; is the
op amp bias current (ideally 0). We also know from previous discussions that the
voltage between the (+) and (-) input terminals (vp) is very near 0 volts. Thus, we
may rightly conclude that the voltage on the (-) pin is approximately equal to the
value of ;.
Ohm'’s Law can be used to compute the current through R, as follows:

ip, = % (2.27)
For the circuit in Figure 2.12, we have
= ‘%‘fg@ = 606.1 nA peak

Since negligible current flows into or out of the input of the op amp, we will
assume that all of the current flowing through R, continues through Ry, according
to Kirchhoff’s Current Law. The voltage drop across Ry can be computed by
applying Ohm'’s Law.

Up, = iRF X RF
= 606.1 uA x 18 kQ

=1091V peak

F

The output voltage can be determined through application of Kirchhoff’s
Voltage Law. That is, we know the voltage on the (-) input is 2.0 volts peak. The
output voltage will be greater than this by the amount of voltage drop across R;. It
is computed as
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Vo =01 + T)RF
=2V+1091V
= 1291 V peak

The voltage gain can be computed by the basic gain equation, Equation (2.1), as
shown:

v
sz_o
Uy

_ 1291V peak
2V peak
=645
Recall from an earlier discussion that the voltage gain of the circuit is largely

determined by the ratio of R; to R;. More specifically, the low-frequency or ideal
voltage gain of the circuit can also be calculated with the following equation:

In our case, the calculations are

This latter method is the most common, but the former provides additional
insight into circuit operation and the application of basic electronics principles.

The voltage can be expressed in decibels if desired, as we did with inverting
amplifiers. In our present example, the equivalent voltage gain expressed in deci-
bels is:

Ay(dB) =20 log, Ay
=20 loglo 6.45
=162 dB
Note that the voltage gain computed in this section is the ideal closed-loop voltage
gain of the circuit. The actual circuit gain will roll off as the input frequency is

increased, just as it did with inverting amplifiers. This effect is discussed below as
part of the discussion on bandwidth.
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Input Impedance. The input impedance of the noninverting amplifier circuit
(refer to Figure 2.12) is essentially equal to the input impedance of the (+) input
terminal of the op amp modified by the feedback effects. That is, the only current
leaving the source must flow into or out of the op amp as bias current for the (+)
input. The manufacturer’s data sheet for a 741 is shown in Appendix 1. It indicates
that the input resistance is at least 0.3 megohms and is typically about 2.0
megohms. Recall that this is the effective resistance between the two op amp
inputs. By considering the output impedance to be near 0, we can sketch the
equivalent circuit shown in Figure 2.13(a).
Let us make the following substitution for the value of vy:

Vo = 01[%+1}
!

This, of course, comes from Equation (2.1) and Equation (2.28). If we now apply
Thevenin’s Theorem to the portion of the circuit to the right of the dotted line, we
obtain the equivalent circuit shown in Figure 2.13(b). Notice that the resistance in
our equivalent circuit has the same voltage (2 Vpg) on both ends, which produces
a net voltage of 0. If there is no voltage, there will be no current, so the effective
input impedance is infinite. This represents the ideal condition.

In a real op amp circuit, the differential input voltage (vp) is greater than 0
and increases as the frequency increases. With reference to Figure 2.13(b), as the
input frequency increases, the two voltage sources become more and more
unequal. This causes a difference in potential across the resistance in the circuit,
which in turn produces a current flow. The increasing current corresponds to a
decreasing input impedance. Although the actual input impedance is quite high
and can normally be assumed to be infinite, it can be approximated by the follow-
ing equation:

input impedance = Z; = ROPAV(R IiIR J (2.29)
F 1

Rg Rop : Rp Rop Rm

2.7 k0 2.8 k0

300 kO °

. v Vo
D Ry S 18 k0 ! 2Vpy
2VPK N $Rl
© 733 kn = =
Vo
12.9Vpx

(a) (v)

FIGURE 2.13 An equivalent circuit used to estimate the input impedance of the noninverting
amplifier shown in Figure 2.12.
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where Rop is the value of input resistance provided by the manufacturer and Ay is
the open-loop voltage gain of the op amp. For the circuit shown in Figure 2.12, we
can estimate input resistance at low frequencies as

_ R,
Z, - ROPAV(RF : R}]

g \
= 300 kQ x 200, 000( 3.3 K J

18 kQ + 3.3 kQ
= 9296 MQ

If we had used the more typical value of 2.0 megohms for the op amp resis-
tance (Rpp), we would have gotten a much higher value for input resistance. In
either case, the actual effective input resistance is extremely high. This high input
resistance is one of the primary advantages of the noninverting amplifier in many
applications.

input Current Requirement. The input current can be estimated by applying
Ohm's Law to the input circuit as follows:

i =
IN T o
Z,

_ 2V peak

79296 MQ

= 215 picoamperes peak

Even this is a worst-case value. If we had used the higher typical value for input
resistance, we would have computed an even smaller value. For many, if not most,
applications, this input current can be considered negligible. If it becomes neces-
sary to consider this current, then additional considerations must be made because
the exact value of input resistance varies considerably with temperature and fre-
quency.

Maximum Output Voltage Swing. As we found with the inverting ampli-
fier, the output voltage of an op amp is limited by the +V s,y levels. For most appli-
cations utilizing a bipolar op amp, the saturation voltages can be estimated at
about 2 volts less than the DC supply voltage. In the case of Figure 2.12, we com-
pute the maximum output swing, Equation (2.10), as

vo(max) = +Vur = (<Vgar)
=+13V-(-13V)
=26V

If a more accurate value is desired, the manufacturer’s data sheet can be used to
find a more precise value for the worst-case saturation voltage.
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Slew-Rate Limiting Frequency. The highest frequency that can be amplified
without distorting the waveform, because of the slew rate limitation of the op
amp, is given by Equation 2.11.

slew rate

fSRL =

T Up(max)

. 05V/us
314%26 V

= 6.12 kHz

If it is known for certain that the actual output swing will never be required to
reach its limits, then the lower actual output swing can be used in place of v,(max)
in the above calculation.

Maximum Input Voltage Swing. The maximum input voltage swing is sim-
ply the highest input voltage that can be applied without driving the output past
the saturation point. It is computed in the same manner as that for the inverting
amplifier.

= 4.03 V peak-to-peak

Since we are working with sinusoidal waveforms, we might choose to express
this value as peak, as in Equation (2.13), or RMS, as in Equation (2.14), as shown:

Up(max)
2

403V

T2

v (peak) =

= 2.015 V peak

and

v(RMS) = v (peak) x 0.707
=2.015 V x 0.707 = 1.425 V RMS

If you attempt to amplify signals larger than 1.425 volts RMS, then the peaks on
the output waveform will be flattened at the output saturation voltage limits.

Output Impedance. You will recall from the analysis of the inverting amplifier
that the effective output impedance decreases sharply from the open-loop value
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stated in the manufacturer’s data sheets. The value of effective output impedance
can be approximated by applying Equation (2.15).

(R; + Ry) x output impedance(open loop)
ro =
AOLRI

where A, is the open-loop gain of the op amp at a particular frequency. For the
circuit in Figure 2.12, the open-loop gain at 2500 hertz is computed with Equation
(2.16) as

1.0 MHz
Ao = Zer
2500 Hz

= 400
The output impedance at 2500 hertz can then be estimated as

(R; + Rp) x output impedance(open loop)
AOLRI
(33 k2+18 kQ)x75Q
400 x 3.3 kQ

=12Q

o =

In most cases, the output impedance is so low relative to the value of load
resistance that the output voltage is essentially unaffected, but you can always be
sure by performing the voltage divider calculation outlined in Section 2.2.2.

Output Current Capability. If the output of the op amp is short-circuit pro-
tected (as in the 741), then the output current capability is limited by the maxi-
mum allowable drop in output voltage for the given application. This can be
estimated with Ohm’s Law as discussed in the preceding section. Recall from our
discussion of inverting amplifiers that the output must supply both load resistor
current and the current through the feedback resistor. The feedback current is
computed using Ohm'’s Law. For this particular circuit, the calculations are

; Up — U
p=2 1
R
129 v-2V
18 kQ
= 605.6 uA peak

With no output current being supplied to the load, the output voltage stays
at the expected v level and the total output current is equal to i;. As the load cur-
rent is increased (load resistance is decreased), the actual output voltage begins to
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drop because of the voltage divider action described in the previous section. Finally,
if the load resistance is reduced all the way to 0 ohms, the output current will be
limited to the short circuit value. This value can be found in the data sheet
(Appendix 1) and is 20 milliamperes for the 741 device.

As the load resistance varies from infinity (open) to 0 (short), the output cur-
rent from the op amp varies from ir to 20 milliamperes. The limiting factor is the
amount of reduction that can be tolerated on the output voltage.

On an unprotected op amp, the value of load current plus the value of feed-
back current must be kept below the stated output current rating. If this value is
not supplied in the data sheet, it can be estimated by using the maximum power
dissipation data; recall that power = voltage X current.

Bandwidth. The discussion of bandwidth presented for the inverting amplifier
circuit is also applicable to the noninverting configuration. That is, as long as the
circuit has no reactive components, the frequency response will extend all the way
down to DC on the low-frequency end. We can estimate the high-frequency end of
the frequency response by applying Equation (2.22):

- fLIGRI
Ry + R,

_ 1.0 MHz x 3.3 kQ
T 18 kQ + 33 kQ

=155 kHz

Recall that the open-loop gain of the op amp falls off rapidly as the input fre-
quency is increased above a few hertz. As the open-loop gain value approaches
the computed closed-loop gain value, the actual circuit gain also begins to drop.
Thus, we begin to experience increased errors in our gain calculations as the fre-
quency is increased.

For these equations to be valid, it is important that the op amp ountput volt-
age swing be small enough to avoid the effects of slew rate limiting. The highest
amplitude that can be amplified at a given frequency without the effects of slew
rate limiting is given as

slew rate

P (2.30)

vp(max) =

The slew rate is determined by the particular amplifier, f is the frequency of
interest, and vp(max) is the highest peak-to-peak amplitude in the output before
slew rate limiting begins to distort the signal. In the present case, if we try to oper-
ate at the upper cutoff frequency (155 kHz), we have to keep the output voltage
below the value computed:

slew rate

vo(max) =
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0.5 V/us
"~ 3.14 x 155 kHz

= 1.03 V peak-to-peak

Power Supply Rejection Ratio. The power supply rejection ratio provides
us with an indication of the degree of immunity the circuit has to noise voltages
on the DC power lines. The change in output voltage (vo) for a given change in DC
power line noise voltage (vy) is computed with Equation (2.23):

Vs

Ry
=yyPSRR] —+1
Uno = VN L R }

1

where v, vy, Ry, R, and PSRR are the values of the output noise signal, the noise
signal on the DC supply lines, the feedback resistor, the input resistor, and the
power supply rejection ratio (PSRR), respectively. The manufacturer’s data sheet
in Appendix 1 lists the PSRR as ranging from 30 to 150 microvolts per volt. The
worst-case effect on the output voltage for the circuit in Figure 2.12 is then

Uno = UNPSRR(%-F- + 1}

I

18 kQ
= vy x 150 pV/V| 2om2 41
oy X 150 pV/ [3.31@ ]

= vy % 0.000968

In other words, the amplitude of the power line noise (vy) will be reduced by a fac-
tor of 0.000968. This means, for example, that if the DC supply lines had noise sig-
nals of 100 millivolts peak-to-peak, we could anticipate a similar signal in the
output with an amplitude of about

Uno = Un X 0.000968

=100 mV x 0.000968
=968 uv

2.3.3 Practical Design Techniques

The following design procedures will enable you to design noninverting op amp
circuits for many applications. Although certain nonideal considerations are
included in the design method, additional nonideal characteristics are described
in Chapter 10.

To begin the design process, you must determine the following requirements
based on the intended application:

1. Voltage gain
2. Frequency range
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3. Load resistance
4. Maximum input voltage

As an example of the design procedure, let us design a noninverting amplifier
with the following characteristics:

1. Voltage gain 8

2. Frequency range DC to 5 kilohertz
3. Load resistance 27 kilohms

4. Maximum input voltage 800 millivolts RMS

Determine an Initial Value for R, There are endless combinations of R; and
R, that will produce the desired circuit voltage gain. The smaller the values of Ry and
R,, the higher the value of feedback current. The feedback current subtracts from the
maximum available output current. Thus, we want to avoid extremely small values.

The larger we make Ry and Ry, the more the circuit operation is affected by
certain nonideal characteristics. In general, neither resistor should be less than 1.0
kilohms nor more than 680 kilohms unless there is a compelling reason for them to
be so. With this rule of thumb in mind, we select R, as 4.7 kilohms.

Determine the Value of Ry. R; can be computed from the voltage gain equa-
tion, Equation (2.28):

AV =B—E+1,OT

I

Rr =Ri(Ay - 1)

For the present design example, we compute R; as follows:

R =RfAy-1)
=47kQ(8-1) =329kQ

We select the nearest standard value of 33 kilohms to use as R;.

Determine the Required Unity Gain Frequency. You will recall from our
discussions on bandwidth that the error between the calculated or ideal gain and
the actual gain increases as frequency increases. We can, however, estimate the
required unity gain frequency by applying Equation (2.22).

bw(Rr + R;)
fuc = ""—'E”“‘”
I

_ 5 kHz(33 kQ + 4.7 kQ)
- 47 kQ
= 40.1 kHz
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Thus, we must select an op amp that has minimum unity gain frequency of at least
40.1 kilohertz. Since the 741 has a 1.0-megahertz unity gain frequency, it should be
adequate for this application with respect to bandwidth.

Determine the Minimum Supply Voltages. The minimum supply voltages
are computed simply by ensuring that the maximum expected output voltage
swing is no greater than the +Vy,y values. The maximum output swing can be
found by using the basic equation for voltage gain, Equation (2.1).

7,
AV = o4 , or

Ul

Vour = UvAv
In our particular example, the maximum output voltage will be

Vour = UivAy
=800mV x1.414x 8
=9.05 V peak, or
Dour = Vo(max)
=9.05Vx2
= 18.1 V peak-to-peak
Notice the multiplying factor 1.414 to convert our input voltage (given in
RMS) to a peak or worst-case value. The manufacturer’s data sheet in Appendix 1
indicates that the 741 op amp will produce at least a £12-volt output swing with a
#15-volt supply voltage and a load resistance of at least 10 kilohms. Thus, we can
infer that we have a worst-case internal voltage drop of 15 - 12, or 3 volts. The
minimum power supply voltage can be determined with Equation (2.25):
+Vaun = Vour + Vinr
=9.05V+3V
=120V
Anything greater than +12.05 volts for the DC supply will be adequate, so we choose

the standard values of +15 volts for our application. Realize that this is a worst-case
calculation; a more typical internal drop would be 2 volts rather than 3 volts.

Determine the Required Slew Rate. The minimum slew rate for the op
amp is computed by transposing Equation (2.11).
slew rate(min) = nfeg; vo(max)
=314%x5kHzx 181V
=0.284 V/us
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Since the slew rate of the 741 exceeds this minimum value, we can continue with
our initial op amp selection. If the above calculation indicates a higher require-
ment than our preliminary op amp selection can deliver, then another op amp
must be selected that has a higher slew rate.

Calculate the Value of Compensation Resistor (Rg). The compensation
resistor (Rg) reduces the error in the output voltage caused by the voltage drops
that result from the op amp’s input bias currents. As with the inverting configura-
tion, we achieve maximum error reduction by inserting equal resistances between
both op amp input terminals and ground. The resistance between the inverting
input to ground is essentially equal to the parallel combination of R; and R;. This
is easier to appreciate if you remember that the output impedance of an op amp is
very low. For purposes of this analysis, assume that the output impedance is actu-
ally 0 chms. In this condition, one end of both R; and Ry connect to ground and the
other ends connect to the inverting input terminal. Thus, they are effectively in
parallel. The value of Ry is calculated as in Equation (2.26):

_ _ReRy
Ry + R,

33 kQx 47 kQ
T33kQ+4.7 kQ

=41 kQ

B

We will choose a standard value of 4.3 kilohms. The final schematic is shown in
Figure 2.14.

The actual performance of the circuit is indicated by the oscilloscope plots in
Figure 2.15. Additionally, Table 2.2 contrasts the measured performance with the
original design goals.

33 k0

4.3 kO

FIGURE 2.14 Anexomple 0<v;<B00mV pyg 0<t<5 kHz
noninverting amplifier design.

TABLE 2.2

Parameter Design Goal Measured Values
Voltage gain 8 7.9-8.01
Frequency range DC-5kHz DC->5kHz
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Low-Frequency Performance
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High-Frequency Performance
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FIGURE 2.15 Oscilloscope displays showing the actual performance of the noninverting amplifier
shown in Figure 2.14. (Test equipment courtesy of Hewleti-Packard Company.)
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A slight phase shift can be seen between input and output waveforms in Fig-
ure 2.15. The effect is more pronounced as the input frequency is increased. For
many applications, input/output phase relations are not important; in other
applications they are critical. Chapter 10 discusses this issue in more detail.

2.4 VOLTAGE FOLLOWER
2.4.1 Operation

A voltage follower circuit using an op amp is shown in Figure 2.16. This is a very
simple, but very useful, op amp configuration.

If you compare the voltage follower circuit to the noninverting amplifier pre-
viously discussed, you will see that R; and R in the noninverting circuit have
become respectively, infinity and 0 to form the follower circuit. Since there is no
significant impedance in the path of the (-) input terminal, there is no need for the
compensating resistor in the (+) terminal.

The voltage on the (+) input is equal to v; because of the direct connection.
Recall that v, is approximately 0 volts as long as the amplifier is not saturated.
This means that the (-) input terminal will also be approximately equal to v;. And,
since the (-) pin is connected directly to the output, the output must also be equal
to v;. Because the output is essentially equal to the input at all times, the voltage
gain is unity (i.e., 1). The circuit is called a voltage follower because the output
appears to follow or track the input voltage.

So, what is the value of a circuit that gives us an output voltage that is equal
to the input? Well, although the voltage gain is only 1, there are other very impor-
tant reasons for using a voltage follower. One of the most important uses for the
circuit is for impedance transformation. By inspection, you can see that the input
impedance is very high, as the only current drawn from the source is the bias cur-
rent for the (+) terminal. The output impedance, on the other hand, is quite low.
As with the other configurations previously studied, the output impedance
approaches an ideal value of 0, so the voltage follower circuit can interface a high
impedance device or circuit to a lower impedance device or circuit. Although very
little current is drawn from the source, a substantial current may be supplied to
the load.

Vo

Vi
FIGURE 2.16 A basic voltage R

follower circuit, = =
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2.4.2 Numerical Analysis

The numerical analysis for the voltage follower is simpler than for previous cir-
cuits because of the lack of circuit complexity. Let us analyze the circuit shown in
Figure 2.16 and determine the following values:

. Voltage gain

. Input impedance

. Input current requirement
Maximum output voltage swing
. Slew-rate limiting frequency
Maximum input voltage swing
Output impedance

Output current capability
Bandwidth

Power supply rejection ratio

I R N

—
e

For purposes of the following analyses, let us assume that the op amp in Figure
2.161s a 741.

Voltage Gain. The ideal voltage gain of a voltage follower circuit is always
unity, or 1. This can be further demonstrated by applying the voltage gain equa-
tion, Equation (2.28), presented for the noninverting amplifier circuit. Since Ry is
now 0 and R; is infinity, our calculations become

As with other amplifier configurations, the actual gain of the circuit falls off at high
frequencies. This is further discussed, along with bandwidth, in a later section.

Input Impedance. The input impedance of the voltage follower is ideally infi-
nite because it is essentially the input resistance of the (+) input of the op amp
modified by the effects of feedback. The value may be estimated by applying
Equation (2.29) with the quantity R;/(Rr+ R;) considered to be unity. Thus, for low
frequencies (i.e., near DC) the circuit in Figure 2.16 will have a minimum input
impedance of

ZI = ROPAV
= 0.3 MQ x 200,000
= 60,000 MQ
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If we had used typical values for Rop, we would have gotten an even higher value
for Zpy. In any case, the value is so high that we can consider it as infinite for most
applications.

input Current Requirement. The input current for the circuit in Figure 2.16
is only the bias current for the (+) input terminal. This is ideally 0 and for most
applications may be neglected. If more precision is desired, then the manufac-
turer’s data sheet in Appendix 1 can be referenced. The data sheet indicates that
the input bias current will be no higher than 500 nanoamperes, with a more typ-
ical value listed as 80 nanoamperes. Even though this current is temperature
dependent, the absolute values are so small that they may be neglected in many
applications.

Maximum Output Voltage Swing. The maximum output voltage swing for
the follower circuit is determined in the same manner, Equation (2.10), as that
used with preceding amplifiers. That is,

vo(max) = +Vgar ~ (~Visar)
=+13V-(-13V)
=26V

If a more accurate value is desired, the manufacturer’s data sheet can be used to
find a more precise value for the worst-case saturation voltage.

Slew-Rate Limiting Frequency. As with the amplifier configurations dis-
cussed previously, the highest frequency that can be amplified with a full output
voltage swing and no slew-rate limited distortion is computed as in Equation (2.11):

slew rate
T Ys(max)

_ 05 V/us
T 314x26V

= 6.12 kHz

fSRL =

If it is known for certain that the actual output swing will never be required to
reach its limits, then the lower actual output swing can be used to compute the
slew-rate limiting frequency.

Maximum Input Voltage Swing. Since the amplifier has a voltage gain of 1,
the maximum input voltage swing is equal to the maximum output voltage
swing. Thus, in the case of Figure 2.16, we could have an input signal as large as
#13 volts without causing the amplifier to saturate. Again, if you plan to push the
amplifier to its limits, you should refer to the manufacturer’s data sheet and select
the worst-case output saturation voltage at the worst-case temperature. The com-
putations, however, remain similar.
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Output Impedance. The output impedance of the voltage follower can be
computed as follows:

|

| - output impedance(open loop)
| o Ao,

; |
where Ag, is the open-loop gain of the op amp at the specified frequency. You can
determine the value of Ay, at the desired operating frequency as in Equation (2.16):

(2.31) |

where fyy is the specific input frequency being considered.
For the circuit in Figure 2.16, the open-loop gain at 5 kilohertz, for example, is

fiv
_ 1.0 MHz
5 kHz

=200

AOL - fUG

The output impedance then becomes Equation (2.31).

= output impedance(open loop)
’ Aot

75 Q

200
= 0375 Q

As with most op amp circuits, the output impedance is so low relative to any prac-
tical load resistance that its effects may be ignored.

Output Current Capability. The total current flowing in or out of the output
terminal of the op amp in Figure 2.16 may be delivered directly to the load. That is,
the feedback current is extremely small and can be disregarded in nearly all cases.
As the load resistance varies from infinity (open) to 0 (short), the output current
from the op amp varies from 0 to the short-circuit value of 20 milliamps (given in
the data sheet). The limiting factor is the amount of reduction that can be tolerated
on the output voltage swing.

On an unprotected op amp, the value of load current must be kept below
the stated output current rating. If this value is not supplied in the data sheet, it
can be estimated by using the maximum power dissipation data; recall that power =
voltage x current.
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Bandwidth. The bandwidth (i.e., the upper cutoff frequency) of a voltage fol-
lower circuit may be estimated by the following equation:

bw -_-fuc (232)

For the circuit shown in Figure 2.16, we can compute the upper cutoff frequency
and/or bandwidth as follows:

bw = fye = 1.0 MHz

At lower frequencies, the voltage gain will be nearly equal to the calculated value
of unity. As the frequency approaches the upper cutoff, the voltage gain begins to
decrease. Once the input frequency exceeds 1.0 megahertz (for a 741), the overall
circuit gain will decrease dramatically.

Power Supply Rejection Ratio. The change in output voltage (vp) for a
given change in DC power line noise voltage (vy) is computed for the voltage fol-
lower with the following equation:

Uno = UNPSRR (233)

where vy, vy, and PSRR are the values of the output noise signal, the noise signal
on the DC supply lines, and the power supply rejection ratio, respectively. The
manufacturer’s data sheet in Appendix 1 lists the power supply rejection ratio
(PSRR) as ranging from 30 to 150 microvolts per volt. The worst-case effect on the
output voltage for the circuit in Figure 2.16 is then

Ono = UNP SRR
= UN X 150 #V/ V
In other words, the amplitude of the power line noise (vy) will be reduced by
a factor of 0.000150. This means, for example, that if the DC supply lines had noise
signals of 100 millivolts peak-to-peak, we could anticipate a similar signal in the
output with an amplitude of about
Uno = U X150 uV/V
=100mV x 150 uvV/V
=15 uV peak-to-peak

Practical Design Techniques

The design of a voltage follower circuit is fairly straightforward because of the
lack of circuit complexity. Let us examine the design procedure by designing a
voltage follower with the following characteristics:
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1. Input voltage range 100 to 500 millivolts RMS

2. Frequency range DC to 75 kilohertz

3. Load resistance 4.7 kilohms

4. Input resistance greater than 100 kilohms
5. Source impedance 1.8 kilohms

Select the Op Amp. First, we must select an op amp that can provide unity
gain up to the maximum input frequency. That means we will need an op amp
with a unity gain bandwidth of at least Equation (2.32):

fuc = fuax
=75kHz
Second, the slew rate of the op amp must be adequate to allow the required output
voltage swing at the highest input frequency. The required slew rate is given by
Equation (2.11):
slew rate(min) = mfgg;vo(max)
=314 x75kHz x 500 mV x 1.414 x 2
=0333V/us

Since both the unity gain frequency and the slew rate requirements are within the
limits of the 741 (see Appendix 1), let us choose this device for our design.

Select the Power Supply Voltages. Now we must select a power supply volt-
age that is high enough to prevent saturation on the highest input voltage. The worst-
case internal voltage drop on the output for a 741 is listed as 5 volts in Appendix 1 for
load resistances between 2 and 10 kilohms. A more typical value is 2 volts. The mini-
mum required power supply voltage can be determined as in Equation (2.25):

=V = vi(peak) + Vir
=500mVx1414+5V
=5707V

We will choose a more standard value of +15 volts for our power supply voit-
ages. The complete schematic of our voltage follower circuit is shown in Figure 2.17.

FIGURE 2.17 A voltage follower :
design thot includes a compensation - : =

resistor (Rg). Source
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Now let us check to be sure the 741 can supply the required current to our
load without causing an appreciable voltage loss in our output. When the output
voltage reaches its maximum level, the load current can be computed with Ohm’s
Law as

vo{peak)
Ry

500 mV x 1.414
- 47 kQ

= 150 pA

ir (peak) =

This should have negligible effect on the output voltage of the op amp because the
741 can supply significantly higher currents.

Figure 2.17 also illustrates the use of a compensating resistor Rp. Recall from
the previous amplifier designs that bias current in the op amp can cause output off-
sets because of the voltage drops across any resistances in line with the bias cur-
rent. We minimize this offset by providing equal resistances in both (+) and (-)
inputs. The resistance in the (+) input is simply the source resistance that was given
as 1.8 kilohms. To minimize output errors, we insert an equal value Ry in the feed-
back loop. Note that no significant signal current flows through Rp. Therefore, the
voltage gain is unaffected by the addition of Ry, and it remains constant at unity.

The actual performance of our voltage follower circuit is shown in Figure
2.18 through the use of an oscilloscope plot. The measured performance is com-
pared to the design goals in Table 2.3.

TABLE 2.3
Parameter Design Goal Measured Values
Input resistance >100 kQ >100 kQ
Voltage gain 1.0 0.97-0.99
Frequency range DC-75 kHz DC->75 kHz
2.5 INVERTING SUMMING AMPLIFIER
2.5.1 Operation

Figure 2.19 shows the schematic diagram for an inverting summing amplifier. The
summing amplifier has several inputs—the circuit in Figure 2.19 shows four with
the possibility of others indicated. Although the input sources are shown as DC
signals (i.e., batteries) the circuit works equally well for AC signals or even a com-
bination of AC and DC signals.

There are several ways to understand the operation of the inverting sum-
ming amplifier circuit. One simple method is an application of the Superposition
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Low-Frequency Performance
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FIGURE 2.18 Oscilloscope displays showing the performance of the voltage follower circuit
shown in Figure 2.17. (Test equipment courtesy of Hewlett-Packard Company.)
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1
e >_.
R; L

FIGURE 2.19 An inverting summing
amplifier circuit.

Theorem. In this case, we consider the effects of each input signal one at a time
with all other sources being set to 0. We know from our discussion of the basic
inverting amplifier that the (-) input terminal is a virtual ground point. That is,
unless the amplifier’s output is saturated, the voltage on the (-) input will be with-
in a few microvolts of ground potential. Thus, when we replace all but one source
with a short (i.e., set them to 0 volts), the associated input resistors essentially
have a ground connection on both ends. In other words, one end of each resistor is
connected to ground through the temporary short that we inserted across the bat-
tery as part of the application of the Superposition Theorem. The opposite end of
each input resistor is connected to the (-) input, which we know is a virtual
ground point. As all input resistors but one have ground potential on both sides,
there will be no current flow through them and they can be totally disregarded for
the remainder of our analysis.

By disregarding all input resistors and sources but one, we are left with a
simple single-input inverting amplifier circuit. We already know how this circuit
works, so we can now compute voltage gain, input current, output voltage, and so
on, for this single input. We can then perform a similar analysis for each of the
other inputs one at a time. The actual output voltage of the circuit is the combina-
tion or sum of the effects of the individual inputs.

One important point that should be recognized about the circuit shown in
Figure 2.19 is that the gains for each input signal are independent. That is, the ratio
of Rr to Ry will determine the voltage gain that signal V; receives. V,, on the other
hand, is amplified by a factor established by the ratio of Rr and Rp. Thus, we can
quickly conclude that the individual gains can be varied by changing the values of
the input resistors, while the gains of all signals can be changed simultaneously by
varying the value of R;. Consider, for example, that the circuit is being used as a
microphone mixer. The signals from several microphones provide the inputs to
the circuit. If the individual input resistors are variable, then they adjust the
amplitude (i.e., volume) of one microphone relative to another. If the feedback
resistor is also variable, it serves as a master volume control because it varies the
amplification of all microphone signals but does not change the strength of one
relative to another.

Resistor Ry is a compensating resistor and ensures that both inputs of the op
amp have similar resistances to ground. You will recall that this helps minimize
problems caused by the op amp’s bias currents.
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Re
Ry, ——AA——
47 k0
18 k0, R
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Vy= 0-3V
v2= 250mVpy @ 5 kHz
va= 1.2Vgs ® 10 kHz
V= —1V

FIGURE 2.20 An inverting summing amplifier circuit used for a numer-
ical analysis example.

2.5.2 Numerical Analysis

We will now analyze the numerical performance of an inverting summing ampli-
fier circuit. The circuit to be analyzed is shown in Figure 2.20. Compute the fol-
lowing characteristics of the circuit:

Voltage gain of each input signal

Input impedance of each input signal

Input current requirement for each input signal
. Maximum output voltage swing (total)
Maximum input voltage swing (individual)
Output impedance

Output current capability

Bandwidth

Slew-rate limiting frequency

0PN o e e

Voltage Gain. The voltage gain for each input signal in Figure 2.20 must be
computed separately. Each gain, however, is computed in the same manner, Equa-
tion (2.6), as a simple inverting amplifier circuit. That is,

where the minus sign is used to remind us of the phase inversion given to each

signal.
The individual voltage gains for the circuit in Figure 2.20 are computed:

, Re . YK 6
R, 18 kQ
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R 47 kQ

Ay =-=F = - ——— =10
TR, 47 kQ

AV _Bi - _w = —21
R 22 kQ
Ry 47 kQ

Ay, =--L =-—" =1

"R, 27kQ

Observe that each of these calculations is similar to our analysis on a single-input
inverting amplifier and that the gains are independent of each other.

Input Impedance. The input impedance seen by each input is equal to the
value of the input resistor on that particular input. That is, since each input resis-
tor connects to a virtual ground point, its respective source sees it as the total input
impedance. No calculations are required to determine the input impedance; we
simply inspect the input resistors’ individual values.

Input Current Requirement. Each source must supply the current for its own
input. The amount of current can be determined by Ohm’s Law and is simply the
input voltage divided by the input resistance, Equation (2.8). For the circuit shown
in Figure 2.20, we can compute the following values:

iy, =RZ;-=£%=167;1A

i, =—I%22—=2:(7)T:g:53yApeak

i, =;—i=1—'2;/2———>;d1_241é=77#Apeak
i =R1:=%=37m

In the case of V,, a variable DC source, we computed the worst-case input
current by using the maximum input voltage (3 volts). Similarly, for the alternat-
ing voltage sources v, and v;, we used peak values of input voltage. In each of
these cases, the source must be capable of supplying the required current.

Maximum Output Voltage Swing. The output voltage of the summing
amplifier is limited by the +V,r values. For the purposes of this analysis, we will
estimate the values of +V4r to be 2 volts below the DC power supply values. The
calculations, Equation (2.10), to determine the maximum output voltage swing are
vo(max) = +Vsur — (~Vsar)
=+13V-(-13V)
=26V
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As with previous circuits, we can utilize the data sheet supplied by the manufac-
turer if it becomes necessary to have a more accurate, or perhaps worst-case,
value.

Maximum Input Voltage Swing. The maximum input voltage swing of an
amplifier is the voltage that causes the amplifier’s output to reach saturation.
Input voltages that exceed this limit will produce distorted (i.e., clipped) output
signals. In the case of the summing amplifier, the situation is more complex than
with previous, single-input amplifiers. That is, the instantaneous level of output is
determined by the instantaneous values of input voltage on all inputs. First we
will consider each input separately to determine the maximum levels of an isolated
input. The calculations, from Equation (2.1), are similar to those used with previ-
ous circuits.

maximum output voltage swing
Ay

maximum input voltage swing =

where Ay is the voltage gain received by a particular input. The individual calcu-
lations are

Vi(max) =:—1;’———6K=5 V DC

v,(max) = 29—0‘—/ = 2.6 V peak-to-peak

1
1%
v3(max) = g—g——l- = 12.4 V peak-to - peak
13V
V. =—=-76V
4 (max) 7

Note that the negative and positive saturation limits were used as the maxi-
mum output “swing” for V; and V,, respectively, since these two inputs are DC
and will only be limited by one saturation barrier.

With reference to v, and v;, we may want to express them in their peak and
RMS forms to better compare them with the signals shown in Figure 2.20. These
conversions are

v, (peak) = vz(Pz— P 2'62V =13V peak
oy (RMS) = 2P =P) 124V _ a9y rats
2828 2828

Since the maximum limits on all inputs (both DC and AC) are greater than
the values listed on the schematic, we will assume that no single input can cause
the amplifier output to saturate. However, two or more input signals may com-
bine at some instant to drive the output to its saturation limit. Let us determine if
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this situation can occur in the circuit shown in Figure 2.20. To perform this calcu-
lation, we want to determine the worst-case combination of input signals. First
observe that V; and V, are of opposite polarity and thus tend to reduce each
other’s effect in the output. A worst case would be when V; is zero or when V; is
maximum (3 volts DC). Let us evaluate them with Equation (2.1) to determine the
worst-case combination.

Vo, = idy, = 3 V x(-2.6) = -7.8 V DC
‘/()‘1 = ‘/414.‘/4 =-1Vx (“1.7) =+1.7V DC

From these calculations we can see that if V; were reduced to zero, V, would
produce +1.7 volts in the output. On the other hand, if V; were set for maximum
(3 volts DC), the net output voltage would be the difference between the V-
produced and V,-produced outputs. This worst-case output voltage is simply 7.8
+ 1.7, or -6.1 volts.

Now we must consider the effects of the AC signals v, and v,. The worst-case
output condition will occur when these two inputs hit their peak values simulta-
neously and have the same polarity as V. The output voltages produced individ-
ually by v, and v, are

Vo, = UAy, = 250 mV x (-10) = -2.5 V peak

v3Ay, =12V x 1414 x(-2.1) = -3.6 V peak

2

TJO3

The net effect of Vy, vy, v3, and V, can be found by adding the individual out-
put values (Superposition Theorem).

Up = VO] + Uoz + 7)03 + VO4
=-78V-25V-36V+17V
=-122V

Since this worst-case value is less than our maximum output voltage limit
(£13 volts typically), we should not have a problem. In extreme cases, however,
we may have a potential problem. Recall that the output limits of +13 volts were
obtained by using typical performance values for the 741. If worst-case values
are used, we will find that the limits fall to 10 volts under worst-case condi-
tions. If this situation were to occur at the same time our inputs were all at their
maximum values, we would drive the amplifier into saturation and produce a
clipped output. If this is a serious concern for our particular application, we can
reduce R slightly to prevent the combined signals from driving the output to
saturation.

Output Impedance. The output impedance of the summing amplifier can be
estimated as follows:
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output impedance(closed loop) = 1,

_ output impedance(open loop) ~ (234)
- AgY +1

where Ag, is the open-loop gain of the op amp at the specified frequency and Y is
computed as follows:

= Ry "sz “RB HRU
(Ry[Ry,|Ry, [Ry,) + Re

(2.35)

Now let us compute the output impedance for the circuit in Figure 2.20. First
we compute the value of the parallel combination of input resistors (Ry):

1
1 1 1 1
— o
R, R, R, R,
1
1 1 1 1

+ + +
18kQ 47 kQ 22kQ 27 kQ
= 2.85 kQ

RX=

Then we use this value to compute the factor Y, Equation (2.35):
__ Ry
Ry + Ry

. 285kQ
2.85 kQ + 47 kQ

= 0.057

Next we determine the value of Ay at the frequency of interest, using Equation
(2.16). We will use the worst-case value that occurs at the highest input frequency
(10 kilohertz):
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Finally we compute the estimated value of output resistance, from Equation (2.35):

- output impedance(open loop)
o =

AnY +1
_ 75 Q
7100 x 0.057 + 1

=11Q

Since this value was computed at the highest input frequency (worst case), and
since it is very low compared to the value of the load resistor, its effects on output
voltage can be safely ignored.

Output Current Capability. The maximum value of load current occurs
when the output reaches its highest instantaneous value. The maximum voltage

was previously computed as 12.2 volts. The worst-case load current can be com-
puted with Ohm'’s Law:

vp(max)
R,
_ 122V

T 39kQ
= 3.13 mA

iy (max) =

The output of the op amp must also supply the feedback current. In most
applications, this current can be ignored because it is generally much smaller than
the load current. Our present circuit is no exception. That is, we can see by inspec-
tion that the feedback path has over 10 times as much resistance as the load.

The data sheet in Appendix 1 indicates that even under worst-case condi-
tions, the output can maintain at least 10 volts across a 2000-ohm load. By Ohm'’s
Law, we can conclude that this corresponds to an output current of

99_10V-

o = = — = 5 mA
R, 2kQ

Of course, the typical value of current is even higher. In any case, the current capa-
bility of the output clearly exceeds our requirements and therefore poses no prob-
lem. If our load resistor were smaller, we could anticipate a reduced output voltage.

Bandwidth. For a meaningful discussion on bandwidth, we must consider the
response of each input individually. When the responses are considered separately,
we can estimate the bandwidth of any given input by applying the bandwidth
equation, Equation (2.22), used in previous analyses:

o fucRs
RF + RI
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We know from earlier calculations that the bandwidth will decrease as the
closed-loop gain is increased. Let us calculate the bandwidth for the input in Fig-
ure 2.20 that has the highest gain. We have already determined the individual
gains to be 2.6, 10, 2.1, and 1.7 for inputs V; through V,. We will compute the
bandwidth for the v, input because its gain is the highest. Incidentally, there
would be very little point in computing the bandwidth for inputs V, and V,
because these have DC signals applied. The bandwidth for the v, input is

fUGRL
bw = JUGRL_
YR +R

1.0 MHzx 4.7 kQ
T A7 kQ+ 4.7 kQ

=90.9 kHz

A similar analysis could be made for input v;, which has a computed gain of
2.1 and a maximum input frequency of 10 kilohertz. For large amplitude output
signals, the slew rate will tend to restrict the operation to even lower frequencies.
This is discussed in the following section.

Slew-Rate Limiting Frequency. As discussed for previous amplifier config-
urations, the slew rate also limits the highest operating frequency for larger out-
put voltage excursions. The slew-rate limiting frequency is found as fellows,
Equation (2.11):

slew rate
Uy (max)

05 V/us
314x26V

= 6.12 kHz

fSRL =

Thus, although the v, input was shown to have a 90.9-kilohertz bandwidth as
established by the unity gain frequency, the full-power upper limit is only 6.12
kilohertz. In the given application, however, the applied signal is only 5000 hertz,
so this should not hamper the operation of the circuit with respect to the v, input.

The v; input, on the other hand, operates at 10 kilohertz. This means that we
can never get the full 26-volt swing in the output as a result of v; signals. The
schematic indicates that the highest input voltage is 1.2 volts RMS. The gain for v,
was previously computed as 2.1. The largest normal output swing from v, can be
found by applying Equation (2.1):

vg(max) = V3(RMS) x 1414 x 2 x Ay,
=12Vx1414x2x21
= 7.13 V peak-to- peak
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The actual slew-rate limiting frequency for this input is then estimated with
Equation (2.11) as

slew rate

fore = Yo (max)
. 05V/us
T 314x713V

=223 kHz
In the given circuit, the slew rate should not interfere with the expected operation.

2.5.3 Practical Design Techniques

To illustrate the design method for an inverting summing amplifier circuit, let us
design a 3-input circuit with the following performance characteristics:

Input1. 0 to 500 millivolts peak, at a frequency of 2.7 kilohertz. The source
resistance is 1.0 kilohms, and the signal is to be amplified by a factor of -3.5.
Input2. -2 to +2 volts DC. The source resistance is 0.75 ohms, and the
voltage is to pass through the circuit without amplification (i.e., inversion
only).

Input 3. 0 to 3 volts RMS, at a frequency of 500 hertz. The source
resistance is 50 ohms, and the signal is to be amplified by a factor of -2.

Recall that the minus signs preceding the gain factors tell us that the signals are
inverted in the process of being amplified. The negative gains do not imply volt-
age reduction.

The output of the amplifier must drive a load resistance that varies from 10
to 50 kilohms.

Determine the Worst-Case Input. Our initial step is to determine which
input to design first. If we choose the wrong one, we will end up recalculating
some of our values. The proper input can be identified by choosing the one that
has the highest product of source resistance multiplied by voltage gain (absolute
value). These calculations are shown for comparison:

Input 1. 1000 € x 3.5 = 3500
Input2. 0.75Qx1=0.75
Input3. 50 2 x2 =100

Since input 1 has the highest gain-source-resistance product, we will begin by
selecting the input resistor for input 1.

Choose the Value for the First Input Resistor. The source resistance and
the input resistor are in series. Their sum in conjunction with Ry will determine the
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voltage gain of that input. In theory, there is no requirement to have a physical
resistor for Ri—the source resistance alone can serve as the input resistor. In prac-
tice, however, the source resistance is usually only an estimate and rarely a con-
stant; therefore, it is generally wise to include a separate resistor as R; and to make
this resistor large enough to minimize the effects of changes in the source resis-
tance. The application must dictate the degree of stability needed, but in general,
if the input resistor is 10 times as large as the source resistance, then the effects of
changes in the source resistance are reduced by about 90%. If greater protection is
needed, increase R, accordingly.

For purposes of our sample design, let us choose R}, to be 10 times the value
of source resistance. The value of R), then is computed as

RIl =10 x RS]
=10x1.0 kQ
=10 kQ

Calculate the Required Feedback Resistor (R;). The feedback resistor is
calculated by using a transposed version of the basic voltage gain equation, Equa-
tion (2.6), for an inverting amplifier.

In our particular circuit,

Rp=~AyR,
=—(-3.5) x 10 kQ
=35kQ

We choose the nearest standard (5% tolerance) value of 36 kilohms.

Compute the Remaining Input Resistors. Values for each of the remaining
input resistors can be calculated by using yet another transposed version of the
basic voltage gain equation, Equation (2.6).
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Using this equation, we can now compute values for Rj, and R; as follows:

and

Compute the Value of R;. To minimize the effects of op amp bias currents,
we want to make the value of Ry equal to the parallel combination of Ry and all of
the input/source resistors.

1

T, 1 1 1 (2.36)
Rr R, +Rs R, +Rg R, +Rs

In our present case, the value of R; is computed as

1
1 + 1 N 1 + 1
36kQ 10kQ+1kQ 36kQ+075Q 18 kQ+50 Q

=495 kQ

RB=

We select the nearest standard value of 5.1 kilohms.

Determine the Required Power Supply Voltages. The DC power supply
voltages must be high enough to prevent saturation under the worst-case input
conditions. Generally, the condition to be considered is when all inputs are at the
maximum voltage at the same time. The worst-case output voltage, then, is com-
puted by adding the output voltages caused by each of the individual inputs, as in
Equation (2.1).

Vo, (max) = v;(max) x Ay, = 500 mV x (-3.5) = -1.75 V
Vg, (Max) = vy(max) x Ay, =2 Vx(-1) =20V
Vo, (max) = v3(max) x Ay, =3 V x1414 x(-2) = -848 V
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The worst-case output will be

vo(max) = v, (max) + v, (Max) + v, (max)
=(-1.75 V) + (-2 V) +(-8.48 V)
=-122V

Unless the internal drop on the output of the selected op amp is unusually
high, we should be able to use standard +15-volt supplies. Suppose, for example,
we decide to use a 741 op amp. The manufacturer’s data sheet in Appendix 1 indi-
cates that the op amp can deliver at least +12 volts to a load 210 kilohms when
#15-volt supplies are used. We will plan to use a 741 unless we encounter prob-
lems with bandwidth or slew rate (verified in subsequent sections).

Determine the Required Unity Gain Frequency. The minimum unity gain
frequency for each input is computed with Equation (2.22):

bw(Re + Ry) 2.7 kHz(36 kQ + 10 kQ)

= =124 kHz
Jus, R, 10 kQ
fuc, = Not applicable to DC inputs
fie, = bw(Rr + R;,) _ 500 Hz(36 kQ + 18 kQ) - 1.5 kHz

R, 18 kQ

3

In all cases, the required minimum unity gain bandwidth is substantially below
the 1.0-megahertz limit of a 741. Therefore, we will initially plan to use a 741 in our
design. If the minimum bandwidth requirement were greater than 1.0 megahertz,
we would have to select a different op amp.

Determine the Required Slew Rate. The minimum acceptable slew rate for
the op amp is given by the following equation, Equation (2.11):

slew rate(min) = nfsg, vp(max)
Let us determine the minimum slew rate for each input:

slew rate(min) 1 =3.14 x2.7kHzx 35V =0.03 V/uS
slew rate(min) 2 = DC input
slew rate(min) 3 = 3.14 x 500 Hz x 16.97 V = 0.027 V/ uS

In all cases, the required slew rate is substantially below the 0.5-volts-per-
microsecond rating of the 741. Therefore, we will select this device as our final
choice.

The schematic of our design is shown in Figure 2.21. The actual performance
of the circuit is evident from the oscilloscope displays in Figure 2.22. The mea-
sured performance is contrasted with the original design goals in Table 2.4.
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3= 0—'500va‘ @ 2.7 kHz
Vz= 2V
va= 3Vpys © 500 Hz

FIGURE 2.21 The final design of a 3-input inverting summing
amplifier circuit.

Voltage Across R,

‘4 5.00 Ww/div
offset: 0.000 V

T — ‘ T 10,00 01 de
T0l00000 s 2.50000 ms  5.00000 ms
500 us/div
vRini 4) -8.28125 V Vaax( 4) 11.5625 ¥
4 f-1.25 v

FIGURE 2.22 Oscilloscope display showing the actual performance of the inverting summing
amplifier shown in Figure 2.21. (Test equipment courtesy of Hewlett-Packard Company.}

TABLE 2.4

Parameter Design Goal Measured Value
Voltage gain 1 =35 -3.27
Voltage gain 2 -1.0 -1.0
Voltage gain 3 -2.0 -1.99
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2.6

2.6.1

2.6.2

FIGURE 2.23 A 3-input noninverting _L

NONINVERTING SUMMING AMPLIFIER

Operation

Figure 2.23 shows a 3-input, noninverting summing amplifier circuit. Its operation
is significantly more difficult to analyze than that of the inverting summing ampli-
fier. In the present case, we will need to rely heavily on the use of Thevenin’s The-
orem to analyze the operation of the circuit. First, though, let us examine the
fundamental theory of operation.

Although the network on the (+) input is somewhat difficult to analyze
mathematically, we know intuitively that it must be equivalent to some value of
voltage and some value of resistance. If we mentally replace the network on the
(+) input with a simple voltage source and series resistance, we see that the circuit
becomes a simple, familiar noninverting amplifier circuit. The gain of this equiva-
lent circuit is determined by the ratio of R; to R;. So, with the single exception of
the network on the (+) input, analysis of the circuit is quite straightforward.

Numerical Analysis

Now let us analyze the circuit shown in Figure 2.23 numerically. We will focus our
efforts on the network associated with the (+) input terminal. If we can reduce this
network to a simpler network consisting of a single voltage source and a single
resistor, then we can analyze the rest of the circuit using the method presented for
the simple noninverting amplifier.

To reduce the network on the (+) input, we apply Thevenin’s Theorem in
two stages. First, simplify V), V,, and the associated resistors. Figure 2.24(a) shows
the circuit divided between V, and V;. Application of Thevenin’s Theorem to the
portion of the circuit on the left side of the break point gives us a Thevenin voltage
(V1) of 2 volts and a Thevenin resistance (R'ry) of 2.78 kilohms. This equivalent
circuit is shown in Figure 2.24(b) reconnected to the original V;/R; circuit.

If we apply Thevenin’s Theorem to the partially simplified circuit in Figure
2.24(b), we obtain the fully reduced equivalent circuit of Figure 2.24(c). Thus, the
network of resistors and voltage sources on the (+) input of the summing amplifier

3.9 k0

Rl RP

00 k0
R.d 8.8 kN R.gt
R, 4.7 kO Rs 3.9 k0

summing amplifier.
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12 To (+) input
R24 6.8 k0
R, 4.7 k0 3.9 k0 ,
Vmu

v,.... v, =

[ 35Vl

(e)

Ry

R’
AN To (+) input
2.78 k0
]
= 2V 3.9 kn
Fo

To (+) input
1.82 k0

Vox ..I-.-. 3.25V

(c)

(b)

FIGURE 2.24 Thevenin’'s Theorem is used to simplify the summing network for the noninverting

summing amplifier.

originally shown in Figure 2.23 can be replaced by the Thevenin equivalent circuit
shown in Figure 2.24(c). This substitution is shown in Figure 2.25.

We can now complete our analysis of the simplified circuit by applying tech-
niques presented for the basic noninverting amplifier.

Voltage Gain. The voltage gain of the circuit in Figure 2.25 can be computed
with the noninverting amplifier gain formula given in Equation (2.28).

FIGURE 2.25 The summing network
shown in Figure 2.23 can be replaced
by its Thevenin equivalent for analysis
purposes.
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Output Voltage. The output voltage of the circuit in Figure 2.25 can be deter-
mined by utilizing the basic gain equation of Equation (2.1):

Av = ‘Zig
v !
Therefore,

Up = Avv[
=244x325V
=793V

Practical Design Techniques

The design of a noninverting summing amplifier like that shown in Figure 2.23 is
an involved process, and the resulting design is difficult to alter without affecting
several parameters. Therefore, many designers who need a noninverting sum-
ming amplifier utilize an inverting summing amplifier followed by a simple
inverting amplifier. This arrangement is much simpler to design, easier to modify,
and costs little more to build. With this in mind, we will not explore the details for
designing the generic noninverting summing amplifier. However, we will discuss
the design of a special case that uses the same basic circuit when we study adder
circuits in Chapter 9.

2.7

2.7.1

AC-COUPLED AMPLIFIER

Operation

The term AC-coupled identifies the fact that only AC signals are allowed to pass
through the amplifier. DC and very-low-frequency AC signals are blocked or at
least severely attenuated. The concept of AC coupling is applicable to many
amplifier configurations. In the following discussion, we will consider the oper-
ation of the basic inverting and noninverting amplifier circuits when they are
configured to be AC coupled. Most of the operation, analyses, and design meth-
ods are similar to their DC-coupled equivalents, which have been covered in
detail. Therefore, we will concentrate on areas that are unique to the AC-coupled
circuit.

First let us examine the operation of the AC-coupled inverting amplifier cir-
cuit shown in Figure 2.26(a).

You will recall from basic electronics theory that a capacitor blocks DC and
passes AC. More specifically, a capacitor’s opposition to current flow (capacitive
reactance) increases as the applied frequency decreases. As the input frequency in
Figure 2.26(a) decreases, the reactance of capacitors C; and Cg both increase. As
the reactance of C; increases, the combined impedance of C; and R; also increases.
Since the voltage gain of the inverting amplifier is determined by the ratio of the
feedback resistor to the input resistance, and since the input resistance (actually
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FIGURE 2.26 AC-coupled versions of the basic inverting amplifier (a) and the basic noninverting
amplifier {b) circuits.

the combined impedance of C; and R)) is increasing, we know that the amplifier
gain must be decreasing.

Another way to view the operation of the AC-coupled inverting amplifier is
to consider that the output voltage of the amplifier is determined by the magni-
tude of feedback current. The feedback current that flows through R; is identical
to that which flows through R, (ignoring the small bias current that flows in or out
of the (-) input terminal). The value of current flow through R; is determined by
the magnitude of the input voltage and the impedance of R; and C, in combina-
tion. As the frequency decreases toward DC, the input current, and therefore the
feedback current, must decrease. This lowered feedback current causes a corre-
sponding decrease in output voltage. Because the input voltage is constant but the
output voltage is decreasing, we can conclude that the amplifier’s gain is drop-
ping as the frequency is lowered.

The output capacitor Cy, also affects the frequency response of the circuit.
Basically, the output resistance of the op amp, the load resistance, and Cy form a
series circuit across which the ideal output voltage is developed. That portion of
the output voltage that appears across R, is the final or effective output voltage of
the circuit. The remaining voltage that is dropped across the internal resistance
and across C, is essentially lost. As the frequency in the circuit is decreased, the
reactance of Cg increases. This causes a greater percentage of the output voltage to
be dropped across Cg and leaves less to be developed across R;. Thus, the effects
of Cp also cause the frequency response to drop off on the low end and, in fact,
prohibit the passage of DC signals.

Resistor R helps compensate for the effects of op amp bias currents. Its
value will generally be the same as that of the feedback resistor, since the input
resistor (R)) is isolated by C, for DC purposes.

The AC-coupled noninverting amplifier circuit shown in Figure 2.26(b) is
nearly identical to its direct-coupled counterpart, which we discussed in an earlier
section. Coupling capacitors C; and C, allow AC signals to be coupled in and out
of the amplifier. Very-low-frequency signals and DC in particular are not coupled
through the capacitors and are therefore not allowed to pass through the amplifier.
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R, and C; form an RC-coupling circuit on the input. That portion of the input sig-
nal that appears across R, is actually amplified by the circuit.

2.7.2 Numerical Analysis

Most of the calculations for the basic direct-coupled inverting and noninverting
amplifier circuits apply to the AC-coupled inverting and noninverting amplifier,
respectively. For purposes of our present analyses, we will determine the follow-
ing circuit parameters:

1. Voltage gain
2. Input impedance
3. Bandwidth

We will use the circuits shown in Figure 2.27 for our numerical analysis example.

Voltage Gain. We will compute the overall voltage gain of the inverting cir-
cuit, Figure 2.27(a), by considering the gain to be made up of two parts. The first
part of the gain is determined by all components to the left of C,. The second part
of the overall gain is determined by C; and R;. This latter part is actually a loss
and tends to reduce the overall gain. Once these individual gains are computed,
multiply them together to determine the overall voltage gain.

The voltage gain of the circuit to the left of Cy is computed in basically the
same way, Equation (2.6), as a direct-coupled inverting amplifier. That is,

_Re

Ay =
14 Z,

(2.37)

The only modification to our original equation is that the denominator must
also include the effects of C;. Therefore, instead of dividing by R; (as we did with

Ry
——AN—
0.02,F R, 68k0 c
( A'A'A' o o
C, 27k0 741 —]
b 0.02uF

(e) (b)

FIGURE 2.27 AC-coupled amplifier circuits used for numerical analysis examples.
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the direct-coupled circuit), we simply divide by the net impedance of R; and C;
(i.e., Z;). You will recall from basic electronics that the net impedance of a series RC
circuit is computed with the following equation:

z- R+

where X, is the capacitive reactance of C;. We already know that the gain of an op
amp varies with frequency, but now we have introduced an even more obvious
frequency-sensitive factor (X¢). Thus, when we speak of voltage gain, we must
refer to a specific frequency in order to have a meaningful discussion. In most
cases, we are interested in the lowest input frequency because this is where the
capacitors will have their greatest effect (i.e., gain will be the lowest).

For the portion of the circuit in Figure 2.27(a) left of C, we can compute the
voltage gain as shown. First, we need to determine the capacitive reactance with
our basic electronics formula for X.

1
27fC

Xc

For illustrative purposes, we will assume an input frequency of 800 hertz. The first
step, then, is to calculate the reactance of C; at the frequency of interest.

1

Xc, = =9.95 kQ
6.28 x 800 Hz x 0.02 uF

Now we can compute the impedance of R, and C;:

Z = (R? + X2
= (27 kQ)? +(9.95 k)2
= 28.8 kQ

Substituting this into the voltage gain equation, Equation (2.37), we can compute
the gain of the circuit to the left of Co,.

=-24

Recall that the minus sign indicates a phase inversion, but in no way implies a
reduction in signal amplitude.
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Our next step is to compute the effects of Cp and R;. These two components
form an RC voltage divider. You may apply your favorite circuit analysis
method to determine the percentage of voltage that appears across R;. This per-
centage is the effective “gain” of the RC-coupling circuit. For our purposes, we
will use the following method, which is based on the resistive voltage divider
formula:

R ;
Ay = —ZE (2.38)

where Z is the net impedance of Cp and R;.
First we compute the reactance of C, at the frequency of interest (800 hertz in
this case):

1
Xe = ——
¢ " 2mC
_ 1
6.28 x 800 Hz x 0.02 uF
= 9.95 kQ

Next we compute the net impedance of R; and Co:

Z = R* + X2
= /(39 k)? +(9.95 k)
= 402 kQ

Finally, substituting this value into Equation (2.38), we compute our gain as

R
/4‘/2 = "Z—L
_ 39kQ
40.2 kQ
= 0.97

That is to say, about 97% of the signal amplitude that appears at the output termi-
nal of the op amp will be developed across R;. The RC-coupling circuit appears to
be working well at 800 hertz, since very little voltage is being lost across C.

The overall voltage gain for the circuit is found by multiplying these two
gains as computed.

Ay (overall) = Ay X Ay, (2.39)
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For our example, we compute overall voltage gain as
Ay(overall) = -2.4 x 0.97 = -2.33

Notice that the method described for computing overall voltage gain does not
include the effects of the variations in open-loop gain at different frequencies.
Although this additional consideration could be included as with the direct-
coupled amplifier, it is not normally necessary because our calculations are
accomplished at the lowest input frequency. If you want to compute the gain at
some relatively high frequency, then you should include the effects of reduced op
amp internal gain.

Another point that you may wish to consider involves phase shift. In addition
to the 180-degree phase shift provided by the op amp itself, the signal also receives
a phase shift from the two RC networks. The preceding calculations compute only
the amplitude of the signal. If the phase is also an important consideration, then the
same basic equations still apply but you can express the values as complex num-
bers. The final answer, then, not only will include the magnitude of the gain as
computed, but will also reveal the amount of phase shift given to the signal.

The voltage gain calculation for the noninverting circuit shown in Figure
2.27(b) is similar, but will be considered as three separate gains that are multiplied
together to find the overall gain. The three individual gains are

1. R,/C;network gain (actually a loss)
2. R;/Conetwork gain (actually a loss)
3. The gain of the op amp circuit as determined by R; and R,

The gains of the input and output RC circuits are computed in the same way
that we computed the gain of the output RC circuit in Figure 2.27(a). Let us first
calculate the input RC circuit gain. Our initial step is to compute the reactance of
C, at the lowest frequency (assumed to be 800 hertz).

Xe = -4
27fC
_ 1
6.28 x 800 Hz x 0.01 pF
=19.9 kQ

Next we find the net impedance of R, and C;.

Z = R*+X2

= (47 kQ)? + (199 kQ)?
= 51 kQ

Finally we compute the voltage gain (loss) of the RC network with Equation (2.38).
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R

AV] = 'El
47 kQ
Ay = ———
T 51 kQ
=0.922

Similar calculations for the output RC network of Figure 2.27(b) can now be
accomplished. First we find the reactance of C.

1
Xe =—
c 27C
_ 1
6.28 x 800 Hz x 0.1 uf
=1.99 kQ

Next we compute the net impedance of R; and C,.

Z =R*+X2
= J(3.3kQ)? + (1.99kQ)
= 3.85kQ

Finally, the effective voltage gain (loss) of the R;C, network can be computed,
Equation (2.38).

3.
3.85 kQ

= 0.857

W
e
)

The third portion of our overall gain calculation is the gain of the op amp circuit as
determined by R; and R;. We compute this using the gain formula of Equation
(2.28) presented for the direct coupled amplifier.

AV3=I&+1
3 RI
_18kQ
2 kQ
=10

The effective overall gain at 800 hertz is found by multiplying the three individual
gains, as in Equation (2.39).
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Ay (overall) = Ay, X Ay, X Ay,
=0.922 x0.857 x 10
=79

As with the AC-coupled inverting amplifier, we have chosen to ignore the
frequency-dependent effects of open-loop op amp gain. This is generally a reason-
able approach because our calculations are performed at the lowest input frequen-
cies, where the open-loop gain is the closest to its ideal value.

Input Impedance. The input impedance for the AC-coupled inverting ampli-
fier circuit shown in Figure 2.27(a) is equal to the net impedance of R; and C;.
Recall that the (-) input of the op amp is a virtual ground point. The source, there-
fore, sees the input impedance offered by C; and R,. Because this is a frequency-
dependent value, we must discuss input impedance at a particular frequency of
interest. For purposes of our present discussion, let us compute the highest and
lowest values for input impedance if the input frequency range is 800 hertz to
3 kilohertz. The following input impedance at 800 hertz is computed. First we
find the reactance of C; at 800 hertz.

1
€ onfC
_ 1
6.28 x 800 Hz x 0.02 4F
= 9.95 kQ

Now we can compute the impedance of R, and C;.

Z(max) = [R? + X2
= /(27 kQ)? + (9.95 kQ)?
= 28.8 kQ

The minimum value for input impedance occurs at the highest input fre-
quency. In most cases, the input impedance approaches the value of R;; however,
the computations are similar to those as shown:

1
€7 2afC
_ 1
6.28 x 3 kHz x 0.02 yF

= 2.65 kQ
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Now we can compute the impedance of R;and C;.

Z(min) = /R? + X2
= (27 kQ)? + (2.65 kQ)?
=271 kQ

The input impedance for the AC-coupled noninverting amplifier circuit
shown in Figure 2.27(b) is essentially equal to the impedance offered by R, and C,.
Technically, the input impedance of the (+) input terminal appears in parallel with
R;. We can generally ignore this impedance, however, since it is usually an
extremely high value. For our present example, we begin by finding the reactance
of C; at the lowest input frequency.

1

Xe = —
€7 2afC
_ 1
6.28 x 800 Hz x 0.01 4F
=199 kQ

Next we find the net impedance of R, and C;.

Z(max) = ./R? + X2
= /(47 kQ)? + (19.9 kQ)?
= 51kQ

The minimum value for input impedance occurs at the highest input fre-
quency, as it did with the inverting circuit. In most cases, the input impedance
approaches the value of R,. The following computations, however, are shown:

1
Xe = ——
¢ TonfC
_ 1
6.28 x 3 kHz x 0.01 uF
=5.31kQ

Now we can compute the impedance of R, and C;:

Z(min) = [R? + X2
= (47 kQ)? + (5.31 kQ)?
=47.3 kQ
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Bandwidth. Bandwidth can be defined as that range of frequencies that pass
through a circuit with a voltage amplitude of at least 70.7 percent of the maximum
output voltage—in other words, the range of frequencies between the two half-
power points. These two frequencies can be readily determined in at least three
ways:

1. Numerical analyses involving higher mathematics
2. Computer-aided analysis
3. Direct measurements in the Jab

You may be able to employ all three of these methods. However, none of them
are suitable for use in this reference book, so we will examine yet another, less
direct approach. Let us begin by making some observations. First, since the op
amp has a frequency response that extends all the way to DC, the lower cutoff
frequency will be unaffected by the op amp. That is, the input and output RC
circuits will determine the lower cutoff frequency. Second, in a practical circuit,
the upper cutoff frequency will be determined by the op amp itself. The RC cir-
cuits act as high-pass filters and will not restrict the gain at the higher input fre-
quencies.

Calculation of the upper cutoff frequency was discussed in previous sec-
tions. We estimate it with Equation (2.40).

fucRi }
= Just (2.40
fu R; + R, (2.40) ;

In the case of Figure 2.27(a), our ideal upper cutoff frequency is computed as

1.0 MHz x 27 kQ

_ = 284 kH
=g @ z

Next we calculate the lower cutoff frequency, which is determined by the input
and output RC networks. The cutoff frequency of each individual RC network is
determined with the following equation:

1

- 2.41
2nRC ( )

fe

The lower cutoff frequency for the entire circuit is determined by the ratio of the
cutoff frequencies for the RC circuits.

Let us now compute the lower cutoff frequency for the circuit in Figure
2.27(a). First we compute the individual cutoff frequencies for the two RC net-
works. The input circuit calculations, as in Equation (2.41), are
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1

fo. = 2aRC
_ 1
" 628 x 27 kQ x 0.02 uF
= 295 Hz

A similar computation, Equation (2.41), for the output RC circuit is

1
fe, = 2aRC
_ 1
"~ 6.28 x 39 kQ x 0.02 uF
=204 Hz

Computing the ratio of the two cutoff frequencies (using the higher frequency
as the numerator) gives us the index needed for the lookup operation in Table 2.5.

index = f-c—‘ (2.42)
G

For our particular case, the index is computed as

. 295 Hz

= = 1
index 04 Ha

Finally, we use the lookup table shown in Table 2.5 to get our multiplying
factor k. In this case, the value of k is about 1.32 (estimating the value between 1.34
and 1.306). The overall lower cutoff frequency can now be found by multiplying
our factor k by the higher of the two individual cutoff frequencies.

fu=fcxk (2.43)

Thus, the lower cutoff frequency for the circuit in Figure 2.27(a) is estimated as
fL=295Hz x 1.32 =389 Hz

The approximate bandwidth of the circuit in Figure 2.27(a) can now be expressed
as Equation (2.5):

bw=f,-f
=284 kHz - 389 Hz = 283.6 kHz
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TABLE 2.5
0.0 0.1 0.2 03 0.4 05 0.6 07 | o8 | 09

1 | 1558 | 1485 | 1427 | 1380 | 1.340 | 1306 | 1277 | 1252 | 1230 | 1211
2 | 1194 | 179 | 1166 | 1154 | 1.143 | 1134 | 1125 | 1117 | 1110 | 1.103
3 | 1007 | 1092 | 1087 | 1082 | 1078 | 1074 | 1.070 | 1066 | 1.063 | 1.060
4 | 1058 | 1055 | 1.053 | 1.050 | 1.048 | 1046 | 1.044 | 1042 | 1041 | 1.0%9
5 | 1.038 | 1.036 | 1.035 | 1.034 | 1.033 | 1032 | 1.031 | 1.030 1028
6 | 1027 | 1026 | 1.025 1.024 1.023 1.022 1021 | 1.020
7 | 1020 1.019 1.018 1.017 { 1.016
8 1015 1.014 ] 1.013 i 1012
9 1.012 1.011 ] 1010

10 1.000 Use k = 1.0 for ratios greater than 10

The bandwidth of the noninverting circuit shown in Figure 2.27(b) is com-
puted in the same way that it was for the inverting circuit. First we estimate the
upper cutoff frequency, which is determined by the behavior of the op amp, from
Equation (2.22).

f = fUGRI
u Ry + R

1.0 MHz x 2 kQ
T 18 kQ+2kQ

=100 kHz

Next we compute the individual cutoff frequencies for the input and output RC
circuits, as in Equation (2.41).

1
Jo = 27RC
i 1
6.28 x 47 kQ x 0.01 pF
=339 Hz

A similar computation for the output RC circuit is Equation (2.41):

1

fo = 5re

1
T 6.28x33 kQx 0.1 uF

= 483 Hz
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Computing the ratio of the two cutoff frequencies (using the higher frequency
as the numerator) gives us the index, from Equation (2.42), needed for the lookup
operation in Table 2.5:

index = fﬁ = _42_3_% =1.425

fo. 339

Using this value as the index into Table 2.5 gives us an approximate value of
1.33 for k. The lower cutoff frequency for the entire circuit in Figure 2.27(b) can
now be estimated with Equation (2.43):

fi=fcxk
fi =483 Hzx1.33
=642 Hz

At this point, the bandwidth of the circuit can be estimated with Equation (2.5):

bw =fu —fl
=100 kHz - 642 Hz

=99.36 kHz

Slew-Rate Limitations. The slew rate of the op amp will limit the upper cutoff
frequency for high-amplitude output signals. The slew-rate limiting frequency is
calculated in the same manner as described for previous amplifier configurations.

2.7.3 Practical Design Techniques

The design of either the inverting or the noninverting AC-coupled amplifier is a
relatively easy process. Following are the sequential steps:

1. Design the basic amplifier circuit according to the guidelines presented for
the direct-coupled inverting or noninverting amplifier circuits.

2. Compute the values for the input and output RC coupling components.

As an example, let us design a noninverting AC-coupled amplifier that has the fol-
lowing characteristics:

1. Midpoint voltage gain of 12

2. Lower cutoff frequency of 500 hertz

3. Upper cutoff frequency of at least 15 kilohertz
4. Input impedance of at least 3000 ohms

Determine the Value of R. We will select R, as 6.8 kilohms. Although this
selection is somewhat arbitrary, we are keeping within the guidelines of choosing
resistance between 1000 ohms and 680 kilohms. Additionally, the selection of R;
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will have a major effect on the final input impedance, as R, will be close to the
same value as Ry, and it is R, that determines the input impedance of the amplifier.
Thus, in order to meet the requirements for an input impedance of at least 3000
ohms, we must choose a value for R, that is larger than 3000 ohms.

Determine the Value of R;. R;can be computed from the voltage gain equa-
tion shown in Equation (2.28):

Rf
Ay = =—+1, 07
v R, 0
Ry =R;(Ay -1)

For the present design example, we compute Ry as follows:
Rp=68kQx(12-1)=74.8kQ
We select the nearest standard value of 75 kilohms to use as Ry.

Determine the Required Unity Gain Frequency. We can compute the mini-
mum unity gain frequency for our op amp with Equation (2.22):
_ bw(Rg + R;) _ 15 kHz(75 kQ + 6.8 kQ)

= = 180 kHz
fus R, 6.8 kQ

where fy is the minimum required unity gain frequency for the op amp and bw is
the highest operating frequency. Thus, we must select an op amp that has a mini-
mum unity gain frequency of at least 180 kilohertz. Because the 741 has a 1.0-
megahertz unity gain frequency, it should be fine for our purposes. Now let us
determine the slew-rate requirement.

Determine the Required Slew Rate. The minimum acceptable slew rate for
the op amp is given by the following equation, Equation (2.11):

slew rate(min) = nfsg; Vo(max)

In our case, let us assume that we want to deliver a full output swing (13 V) at the
highest frequency (15 kHz). The minimum slew rate is computed as follows:

slew rate(min) = 3.14 x 15 kHz x26 V=12V /us

The 741 has a slew rate of 0.5 volts per microsecond, so it will not be adequate for
this application. There are many alternatives, but let us choose the MC1741SC op
amp (Appendix 4). It has a unity gain frequency similar to that of the 741, but it
offers a slew rate of 10 volts per microsecond.

Select R,. R, is chosen to be the same value as the parallel combination of the
feedback resistor (Ry) and the input resistor (R)). This following value is computed:
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1
R1=1
— 4
R, Rf
_ 1
ST 1
Y Ry —
6.8 kQ 75 KkQ
= 6.23 kQ

We will use a standard value of 6.2 kilohms.

Compute the Value of C,. To simplify subsequent calculations, we will choose
a value for C, that produces a reactance that is much less than the resistance R;. We
will design for a reactance of one-tenth R;, or 620 ohms in this case, at the lower cut-
off frequency. The value for C; is computed from the capacitive reactance equation.

1
1
C =
6.28fXc
In our present case,
1

Ci = = 0514 pF
6.28 x 500 Hz x 620 Q

We will select the next higher standard value of 0.56 microfarad.

Select the Value of R,. In many cases, R, is the input resistance of a subse-
quent stage. In these cases, R, is not selected; it is already defined by the nature of
the problem. For our example design, we will choose R; as 27 kilohms. This is suf-
ficiently large to eliminate any concerns of output loading on the op amp, but it is
low enough to facilitate coupling to a subsequent op amp circuit if needed.

Compute the Value of Co. By following the guidelines given for the selection
of the R,C; combination, we have assured ourselves that the lower cutoff frequency
will be primarily determined by the R;C, network. We use the fundamental for-
mula for capacitive reactance to compute a value for C that produces a reactance
equal to the value of R; at the lower cutoff frequency (500 Hz).

1
C, =
° " 2nX.

1
"~ 6.28 x 500 Hz x 27 kQ

= 0.012 puF
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The resulting circuit for our noninverting AC-coupled amplifier is shown in Fig-
ure 2.28. The actual performance of the circuit is reflected in the oscilloscope
waveforms shown in Figure 2.29. The design goals are compared to the measured
performance in Table 2.6.

Rp
———AAA—
R; 75k0 c
My ~ g
| esk . —
= C, + 0.012uF
o MC1741SC
0.564F 27k0 S R,
Vi 6.2k0 o R,
FIGURE 2.28 A noninverting AC-
coupled amplifier design. = = =
TABLE 2.6
Parameter Design Goal Measured Values
Midpoint voltage gain 12 11.9
Frequency range 500 Hz-15 kHz 475Hz-79.5 kHz
Low-Frequency Performance
i S ) : T 1 400 mvsdiv
| : cnfiset: 0.000 V¥
7N T 10000 ¢t ac

| _\‘\_J/. \‘\\J/

pev |

;/;4 4,00 Vidiv
i/ ioffset: 0.000 ¥

"" 10,00 1 d

) 10, 0000 'ms

T0.00000 s 75.00000 ns
1.00 ms/div
Vp-p( 1) 1.00000 V Vp-p( 4) 8.62500 ¥

frequencyC 43 501,000 K
1 F 2000 mv

(a)

FIGURE 2.29 Oscilloscope displays showing the actual performance of the AC-coupled amplifier
shown in Figure 2.28. (Test equipment courtesy of Hewlett-Packard Company.)
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High-Frequency Performance

1 400 wV/div
offset: 0,000 ¥
V10,00 ¢ 1 dc

\X /[\ 4, 00 vidiv

ofrser 0.000 v
10.00 : 1
000000 s 250,000 us T 500,000 us
50.0 us/div
Vp-p( 1) 1.00000 V Vp-pl 4) 12.0625 v
fraquencyC 1) 15.1818kh
{1  F 200.0 wv

()

FIGURE 2.29 Continued

2.8
2‘8. 1

CURRENT AMPLIFIER

Operation

Figure 2.30 shows the schematic diagram of a basic current amplifier. This circuit,
as its name implies, accepts a current source as its input and delivers an amplified
version of that current to the load. The load, in the case of Figure 2.30, is not directly
referenced to ground. A current source is normally designed to drive into a very
low (ideally 0) impedance. In the case of the circuit in Figure 2.30, the (~) input of
the op amp is a virtual ground point. Thus, the current source sees a very low
input resistance.

All of the current that leaves the source must flow through resistor R,, since
we know that no current flows in or out of the op amp input (except for bias cur-
rent). The current flowing through R, produces a voltage drop that is determined
by the value of R, (a constant) and the value of the input current. Once the circuit
has been designed, the voltage drop across R, is strictly determined by the amount
of input current (ij). Notice that resistors R, and R, are essentially in parallel,
because R, is connected to a virtual ground point. Because the two resistors are in
parallel, we know that the voltage across them must be the same. That is, the volt-
age across R, will be the same as the voltage across R, and is determined by the
value of input current. The current through R; can be determined by Ohm’s Law.
If the value of R, is smaller than the value of R, (the normal case), then current 7
will be proportionally larger than i (recalling that the voltages across the parallel
resistors are equal).
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10-50 wA
FIGURE 2.30 A basic current
amplifier circuit,

Kirchhoff’s Current Law would show us that the current i; and #; must com-
bine to produce the load current i;. The value of i, is strictly determined by the
input current, but its value will be larger by the amount of current (i;) flowing
through R;. Thus, we have current gain or current amplification. The larger we
make i; as compared to i}, the higher the current amplification. Examination of the
circuit will confirm that the circuit can accept current of either polarity as long as
the op amp is operating from a dual power supply.

2.8.2 Numerical Analysis

Now analyze the current amplifier shown in Figure 2.30, and compute the follow-
ing values:

Current gain

Load current

Range of acceptable input currents
Maximum load resistance

Input resistance

Output resistance

SR S

Current Gain. The current gain (A} can be initially described with the basic
gain equation, Equation (2.1):

A = output current i,
! input current i
Current i; is composed of the two currents, i; and i;. That is,

iL=i1+iI

The voltage across R, is equal to the voltage across R, and is computed by Ohm’s
Law as

=0y = i[RZ
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The value of current (i;) can also be computed by Ohm’s Law as

0 _1,R2
h=—=-+1—=

RI R]

Substituting this into the equation for load current produces

iL =i]+il
iRy, .

IL :..I_.__2.+II
R,

Factoring i; gives us the equation for I;:

|

1

i = i,(% + 1] (2.44)

In this form, it is easy to see that we do indeed have a current amplifier. That is,
the input current (i) is multiplied by a constant (R,/R; + 1) to produce the output
or load current. The constant is the current gain of the circuit, shown below.

|
. R,
current gain = A; = R +1 (2.45)

1
I

In the case of the circuit in Figure 2.30, the current gain is calculated as
shown:

It is especially important to note that the value of load current is independent of
the value of load resistor. That is, the op amp circuit is acting as a current
source.

Although many current sources are essentially DC (e.g., transducers), there
may be an application requiring current amplification at higher frequencies. As
the frequency of operation is increased, the actual current gain will begin to
decrease from the low frequency value calculated. This effect is caused by the
reduction in open-loop op amp gain as the input frequency is increased. The higher
the value of current gain (4)), the more significant the effects of op amp voltage
gain variations.

Load Current. The input current (i) for the circuit in Figure 2.30 is indicated to
be in the range of 10~50 microamps. The output current can be found by transpos-
ing the basic current gain equation, Equation (2.1).
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In our case, the minimum load current is computed as

i (min) = i{min) X A,
=10 pA x 57
=570 uA

The highest load current is found in a similar manner as

i (max) = i;(max) x A,
=50 uA x 57
=2.85mA

Range of Acceptable Input Currents. In order for the circuit in Figure 2.30
to operate as a current source whose value is proportional to input current, it is
essential that the output voltage (vo) be less than the saturation voltage in either
polarity. This, then, is the factor that restricts the range of acceptable input cur-
rents. The output voltage can be expressed as a sum of two voltages by using
Kirchhoff’s Voltage Law.

UO = sz + URL

Substituting current and resistance values (i.e., V = IR) produces

Vo = I}Rz + II(%‘ + 1)RL
1

= i,(R2 + R;RL + RL)

1

To calculate the amount of input current needed to drive the output to satu-
ration, we transpose this equation to find 7; and substitute the value of Vy,r for vp.
For our example, let us assume that the saturation voltage is determined from the
manufacturer’s data sheet to be 13 volts. The maximum input current, then, is
computed as

RiVsar
Ri(R; + R) + RyR,,

ij(max) = (2.46)

More specifically, for our present circuit we have
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1kQx13V
1 kQ(56 kQ + 3 kQ) + (56 k€2 x 3 kQ)

= 573 pA

ij(max) =

The lower range is computed in a similar manner by using the other saturation
limit. In most cases (i.e., balanced dual power supply circuits), the values of +V,r
will be the same. If this were true for the circuit in Figure 2.30, we could have a
range of input currents that extended from -57.3 microamps to +57.3 microamps—
the polarity, of course, telling us the direction of current flow.

Maximum Load Resistance. Another way to view the preceding calcula-
tions is to consider a known range of input currents and a variable value for R;.
Again, the output voltage must be kept from reaching the saturation limits. We
can transpose Equation (2.46) for i{maximum) to get the following result:

\% R

Lm0 = A,
where i, is the highest expected input current. In the case of Figure 2.30, we can
determine the maximum value for the load resistance as

13V 56 kQ

- = 3.58 kQ
57 x50 A 57

R;(max) =

Input Resistance. Although the input resistance of the circuit in Figure 2.30 is
ideally 0, there may be applications that require us to know a more accurate value
for it. The following equation can be used to estimate the input resistance of the
current amplifier in Figure 2.30:

_ Ry(Ry +Ry)

= (2.47)
Ry(1+ Ay)+ R,

IN

where Ry is the resistance of R, and R, in parallel (ie., R;R;/(R; + Ry)) and Ay is the
open-loop gain of the op amp at a particular frequency.

In the case of Figure 2.30, let us compute the input resistance for DC condi-
tions. First, the open-loop gain at DC can be found in the data sheet (Appendix 1)
to be at least 50,000. The value for Ry is calculated as

RX - RlRZ
R+ R,

1.0 kQ x 56 kQ
T 1.0 kQ + 56 kQ

=982 Q
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The input resistance can now be calculated, Equation (2.47), as shown:
R = Ry(Rx +R;)
™ T Re(1+Ay) + R,

56 k(982 Q + 3 kQ)
982 Q(1 + 50,000) + 3 kQ

=454 Q

As you might expect, the input resistance approaches the ideal value (to be driven
by a current source) of 0 ohms.

If the input frequency is higher than DC, the input resistance will deviate
more from the ideal value of 0. For example, if our input frequency were raised to
1 kilohertz, the input resistance would increase to about 226 ohms. Additionally,
we would need to consider the effects of bandwidth and slew rate limitations.

Output Resistance. The output resistance of the circuit in Figure 2.30 as
viewed by the load resistor is ideally infinite, as the circuit acts like a current
source. A more accurate value for the output resistance can be computed with the
following equation:

Ro = Avkx (2.48)

where Ay is the open-loop voltage gain of the op amp at a particular frequency
and Ry is the value of R; and R; in parallel. In the case of Figure 2.30, let us esti-
mate the output resistance at DC:

Rp =50,000 x 982 Q = 49.1 MQ

As evidenced in the equation, this value becomes less ideal as the frequency of
operation is increased.

2.8.3 Practical Design Techniques
A practical current amplifier circuit can be designed by applying the equations
discussed in the preceding paragraphs. Depending on the application, you will
know some combination of the following parameters:

1. Input current range
2. Output current range
3. Current gain

4. Load resistance

For purposes of a design example, let us build a current amplifier that satis-
fies the following requirements:
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1. Output current of 10 milliamps (constant)
2. Input current of 500 microamps

3. Load resistance of < 500 ohms

4. Available power supply of 15 volts

5. 741 op amp used if practical

Compute the Required Current Gain. The required current gain of our cir-
cuit can be computed with the basic current gain equation, Equation (2.1):

A=
134
_ 10 mA
"~ 500 pA

=20

Determine the Maximum Value for R,. The maximum value for R, can be
found by applying a transposed version of the equation we used for computing
the maximum value for R;:

Voar _ Ry

R = ,
vman) = o T A,

R,(max) = Y%f‘—T— - AR, (max)
I

v
500 pA

=14 kQ

— (20 x 500 Q)

We will select a standard value less than this—for purposes of our design, a 12-
kilohm resistor for R,. Notice that we use the worst-case value of 12 volts as the
saturation voltage for the op amp.

Compute the Value of R;. R, can be computed by applying a transposed ver-
sion of the current gain equation, Equation (2.45).

A[ = &+1, or
1
R,

G -1
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FIGURE 2.31 A current amplifier 500 uA
design being used to deliver a constant
current to a zener load. =
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We will select the nearest standard value of 620 ohms. If it is essential to have a
precise value of load current, then we put a variable resistance in series with R,.

The schematic of our completed design is shown in Figure 2.31. The load
resistor has been replaced with a zener diode to illustrate a possible application.
By forcing the zener current to be a known value, we can measure the zener volt-
age and compute the zener resistance. As long as the effective zener resistance is
below our established limit for R;, the circuit will work fine. The measured perfor-
mance of the circuit is contrasted with the design goals in Table 2.7.

TABLE 2.7
Parameter Design Goal Measured Values
Input current 500 uA 500 pA
Output current 10 mA 9.97 mA
Current gain 20 19.9
2.9 HIGH-CURRENT AMPLIFIER
2.9.1 Operation

A general-purpose op amp can supply only a few milliamps to a load. The 741, for
instance, has a short-circuit output current of 20 milliamps. Some applications
require substantially higher currents. The circuit in Figure 2.32 illustrates one
common method for increasing the available current at the output of an op amp
circuit. This technique is illustrated for a simple inverting amplifier, but is applic-
able to most voltage amplifier circuits.

The bulk of the circuit operation is identical to that discussed with reference
to the basic inverting amplifier circuit and will not be repeated here. Recall that
resistors Ry and R, determine the voltage gain of the circuit. Resistor Ry is to com-
pensate for op amp bias currents. Potentiometer Rp has been added to the basic
inverting amplifier and will be used to force an offset in the output.



High-Current Amplifier 119

Ry +15V
220k
22uF 27k0
= = Q, (MJE1103)
C; R, %
Vo
v Rp222k0
R, S40
R
FIGURE 2.32 An inverting voltage 1 Fo+V
amplifier with additional current - 5kQ

amplification. =

The output voltage of the op amp appears on the base of Q;. A similar volt-
age appears on the emitter of Q;, which is connected as a voltage follower. The
actual voltage on the emitter is less than the base voltage by a small amount (=0.7
volts). In general, the output voltage across R; is essentially the same as the output
voltage of the op amp. The output current of the op amp provides base current to
the transistor. The load current, on the other hand, is provided by the transistor's
emitter current. You will recall that the transistor emitter current and the base cur-
rent are related by a current gain factor called B or hyg, which can range from about
twenty up to several thousand. With the circuit connected as shown, the load can
draw f times as much current as the basic op amp supplies.

In order for the circuit to operate properly, the base voltage on Q; must
always be positive with reference to ground, since the load is returned to ground.
Ordinarily, an AC signal applied to a split-supply op amp would produce bipolar
signals on its output. To prevent this situation, we adjust Rp to establish a positive
bias on the base of Q, that is approximately equal to half of the positive saturation
voltage. The output signal can then swing from near 0 up to near saturation. Rec-
ognize that this swing is only half of the swing available with previous amplifiers
and represents a disadvantage of the circuit shown in Figure 2.32. An alternative is
to return the load to the negative 15-volt supply (emitter bias).

One very important characteristic of the circuit in Figure 2.32 is that output
voltage is unaffected by changes in V. We know Vi is approximately 0.7 volts
for silicon transistors, but we also know it changes with temperature and varies
from one transistor to another. By connecting the feedback resistor (Rf) to the emit-
ter rather than directly to the output of the op amp, we include the base-emitter
junction in the feedback circuit. Changes in the base-emitter voltage are now effec-
tively compensated by the op amp.

Since the (+) input on the op amp is at some positive level, the (-) pin will
also be at a similar level. If the input signal were centered on 0 volts, this could
cause an undesired DC offset in the output. Capacitor C; is included to isolate the
DC level on the (-) pin from the DC level associated with the signal source. If it is
sufficiently large, it has no effect on the gain calculations in the circuit. If its reac-
tance at the lowest input frequency exceeds one-tenth the resistance of R, then the
gain of the circuit should be computed in the same manner as the AC-coupled
amplifiers discussed in a previous section.
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Numerical Analysis

Let us now numerically analyze the behavior of the circuit shown in Figure 2.32.
Appendix 1 shows the data sheet for the 741 op amp, and Appendix 2 shows the
specifications for an MJE1103 transistor. First, we know from our basic transistor the-
ory that the impedance looking into the base will be approximately equal to j times
the resistance in the emitter circuit. Thus, the op amp sees the load resistance as

i
R, = AR, (2.49)

In the case of Figure 2.32, the emitter resistance appears as

R, =750 x 4 Q = 3000 Q

We can now refer to the 741 data sheet and determine the worst-case saturation
voltage when using a +15-volt supply and driving a 3000-ohm load. This value is
listed as 10 volts.

The transistor data sheet indicates that the base-emitter voltage drop is 2.5
volts or less. Thus, the highest (worst-case) voltage that we can expect at the load is

vo(peak) = Vsur - Ve {2.50)

For the circuit in Figure 2.32, we have
vo(peak) =10V -25V =75V

The unusually high value of Vy; stems from the fact that the MJE1103 is a
high-current Darlington pair. With Ohm’s Law, we can calculate the maximum
instantaneous (i.e., peak) load current as

vo(peak)
L
75V

4 Q
=188 A

i, (peak) =

The op amp must supply a current that is smaller than load current by a fac-
tor of f. That is,

io(op amp) = % (2.51)
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In our case, the calculations are

io(op amp) = l—;—gaé =251 mA

This current is well within the range of op amp output currents, even though the
load current itself is nearly two amps.

In order to ensure that we have a maximum symmetrical swing for the out-
put signal, we will establish a positive DC offset in the output. The value of this
offset should be midway between the two extremes. One extreme is the value of
Vsar, or +10 volts. The other extreme is the minimum turn-on voltage for (J; and is
2.5 volts. The DC level on the output of the op amp must then be

Vaias(output) = YMT;“‘——Y& (2.52)
In the present case, we have
%4 S5V
Vs (output) = 1(-)——%3—5—— — 625V

The maximum voltage swing at the output of the op amp will be

volop amp) = Var — Ve
=10V-25V
= 7.5V peak-to-peak

We will get this same swing at the load, but the DC level will be reduced by the
amount of V.

If the output of the op amp is allowed to go more positive than +V,r (esti-
mated here as +10 volts), the waveform will be clipped on its positive peaks. This
clipped waveform will also appear across the load.

If the output of the op amp is allowed to go below the minimum turn-on
voltage for Q; (estimated here as +2.5 volts), the waveform will be clipped on its
negative peaks. The load voltage will also have a clipped waveform.

If the amplitude of the input signal remains fixed, but the DC offset voltage
in the output of the op amp is changed, then similar waveform clipping can occur.
That is, if the instantaneous value of the combined AC and DC voltages on the
output of the op amp goes more positive than +V,y or less positive than the turn-
on voltage for Q,, the output waveform will be distorted.

The sketch in Figure 2.33 clarifies the relationships between the output
waveforms (op amp and load), the bias level, and the clipping levels.

In order to establish the 6.25-volt DC bias at the output of the op amp, we
need to adjust potentiometer R, to the necessary level. Although this would have
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Op amp Load
output voltage
-+75 V

+6.25 V /\ +3.75 V
+25 V \/\/OV

FIGURE 2.33 The bias level affects the clipping levels on the output of the
op amp.

to be done in a lab environment, we can compute the required value of voltage at
the (+) input of the op amp. Since capacitor C; acts as an open to DC, the op amp
is essentially configured as a voltage follower with reference to the DC offset
voltage at potentiometer Rp. Therefore, to obtain a 6.25-volt offset in the output,
we will need a 6.25-volt offset on the noninverting (+) input of the op amp.

We have already determined that the maximum output voltage swing is 7.5-
volts peak-to-peak. We can determine the maximum input swing before distortion
by applying the voltage gain formula, Equation (2.6), for an inverting amplifier.

AVZ—‘-

220 kQ
27 kQ

-8.15

I

This can now be used with the basic voltage gain equation, Equation (2.1), to com-
pute the maximum allowable input swing.

[Ze)

Ay ==, or
Uy
0, (max) = Uo(max)
v
75V
"~ 815

= 0.92 V peak-to - peak

This can be more conveniently discussed as an RMS value, so we will convert it
using our basic electronics conversion factor:

0;(RMS) = 0_707(M)



29.3

High-Current Amplifier 123

= 0.707(0—'9-;1J

=0.325 V RMS

If we drive the amplifier with a signal greater than 0.325 volts RMS, we can expect
clipping to occur in the output.

The input impedance of the circuit is approximately equal to the value of R,.
We can apply Ohm's Law to compute the current supplied by the AC input source
under maximum input voltage conditions.

. v (peak

i; (peak) =-————-—-’§f )
Ry

046 V

T 7k
=17 uA

The usefulness of the circuit should become very apparent after this last cal-
culation. A signal source delivering a peak current of 17 microamps is driving a
load resistance that requires 1.88 amps peak current.

Practical Design Techniques

Much of the design procedure was covered in our numerical analysis discussion
in the preceding section. Let us now design a high-current amplifier that will per-
form according to the following:

Input voltage of 1.0 volt RMS

Input resistance > 10 kilohms

Input frequency range between 10 hertz and 2.0 kilohertz
Load resistance of 50 ohms

#15-volt supplies to be used

741 op amp to be used if practical

AU S ot

Select the Output Transistor. There are basically five transistor parameters
that must be reviewed to select a transistor:

1. Forward current transfer ratio (k) or current gain (f8)
2. Base-emitter voltage drop (V)

3. Emitter-collector breakdown voltage

4. Maximum collector current

5. Power dissipation

In some cases, the frequency characteristics of the transistor must be evaluated,
but in most cases the transistor performance exceeds that of the op amp and can
be ignored.
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In our case, we need an emitter-collector breakdown voltage greater than
15 volts. The exact collector current will be computed later, but we need to esti-
mate a worst-case value so that we can select the transistor. For this purpose, we
can assume that the entire +15 volts of the supply are felt across the 50-ohm
load. Ohm'’s Law tells us the value of load current.

i (estimate) = VEES

L

15

50 Q
= 300 mA

The actual collector current will be less than this, but this is a good value to use for
initial transistor selection.

Now we need to determine the required current gain (f) of the transistor. In
data sheets, this is generally labeled as hr;. We can again make a rough estimate
for purposes of transistor selection. If we divide the load current computed above
by half of the short-circuit output current of the op amp, we will have a good place
to start. The following computation gives us the minimum value of j that our
transistor should have.

_ i (estimate)

B(min) = 051 (2.53)

The short-circuit current for a 741 is listed as 20 milliamps, and so in the present
case we have

300 mA

= e = 3()
0.5 x 20 mA

B(min)

The power dissipation of the transistor can be estimated with the following equation:

VZ
P-(estimate) = <& 254
' (estimate) IR, ( )

where V¢ is the positive supply voltage. For the present case, the estimated
power dissipation of the transistor is

Ve
4R,

15V
4x50 Q

=1125W

Pp(estimate) =
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By scanning a transistor data book (selector guides in particular), a transistor
that satisfies the above requirements can be found. For illustration purposes, let us
select a 2N3440 transistor. The data sheet for this common device is presented as
Appendix 9. Its critical parameters follow:

1. Borhg 160

2. Base-emitter voltage drop (V) 1.3 volts (maximum)
3. Emitter-collector breakdown voltage 250 volts (minimum)
4. Maximum collector current 1.0 amps

5. Power dissipation 10 watts

6. Thermal resistance, junction to case (§;c) 17.5°C/W

7. Thermal resistance, junction to air (6,) 175°C/W

8. Maximum junction temperature 200°C

These values exceed our rough, worst-case requirements. Now let us extend our
estimate to include the determination of a heat sink (see Appendix 10 for a more
complete discussion). We will assume that 50°C will be the highest expected ambi-
ent temperature. The required thermal resistance (6,4) can be estimated as follows:

T;(max) T@_
Py
_ 200° - 50°
1125 W
= 133.33°C/W

GIA (req 'd) =

Since the required value of 8, is greater than the transistor’s 6y, this transis-
tor can be used for this application. However, since the required value of thermal
resistance (6}4) is less than the 6, for the transistor, a heat sink will be needed to
ensure safe operation. The required thermal resistance (6s,) of the heat sink can be
estimated as follows:

054 = Oj4(req’d) - 6c — Ocs
=133.33°C/W - 17.5°C/W - 2°C/W
=113.8°C/W

Note that the case-to-sink thermal resistance (65) was estimated as 2°C/W. Since
the required thermal resistance is only slightly lower than the transistor’s own
thermal rating, it should be easy to find or make a satisfactory heat sink. There are
many transistor /heat sink combinations that are adequate for a given application.
Final selection must include cost and availability considerations.

Determine the Maximum Output Voltage of the Op Amp. The maxi-
mum op amp output voltage is simply V,r. Appendix 1 lists the data sheet for a
741. The worst-case saturation voltage is listed as 10 volts for resistive loads of 2 to
10 kilohms. If the load on the op amp is over 10 kilohms, the saturation voltage is
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listed as 12 volts minimum. The load as seen by our op amp is computed by
applying a basic transistor equation, Equation (2.49).

R, = fR,
=160x 50 Q
=80 kQ

Thus, the maximum available voltage at the output of the op amp will be consid-
ered to be 10 volts. In practice, it will likely be higher.

Determine the Minimum Output Voltage of the Op Amp. The lower
limit on op amp output voltage is determined by the Vp; value of the transistor.
The worst-case value for the 2N3440A is given as 1.3 volts. Thus, our op amp out-
put voltage can swing as low as 1.3 volts without fear of clipping.

Determine the Required Bias Voltage at the Qutput. The output of the
op amp should be biased halfway between its two limits (Vg4 and V). This is
computed as shown using Equation (2.52):

Viias(output) = Y'SAI—,;%

“

_10V+13V
2
=565V

Determine the Maximum AC Swing at the Oulput. The output of the op
amp is centered at the bias level and can swing between V,r and V. The RMS
value of output voltage is computed as

vo(RMS) = 0.707[-‘-/&1211%5) (2.55)

For the present circuit, we have

vo(RMS) = 0.707

V-13V
(1_9__._13'_*):3_081/

Compute the Required Voltage Gain. The required voltage gain of the
amplifier circuit is determined by applying the basic voltage gain equation, Equa-
tion (2.1).

v
Av'—'—o
U
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308V

1.0V
= -3.08

Note that the negative value simply indicates an inversion.

Determine the Value of R, The value of the input resistor is chosen to
establish the required input resistance of the circuit. In our case, anything
greater than 10 kilohms should suffice. Let us choose a standard value of 18
kilohms.

Calculate the Value of Ry. R; is calculated with the inverting amplifier gain
equation, Equation (2.6).

Ay = —I;—f, or

Ry =-AyR;
= —(-3.08 x 18 kQ2)
= 55.4 kQ

We will select a standard value of 56 kilohms.

Determine the Required Unity Gain Frequency. The required unity gain
frequency is computed in a manner similar to that in previous discussions, using
Equation (2.22).

_ bw(Re + R))

R,
2 kHz(56 kQ + 18 kQ)
- 18 kQ

fue

= 8.2 kHz

Select a Value for Rp. The value of the potentiometer R; is essentially arbi-
trary. As it is made smaller, its power rating requirement becomes higher, and the
current draw from the supply becomes greater. If Rp is made excessively large,
then the effects of bias currents that flow through Ry are more pronounced. As a
guideline, select Rp to be approximately equal to R/ 10, but consider 1.0 kilohm to
be the minimum practical value. In our case, we have

_Re
10
56 kQ

10
=5.6 kQ

Rp
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Compute the Value of Ry. The optimum value for Ry varies as the wiper arm
of Rp is moved. However, the preceding method for selecting R, reduces this
dependency. We will compute the value of Ry needed when the wiper arm of R is
at midpoint. Rg is computed as shown.

Rg = Rp - %—P (2.56)
In our case, we compute Rj as
5.6 kQ

Ry =56kQ-—-—5-—-—=53.2 kQ

We will choose a standard value of 51 kQ.

Compute the Value of €. The purpose of the input coupling capacitor is to
isolate the DC levels between the signal source and the (-) pin on the op amp. It
should be selected to have a reactance of less than one-tenth of R, at the lowest
input frequency (10 hertz in this case). The calculations are

1

C, =
" 2nfXc
_ 1
6.28 x 10 Hz x 1.8 kQ
= 8.85 uF

We will choose a standard value of 10 microfarad.

Bandwidth and Slew Rate Considerations. Since our application requires
only modest performance, neither slew rate nor bandwidth limitations should
pose problems. If the application were more demanding, these restrictions would
have to be considered. The methods described for previous amplifier circuits can
be utilized to evaluate the effects of bandwidth and slew rate limitations.

Ry +15V
e AAN———
56k0
e,
—iC MY -
c,+ 18k0 %
v
Vi RS 51 k0 °
R, S500
Rp
L +V
FIGURE 2.34 A high-current - 5.6 k0

amplifier design. =
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The schematic of our completed design is shown in Figure 2.34. Actual per-
formance of the circuit is indicated by the oscilloscope display shown in Figure
2.35.

Low-Frequency Performance

T ] 2.00 w/div
_|effset: 6.000 ¥

N AN /-3 L
/_L%\J \/ \\ X

v sy \//\/ \\V/ i v/,"\\

4 10,0 widiy
offset: 0.000
[

10,00 1 d
0.00000 s 250,000 ms 566,000 s
50.0 ms/div
vrms( 1) 1.01158 v vrmsi 4) 3.09236 ¥
VYavg( 1) 631 uy Vavg( 4) 5.05682 ¥
frequencyt 1> 10,0200 H 1 £ onoono v
(a)

High-Frequency Performance

=== [ {1 200 v/div

of fset: C.Q00 W
N 1 ] T AR ICHE B 1
N AR i
‘,.\\, gl s \,\. .
‘\__-/ P
~ N Pry
4 oo v/idiv
1 offsat: ¢ 000 Y
-1 1 1 3 1 B ) T 00 0 dc
{ | ‘ [
0.00006 s [ 00000 ms 2.00000 ms
200 us/div
vras( 1) 1.00041 ¥ vrms( 4) 3.13437 v
Vavg{ 1) -15.373 v Vavgl 4) 5.05292 ¥
frequency( 1) 2.00400kH: 1 F o000 v
(b)

FIGURE 2.35 Oscilloscope displays showing the actual performance of the high-current amplifier
shown in Figure 2.34. (Test equipment courtesy of Hewlett-Packard Company.)
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2.10

TROUBLESHOOTING TIPS FOR AMPLIFIER CIRCUITS

In order for an amplifier to operate properly, it must be biased in its linear range of
operation. That is, the output must be between the two saturation limits with no
signal applied. Many, if not most, of the problems encountered when trouble-
shooting op amps configured as linear amplifiers result in the output being driven
to one of the saturation limits. Your task, then, is to recognize the symptoms and to
locate the defective component.

If the amplifier circuit is properly designed (i.e., capable of achieving the
desired performance), you can generally diagnose the problem by comparing the
actual to ideal op amp behavior. The following are two critical characteristics to
remember when troubleshooting amplifier circuits utilizing op amps:

1. The output should be between the saturation limits.
2. The differential input voltage (vp) should be very near 0.

2.10.1 Basic Troubleshooting Concepts

When troubleshooting any type of circuit, it is important to use a logical, systematic
technique. Although there are several accepted methods, the following sequence of
activities is a common and effective procedure:

1. Observation

2. Signal injection/tracing
3. Voltage measurements

4. Resistance measurements

Observation. This is probably the most important step in the process if done
effectively. Observation means more than just looking at the circuit. It includes all
of the following actions:

1. Interrogate the owner, user, or operator for clues regarding how the trouble
developed.

2. Operate the user controls and observe the behavior for clues.

3. Use your senses. Do you see any visible damage? Do you smell burned
components? Do you hear suspicious sounds?

4. Be alert to similarities between observable symptoms on the defective unit
and the symptoms of previously diagnosed circuits.

Many problems can be identified during the observation stage. How many of us
have “successfully” traced a malfunction throughout a complex circuit until we
located a suspected switch or variable resistor on the schematic? Then, when we
physically locate the suspected component on the system, it turns out to be a front
panel control! Had we applied the preceding procedure faithfully, we could have
reduced our efforts dramatically.
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Signal Injection/Tracing. All electronic circuits can be diagnosed to some
extent by signal injection, signal tracing, or a combination of the two methods. The
underlying goal for this process is to reduce the number of possible culprits down
from a set consisting of every component in the system to a smaller set consisting
of only a few components.

Signal injection requires us to inject a known, good signal at some point in the
circuit and observe the effects. If the circuits that utilize this signal then appear to
operate normally, we can infer that the malfunction is located ahead of our injec-
tion point. We then move our injection point closer to the source of the trouble and
inject another signal. Again, the behavior of the subsequent circuits will provide
guidance as to our next injection point. Two common types of test equipment for
signal injection are signal generators and logic pulsers.

Signal tracing is similar in concept, except we put a known good signal at the
input and verify (trace) its presence throughout the circuit. If we lose the signal (or
it becomes distorted) at a certain point, then we can infer that the trouble lies
ahead of the monitored point. The oscilloscope and logic probe are two common
types of signal tracing equipment.

Both signal tracing and signal injection can be enhanced by using the split-
half method of troubleshooting. By selecting your injection or monitor point to be
approximately halfway through the suspected range of components, each mea-
surement effectively reduces the number of possible components by half.

Voltage Measurements. Voltage measurements normally occur after you
have isolated the problem down to a particular stage consisting of up to perhaps
10 components. The voltage checks contrasted with normal values should result
in the narrowing of suspects down to one or two possibilities. Distinction between
the signal tracing and voltage measuring phases often becomes blurred when an
oscilloscope is used. The concept remains valid, however.

Resistance Measurements. Resistance checks are performed last because
accurate measurements often require desoldering of a component. Desoldering
not only is time consuming but also risks damage to an expensive printed circuit
board in many cases. The resistance checks are done to verify that you have in fact
located the defective component. Component testers can also be used at this point
if available and appropriate.

2.10.2 Specific Techniques for Op Amps

Through observation and signal injection/tracing, the technician can normally
isolate the problem down to a specific circuit. For this discussion, we will assume
the problem has been isolated to an amplifier circuit built around an op amp. The
following sequence of activities will normally isolate the defective component:

Verify the power supply voltage on the op amp.
Measure output voltage.
Measure differential input voltage (vp).

Compare the results of steps 2 and 3. If the results violate basic theory (e.g.,
noninverting input is more positive than inverting input, but output is

Ll S
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negative), then the op amp is probably bad. If no basic theory principles are
violated, check the following:

a. Correct input (especially the DC level)

b. Feedback path

c. Input path

Your most powerful troubleshooting tool when diagnosing op amp circuits

is a solid grasp of the basic theory of operation. Although the performance of op
amps can deteriorate in some ways, it is far more common for the device to exhibit
catastrophic failure.

REVIEW QUESTIONS

1.
2.

A certain amplifier has a voltage gain of 100. Express this gain in decibels.
Suppose the amplifier circuit shown in Figure 2.3 is altered to have the following values:

Ry=39kQ
Ry =470 kQ
Ry=36kQ
R,= 68 kQ

What is the voltage gain of the circuit with the new values? What happens to the
voltage gain if R, is decreased to 27 kilohms?

. Refer to the amplifier circuit described in question 2, Compute the input impedance of

the circuit. Does the input impedance change if R, is reduced to 27 kilohms?

. Ifa 741 op amp is powered by a +15-volt supply, what is the largest voltage swing that

can be guaranteed on the output if the load is 18 kilohms? Repeat this question for a
2.0-kilohm load.

. A certain op amp application requires a 5-volt RMS output voltage swing and opetates

at a maximum sinewave frequency of 21.5 kilohertz. What is the minimum slew rate
for the op amp that will allow the signal to pass without substantial slew rate
distortion?

. Asimple noninverting amplifier (similar to Figure 2.12) has the following component
values:
Op amp 741
R, 4.7 kQ
R 68 kQ
R, 18 kQ
Ry 43kQ

Compute the small signal bandwidth of the amplifier (ignore slew rate considera-
tions).
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12.

13.
14.

15.
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. The value of C, in Figure 2.26(a) is the primary factor that sets the upper cutoff

frequency. (True or False) Explain why or why not.

. If capacitor C,, in Figure 2.26(b) becomes open, what effect will this have on circuit

operation to the left of capacitor Cy,?

. If capacitor C, in Figure 2.26(b) becomes open, what happens to the DC voltage on the

output pin of the op amp? What happens to the DC voltage across R, ?

Refer to Figure 2.32. As the wiper arm of R, is moved to the right, what happens to the
average current through R, ?

Refer to Figure 2.32. If the wiper arm of R is moved too far to the left, the output
waveform will start to clip. Explain which peak (positive or negative) is clipped and
why.

Refer to Figure 2.21. What happens to the average (i.e., DC) current through R, if R,
becomes open?

What is another name for a noninverting amplifier with a voltage gain of 1?

Can a standard 741 op amp be used to amplify a 33-kilohertz signal if the desired
voltage gain is 5 and the maximum peak output voltage swing is 11 volts? Explain
your answer.

While troubleshooting the circuit shown in Figure 2.27(a), you discover that the
voltage on the inverting (-) pin of the op amp is approximately 0 volts (with a normal
signal applied at the input). If you think this is normal, explain why. If you think it is
abnormal, what is the most likely defect?
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VOLTAGE COMPARATOR FUNDAMENTALS

A voltage comparator circuit compares the values of two voltages and produces
an output to indicate the results. The output is always one of two values (i.e., the
output is digital). Suppose, for example, we have two voltage comparator inputs
labeled A and B. The circuit can be designed so that if input A is a more positive
voltage than input B, the output will go to +V,r. Similarly, if input A is less posi-
tive than input B, the output will go to —Vs4r. In general, the voltage comparator
circuit accepts two voltages as inputs and produces one of two distinct output
voltages depending on the relative values of the two inputs.

During the preceding discussion, we were careful not to consider what hap-
pens when the two input voltages are equal. In a simple voltage comparator, this
condition can produce indeterminate operation. That is, the output may be at
either of the two normal output voltage levels or, more probably, oscillating
between the two output levels. This erratic behavior is easily overcome by adding
positive feedback to the comparator. With positive feedback, the circuit has hystere-
sis. In the simple comparator circuit, output switching occurs when the two input
voltages are equal. Hysteresis causes the circuit to have two different switching
points. This important concept will be explained in greater detail in Section 3.3.

Voltage comparator circuits are widely used in analog-to-digital converter
applications and for various types of alarm circuits. In the alarm application, one
input to the comparator is controlled by the monitored signal (e.g., the voltage
produced by a pressure transducer). The second input is connected to a reference
voltage representing the safe level. If the pressure in the device being monitored
exceeds the safe limit, the comparator output will change states and sound an
alarm. Figure 3.1 illustrates a voltage comparator circuit used in conjunction with
a pressure sensor and a potentiometer. If the pressure being monitored exceeds a
certain prescribed value, the voltage generated by the pressure sensor exceeds the
preset voltage on the potentiometer. This causes the output voltage to change
states and to sound the alarm.
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Voltage
comparator
circuit
Pressure
transducer ;1_’
circuit 3 Alarm
{ +V
Safe level adj. =

FIGURE 3.1 The voltage comparator is often used in alarm appli-
cations. In this figure, the alarm sounds when the voltage from the
pressure sensor exceeds the voltage set by the potentiometer.

3.2
3.2.1

ZERO-CROSSING DETECTOR
Operation

Figure 3.2 shows the schematic of a simple inverting voltage comparator being
used as a zero-crossing detector. That is, the output of the comparator switches
every time the input signal passes through (i.e., crosses) zero volts. As simple as it
is, this circuit has practical applications.

One way to view the operation of the circuit in Figure 3.2 is to consider it to be
an open-loop amplifier. That is, with no feedback, the gain of the amplifier is sim-
ply the open-loop gain of the op amp itself. Since this gain value is very high (at
least at low frequencies), we know the output will be driven to either +Vg4 or
~Vsur if the input is more than perhaps 1 microvolt or so above or below ground
potential.

Since the output voltage is at one of the two saturation levels at all times
(except during the short switching time), the circuit essentially converts the
sinewave input into a square wave. The resulting square wave will have the same
frequency as the input, but the amplitude will always swing between +Vj,;
regardless of the value of the input voltage. Figure 3.3 illustrates the relationship
between the input and output waveforms.

The output of a voltage comparator switches between two voltage limits
(£Vs4r in the case of the simple comparator in Figure 3.2). In a real op amyp, it takes
a small but definite amount of time for the output to switch between the two volt-
age levels. The maximum rate at which the output can change states is called the
slew rate of the op amp and is specified in the manufacturer’s data sheet. If the
input frequency is too high (i.e., changes too quickly), then the output of the op

Vi

FIGURE 3.2 A simple inverting
voltage comparator circuit used as a
zero-crossing detector. = =
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FIGURE 3.3 The input/output relationships for the zero-crossing detec-
tor shown in Figure 3.2

1 4,00 V/div
ioffset: 0,000 V
10.00 : dc

114 100 vidiv
offset: 0,000 Y
© 10.00 ¢ 1 de

0.00000 s 1.00000 ms " 2.00000 ms
200 us/div

FIGURE 3.4 Oscilloscope displays showing the effect of slew rate on the output of a zero-
crossing detector circuit. (Test equipment courtesy of Hewlett-Packerd Company.)

amp cannot change fast enough to keep up with the input. The initial effects of
slew rate become evident by nonideal rise and fall times on the output waveshape.
If the frequency continues to increase, the rise and fall times—which are estab-
lished by the slew rate—become a significant part of the output waveform. Figure 3.4
illustrates the effects of slew rate on the output of the simple comparator circuit.

Numerical Analysis
For purposes of numerical analysis of the circuit shown in Figure 3.2, let us

assume the following input signal characteristics:

1. Input frequency 1.8 kilohertz
2. Input voltage 3 volts RMS
3. Input reference 0 volts
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Minimum Input Impedance. The input impedance is established by the dif-
ferential input resistance of the op amp. The input resistance of the 741 (Rp) is
listed in the manufacturer’s data sheet (Appendix 1) as at least 300 kilohms. The
minimum input resistance, then, is computed as

|
R1N=RD (3.1) |
;

In this particular case,
RIN = RD = 300 kQ

It is important to note that without feedback the (-) input does not behave as a vir-
tual ground.

Maximum Input Current. The maximum input current can be calculated by
application of Ohm'’s Law:

o
Ry (min)

3V
~ 300 kQ

=10 yA RMS

ij(max) =

Since this is a sinusoidal waveform, we can convert it to a peak value if desired:

ij(peak) = i(RMS) x 1.414
=10 uA x 1.414
= 14.14 pA peak

Output Voltage. The limits of the output voltage in the circuit shown in Fig-
ure 3.2 are simply the values of +V,r. For #15-volt power supplies and a load
resistance of greater than 10 kilohms, the manufacturer’s data sheet in Appendix 1
lists 2 minimum output swing of £12 volts. If we loaded the circuit with a resis-
tance of less than 10 kilohms, we could expect the output levels to decrease.

Practical Design Techniques

For low-frequency noncritical applications, the simple circuit shown in Figure 3.2
can be very useful. For purposes of a design example, let us develop a circuit to
satisfy the following requirements:

1. Input voltage 500 millivolts peak
2. Input frequency 1 to 10 kilohertz
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3. Input reference Ovolts
4. Minimum output voltage  *10 volts
5. Load resistance 68 kilohms

Op Amp Selection. We must select an op amp that can satisfy the output
voltage requirements, survive the input voltage swings, and respond to the
input frequencies. The manufacturer’s data sheet in Appendix 1 confirms that a
741 is capable of delivering a +10-volt output. More specifically, the minimum
output voltage with +15-volt supplies and a load of greater than 10 kilohms is
#12 volts.

Additionally, the data sheet indicates that input voltage levels may be as
high as the value of supply voltage. So far, the 741 seems like a good choice. Now
let us consider the frequency effects.

The open-loop voltage comparator application requires the output voltage
of the op amp to change from one extreme to the other. This change requires a
finite amount of time. For DC or low-frequency applications, this amount of
time is generally insignificant. As the input frequency increases, however, the
switching time becomes a greater portion of the total time for one alternation of
the input signal. In the extreme case, if the input alternation were shorter than
the time required for the output to change states, then the comparator would
cease to function properly. That is, the output voltage would not have time to
reach its limits.

The slew rate of the op amp determines the maximum rate of change in the
output voltage. The minimum acceptable rate of change is determined by the
application. For purposes of example and as a good rtile of thumb, let us design
our circuit to have rise and fall times of no greater than 10 percent of the time for
an alternation of the input signal. For our present design, the highest input fre-
quency was specified as 10 kilohertz. The time for one alternation can be calcu-
lated from our basic electronics theory as

t(alternation) = &E-%E@ {3.2) -
where t(period) = 1/frequency. In our case,
1 1

t(period) = =100 us

frequency ~ 10 kHz

and

t(alternation) = 1992—-— =50 us
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Our maximum rise and fall times will then be computed as

tr(max) = tx(max) = 0.1 x Halternation) (3.3) ;

In the present case, we have
tr(max) = tp(max) = 0.1 x50 us = 5 s

The minimum acceptable slew rate for our op amp can be computed with the fol-
lowing equation:

+Vsar = (=Vsar) (3.4)

slew rate(min) = ()
rimax

In our present example, the minimum acceptable slew rate is computed as

12V -(-12V)

=48 x10% V/s
5 s

slew rate(min) =

It is common to divide this result by 10° and express the slew rate in terms of volts
per microsecond. In our case,

4.8 x10% V/s

T 4.8 V/us

The slew rate for a 741 op amp is listed in the data sheet as 0.5 volts per
microsecond. Clearly, this is too slow for our application. If we use the 741, our
output signal will look more like a triangle wave than a square wave. Appendix 4
shows the data for another alternative.

The MC1741SC op amp should satisfy the voltage specifications of our
design. Additionally, the minimum slew rate is listed as 10 volts per microsecond.
We will use the MC1741SC for our design.

Figure 3.5 shows the resulting design. The oscilloscope displays in Figure 3.6
reveal the actual performance of the circuit.

Vo

4
v ‘ Ry
FIGURE 3.5 A simple zero-crossing ! MC17415¢ 88k0

detector designed around an
MC17415C op amp. = = =
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Low-Frequency Performance
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— —_———— e ——— - - . T ! S
0¢.00000 s 250.000 us 500.000 us
50.0 us/div
frequency( 43 10.0200kH: Vp-p( 1) 1,00000 V
Vain( 4) -13.5938 ¥ Vrax( 4) 14.6875 v
4 "} 0.000 V¥
®)

FIGURE 3.6 Oscilloscope displays showing the actual performance of the circuit in Figure 3.5. (Test
equipment courtesy of Hewlett-Packard Company.)
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3.3
3.3.1

ZERO-CROSSING DETECTOR WITH HYSTERESIS

Operation

Figure 3.7 shows the schematic diagram of a zero-crossing detector with hystere-
sis. At first glance, the configuration may resemble a basic amplifier circuit similar
to those discussed in Chapter 2. A more careful examination, however, will reveal
that the feedback is applied to the (+) input terminal. That is, the circuit is using
positive feedback.

Resistors Ry and R, form a voltage divider for the output voltage. The por-
tion of the output voltage that appears across R is felt on the (+) input of the op
amp. This voltage establishes what is called the threshold voltage. When the out-
putis positive, the voltage on the (+) input is called the positive, or upper, thresh-
old voltage (V7). The voltage on this same input when the output is negative is
called the lower, or negative, threshold voltage (V7). For the circuit in Figure 3.7,
these two threshold levels will be the same magnitude but opposite polarity. In
some circuits, it is desirable to have different values and/or different polarities for
the upper and lower thresholds.

To examine the operation of the circuit, let us assume that the input voltage
is at its most negative value and that the output is driven to its positive saturation
level. A portion of the positive output voltage will be developed across R; and
appear on the (+) input. This is our upper threshold voltage. As long as the input
voltage is below the value of the upper threshold voltage, the circuit will remain
in its present condition (positive saturation).

Once the input voltage exceeds (i.e., becomes more positive than) the upper
threshold voltage, the (-) pin becomes more positive than the (+) pin of the op
amp. Basic op amp operation tells us that the amplifier will produce a negative
output voltage. In our case, the output will drive all the way to its negative satu-
ration limit.

Once the output reaches its negative limit, the (+) input has a different
voltage—the negative, or lower, threshold voltage—on it. The circuit will remain
in this stable condition as long as the input voltage is more positive than the lower
threshold voltage.

Notice the voltages at which output switching occurs. When the input signal
is rising, the switching point is determined by the upper threshold voltage. When
the signal returns to a lower voltage, however, the output does not switch states as

Vi Ry

FIGURE 3.7 Positive feedback adds

hysteresis to the zero-crossing detector.
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Upper Threshold Voltage. The upper threshold voltage is the value of volt-
age that appears across R; when the output is at its maximum positive level. In
our present circuit, the maximum output is essentially +Vs4r. We will use the low-
est value given in Appendix 1 (10 volts) for +V4r. The value of threshold voltage
is computed by applying the basic voltage divider formula.

R o
Ve, = VT(R1 +1R;) (3.5)

where V7 is the total voltage across the series resistors R, and R;. In our case, we
have

47 kQ

Vir =10 V| oo
o (47 kQ + 470 kQ

J-—- 091V

This calculation reveals a significant limitation for this circuit. The value of thresh-
old voltage is directly affected by the value of Vs,r. That value, however, is far
from constant. Appendix 1 indicates that Vg,r can vary from a low value of 10
volts (with a heavy load) to as high as 14 volts when lightly loaded. The resulting
variation in threshold voltage may be objectionable in some applications. If so, the
feedback voltage can be regulated (e.g., by using a pair of zener diodes) for more
consistent performance.

Lower Threshold Voltage. The lower threshold voltage for the circuit shown
in Figure 3.7 is computed using the same method, Equation (3.5), discussed for the
upper threshold. The value is computed as

R
Vir = _VT( ! J

Ry + R¢

=10V Ak ) 091V
47 kQ + 470 kQ

The lower threshold suffers from the same variations described for the upper
threshold. Also notice that in this particular circuit, the upper and lower threshold
voltages are equal in magnitude and positioned on either side of 0 volts. Other cir-
cuits may have dissimilar magnitudes for the two thresholds. Additionally, the
thresholds are not necessarily centered around 0 in all detector circuits.

Hysteresis. The hysteresis of the circuit shown in Figure 3.7 is simply the dif-
ference between the two threshold voltages. That is,

Va=Vur-Vir (3.6)




144

VOLTAGE COMPARATORS

In the present case, we have
Vy=+091V-(-091V)=182V

The higher the value of hysteresis, the more noise immunity offered by the
circuit. In the present case, once the input voltage has crossed one of the threshold
levels, it will take a noise pulse of the opposite polarity and with a magnitude of at
least 1.82 volts before the output will respond.

In the case of equal +V 4 voltages, the hysteresis may be computed directly
with the following equation:

R
Vy = ZVSAT[R +‘R ) (3.7)
1 F

Maximum Frequency of Operation. Since the output voltage of the zero-
crossing detector switches between two extreme voltages, the upper frequency
limit is more appropriately determined by considering the effects of slew rate
rather than the falling amplification. You will recall that the slew rate of an op amp
limits the rate of change of output voltage. For purposes of this calculation, we
will determine the highest operating frequency that allows the output to switch
fully between +V,r. If we exceed this frequency, the output amplitude will begin
to diminish. The reduced output voltage will produce a similar reduction in
threshold voltages and the hysteresis voltage.

Appendix 1 lists the slew rate of a 741 op amp as 0.5 volts per microsecond.
The output must change from one saturation level to the other during the time for
half of the input period (assuming a symmetrical output signal). For purposes of
worst-case design, let us assume that the saturation voltages are at their highest
magnitudes (listed as +14 volts in Appendix 1). The minimum time required to
switch between these two limits is computed as shown:

. +Vsar = (=V& :
t(min) = sar — (—Vsar) (3.8)
slew rate
In the case of equal magnitudes of +Vs,r voltages, this can be expressed as
ts(min) = ___Z_Yiél_ (3.9)

slew rate

In our present case, the minimum switching time is determined as shown:

_2x14V

ts(min) = Vs Vs

56 us
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Since this corresponds to half of the period of the highest input frequency, we can
determine the upper frequency as shown:

f(max) =

~ 2t5(min)

In our case, we have

1
= ———— =89 k
f(max) T%56 15 89 kHz

The above equation represents a worst-case situation. It should be noted,
however, that the output waveform under these extreme conditions will more
closely resemble a triangle waveform than a square wave. Whether or not this is
objectionable is totally dependent upon the application. In cases where output rise
and fall times must be short compared to the pulse width, the following equation
can be used to determine the highest operating frequency for a particular ratio (p)
of switching time (t) to stable time (¢p).

__P |
flmax) = 5P (313) |
|

In the case of Figure 3.7, we have already computed ts as 56 microseconds.
Now suppose we want the switching times (rise and fall) to be one-tenth (0.1) of
the stable time (tp). This establishes our ratio p as 0.1. The highest frequency is
then computed as

_ 0.1
2x56 us(0.1+1)

= 811.7 Hz

If the input waveform is such that the output will not be symmetrical, then
establishes the shortest (either positive or negative) alternation of the output
waveform. The highest frequency of operation, however, can be obtained when
the output waveform is symmetrical.

3.3.3 Practical Design Techniques

Let us now design a zero-crossing detector circuit similar to that shown in Figure
3.7. We will design to achieve the following:

1. Upper threshold +0.5 volts
2. Lower threshold -0.5 volts
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3. Hysteresis 1.0 volts
4. Highest operating frequency 15 kilohertz
5. Maximum ratio (p) of switch- 0.2
ing time to stable time
6. Power supply voltages *15 volts

Determine the Required Slew Rate. In this type of application, slew rate is
probably the most critical parameter with regard to op amp selection. The slew
rate must be high enough to allow the output to switch between saturation levels
within the allowed switching time (t;). The switching time is computed by using a
transposed version of the f{max) equation. That is,

- P 1
fs = 2(p + 1) x f(max) (3.12)

For the present circuits, we have

~ 02 s
T 2(02+1)x 15 kHz

tg 56 us

For purposes of op amp selection, we can assume that the output swings
between the two power supply limits. That is, assume that V¢, = £V The
required slew rate can then be computed as

-+

slew rate(min) = (3.13)

S

For the present circuit, we have

slew rate(min) = 2xBV_ 5.4 V/us
5.56 us

Select an Op Amp. Appendix 1 indicates that the slew rate for a 741 is only
0.5 volts per microsecond, which clearly eliminates this device as an option
because we will require a slew rate of at least 5.4 volts per microsecond. Appendix
4, however, shows that the MC1741SC op amp has a minimum slew rate of 10
volts per microsecond. This will satisfy our present requirements nicely, and it is
compatible with our power supply requirements. We will build our design
around the MC1741SC op amp.

Determine R and R,. The ratio of R; and R, is dependent on the ratio of
Vsar voltage to hysteresis voltage. Appendix 4 indicates that the unloaded out-
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put swing will be approximately +13 volts. We use this value for our computa-
tions. If the circuit is expected to drive a greater load (smaller load resistor), then
the output will be correspondingly smaller. The ratio of Rp to R, is computed as
follows:

Re _ 2Vsar _

1 (3.14) |
R, Vy |

i

|

More specifically, for the present circuit we have

E£:2><13V_~1=25

R, 1V

Many combinations of Ry and R; will produce a 25:1 ratio. We will select R;

and calculate the value of R;. If possible, we generally want both resistors in the

range of 1.0 kilohm to 1.0 megohm, although these do not represent absolute lim-

its. For purposes of this example, we select R, to be 4.7 kilohms. Having done this,
we can now compute Ry by simply multiplying R, by the R¢/R, ratio.

\Ry

r
i R, = (&}Rl (3.15) |
| |

And, in the present case,
R;=25x4.7kQ =118kQ

We will select a standard value of 120 kilohms.

This completes the design of the simple zero-crossing detector circuit. The
schematic is shown in Figure 3.9. The circuit performance is shown by the oscillo-
scope displays in Figure 3.10. The original design goals are contrasted with the
measured performance in Table 3.1.

MC1741SC
Vo

+
vi Ry

120k0

= Ry 2 4.7k

FIGURE 3.9 A zero-crossing detector
designed for 1.0 volt hysteresis and
operation up to 15 kilohertz.

A
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Low-Frequency Performance

1.00 V/div
offset: 0.000 V
10.00 ¢ 1 a5

P4 10,0 v/div
affset: 0.000 ¥

10,00 1 dc
0.00000 s V00000 ws 2.00000 ms
200 wus/div
frequency( 1) 1.00200kH: Vp-p( 1?2 3.70313 ¥
risetime( 4) < 7.98400us falltime( 4) £ 7.98404us
+uidth( 4) 510.978us ~Hidtht 4) 487 . 026us 1 o000 v
(a)
High-Frequency Performance
T | 1.00 V/div

[offset: 0.000 V
10,00 ¢+ 1 dc

GAs an anans T 4 10,0 v/div
1 ‘ offset: 0,000 V
I A T 10000 0 de

100,000 us 200.000 us

!
H | |

0.00000 s

20.0 us/div
frequency( 1) 15.0000kk Vp-p( 1) 3.76563 ¥
risetine( 4) ¢ 4.39122us falltine( 4) < 3,99202us
+uidth( 4) 34.7305us -nidth( 4) 32.3353us {1 § 0000 v
(b)

FIGURE 3.10 Waveforms showing the actual circuit performance of the zero-crossing detector
shown in Figure 3.9. (Test equipment courtesy of Hewlet-Packard Company).
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TABLE 3.1

Design Goal Measured Values
Upper threshold +0.5 volts +0.54 volts
Lower threshold -0.5 volts -0.51 volts
Hysteresis 1.0 volts 1.05 volts
Maximum switching ratio 0.2 0.126

3.4
3.4.1

3.4.2

VOLTAGE COMPARATOR WITH HYSTERESIS
Operation

Figure 3.11 is a schematic of an inverting voltage detector with hysteresis. The
operation of this circuit is similar to that of the zero-crossing detector discussed in
the last section, but the upper and lower thresholds are on either side of a refer-
ence voltage (Vggr) rather than on either side of 0. The reference voltage can be
either positive or negative. Note that if the reference is 0 volts, then the circuit is
identical to the zero-crossing detector previously discussed.

To begin the discussion, let us assume that the input voltage is at its most
negative value and that the output of the op amp is driven to its +V,r level. The
+Vsar output is divided between Ry and R, in normal voltage divider fashion.
The voltage appearing across R; plus the value of the reference voltage deter-
mines the voltage on the (+) input terminal. This is the upper threshold voltage.
The circuit will remain in this condition as long as the input voltage is below the
voltage on the (+) terminal.

Now suppose that the input voltage is allowed to exceed the upper thresh-
old voltage that is present on the (+) input. If this happens, the output will quickly
go to the -V r level. Ry and R, will divide the negative output voltage. The por-
tion across R; plus the value of the reference voltage determines the voltage on the
(+) input terminal. This is the lower threshold voltage. The circuit will remain in
this stable condition until the input voltage falls below the negative threshold
voltage.

In many practical comparator circuits, the reference voltage is provided by a
zener diode (see, for example, Figure 3.12 further on) or other voltage regulator
circuit.

Numerical Analysis

We will now analyze the circuit shown in Figure 3.11 to determine the following:
1. Upper threshold voltage
2. Lower threshold voltage

3. Hysteresis
4. Maximum frequency of operation
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741 vo
+
i Ry
91k
= R, 2 18k0
FIGURE 3.11 A voltage comparator
with hysteresis. Vger = +3V

Upper Threshold Voltage. The upper threshold voltage is the value of the
voltage that appears across R; when the output is at its maximum positive level,
plus the value of the reference voltage. Appendix 1 lists a minimum value of 10
volts for +Vs,r. The value of the threshold voltage is computed by applying the
basic voltage divider formula to Ry and R, and then adding the result to the refer-
ence voltage (Vggr).

Vir = +V, ! }+ v, (3.16)
ur sm( R, + Ry, REF |
|
For this particular circuit, we have
18 kQ
Vur =10 V| ————|+3V =465V
i (18 kQ + 91 kQ)

As with the zero-crossing detector previously discussed, the threshold voltages
vary with V,r. If this variation is objectionable, then the output can be regulated
by zeners, as discussed in Section 3.6.

Lower Threshold Voltage. The lower threshold voltage for the circuit shown
in Figure 3.11 is computed using the same method discussed for the upper thresh-

old:
Vir = -V, L1+ V, 3.17
LT SAT(R1 + Rpj REF ( )
or, more specifically,
18 kQ
Vir=-10 V| ——————(+3V =135V
T (18 kQ + 91 kQ]

The lower threshold suffers from the same variations described for the upper
threshold. Also, notice that in this particular circuit, the upper and lower thresh-
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old voltages are both above 0 volts but equally spaced on either side of the refer-
ence voltage. The thresholds in some circuits are not equally spaced around the
reference.

Hysteresis. The hysteresis of the circuit shown in Figure 3.11 is simply the dif-
ference, as given by Equation (3.6), between the two threshold voltages. That is,

VH = VUT_ VLT
=+465V-135V
=33V

Recall that the value of hysteresis primarily determines the noise immunity
offered by the circuit. In the present case, once the input voltage has crossed one of
the threshold levels, it will take a noise pulse of the opposite polarity and with a
magnitude of at least 3.3 volts before the output will respond.

The hysteresis in this circuit may also be computed directly with Equation
(3.7).

Maximum Frequency of Operation. The upper frequency of operation is

limited in the same manner as the zero-crossing detector discussed previously.
This frequency is estimated with Equation (3.10):

fmax) =

2t g (m]n)
where t; is computed with Equation (3.8) as shown:

+Voar = (=Vsar)

ts(min) = slew rate

Or, in the usual case of symmetrical power supplies, we can simply use Equation
(3.9) as follows:

2VSAT

ts(mm) =
slew rate

In our present case, let us determine the minimum switching time with Equation
(3.9):

2Vsur
slew rate

_2x10V
0.5 V/us

40 ps

ts(min) =

]
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Substituting this value into the maximum frequency formula, Equation (3.10),
gives us

flmax) =

2t¢(min)

1
T 2% 40 ps

=12.5 kHz

The above equation represents a worst-case situation for a symmetrical out-
put waveform. As noted in the zero-crossing circuit, the output waveform under
these extreme conditions will more closely resemble a triangle waveform than a
square wave. In cases where output rise and fall times must be short compared to
the pulse width, Equation (3.11) can be used to determine the highest operating
frequency for a particular ratio (p) of switching time (t;) to stable time (fp). In the
case of Figure 3.11, we have already computed f5 as 40 microseconds. Now sup-
pose we want the switching times (rise and fall) to be one-eighth (0.125) of the sta-
ble time (tp). This establishes our ratio p as 0.125. The highest frequency is then
computed with Equation (3.11) as

f(max) = 0.125 =1.39 kHz

2 x 40 ps(0.125 + 1)

3.4.3 Practical Design Techniques

Now let us design a voltage comparator circuit with hysteresis and obtain the fol-
lowing performance:

1. Upper threshold —4.25 volts
2. Lower threshold ~7.75 volts
3. Hysteresis 3.5 volts
4. Highest operating frequency 60 hertz

5. Maximum ratio (p) of switching time to stable time 0.1

6. Power supply voltages +15 volts

Determine the Required Slew Rate. The slew rate must be high enough to
allow the output to switch between saturation levels within the allowed switching
time (t5). The switching time is computed with Equation (3.12) as follows:

_ p
- 2(p + 1) x f(max)

_ 0.1
2x 60 Hz(0.1+ 1)

= 758 us

ts
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For purposes of op amp selection, we can assume that the output swings between
the two power supply limits. That is, assume that +V,r = +V . The required slew
rate can then be computed with Equation (3.13) as

PA
S

_2x15V
758 s

= 0.04 V/us

slew rate(min) =

These calculations assume a 50-percent duty cycle on the output waveform. If the
output is asymmetrical, then the shortest allowable alternation is given as

+1
tmin = ts(p J
p

Select an Op Amp. Appendix 1 indicates that the slew rate for a 741 is 0.5
volts per microsecond, which exceeds our requirement of at least 0.04 volts per
microsecond. The power supply requirements are also compatible with our stated
design requirements. We will build our design around the 741 op amp.

Determine R; and R,. The ratio of Ry and R, is dependent on the ratio of Vs,
voltage to hysteresis voltage. Appendix 1 indicates that the lightly loaded (R, >
10 kQ) output swing will be typically +14 volts. We will use this value for our
computations. If the circuit is expected to drive a greater load (smaller load resis-
tor and/or feedback network), then the output will be correspondingly smaller.
The ratio of Ry to R, is computed with Equation (3.14).

&:%_1
Ri Vi
~2x14V_
35V
=7

We select R; and calculate the value of Ry. For purposes of this example, we select
R, to be 33 kilohms. Having done this, we can now compute R; by applying Equa-
tion (3.15) where the ratio (R;/R;) is known.

Rp
Ry =|=£|R

=7 %33 kQ
= 231 kQ
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We will select a standard value of 240 kilohms.

Calculate V. A simple way to calculate the required value of Vi is to apply
Equation (3.18).

Vu

Veer = Vir + (3.18)

i
i

where Vr and Vy are the lower threshold and hysteresis voltages, respectively. In
our present case, we can determine Vpgr as shown:

wn=-1ﬁV+i%K=4ov

For purposes of illustration, let us derive this reference voltage from a zener diode
network across the —15-volt supply. As long as the equivalent (Thevenin) resis-
tance of the zener circuit is small compared to Ry and R, (the usual case), it will not
affect our previous selection of components.

Appendix 5 shows the data sheet for a family of zener diodes. One of the
listed devices is the 1N5233B, which is a 6.0-volt, Y;-watt zener diode. The maxi-
mum zener current can be estimated by applying the power formula:

I;(max) = Lid (3.19)
Vz

where P; and V; are the power and voltage ratings of the zener. In the case of the
1N5233B, the maximum current is

I;(max) = 0_657 = 833 mA

This establishes the upper limit of zener current, and even this must be derated for
temperatures above 25°C. The zener test current (I7) is listed as 20 milliamps,
which is generally a good quiescent current choice.

The series current limiting resistor for the zener regulator can be computed
as follows:

i
RS=K£512 (3.20)
i |

In the present case, we have

15V-6V

R; = =450 Q
20 mA
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Finally, we will choose the standard value of 470 ohms, which completes our
design. The final schematic is shown in Figure 3.12. The waveforms in Figure 3.13
reveal the performance of the circuit. The original design goals are contrasted with
the measured performance in Table 3.2.

741 Vo
+
v Ry
240kQ
= R1§33kn
Rg
~15V o-AA— VREr=—6V
4700 1IN5233B
FIGURE 3.12 A voltage comparator
design using a zener diode as the
reference voltage. =
T T T F 01 1 1T70 1% 100 vidiv
loffset: G.000 V¥

11 190,00 ¢+ 1 dc

T4 100 ¥/div
offset: 0.000 V

10.00 ¢ ! dc
0. 00000 s 25.0000 me S50.0000 ms
5.00 ms/div
frequency( 1) 60.0000 K vp-p( 1) 14,0625 V
risetime( 4) < 99,8005us falltine( 4) < 99,7996us
+uidth! 4) B8, 48303ms ~widthe 4) 8.18363ms 4 f—8.750 y

FIGURE 3.13 Waveforms showing the performance of the circuit shown in Figure 3.12. (Test
equipment courtesy of Hewlett-Packard Company.)

TABLE 3.2

Design Goal Measured Value
Upper threshold -4.25 volts —4.25 volts
Lower threshold -7.75 volts —7.813 volts
Hysteresis 3.5 volts 3.56 volts
Maximum switching ratio 0.02 0.012
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3.5 WINDOW VOLTAGE COMPARATOR
3.5.1 Operation

A basic op amp window detector circuit, shown in Figure 3.14, is essentially a dual
comparator circuit and produces a two-state output that indicates whether or not
the input voltage (v) is between the limits (i.e., within the window) established by
the +Vpgr voltages. It is frequently used to sound an alarm or signal a control cir-
cuit when a measured variable (v;) goes outside of a preset range. The reference
voltages in Figure 3.14 are established by two zener diode circuits.

To examine the operation of the circuit, let us start by assuming that the
input voltage is within the window. That is, the input voltage is less than + Vg,
and greater than —Vggr. Under these conditions, the outputs of both op amps will
be driven to the +Vg,r level. This reverse-biases the two isolation diodes (D; and
D,) and allows the output (v,) to rise to +15 volts, indicating an “in window” con-
dition. (Note that if the positive saturation levels of the op amps are sufficiently
low, the isolation diodes will not be reverse-biased but the output will still be at its
most positive level.)

Now suppose that the input either exceeds + Vg or falls below -V ggr. In either
of these cases, the output of one of the two op amps will go to the ~V;4; level and
forward-bias its associated isolation diode. This will cause the output of the circuit
(vo) to be pulled to -15 volts (ideally). In practice, the output voltage will be equal to
the negative saturation level plus the forward voltage drop of the conducting isola-
tion diode. This negative level indicates an “out of window” condition.

3.5.2 Numerical Analysis

FIGURE 3.14 A window detector is
used to determine whether the input
voltage (v)) is within the limits of £V.

Let us now analyze the behavior of the circuit shown in Figure 3.14 in greater
detail. We shall determine the following characteristics:

3. Output voltage (vo)

-15V +15V
R, S6800 R,%xokn
—Vr _ Dj
741 m——
1N5225 J, D, + IN914A
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+Viar  The value of +Vigy is established by the 1IN5230 zener diode. Appendix 5
indicates that this is a 4.7-volt zener, so +Vggr is approximately +4.7 volts. If desired,
we can determine the amount of zener current with Equation (3.20) (transposed):

_ +VCC - VZ
R,
15V -47V

820 Q

=12.6 mA

I

=Vgere The 1N5225 zener diode is used to establish the —V g source. Appendix 5
lists the IN5225 as a 3.0-volt zener. Its current can be calculated with Equation (3.20)
(transposed) as
_ +VCC - VZ
R,
_15V-3V
C680Q
= 17.6 mA

Iz

Output Voltage (vo). The upper limit of v, occurs when both of the isolation
diodes are reverse-biased or effectively open. This means that the pull-up resistor
(Rp) has essentially no current flow and therefore no voltage drop across it. Since
Rp drops no voltage under these conditions, the output will be at a +15-volt level.
As mentioned previously, if +Vr is sufficiently low, the isolation diode will not
be reverse-biased and the output voltage (vo) will be less than +15 volts (+Vg,r +
Ve, where V¢ is the forward voltage drop of the diode).

If either of the op amp outputs is forced to its —V s, level, then the associated
isolation diode will be forward-biased. Appendix 1 indicates that the —V s,y will be
about -11 volts. The current through Rp can now be estimated as follows:

IRp = VCC - (—IZFS,AT) — VF (321)

where V' is the forward voltage drop of the isolation diode (typically 0.7 volts). In
our present case, we can compute I, as

15V = (-11V)-07V

I
Re 10 kQ

=253 mA

The actual output voltage (vp) under these conditions is determined as follows:

Vo = Vec — Ig,Rp (3.22)
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And, for the present circuit,
vo=15V-(253mAx10kQ)=-103V
This same result can be obtained by applying Kirchhoff’s Voltage Law—that is,

vo=~Vsar+ Vi
=-11V+07V
=-103V

3.5.3 Practical Design Techniques

Let us now design a window detector to meet the following specifications:

1. Upper window limit +10 volts
2. Lower window limit +7.5 volts
3. Power supply *15 volts

4. Input frequency 0to 100 Hz

Select the Op Amp. Since the circuit is being driven by a very low-frequency
source, the high-frequency characteristics of the op amp are unimportant to us.
The DC stability of the op amp is more important in circuits like this and will be
determined by the requirements of the application being considered. If the switch-
ing speed of the device is important for an application that has a higher input fre-
quency, then you would do well to select an op amp that is specifically designed
for fast comparator applications.
For purposes of our present example, let us choose the 741.

Select the Zener Diodes. Appendix 5 lists a family of zener diodes. The
1N5236 and 1N5240 devices will satisfy the requirements for our lower and upper
reference voltages of 7.5 volts and 10 volts, respectively.

Calculate the Zener-Current Limiting Resistors. Unless we have some
reason to do otherwise (e.g., ultra-low current designs), we can use the zener test
current as the design value. Appendix 5 lists 20 milliamps as the test current for
both diodes. Basic circuit theory, as given in Equation (3.20), allows us to compute
the values of current limiting resistors.

VCC _ VREF
I

15V -75V
- 20 mA

=375 Q

R1=

We will choose a standard value of 390 ochms. In a similar manner,
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Vee = Verer
I

_15V-10V

20 mA

=250 Q

R2=

We choose the next higher standard value of 270 ohms. Note that in this particular
case, both zeners will be connected across the positive supply voltage because we
require both references to be positive.

Select Rp. The correct value of R; is determined by two primary considerations:

1. Current capability of the driving op amps
2. Type of circuit or device being driven
Since we have no information regarding the driven circuit, let us select Rp
such that the op amp output current is limited to 5 milliamps. This calculation,
from Equation (3.21), is based on Ohm’s Law as follows:

VCC — (-VSAT) - VF

Rp =
P IRp
15V -(-11V)-07V
- 5 mA
= 5.06 kQ

Let us select the next higher standard value of 5.1 kilochms.

Select the Isolation Diodes. The requirements for the isolation diodes are
not stringent. The two primary parameters that need to be considered are

1. Reverse voltage breakdown
2. Maximum forward current

The maximum current is the same as the value of the op amp output current, In
our case, we have designed this to be 5 milliamps. The maximum reverse voltage
(ignoring diode drops) is approximately equal to the difference between + V4 of
one op amp and -V 4y of the other. That is,

Vierv = +Vsar = (=Visar) (3.23)

More specifically,
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Appendix 6 shows the characteristics for a IN914A diode. Almost any diode will
satisfy our modest requirements. The 1N914A is a standard, low-cost diode that

we can use for this application.
This completes the design of the window detector circuit.

The final schematic

is shown in Figure 3.15. Figure 3.16 shows the actual waveforms produced by the
circuit. Table 3.3 compares the original design goals with the measured circuit per-

formance.

+15V +15V
R, S3900 Rp$5.1k0
+Vegr N Dy
741 ot Y 1y
1N5236 \hn Dy y 1N914A

FIGURE 3.15 A window detector
designed for a lower limit of +7.5 volts
and an upper limit of +10 volts

o LU RTER B R *I“““ 37‘——"‘* FTTITETEF T Ty 4 10.0 ¥/div
_______________ loffset: 0.000 V¥
[TITLTItItITITItItItse ‘: TITITASLSICICICITICICICIZ 10000 ¢ 1 de
o
| b
Vi e I :
P
] ¥ ‘fﬂ',é.‘r»; i i Lo
T4 10.0 V/div
. Zoftset: 0.000 V¥
Vo i | ) ~ 10.00 1 dec
1
PR ETE SR FEE RN | L Lt bttt
0.00000 s 5.00000 ms 10.0000 ms
1.00 ms/div
vymerker2¢ 1) 10.0000 V stop marker: 4.70000ms
Vmarkeric4) 7.50000 v start marker: 4.14000ms
delte vC 1) 2.50000 ¢ delta t: 560.000us -
1/deits t+  1,78571ki 1 L8750 v

FIGURE 3.16 Oscilloscope displays showing the performance of the circuit in Figure 3.15. {Test

equipment courtesy of Hewlett-Packard Company.)
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voltage on the (-) terminal. Note that because the rising output has increased the
potential on the (+) input, the actual input voltage (v;) will have to go to a much
lower level to cause the circuit to switch states. This effect is, of course, the very
nature of hysteresis.

If the input voltage now decreases to a level that causes the voltage on the
(+) pin to fall below the voltage on the () pin, then the circuit will switch back to
its original state.

3.6.2 Numerical Analysis

FIGURE 3.18 Basic circuit theory X .
can be used to compute the upper l1 R, / Ry 12

Now let us extend our analysis of Figure 3.17 to calculate the following:

. Upper threshold voltage

. Lower threshold voltage

. Hysteresis

. All zener currents

. Output voltage limits (vo* and vy")

Tt v W N =

Upper Threshold Voltage. The upper threshold voltage can be found by
applying Kirchhoff’s Law and basic circuit theory to the resistor network R; and
R¢. Our knowledge of op amp operation tells us that no substantial current enters
or leaves the (+) pin. Therefore, i; = i, in Figure 3.18. At the instant v; reaches the
upper threshold, the junction of Ry and R; will just equal Vggr. This is so labeled on
Figure 3.18.

Using Ohm’s Law, we can write expressions for the values of 7, and iy:

i = U1 = Veer
R,
i = VRer =0
=
Re

If we equate these two currents, we get
h=1ip

U = Veer _ Veer ~ 00~
R; Re

Vrer

- -

threshold voltage of the circuit in *+v1 e AA———————AAA——0 VO
Figure 3.17. 27k0 68k0N
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Some algebraic manipulation gives us the expression for v; at the moment it
reaches the upper threshold:

!

|

v =Vur = RulVagr =% ), Vrer (3.24) |

F

|

In the present example, v5~ equals the voltage of D, (-5.6 volts as listed in Appen-
dix 5) during this period of time. The reference voltage is 6.2 volts (see Appendix 5).
Substituting values enables us to calculate the value of the upper threshold voltage:

Vigr = 27 k 62V (56 VIl 6o v =109V
68 kQ

This value can be made slightly more accurate by including the effects of the for-
ward voltage drop of D, (about 0.7 volts). That is, v,~ will equal the voltage of D,
plus the forward voltage drop of D,, or —6.3 volts. If this effect is included, the
threshold is computed to be 11.2 volts.

Lower Threshold Voltage. A similar application of basic circuit theory
when the output is at the +V,; level and the input is approaching the lower
threshold voltage yields the following expression for the lower threshold volt-
age:

R;(vo" = Vger) (3.25)

VLT = VREF - R
F

Recognizing that v5* will be equal to the voltage of D, (3.3 volts) during this time,
we can calculate the value of lower threshold voltage:

27 kKQB3V -62V)
68 kQ

Vir =62V - =735V

If the forward voltage drop of D, is included in the calculation, the threshold volt-
age will be computed as 7.07 volts.

Hysteresis. Hysteresis is simply the difference between the two threshold volt-
ages. In our present case, hysteresis is computed as shown in Equation (3.6):
Vu=Vur-Vir
=109V-735V
=355V
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If the diode drops are included, the hysteresis will be computed as 4.13 volts.

Zener Currents. The current through D, can be computed from Equation
(3.20) as follows:

I _ +Vee = Vp,
DI"""““E:"“"
_15V-62V

470 Q

=18.7 mA

The reverse current through D; is computed with the following expression:

—VSAT - VD; +0.7
ID3 = R .
1

(3.26)

Continuing with the calculations, we get

A1V -(-56 V)+07V
ID =

= —6.27 mA
* 750 Q

Note that the minus sign simply indicates direction and is of no significance to us
at this time. D, current is computed in a similar manner as shown:

_ +VSAT - VD; - 07
2 T Rl

Ip (3.27)

Substituting values for the present circuit gives us

_11V-33V-07V

Ip = =933 mA
D, 750 Q ™

The power dissipation of the zeners can be found by applying the basic power
equation P = IV, where [ and V are the current and voltages associated with a par-
ticular zener. In our particular case,

Pp, =187 mAx 62V =116 mW

Py, =627 mAx56V =351mW

Pp, =933 mAx33V =308 mW



3.6'3

Voltage Comparator with Output Limiting 165

Output Voltage Limits. The output voltage swing was essentially determined
in a prior step. The upper excursion is established by the zener voltage of D, plus
the forward voltage drop of D;. In our case,

0o =V, +07V=33V+07V =40V
The lower limit of v, is computed as
Vo =Vp, -07V=-56V-07V=-63V

Practical Design Techniques

We will now design a voltage comparator with output limiting that satisfies the
following specifications:

1. Upper output voltage (vo*) +5.0 volts
2. Lower output voltage (vo7) -4.0 volts
3. Upper threshold voltage +2.0 volts
4. Lower threshold voltage +0.8 volts
5. Power supply #15 volts
6. Op amp 741

These specifications (i.e., input and output requirements) would normally be dic-
tated by the application.

Compute Hysteresis Voltage. Our first step will be to calculate the required
hysteresis voltage. This is, very simply, the difference between the two threshold
voltages from Equation (3.6).
Vi=Vur=Vir
=2V-08V
=12V

Compute R; and R, The ratio of R; to R, is determined by the ratio of the out-
put voltage swing to the hysteresis voltage. That is,

RF UO+ - Uo—
Z-T0 "% 3,
R, v, {3.28)

In our design example, the required R;/R; ratio is computed as shown:

Re _5V-(4V)

=75
R, 12V
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We will now select R; and compute R;. We will choose 10 kilohms for resistor R,.
The feedback resistor Ry can now be computed, from Equation (3.15), as shown:

o (i
=75%x R,
=75x%x10 kQ
=75 kQ

J

The factor 7.5 in the above equation is simply the Rp/R, ratio previously computed.

Select the Output Zener Diodes. The voltage rating of the two zener diodes
is determined by the stated output voltage swing. That is,

Vb

2

=04 - 0.7 (3.29)

Substituting values gives us

Vp, =5V -07V =43V

Similarly, the voltage rating for D; is computed as

Vp, = v5 + 0.7 (3.30)

3

Values for the present circuit are

Vp, =4 V+07V=-33V

The power ratings for the zeners are not critical, but must be noted for subsequent
calculations. By referring to Appendix 5, we can select a IN5229 and a 1N5226 for
diodes D, and D, respectively. We also observe that both of these diodes are rated
at 500 milliwatts.

Compute R;. Resistor R, is a current limiting resistor for the zener diodes. First,
we will compute the maximum allowable currents through each of the zeners,
using Equation (3.19).

Py,
ey,
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Similarly,

= -Ds
Vb,

_05W
33V

= 152 mA

Ip,

167

Since both of these exceed the short-circuit output current of the 741, we will
have to limit the current well below the maximum amount. Let us plan to limit it

to 5 milliamps.

Next we compute the minimum values for R, in order to limit the diode cur-
rents to the desired value by applying Ohm’s Law. The minimum value as dic-

tated by D, is found, from Equation (3.20), to be

+Vsar = V,
R,(1) = ,__,5.’.‘}1“22.
D,
13V -43V

- 5 mA

=174 kQ
Similarly, the value required to limit the current through D, is computed as

=Vsar — Vp,
Ip,
_-13V-(33V)
5 mA
1.94 kQ

Ri(2) =

The larger of these two values (1.94 kilohms) sets the lower limit on R;. We will

select the next higher standard value of 2 kilohms for R;.

Select the Reference Zener Diode. The required reference voltage can be

determined by using the following equation:

VurRe + Ryv5
R; + Rg

Vegr = —————— (3.31)

In our present design, the required reference is calculated as follows:

Vier =2V><75 kQ + 10 kQ x (-4 V)=1.29V
10 kQ + 75 kQ
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A brief scan of Appendix 5 reveals that it may be very difficult to locate a 1.3-volt
zener. Let us rely on our knowledge of basic semiconductors to discover an alter-
native. Recall that a forward-biased silicon diode has about 0.6 to 0.7 volts and
remains fairly constant. We can obtain the equivalent of a 1.3-volt zener by using
two series silicon diodes. Appendix 6 lists the data for IN914A diodes. A IN914A
diode will have about 0.64 volts across it with a forward current of 0.25 milliamps.
Similarly, this same diode will have about 0.74 volts across it with a forward cur-
rent of 1.5 milliamps. Let us select IN914A diodes for our application and estab-
lish a forward current of about 0.5 milliamps.

Determine the Value of Rs. The purpose of resistor Ry is to limit the current
through reference diode D,. In our case, it will limit the current through two series
1N914A diodes. The value of R is computed, from Equation (3.20), as follows:

R; = V* — Vrer

Irer
where I is the specified current through the reference diode. For our design, R
is calculated as shown:

Ro =2V =13V _ ok
0.5 mA
We will choose the standard value of 27 kilohms for R.
This completes the design of our voltage comparator with output limiting.
The final schematic is shown in Figure 3.19, and the actual performance of the cir-
cuit is shown in Figure 3.20 by means of oscilloscope displays. The design goals
are contrasted with the measured circuit values in Table 3.4.

Ry
A%
75k{]
R;
v > AN + 2kQ
10k0 741 Vg
S R,
1N5229 73\ D,

+15V

1N5228 T\Da

FIGURE 3.19 Final design for a

comparator with output limiting.
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FIGURE 3.20 Oscilloscope displays showing the behavior of the comparator in Figure 3.19. (Test
equipment courtesy of Hewlett-Packard Company.)
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TABLE 3.4
Design Goal Measured Value
Output voltage (+) +5.0 volts +5.0 volts
Output voltage (-) -4.0 volts -4.06 volts
Upper threshold voitage +2.0 volts +2.0 volts
Lower threshold voltage +0.8 volts +0.77 volts

3.7

TROUBLESHOOTING TIPS FOR VOLTAGE COMPARATORS

Comparator circuits are generally some of the easier op amp circuits to trouble-
shoot, provided you pay close attention to the symptoms and keep the basic the-
ory of operation in mind at all times. If the circuit worked properly at one time
(i.e., it does not have design flaws), then the symptoms of the malfunction will
normally fall into one of the following categories:

1. Output is driven to one extreme (+V,r) regardless of the input signal.
2. Switching levels (input, output, or both) are wrong.

Output Saturated. It is always a good first check to verify the power supply
voltages. A missing supply can cause the output to go to the opposite extreme.

If the power supplies are both correct, then compare the voltage readings on
the (+) and (-) inputs of the op amp. If the polarity on the two inputs periodically
switches (i.e., one input becomes more positive than the other and then later
changes so that it is less positive than the other), then the op amp is a likely sus-
pect. That is, the inputs directly on the op amp are telling the device to switch and
the op amp has the correct power source, yet the output remains in saturation. The
op amp is the most probable trouble.

If, on the other hand, the (+) and (~) input terminal measurements reveal that
one of the inputs is always more positive than the other, then the op amp is not
being told to change states. In this case, you should check the input signal for
proper voltage levels. Pay particular attention to any DC offset signals that may be
present. A DC offset at the input can shift the entire operation so far off center that
the input signal cannot cause the op amp to switch.

If the input signal is correct, verify the proper voltage on the reference input.
If this is incorrect, the problem lies in the reference circuit (i.e., voltage divider,
zener diode, etc.).

If both the input signal and the reference voltages are correct but one of the
input pins continues to be more positive than the other at all times, measure the
output of the op amp (particularly in circuits with output limiting). Although
the output is at an extreme voltage, determine if the extreme voltage is one of the
expected levels (e.g., a proper zener voltage) or some higher voltage. If the level
is incorrect (i.e., too high), then suspect one of the zener diodes in the output.
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Incorrect Switching Levels. Although there are many things that can cause
minor shifts in switching levels (e.g., component value drifts), some are more
probable than others. If the circuit has adjustable components, such as a variable
reference voltage, suspect this first. If the variable components are properly
adjusted but the problem remains, suspect any solid-state components other than
the op amp (e.g., zener diodes).

The zeners can be checked for proper operation by measuring the voltage
across them. A forward-biased zener will drop about 0.7 volts; a reverse-biased
zener should have a voltage drop that is approximately equal to its rated voltage.
Keep in mind that zeners are not precision devices. For example, a 5.6-volt zener
that drops 6 volts is probably not defective.

As a last resort, verify the resistance values. Resistor tolerances in a low-
power circuit of this type do not present problems very often.

3.8

NONIDEAL CONSIDERATIONS

For many comparator applications, slew rate is the primary nonideal parameter
that must be considered. This limitation was discussed in earlier sections, along
with methods for determining the effects of a finite slew rate. Additionally, the
zener diodes become less ideal as the input frequency is increased.

Throughout the earlier sections of this chapter, it was assumed that the op amp
changed states whenever the differential input voltage passed through 0. The input
bias current for the op amp, however, can cause the actual switch point to be slightly
above or below 0. This problem is minimized by keeping the resistance between the
() input to ground equal to the resistance between the (+) input and ground.

Input offset voltage is another nonideal op amp parameter that can affect the
switching points of the comparator. The effect of a non-0 input offset voltage can
be canceled by utilizing the offset null terminals (discussed in Chapter 10).
Appendix 4 illustrates the proper way to utilize the null terminals on an
MC1741SC op amp. Note, however, that different op amps use different tech-
niques for nulling the effects of input offset voltage. Therefore, you must refer to
the manufacturer’s data sheet for each particular op amp.

The errors caused by the input bias currents and the input offset voltage can
be totally eliminated by utilizing the nulling terminals. Unfortunately, however,
the required level of compensation varies with temperature. Thus, although you
may completely cancel the nonideal effects at one temperature, the effects will
likely return at a different temperature. For many, if not most, comparator appli-
cations, this latter drift does not present severe problems. If the application
demands greater stability, an op amp that offers optimum performance in these
areas should be initially selected.
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REVIEW QUESTIONS

1.

10.

Refer to Figure 3.7. Which component(s) is (are) used to determine the threshold
voltages?

Refer to Figure 3.9. If resistor R, develops a short circuit, describe the effect on circuit
operation. Will there still be a rectangular wave on the output pin?

. Refer to Figure 3.9. If resistor Ry is reduced in value, describe the relative effect on the

circuit hysteresis.

. Refer to Figure 3.7. If resistor R, is changed to 68 kilohms, what is the value for the

upper threshold voltage? Does this resistor change affect the circuit hysteresis (V. =
1ovy?

. Refer to Figure 3.14. If resistor R, is reduced in value (and no components are

damaged), what is the effect on the negative threshold (assume ideal zeners)?

. Refer to Figure 3.14. If diode D, becomes open, describe the effect on circuit operation.

Refer to Figure 3.15. Describe the effect on circuit operation if diode D, develops a
short circuit.

. Refer to Figure 3.17. What is the purpose of R;? Will the circuit still appear to operate

correctly if Ry is reduced to one-half its original value as long as no components are
damaged? Explain.

. Sketch a simple graph of voltage versus time that illustrates the relationship between

the voltages at the following points in Figure 3.17: v}, v, and the output pin of the op
amp. Be sure to indicate relative voltage amplitudes and phase relationships.

Refer to Figure 3.19. What is the effect on circuit operation if R; is returned to a +20-
volt supply instead of the +15-volt source shown in the figure?



CHAPTER FOUR

Oscillators

4.‘

OSCILLATOR FUNDAMENTALS

An oscillator is essentially an amplifier that produces its own input. That is, if we
connect an oscillator circuit to a DC power supply, it will generate a signal without
having a similar signal available as an input. One of the most fundamental ways
to classify oscillator circuits is by the shape of the waveform generated. In this
chapter, we will study oscillator circuits that produce waveforms such as
sinewave, rectangular wave, ramp wave, and triangular wave.

In general, in order for a circuit to operate as an oscillator, three basic factors
must be provided in the circuit. They are

1. Amplification
2. Positive feedback
3. Frequency determining network

Suppose that many random signal frequencies (e.g., noise voltages) are present at
the input of the amplifier shown in Figure 4.1. All of these frequencies are ampli-
fied by the amplifier and then enter the frequency selective circuit. This portion of
the circuit normally introduces a loss or reduction in signal amplitude. Essentially,
all frequencies can enter the frequency determining network, but only a single fre-
quency (ideally) is allowed to pass through. In practice, a narrow band of frequen-
cies can pass with minimal attenuation. The narrower the passband of frequencies,
the more stable the output frequency of the oscillator.

Once the desired signal emerges from the frequency selective portion of the
circuit, it is returned to the input of the amplifier. The amplifier compensates for
losses in the frequency selective portion of the circuit. The overall closed-loop gain
of the circuit must be at least 1 (unity) in order for the circuit to sustain oscillation.
If the overall loop gain is less than 1, the oscillations quickly decay (ringing at
best); If it exceeds unity, then the amplitude of the output signal will continue to
increase until saturation is reached. If the circuit is intended to produce

173
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Positive feedback

Input

Amplifier

Frequency
selective
circuit

e

Single frequency
output signal

FIGURE 4.1 An oscillator circuit requires amplification, frequency selection, and
positive feedback to operate.

sinewaves, the loop gain must be set to unity in order to maintain a constant-
amplitude, undistorted output signal.

4.2

4.2.1 Operation

WIEN-BRIDGE OSCILLATOR

Figure 4.2 shows the schematic diagram of a Wein-bridge oscillator circuit built
around a 741 op amp. A Wien-bridge oscillator produces sinewaves and uses an
RC network as the frequency-determining portion of the circuit. The amplification
is, of course, provided by the op amp, which is essentially connected as a nonin-
verting amplifier circuit similar to those discussed in Chapter 2. The gain of the op

Frequency
selection

Noninverting amplifier

FIGURE 4.2

~_ Hall-wave
-~ rectifier/filter

A FET-stabilized Wien-bridge oscillator circuit.
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amp portion of the circuit is determined by the ratio of the feedback resistor (Rp)
and the effective resistance of the field-effect transistor (FET) in parallel with R;.
The FET’s resistance is determined by the amount of bias voltage on the gate. As
the voltage on the gate becomes more negative, the channel resistance in the FET
is increased.

The gate voltage for the FET is obtained from the output of a half-wave rec-
tifier and filter combination. The input to the rectifier is provided by the output of
the oscillator. In short, if the output amplitude tried to increase, the output of the
rectifier circuit would become more negative. This increased negative voltage
would bias the FET more toward cutoff (i.e., higher channel resistance). The
increased FET resistance would cause the gain of the op amp circuit to decrease
and thus prevent the output amplitude from increasing. A similar, but opposite,
effect would occur if the output amplitude tried to decrease.

The output signal is also returned to the (+) input terminal (positive feedback)
via the R;C; and R,C,; network. This is the frequency selective portion of the oscilla-
tor. At the desired frequency of oscillation, the RC network will have a voltage gain
of one-third and a phase shift of zero (i.e., no phase shift). At all other frequencies,
the loss will be even greater and the input/output signals will differ in phase.

Now, if the amplifier portion of the circuit can provide a gain of 3 and the fre-
quency selective portion of the circuit has a gain (actually a loss) of %3, then the
overall closed-loop gain will be 1, or unity, at the frequency of oscillation. We
now have the conditions necessary for oscillation. Additionally, since the gain of
the amplifier is self-adjusting because of Q;, we also have the conditions necessary
for a stable output amplitude.

4.2.2 Numerical Analysis

Let us now analyze the Wien-bridge oscillator circuit shown in Figure 4.2 in
greater detail. The most important characteristic to be evaluated is the frequency
of operation. This is solely determined by the R;C; and R,C, networks. Although
oscillators can be made with unlike values of resistance and capacitance, using
equal values for the resistors and equal values for the capacitors in the R;C; and
R,C; networks is the general practice. This greatly simplifies the design and analy-
sis of the Wien-bridge oscillator. When equal sets of values are used for the bridge,
the frequency of oscillation is given by Equation (4.1).

1 A
fo= ARC (4.1)

In the case of the circuit in Figure 4.2, the frequency of operation is computed as

1
Jo = 8% 6.8 K % 001 iF kHz

The voltages at the various points in the circuit are not readily computed
because they are highly dependent on the specific FET being used in the circuit.
We know from our basic oscillator theory that the amplifier must have a voltage
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gain of 3 at the frequency of oscillation. Because the amplifier is configured as
noninverting, we can compute the voltage gain as we did in Chapter 2.

Ay =—}—2—F-+1, or
IN

Ry =

Ay -1
510 Q

T 3-1
=255 Q

In the present case, however, Ryy is the effective resistance of R, in parallel with the
FET. The effective resistance of the FET can be computed with our basic parallel
resistance formula.

RIN = RIRFET
R; + Rpgr

RINRI
R; - Ry
255 Qx510 Q
T5100Q-255Q
=510 Q

or

RFET =

Now we know that the channel resistance of the FET will be 510 ohms dur-
ing oscillation. How does it get to that value? Well, the output of the op amp will
be as large as necessary to produce the exact DC level at the gate of the FET that is
needed to cause the 510-ohm channel resistance. Unfortunately, the parameters of
the FET vary considerably (see Appendix 7) and can only be estimated for a par-
ticular device. The manufacturer’s data sheet (Appendix 7) gives the value of
Vescorp @ a maximum of 8 volts. In order to bias the FET in the “resistive” range
(i.e., below the knee of the I, versus Vs curve), the gate voltage will generally be
25 percent of Vgorr, O less. In the case of Figure 4.2, we can anticipate a gate volt-
age of 2 volts or less, which, of course, restricts our peak output voltage to about
2.7 volts because the output actually produces the FET’s gate voltage via the recti-
fier circuit (D). If we try to generate significantly higher voltages, then we can
anticipate a distorted output because we will be operating past the knee of the
FET curve.

4.2.3 Practical Design Techniques

Now let us design a Wien-bridge oscillator circuit that will perform according to
the following design goals:

1. Frequency of oscillation 10.5 kHz
2. Available FET MPF102
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Compute the Frequency Determining Values. We will base our design on
the accepted practice that R; =R, = R and C, = C, = C. We will choose a value for C
and compute the associated value for R. The initial selection of C is somewhat
arbitrary, but will generally produce good results with values at least 100 times
greater than the input capacitance of the op amp. For our present example, let us
choose an initial capacitance value of 1000 picofarads. We can now compute the
required value of R with Equation (4.1).

1
fo =5mer

1
" 2nCf,

R

1
628 x 1000 pF x 10.5 kHz

=152 kQ

We will choose a standard value of 15 kilohms. If the computed value of R is
below 1 kilohm or greater than 470 kilohms, you might want to select a different
value for C and recompute R.

Compute R; and R. R; and R, are selected to produce both of the following
conditions:

1. When the FET is biased off, the gain of the op amp will be less than 3.
2. When the FET is in its “resistive” range, the gain of the op amp can exceed 3.

We will compute R; as follows:

V.
Ry = — (4.2)
Ipgs(max)

In our present case, we compute R; as

RI=.._8_Y__=4OOQ
20 mA

Let us select a standard value of 390 ohms for R;. We will set Ry to be equal to R;.
That is,

RI: = R; (43)

More specifically,
Rp=390Q

This ensures that conditions for oscillation will be met.
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Compute Rectifier and Filter Components. The R.C. network is a filter for
the half-wave rectifier circuit. As with any basic rectifier circuit, the time constant
of the filter should be long relative to the period of the input signal. In the case of
the circuit shown in Figure 4.2, the input signal is the basic oscillator frequency
(fo). Thus, the RcC,; time constant is computed as

|

! R.C, = W0 (4.4)

fo

In this particular case, the required RC time constant is computed as

100

=05 Kk s

RcCo

Let us select a value for R and compute the associated value for C¢. The value for
Rg is not critical, but it is generally in the range of 10 kilohms to 1 megohm. Let us
select 270 kilohms as that value. Capacitor C; can now be computed using Equa-
tion (4.4).

100
RGCG = E“ , Oor
c, - 100

" Refo

B 100
" 270 kQ x 10.5 kHz

= 0.035 uF

We will choose a standard value of 0.039 uF.

The rectifier diode can be any general-purpose diode capable of withstand-
ing the currents and voltages present in this application. Although the actual volt-
ages and currents will be less, the following provides an easy and conservative
computation for diode selection:

Vo = +Vsar— (~Visar) {4.5)

where Vpy is the minimum reverse voltage breakdown rating for the diode. Also,

-V,
Ir = —-éﬁfl (4.6)

where I; is the maximum average forward current rating for the diode. Let us
select a IN914A for this example. The data for this diode is listed in Appendix 6.
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Select the Op Amp. The two most significant considerations regarding op
amp selection are unity gain frequency (bandwidth) and slew rate. The minimum
required unity gain frequency can be estimated with the following equation:

fuc =30fo (4.7) ;

|

In our particular example, the minimum required unity gain frequency is
fuc=30x%10.5kHz =315 kHz

The minimum required slew rate for our op amp can be estimated from the fol-
lowing equation:

slew rate(min) = #O[Zg—%’ﬂrl + 0.7} (4.8)

For our present application the minimum slew rate is estimated as

slew rate(min) = 3.14 x 10.5 kHzP——z—‘f +07 V} = 0.155 V/us

The required values for both unity gain frequency and slew rate are well within the

values offered by the 741 op amp, so we will choose the 741 for this application.
The final schematic of our Wien-bridge oscillator is shown in Figure 4.3. Its

performance is indicated by the oscilloscope plots presented in Figure 4.4. Also

Ry R, 3800 Ry 3900
15 k0
Cy
1000pF T~ N
B -\
R  optional
Do ‘ amplitude
INg14A T : : control
N M :
15 ::1 Ce x R J_ Dy
1000pF ¢ Ce
270k0 0.039uF

FIGURE 4.3 A design example of a 10.5-kilohertz Wien-bridge oscillafor.
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FIGURE 4.4 Oscilloscope display showing the output of the Wien-bridge oscillator circuit shown
in Figure 4.3. (Test equipment courtesy of Hewlett-Packard Company.)

indicated in Figure 4.3 is a potentiometer being used as an amplitude control. As
the amount of signal fed to the rectifier circuit decreases, the gain of the op amp
increases, causing a higher output signal amplitude. However, as stated earlier, if
the output amplitude is made too large, the FET will not be operating in the cor-
rect portion of its curve and the signal will have significant distortion.

4.3

4.3.]

VOLTAGE-CONTROLLED OSCILLATOR
Operation

A voltage-controlled oscillator (VCO) is an oscillator circuit whose frequency can
be controlled or varied by a DC input voltage. This type of circuit is also called a
voltage-to-frequency converter (VFC). The output waveform from the VCO may be
sine, square, or other waveshape depending on the circuit design. Figure 4.5 shows
the schematic of a representative VCO circuit, which produces both triangle- and
square-wave outputs. In both cases, the frequency is determined by the magnitude
of the DC input voltage (+ V).

Let us examine the circuit’s operation one stage at a time. The leftmost stage
is basically an inverting, summing amplifier with the feedback resistor replaced
by a capacitor. The operation of this circuit, called an integrator, is discussed in
greater detail in Chapter 7. For now, recall that the value of feedback current in an
inverting amplifier is determined by the input voltage and the value of the input
resistor(s). First, let us assume that diode D, is reverse-biased and acting as an
open. Under these conditions, +V;y and R; will determine the value of feedback
current for A;. Since Vy is DC and R; does not change, the value of input current
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FIGURE 4.5 A voltage-controlled oscillator providing both triangle- and square-wave outputs.

and, therefore, the feedback current will be constant. The feedback current must
flow through C,.

You may recall from basic electronics theory that if a capacitor is charged
with a constant current source, the resulting voltage will increase linearly. Because
the charging current for C; is constant, we can expect a linear ramp of voltage
across C;. And because the left end of C; is connected to a virtual ground point, the
other end (output of the op amp) will reflect the linear ramp voltage. The input
voltage V)y is positive, so we know that the output ramp will be increasing in the
negative direction.

A, is configured as a voltage comparator circuit with the upper and lower
thresholds being established by diodes D, and D,. As long as the ramp voltage is
above the lower threshold point (established by D), the output of amplifier A,
will remain at its negative limit (-V,r).

Amplifier A, is connected as an inverting summing amplifier. One input
comes from A, and receives a gain of 2. The other input is provided by +Vp, and
receives a gain of -1. As long as the output of A, is at its ~V,r level, diode D; will
be forward-biased and this voltage will be coupled to the input of A,. Clearly, this
high-negative voltage will drive amplifier A, into saturation. That is, the output of
A; will be at the + V41 level regardless of the value of input voltage (+Vyy). It is this
+Vsar level on the output of A; that causes D, to remain in a reverse-biased state.
This circuit condition remains constant as long as the ramp voltage on the output
of A, is above the lower threshold voltage of A,.

Once the decreasing ramp voltage from A, falls below the lower threshold
voltage of comparator A,, the output of A, changes to its +V 4y level. This reverse-
biases diode D; and causes A; to act as a simple inverting amplifier with regard to
the input voltage +Vy. A voltage level that is equal (but opposite polarity) to +Vy
is felt at the right end of R,. Since R, is half as large as R, and has the same voltage
applied, we can expect the current flow through R, to be twice as large as that
through R; and in the opposite direction.
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The current provided by R, not only cancels the input current provided via
R, but supplies an equal (but opposite) current to C;. That is, C; will now continue
to charge at the same linear rate but in the opposite direction. The ramp voltage at
the output of A, will rise linearly until it exceeds the upper threshold of A,. Once
the upper threshold has been exceeded, the output of A, switches to the -V ,r
level. This forces the output of A; to +V 4y and reverse-biases D,. We are now back
to the original circuit state, and the cycle repeats.

The frequency of operation is determined by the time it takes C, to charge to
the threshold levels of A,. Once the circuit components have been fixed, the only
thing that determines frequency is the value of input voltage (+Vy). This, of
course, gives rise to the name voltage-controlled oscillator.

A triangle-wave (or double ramp) signal may be taken from the output of A,.
The output of A, provides a square-wave output.

Numerical Analysis

Let us now analyze the performance of the circuit in Figure 4.5 numerically. First,
consider the voltage comparator A,. It has no negative feedback, so we know that
the output will be driven to one of its two extremes (+V,4y) at all times. For pur-
poses of this analysis, let us use the typical values of +13 volts for +Vs,. The
threshold voltages for the comparator are determined by the zener diodes (D, and
D). Appendix 8 shows that the 1N4735 diodes are designed to regulate at 6.2
volts. Therefore, when the output is at +V,4y, the upper threshold (V) will be
determined by the regulated voltage of D, plus the forward voltage drop of D;. We
can express this in equation form as

Vir = Vi, + Vi, (49) |

where V; is the rated zener voltage and V is the forward voltage drop. In the case
of the circuit in Figure 4.5, the upper threshold is computed as

Vur=62V+06V=68V

The lower threshold (V7) is computed in a similar manner:

VLT = _VZDl - VPD (410)

2

In the present case, we have
Vir=-62V-06V=-68V

These threshold values are particularly important because they will determine the
charging limits of capacitor C;, which is the heart of the circuit.

Now let us evaluate the numerical performance of A; and its associated cir-
cuitry. We will apply the Superposition Theorem and consider the two inputs to
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A; independently. First, let us consider the +V)y signal input. The voltage gain of
this signal is computed in the same manner as in Chapter 2 for a simple inverting
amplifier. That is,

In this case, the generic R, is replaced with physical resistor R,. Notice that
we have ignored the effects of D5 and Dj. Recall that the output of a closed-loop op
amp will go to whatever level is required to bring the differential input voltage
back to near 0. By inserting a forward-biased diode in the feedback loop, the out-
put is forced to rise an additional 0.6 volts (the forward voltage drop of the diode).
By paralleling two diodes in opposite polarities (Ds and Dg), we force the output to
be 0.6 volts larger than it would otherwise have been. The actual output voltage,
then, will be the normal expected output plus a fixed 0.6-volt potential that causes
the output to be more positive during positive output times and more negative
during negative output times. The reason for D5 and D4 will be evident in a
moment.

Since the voltage gain for the +Vpy signal is -1, the range of output voltages
for A; as a result of +Vpy is

vo, =-1x1V-06V =-16V, and
Vg, =-1X5V-06V =-56V

Now let us consider the effects of the second A; signal input, which comes from
the output of A,. The voltage gain for this input is computed in a similar manner.

k
4 - _Re__10k0

- 196~ -2
R, 51kQ

The input voltage (output from A,) is the +V,r levels for A,. Since diode D, will
block the positive level, we need only calculate the effects of the -V, input. The
resulting output voltage from A; as a result of this input is computed as shown:
Vo = -2 x (_VSAT + 0.6) +0.6
=-2x(-13V+06V)+06V
=+254V
This computed value exceeds the limits of A; because it only has a +15-volt power

supply. This means that the output of A; will be driven to its +Vj,r level (+13
volts).
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Now let us consider the combined effects of the two inputs to A;. Recall that
the combined effect is found by adding the outputs caused by the two individual
inputs. During times when the output of A, is positive, it has no effect on the out-
put of A; (D, is reverse-biased), and the output of A; is solely determined by the
+V)y signal, as computed previously. During the times when A, is at its ~V,;
level, the output of A; clearly will be driven to its +V4r level. Even in the best
case, when +Vy is at its most positive (+5-volt) level, the output of A; will be

Vo = Vb1 + VO;
= 4254V +(-55 V)
=+198 V

where Vj, and V), are the effective output voltages produced by A, and +Viy,
respectively. As you can readily see, this combined value still exceeds the +V,;
level of A3, so we will expect the output of A, to remain at +13 volts anytime the
output of A, is at the —V,r level. On the other hand, when the output of A, is at the
+Vsarlevel, the output of A; will be between -1.6 and -5.6 depending on the value
of input voltage (+Vy).

Finally, let us examine the operation of A; more closely. During times that the
output of A; is at the +V,r level, diode D, will be reverse-biased and will isolate
or remove that input path for A;. During these times, A, is controlled by the effects
of +Vy only. Let us examine the charging rate of C, at the two extremes of + V.

If +Vpy is at its lower limit (+1 volt), then the current through R, is computed as

Similarly, the maximum input current is computed as
1 Rl
5V
20 kQ
= 250 uA

Ig

Since D, is effectively open (i.e., reverse-biased), and since no significant current
can flow into or out of the (-) input terminal of the op amp, we can infer that all of
the input current goes to charge C;. More specifically, electrons flow from the out-
put of A, through C, (i.e., charging C,), and through R; to +V}y. Further, because
this current is constant (unless +V)y changes), capacitor C, will charge linearly
according to the following expression:
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" y
Ve, = c (411) |

4 |

where [ is the input current computed and ¢ is the time C; is allowed to charge.
This equation can be transposed to produce another very useful form:

|
p o G x AV (4.12) |
I |

|

This allows us to compute the amount of time it takes C, to charge to a given voit-
age change (AV,) when a given value of charging current is applied.

We already know from earlier discussions that the limits of C;’s charge are
set by the upper and lower thresholds of A,. That is, C;, will charge linearly
between the Vi; and Vyr values established by A,. In the present circuit, the
change in C; voltage in going from the V7 to the Vi ris

AVC, = Vu'r - VLT (4.13)

More specifically,

AVy, = +68 V- (68 V) =136 V

If we now compute the time it takes C, to make this voltage change, we will know
the time for one alternation (negative slope) of the oscillator’s output. Let us com-
pute this time for input voltages of +1 and +5 volts, which were previously shown
to produce 50 microamperes and 250 microamperes, respectively. Equation (4.12)
gives us

;= C, x AV,
T
0.001 uF x13.6 V
thy = ;;:#A = 272 us, and
0.001 uF x 136 V
= =544
+5 250 MA Hs

The remaining alternation (positive ramp) occurs when D is forward-biased. This
effectively connects the output of A; to A, via R,. Recall that during this portion of
the cycle, the output of A; is 0.6 volts larger than +Vy and is of the opposite polar-
ity. Since diode D, drops 0.6 volts when it is forward-biased, this means that the
voltage applied to the right end of Ry is exactly the same as the value of +V}, but
it is negative instead of positive. That is, this input to A, ranges from -1 to -5 volts.
The resulting input current through R, is computed as
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Vi
I, = =%
TR,

1V
10 kQ

= 100 uA
for the —1-volt input case. The input current for the -5-volt case is

RY
I, ==Y - 500
BT 00 uA

Let us consider the electron flow in the case of a 1-volt input. Recall that R,
will have a 50-microampere current flowing in a right-to-left direction. R,, as com-
puted, will have a current of 100 microamperes flowing from right to left. When
the latter current gets to the summing point of A, it splits. One part, 50 microam-
peres, goes through R, and satisfies the requirements of +Vy and R;. Kirchhoff’s
Current Law tells us that the remaining 50 microamperes must flow into C; in a
left-to-right direction. It is very important to note that the magnitude of this charg-
ing current is identical to that which flowed on the previous alternation, but it is
flowing in the opposite direction. Therefore, C; will charge at the same rate but in
the opposite polarity. Because the charging currents are equal and the required
voltage change (AV(,) is the same, the amount of time for this alternation will be
the same as the first. Given this observation, we can now compute the frequency
of oscillation for a given input voltage (+V):

= Vi (4.14) |
2RC(Vur - Vir)

Jo

|

This equation will be valid as long as the slew rates of the op amps do not interfere
with circuit operation. As the oscillator frequency increases, the slew rate limita-
tions of the op amp tend to reduce the actual frequency from the value computed.

4.3.3 Practical Design Techniques

We will now design a voltage-controlled oscillator that meets the following design

criteria:
1. Input voltage range 0 to 6 volts DC
2. Ramp output voltage +4 volts (+3 volts minimum)
3. Frequency range 0 to 5.0 kHz

The configuration and gain values for A; should stay the same as that shown in
Figure 4.5. Therefore, the following components will be considered as “previously
computed”: Ds, Ry, Rs, D5, Dg, Rq, and D, If, because of availability, you elect to
change any of these resistors, be sure to keep their ratios such that the voltage gain
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of A;is-1and -2 for the +Vjy and A, signals, respectively. The diodes may be sub-
stituted with any general-purpose diode, but they should all be of the same type
in order to have similar voltage drops.

Select the Zener Diodes. The voltage rating of D, plus the forward voltage
drop of D; determines the upper limit of the ramp output voltage. Similarly, D,
plus the forward voltage drop of D, determines the lower limit of the ramp output
voltage. We can express this as an equation for selecting the voltage ratings of D,
and D

VD] = —VRAMP + 0.6 (41 5)

and

) !

For our present design, the required zener ratings are computed as shown:

Vp,=-4V+06V=-33V,and
Vp,=+4V-06V =433V

Appendices 5 and 8 provide a manufacturer’s listing of several zener diodes.
Either IN5226 or 1N4728 zeners should work for our application. Let us select the
1N5226 device for this example.

Compute R,. Resistor R, is a current limiting resistor that keeps the current
through D and D, within safe limits. Although the circuit will work well with a
wide range of values for R,, a good choice is to design for a current through the
zener diodes given by the following expression:

Resistor R, can then be determined from the following equation:

_ Viur —Vz - 06

R
2 I,

(4.18)

where V1 is the highest expected saturation voltage for A,, V; is the lower of the
two zener voltages (if not equal), and I is the zener current calculated with Equa-
tion (4.17). The data sheet in Appendix 5 lists a knee current (Ix) of 0.25 milli-
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amperes for the IN5226 diodes. The design value of the zener current is then com-
puted, as in Equation (4.17):

I; =10x0.25mA =25mA
The value of R; can now be computed, as in Equation (4.18):

_413V-33V-06V
- 2.5 mA

R, = 3.64 kQ

We will select a standard value of 3.6 kilohms for R,. However, because this
design method inherently uses a zener current that is less than the test current
(Izr), we can expect the regulated voltage to be less than the stated value.
Appendix 5 includes a graph that allows us to estimate the error. In the present
case, the zeners will have about 2.65 volts instead of the rated 3.3 volts, which
will in turn cause the ramp output to have an amplitude of 6.5 volts instead of
the design goal of 8. If this is an important circuit parameter for a given applica-
tion, we should select a zener with a higher voltage rating but continue to oper-
ate it below its rated current. We continue with our present selection, since the
reduced voltage is still within the tolerance stated as part of the original design
goals.

Compute R, and C,. Once the zeners have been selected, the values of R, and
C, determine the frequency for a given voltage. The required R,C; product can be
found with Equation (4.19):

(4.19)

where Vgayp is the amplitude of the ramp output voltage, Vy(max) is the highest
input voltage, and f is the highest frequency of oscillation. Calculations for our
present design example are

6V

R, = —m——————
T ox5kHzx8V

=75 ps

At this point, we can either select C; and calculate R, or vice versa. In either case,
we want R, to be in the range of 1.0 to 470 kilohms, if practical. Similarly, C,
should be greater than 470 pF and nonpolarized. Because it is essential that R, be
exactly one-half the value of R, and because there are a limited number of resis-
tor pairs that have exactly a 2:1 ratio, it is generally easier to select R; and com-
pute C;.

For purposes of this design, let us select R, as 2 kilohms. We can then com-
pute C, by transposing the results of Equation (4.19):
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R1C1 =75 us, or
75 us
G =2
i Rl
_ 75 us
2 kQ
= 0.0375 uF

We will select a standard value of 0.033-microfarad for C;. If greater accuracy is
required, we can add a second capacitor in parallel with C,.

Compute R;. R, must be exactly one-half the value of R;. That is,

R, = {4.20)

2

In our case, we compute R, as

R, =20k
2

Select the Op Amp. The primary op amp characteristic (other than power
supply voltage, etc.) in this application is slew rate. If the output of A, tries to
change faster than the slew rate will allow, the actual operating frequency will be
lower than originally predicted. Similarly, if the switching times for A, and A, are
a substantial percentage of one alternation, again, the actual frequency of oscilla-
tion will be below the calculated value. To minimize this effect, we can ensure that
the slew rate is fast enough to allow the rise and fall times of A, and A, to be a
small part of the time for one alternation. That is,

1
slew rate = 40fpax(+Vsar — (~Vsar)l (4.21) |

|

This equation ensures that switching time is no greater than 20 percent of the time
for one alternation. If the factor 40 is changed to 200, this relationship is reduced to
1 percent, but it requires a very high slew rate op amp to achieve moderate fre-
quencies. If this is an important consideration for your application, think about
using an integrated comparator. These devices are readily available with switch-
ing times in the range of tens of nanoseconds. For our present design, however, let
us determine the required slew rate for a 20-percent rise time factor:

slew rate = 40 x 5 kHz[+13 V - (13 V)]
=52V/us
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TABLE 4.1
Design Goal Measured Results
Input voltage range 0-6 volts 0-6 volts
Frequency range 0-5 kilohertz 0-5.01 kilohertz
Ramp voltage +4 volts -4, +3.75 volts
+3 volts (min)

This requirement exceeds the 0.5-volts-per-microsecond slew rate rating of the
standard 741, but falls within the capabilities of the MC741SC. We will utilize this
latter device in our design.

Figure 4.6 shows the schematic diagram of our design example, and the
oscilloscope displays in Figure 4.7 show the performance of the circuit. Addition-
ally, Table 4.1 contrasts the design goals with the actual measured performance of
the circuit.

4.4

4.4"

VARIABLE-DUTY CYCLE

Operation

Figure 4.8 is the schematic of a very useful rectangular wave oscillator. What
makes the circuit particularly useful is that the duration of each alternation is
independently adjustable, which means that the duty cycle of the output can be
easily adjusted from a very small to a very high value.

To begin, let us assume that the output is at its +Vg,r level. This voltage will
be regulated down to a lower value by D; and returned to the (+) input as a refer-
ence voltage. The positive output voltage is also regulated to a lower level by Ds.
This latter voltage provides a stable charging voltage for C,.

C, charges from ground through D,, R;, and R, to the regulated positive volt-
age provided by Ds. C, will charge exponentially toward the D voltage. As long as
the voltage on C, is less than the reference voltage on the (+) input of the op amp,
the circuit will be stable and C, will continue to charge.

Once the voltage of C, reaches the reference voltage on the (+) input, the out-
put of the op amp quickly switches to its ~V 4y level. Diode D, regulates this neg-
ative voltage and provides a new reference voltage for the (+) input. Similarly, D,
regulates the -V, voltage and provides a new charging source for C;. The new
source is negative, so C; will discharge and then recharge in the opposite polarity.
The charging path is from the negative source provided by D through R,, R, D;,
and C, to ground. Again, this is an exponential charging action and will continue
as long as the voltage on C; remains more positive than the negative reference
voltage on the (+) input. Once the voltage on C; falls below the reference voltage
on the (+) input, the circuit quickly switches back to its original state and the cycle
repeats.

The time it takes C, to charge during the positive output alternation is deter-
mined by the values of C;, R;, Ry, and Ds. Since R; is adjustable, it can be used to
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FIGURE 4.7 Oscilloscope displays showing the performance of the voltage-controlled oscillator
circuit shown in Figure 4.6. (Test equipment courtesy of Hewlett-Packard Company.)
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INO14A lmtﬂ 1k0
D 1 R,
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1NS14A :1001:0 1k

——

FIGURE 4.8 A rectangular wave oscillator with independently
controllable alternation times providing both frequency and duty-
cycle control.

control the period of the positive alternation without affecting the negative alter-
nation. The values of C;, R;, Ry, and D determine the charge time for C, during the
negative output alternation as well. Resistor R, can be used to control this time
period without affecting the positive alternation.

Resistors Rs and Ry are current limiting resistors for the two sets of back-to-
back zener regulators.

4.4.2 Numerical Analysis

Let us now extend our analysis of the variable-duty cycle oscillator shown in Fig-
ure 4.8 to include a numerical understanding of its operation. We will first con-
sider the two sets of back-to-back zener regulators. The +Vg,r output of the op
amp will be regulated by D; and D, to provide a reference voltage for the (+)
input. The value of this reference is computed with Equations (4.22) and (4.23).

+Virer = Vp, + 06 (4.22)

—VREF = _VD4 - 0.6 (423)

For many analytical purposes, the rated voltages of the zeners may be used.
If you require greater accuracy, you can compute the current through the zeners
and refer to the manufacturer’s data sheet to determine the actual voltage. For the
present example, let us compute the reference voltages in both ways. First, the
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approximate reference voltage can be found by applying Equations (4.22) and
(4.23) using the rated voltages for the zeners. In our case, we have
+Veer=33V+06 V=39V, and
~Viegr=-33V-06V=-39V
If we compute the actual zener current, we can make a closer approximation.

Since the circuit is utilizing similar zeners, we can calculate either one. Suppose
we work out the current during the positive output alternation:

+Vear — Vp, — 0.6
ID =

424
s R, (4.24)

Substituting values gives us

[ _BV-33V-06V
Ds 47 kQ

=1.94 mA

Of course, even this is not an exact value because we know that the 3.3-zener drop
is actually less, but our overall result will be very close to the actual value. If we
now refer to the manufacturer’s data sheet in Appendix 5, we can estimate the
actual zener voltage for a 1N5226 with about 2 milliamperes of current. The graph
in Figure 2 of Appendix 5 indicates that our zener will have a voltage of about 2.6
volts. If we use this value and recompute the reference voltages with Equations
(4.22) and (4.23), we will get more accurate values.

+VREF =26V+06V=32 V, and
~Veer=-26V-06V=-32V

Let us now perform a similar calculation for the Ds and Ds. We will use the
nominal values for the zener voltages and apply Equations (4.25) and (4.26).

+Vo = Vp, + 0.6 (4.25)

~Vo = -V, - 06 (4.26)

Substituting values gives us the following estimates:

+Vo=62V+06V=68V,and
Vo=-62V-06V=-68V
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Note that the actual measured zener voltages will vary somewhat from their nom-
inal value. Nevertheless, we will use our computed values for the remainder of
the analysis.

We are now in a position to compute the operating frequency, duty cycle,
pulse width, and so on. Equation 4.27 is used to determine the duration of the pos-
itive output alternation.

Vo, = Vb,

t+ = (R; + Ry)C; In —=—=
(Rs + Ry)C Vo, — Vo,

|
(4.27) 1
|
j

Similarly, Equation (4.28) is used to determine the time for the negative output
alternation.

|

Vp. -V,
J t= = (R, + Rp)C; In>2—Bu (4.28)
'\ VD5 T VD,

For illustrative purposes, let us compute the minimum and maximum time
for both alternations by repeatedly applying Equations (4.27) and (4.28).

62V -(=33V)

eedin) _ 1 =119 ps, and

(min) = (0+1 k) x 0.1 uF X In —————" He
6.2V - (=33 V)

. _ . In—————— =12

F(max) = (100 kQ +1 k) x 0.1 4F x In === s

We can already see that the circuit gives us a 101:1 range of control on the positive
alternation. A similar calculation for the negative alternation gives us

62V -(-33V)
62V-33V

62V-(33V) _,
62V -33V

t~(min) = (0+1 kQ) x 0.1 uF x In =119 us, and

t~(max) = (100 kQ + 1 kQ) x 0.1 yF xIn

Since Equations (4.27) and (4.28) ignore the forward voltage drops of D,, D,, and
the effective resistance of the zener regulator circuit, the actual times for +* and -
will be somewhat longer than our calculations predict.
Because the components are matched, the results are the same for each alter-
nation. In practice, however, the two alternations do not have to have equal ranges.
Now let us extend our analysis to determine the minimum and maximum fre-
quency of operation. These two extremes are given by Equations (4.29) and (4.30).

1

fuam = t*(max) + #~(max) (429)
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1 s
= 4.30)
fuanx t*(min) + ¢~ (min) i

Substituting values for our case gives the following results for a frequency

range:
fun = N S 41.7 Hz, and
MIN' ™ 12 ms + 12 ms ’ ’
1
= —— - =42 kH
furx = 19 5+ 119 18 z

This, of course, equates to a frequency range of 101:1.

Finally, let us determine the range of duty cycles. Recall from your basic
electronics theory that duty cycle is defined as the ratio of pulse width to total
period.

PW

x 100 (4.31)
period

% duty =

For this calculation, we will consider pulse width to be the positive alternation of
the output signal. The range of duty cycles is then computed.

% duty(min) = ——2H___ 100 = 0.98%, and
119 us +12 ms
12 ms
% d =2 4100 = 99%
o Ay (maX) = e 119 15 °

As you might suspect, this is also a 101:1 range of control.

4.4.3 Practical Design Techniques

For purposes of our design example, let us design a circuit similar to the one in
Figure 4.8 that displays the following behavior:

1. Positive output time 1 to 10 milliseconds
2. Negative output time 2 to 20 milliseconds
3. Output amplitude #7 volts (+6 minimum)

Select the Output Zeners. The amplitude of the output voltage specification
dictates the zener diodes that will be used. If the required output amplitude is less
than 6 to 7 volts, it is best to design for a higher voltage and subsequently reduce
it with an output voltage divider. For proper circuit operation, it is essential that
the output swing be larger than the reference swing felt on the (+) input. Equation
(4.25) can be used to determine the required voltage rating for D:.
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+Vo = Vp, + 0.6, or

Vp, = +Vo - 0.6
=47V -06V
=64V

Similarly, Equation (4.26) tells us the nominal voltage rating for D.

-Vo=-Vp, - 06, or

-Vp, = -Vo +0.6
=-7V+06V
=-64V

Referring to Appendices 5 and 8, we see that there will be difficulty getting a 6.4-
volt zener. However, if we design for a zener current that is less than the test cur-
rent, the actual zener voltage will be less than the rated value. With this in mind,
let us select the next higher standard value. More specifically, let us plan to use
1N5235 zeners for diodes Ds and Dg.

Compute the Value for R,. R; can be found with our basic zener equation,
Equation (4.24). In our present case, we will be finding the value of Rq with + Vg7,
Vps, and Ips known. Because the output of the op amp must supply currents to
two zener circuits and the C, timing circuit, we will limit the zener currents to no
more than 20 percent of the short-circuit output current. That is,

I, = 0210 (4.32)

In our present case,
I; =02%x20mA =4mA

If we use the typical +Vg,r value of +13 volts, we can calculate a value for R; by
applying Equation (4.24).
_ +Var = Vp, - 06
Iz
_1BV-64V-06V
4 mA
=15 kQ

Rg

Select the Reference Zener. Although the selection of diodes D; and D, is
not critical, the following equation provides a good rule of thumb:
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(4.33) |

Let us utilize this practice and determine the required voltage for the reference
diodes.

64V
Vi = =5 =32V

We choose to use 1N5226 zeners for our application. As Appendix 5 shows, these
diodes have a rated voltage of 3.3 volts; however, with less than 20 milliamperes
of zener current, the actual voltage will be somewhat lower.

Compute the Value for Rs. Resistor R; is computed in the same way as resis-
tor R,. We use the same guideline, Equation (4.32), that sets the zener current to 20
percent of 1,5, which was previously computed to be 4 milliamperes. The value for
R; can be found by applying the principle represented in Equation (4.24).

413V -33V-06V

= 228 kQ
4 mA

Rs
We will choose the standard value of 2.2 kilohms.

Compute C, and the Timing Resistors. The first step in determining values
for C; and R, — R, is to determine the required RC time constant for the shorter
period in the design requirement. For this, we utilize a transposed version of Equa-
tions (4.27) or (4.28). If the positive alternation is the shorter, use a transposed ver-
sion of Equation (4.27). Equation (4.28) should be utilized if the negative
alternation is shorter. For our case, the 1-millisecond positive output time is clearly
the shorter, so we will apply Equation (4.27) to determine the required RC product.

(Vo= Vo,
Vb, — Vb,

_ 1.0 ms
m(6‘4 V-(-33 V))

R = b
1

64V -33V
= 877 us
To ensure that we come up with practical values, it is generally best to select

R, at this point and compute C,;. Additionally, we are working with the shortest
time period, so we should select a fairly small value for R, as long as we don’t go
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below 1000 ohms. For this example, let us use a 1.8-kilohm resistor for R,. We can
utilize the results of our previous calculation and determine the value of C;.
R4C, = 877 us, or

C, = 877 us
R,

_ 877 ps
T 1.8 kQ
= 0.487 uF

We will select a standard value of 0.47 microfarad for C;.
We can utilize Equation (4.27) to compute the required value for R;. Its value
will establish the maximum time for the positive alternation.

Vo -V
P =(Ry + R)C;In 22— 4
VDﬁ —VD,;
R, = s R,
=t
G In Vo, = Vo,
Vo, - Vo,
- 1(6):1:/ Y
047 In| 2= — A2 7
HE n( 64V -33V J

= 16.85 kQ

The nearest standard potentiometer value is 20 kilohms. We will use a 20-kilohm
variable resistor for R,.

Resistors R; and R, are computed in the same way as R; and R,, except that
Equation (4.28) is utilized along with the times associated with the negative alter-
nation. These calculations are

Vo, =V,
t~ = (R, + R,)Cy In 2P
VDS - VD3
and
R, = {~(min)
G, m[-—--———v"s — VD*J
Vb, — Vn,
_ 2 ms
64V - (=33 V)
0.47 In| ——— <
HE ( 64V -33V )

= 3.73 kQ
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We will select a standard value of 3.6 kilohms for R,.
Finally, we compute the value of R, by applying Equation (4.28).

Vo - Vp,
t~ = (R, +R,)C, In>=—D¢
(R 2)Cy VD5"V03 or
R, = t~(max) -R,
C, ln(vm-—-——Ds = Vb,
VD5 - VD3
B 22:1\51 (33 V) 36K
0.47 xIn| 22l 202 )
HE n( 64V-33V )
= 33.7 kQ

The nearest standard value for R, is 25 kilohms. It might be a better choice, how-
ever, to go to the next higher value so we can be sure that the maximum pulse
width in our original design goal can be achieved. With this in mind, let us select
a 50-kilohm variable resistor for R;.

Select D, and D,. Diodes D, and D, are simple isolation diodes and have no
critical characteristics as long as the Vpyy rating of the diode exceeds about 30 volts
and the I; rating is greater than the I; rating of the op amp. We will use IN914A
diodes for our example design.

Select the Op Amp. The primary op amp parameter that must be considered
in this application is the slew rate. If the slew rate causes the rise and fall times of
the output waveform to be a significant part of either alternation, then the alterna-
tion will be longer than originally predicted.

For purposes of our present example, let us accept a rise and fall time of 10
percent of the shortest alternation period. In our case, this means that the rise and
fall times can be no longer than 10 percent of 1 millisecond, or 100 microseconds.
Having established the longest acceptable switching time, we can apply Equation
(4.34) to determine the required slew rate:

+Vsar — (=Vsar)

slew rate(min) = 10
tMIN

(4.34)

where tyy is the shortest alternation for the circuit. In our design, the shortest
alternation occurs on the positive half cycle and is 1.0 milliseconds. We will use
typical values for +V,r and compute our minimum slew rate.

13V -(-13 V)

slew rate(min) = 10
ate(min) 1.0 ms

= 0.26 V/uS
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This is below the 0.5-volts-per-microsecond slew rate of the 741 op amp, so let us
select this device for our design.

The completed design is shown in Figure 4.9, and the actual performance of
the circuit is indicated by the oscilloscope waveforms presented in Figure 4.10.
Finally, Table 4.2 contrasts the original design goals with the measured perfor-
mance of the circuit.

These first-try values will satisfy the requirements of many applications. If
greater accuracy is needed in a particular parameter, simple tweaking in the labo-
ratory will bring the circuit into compliance.

INO14A SOkE: 3.6k0
D, 1 Rz
Dﬂ Rg Ry

— KA

1IN914A 20k0 1.8k0

——

J_ 741
C1 O.47[‘F / Rs R,y
I 2.2k0 € 1.5k0
= Ve IL
Dg Dg

INs2264 |’ p.| »1N5235

FIGURE 4.9 A design example of a
variable-duty-cycle oscillator circuit.

TABLE 4.2
Design Goal Measured Value

Minimum 1.0 milliseconds 1.1 milliseconds
Positive output time

Maximum 10 milliseconds 12.8 milliseconds

Minimum 2.0 milliseconds 2.2 milliseconds
Negative output time

Maximum 20 milliseconds 26.5 milliseconds
Output amplitude +7 volts 7.6, +7.2 volts

(6 volts min)
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FIGURE 4.10 Oscilloscope displays of the output of the oscillator circuit shown in Figure 4.9. (Test
equipment courtesy of Hewlett-Packard Company.)
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4.5

4.5.1

4.5.2

TRIANGLE-WAVE OSCILLATOR

Operation

Figure 4.11 shows the schematic of an oscillator circuit that generates a dual ramp
(triangle) output. The heart of the circuit is amplifier A; which uses a capacitor as
the feedback element. This operates as an integrator and is similar in operation to
amplifier A, in Figure 4.5 discussed in an earlier section.

Let us assume that the output of A, is at its —V4r level. Under these condi-
tions, electrons will flow from the negative potential at the output of A,, through
R, and then C, as a charging current. The value of this current is determined by the
voltage at the output of A, and the value of R;. Since neither of these is changing at
the moment, we assume the charging current is constant.

Whenever a capacitor is charged from a constant current source, the voltage
across it accumulates linearly. Therefore, the voltage across C; will be increasing
linearly, with the right side becoming more positive. Since the left side of C, is con-
nected to a virtual ground point, the right side has a positive-going ramp with ref-
erence to ground. This is, of course, our output signal.

When the positive-going ramp exceeds the upper threshold voltage of A,,
which you should recognize as a noninverting voltage comparator, the output of
A, will quickly switch to its +Vs4r level.

The electron flow through C; now reverses and flows from C; through R,
toward the positive potential at the A, output. Again, the value of the current is
constant and determined by R; and the voltage at the output of A,. The voltage
across C; will decay linearly until it passes through 0. It will then begin to charge at
the same rate in the opposite polarity, producing the negative slope on our output.

The output of A, continues to become more negative until it falis below the
lower threshold voltage of A,. At this time, the output of A, switches to its Vs r
level and the cycle repeats.

Numerical Analysis

Let us now numerically analyze the performance of the circuit shown in Figure
4.11. First we compute the upper (+Vry) and lower (-Vry) threshold voltages for
the noninverting comparator A,. The value of either threshold can be determined
with Equation (4.35).

Cy Rg
! —vr—|

0.1 uF 39Kk

Ry
o R
470k0 741 M- }
4, 18k0 741
Az
FIGURE 4.11 A triangle-wave = =

oscillator circuit. Vo
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Vg = i—-—-—-—VSIQTRz (4.35) |
3

|

—

In the case of the circuit in Figure 4.11, the threshold voltages are computed as

+13 V x 18 kQ _

%V
39 kQ

Vg =

We are now ready to compute the frequency of operation. Since both positive
and negative saturation voltages, as well as both thresholds of A,, are equal in this
circuit, the time for either alternation can be computed with Equation (4.36).

Voar + Viy

(4.36)
Vsar = Vi

= R1C1 ln

In our present case, these times are computed as follows:

1B3V+eV
t* = 470 kQ x 0.1 In ————— = 4693
x 0.1 uF x n13V—6V ms

The total period for one cycle is, of course, twice the time computed with Equation
(4.36). The frequency is simply the inverse of the total period, which is

_ 1
o+t

f (4.37)

In our particular circuit, the frequency of oscillation is found as follows:

1

= = 10.65 H
1693 ms + 4603 ms 1065 Hz

f

4.5.3 Practical Design Techniques

Now let us design a dual ramp oscillator similar to the one shown in Figure 4.11.
For this design, we will strive for the following design goals:

1. Frequency of oscillation 1.5 kilohertz
2. Ramp amplitude +3 volts

Calculate the Values for R, and R,y.  Resistors R, and R; establish the thresh-
old voltages for comparator A,. These voltages in turn determine the output
amplitude of the ramp voltage. The ratio of R, to R; can be found by applying
Equation (4.35).
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VsarR
iVTH = SAT 2 , or

Ry

Ry _ Vm
R3 VSAT
3V
13V

= 0.231

We can now select R, and compute R;. Both resistors should be in the range of 1 to
680 kilohms unless there is a compelling reason to exceed these suggested
extremes. Let us select R; to be 56 kilohms. R, can now be computed by using the
results of our previous calculation.

Ry

= 0.231,
R, or

R3 = R2
0.231
_ 56 kQ

© 0231
= 2424 kQ

We will use the nearest standard value of 240 kilohms.

Compute R, and C,. Once the thresholds have been established on the com-
parator circuit, R, and C, determine the frequency of oscillation. The required R,C;
time constant can be found by applying Equations (4.36) and (4.37). First, let us
use Equation (4.37) to determine the total period for one cycle.

1
f:t++t-’or
o=l
f
_ 1
1.5 kHz
= 666.7 us

Since we know the two alternations are equal, we can determine the time for
either alternation by dividing the total time by 2. That is,

= =

666; K o 33335 s

We can now apply Equation (4.36) to determine the R;C, time constant.
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333.35 s

STV isv
In| 22 *2 Y
(13V—3VJ

=709.25 us

We now select either R, or C; and compute the other. In either case, we want
R, to be in the range of 1.0 to 470 kilohms, if practical. Similarly, C; should be
greater than 470 picofarads and nonpolarized. For our present example, let us
select C; as 0.0047 microfarad. We now compute R; by dividing C; into the R,C;
time constant.

_ RiG
G

_709.25 ps
0.0047 uF

= 150.9 kQ

R

Let us use a standard value of 150 kilohms for R;.

Select the Op Amps. Other than obvious things like supply voltage ratings,
the most critical op amp parameter is slew rate. In order for our calculations
regarding frequency of operation to be valid, the rise and fall time in the output of
Az must be a small part of the time for either alternation. The greater the switching
times, the greater the error in calculations. If we accept rise and fall times of 10
percent of one alternation of the triangle wave, we can apply Equation (4.34).

+Vsar — (=Visar)

ti
13V -(-13V)
- 333.35 us

=0.78 V/us

slew rate(min) = 10

This exceeds the 0.5-volts-per-microsecond rating of the standard 741, but falls well
within the capability of the MC1741SC. We will select this device for our op amps.

Figure 4.12 shows the schematic diagram of the completed design. The oscil-
loscope plots in Figure 4.13 indicate the actual performance of the circuit. Finally,
Table 4.3 contrasts the original design goals with the measured performance of the
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Cl R;
1€ AAA
l\ vy
0.0047uF 240k0
R,
R,
150k —WWA\—
56k0
MC1741SC MC17415C
FIGURE 4.12 A triangle-wave 1 1
oscillator designed for a 1.5-kilohertz b -
operating frequency. Yo
- ! 1 1.00 vsdiv
i i ; Lioeffset: 0.000 V
; /\ 10.00 : 1 de
ke 1 ' i | . = =
0.00000 s 1.00000 as 2.00000 ms
200 us/div
frequency( 4) 1,58544kh vp-p( 1) 6.68750 V
Vein( 4) -3.53125 ¥ Vmax( 1) 3.15625 V
1 § 1250 ¥

FIGURE 4.13 Oscilloscope displays showing the actual performance of the triangle-wave oscilla-
tor shown in Figure 4.12. (Test equipment courtesy of Hewlett-Packard Company.)

TABLE 4.3

Design Goal Measured Value
Frequency 1.5 kilohertz 1.59 kilohertz
Ramp amplitude %3 volts +3.2 volts, -3.3 volts

circuit. An interesting modification to the circuit involves paralleling R, with a
smaller resistor in series with a diode. This will cause one alternation to be signif-
icantly shorter and will generate a forward or reverse sawtooth waveform (deter-
mined by the polarity of the added diode). The slew rate of the op amp ultimately
limits the minimum ramp time.
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4.6

TROUBLESHOOTING TIPS FOR OSCILLATOR CIRCUITS

The problems with op amp oscillator circuits generally fall into one of three cate-
gories:

1. Completely inoperative (i.e., no output signal)
2. Distorted output waveform
3. Incorrect frequency of oscillation

In many cases, items 2 and 3 occur simultaneously. As always, your best trouble-
shooting tool is your basic electronics theory and your complete understanding of
correct circuit operation.

Oscillator Completely Inoperative. The first thing to check if there is no
output signal is the power supply voltages. A quick check directly on the +V
pins of the op amp will reveal or eliminate this potential problem. When checking
for missing voltages, be certain to measure directly on the pin of the op amp. If
you measure at some other point, you may fail to detect a poor solder joint, a bro-
ken printed circuit trace, and so on.

If the supplies are proper but the oscillator has no output (and assuming it is
correctly designed to oscillate), then measure the DC level of the output pin of the
op amp. Some oscillators (e.g., Wien-bridge) use AC coupling for some of the feed-
back. If the output is near 0 volts DC (i.e., not driven to either saturation level),
suspect an open in the AC feedback path. If the output is driven to V,q, the circuit
has a DC problem.

If the circuit is found to have a DC problem and the output is at one of the
saturation levels, note the polarity of the output voltage and then measure the two
input pins. Ask yourself if the polarity of the input pins would cause the output to
be at the present saturation limit. If the answer is no, then the op amp is probably
defective.

If the input polarity would indeed cause the present output polarity, then
mentally examine the circuit paths to determine what signal is supposed to cause
the input polarity to change. That is, in order for the output to change (e.g., oscil-
late), the input pins must have a change. Further, since this is an oscillator, the
changing input signal originates at the output. So, if the changing input signal is
missing, trace the path between input and output and determine where the signal
is lost.

A useful technique in some cases is to force the oscillator (or input) to a given
state and monitor the effects elsewhere in the circuit. If the op amp you are using
is short-circuit protected, you can directly short the output to ground momentar-
ily while observing the input pins. Ask yourself if the results agree with the
behavior of a properly connected circuit.

Distorted Output Waveform. If the oscillator being analyzed is a new
design, one common cause for output distortion is an improperly selected op
amp. More specifically, if the slew rate of the op amp is not sufficiently high rela-
tive to the demands of the oscillator, the output will be distorted.
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If the oscillator circuit uses active components as part of the basic oscillator
loop (e.g., transistors), a shift in the DC levels in the circuit can cause the active
device to move out of its normal range of operation and introduce distortion.

If the waveform distortion is caused by clipping at one of the Vg,r levels
(unless this is normal behavior for the circuit), look for defects that would affect
the DC operating point of the circuit. The first thing to do in this case is to verify
proper power supply voltages. Some oscillator configurations can continue to
oscillate with dramatic changes in power supply voltages. The symmetry and
purity of the output signal, however, may suffer.

Incorrect Frequency of Operation. In certain oscillator designs, nearly
every component in the circuit affects the frequency of operation. Troubleshooting
a circuit of this type can be streamlined by noting, but not concentrating on, the
frequency error. Rather, verify all other aspects of the oscillator’s operation (e.g.,
DC level, waveshape, duty cycle), and if one of these other characteristics is found
to be abnormal, focus your attention on this latter problem. The off-frequency
problem is probably only a symptom and will be corrected when the other, more
easily detected problem is corrected. If all other characteristics appear to be nor-
mal, then suspect the components whose sole purpose is for frequency determina-
tion and that a change in value will not alter the DC levels in the circuit. There will
be very few components that can qualify for this category.

4.7

NONIDEAL CONSIDERATIONS

We have already discussed one of the most significant nonideal op amp character-
istics—the slew rate. If the op amp’s slew rate is not high enough, the output will
be distorted (at best) and the frequency of operation will generally be lower than
expected.

Another constraint that can cause problems is the limited current capability
of the op amp output. For best performance, stability, and so forth, it is generally
wise to avoid heavy loading of an oscillator output—especially if the loads vary.
This limitation can easily be overcome by buffering the oscillator output with
another op amp configured as a voltage follower.

Unless the application is particularly demanding (e.g., low-frequency drift
with temperature changes), the other nonideal parameters do not generally create
major problems in oscillator circuits.
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REVIEW QUESTIONS

1.

In order for a sinewave oscillator to maintain a constant-amplitude (undistorted)
output waveform, the overall closed-loop gain must be .

. What is the general name for an oscillator circuit whose frequency is determined by

the magnitude of input voltage?

. Refer to Figure 4.2. This circuit uses (positive, negative) feedback that is (AC, DC)

coupled.

. Refer to Figure 4.2. Will the circuit oscillate if the IN914A diode becomes open?

Explain your answer.

. Refer to Figure 4.3. What is the primary purpose of resistor R,?
. Refer to Figure 4.5. If capacitor C, is made larger, what happens to the frequency at the

output of A,? Does the amplitude of the signal at the output of A, change?

. Refer to Figure 4.5. Explain the effect on circuit operation if resistor R, is changed to 20

kilohms.

. Refer to Figure 4.8. If capacitor C, is changed to 0.33 microfarad, R, is set to 100

kilohms, and R; is set to 0, compute the following:
a. Positive pulse width

b. Duty cycle

¢. Frequency

. Refer to Figure 4.12. Amplifier A, operates as a circuit.
10.

Refer to Figure 4.3. Compute the frequency of operation if Ry, Ry, C;, and C, are
changed to the following values:

Ry=R,=47kQ
C, = C, = 1500 pF
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FILTER FUNDAMENTALS

A filter, be it an oil filter, a lint filter, a furnace filter, or an active filter, accepts a
wide spectrum of inputs, but only passes certain of these inputs through to the
output. In some cases, it may pass through the “good stuff” while it catches the
“bad stuff.” An oil filter in your car is one example. Other applications require a
filter to catch the “good stuff” and let the “bad stuff” pass through. A gold
prospector’s sieve is an example of this type of filter action. In both of the preced-
ing examples, the filter discriminates between “good” and “bad” on the basis of
physical size (i.e., size of the dirt particle). In the filters discussed in this chapter,
the “good” and “bad” signals will be classified on the basis of their frequency. The
input will be a broad range of signal frequencies. The filter will allow a certain
range of them to pass and will reject others.

Electronic filters designed to discriminate as a function of frequency can be
broadly grouped into five classes:

1. Low pass Allows frequencies below a specified frequency to pass
through the filter circuit.

2. High pass Allows frequencies above a specified frequency to pass
through the filter circuit.

3. Bandpass Allows a range or band of frequencies to pass through the
filter circuit while rejecting frequencies higher or lower than
the desired band.

4. Band reject  Rejects all frequencies within a certain band, but passes
frequencies higher or lower than the specified band. Also
called a band-stop filter.

5. Notch Essentially a band-stop filter with a very narrow range of
frequencies that are rejected.



Filter Fundamentals 213

Figure 5.1 shows the general frequency response curves for each of the basic filter
types. The exact nature of a given curve will vary with the type of circuit imple-
mentation. Most notably, the slope of the curve between the “pass” and “reject”
regions of the filter varies greatly with different filter designs.

There are seemingly endless ways to achieve the various filter functions
listed. Each method of implementation has its individual advantages and disad-
vantages for a particular application. In this chapter, we will select a representative
filter design for each basic filter type. In each case, we will discuss its operation,
numerically evaluate its performance, and, finally, design one to satisfy a given
design goal. Band reject and notch filters will be treated as one general class.

An important consideration regarding active filters is how sharply the fre-
quency response drops off for frequencies outside of the passband of the filter. In
general, the steeper the slope of the curve, the more ideal the filter behavior. If the
slope becomes too steep, however, the filter becomes unstable and is prone to
oscillations, It is common to express the steepness of the slope in terms of dB per
decade where a decade represents a factor of 10 increase or decrease in frequency.
For example, suppose a low-pass filter had a 20-dB-per-decade slope beyond the
cutoff frequency. This means that if the input frequency is increased by a factor of
10, then the output will decrease by 20 dB. If the input frequency is again
increased by a factor of 10, then the output will decrease another 20 dB, or 40 dB
from the first measurement. Typical filter circuits have slopes ranging from 6 to
60 dB per decade or more.

In the case of bandpass, bandstop, and notch filters, we often describe the
steepness of the slopes in another way. The ratio of the center frequency (fc) to
the bandwidth (bw) gives us an indication of the sharpness of the cutoff region.

Output Output Output
Voltage Voltage Voltage
0 Frequency ® 0 Frequency & 0 Frequency
Low Pass High Pass Bandpass
Output Output
Voltage Voltage
0 Frequency ® 0 Frequency ®
Band Reject Notch

FIGURE 5.1 Theoretical response curves for the five basic classes of filter
circuits.
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The ratio fo/bw is called the Q of the circuit. The higher the (), the sharper the cut-
off slopes of the filter.

The term Q is also used with reference to low-pass and high-pass filters, but
it must be interpreted differently. The output of some filters peaks just before the
edge of the passband. The Q of the filter indicates the degree of peaking. A Q of 1
has only a slight peaking effect. A Q of less than 1 reduces this peaking, while a Q
greater than 1 causes a more pronounced peaking. There is usually a trade-off
between peaking (generally undesired) and steepness (generally desired) of the
slope. The high- and low-pass filter designs in this chapter use a Q of 0.707, which
produces a very flat response.

5.2.1

FIGURE 5.2 A low-pass Butterworth
filter circuit. =

LOW-PASS FILTER

Figure 5.2 shows one of the most common implementations of the low-pass filter
circuit. This particular configuration is called a Butterworth filter and is character-
ized by a very flat response in the passband portion of its response curve.

Ideally, a low-pass filter will pass frequencies from DC up through a specified
frequency, called the cutoff frequency, with no attenuation or loss. Beyond the cutoff
frequency, the filter ideally offers infinite attenuation to the signal. In practice, how-
ever, the transition from passband to stopband is a gradual one. The cutoff fre-
quency is defined as the frequency that passes with a 70.7-percent response. This,
of course, is the familiar half-power point referenced in basic electronics theory.

Operation

Let us try to understand the operation of the low-pass filter circuit shown in Fig-
ure 5.2 from an intuitive or logical standpoint before evaluating it numerically.
First, mentally open-circuit the capacitors. This modified circuit is shown in Fig-
ure 5.3, which is essentially how the circuit will look at low frequencies when the
capacitive reactance of the capacitors is high. We can see that this amplifier is con-
nected as a simple voltage follower circuit. Resistor R; is included in the feedback
loop to compensate for the effects of bias currents flowing through R; and R,. For
low frequencies, then, we expect to have a voltage gain of about unity.

C, 0.004uF

16

Ry 58kf

27k0 27k0

vy 0.002.F

i—)
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Rs 56k0

Vo

Vi e
FIGURE 5.3 A low-frequency
equivalent circuit for the low-pass filter
shown in Figure 5.2. =

Rs 56k0

Rl Rz @} ot ¥ 03

27k 27k0N

vt
FIGURE 5.4 A high-frequency
equivalent circuit for the low-pass filter
shown in Figure 5.2. = =

Now let us mentally short-circuit the capacitors in Figure 5.2 to get an idea of
how the circuit looks to high frequencies where the capacitive reactance is quite
low. This equivalent circuit is shown in Figure 5.4.

First, notice that the (+) input of the amplifier is essentially grounded. This
should eliminate any chance of signals passing beyond this point. The junction of
R, and R, is effectively connected to the output of the op amp. This, you will recall,
is a very low impedance point, so for high frequencies, the junction of R, and R,
also has a low impedance to ground.

As our preliminary analysis indicates, the low frequencies should receive a
voltage gain of about 1, and the high frequencies should be severely attenuated.
We are now ready to confirm this numerically.

5.2.2 Numerical Analysis

The three primary considerations in active filters are

1. Cutoff frequency
2.Q

3. Input impedance
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Cutoff Frequency. In the case of the circuit in Figure 5.2, the cutoff frequency
is the frequency that causes the output amplitude to be 70.7 percent of the input.
We can compute this frequency with Equation (5.1),

1

- 5.1
fe 27RC,C, G4

where R = R; = R,. For the circuit in Figure 5.2, the cutoff frequency is computed as
follows:

1

= = 209 kHz
6.28 x 27 kQ.[0.002 pF x 0.004 uF

fe

Filter Q. The Q of the circuit in Figure 5.2 is computed with Equation (5.2).

LG
Q—Z\E (5.2)

In our present case, we have

1 /0.004 uF
== ’—-———-—-——- = 0.707
Q 210.002 uF

The value of 0.707 produces a maximally flat curve in the passband. That is, the
response curve has minimal peaking at the edge of the passband. This is a com-
mon choice for Q.

input Impedance. The input impedance is an important consideration
because it determines the amount of loading presented by the filter to the circuit
driving the filter. The exact value of input impedance will vary dramatically with
frequency. At very low frequencies, the input impedance approaches that of the
standard voltage follower amplifier. As the input frequency increases, the input
impedance decreases. The ultimate limit for the dropping input impedance is the
value of R;. Expressing this as an equation gives us

Zjn(min) = R, (5.3)

In the case of the circuit in Figure 5.2, we can be assured that the input impedance
will never be lower than 27 kilohms.
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5.2.3 Practical Design Techniques

Let’s now design a low-pass filter similar to the circuit in Figure 5.2. The design

goal for our filter is
1. Cutoff frequency 1.5 kilohertz
2. Q 0.707
3. Input impedance >10 kilohms

Compute the Ratio of C;/C,. From Equation (5.2), we can see that the ratio
of C,/C, determines the Q of the circuit. Therefore, since we know (Q (from the
design criteria), we can compute the capacitor ratio by transposing Equation (5.2).

16,
2VC,’

G

22 o402

o Q
= 4(0.707)*
=2

This tells us that C, will have to be twice as large as C;. In general, the value of C,
is determined with Equation (5.4).

Cp=4Q?x C, (5.4)

We can now select C, to be any convenient value and then double it to get C,.
For this design, let us choose C, as a 3300-picofarad capacitor. We can then make
C; a 6600-picofarad ideally, or perhaps a 6800-picofarad as this is a standard size.

Compute R, and R,. R, and R, should be within the general range of 1.0 to
220 kilohms. And, of course, R; must be larger than the minimum required input
impedance (10 kilohms in this case). If the following calculation produces a value
for R, and R, that does not comply with these restrictions, then a different value
must be selected for C and the resistor values recalculated. We compute the resis-
tance value by applying Equation (5.1).

1
= , or
fe 2R\ C,C,
1

R =
Z#C;;C}cl
1

” 6.28 x 1.5 kHz+(6800 pF x 3300 pF
=224 kQ
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We will use a standard value of 22 kilohms for R, and R,.

Determine the Value of R;. The value for resistor R; is calculated in the same
way as for a simple voltage follower. That is, we want equal DC resistances
between each op amp input and ground. For the circuit in Figure 5.2, we can com-
pute R; with Equation (5.5).

R3 = R1 + R2 (5.5)

Substituting values for our present circuit gives us
R3=22kQ +22 kQ =44 kQ

We will select the nearest standard value of 47 kilohms for R,.

Select the Op Amp. There are three op amp parameters that we should eval-
uate before specifying a particular op amp for our low-pass filter:

1. Bandwidth
2. Slew rate
3. Op amp corner frequency

Since our op amp is operated as a voltage follower, the required bandwidth of the
amplifier is essentially the same as the cutoff frequency. That is,

fuc(min) = fc (5.6)

In the case of our present circuit, our op amp must have a bandwidth of greater
than 1.5 kilohertz. In many cases, including this one, the bandwidth will not be a
limiting factor because the op amp is operated at unity gain.

The minimum required slew rate for the op amp can be estimated with
Equation (5.7),

slew rate(min) = nfcvo(max) (5.7

where f¢ is the filter cutoff frequency and v, is the highest expected peak-to-
peak output swing. If the application clearly has externally imposed limits on
the maximum output amplitude, then use them. If the maximum output ampli-
tude is not specifically known, as in the present case, then design for worst case
and assume that the signal will swing between the +V;,; levels. In the present
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circuit, the required op amp slew rate (using 13 volts as the saturation limits) is
computed as

slew rate(min) =3.14 x 1.5 kHzx26 V=0.122 V/pus

Finally, the minimum op amp comner frequency may be estimated with Equation
(.8),

40fc (5.8) |

f srEAK (INiN) = Aoy

{
|
I
1 |
where Ag, is the low-frequency, open-loop gain of the op amp and f. is the filter
cutoff frequency. The corner frequency of the op amp is the one where the open-
loop gain has dropped to 70.7 percent of its low-frequency or DC value. If we
choose a 741 (Ao, = 50,000), it must have a corner frequency greater than

40 x 15 kHz _
50,000

fBREAK(min) = 1.2 Hz

Let us consider a 741 op amp for this application. Appendix 1 lists the data for the
741. The minimum bandwidth and slew rate requirements for our application are
exceeded by the 741’s ratings. By referring to the graph of open-loop frequency
response in Appendix 1, we can estimate the corner frequency of the 741 as about
5 hertz. Again, this exceeds our requirements, so let us choose a 741 for our
design.

The schematic diagram of our completed low-pass filter design is shown in
Figure 5.5. This circuit configuration provides a theoretical roll-off slope of 40 dB
per decade. The oscilloscope plots in Figure 5.6 indicate the actual behavior of
the circuit. The filter shifts the phase of different frequencies by differing
amounts as evidenced in the figure. This is important in certain applications.
Finally, Table 5.1 contrasts the original design goal with the measured perfor-
mance of the circuit.

C; BBOOPF
Ry 47k0
RI R! samach £7)
22k 22k0 c
1
vy 33 pF
FIGURE 5.5 A low-pass filter
designed for a cutoff frequency of

1.5 kilohertz. =
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Below the Cutoff Frequency
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FIGURE 5.6 Actual circuit performance of low-pass filter shown in Figure 5.5. (Test equipment

courtesy of Hewlett-Packard Company.)
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Above the Cutoff Frequency
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FIGURE 5.6 Continuved

TABLE 5.1

Design Goal Measured Value
Cutoff frequency 1.5 kilohertz 1.3 kilohertz
Input impedance (min) >10 kilohms >22 kilohms

5.3 HIGH-PASS FILTER

Figure 5.7 shows the schematic diagram of a high-pass filter circuit that provides a
theoretical roll-off slope of 40 dB per decade. The circuit configuration is obtained
by changing positions with all of the resistors and capacitors (except Ry) in the
low-pass equivalent (Figure 5.2). As a high-pass filter, we will expect it to severely
attenuate signals below a certain frequency and pass the higher frequencies with
minimal attenuation.

5.3.1 Operation

An intuitive feel for the operation of the circuit in Figure 5.7 can be gained by pic-
turing the equivalent circuit at very low and very high frequencies. At very low
frequencies, the capacitors will have a high reactance and will begin to appear as
open circuits. Figure 5.8 shows the low-frequency equivalent circuit for the high-
pass filter shown in Figure 5.7. As you can readily see, the amplifier acts as a unity
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Rz
‘VAVAV
22k0 -
3
47k0
. S
0.001uF 0.0014F J p
M 470

FIGURE 5.7 A 40-dB-per-decade
high-pass filter circuit. = =

gain circuit, but it has no input signal. At low frequencies, we expect little or no
output signal.

At high frequencies, the capacitors will have a low reactance and will begin
to appear as short circuits. The high-frequency equivalent circuit is shown in Fig-
ure 5.9. Here we see that the capacitors have been replaced with direct connec-
tions. Also, resistor R, has been removed, because it is connected between two
points that have the same signal amplitude and phase (i.e., input and output of a
voltage follower). Because it has the same potential on both ends, it will have no
current flow and is essentially open. The resulting equivalent circuit indicates that
for high frequencies, our high-pass filter will act as a simple voltage follower.

Rs
Open 47kQ
circuit B
e Vo
R,
M 47k0

FIGURE 5.8 A low-frequency
equivalent circuit for the high-pass
filter shown in Figure 5.7. = =

vi
FIGURE 5.9 A high-frequency
equivalent circuit for the high-pass
filter shown in Figure 5.7. = =
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5.3.2 Numerical Analysis

Let us now extend our look at the high-pass filter shown in Figure 5.7 to a numer-
ical analysis. There are three primary characteristics that we will want to deter-
mine:

. Cutoff frequency

Q

. Input impedance

W M

Cutoff Frequency. The cutoff frequency for a high-pass filter is the fre-
quency that causes the output voltage to be 70.7 percent of the amplitude of sig-
nals in the passband (i.e., the higher range of frequencies in this case). We can
determine the cutoff frequency for the circuit in Figure 5.7 by applying Equation
(5.9).

1

fe = 2CR.R,

(5.9)

For the values in our present circuit, the cutoff frequency is computed as

1

= = 495 kHz
6.28 x 0.001 pF[47 kQ x 22 kQ

fe

Filter Q. The Q of the circuit shown in Figure 5.7 is computed with Equation
(5.10).

1R ,
Q= 2R, (5.10)

For the values given in Figure 5.7, the Q is computed as

1 [47 kQ
=—f—_~=o.731
=z

If the resistor values had an exact ratio of 2:1, the Q would equal 0.707 and the
passband response would be maximally flat.

Input Impedance. The input impedance of the circuit shown in Figure 5.7
varies inversely with the input frequency. The limit, however, is established by R,
in parallel with the input impedance of the voltage follower. Therefore, for practi-
cal purposes, the limit is established by the value of R;. In our present case, the
minimum input impedance will be 47 kilohms.
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Practical Design Techniques

Let us now design a high-pass filter similar to the circuit shown in Figure 5.7. We
will use the following as our design goals:

1. Cutoff frequency 300 hertz
2.Q 0.707
3. Input impedance > 2000 ohms

4. Highest input frequency 5000 hertz

Determine the R,/R, ratio. As indicated by Equation (5.10), the ratio of R, to
R, determines the Q of the circuit. Let us apply Equation (5.10) to determine the
required ratio for our present design.

R

1o 4o

R, Q
= 4(0.707)
=2

Now we know that resistor R; will be twice as large as R,. In general, R, is com-
puted with Equation (5.11).

R, =4Q*x R, (5.11)

We can pick any convenient set of values for these resistors provided they
fall within the suggested range of 1.0 to 470 kilohms, and as long as R, is larger
than the minimum input impedance specified in the design criteria. For our pres-
ent example, let us choose R, as 10 kilohms. R, is simply twice this value, or 20
kilohms.

Compute the Value of €, and C,. Capacitors C, and C, are equal in value
and can be computed by applying Equation (5.9).

1
= ———— OV
fC 27ZC‘\¢R1R2
1

C =
2nfcyRiR;
1

~ 6.28 x 300 Hzy20 kQ x 10 kQ
= 0.0375 uF
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We will select a standard value of 0.033 microfarad for both capacitors.

Compute the Value of Rs. Resistor R; is included to reduce the effects of the
op amp bias current that flows through R;. R; is set equal to Ry, or simply

In our case, we will use a 20-kilohm resistor for R..

Select the Op Amp. The following op amp parameters are the most essential
when designing a high-pass filter circuit:

1. Bandwidth
2. Slew rate

Additionally, if it is necessary to use high-resistance values, then every effort
should be made to use an op amp with low-bias currents.

Bandwidth. When we construct a high-pass filter with an op amp, we inher-
ently build a bandpass filter. That is, our filter circuit, by design, will attenuate all
frequencies below the cutoff frequency. Ideally, all frequencies above the cutoff
frequency should be passed with minimal attenuation. In practice, however, the
gain of our op amp falls off at high frequencies. Thus, the very high frequencies
are attenuated by the reduced gain of the op amp.

When selecting an op amp for a particular application, we must ensure that
the amplifier gain is still adequate at the highest expected frequency of operation.
Since the op amp is configured for unity gain, we simply need to be sure that it has
a unity gain bandwidth (f;;¢) that is higher than the highest input frequency. In the
present case, the highest input frequency is cited as 5000 hertz. Therefore, our
choice of op amps must have a unity gain frequency greater than that. This should
be an easy task.

Slew Rate. The slew rate limitation of the op amp restricts the highest fre-
quency that we can properly amplify at a given amplitude. Since the maximum
input amplitude was not specified in the design goals, we will assume that the
output may produce a full swing between +Vs,r. Equation (5.7) can be used to
estimate the required op amp slew rate for our present application:

slew rate(min) = af-vpo(max)
=3.14x5kHzx26V
=0.408 V/us

Both bandwidth and slew rate requirements are within the capabilities of a stan-
dard 741 op amp. Let us plan to use this device in our design.
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FIGURE 5.10 A high-pass filter
designed for a flot response and a
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This completes the design of our high-pass filter circuit. The final schematic
is shown in Figure 5.10, and the oscilloscope plots shown in Figure 5.11 indicate
the performance of the circuit. Note the varying phase shifts for different frequen-
cies. Additionally, Table 5.2 compares the original design goals with the actual
measured circuit performance. The measured cutoff frequency is somewhat
higher than the original design goal, for two reasons: First, we chose to use stan-
dard values of 0.033 microfarad for the capacitors when the correct value was
0.0375 microfarad; second, the capacitors used to build the circuit were actually
0.032 microfarad (0.022 uF |1 0.01 uF) because of availability. If the exact cutoff fre-
quency is needed, then the resistors can be made variable.
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FIGURE 5.11 Actual circuit performance of the high-pass filter shown in Figure 5.10. {Test equip-
ment courtesy of Hewlett-Packard Company.)
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TABLE 5.2

Design Goal Measured Value
Catoff frequency 300 hertz 352.8 hertz
Input impedance >2000 ohms >10 kilohms

” 55!7(1;' 74 Vo
4
R R
1 26x0 2.8M0
FIGURE 5.12 A bandpass filter used

for a numerical analysis example.

BANDPASS FILTER

Figure 5.12 shows the schematic diagram of a bandpass filter. This circuit provides
maximum gain (or minimum loss) to a specific frequency called the resonant, or
center, frequency (even though it may not actually be in the center). Additionally,
it allows a range of frequencies on either side of the resonant frequency to pass
with little or no attenuation, but severely reduces frequencies outside of this band.
The edges of the passband are identified by the frequencies where the response is
70.7 percent of the response for the resonant frequency.

The range of frequencies that make up the passband is called the bandwidth
of the filter. This can be stated as

bw =fH "‘fL (513)

where fy; and f; are the frequencies that mark the edges of the passband. The Q of
the circuit is a way to describe the ratio of the resonant frequency (fy) to the band-
width (bw). That is,

o=1& (5.14)

bw

If the Q of the circuit is 10 or less, we call the filter a wide-band filter. Narrow-band
filters have values of Q over 10. In general, higher Qs produce sharper, more well-
defined responses. If the application requires a Q of 20 or less, then a single op

Cy
560pF Ry
AVA'A"
R, 1.4MQ Cs 2.8N0
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amp filter circuit can be used. For higher (s, a cascaded filter should be used to
avoid potential oscillation problems.

5.4.1 Operation

To help us gain an intuitive understanding of the circuit’s operation, let us draw
equivalent circuits for the filter shown in Figure 5.12 at very high and very low fre-
quencies. To obtain the low-frequency equivalent where the capacitors have a
high reactance, we simply open-circuit the capacitors. Figure 5.13 shows the low-
frequency equivalent; it is obvious from it that the low frequencies will never
reach the amplifier’s input and therefore cannot pass through the filter.

At high frequencies, the reactance of the capacitors will be low and the
capacitors will begin to act like short circuits. Figure 5.14 shows the high-
frequency equivalent circuit, which was obtained by short-circuiting all of the
capacitors. From this equivalent circuit, we can see that the high frequencies will
be attenuated by the voltage divider action of R; and R,. Additionally, the ampli-
fier has 0 resistance in the feedback loop, which causes our voltage gain to be 0 for
the op amp (i.e., no output).

At some intermediate frequency (determined by the component values), the
gain of the amplifier will offset the loss in the voltage divider (R, and R,) and the sig-
nals will be allowed to pass through. The circuit is frequently designed to have unity
gain at the resonant frequency, but may be set up to provide some amplification.

5.4.2 Numerical Analysis

The numerical analysis of the filter shown in Figure 5.12 can range from very
“messy” to straightforward, depending on the ratios of the components. That is,
each component except R, affects both frequency and Q of the filter. The following

Rq
—VW—
Open
R, L4MO  circuit 2.8u0
PNAT™ -
%\ Vo
p
FIGURE 5.13 v Re Ry
A low-frequency equivalent circuit for 20k0 2.8u0
the bandpass filter shown in Figure
5.12. = = =
R, 1.4M0 r““'""
AN ? -
74 b Y 0
560pF .
FIGURE 5.14 vy Re R,
A high-frequency equivalent circuit for 20k0 2.8M0
the bandpaoss filter shown in Figure

5.12. 4
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analytical method assumes that the filter was designed according to standard prac-
tices. The checks below will provide you with a reasonable degree of assurance that
the filter design is compatible with the analytical procedure to be described:

1. Is Ry approximately twice the size of R;?
2. Are C; and G, equal in value?
3. Is R, at least 10 times the size of R,?

If the answer is yes to all of these questions (which is the typical case), then the filter
can be analyzed as described below. We will compute the following characteristics:

1. Resonant frequency
2.Q

3. Bandwidth

4. Voltage gain

Filter Q. The Q of the filter shown in Figure 5.12 can be computed with the fol-
lowing equation:

_ Ry + R,
2R,

Q (5.15)

Substituting values gives us

Q= 1.4 MQ + 29 kQ=4.96
2x29 kQ

Since the Q is less than 10, we will classify this circuit as a wide-band filter.

Resonant Frequency. The resonant frequency of the filter shown in Figure
5.12 can be computed with the following equation:

_ .20
fe = 5o (5.16)

where C is the value of either C, or C,. Calculations for the present circuit are

2x496

6.28 x 2.8 MQ x 560 pF

fr

It is this frequency that should receive the most amplification (or least attenuation)
from the filter circuit.
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Bandwidth. The bandwidth of the filter can be calculated by applying a trans-
posed version of Equation (5.14).

Q=f—R,or

bw

bw = ﬁz_
Q
_ 101 kHz
T 496

=204 Hz

Thus, the range of frequencies that is amplified at least 70.7 percent as much as the
resonant frequency is 204 hertz wide.

Voltage Gain at the Resonant Frequency. The voltage gain at the resonant
frequency can be estimated with Equation (5.17).

Q 7

In the case of the circuit in Figure 5.12, the voltage gain is computed as

4.96

= = 0.997
6.28 x 1.4 MQ x 1.01 kHz x 560 pF

Ay

5.4.3 Practical Design Techniques

We are now ready to design a bandpass filter to satisfy a given design require-
ment. Let us design a filter similar to the circuit in Figure 5.12 that will perform
according to the following design goals:

1. Resonant frequency 8 kilohertz
2.Q 10

3. Voltage gain at f Unity

4. Bandwidth 800 hertz

The following design is based on the assumption that the circuit provides unity
gain at the resonant frequency. Although common in practice, how to design a fil-
ter to have a voltage gain of greater than unity at the resonant frequency will also
be shown.

Select C; and C,. Although the selection of these capacitors is somewhat arbi-
trary, our choice of values for C; and C, will ultimately determine the values for
the resistors. If our subsequent calculations result in an impractical resistance
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value, we will have to select a different value for C; and C, and recompute the
resistance values. Because of the wide range of resistance values typically required
in a given design, it is not uncommon to have resistance values ranging from 1000
ohms or less to well into the megohm ranges. Nevertheless, it should remain a
goal to keep the resistance values above 1 kilohm and below 1 megohm if practi-
cal. The lower limit is established by the output drive of the op amp and the effects
on input impedance. The upper limit is established by the op amp bias currents
and circuit sensitivity. That is, if the resistance values are very large, then the volt-
age drops due to op amp bias currents become more significant. Additionally, if
the resistances in the circuit are excessively high, then the circuit is far more prone
to interference from outside noise, nearby circuit noise, or even unwanted cou-
pling from one part of the filter to another. For our initial selection, let us choose to
use 0.001-microfarad capacitors for C; and C,.

Compute the Value of R,. The value of resistor R, is computed with Equa-
tion (5.18).

Q
R, =
' 2mAL frC

(5.18)

In the case of the present design, we compute the value for R, as

10

R, = =199 kQ
6.28 x 1x 8 kHz x 0.001 uF

We will plan to use a standard value of 200 kilohms. It should be noted, however,
that the component values in an active filter are generally more critical than in
many other types of circuits, so if close adherence to the original design goals is
required, use either variable resistors for trimming or fixed resistors in a series
and/or parallel combination, or use precision resistors.

Compute the Value for R,. Resistor R, is calculated with Equation (5.19).

_ RiAy
2027xCR, Ay ) - Ay

R, (5.19)

For our present design, we compute R, as follows:

199 kQ x 1

= = 10 kg
2(6.28 x 8 kHz x 0.001 uF x 199 kQ x 1)2 - 1

R,

Compute the Value for R;. Resistor R, is computed by simply doubling the
value of R;. That is,
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Ry =2R, {5.20) f

For our design, we compute R, as
R;=2x200 kQ = 400 kQ

The nearest standard value is 390 kilohms. As previously stated, if the application
requires greater compliance with the original design goals, use either a variable
resistor or a combination of fixed resistors to achieve the exact value required. In
our case, we will use two 200-kilohm resistors in series for R;.

Determine the Value for R;. Resistor R, has no direct effect on the fre-
quency response of the filter circuit. Rather, it is included to help compensate for
the effects of the op amp bias current that flows through R;. You will recall that
we try to keep equal the resistances between ground and the (+) and (-) input
pins of the op amp. Therefore, we will set R, equal to R;. In equation form, we
have

Ry=R, (5.21)

In this case, it is probably not necessary to use a variable resistor or fixed resistor
combination to obtain an exact resistance. We will simply use the nearest standard
value of 390 kilohms for R,.

Select the Op Amp. We will pay particular attention to the following op amp
parameters when selecting an op amp for our active filter:

1. Bandwidth
2. Slew rate

If the resistance values turn out to be quite high, then an op amp with particu-
larly low bias current will be important. If the capacitance values must be below
about 270 picofarads, then select an op amp with minimum internal capaci-
tances.

Bandwidth. The required bandwidth of our op amp is determined by the
highest frequency that must pass the circuit. This is, of course, the upper cutoff
frequency (fy) and can be approximated (for our purposes) with Equation (5.22).

fu=frt %—” (5.22)
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In the present case, f is estimated as

800 Hz

fu =8 kHz+ = 84 kHz

The required bandwidth for the op amp is computed in the same manner as
described in Chapter 2. It can be computed as

fuc = AVfH
=1x84kHz
= 8.4 kHz

This is well within the capabilities of the standard 741 op amp.

Slew Rate. The minimum slew rate for the op amp can be computed with
Equation (5.7).

slew rate(min) = nfyvo(max)
=314x84kHzx26V
=0.686 V/us

This exceeds the capability of the standard 741, which has a 0.5-volts-per-
microsecond slew rate. We will use an MC17415C for our design because it satis-
fies both the bandwidth and slew rate requirements of our design.

The schematic of our final design is shown in Figure 5.15. Its performance is
indicated by the oscilloscope plots in Figure 5.16. Be sure to note the varying
phase shifts at different frequencies. Finally, the design goals are contrasted with
the actual measured performance of the circuit in Table 5.3.

¢,
iL.
[AY
0.001 uF Ra
A'AvA
R, 200kQ Ce 400k0
W\ {6 - v
0.001 uF . e
MC1741SC
v Rg R‘
FIGURE 5.15 A bandpass filter 1k0 390k0
designed for a center frequency of

8000 hertz and a Q of 10. = = =
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FIGURE 5.16 Oscilloscope displays showing the performance of the bandpass filter shown in Fig-

ure 5.15. (Test equipment courtesy of Hewlett-Packard Company.)

(continued)



236

ACTIVE FILTERS

At the Upper Cutoff Frequency
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FIGURE 5.16 Continued
TABLE 5.3
Design Goal Measured Value
Resonant frequency 8000 hertz 8080 hertz
Q 10 8.3
Bandwidth 800 hertz 973 hertz
Voltage gain at fz 1.0 0.825
5.5 BAND REJECT FILTER
A band reject filter is a circuit that allows frequencies to pass that are either lower
than the lower cutoff frequency or higher than the upper cutoff frequency. That is,
only those frequencies that fall between the two cutoff frequencies are rejected or
at least severely attenuated.
5.5.1 Operation

Figure 5.17 shows an active filter that is based on the common twin “T” configu-
ration. The twin T gets its name from the two RC T networks on the input. For
purposes of analysis, let us consider the lower ends of R, and C; to be grounded.
This is a reasonable approximation, since the output impedance of an op amp is
generally quite low. The T circuit consisting of C,, Cy, and R; is, by itself, a high-
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FIGURE 5.17 A band-reject filter circuit used for o numerical analysis
example,

pass filter. That is, the low frequencies are prevented from reaching the input of
the op amp because of the high reactance of C; and C,. The high frequencies, on
the other hand, find an easy path to the op amp because the reactance of C; and C,
is low at higher frequencies.

The second T network is made up of R;, R, and C; and forms a low-pass fil-
ter. Here the low frequencies find C;’s high reactance to be essentially open, so
they pass on to the op amp input. High frequencies, on the other hand, are essen-
tially shorted to ground by the low reactance of C;. It would seem that both low
and high frequencies have a way to get to the (+) input of the op amp and there-
fore to be passed through to the output. If, however, the cutoff frequencies of the
two T networks do not overlap, there is a frequency (f) that results in a net volt-
age of 0 at the (+) terminal of the op amp.

To understand this effect, we must also consider the phase shifts given to a
signal as it passes through the two networks. At the center, or resonant, frequency
(fr), the signal is shifted in the negative direction while passing through one T net-
work. It receives the same amount of positive phase shift while passing through
the other T network. These two shifted signals pass through equal impedances (R,
and X)) to the (+) input. Thus, at any instant in time (at the center frequency), the
effective voltage on the (+) input is 0. The more the input frequency deviates from
the center frequency, the less the cancellation effect. Thus, as we initially expected,
this circuit rejects a band of frequencies and passes those frequencies that are
higher or lower than the cutoff frequencies of the filter.

The op amp offers a high impedance to the T networks, thus reducing the
loading effects and therefore increasing the Q of the circuit. Additionally, by con-
necting the “ground” point of C; and R; to the output of the op amp, we have
another increase in Q as a result of the feedback signal. At or very near the center
frequency, very little signal makes it to the (+) input of the op amp. Therefore, very
little signal appears at the output of the op amp. Under these conditions the out-
put of the op amp merely provides a ground (ie., low impedance return to
ground) for the T networks. For the other frequencies, though, the feedback essen-
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tially raises the impedance offered by C; and R; at a particular frequency. There-
fore, they don’t attenuate the off-resonance signals as much, which has the effect
of narrowing the bandwidth or, we could say, increasing the Q.

Resistor R, is to compensate for the voltage drops caused by the op amp bias
current flowing through R, and R,. It is generally equal in value to the sum of R,
and R,.

Numerical Analysis

The component values for the twin-T circuit normally have the following ratios:

1. R,=R,
2. R, =2R,
3.C=C,
4. C,=2C,

5. 0<R4<(R; +Ry)
Under these conditions, let us compute the following circuit characteristics:

1. Center frequency
2. Input impedance

Center Frequency. The center frequency for the twin-T filter is the frequency
that causes the reactance of C; to equal the resistance of R;. At this same frequency,
Xc1 = X2 = Ry = R,. The equation for the center frequency, then, is simply a trans-
posed version of the basic capacitive reactance equation:

1

T
1

f’znxcc

Since, at the center frequency, X¢, = R;, we can substitute R, for X in the preced-
ing equation to yield our equation for the center frequency of the twin-T filter:

1

fo = 7R,

(5.23)

In the case of the circuit shown in Figure 5.17, we can compute the center fre-
quency as follows:

1
f= B x 16t K x 0.001 yF

=971 Hz
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On either side of the center frequency, we can expect the signals to pass with a
voltage gain of nearly unity.

Input Impedance. As with many filter circuits, the input impedance of the cir-
cuit shown in Figure 5.17 varies with frequency. The lowest impedance occurs at the
higher frequencies and is approximately equal to R;, R,, and R, in parallel. That is,

1
Z(min) = RI"RzﬂRs = - |
1,12 (5.24) |
R1 RZ R3 |

In the case of Figure 5.17, we can estimate the minimum input impedance as

. 1
Z,N(mln) = 1 1 il = 41 kQ

+ +
164 kQ 164 kQ 82 kQ

Practical Design Techniques

Now let us design a twin-T, band reject filter to satisfy a specific design require-
ment. We will design a filter that will deliver the following performance:

1. Center frequency 5500 hertz
2. Minimum input impedance 10 kilohms
3. Highest input frequency 18 kilohertz

Select a Preliminary Value for R;. The minimum value for R, is deter-
mined by the specification for the minimum input impedance. More specifically,
the minimum value for R; is determined according to Equation (5.25).

R;(min) = 2Z(min) (5.25)

In our present case, the minimum value for R; is determined as follows:
Rs(min) = 2 x 10 kQ = 20 kQ
The upper limit for the value of R; is established by two factors:

1. Effects of op amp bias currents
2. Minimum practical values for C; to C,

The effects of op amp bias currents can be made tolerable if we keep the
value of R, below about 270 kilohms. Although the bias currents do not actually
flow through R,, it is the value of R, that will determine the values for R; and R,.
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The minimum practical value for the capacitors is affected by several things,
including the op amp used and the required degree of stability. A workable goal,
however, is to design the circuit such that all capacitor values are greater than 100
picofarads.

Let us initially choose a value of 22 kilohms for R;. If the computed values
for the capacitors are found to be too small, or there are no reasonably close stan-
dard values, then we will have to select a different value for R; and recompute.

Determine the Value for C,. First we compute the ideal value for C;; then we
will select the nearest standard value. We can compute the required value of
capacitance by applying Equation (5.26).

1

C, =
' 4nfiR,

(5.26)

't

For the present design, we compute the value for C, as follows:

1
C, =
' 4x314x55 kHz x 22 kQ

= 658 pF

Let us choose the nearest standard value of 680 picofarads for C;.

Compute the Exact Value for R;. Now that a standard value for C; has been
selected, we can determine the exact value required for R;. It should be noted that
the performance of the twin-T filter design relies heavily on accurate selection and
matching of component values. Therefore, “ballpark” values are usually inappro-
priate. The exact value needed for R; can now be computed by applying a trans-
posed version of Equation (5.26).

1
= —— 0
4nfrRs

1
R, =
e

C] T

1
" 4x3.14 x5.5 kHz x 680 pF

= 21.3 kQ

We can obtain this value by combining fixed resistances (e.g., 27 k€2 in parallel
with 100 kQ) or by using a fixed resistance and a variable resistor in series (e.g., 18-
kilohm fixed resistor in series with a 5-kilohm variable resistor). In either case,
however, every effort should be made to obtain the correct value.

Compute C, and C;. Capacitor C, is always the same value as C;. That is,
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]

|
C2 = Cl |:527) i

For our purposes, we compute C, as
Cz = Cl =680 pP

Capacitor C; is twice the size of C;, or simply

C,=2C, (5.28)

In our particular case
C; =2C; =2 x 680 pF = 1360 pF

The nearest standard value is 1500 picofarads, which is close enough for many
applications, but would undermine the performance of our filter. The simplest
way to obtain more precise values in this case is to parallel two 680-picofarad
capacitors. This will give us the value we need.

Compute R, and R,. Resistors R, and R, are equal in size and are twice the
value of R;. We can express this as an equation.

Rl = R2 = 2R3 (529)

In the present design case, we compute these resistors as
Ri=Ry=2x213kQ =426 kQ

The nearest standard value is 43 kilohms. We might be able to get by with this, but
in general we must try to obtain the exact values required. To this end, let us
choose either a combination of fixed resistors (e.g., 39 kQ in series with a 3.6 kQ2) or
a fixed resistor and a variable resistor in combination (e.g., a 39-kQ fixed resistor
in series with a 5-k{ variable resistor).

Compute R;. Resistor R, helps to compensate for the voltage drop across R,
and R, that is produced by the op amp bias currents. To minimize the effects of the
bias currents, we set R; equal to the series combination of R; and R,. That is,

R4 = R1 + Rz (530)
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For purposes of our present design, R, is computed as
Ry=42.6 kQ +42.6 kQ = 85.2 kQ

For many applications, this is not a critical value. In our case, let us use the nearest
standard value of 82 kilohms.

Select the Op Amp. As with previous filter designs, there are two op amp
parameters that we want to focus on in order to select an appropriate op amp.

1. Bandwidth
2. Slew rate

As mentioned before, if the resistance values turn out to be quite high, then an op
amp with particularly low bias current will be important. And, if the capacitance
values must be below about 270 picofarads, we select an op amp with low internal
capacitances.

Bandwidth. The required bandwidth of our op amp is determined by the high-
est frequency that must pass the circuit. The design specifications for our present
case specify the highest input frequency as 18 kilohertz. The required bandwidth
for the op amp is computed in the same manner as described in Chapter 2:

fuc = Avf
=1x18 kHz
=18 kHz

This is well within the capabilities of the standard 741 op amp.

Slew Rate. The minimum slew rate for the op amp can be computed with Equa-
tion (5.7).

slew rate(min) = #fvo(max)
=3.14x18kHzx26 V
=1.469 V/uS

This exceeds the capability of the standard 741, which has a 0.5-volts-per-
microsecond slew rate. We will use an MC1741SC for our design, as it satisfies the
design’s bandwidth and slew rate requirements.

This completes the design of our 5500-hertz band-reject filter, whose
schematic is shown in Figure 5.18. The oscilloscope displays in Figure 5.19 indi-
cate the performance of the circuit at resonance, at the two cutoff frequencies, and
at two far removed frequencies in the passband of the filter. Table 5.4 contrasts the
design goals for the filter with the actual measured performance of the final
design. It should be noted that 5-percent tolerance components were used to con-
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FIGURE 5.18 A twin-T band-reject filter designed for a center fre-
quency of 5500 hertz.

At Center Frequency
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FIGURE 5.19 Oscilloscope displays showing the performance of the twin-T filter shown in Figure
5.18. (Test equipment courtesy of Hewlett-Packard Company.) {continued)
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FIGURE 5.19 Continued
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TABLE 5.4
Design Goal Measured Performance
Resonant frequency 5500 hertz 5693 hertz
Minimum Zy 10 kilohms 10.65 kilohms
Q Not specified 22

struct the circuit. More precise values would yield performance correspondingly
closer to the design goals. The Q of the circuit can go as high as 40 or 50 with care-
ful selection of components.

TROUBLESHOOTING TIPS FOR ACTIVE FILTERS
We can generally classify potential troubles in active filters into two broad classes:

1. DC problems
2. AC problems

Our first measurements will quickly tell us which type of problem exists. We can
then focus our efforts on areas that might cause this type of problem.

DC Problems. Problems that cause the output of the op amp to be at some
abnormal DC level are generally located in the same manner as described in pre-
vious chapters. Basically, you need to ensure that the proper V* and V" are present
directly on the appropriate pins of the op amp. If these voltages are correct, com-
pare the polarity of the differential input voltage (v,) with the polarity on the out-
put pin. If the polarities contradict normal op amp behavior, then suspect the op
amp; if they are correct for a normal op amp, then measure the DC level on the
input to the op amp circuit. A prior stage may be sending an abnormal DC level
into this stage, which makes it appear to be defective.

If all of these appear normal, then verify the integrity of the feedback circuit.
If it is open, the output of the op amp will be at one of the two extremes.

AC Problems. If the DC voltages are correct in the filter circuit, but the filter
does not correctly discriminate against certain frequencies, then suspect the fre-
quency determining components. If the resonant, or cutoff, frequencies have sim-
ply shifted slightly, you might suspect a change in component values. On the
other hand, if the AC operation of the circuit has been altered dramatically, then
suspect an open component. Normal DC values with abnormal AC values often
point to an open capacitor or to a resistor that is isolated from DC (e.g., R, in Fig-
ure 5.18).

As with all op amp troubleshooting tasks, it is essential that you understand
the proper operation of the circuit and continuously contrast the actual perfor-
mance with the known expected performance.
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REVIEW QUESTIONS

1.

Ny O e

10.

Refer to Figure 5.2. What is the effect on circuit operation if capacitor C, becomes
open?

. If the DC level on the output of the op amp in Figure 5.2 is normal but there are no AC

signals present, is capacitor C, open a possible cause? Explain your answer.

. Refer to Figure 5.7. If capacitor C, opens, will the DC level on the output of the op

amp be affected? Explain.

. If resistor Ry shorts in Figure 5.7, what is the effect on circuit operation?

. A circuit that passes all frequencies below the cutoff frequency is called a ____filter.
. A circuit that rejects a very narrow band of frequencies is called a ___ filter.

. Refer to Figure 5.12. The ratio of resistor R, and resistor R; establishes the gain of the

amplifier. (True or False)

. Refer to Figure 5.15. What is the effect on circuit operation if capacitor C, becomes

open?

. Refer to Figure 5.15. What is the effect on the DC level on the output of the op amp if

resistor R, becomes shorted?

Refer to Figure 5.18. Which of the following defects can cause the circuit to respond
like a high-pass filter?

a. C,open

b. R, open

c. Ryshorted

d. Cyopen

e. Rjshorted
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VOLTAGE REGULATION FUNDAMENTALS

Nearly all electronic systems require one or more sources of stable DC voltage. Yet
many systems get their input power from the standard 120-VAC power line. Even
battery-powered units may require stable DC voltages at levels other than those
provided directly by the battery. Figure 6.1 shows the basic role played by a volt-
age regulator circuit and where it fits in the power distribution scheme.

If the system receives its power from the 120-VAC power line, the first step is
usually voltage reduction via a step-down transformer. The output of the trans-
former (there may be more than one) is then rectified to produce pulsating DC.
The rectified waveform is then filtered with large capacitors to produce a rela-
tively smooth but unregulated source of DC voltage. An unregulated voltage
source is one that varies with changes in load current or in applied voltage. All of
the functions just described are represented by the first block in Figure 6.1.

The voltage at the output of the rectifier /filter is smooth DC, but it is not reg-
ulated. Thus, the value of voltage will change with changes in input voltage or
with changes in load current. To eliminate these changes and produce a solid
source of DC voltage, we route the filtered DC to a voltage regulator circuit (the
second block in Figure 6.1).

Unregulated Re, ted
DC Voltage DC“Vlglhge

Voltage Step Up/Dn
Rectification
Filtering

Yoltage

120 VAC Regulator load

FIGURE 6.1 A voltage regulator circuit provides constant voltage to a load.
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There are many types of voltage regulator circuits, but the purpose remains
the same—to maintain a constant output voltage even though both the input volt-
age and the load current may be changing. The regulated output voltage is always
less than the unregulated input voltage.

We will examine three basic classes of voltage regulator circuits:

1. Series

2. Shunt

3. Switching
Series Regulation

Figure 6.2 illustrates the basic concept of series voltage regulation. The voltage reg-
ulator circuit is designed to act as a variable resistance in series with the load. The
regulator senses changes in load voltage (whether caused by changes in input volt-
age or by changes in load current) and adjusts its resistance such that the voltage
across the load remains constant. This is one of the most common voltage regulation
techniques. The regulator can also be designed to protect against short circuits on
the regulated output. In practice, the “variable resistor” shown as the regulating ele-
ment in Figure 6.2 is actually a transistor or an integrated voltage regulator circuit.

6.1.2 Shunt Regulation

FIGURE 6.2 A series voltage
regulator acts as a variable resistor in
series with the load.

FIGURE 6.3 A shunt voltage
regulator acts as a variable resistor in
parallel with the load.

The concept of a shunt-voltage regulator is illustrated in Figure 6.3. Here the
regulating element (shown as a variable resistor) is connected in parallel, or
shunt, with the load. The regulator circuit senses changes in load voltage and
adjusts the effective resistance of the regulating element to compensate. If, for
example, the load current drops, the output voltage tends to rise (i.e., less drop
across Rg). The regulator circuit detects this change, however, and decreases the
resistance of the shunt regulator element, causing the regulator branch to draw

Series Voltage
Regulator
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more current and the current through R to remain constant, and preventing the
output voltage from rising.

The shunt regulator is generally used for low-current applications because it
consumes a significant amount of power. A simple zener diode is an example of a
shunt regulator. By adding an op amp, however, the degree of regulation can be
improved.

6.1.3 Switching Regulation

The basic operation of a switching voltage regulator circuit is shown in Figure 6.4.
Here, the regulating element (usually a transistor) is operated either full on (closed
switch) or full off (open switch). The switching usually occurs at tens or hundreds
of kilohertz.

While the switch is closed, the unregulated source supplies current to the
load via L;. The inductance of L, smooths the current changes that might be
caused by the switching circuit. During this time, energy is stored in the magnetic
field that builds up around the coil. When the switch opens, the magnetic field
begins to collapse and the stored energy is returned to the circuit. The collapsing
field now acts as a voltage source and keeps the load current flowing steadily
through the alternate path of D;.

Many switching regulator circuits adjust the duty cycle of the switching
action to compensate for changing load or input voltage conditions. That is, if the
on time of the switching action is lengthened (relative to the off time), the average
(DC) output voltage will be higher. As with the other regulator circuits, the
switching regulator must sense changes in the output voltage in order to compen-
sate (i.e,, regulate).

6.1.4 Line and Load Regulation

In order to express the regulator’s ability to compensate for changes in the line
voltage or the load current, we compute two percentages. The first, called line reg-
ulation, provides an indication of the regulator’s ability to compensate for changes
in the input voltage. It is a simple ratio of the change in output voltage to the
change in line voltage. That is,

Vgeg (max) — Vg (min)
Vin(max) — Vjy (min)

x 100

% line regulation =

Switching

Transistor

............ L,
"o Vv

D, Load

FIGURE 6.4 A switching voltage

Unregulated
DC Source
regulator offers high efficiency of

operation. = = =



6.1.5

FIGURE 6.5 A simple, but stable,
voltage reference can be built around 1
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The second percentage, called load regulation, provides an indication of the reguia-
tor’s ability to compensate for changes in load current. It is computed as

VREG(no loud) - VREG(ﬁ‘” load)

100
Viee (Full load) X

% load regulation =

Voltage References

All of the regulator circuits described in this chapter require a stable reference
voltage. The actual load voltage is continuously compared against this reference
to determine what changes are required by the regulator circuit. In essence, the
voltage reference is in itself a voltage regulator circuit.

Although a zener diode is a low-cost, practical reference source, the actual
zener voltage changes significantly with changes in current through the zener.
Therefore, if we want a more stable source, we must go beyond the simple zener
regulator. Figure 6.5 shows a circuit that combines a zener diode and an op amp to
produce a simple but stable reference voltage. We will utilize this circuit in all of
the regulator circuits described in this chapter.

The MC3401 op amp is somewhat different than the other op amps dis-
cussed so far in the text. It is designed for operation from a single power supply—
that is, only one power source is required for normal operation. A more complete
discussion of single-supply op amps is presented in Chapter 11. For now, suffice it
to say that the input terminals are essentially PN junctions connected to ground.
This means that the voltage on either input will remain at 0.6 volts or less. You
may think of the input as responding to current changes in the same way as the
emitter-base circuit of a transistor.

Since the voltage across R, is constant (approximately 0.6 volts), its current is
constant. It is essentially equal to the zener diode current because the op amp bias
current is insignificant. Since the zener current is constant, the zener voltage will
be constant.

If the output voltage attempts to change, this change is felt on the (~) pin via
D;. Because the voltage on the (-) input is essentially limited by an internal junc-
tion, the changes fed back have only minimal effect on the voltage on the (=) pin,
but rather cause changes in bias currents. In any case, the result is that the output of
the op amp changes in a polarity that tends to compensate for the changing output

+Vy

a single-supply op amp and zener

diode.
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voltage. All of this closed-loop action occurs almost instantly, so the actual load
voltage never really changes significantly. Although the circuit compensates for
changes in load current and in input voltage, it may still drift as a result of
changes in temperature. This latter effect can be essentially eliminated by select-
ing a zener diode with a temperature coefficient that is opposite (+2 mV/°C) from
that in the op amp. For our purposes, we will ignore the effects of temperature
changes.

The output or reference voltage for the circuit shown in Figure 6.5 can be
approximated with Kirchhoff’s Voltage Law. That is,

VREF = VD] + 06 (61)

Transistor Q, is a simple current booster (as discussed in Chapter 2). The output
current of the op amp is limited to about 5 milliamperes, but required zener cur-
rents may be substantially higher than this. Assuming that the junction break-
down voltages are adequate, there are only three critical parameters for the
selection of Q;:

1. Current gain (B or hgg)
2. Power dissipation (Pp)
3. Collector current

The minimum required current gain for Q, can be determined from the basic tran-
sistor equation for current gain,

IREF ! IZ
= L 6.2
MIN = 5 mA ( )

where 5 milliamps is the maximum recommended output current for the MC3401
op amp.

The power dissipation for ; can be determined from the basic power equa-
tion.

Pp = (Igge + I)(Vin = Vrer) (6.3)

Resistor R, simply establishes the desired zener current. Ohm’s Law gives us an
approximate value.

R, = = (6.4)
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Let us now design a voltage reference to be used as a stable source for the
regulator circuits presented in this chapter. We use the following design goals:

1. Unregulated input voltage +10 to 15 volts DC
2. Regulated output voltage +4 volts

3. Percent of voltage regulation 0.1 percent

4. Maximum reference current 1 milliampere

Choose D,. The required voltage for D, can be determined by applying Equa-
tion (6.1). In our case

Vb, = Vrer — 0.6
=4V-06V
=34V

This is not necessarily the value of the zener diode. Rather, it is the required volt-
age across it. We will refer to a manufacturer’s data sheet (Appendix 5) and select
a diode that is close to the required voltage and then adjust the zener current to
obtain the exact value needed. For the present case, let us choose a 1N5227 zener,
which is rated for 3.6 volts when a 20-milliampere current is passed through it. We
will adjust the value of R; to cause more or less current through the zener and
therefore obtain a higher or lower voltage drop across it. Recall that the zener volt-
age varies nonlinearly with zener current, and that the exact zener voltage at a cer-
tain current varies between similar devices. Although the exact value for R, will
have to be obtained experimentally, the circuit is exceptionally stable once it is
constructed.

Compute R,. We can now calculate a starting value for R, with Equation (6.4).

We will use a standard value of 27 ohms for R;. Once the circuit has been con-
structed, we may have to adjust R; slightly to obtain the exact output voltage.

Select Q,. Because the highest DC input voltage was listed as +15 volts, our
collector-to-emitter and collector-to-base breakdown voltages should be greater
than 15 volts. The minimum current gain is computed with Equation (6.2).

1mA+20 mA _
IOP - SmA

Bumn = Inr t 1z _ 4.2
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This, of course, is not a challenging goal. In fact, if the actual zener current were
less than 5 milliamps, we could omit Q, from the design.
The power dissipation for Q; can be estimated with Equation (6.3) as

Pp = (Igge + IZX(Viy = Virer)
=(1mA+20mA)Y15V-4YV)
=231 mW

Finally, Q; must be able to handle the combined currents of I; and Igg as collector
current. In our particular case,

Ic=I;+Iger=20mA +1 mA =21 mA

Let us choose a common 2N2222A as the current booster for our design. The data
sheet in Appendix 3 indicates that it will exceed our requirements. By following
the process presented in Appendix 10, we can determine that no heat sink will be
necessary, but the transistor will operate fairly hot. It might be desirable to add a
small heat sink.

Figure 6.6 shows the final schematic of our 4-volt reference circuit. The input
and output voltage levels are shown on the oscilloscope displays in Figure 6.7 for
minimum and maximum input voltage conditions. Finally, Table 6.1 contrasts the
actual circuit performance with the original design goals.

As Table 6.1 and the oscilloscope displays in Figure 6.7 indicate, the actual
circuit performance exceeds our design requirements. Be sure to note in Figure 6.6
that the actual value of R, was adjusted to 22 ohms to trim the output voltage to
the required value.

D, IN6227B
%)
2N2222A
R, Q
=20 MC3401
= = +Ver (4V)

* Calculated value was 270 I

FIGURE 6.6 A simple, stable voltage reference, which is used throughout Chapter 6.
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FIGURE 6.7 Oscilloscope displays showing the stability of the voltage reference shown in Figure
6.6. (Test equipment courtesy of Hewlett-Packard Company.)
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TABLE 6.1

Design Goal Measured Value

Input voltage (DC) +10~15 volts +10-15 volts

Output voltage (Vygr) +4 volts +3.985 volts

Percent regulation 0.1 percent 0.004 percent

Reference current 0-1 milliamperes 0-1 milliamperes

6.2

6.2.1

+Vy (+2OV) o

SERIES VOLTAGE REGULATORS

Operation

Figure 6.8 shows the schematic diagram of a basic series regulator circuit. The
input to the circuit is filtered but unregulated DC voltage; the output, of course, is
regulated DC voltage that remains constant in spite of changes in the load current
or changes in the input voltage.

Transistor Q, in Figure 6.8 is known as the series pass transistor. Kirchhoff’s
Voltage Law tells us that the voltage across the load plus the voltage across the
series-pass transistor must always be equal to the applied voltage. Thus, if we can
control the amount of voltage dropped across the pass transistor, we have inher-
ent control over the load voltage.

The output voltage of the regulator circuit is sampled with the voltage
divider made up of resistors R;, R,, and potentiometer P,. The portion of the out-
put that appears on the wiper arm of P, is called the feedback voltage. Potentiometer
P, is used to adjust the amount of feedback voltage and thus is used to adjust the
output voltage level.

The voltage reference circuit indicated in Figure 6.8 was discussed in an ear-
lier section. Its purpose is to provide a constant voltage level that can be used as a

2N3440
] \ /T,

Voltage +Vagr (+4V) R
1
Reference 8 8k0

< +Vm (+15V)

- P,
.I. Feedback Voltage 1kQ

FIGURE 6.8 A series voltage regulator with an adjustable output.
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FIGURE 6.9 A simplified circuit of l
= °

Series Voltage Regulators 257

stable reference. The schematic of a representative voltage reference circuit was
presented in Figure 6.5.

The op amp in Figure 6.8 is called the error amplifier. It continuously com-
pares the magnitude of the reference voltage with the level of the feedback signal
(which represents the output voltage). Any difference between these two voltages
(both magnitude and polarity) is amplified and applied to the base of the pass
transistor. The polarity is such that the output voltage is returned to its correct
value. As an example, let us assume that the load current suddenly decreases,
which tends to make the output voltage rise. However, as soon as the output volt-
age starts to increase (i.e., become more positive), the feedback voltage on the
wiper arm of P, also becomes more positive. This increasing positive on the
inverting pin of the op amp causes the output of the op amp to become less posi-
tive (i.e., moves in the negative direction). Recall that the reference voltage
remains constant, so any changes in the feedback voltage are immediately
reflected in the output of the op amp. This reduced positive voltage on the base of
Q, reduces the amount of forward bias and therefore increases the effective resis-
tance of the pass transistor, causing an increased voltage drop across it. Because
we are now dropping more voltage across the pass transistor, we will have less
dropped across the load (Kirchhoff’s Voltage Law). Thus, the initial tendency for
the load voltage to rise has been offset by an increased voltage drop across the
pass transistor. This process happens nearly instantaneously so that the load volt-
age never really sees a significant increase. Of course, the better the degree of reg-
ulation, the smaller the changes in load voltage.

To further clarify the operation of the error amplifier, let us examine the cir-
cuit from a different viewpoint. First, consider the wiper arm to be at some fixed
point. We can now view the resistor network as a simple, two-resistor voltage
divider. A redrawn circuit for the error amplifier is shown in Figure 6.9. Here R, is
equivalent to R, and that portion of P; above the wiper arm. Similarly, R, is equiv-
alent to R; and that portion of P; below the wiper arm. It is readily apparent that
the resulting circuit is a simple noninverting amplifier circuit with a current boost
transistor. This circuit was discussed in detail in Chapter 2.

Potentiometer P; in Figure 6.8 is used to adjust the output voltage to a par-
ticular level. If we move the wiper arm up, we increase the feedback voltage (i.e.,
more positive), decrease the bias on (), increase the voltage drop across Q;, and
ultimately bring the output voltage down to a new, lower level. Similarly, if we

R}
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move the wiper arm down, we reduce the amount of feedback voltage (i.e., less
positive), increase the bias on (;, decrease the voltage drop across (,, and cause
the load voltage to increase to a higher regulated level.

It is important to note that the series-regulator circuit shown in Figure 6.8 is
not immune to short circuits. That is, if the output of the regulator was acciden-
tally shorted to ground, the pass transistor would undoubtedly be destroyed by
the resulting high-current flow. Many, if not most, regulated supplies are designed
to be current limited. Section 6.5 discusses this option in greater detail.

6.2.2 Numerical Analysis

Let us now analyze the series-voltage regulator circuit presented in Figure 6.8. The
output voltage of the regulator can be computed with Equation (6.5).

2

+VReg = +VREF(% + 1) (6.5)

where R;" and R, are the equivalent values shown in Figure 6.9 and as discussed.
If we assume that the wiper arm of P, is moved to the uppermost extreme, we can
apply Equation (6.5) to compute the minimum output voltage as shown:

+VREG = 4 V(g'g—"“% + 1)

=4V x284
=1136 V

Similarly, we can move the wiper arm to the lowest position and compute the
highest output voltage with Equation (6.5) as follows:

7.8 kQ
+VREG =4 V(m + 1J

=4V x3.89
=1556 V

So the range of regulated output voltages that can be obtained by adjusting P, is
11.36 through 15.56 volts.

The maximum allowable output current is determined by one of the fol-
lowing:

1. Maximum collector current rating of Q,
2. Maximum power dissipation rating of Q,
3. Current limitation of +Vpy
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Whichever of these limitations is reached first will determine the maximum allow-
able current that can be drawn from the regulator output.

The manufacturer’s data sheet for a 2N3440 lists the maximum collector cur-
rent as 1.0 amp. The data sheet also lists the maximum power dissipation as 1.0
watt (at 25°C), gives a thermal resistance from junction to case as 17.5°C per watt,
and lists the thermal resistance from junction to air as 175°C per watt. No current
limit is shown in Figure 6.8 for +V . The current limit imposed by the power rat-
ing can be computed as follows:

Py
+Viy (max) ~ Ve (min)

I5(max) = (6.6)

where Pp, is the maximum power as determined with Equation (A10.3) in Appen-
dix 10. In the case of the circuit shown in Figure 6.8, the current limit imposed by
the power rating of the transistor (for T, = 40°C) is computed as

_ T;(max) — T4 _ 200°C — 40°C
011 175°C /W
9w

I =W 105mA
olmax) = S s 6 v m

Py

= 0.91 W, therefore

Since this current is lower than the 1.0-amp maximum collector current rating, it
will be the limiting factor. Thus, the regulator circuit shown in Figure 6.8 has a
maximum output current of about 105 milliamperes.

6.2.3 Practical Design Techniques

Let us now design a series-voltage regulator similar to the one shown in Figure
6.8. We will use the following as design goals:

1. Input voltage +12 to +18 volts
2. Output voltage +6 to 9 volts

3. Output current 0t0 0.5 amps

4. Line regulation <1 percent

5. Load regulation <1 percent

6. Error amplifier 741

Select the Pass Transistor. The characteristics of the pass transistor are
determined by the input voltage, the output voltage and current requirement, and
the output drive capability of the op amp. First, the collector current rating of the
transistor must be greater than the value of load current. In our case, this means
that our transistor must have a maximum DC current rating of greater than 500
milliamperes.
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The transistor power dissipation can be found by applying Equation (6.6).

B or
+Viy (max) — Ve (min)”

Ip(max) =

Pp = Ip(max)(+Vpy(max) — Vpgc(min))
=05A(18V -6 V)
=6 W

The minimum current gain (g or f) for the transistor can be found by applying
our basic transistor formula for current gain:

_le
ﬁ—IB

With a circuit like that shown in Figure 6.8, base current is provided by the output
of the op amp. We will establish the maximum current to be provided by the op
amp as one-fourth of the short-circuit output current rating of the op amp, which,
in the case of a 741, is listed in the data sheet as 20 milliamperes. Therefore, we
shall limit the output current (and therefore the base current of Q;) to one-fourth
of 20 milliamperes, or 5 milliamperes. The minimum current gain for Q; can now
be determined as shown:

. I
B(min) = =
B
_05A
T 5mA
=100

The minimum collector-to-emitter voltage breakdown rating for (, is found by
determining the maximum voltage across ;. That is,

Veeo = Vin(max) — Vgge(min) (6.7)

In our particular case, the collector-to-emitter voltage rating is computed as
VCEO= 18 V—6 V= 12 V

There are many transistors that will satisfy the requirements for Q,. Let us select
an MJE1103 (refer to Appendix 2) for this application. The calculations presented
in Appendix 10 indicate that the transistor will require a heat sink for safe oper-
ation.
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Determine the Required Op Amp Voltage Gain. The equivalent circuit
shown in Figure 6.9 is useful for determining the required voltage gain of our op
amp. We must consider the circuit under both minimum and maximum output
voltage conditions. The minimum and maximum voltage gains are determined
from the basic amplifier gain formula (Ay = Vo/V)). That is,

f
|
. +Vgec(min
Ay(min) = -—-f;%,c—(———-) (6.8) 1
REF
|
Similarly,
Ay(max) = fy_%.(ﬂﬁfl (6.9)
REF

In our present application, the required voltage gains for the op amp are deter-
mined as follows:

Ay(min) = %—; = 1.5, and
9V
A =— =225
v(max) v

Select the Value for P,. Selection of P, is largely arbitrary, but some guide-
lines may be established. Its minimum value should be at least 20 times the mini-
mum equivalent load resistance. That is,

Py(min) = 20(-‘/559(-@} (6.10)
IO (max)

In our particular case, the minimum recommended value for P, is

6V
in) = 20| —— | = 240 Q
P;(min) 20(0.5 A) 0

The maximum value is also somewhat arbitrary, but there is generally no reason
for going beyond a few tens of thousands of ohms. Let us decide to use a 5-kilohm
potentiometer for P in this particular application.

Compute R, and R,. The values for R; and R, can be determined by applying
the basic equation for voltage gain in a noninverting amplifier (refer to Figure 6.9).
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Recall that minimum voltage gain occurs when the wiper arm of P, is at its upper
extreme. Under these conditions, the equation for R, can be determined as follows:

. Ry
A = 1,
v(min) R+ P +1, or
R, = [Av(min) - 1](R2 +P) (6.11)

Similarly, an equation for R, can be derived from the basic gain equation as
shown:

Ay(max) = Rit B +1, or
2
Ryo RitP
Ay (max) -1

Substituting Equation (6.11) for R, in this equation and performing some aigebraic
transposing gives us our final equation for the value of R,.

R, = B Ay (min)

~ Ay(max) — Ay (min) (6.12)

We can now compute the required values for R, and R,. First, we apply Equation
(6.12) to find R,.

_5kQax15
T 225-15
=10 kQ

R,

We are now in a position to apply Equation (6.11) to find the value of R;.

R, =(15-1)(10kQ + 5 kQ)
=7.5kQ

Because the computed values for R; and R, are both standard, we do not have to
make any decisions regarding standard values. For most applications, we simply
choose the nearest standard value.

This completes the design of our series regulator circuit. The final schematic
is shown in Figure 6.10, and the performance of the circuit is indicated by the
oscilloscope displays in Figure 6.11. The waveforms show the effects of minimum
and maximum load current and minimum and maximum line voltage. Figure
6.11(a) shows the output under no-load conditions, and Figure 6.11(b) illustrates
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the effect of adding a 500-milliampere load. In both cases, the output voltage was
adjusted to minimum (+6 volts). Figure 6.11(c) shows the results of maximum
input voltage under no-load conditions; finally, Figure 6.11(d) illustrates the cir-
cuit performance under conditions of maximum input voltage and a 500-
milliampere load. The measured performance of the circuit is summarized and
contrasted with the original design goals in Table 6.2.

*MJE1103
N _/Q

+V (12-18V) o

Voltage
Reference

*Requires a heat sink

FIGURE 6.10 A series voltage regulator circuit designed to deliver 6 to 9 volts at 0
to 500 milliamperes.
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FIGURE 6.11 Oscilloscope displays showing the performance of the series voltage regulator
shown in Figure 6.10. (Test equipment courtesy of Hewlett-Packard Company.} {continued)
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FIGURE 6.11 Continued
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High Line Voltage, High Output, Fuli Load
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FIGURE 6.11 Continved
TABLE 6.2
Design Goal Measured Value
Input voltage +12 to +18 volts +12 to +18 volts
Output voltage +6 to +9 volts +5.97 to +9.07 volts
Output current 0 to 500 milliamperes 0 to 500 milliamperes
Load regulation <1 percent 0.99 percent
Line regulation <1 percent 0.56 percent
6.3 SHUNT VOLTAGE REGULATION
6.3.1 Operation

Figure 6.12 shows the schematic of a basic shunt-voltage regulator circuit. To
understand its operation, let us assume that the output voltage starts to increase
(perhaps as a result of a decreased load current). When the load voltage starts to
rise, the voltage across R, also increases. This is the feedback voltage for the regu-
lator circuit and is essentially a sample of the output voltage. When the voltage
across R, increases (i.e., becomes more positive), the output of the op amp
becomes less positive because the voltage across R, is applied to the inverting
input. This falling voltage on the output of the op amp is the base voltage for Q.
Q1 is connected as an emitter follower, so the emitter voltage, and therefore the



266

6.3.2

POWER SUPPLY CIRCUITS
Ry
+Vpy (14-18V) o App, 0 + Vg
500 1/2W Rx%
5.8kN
Voltage Ver (+4V) MQ,
Reference +
R
3.9k6$
) J-’u

FIGURE 6.12 A shunt voltage regulator circuit.

regulated output voltage, will decrease. Actually, the decrease merely offsets the
original increase, so the output remains essentially constant. If one tried to
decrease the output voltage, a similar closed-loop action would compensate for
the change and maintain a constant output voltage.

Another way to view the regulator action is to consider that the current in Q,
will increase in response to an increase in the regulated output voltage. This
increased transistor current causes an increased voltage drop across R, thus
returning the output voltage to its initial level. Because the current through Q;
increases and decreases to compensate for load voltage changes, the highest tran-
sistor current will occur during times when the load current is minimum.

The circuit would still work if the voltage reference circuit were powered
directly from the unregulated input voltage. However, as we have a convenient
soutrce of regulated voltage, we can increase the overall performance of the circuit
by allowing the reference circuit to use the regulated output as its input voltage.

Resistor R; ultimately determines the maximum current that can be drawn
from the regulator. If too much current is drawn, then Q) is cut off and current is
limited by R;. Under these conditions, the output voltage is not regulated and will
decrease with increasing load currents. The circuit does have a distinct advantage
in that it is inherently current limited. That is, if a short-circuit to ground occurs on
the regulated voltage line, the current is limited by resistor R;. No other regulator
components will experience an overload condition. If this resistor has an adequate
power rating, no damage will result from shorted outputs.

We can change the level of the regulated output voltage by altering the val-
ues of R; and/or R,. In fact, we can include a potentiometer in the feedback circuit
and make an adjustable shunt-regulator circuit.

Numerical Analysis

Let us now extend our understanding of the shunt regulator circuit shown in Fig-
ure 6.12 to a numerical analysis of the important characteristics. Two of the most
important characteristics of the regulator circuit are

1. Output voltage
2. Current capability
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Ry =
ANV -
Re
= +,
l ——0 + Ve
FIGURE 6.13 The error amplifier Veer = R,
portion of the regulator circuit shown
in Figure 6.12 is essentially a simple
noninverting voltage amplifier. = +Vi

We can redraw the circuit somewhat to more clearly see how the op amp is con-
nected. Figure 6.13 clearly shows that the op amp is essentially connected as a sim-
ple noninverting amplifier with a current-boost transistor. The voltage gain of this
circuit is simply
R
Ay ==2+1
\4 Rz

The output voltage of the circuit, then, is computed by applying the basic gain
equation.

+Vrec = +Vrer X Ay = +VREF[§‘1‘ + 1) (6.13)
2

In the case of the circuit shown in Figure 6.12, we can compute the regulated out-
put voltage as

5.6 kQ

+VREG =+4VX[39kQ

+1)=9.7V

We estimate the current capability of the circuit by considering the case when +Vy
is at its lowest level. Under these conditions, the maximum load current can be
estimated with Ohm’s Law.

Vin(min) ~ Vgge

6.14)
R, (6.14)

Ip(max) =

For the present case, we compute the highest allowable load current as

UV-97V

86
50 Q mA

Io(max) =
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Although there can be a higher load current under higher input voltage con-
ditions, the computed value of 86 milliamperes is the highest load current that we
can supply under all input voltage conditions and still expect the circuit to remain
in a regulated condition. Ohm’s Law can be used to determine the minimum-
value load resistor that can be used with the circuit. That is,

Transistor Q; must be able to safely conduct the difference between the highest
possible input current and the minimum possible load current. For many applica-
tions, we assume that the load can be disconnected and we therefore consider the
minimum load current to be 0. If the regulator were an integral part of a system
that made it impossible for the load to be disconnected (e.g., all part of the same
printed circuit board), then the minimum load current could be greater than 0. For
purposes of this analysis, we assume a worst-case situation, which means that Q,
must be able to handle a value of current given by Equation (6.15).

Vin(max) — Vgeg

(6.15
R, 6.15)

Ip(max) =

For the circuit shown in Figure 6.12, the maximum transistor current can be calcu-
lated as

Ip, (max) = 19—%—3—7—‘/ =126 mA

We can estimate the worst-case power dissipation in Q; by applying our basic
power formula.

Pp(max) = Ig (max) X Vg (6.16)

For our present circuit, the transistor dissipation is estimated as
Pp(max) =126 mAx9.7 V=12 W

For many applications, the heat dissipated in the transistor will require a heat sink
to keep the transistor within its safe operating range.

The shunt-regulator circuit is inherently current limited. That is, if we try to
draw more current than it is designed to deliver, the output voltage will drop.
Even if we short the output directly to ground, the current will be limited by resis-
tor R;. If resistor R; has a sufficiently high power rating, then the duration of the
short can be any length. If it has a lower power rating, then the regulator is still
short-circuit proof, but the duration of the overload must be less. If the output of
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the circuit in Figure 6.12 is shorted directly to ground, then the maximum current
flow can be computed with Ohm’s Law as

VZ
P, =45
Ry R,
(16 V)?
50 Q
=512 W

Since this clearly exceeds the 0.5-watt rating of the resistor as listed in Figure 6.12,
we can expect the resistor to overheat and burn open. However, it can withstand
momentary short circuits without having a higher power rating. A common way
for momentary short circuits to occur is for your probe to slip off of a test point
while troubleshooting a circuit.

6.3.3 Practical Design Techniques

Let us now design a shunt regulator circuit similar to the one shown in Figure
6.12. We will design it to meet the following design specifications:

1. Unregulated input voltage +18 to +22 volts DC
2. Regulated output voltage +12 to +15 volts DC
3. Load current 0 to 150 milliamps
4. Line regulation <2 percent

5. Load regulation <2 percent

6. Op amp 741

Determine the Error Amp Voltage Gain. Since the design calls for a variable
output voltage, we will need to compute a range of error amp gains. As with the
previous design, we will use the +4-volt reference circuit designed earlier in the
chapter. The required voltage gains can be computed with Equations {6.8) and (6.9).

+Vreg(min) 12V

3, and
+Vier 4V

Ay(min) =
+Vreg(max) _ 15V -

3.75
+Vigr 4V

Ay(max) =
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Let us plan to use a potentiometer between R; and R; of Figure 6.12 to adjust the
gain of the error amp. This is similar to the method used with the series voltage
regulator discussed in a prior section.

Select the Potentiometer. Selection of P, is not critical, and the guidelines
discussed for the series regulator may be followed. That is, the minimum value for
P; should be at least 20 times the minimum equivalent load resistance. This is
computed with Equation (6.10).

Pi(min) = 20(‘/"“(““")] = 20{ 12 Vj = 1.6 kQ

[p(max) 15 A

The maximum value is generally no more than a few tens of thousands of ohms.
We will use a 10-kilohm potentiometer for P, in this particular application.

Compute R,. Equation (6.12) provides the tool necessary to compute the value
for R,. We calculate it as follows:

R, - Bifv(min)
Ay (max) — Ay (min)
10 kQ x 3
T~ 375-3
= 40 kQ

For this application, we select the nearest standard value of 39 kilohms for R;.

Compute R,. Resistor R, can be calculated with Equation (6.11). For our pres-
ent application, R; is computed as shown:
R; = (Ay(min) - 1)(R; + Py)
=(3-1)(39 kQ + 10 kQ)
=98 kQ

Again, we use the nearest standard value of 100 kilohms because the application is
not critical.

Determine the Value of R,. Resistor R, establishes the maximum possible
load current from the shunt-regulator circuit. We can determine its value for a
given application by applying Ohm’'s Law at a time when the load current and
output voltage are at maximum and the input voltage is at minimum. That is,

— Vv (min) — Vg (max)

R
? Ip(max)

{(6.17)




Shunt Voltage Regulation 271

In our particular case, the required value for R; is found as follows:

_18V-15V

3 = =ZOQ
150 mA

The power rating for R; is determined by using the basic power formula under
worst-case conditions:

py, = V2 - (Vin(max) - Vige (min))
R, R,

_(Q2V-12VP

o209

5W

Select Transistor @Q,. There are several transistor characteristics that must be
considered when selecting a particular device for Q;:

1. Maximum collector current
2. Current gain (hz; or f3)

3. Breakdown voltages

4. Power dissipation

The maximum collector current that the transistor will be expected to carry can be
computed with Equation (6.15).

Vi (max) — Vgge(min)
R,

RV-12V
20 Q

= 500 mA

I, (max) =

We estimate the highest current that should be supplied by the op amp as 25 per-
cent of the short-circuit output current of the op amp. The short-circuit output
current for a 741 is listed in the manufacturer’s data sheet as 20 milliamperes, so
we will restrict the output current of the op amp to 25 percent of 20 milliamperes,
or 5 milliamperes. We can now apply the basic current gain equation for transis-
tors to determine the required transistor current gain.

_I_C__SOOmA

T Iy 5mA

B =100

This is a fairly high-current gain for a power transistor and may necessitate the
use of a Darlington pair for Q.

The power dissipation in Q,; can be found by applying Equation (6.16) under
conditions of maximum output voltage.
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Pp(max) = I, (max) x Vges(max)
=500 mAx15V
=75 W

This high-power dissipation is one major disadvantage of shunt-regulator circuits.

The collector-to-emitter breakdown voltage must be higher than Vggc(max).
In the present case, the transistor breakdown rating for Vg must be greater than
15 volts.

Many transistors will satisfy the requirements of our design. For purposes of
illustration, let us select an MJE2090, which, as the manufacturer’s data sheet
(Appendix 2) indicates, is a Darlington power transistor that satisfies all of our
requirements. The calculations presented in Appendix 10 dictate the use of a heat
sink for the transistor.

The complete schematic of our shunt regulator circuit is shown in Figure
6.14. Its performance is demonstrated by the oscilloscope displays in Figure 6.15.
Figures 6.15(a) and 6.15(b) show the effect of adjusting P; between its limits. Fig-
ures 6.15(c) and 6.15(d) illustrate the circuit’s response to a change in load current
from 0, in Figure 6.15(c), to 150 milliamperes, Figure 6.15(d). Finally, the original
design goals are contrasted with the actual measured performance in Table 6.3.

Rs
+Vi (18-22V) o—AM o *Vma
200, 5W (12-15V)

= Q
74 *MJE2080

Reference

* Requires e heat sink =

FIGURE 6.14 A shunt regulator circuit designed to provide a variable output voltage and to
supply a load current of 0 to 150 milliamperes

TABLE 6.3

Design Goal Measured Value
Input voltage 18-22 volts 18-22 volts
Output voltage 12-15 volts 12.5-15.5 volts
Output current 0-150 milliamperes 0-150 milliamperes
Line regulation <2 percent 0.8 percent
Load regulation <2 percent 0.012 percent
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FIGURE 6.15 Oscilloscope displays showing the performance of the regulator circuit shown in
Figure 6.14. (Test equipment courtesy of Hewlett-Packard Company.) {continued)
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FIGURE 6.15 Continved
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6.4

6.4.1

SWITCHING VOLTAGE REGULATORS

Our discussion on switching regulators will be limited to the theory of operation.
Although a switching regulator can be designed around an op amp, most are built
using specialized regulator ICs, which not only simplifies the design but generally
improves the overall performance of the regulator circuit. Nevertheless, an under-
standing of the operation of switching regulators is very important to an engineer
or technician working with equipment being designed today, and no discussion of
regulated power supplies would be complete without this understanding.

Principles of Operation

Let us begin by examining the simplest of equivalent circuits. Figure 6.16 shows a
simple switching circuit. Assume that the switch is operated at periodic intervals
with equal open and closed times. When the switch is closed, the capacitor is
charged by current flow through the coil. As current flows through the coil, a mag-
netic field builds out around it (i.e., energy is stored in the coil). When the switch
is opened, the magnetic field around the coil begins to collapse, which makes the
coil act as a power source (i.e., the stored energy is being returned to the circuit).
You will recall from basic electronics theory that inductors tend to oppose changes
in current. When the switch opens and the field begins to collapse, the resulting
coil voltage causes circuit current to continue uninterrupted. The path for this
electron current is right to left through the inductor, down through diode D, up
through C (and the load) to the coil. This current will continue (although decay-
ing) until the magnetic field around the coil has completely collapsed.

Now, if the switch were to close again before the coil current had time to
decay significantly, and if it continued to open and close at a rapid rate, then there
would be some average current through the coil. Similarly, this average current
value would produce some average value of voltage across the capacitor and
therefore across the parallel load resistor.

Suppose now that the ratio of closed time to open time on the switch is short-
ened. That is, the switch is left opened longer than it is closed. Can you see that the
inductor’s field will collapse more completely, and that the average current
through the coil (and therefore load voltage) will decrease? On the other hand, if
we lengthen the closed time of the switch relative to the open time, the average
load voltage will increase.

oo

Load

M—|ip——

Ly
. FVR .
Dl %Cl

FIGURE 6.16 A simple circuit to help explain the principles of
switching voltage regulators.
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The basic behavior of capacitors is to oppose changes in voltage. That is, we
cannot change the voltage across a capacitor instantaneously; the voltage can only
change as fast as the capacitor can charge or discharge. The capacitor in Figure
6.16 is a filter and smooths the otherwise pulsating load voltage. So, even though
the switch is interrupting the DC supply at regular intervals, the voltage is steady
across the load because of the combined effects of the coil and capacitor. By vary-
ing the ratio of on time to off time (i.e., the duty cycle), we can vary the DC voltage
across the load. If we sample the actual load voltage and use its value to control
the duty cycle of the switch (a transistor in practice), then we will have con-
structed a switching regulator circuit.

Figure 6.17 shows a more accurate representation of a switching voltage reg-
ulator. Here the DC input voltage is provided by a standard transformer-coupled,
bridge-rectifier circuit followed by a brute filter (C,). The interrupting device is an
n-channel, power MOSFET (Q;). Gate drive for the MOSFET comes from a pulse
width modulator circuit. This can be built around an op amp comparator/oscillator
circuit, but is generally an integral part of an integrated circuit designed specifi-
cally for use in switching regulators.

The pulse width modulator has two inputs. One is the sample output volt-
age derived from a voltage divider (R, and R;); the other is provided by a stable
voltage reference. The pulse width modulator compares the reference voltage
with the sampled output voltage (just as the series and shunt-linear regulators dis-
cussed in previous sections do) and alters the pulse width (effective duty cycle) of
the signal going to the MOSFET. As the duty cycle of the MOSFET is altered, the
average (i.e., DC) output voltage is adjusted and maintained at a constant value. If
the load voltage tried to change, perhaps in response to a changing current
demand, then this change would be fed back through the voltage divider to the
pulse width modulator circuit. The pulse width going to the MOSFET would
quickly be adjusted to bring the load voltage back to the correct value.

6.4.2 Switching versus Linear Vollage Regulators

Why go to all the trouble of interrupting the DC voltage and then turning right
around and smoothing it back into DC again? Well, switching regulators do have
some outstanding advantages over linear regulators. One of their primary advan-
tages as compared to their linear equivalents is lower power dissipation.

In a linear regulator, the series pass transistor or the shunt regulator transis-
tor dissipates a significant amount of power. Typical efficiencies for linear regula-
tors are 30 to 40 percent, which means, for example, that a linear supply designed
to deliver 12 volts at 3 amps DC actually draws at least 90 watts from the power
line, The internal power loss results in heat, which in turn leads to cooling require-
ments like fans and heat sinks. Most of the power loss in a linear regulator is in the
regulator transistors. Recall that their power dissipation is computed as

Pp=1IcVee
The switching regulator, on the other hand, typically achieves efficiencies on the

order of 75 percent. This improvement is caused primarily by a dramatic reduc-
tion in power dissipation in the regulator transistor. Although the power dissipa-
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FIGURE 6.17 A switching regulator controls the switching operation of the pass transistor to regulate load voltage.
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tion is computed in the same basic way, the results are quite different because the
transistor is operated in either saturation or cutoff at all times. Thus, although the
power at any given time is expressed as

Pp=IVe

either I¢ is very low (at cutoff I = 0) or V is very low (during saturation Vg is
ideally 0). Therefore, the only time the switching transistor dissipates significant
power is during the actual switching time (a few microseconds).

The reduced power dissipation results in other advantages. Since the cooling
requirement is less for a given output power, both size and cost of the associated
circuitry and support components are less. It is reasonable to expect size reduc-
tions on the order of five or more.

Another advantage of switching regulators is that the output voltage can be
stepped up, stepped down, and/or changed in polarity in the process of being
regulated. This can simplify some designs.

Switching regulators are not without their disadvantages, however. First,
they require more complex circuitry for control, although this is becoming less dis-
advantageous as more specialized regulator ICs are being provided to the power
supply designer.

Another major disadvantage of switching regulators is electrical noise gen-
eration. Anytime a circuit changes states quickly, high-frequency signals are gen-
erated. You may recall from basic electronics theory that a square wave is made up
of an infinite number of odd harmonics. So, if we have a 100-kilohertz square
wave, we will be generating harmonic frequencies of 300 kilohertz, 500 kilohertz,
700 kilohertz, and so on. The Federal Communications Commission (FCC) in the
United States and similar agencies in other countries restrict the amount of
electromagnetic emissions that may leave an electronic device. For example, sup-
pose you have designed a new computer that fits in the palm of your hand. The
FCC will prevent you from marketing your new computer unless it can pass the
FCC-defined emissions tests. Many new computer designs fail to pass these tests
because of the electrical noise generated by switching power supplies. Now, this
doesn’t mean you can never use a switching regulator in a computer. Quite the
contrary, most computers do use switching regulators. But additional components
will have to be included to filter the high-frequency noise that is generated. This
noise can easily extend into the 450-kilohertz to 150-megahertz band.

Finally, although switching regulators are good, they cannot respond as
quickly to sudden changes in line voltage or load current. That is, they do not reg-
ulate as well as their linear counterparts if the line and load changes are rapid.

Classes of Switching Regulators

We can categorize switching regulators into four general groups based on the
method used to control the switching transistor:

1. Fixed off time, variable on time
2. Fixed on time, variable off time
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3. Fixed frequency, variable duty cycle
4. Burst regulators

First, it should be noted that all of the types listed work by switching the regulator
transistor from full off to full on. Additionally, they all regulate by altering the ratio
of on time to off time of the transistor. The various methods refer to the actual cir-
cuitry and waveform driving the switching transistor.

The first two regulator types listed are similar in that one alternation of the
transistor drive signal is fixed. Regulation is achieved by adjusting the time for the
remaining alternation. Because one alternation is fixed and one is variable, the fre-
quency of operation inherently varies. These types are sometimes called variable
frequency regulators.

The third class of switching regulators uses a constant frequency, but alters
the duty cycle of the signal applied to the switching transistor. That is, if the on
time is increased, the off time is decreased proportionately, so the output voltage
can be controlled without altering the basic frequency of operation. This is one of
the most common classes of switching regulators.

Finally, the burst regulator operates by gating a fixed-frequency, fixed-pulse-
width oscillator on and off. The duty cycle of the switching waveform is such that
the output voltage would be too high if the switching were continuous. The circuit
senses this excessive output voltage and interrupts or stops the switching com-
pletely. With the switching transistor turned off continuously, the output voltage
will quickly decay. As soon as it decays to the correct voltage, the switching is
resumed. Thus, the regulation is actually achieved by periodically interrupting
the switching waveform going to the switching transistor.

6.5

6.5.1

OVER-CURRENT PROTECTION

Regulated power supplies are often designed to be short-circuit protected. That is,
if the output of the supply is accidentally shorted to ground or tries to draw exces-
sive current, the supply will not be damaged. There are several classes of over-
current protection:

1. Load interruption

2. Constant current limiting

3. Foldback current limiting
Load interruption
The simplest form of over-current protection is shown in Figure 6.18. The protec-
tive device is generally a fuse (as shown in the figure), a fusible resistor, or a circuit
breaker. In any case, once a certain value of current has been reached the protec-
tive device opens and completely isolates the load from the output of the supply.

As long as the protective device is designed to operate at a lower current value
than the absolute maximum safe current from the supply, the power supply will
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FIGURE 6.18 Load interruption is
the simplest form of over-current
protection.
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be protected from damage. Since the protective element has resistance, it can
adversely affect the overall regulation of the circuit.

6.5.2 Constant Current Limiting

Figure 6.19 shows a common example of a constant-current limiting circuit. This is
identical to the series regulators discussed earlier in the chapter with the addition
of R; and Q;, which are the current limiting components. Under ordinary condi-
tions, the voltage drop across R, is less than the turn-on voltage for the base-to-
emitter junction of Q, (about 0.6 volts). This means that Q, is off and the circuit
operates identically to the standard unprotected series regulator.

Now suppose the load current increases. This will cause an increased volt-
age drop across R;. As soon as the R, voltage drop reaches the threshold of Q,'s
base junction, transistor Q, will start to conduct. The conduction of (, essentially
bypasses the emitter-base junction of ,, which prevents any further increase in
current flow through ;. We can better understand the operation of Q, if we view
it in terms of voltage drops. At the instant Q, begins to turn on, there must be
approximately 0.6 volts across R, and another 0.6 to 0.7 volts across the emitter-
base junction of Q. Kirchhoff’s Voltage Law shows us that there must therefore be
about 1.2 to 1.3 volts between the emitter and collector of J, when it starts to con-
duct, because the emitter-collector circuit of Q, is in parallel with the voltage
drops of R, and the emitter-base circuit of Q,. Any further attempt to increase cur-
rent beyond this point will cause a decrease in the emitter-collector voltage of Q,.
As this voltage is in parallel with the series combination of Q,’s base-emitter junc-
tion and R;, these voltages also tend to decrease. However, if the base-emitter volt-
age of (; actually decreases, then the emitter current of (; decreases, causing the
voltage drop across R; to decrease, resulting in less conduction in Q, (the opposite
of what is really occurring). So, in essence, the current reaches a certain maximum
limit and is then forced to remain constant. Any effort to increase the current
beyond this point merely lowers the output voltage.

The value of current required to activate Q, is determined with Ohm’s Law.
We simply find the amount of current through R; that it takes to get a 0.6-volt
drop. That is, short-circuit current (Isc) is computed as follows:

0.6
Ige = — 6.18
sC R] ( )
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FIGURE 6.19 A constant-current limiting technique is often used to protect series regulator circuits from over-current
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Foldback Current Limiting

Figure 6.20 shows a simplified schematic diagram of a voltage regulator circuit
that uses foldback current limiting. Note that resistors R, and R; have been added
to the constant-current limiting circuit presented in Figure 6.19. Under normal
conditions, transistor Q, is off and the circuit works just like the unprotected regu-
lator circuit discussed in an earlier section. Voltage divider action causes a voltage
drop across R,, with the upper end being the most positive.

As load current increases, the voltage drop across R, increases, as it did in
the constant current circuit. However, the voltage across R; must not only exceed
the turn-on voltage of the base-emitter junction of Q; in order to turn Q, on, but
also overcome the voltage across R,. Once this point occurs, however, (), begins to
conduct and reduces the conduction of Q. This, of course, causes both the output
voltage and the base voltage of Q, to decrease. However, because the base voltage
of Q, is obtained through a voltage divider, it decreases more slowly than the out-
put voltage. And, because the emitter of Q, is connected to the output voltage, it
must also be decreasing faster than the base voltage. This causes Q, to conduct
even harder, further limiting the output current.

If the load current increases past a certain threshold, the circuit will “fold
back” the output current. That is, even if the output is shorted directly to ground,
the current will be limited to a value that is less than the maximum normal operat-
ing current, which under overload conditions is a very desirable characteristic.
Because the pass transistor will have the full input voltage across it when the output
is shorted to ground, it is prone to high power dissipation. In fact, the constant-
current limiting circuit previously discussed has maximum power dissipation under
short-circuit conditions. By the current folding back under overload conditions, the
dissipation of the pass transistor is reduced and a smaller device can be used.

6.6

OVER-VOLTAGE PROTECTION

Some applications require a regulator circuit with over-voltage protection to pro-
tect the load against regulator malfunctions. That is, under normal operating con-
ditions, the output of the regulator should stay at the regulated level, but if the
regulator fails (e.g., via emitter-to-collector short in the series pass transistor), the
output may increase significantly over the regulated value and potentially cause
damage to the load circuitry.

Figure 6.21 shows a common method of over-voltage protection that is built
around a silicon-controlled rectifier (SCR). Under ordinary conditions, the voltage
drop across R, is less than the base-emitter turn-on voltage of Q,, and the circuit
works identically to the unprotected circuit discussed earlier.

If a regulator malfunction causes the output voltage to rise above a threshold
set by the ratio of R, and R;, Q, turns on and provides gate current for the SCR,
which causes it to fire. When an SCR has fired and is in the forward conducting
state, the voltage drop across it is about 1 volt. Thus, the base voltage of Q; is
quickly dropped to about 1 volt. Since the Q, base voltage is 1 volt, the output volt-
age will be dropped to a few tenths of a volt, and this condition will continue as
long as the SCR remains in conduction. To reset the SCR, the anode current must
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fall below a minimum value, called holding current. In the circuit shown in Figure
6.21, the main power source must be momentarily turned off to reset the SCR.

Capacitor C, is a transient suppressor and prevents accidental firing of the
SCR during initial turn-on of the regulator or as a result of a noise pulse.

Some power supply designs return the anode of the SCR directly to the
unregulated DC input with ne limiting resistance. If an over-voltage condition
occurs and the SCR fires, the main supply is essentially shorted to ground via the
SCR. This activates the current limiting features of the main supply (often a fuse in
the primary of the supply transformer). When the SCR is connected in this way,
the circuit is called a “crowbar” because it essentially throws a short circuit (like a
steel crowbar) directly across the power supply.

6.7

POWER-FAIL SENSING

An op amp can be configured as a voltage comparator circuit and used to sense an
impending power failure. This is commonly used in computer systems to protect
the computer from erratic operation caused by power loss. If an impending power
failure is detected, the computer quickly transfers all of the critical data to a per-
manent storage area that does not require power. Once power has been restored,
the computer retrieves the stored data from the permanent memory and resumes
normal operation. Figure 6.22 shows how an op amp can be used to detect an
impending power failure and send a signal to a computer in time to save the criti-
cal data before the power actually goes away.

Under normal conditions, the inverting (-} input of the voltage comparator
is more positive than the noninverting input. This is true even under conditions of
minimum unregulated voltage. If a primary power loss occurs, the unregulated
DC voltage will, of course, drop to 0; however, the filter capacitors (usually quite
large) in the power supply will prevent the unregulated DC supply from decaying
instantaneously. The regulator will continue to supply a constant voltage until the
unregulated input voltage has decayed past a certain minimum point. Thus, up to
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FIGURE 6.22 An op omp voltage comparator can be used to detect an impending
power loss.
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a point, the voltage on the (~) input to the comparator decays while the voltage on
the (+) input remains constant. When the voltage on the (-) input passes the lower
threshold of the voltage comparator, the output quickly changes states, signaling a
coming power loss. A computer monitoring this signal can then take the necessary
action to protect critical data. Resistors R; and R, provide hysteresis for the com-
parator.

The amount of time between primary power interruption and the point
where the regulated output begins to drop is called hold-up time and is generally
tens or even hundreds of milliseconds. Since a computer executes in the micro-
second range, there is plenty of time to save the critical information after the unreg-
ulated input has started to decay but before the regulated output begins to drop.

6.8

TROUBLESHOOTING TIPS FOR POWER SUPPLY CIRCUITS

Power supply circuits are considered by some technicians and engineers to be
simple, fundamental, nonglamorous, and even boring. However fundamental or
boring the purpose of power supplies may be, the troubleshooting of a defective
supply is not always a simple task. What complicates the troubleshooting of a reg-
ulator circuit is the closed-loop nature of the system. A defect in any part of the
loop can upset the voltages at all other points in it, thus making it difficult to dis-
tinguish between cause and effect.

Nevertheless, armed with a thorough understanding of circuit operation and
guided by systematic troubleshooting procedures, a defective regulator circuit can
be quickly and effectively diagnosed. The following sequential steps will provide
the basis for a logical, systematic troubleshooting procedure applicable to voltage
regulator circuits:

1. Observe the symptoms. Because of the potentially high-power levels
available in a supply, visible signs of damage are common. DO NOT, how-
ever, simply replace a burned component and reapply power-—in many
cases, the burned component is the result of a malfunction elsewhere in the
supply. Nevertheless, detecting the burned component will help you
narrow the range of possibilities.

Symptom observation also includes taking careful note of the output
symptoms. Is the output voltage too high, too low, 0, unregulated? Did the
user of the equipment say how the problem was caused (e.g., an accidental
short on the output)?

2. Verify that the input to the regulator is correct. If it is not correct, the
regulator may not be the cause. On the other hand, if the problem is no
input and the unregulated supply shows signs of damage, then suspect a
short in the regulator circuit. In these cases, it is often helpful to disconnect
the regulator circuit and get the unregulated supply back to normal as a
first step. A simple way to disconnect series regulator circuits is to remove
the pass transistor. This is a particularly simple task for socket-mounted
power transistors.
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3. Check for possible short circuits. Once the unregulated input voltage is
shown to be correct, we can concentrate on the regulator portion of the
supply. If the regulator was disconnected during step 2 and you have
reason to believe a short circuit exists in the regulator, DO NOT reconnect
the regulator and apply full power. If you do and a short does exist, the
newly repaired unregulated source will be damaged again. A better ap-
proach is to connect the regulator to the unregulated supply via a current
meter. Use a variable autotransformer to supply the AC power to the
unregulated power supply, and slowly increase the AC input voltage while
monitoring the current meter. If a short exists in the regulator, the current
meter will exceed normal values with a very low-input voltage. If this is the
case, you must rely on your theory of operation and an ohmmeter as your
major tools.

4. Open the regulator loop. If the full supply voltage can be applied safely,
but the regulator still doesn’t work properly, then you can add a voltmeter
to your tool kit. Since the regulator is inherently a closed-loop system, it is
often difficult to distinguish between cause and effect. If the loop can be
easily broken (e.g., removing a wire from the wiper arm of a potentiometer,
removing a socket-mounted transistor, etc.), this can help isolate the
problem. After the loop has been opened, you can inject your own “good”
voltage at the open-loop point from an external DC supply. The system can
then be diagnosed using the split-half method, signal tracing, and so on,
like any other open-loop system.

5. Force the circuit to known extremes. If it is impractical to open the loop
of the regulator, you can sometimes force a condition at one point in the
loop and watch for a response at another point. Your understanding of the
operation of the components between the forced point and the monitored
point can lead you to the problem. A good example of forcing a condition is
to either short the emitter-base circuit of a transistor to force it to cut off, or
to short the emitter-collector circuit to simulate a saturated condition. Be
sure to examine the circuit carefully before shorting these elements, but
in most circuits neither of these shorts will cause damage (see step 6), al-
though they will force the circuit to go to one of two extremes. The extreme
change will be passed through the rest of the circuit if everything is normal.
A defect, however, will not respond to the change and thus reveal its
identity to an alert technician or engineer.

6. Use special care with switching regulators. Here the regulator transistor
has been selected on the assumption that it is switching from full on to full
off and therefore dissipating minimum power. If any portion of the regu-
lator circuit causes the switching to stop and the pass transistor is in the
ON state, then the pass transistor will almost certainly be damaged. This
has two important ramifications. First, if your diagnosis reveals that no
switching signal is being applied to the switching transistor, then suspect a
bad transistor after you correct the switching signal problem. Second, you
should never intentionally stop the oscillation in a switching supply by
shorting components as described in step 5.
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7. Substitute the load. Another method that can be helpful in isolating some
power supply defects is to remove the load. This eliminates the possibility
that a malfunction in the system is causing the supply to appear defective.
If the supply is shown to be defective, substituting an equivalent resistance
in place of the system circuitry can simplify troubleshooting of the actual
power supply. Additionally, it removes the possibility of causing damage to
the system circuitry if the output of the supply becomes excessively high
while troubleshooting the problem. (For example, a test probe may slip and
cause a momentary short circuit.)

REVIEW QUESTIONS

1.

List the three basic classes of voltage regulator circuits.

2. 1f the DC output voltage of a shunt regulator circuit varies between 11 and 12.5 volts

10.

11.

12.

as the input line voltage varies from 110 to 130 volts, what is the percent of line
regulation for the regulator?

. If a series regulator circuit provides 25 volts DC under no-load conditions, but drops

to 24.3 volts when a full load is applied, what is the percent of load regulation for the
regulator circuit?

. If each of the following rectifier/regulator circuits requires 1.2 amps of current from the

120-VAC input line, which one will probably deliver the highest current to a 12-VDC
load: series, shunt, switching? Explain your choice.

. Refer to Figure 6.8. If the input voltage is 16.8 VDC and the regulated output voltage

is 8.9 volts DC, what is the power dissipation of Q; with a 300-mA load connected?

. Refer to Figure 6.8. If the reference voltage has a defect that causes it to go to +6 volts,

what is the effect on output voltage (increase, decrease, remains the same)? Explain
your answer.

. Refer to Figure 6.8. If resistor R, increases in value, what relative effect does this have

on output voltage?

. Refer to Figure 6.9. What is the effect on output voltage if resistor R, increases in value?
. Refer to Figure 6.12. What is the effect on the current flow through Q, if resistor R; is

decreased in value? Explain your answer.

If resistor R, in Figure 6.12 is changed to 40 ohms (and no components are damaged),
what will happen to the value of reference voltage? What will happen to the value of
output voltage (+Vzrs)? What will happen to the value of current through Q,? Will the
current through R, change?

Refer to Figure 6.19. What is the effect on the current flow through the load resistor
(assume a constant value of load resistance) if resistor R, is increased in value?

Refer to Figure 6.19. What happens to the value of voltage dropped across the emitter-
collector circuit of (, if resistor R, is increased in value?

. Refer to Figure 6.20. What is the effect on circuit operation if transistor , develops an

emitter-to-collector short?

. Refer to Figure 6.21. What is the effect on circuit operation if capacitor C; develops a

short circuit?

. Refer to Figure 6.21. What is the effect on circuit operation if resistor R, becomes open?



CHAPTER SEVEN

Signal Processing Circuits

Most of the circuits presented in this chapter serve to condition analog signals for
subsequent input to another circuit. Many of them could be categorized as wave-
shaping or conditioning circuits. We will, for example, examine circuits that can
rectify low amplitude signals, limit the maximum excursion of signals, and
change the DC level of waveforms. Many of the circuits are quite simple in terms
of component count, but they play important roles in overall systems design.

7.1

THE IDEAL DIODE

Several of these circuits behave as though they had perfect or ideal diodes. Figure
7.1 contrasts the forward-biased characteristics of a perfect diode with that of a
typical silicon diode.

Figure 7.1(a) shows a simple series circuit driven by an AC source. The out-
put is taken across the diode. Basic circuit theory tells us that when the diode is
reverse-biased, it acts as a very high impedance (i.e., essentially an open circuit).
In the case of the circuit in Figure 7.1(a), we can expect to see nearly the full input
voltage across the diode during times of reverse bias.

When the diode in Figure 7.1(a) is forward-biased, we expect it to act as a
short circuit (or at least a very low impedance). In this case, there would be very lit-
tle voltage across it. Figure 7.1(b) shows the output waveforms that we can expect.
We see that the ideal diode has no voltage across it when it is forward-biased,
which is in contrast with the silicon-diode waveform that has a 0.7-volt drop dur-
ing forward-biased times. For purposes of this chapter, we will limit our compar-
isons to the forward-biased performance of the diodes. Therefore, Figure 7.1(b)
shows similar waveforms for both ideal and silicon diodes during reverse bias.

With regard to effect on circuit operation, is the 0.7-volt drop across the
forward-biased silicon diode important? Does it adversely affect the circuit’s per-
formance? Well, many times we ignore the 0.7-volt drop when analyzing or even
designing circuits and get along quite well. But consider the circuit shown in Fig-
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FIGURE 7.1 Comparison of silicon and ideal diodes.

ure 7.2 very closely. What is the peak amplitude of the output voltage (vo)? Con-
trast the output voltage for both ideal and silicon diodes.

The ideal diode, of course, produces a peak output that is equal to the input
peak. The silicon diode, on the other hand, will drop 0.7 volts when it conducts,
leaving us with a maximum output voltage of Vpx - 0.7. Is that a problem? No, as
long as the input signal is fairly large. However, what if the peak input signal is
only 150 millivolts? You can see that the ideal diode will still produce the expected
output waveform, but the silicon diode will have no output because the input
never goes high enough to forward-bias the junction. Thus, the silicon diode acts
as a high impedance throughout the input cycle. In this case, that 0.7-volt differ-
ence between an ideal and a real diode makes the difference in whether or not the
circuit will even work.

Figure 7.3 shows how an ideal half-wave rectifier can be made by placing sil-
icon diodes in the feedback loop of an op amp. During the positive half cycle of
the input waveform, diode D, is forward-biased, making the feedback resistance
very low. Thus, the gain of the inverting amplifier is computed as

AVAS
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FIGURE 7.2 The forward voltage drop of a silicon diode can prevent rectification of small signals.
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FIGURE 7.3 A half-wave rediifier that simulates an ideal diode.

Additionally, since diode D, is reverse-biased, no current will flow through R,, so
the output signal (vo) will be 0.

On the negative half cycle, diode D, is forward-biased, completing the feed-
back loop through R,. Since the current through R, is identical to the current
through R, (ignoring bias currents), the voltage drop across R, will be identical to
the input voltage. The left end of R, is connected to a virtual ground, while the right
end provides the inverted rectified output signal.

It is important to see that the 0.7-volt drop across the diodes has no effect on
the output signal. Even if the input were only a few tenths of a volt, the circuit
would still produce a full amplitude output signal. This same principle is applied
to several of the circuits that follow. By including the diode in the feedback loop of
the op amp, we make the effects of its nonideal forward voltage drop disappear.

7.2

IDEAL RECTIFIER CIRCUITS

Both half- and full-wave ideal rectifier circuits can be made with standard silicon
diodes and an op amp. Figure 7.4 shows a dual half-wave rectifier. It is similar to
the circuit presented in Figure 7.3 with the addition of R; and R,. The two outputs,
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FIGURE 7.4 A dual, ideal diode, half-wave rectifier circuit delivering both positive and
negative outputs.
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one positive and one negative, can be used independently or combined in another
op amp to produce a full-wave, precision-rectified signal.

Operation

Since the op amp in Figure 7.4 is operated with closed-loop negative feedback, the
inverting (-) input pin is a virtual ground point. Thus, for practical purposes, one
end of resistors R;, R,, and R; is connected to ground. This means that the total
input voltage will be developed across R;, causing an input current to flow
through R;. Since negligible current will flow in or out of the (-) terminal, all of the
input current continues through either R; or R;.

On positive input alternations, electron current will leave the output termi-
nal of the op amp and flow through D, R;, and R, and out to the positive source.
Since resistors R, and R; are equal values, they will develop equal voltages, so we
can expect the voltage across R; to be the same as the input voltage. Because one
end of R; is grounded, the other end (vy,) provides a signal equal in amplitude to
the positive alternation of the input signal. However, because of the direction of
current flow through R;, the polarity of the vy, is inverted from v, and produces
negative half-wave waveforms.

During the negative alternation of the input cycle, electron current leaves the
source and flows through R;, R,, and D, and into the output of the op amp. Here
again, because resistors R, and R, have the same current and are equal in value,
they will have equal voltage drops. Thus, we expect to see a signal at v, that is the
same amplitude as the input. Additionally, as a result of the direction of the cur-
rent flow, the vp, output will provide a positive half-wave signal.

7.2.2 Numerical Analysis

The numerical analysis of the dual, half-wave rectifier circuit shown in Figure 7.4
is fairly straightforward. We will determine the following characteristics:

1. Maximum unclipped output signals
2. Voltage gain

3. Maximum input without distortion
4. Highest frequency of operation

Maximum Output Signal. Outputs vy, and vy, are one diode drop away
from the output of the op amp when their respective diode is conducting. There-
fore, the maximum amplitude that we can expect at outputs v, and vy, is 0.7 volts
less than the maximum output of the op amp. That is,

vol(max) = _VSAT + 07 (7.1)

Similarly, the maximum amplitude for the v, output is computed as

Om;m = +VSAT -0.7 (72)
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The manufacturer’s data sheet provides us with worst-case and typical val-
ues for the maximum output swing. The minimum output swing for loads of 2
kilohms or more is listed as +10 volts with a typical swing listed as +13 volts. The
typical value for loads of greater than 10 kilohms is +14 volts. For our current
analysis, let us use +13 volts as the maximum output swing with +15 volts V.
The maximum amplitudes for vp; and vp,, then, are computed as

Vo =-13V+07V=-123V, and
Vo =+13V-07V=+123V

Voltage Gain. The voltage gain on either half cycle is found using the basic
gain equation for inverting amplifiers, Equation (2.6). In our present case, both half
cycles will have the same gain because resistors R, and R; are the same value. We
will compute the voltage gain of the amplifier using R, as the feedback resistor.

Re R, 10kQ

AV:———z—-—z——-——-—-—:—-

R, R 10 kQ

For most applications, resistors R, and R; are equal, but this is not necessary if
unequal gains are desired.

Maximum Input without Distortion. We compute the highest input signal
that we can have without distorting the output by applying our basic amplifier
gain equation, Equation (2.1). As mentioned in the preceding section, both half
cycles have the same gain in this particular circuit. Let’s compute the maximum
input by using the maximum positive output signal:

Ay = Your , or
UiN
Uour
Ay
_ 123V
T
=-123V

VN =

Highest Frequency of Operation. The amplifier, in this case, is basically
amplifying sinewaves. In fact, the actual output terminal of the op amp will have
a sinusoidal waveform present, but, of course, the circuit can be used with non-
sinusoidal inputs as well. The bandwidth considerations of the amplifier are iden-
tical to those discussed in Chapter 2. The upper frequency limit will be established
by the finite bandwidth of the op amp or by the limits imposed by the op amp
slew rate. Since the amplifier is configured for unity voltage gain, we can expect
the bandwidth limitation to be similar to the unity gain bandwidth of the op amp.
The manufacturer’s data sheet lists this limit as 1.0 megahertz.

The slew rate will likely impose a lower limit unless we apply only very-
low-amplitude signals. Assuming that we intend to apply maximum-amplitude
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signals at some time, the highest frequency that can be amplified without slew
rate distortion is computed using Equation (2.11).

fort = slew rate
SKL mvo(max)
_ 05V/ps

T 314x26V

= 6.12 kHz
where vp(max) is the maximum swing on the output of the op amp and the 0.5-
volts-per-microsecond slew rate is given by the manufacturer for the 741 op amp.
So, if we expect to rectify maximum amplitude signals, we will be limited to 6.12
kilohertz or less. On the other hand, if the application uses only lower amplitude
signals, then a wider bandwidth can be expected.

7.2.3 Practical Design Techniques

Let us now design a dual, half-wave rectifier circuit that satisfies the following

design goals:
1. Peak input voltage 1250 millivolts to +5.0 volts
2. Peak output voltages +375 millivolts to +7.5 volts
3. Minimum input impedance 3000 ohms
4. Highest input frequency 25 kilohertz

Compute the Required Voltage Gain. The design goals give no indication
that we are to design for unequal gains on the two different half cycles. The required
amplifier gain, then, is computed by applying the basic gain equation, Equation (2.1).

29__375mV__

=15
v; 250 mV

V=

Of course, we could also have used the higher values of 5 volts and 7.5 volts for
input and output voltage, respectively. This calculation gives us the absolute
value of required voltage gain. By virtue of the circuit configuration, we know the
gain will be inverting (i.e., Ay = -1.5).

Select R;. You will recall from our discussions of amplifiers in Chapter 2 that the
input impedance of an inverting amplifier is determined by the value of input resis-
tor. In our present case, resistor R; must be large enough to satisfy the minimum
input impedance requirement. Additionally, there is little reason to go beyond a few
hundred kilohms. For the present design example, let us select R, as 20 kilohms.

Compute R, and R;. In our current design, resistors R, and R; will be equal
because the gains for the two half cycles must be equal. We compute the value of
R, (or R3) by applying a transposed version of the inverting amplifier gain equa-
tion, Equation (2.6).
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Ay = —%, or

R, = -Ay xR,
= —(-1.5) x 20 kQ
= 30 kQ

If this were not a standard value, we would have to choose a close value or some
combination of resistors to equal the required value.

Select D; and D,. These diodes are fairly noncritical and can be one of many
different diode types. There are two primary factors to consider when selecting
these diodes:

1. Average forward current
2. Peak inverse voltage

The highest reverse voltage that will be applied to either of the diodes is +Vg,r
(depending on the diode being considered). In most cases (including the present
case) the two saturation voltages are equal. Therefore, we will need to select a
diode with a peak inverse voltage rating greater than

Vplv(rating ) > VS AT (73)

Of course, in our particular case this means that we will need diodes with reverse
breakdown ratings of over 13 volts. This should be a simple task.

The average rectified current that flows through a particular diode is com-
puted with Equation (7.4).

Le = o.slsﬂ%e“—k—) (7.4)
1

For our present application, the average forward current is computed as

5V
I = (0318 —— =795
AVG 3 k0 J1%

Again, this rating is so low that most any diode should be capable of handling this
current. For our present design, let us use the common 1N914A diodes because of
cost and availability considerations.

Compute R,. Resistor R, helps to minimize the output offset voltage that is
caused by the op amp bias currents that flow through R;, R,, and R;. Its value
should be equal to the parallel combination of R; and either R; or R;. In the present
case, we compute R, as
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1
R4 = R1"R2 = "T““:"—f‘"“ = 12 kQ
20 kQ 30 kQ
Select the Op Amp. Two of the more important characteristics that must be
considered when selecting the op amp are

1. Unity gain bandwidth
2. Slew rate

The minimum unity gain bandwidth requirement can be estimated with Equation
(2.16) by substituting our actual closed-loop gain for Ag;:

AOL = fyﬁ , or
IN
fuc = Aorfin
=1.5x 25 kHz
= 37.5 kHz

The minimum slew rate for the op amp is computed by applying Equation 2.11.
The required slew rate for our present design is computed as

slew rate
mvo(max)’
slew rate = nfsp vo(max) = 3.14 x 25 kHz x15 V = 1.18 V/uS

fSRL =

The bandwidth requirement is easy to satisfy with nearly any op amp. The
1.18-volts-per-microsecond slew rate, however, exceeds the capabilities of the
standard 741 op amp, but the MC1741SC op amp will work well for this applica-
tion. Let us choose the latter device.

Figure 7.5 shows the final schematic of our dual, half-wave rectifier circuit.
Its performance is indicated by the oscilloscope displays in Figure 7.6. Figures

L VAV

30k0N D,
Re D,
300
LA e e AN
20k
v 1741SC
4
12knN

FIGURE 7.5 Final configuration of a dual half-wove rectifier circuit designed for 25
kilohertz operation.



Vo2

Voy

Ideal Rectifier Circuits 297

Low Input Voltage, Low Frequency
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FIGURE 7.6 Oscilloscope displays showing the performance of the circuit shown in Figure 7.5.

(Test equipment courtesy of Hewlett-Packard Company.)

{continued)



SIGNAL PROCESSING CIRCUITS

High Input Voltage, High Frequency
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FIGURE 7.6 Continved
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TABLE 7.1

Design Goal Measured Value
Input voltage 250 millivolts-5 volts (peak) 250 millivolts-5 volts (peak)
Output voltage 375 millivolts-7.5 volts (peak) 368 millivolts—7.8 volts (peak)
Input impedance 23.0 kilohms 20 kilohms
Input frequency 0-25 kilohertz 0-25 kilohertz

7.6(a) and 7.6(b) show the positive and negative outputs, respectively, with a 250-
millivolt peak input signal at a frequency of 1.0 kilohertz. Notice that the effect of
the 0.7-volt forward voltage drop of diodes D, and D, is nonexistent. Figures 7.6(c)
and 7.6(d) show the circuit’s response to a 25-kilohertz signal with maximum
input voltage. Finally, the actual performance of the circuit is contrasted with the
original design goals in Table 7.1.

7.3

7.3.‘

IDEAL BIASED CLIPPER

You may recall from basic electronics theory that a biased clipper or limiter circuit
has no effect on the input signal as long as it is less than the clipping or reference
voltage. Under these conditions, the input and output waveforms are identical. If,
however, the input voltage exceeds the clipping level of the circuit, then the out-
put waveform is clipped or limited at the clipping level. Figure 7.7 shows a basic
biased shunt clipper and its associated waveforms. We can make both series and
shunt, and both biased and unbiased, clippers with an op amp, just as we can with
simple diode circuits. The difference, however, is that the op amp version elimi-
nates the effect of the diode’s forward voltage drop (0.7 volts). This is a very
important consideration when processing low-amplitude signals.

Operation
Figure 7.8 shows the schematic diagram of an op amp version of the biased shunt-

clipper circuit. The basic purpose is similar to the simple diode clipper shown in
Figure 7.7, but because the effects of the diode’s forward voltage drop have been

. NYANRYAN

vo ov—LIN___ /X
Y

Vper+0.7V

v

I

(=) (b)

FIGURE 7.7 A simple biased shunt-clipper circuit. The output signal cannot go
above Ve +0.7 volts.
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FIGURE 7.9 The equivalent circuit
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R, v, OV /\ /\
v vV
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T
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Vi

4.7kx0 10k0

(a)

FIGURE 7.8 An ideal biased shunt-clipper circuit. The forward voltage drop of D, has no
effect on circuit operation.

eliminated, the circuit performs like an ideal clipper circuit. Potentiometer P, is
used to establish the reference voltage or clipping level on the (+) input pin.
Capacitor C, prevents fluctuations in the clipping level.

Let us first consider the operation of the circuit for input voltages that are
less than the value of the reference voltage. Under these conditions, the inverting
(-) input is always less positive than the noninverting (+) input of the op amp.
Therefore, the output of the op amp will remain at a positive level. The positive
voltage on the output of the op amp reverse-biases diode D, and essentially opens
the feedback loop. This allows the output of the op amp to go to +V,r and remain
there. With diode D, reverse-biased (essentially open), the op amp circuit has no
effect on the output signal.

Figure 7.9 shows the equivalent circuit under these conditions. We would
expect v to be identical to v; as long as we avoid excessive loading. The equiva-
lent circuit shown in Figure 7.9 does reveal a disadvantage of the shunt-clipper
circuit: It has a fairly high output impedance, which means either that it will load
easily or that we will have to follow it with a buffer amplifier.

Now let us consider circuit operation (Figure 7.8) for input signals that
exceed the reference voltage. Under these conditions, the output of the op amp
will start to move in the negative (i.e., less positive) direction. This causes diode D,
to become forward-biased and closes the feedback loop. With a closed loop, we
know that the voltage on the () input will be equal to the voltage on the (+) input
(i.e., +Vgep). Since the output is taken from this same point, it will therefore be
equal to + Vg under these conditions. In other words, as long as the input voltage
is more positive than + Vg, diode D, will remain forward-biased, and the voltage
on the (-) input and at the output of the circuit will remain at the + Vg level.

If diode D; is reversed, then the circuit will clip the negative excursion of the
input signal. Similarly, if the polarity of the reference voltage is reversed, the clip-
ping will occur below 0.

R,
2.7x0

Vo

v

for the clipper circuit shown in Figure
7.8 for input signals that are less than

+Vier-
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7.3.2 Numerical Analysis

Let us now extend our understanding of circuit operation to include the numerical
analysis of the circuit shown in Figure 7.8. We will compute the following charac-
teristics:

. Minimum and maximum clipping levels
. Highest frequency of operation

. Maximum input voltage swing

. Input impedance

. Output impedance

D b W IN =

Clipping Levels. The clipping level in the circuit is determined by the voltage
on the wiper arm of P,. When the wiper arm is in the extreme right position, the
reference voltage (and clipping level) will be 0 volts, as the wiper arm will be con-
nected directly to ground. The maximum clipping level will occur when the wiper
arm is moved to the leftmost position. Under these conditions, the reference volt-
age is determined by applying the basic voltage divider formula:

By
P +R,
10 kQ
10 kQ + 4.7 kQ

+Vrer = Vapp

=+15V

=102V

Highest Frequency of Operation. Because the feedback loop is essentially
open-circuited for a majority of the input cycle, the highest frequency of operation

is more dependent on slew rate than on the bandwidth of the op amp. As the fre-
quency increases, the output will begin to develop some degree of overshoot. That
is, the output will rise beyond the clipping level momentarily and then quickly
drop to the desired level. This overshoot is caused when the output of the op amp
switches more slowly than the input signal is rising. Thus, we continue to see the
full input waveform at the output until the amplifier actually switches. The
switching time, of course, is determined by the slew rate of the op amp. There is
no precise maximum frequency of operation. The upper limit is determined by the
degree of overshoot considered acceptable for a particular application. For pur-
poses of our analysis and subsequent design, we will consider a 1-percent over-
shoot to be acceptable. With this in mind, we can estimate the highest frequency of
operation as follows:

slew rate
+Vsar — Vigr(min))

fmax = 100( (7.5)
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For the circuit shown in Figure 7.8, we estimate the highest frequency of operation
(for a 1-percent overshoot) as

0.5 V/us

— " ” - 385 Hz
10013 V - 0 V)

fmax -

We can get higher operating frequencies either by accepting a higher overshoot or
by selecting an op amp with a higher slew rate.

Maximum Input Signal. During the time that D, (Figure 7.8) is reverse-
biased, the full input signal is felt on the (-) input of the op amp. The manufac-
turer’s data sheet indicates that the maximum voltage that should be applied to
this input is equal to the supply voltage. So, in the case of the circuit in Figure 7.8,
the peak input voltage should be limited to 15 volts.

Input Impedance. The instantaneous input impedance will vary depending
upon whether D, is forward- or reverse-biased. During the time it is forward-
biased (worst-case input impedance), the input impedance is determined by the
value of R, because the (-) input is a virtual AC ground point during this time.
When diode D, is reverse-biased, the input impedance is the sum of R, and the
input impedance of the following stage. As the first value will always be lower, we
will compute minimum input impedance as

Z(min) = R, (7.6)

For the circuit shown in Figure 7.8, the minimum input impedance is simply
Zn(min) = R, = 2.7 kQ

Output impedance. The output impedance also varies depending upon the
conduction state of D,. If diode D, is conducting, then the output impedance is
nearly the same as the output impedance of the op amp itself, which is a very low
value. On the other hand, when D, is reverse-biased, the output impedance is
equal to the value of R;. Since this latter value is always higher, we will use it to
estimate the output impedance.

Zoyr{max) = R, (7.7)

By using this value in the design of subsequent stages, we are assured that the sig-
nal will couple faithfully between stages on both alternations. In the case of the
circuit shown in Figure 7.8, the maximum output impedance is simply

Zour{max) = Ry = 2.7 kQ
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7.3.3 Practical Design Techniques

We are now ready to design an ideal biased shunt-clipper circuit similar to the one
shown in Figure 7.8. We will design to achieve the following performance goals:

1. Clipping levels +3 to -3 volts
2. Polarity of clipping Negative peaks clipped
3. Input frequency 100 hertz to 3 kilohertz

4. Minimum input impedance 8 kilohms

Compute the Reference Voltage Divider. Since the design requires bipolar
(£3 volts) clipping levels, we will use a voltage divider like that shown in Figure
7.10. The first step is to select a readily available potentiometer. Its value is not crit-
ical, but choices between 1 and 50 kilohms would be typical. If the potentiometer
is too small, the power consumption is unnecessarily high. If the value is too high,
then the nonideal op amp characteristics become more noticeable. Let us choose a
10-kilohm potentiometer for P;.

The values of R, and R; are computed with Ohm’s Law. By inspection
(Kirchhoff’s Voltage Law), we can see that these resistors have 12 (i.e., 15 - 3) volts
across them. Additionally, they have the same current flow as P,. This current is
also computed with Ohm’s Law by dividing the voltage across P, (6 volts) by the
value of P; (10 kQ). Combining all of this into equation form gives us

_B(V* ~ V)

(7.8)
VCU - VCL

R,

where V* is the +15-volt source, Vy; is the upper clipping level, and V is the
lower clipping level. Similarly, the equation for R; is

R3 - PI(V - VCL) (79)
VCL - VC u
+16V
Re
P, -3V to +3V
FIGURE 7.10 A voliage divider is Ry
used to provide the variable reference
voltage. -15V
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Applying these equations to our present design gives us the following results:

_10kQ15V-3V)

= 20 kQ, and

2= T3V o3 Y) o
10 kQ[-15 V - (-3 V

Rs = [3V 3; 1. 5010

Select R;,. The minimum value for R, is determined by the minimum required
input impedance (8 kQ in the present case). The upper limit depends on the op
amp selected, desired output impedance, and required immunity to nonideal
characteristics. It would be unusual to choose R, as anything greater than a few
tens of kilohms, since the resulting high-output impedance of the circuit would
make it difficult to interface. Let us select R; as a 9.1-kilohm standard value.

Select the Op Amp. The op amp can be selected by assuming that the ampli-
fier is passing strictly sinusoidal waveforms. Chapter 2 discussed this in more
detail, but the primary consideration is op amp slew rate. The required slew rate
can be estimated by applying Equation (7.5):

slew rate = 100fMAX[+VSAT - Vnﬁr(m)]
=100 x 3 kHz(+13 V - (-3 V))
= 4.8 V/us

This, of course, exceeds the 0.5-volts-per-microsecond rating of the standard 741, but
it does fall within the 10-volts-per-microsecond slew rate limit of the MC17415C. Let
us design around this device.

Select Dy. Diode D, must have a reverse breakdown voltage that is twice the
value of the supply voltage. In the present case, it must withstand 30 volts. The
current rating for D, is more difficult to determine, since it is partially determined
by the input impedance of the circuit being driven by the clipper. As we are deal-
ing with low currents, and as all of the diode current must be supplied by the op
amp, it is reasonable to select a diode with a current rating that is greater than the
short-circuit op amp current. The manufacturer’s data sheet lists the maximum
short-circuit current for the MC1741SC as +35 milliamps.

Many diodes will perform well in this application. Let us select the com-
mon 1N914A diode, which should be adequate under any probable circuit con-
ditions.

Compute C;. Capacitor C, helps to ensure that the reference voltage on the (+)
input of the op amp remains constant. Its value is not critical and may even be
omitted in many applications. A reasonable value can be computed by ensuring
that the reactance of C, is less than 10 percent of the resistance of the smaller of R,
or R; at the lowest input frequency. In our present case, these resistors are both 20
kilohms, so we compute the value of C, by applying the basic equation for capaci-
tive reactance.
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X = 5%%' or
C = —‘i—
2nfX,
C= !
6.28 x 100 Hz x 2 kQ
= 0.796 uF

We will select a standard value of 1.0 microfarad for our circuit.

The completed schematic of our shunt-clipper design is shown in Figure
7.11. The actual performance of the circuit is indicated by the oscilloscope displays
in Figure 7.12, and the actual circuit performance is compared with the original
design goals in Table 7.2.

R, /N /\
1IN914A
P . Y 7

Vi Dl

€y L | MC1741SC
Ve v ov /—}_, /\u
R, P, Rg Viar
+15V o—w\.—-—«}w——ﬁm—-o -15V
20k0  10kOQ  20k0 (a) (b)

FIGURE 7.11 A biased shunt clipper designed for variable clipping levels.
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FIGURE 7.12 Oscilloscope displays showing the actual performance of the shunt clipper shown
in Figure 7.11. (Test equipment courtesy of Hewlett-Packard Company.) {continued)
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High Frequency, Low Clipping Level
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FIGURE 7.12 Continued
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FIGURE 7.12 Continued
TABLE 7.2
Design Goal Measured Value
Clipping levels -3 volts, +3 volts -3 volts, +2.875 volts
Input frequency 100 hertz-3 kilohertz 100 hertz-3 kilohertz
Input impedance 28 kilohms >9.1 kilohms

7.4 IDEAL CLAMPER

Figure 7.13 shows a basic diode clamper circuit. Its purpose is to shift the average
or DC level of the input signal without altering the waveshape. Alternatively, an
application may require that the peaks of the signal be shifted to some new refer-
ence level. In either case, this is accomplished by clamping the peaks of the signal
to a fixed reference level. Either positive or negative peaks may be clamped, to
either a positive or negative reference level.

The operation of the simple clamper shown in Figure 7.13 is best understood
by starting when the input signal is at its negative peak (-10 V). At this instant, the
5-volt reference and the 10-volt source are series aiding. Since the only resistance in
the circuit is the forward resistance of the diode, capacitor C, quickly charges to 14.3
volts (negative on the left). That is, it charges to the combined voltage of the series-
aiding source and reference voltage minus the forward voltage drop across D,.
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FIGURE 7.13 A simple biased clamper circuit is used to shift the DC or reference level of
the input signal.

During all other portions of the input cycle, the diode will be reverse-
biased and effectively removed from the circuit. The output waveform, then, is
being taken across an open circuit (reverse-biased diode) and will be identical to
the “applied” signal. But what is the applied signal? It is now v, in series with
the charge on C,. Since C, has no discharge path, it acts like a battery. Therefore,
the output waveform will be the same as the input waveform, but will have a
positive 14.3 volts added to it. As the input signal passes through its 0 voltage
point, the output signal will be +14.3 volts. When the input is at +10 volts, the
output will be at a +24.3-volt level. And when the input returns to the negative
peak (~10 volts), the output will be at +4.3 volts. Any charge that has been lost
on the capacitor because of leakage will be replaced when the input passes
through its negative peak. As indicated by the resulting output waveform in
Figure 7.13, the output signal appears to have its negative peaks clamped to the
reference voltage (less a diode drop). Also, notice that the DC level of the out-
put is now at +14.3 volts DC. For this reason, the circuit is sometimes called a
DC restorer circuit.

If the diode is reversed, the positive peaks will be clamped to the reference
voltage. The reference voltage itself can be either positive or negative (even vari-
able).

Operation

The operation of the basic clamper shown in Figure 7.13 relies on the charging of a
capacitor through a diode. For low-amplitude signals, the diode drop (0.7 volts)
becomes significant. In fact, the circuit cannot be used at all if the peak input sig-
nal is below 0.7 volts, since the diode cannot be forward-biased. The circuit shown
in Figure 7.14 is called an ideal biased clamper because it performs as though the
diode were ideal (i.e., no forward voltage drop). This means that the circuit can be
used to clamp signals in the millivolt range.

Let us start our examination of the circuit in Figure 7.14 as the input reaches
the negative peak. This will cause the output of the op amp to go in a positive
direction and will forward-bias D;. The diode places a near short circuit around
the op amp and essentially converts the circuit into a voltage follower with refer-
ence to the (+) input. This means that the output of the op amp will be at approxi-
mately the same voltage as the reference voltage (actually 0.7 volts higher). The (-)
input of the op amp will also be at the reference voltage level. Capacitor C,
charges to the difference in potential between v, and the reference voltage felt on
the () input of the op amp. This action is similar to that described for the circuit in
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FIGURE 7.14 An ideal biased clamper circuit.

Figure 7.13, but notice the absence of a diode drop. The rate of charge for C; is lim-
ited by the value of R,.

For the remainder of the input cycle, the diode is reverse-biased. This effec-
tively disconnects the op amp from the circuit so the output will be the same as the
input plus the voltage across C,. Again, C; has no rapid discharge path, so it will
act as a DC source and provide the clamping action described previously.

In order for the clamper to be practical, it must drive into a very-high-
impedance circuit. For this reason, the clamper circuit shown in Figure 7.14 is
nearly always followed by a voltage follower circuit.

7.4.2 Numerical Analysis

For the purpose of numerically analyzing the behavior of the ideal biased clamper
circuit shown in Figure 7.14, let us determine the following characteristics:

1. Range of reference voltage adjustment
2. Maximum input voltage

3. Frequency range

4. Inputimpedance

5. Output impedance

Range of Reference Voltage. Both upper and lower limits for the reference
voltage (at the wiper arm of P;) may be found by applying the basic voltage
divider equation. The minimum voltage occurs when P, is moved toward the
minus 15-volt source and is computed as

. R,
Vi =V + V| ———
rerp(mMin) T(Rl TR+ Pl)

=-15V +30 V( 10 ka2 ]

10 kQ + 10 kQ + 10 kQ
=5V
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The maximum reference voltage is found in a similar manner. That is,

R,
1% =Vt -V —2
rer (Max) T(Rl TR, + Pi/
' 10 kQ )
= V-
WV =30 V(lO k2 +10 kQ + 10 kQJj
=+5V

Maximum Input Voltage. On the positive peak of the input signal, the (-)
input of the op amp will be at a voltage that is higher than v{peak) by the amount
of charge on C,. The value of the voltage on the (-) input is equal to the peak-to-
peak amplitude of the input signal plus the reference voltage.

The manufacturer’s data sheet tells us that the maximum voltage on the (-)
input pin of the op amp is equal to the supply voltage (+15 volts). Therefore, the
maximum input signal is given as

v(peak-to-peak) = V* — Vppr(max) (7.10)

If the diode were reversed, V- and Vggp(min) would be used to calculate the maxi-
mum input signal. In our particular circuit, the maximum input signal is com-
puted as

vi(peak-to-peak) =15V — 5V =10 V peak-to-peak, or

2, (RMS) = Ei—ol—zﬁ - 3.54 V(RMS)

Frequency Range. During the majority of the input cycle, capacitor C, is
slowly leaking off charge. There are three paths for this discharge current:

1. Op amp bias current for the (-) input
2. Reverse leakage current through D,
3. Current through the input impedance of the following stage

Since all of these currents are variable with voltage, temperature, frequency, and
so on, the computation of a minimum operating frequency is not straightforward.
Once the actual current values are known for a particular circuit under a certain
set of conditions (presumably worst case), then the lower frequency limit will be
determined by the amount of allowable discharge for C,. That is, C, ideally main-
tains its full charge at all times unless the input signal changes amplitude. If C, is
allowed to discharge excessively during a cycle, the circuit will begin to clip the
negative peaks of the signal, and the output amplitude will begin to drop.

We can obtain a rough estimate of the lower cutoff frequency if we can esti-
mate the effective discharge resistance (Rx) seen by C,. This can be approximated



Ideal Clamper 311

by finding the parallel resistance of the (-) input, the diode’s reverse resistance,
and the input resistance of the following stage. All of these values are computed
using DC parameters. For our present example, let us assume that the output of
the clamper is driving a standard 741 configured as a voltage follower. First, we
compute the reverse resistance of the diode. The manufacturer’s data sheet indi-
cates that the diode will have about 25 nanoamperes of reverse current with 20
volts applied. From this we can estimate the reverse resistance as

20V
P25 nA

= 800 MQ

The effective DC resistance of the (-) input can be estimated from the bias current
data provided by the manufacturer. The data sheet indicates that the bias current
will be about 300 nanoamperes (at 0°C). We can assume a worst-case voltage equal
to the maximum peak-to-peak input (10 volts in our case). Thus, Ohm'’s Law will
allow us to estimate the effective resistance of the (-) input as

o = 10V _ 333 Mo
300 nA

Finally, the approximate DC resistance of the (+) input of a standard 741 con-

nected as a voltage follower (not shown in Figure 7.14) can be computed. The data

sheet indicates a maximum bias current of 800 nanoamperes. Again, we will

assume a voltage equal to the highest peak-to-peak input. Our estimate for the

input resistance of the follower stage is, then,

Rop = =2V _ 667 MO
1500 nA

The value of Ry is simply the parallel combination of these three estimated resis-
tances. That is,

Ry = Rp,|ReIRvr

1
1 + 1 . 1
800 MQ 333 MQ 6.67 MQ

=55 MQ

Finally, the lower frequency limit of the clamper can be estimated with Equation
(7.11).

16.7
RxG,

(7.11)

-
1]
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This equation is derived by considering the tilt characteristics of a square-wave
input. For the circuit being considered, the low-frequency limit is estimated as

167 167

= = =3 Hz
RyC 55 MQx1uF

fu

The high-frequency limit of the circuit shown in Figure 7.14 is not well defined
and is dependent on the application. To understand the effects of increasing input
frequencies, consider that the input capacitor charges on the negative peak of the
input waveform. This occurs when the output of the op amp goes positive and
forward-biases diode D;. As frequency is increased, however, the output of the op
amp begins to experience increasing delays. In other words, the action on the out-
put of the op amp occurs after the corresponding point on the input. This delay is
caused partially by the internal phase shift of the op amp and partially by the
effects of slew rate limiting. In any case, the result is that C, is charged at some
point after the negative peak, which means that it won’t be able to fully charge.
This effect is evident on the output waveform as a reduction in the average DC
level; it becomes worse the higher the input frequency goes.

This effect is clearly illustrated in Figure 7.15. The sinusoidal waveform is
the input signal. The second waveform is the actual output pin of the op amp, and
the capacitor charges during the uppermost portion of this latter waveform. Fig-
ure 7.15(a) shows the circuit response to low-input frequencies (100 Hz). Notice
that the capacitor charging time occurs at the negative peak of the input signal.
Figure 7.15(b) shows the same circuit with a higher input frequency (100 kHz).
The charging point for the capacitor (positive peak on the output waveform) is
now delayed and occurs after the negative peak of the input.

Input Impedance. The input impedance of the circuit varies with the input fre-
quency and with the state of the circuit. As frequency increases, the reactance of C;,
decreases and lowers the input impedance. Additionally, during diode D;’s conduc-
tion times, the (-) input of the op amp is essentially an AC ground point; however,
during the remainder of the cycle this same point is at a high-impedance level.

For our present analysis, we will consider the absolute minimum input
impedance to be equal to the value of R;.

Output Impedance. The output impedance also varies with frequency and
state of the circuit. During the charging time of C,, the output impedance is quite
low, but during the remainder of the cycle the impedance is determined by C, and
R,. In the present circuit, the maximum output impedance at the lower frequency
limit (3 Hz) is approximately

Zo = X%, + RZ = /(53.08 kQ)? + (100 Q)? = 53.08 kQ

For reliable operation, the circuit must drive into a very high impedance. This
requirement is normally met by using a voltage follower buffer immediately after
the clamper circuit. In any case, the input impedance of the following stage should
be at least 10 times the output impedance of the clamper at the lowest input fre-
quency.
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FIGURE 7.15 Oscilloscope displays showing the effects of internal delays and slew rate limit-
ing on the operation of the biased clamper circuit. (Test equipment courtesy of Hewlett-Packard

Company.)
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Practical Design Techniques

Let us now design an ideal biased-clamper circuit that performs according to the
following design goals:

1. Minimum input impedance 1.1 kilohms

2. Input voltage range 500 millivolts through 2 volts (peak)
3. Reference levels -1.0 volt through +2 volts

4. Minimum input frequency 20 hertz

Computation and selection of all components other than C, is similar to the meth-
ods described previously for the biased shunt clipper and will not be repeated
here. The value for capacitor C, can be determined by applying Equation (7.11).

16.7
= or

fi R.C,

16.7

"R

~ 16.7
" 55 MQ x 20 Hz

= 0.152 uF

where Ry was computed in a preceding paragraph. We will use a standard 0.15-
microfarad capacitor for C,.

The final design for the ideal biased clamper is shown in Figure 7.16. Its per-
formance is indicated by the oscilloscope displays in Figure 7.17, where Figure
7.17(a) shows the circuit response for a minimum amplitude, minimum frequency
input signal, and a minimum reference level. The output signal is just beginning to
clip on the negative peaks. If this is critical in a particular application, simply
increase the size of C,. Figure 7.17(b) shows the other extreme—maximum input
signal and maximum reference level at a higher frequency (5 kHz). Table 7.3 con-
trasts the actual measured performance of the circuit with the original design goals.

Ca (____ARA’A, 1IN914A v oV VANEVAN
015 F 1.2k0 _:D-N'——"'o l NNV V4

Dy
Ci L 11741sC
22iF T /\ /\
Ry P, R ov
+15V V A———ANA—0 ~15V L A  —— 4

43k 10k0  47k0
(a)

(b)

FIGURE 7.16 Final schematic of an ideal biased clamper-circuit design.
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FIGURE 7.17 Oscilloscope displays showing the performance of the clamper circuit shown in
Figure 7.16. (Test equipment courtesy of Hewlett-Packard Company.)
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TABLE 7.3
Design Goals Measured Values

Minimum input impedance 1.1 kilohms 1.2 kilohms
Input voltage range 500 millivolts—2 volts (peak) 500 millivolts—2 volts (peak)
Reference levels -1 volt-2 volts (peak) -0.76 volts-2 volts (peak)
Minimum input frequency 20 hertz 20 hertz

7.5 PEAK DETECTORS
It is often necessary to develop a DC voltage that is equal to the peak amplitude of
an AC signal. This technique is used for many applications, including test equip-
ment, ultrasonic alarm systems, and music synthesizers. As with the other circuits
presented earlier in this chapter, the peak detector simulates an ideal diode by
including it in the feedback loop of an op amp.

7.5.1 Operation

Figure 7.18 shows the schematic diagram of an ideal peak detector circuit. As the
dotted lines in the figure indicate, the circuit is essentially an ideal clipper (an
inverting clipper was discussed earlier in this chapter), followed by a parallel
resistor and capacitor and driving a voltage follower (discussed in Chapter 2). You
will recall from the discussion on ideal clippers that the output of the clipper por-
tion of the circuit will be a positive half-wave signal that is equal in amplitude to
the peak of the input signal. Because C, is connected to this same point, it will be
charged to this peak voltage.

The time constant for charging C, is very short and primarily consists of C;
and the forward resistance of the diode. Thus, C, charges almost instantly to the
peak output of the clipper circuit. When the output of the clipper starts to decrease
(as it goes beyond the 90° point), diode D, becomes reverse-biased. This essen-

Ideal Clipper

b ¥

-

"

FIGURE 7.18 An ideal peak detector circuit develops a DC output that is equal to the peak input
voltage.
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tially isolates capacitor C; and leaves the charge trapped. The only discharge path
for C, is through R; and via leakage or op amp bias currents. In any case, the time
constant is much longer than the charge time constant, so C, holds its charge and
presents a steady input voltage to A, that is equal to the peak amplitude of the
input signal. A,, of course, is simply a buffer amplifier and prevents unintentional
discharging of C, caused by loading from the following circuit.

Resistor Rs is the primary discharge path for C;. If the input signal reduces its
average (i.e., long-term) amplitude, then C; must be able to discharge to the new
peak level. If the RsC, time constant is too short, then the voltage on C; will not be
constant and will have a high value of ripple. On the other hand, if the RsC, time
constant is too long, then the circuit cannot respond quickly to changes in the
input amplitude. This characteristic is called fast attack (since C; responds quickly
to amplitude increases) and slow decay (since C, is slow to respond to signal
amplitude decreases).

Resistor R; limits the current into the (+) input of A, when power is discon-
nected from the circuit. Without this resistor, the input circuitry for A, may be
damaged as C, discharges through it. For capacitors smaller than 1 microfarad,
resistor R; can normally be omitted. Resistor R, is to minimize the effects of bias
currents in A,. As in past circuits, we try to keep the resistance equal for both op
amp inputs.

Resistor R, limits the current into the (-) input of A; when power is removed
from the circuit. Again, this current comes from the discharge of C;. Resistor R, is
to minimize the effects of bias currents in A; and should be the same size as R,.

7.5.2 Numerical Analysis

The basic numerical analysis of the clipper and buffer amplifier portions of the cir-
cuit (both voltage follower circuits) were presented in Chapter 2, and will not be
repeated here. Two additional characteristics that we want to analyze are

1. Lower frequency limit
2. Response time

Lower Frequency Limit. The lower frequency limit is the frequency that
causes the ripple voltage to exceed the maximum allowable level (determined by
the design requirements). It can be estimated by applying the basic discharge
equation for capacitors, which is

1
RiC, 1n[V - VO}
v

f= (7.12)

where V, is the initial charge of the capacitor (V,), V is the voltage to which the
capacitor will discharge (assumed to be 0), and v is the minimum allowable volt-
age on the capacitor. For this discussion, the lower frequency limit will be consid-
ered to be the frequency that causes the ripple voltage across C; to be 1 percent of
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the DC voltage. Having made this definition, we can apply a simplified equation
to determine the lower frequency limit:

fo= RC, (7.13)

In the case of the circuit in Figure 7.18, we estimate the lower frequency limit as

100

= o =100 Hz
100 kQ x 10 uF

f

Response Time. Response time describes how quickly C; can respond to
decreases in the amplitude of the input signal. Here again, this can be computed
from the basic discharge equation. However, if we assume that the capacitor is
charged to peak and discharges toward an eventual value of 0, then we can use the
simplified form, Equation (7.14).

_ Ok (0ld)
tr = RsC; m[vn(new)] (7.14)

where vpi(0ld) is the peak input signal amplitude before the decrease, and vpg(new)
is the peak input signal amplitude after the decrease. For example, let us deter-
mine how quickly the circuit shown in Figure 7.18 can respond if the input signal
drops from 2.5 to 1.2 volts peak. We apply Equation (7.14) as follows:

25V
tR =100 kQ x 10 ,llP lnlimJ = 734 ms

7.5.3 Practical Design Techniques

Let us now design an ideal peak detector circuit similar to the one shown in Figure
7.18. It should satisfy the following design goals:

1. Input frequency range 300 to 3000 hertz

2. Peak input voltage 1 to 5 volts
3. Response time <200 milliseconds
4. Ripple voltage <3 percent

Select the Clipper Op Amp. The minimum unity gain bandwidth is the same
as the upper input frequency, since A, is essentially operated at a closed-loop gain
of 1 (when the rectifier conducts).

The minimum slew rate for the op amp is computed by applying Equation
(2.11). On the negative alternation of the input cycle, the output of A; will go to
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~Vsar, since D, will be reverse-biased and the op amp will be operating with open-
loop gain. On the positive alternation, the output may have to go as high as 5.7
volts. That is, vpx of the input plus the forward drop of D;. Thus, the maximum
output swing for purposes of determining the slew rate requirement is +5.7 - (-13)
= 18.7 volts. The required slew rate for our present design is computed as

slew rate
e OF
oo (max)

fSRL =

slew rate = afgp, vo(max)
=314x3kHzx187V
=0.176 V/us

Both bandwidth and slew rate requirements are easily satisfied with the standard
741 op amp. Let us choose to use this device.

Select the Buffer Amplifier. The buffer amplifier has even less stringent
requirements because it is amplifying a DC signal; therefore, we will not be con-
cerned about bandwidth or slew rate limitations. If the application is critical with
regard to DC drift, then we can select an op amp to minimize this characteristic.
For the present design, however, let us employ the basic 741 device.

Select D,. The peak inverse voltage of D; will be equal to the difference
between —V;,4r and the maximum peak input voltage. This difference in potential
will exist when C; has charged to the maximum peak voltage and the output of A,
swings to —Vs,r on the negative alternation. In equation form, the peak inverse
voltage of the diode is determined with Equation (7.15).

Vp(rating) 2 Vpg(max) — (=Vgar) (7.15)

In the case of the circuit being designed, the PIV rating of the diode is computed as
Vey=5V-(-13V) =18V

The average current for D, is nearly negligible, since it only conducts enough to
recharge capacitor C;, and because C, loses very little charge between consecutive
cycles. The instantaneous current through D,, however, might be considerably
higher when power is first applied to the system and C,; is being charged initially.
The safest practice is to insure that D, can survive the short-circuit current of A;.

For our present design, let us use a 1IN914A diode for D;. This easily meets
both the PIV and instantaneous current requirements.

Compute R; and C,. There are two conflicting circuit parameters that affect
the choice of values for R; and C;: allowable ripple voltage across C; and response
time. It is possible to establish values for these parameters in the initial design
goals that cannot be physically implemented. In general, a faster response time
leads to greater ripple.
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For design purposes, we will independently compute the required values for
Rs and C; to satisfy the ripple and the response time criteria. We will then make a
judgment as to the optimum choice of values.

The minimum required RC time constant based on the ripple specification
can be found by applying Equation (7.12). (We could use Equation (7.13) if the rip-
ple goal were 1 percent.)

1
fL-Rc vov]”
sC; In V-2
1
RsC, =
541 p V-V,
L V—'UC
= 10 LT = 109.4 ms
300 Hz x In| —————
i [0—4.85V}

Any RC time constant that is longer than this minimum value will satisfy the rip-

ple goal.
The maximum RsC, time constant based on the response time design goal can

be found by applying Equation (7.14).

— RC, In| Do)
fr = RsGIn [vpk(new)

In Vex(old)

RC; = ——1B
_VPK (TICW):I

200 ms

5V
Inj —
—1V}

= 124.3 ms

Any RC time constant that is less than this value will satisfy the response time
requirement.

At this point, we must choose values for Rs and C; such that the RC time con-
stant falls within the above window (i.e., 109.4 ms < RsC; < 124.3 ms). Addition-
ally, we don’t want to use resistor values smaller than a few kilohms or larger than
the low megohms. In the present case, let us select a standard value of 1.0 micro-
farad for C,. The limits for Rs can then be computed as

= 1094 kQ, and
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Let us select a standard value of 120 kilohms for R:.

Compute R;, Ry, Ry, and Ry. For our purposes, the exact values of these four
resistors are noncritical and any value in the range of 2 to 100 kilohms will suffice.
It is important, however, that R; = R, and that R; = R,. Let us arbitrarily choose all
four resistors to be 10 kilohms.

This completes the design of our ideal peak detector circuit. The final
schematic is shown in Figure 7.19. The waveforms that indicate its performance are
presented in Figure 7.20. Figures 7.20(a) and 7.20(b) show the output response for
minimum and maximum input conditions. Figure 7.20(c) illustrates the ripple volt-

R,
10k0
et 03
Ap
FIGURE 7.19 Final design of an ideal peak detector circuit.
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FIGURE 7.20 Oscilloscope displays showing the actual performance of the peak detector circuit
shown in Figure 7.19. {Test equipment courtesy of Hewlett-Packard Company.) {continued)
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High Input Voltage, High Frequency
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FIGURE 7.20 Continued
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FIGURE 7.20 Continued

age across C;, and the response time is measured in Figure 7.20(d)—here a square-
wave input is applied and the time for the capacitor to discharge from 5 to 1 volt is
measured. The design goals are compared with the measured results in Table 7.4.

TABLE 7.4
Design Goal Measured Value
Input voltage 1-5 volts peak 1-5 volts peak
Frequency range 300-3000 hertz 300-3000 hertz
Ripple voltage <3 percent 2.97 percent
Response time <200 milliseconds 190 milliseconds
7.6 INTEGRATOR

The integrator is one of the fundamental circuits studied in basic electronics. Its op
amp counterpart is also an important circuit for many signal processing applica-
tions. As you may recall, an integrator produces an output voltage that is propor-
tional to both the duration and amplitude of an input signal. For example, if the
input were a pulse waveform, then the output would be a voltage that was pro-
portional to the amplitude and pulse width of the input signal. In essence, the
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integrator computes the area (height x width) of the input signal. This corre-
sponds to the mathematical operation in calculus called integration.

The integrator may also alter the shape of the input waveform. For example,
a square wave will be converted to a triangular wave in the process of being inte-
grated. When integrated, a triangle wave will produce a parabolic waveform that
very closely approximates a sinewave. In the case of a sinewave input, the output
will still be sinusoidal but may be shifted in phase and reduced in amplitude. For
sinewave inputs, the integrator acts as a simple low-pass filter.

Operation

Figure 7.21 shows the schematic of an op amp integrator circuit. If you mentally
open capacitor C; (which is open for DC signals, anyway), you will see that the cir-
cuit is a simple inverting amplifier circuit. Resistors R, and R, determine the volt-
age gain of the circuit, and resistor R; is to minimize the effects of bias current.
Recall that the (-) input of the op amp is a virtual ground point.

Now suppose that a step voltage is applied to the input terminal. This will
cause a current to flow through resistor R,. Since the current flowing in or out of
the (-) input is negligible, we will assume that all of the current flowing through
R; continues through R, and C;. Now, the voltage across R, and C,; can only
increase as fast as capacitor C; can take on a charge. When the input voltage first
makes a change in amplitude, the current resulting from this voltage change is
routed entirely through C,. (Since the voltage across R, does not change instantly,
neither can the current.) As the capacitor accumulates a charge, the current
through R, begins to change. The circuit, however, is designed to ensure that the
current through R; is never allowed to be a substantial part of the capacitor cur-
rent. As long as the input voltage is constant, the capacitor current is constant. As
long as the input returns to its original state before the capacitor has had time to
accumulate excessive voltage, this discussion is valid.

With a constant current through the capacitor, we will generate a linear ramp
of voltage across it (and therefore at the output of the op amp). With a square-
wave input, the capacitor will periodically charge and discharge with equal, but
opposite polarity, currents. This, of course, produces a triangle wave at the output.

Resistor R, is included in the circuit to reduce the gain at low frequencies
(DC in particular). Without R, the bias currents (small as they are) would eventu-
ally charge C; and cause an undesired DC offset in the output. This offset may
even cause the amplifier to go into saturation. In terms of AC circuit theory, we

Cy1,, 0.014F
i
R,
) Wiy V7 — |
Ry 270k
vl ;'—'"AVAVAV g
27x0 741 —i
+
Ry
24k}

FIGURE 7.21 A basic op amp inte-
grator circuit. =



7.6.2

Integrator 325

ensure that the reactance of C; is less than 10 percent of the value of R, at the low-
est frequency of operation. This makes certain that the majority of the current will
be used to charge and discharge C;.

Numerical Analysis

Let us analyze the circuit shown in Figure 7.21 and determine the following circuit
characteristics:

1. Lowest frequency of operation
2. Highest frequency of operation

Many other characteristics (e.g., input and output impedance) are analyzed in the
same way as a simple inverting amplifier (Chapter 2).

Lowest Frequency of Operation. The lower frequency limit of the integrator
circuit shown in Figure 7.21 is the frequency that causes the capacitive reactance of
C; to be equal to one-tenth of R,. This is computed with the basic capacitive reac-
tance equation.

f

~ 2CX,
_ 1
" 6.28 x 0.01 iF x 27 kQ

= 590 Hz

This is not an ultimate limit, however. As the frequency is reduced below this
value, the operation of the circuit becomes progressively less like an integrator
and more like an inverting amplifier. Finally, at DC, it is an inverting amplifier.

Highest Frequency of Operation. The upper frequency limit is dependent
on the characteristics of the op amp. In particular, the upper operating frequency
will be the lower of the frequencies that are established by the bandwidth or slew
rate of the op amp. Both of these considerations were discussed in greater detail in
Chapter 2. For many applications, however (including worst-case design consid-
eration), the upper limit will be set by the slew rate of the op amp. This is com-
puted with Equation (2.11) as

slew rate
Vo (max)

fSRL =

_ 05V/ps

3.14x26V
= 6.12 kHz
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7.6.3 Practical Design Techniques

We will now design an op amp integrator that will perform according to the fol-
lowing design goals:

1. Input frequency 300 hertz to 20 kilohertz
2. Input impedance 21000 ohms
3. Input voltage 2 to0 6.5 volts peak

Select the Op Amp. The first criteria for op amp selection is the upper fre-
quency limit. That is, both slew rate and bandwidth considerations must allow the
circuit to operate at the upper frequency specified in the design goals. Unless the
circuit is specifically designed to handle small-amplitude signals, it will be the slew
rate that limits the upper frequency of operation. In the present case, we will deter-
mine the required op amp slew rate by applying Equation (2.11).

slew rate

for = nvo(max)’

slew rate = fsy wvo(Max)
=20 kHz x3.14x26 V
=1.63V/us

This exceeds the 0.5-volts-per-microsecond slew rate of the standard 741, but it is
well within the capabilities of the MC17415C.

Another op amp characteristic generally considered in op amp integrator
design is the bias current. In general, the lower the frequency of operation, the
more problems caused by bias currents. If very low frequencies of operation are
needed, it is wise to select an op amp that has particularly low bias currents. For
purposes of the present design, however, let us opt to use the MC1741SC device.

Compute R,. It is important that the input current to the circuit be much
greater than the op amp bias current. Let us choose the input current to be at least
1000 times the worst-case bias current. The manufacturer’s data sheet lists the
maximum bias current as 800 nanoamperes. Thus, we will establish our input cur-
rent at 1000 x 800 nanoamperes, or 800 microamperes.

We can now compute the value of R, using Ohm'’s Law.

2V

= =25 kQ
800 LA

1

As long as this value exceeds the minimum input impedance requirement,
then it may be used as calculated. Otherwise, it should be increased to satisfy the
impedance requirements. If a substantial increase is needed in order to establish the
correct input impedance, an op amp with a lower bias current should be selected
and R, recalculated. For our design, let us use a standard 2.4-kilohm resistor for R;.
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Compute C,. The basic electronics equations for charge (Q = CVand Q = If) can
be set equal to each other and manipulated to give us our equation, Equation
(7.16), for C,.

]
I (7.16) |

C, =
Y 2Vearfr

|
i

where f; is the lowest input frequency and 7, is the maximum input current. The
maximum input current is computed with Ohm’s Law as

vi(max) 6.5V

ij(max) = =27 mA
imax) = == = 570 ™
For our current design, we compute C, as
) 2.7 mA 0346 uF

T 2x13Vx300 Hz

We will use a standard 0.33-microfarad capacitor for C;. A low-leakage type of
capacitor should be chosen.

Compute R,. Resistor R; is chosen to have a resistance of at least 10 times the
capacitive reactance of C, at the lowest input frequency. We simply apply the basic
capacitive reactance equation to compute R,.

10 10

= = 16 kQ
2nfC,  6.28 x 300 Hz x 0.33 uF

R2=

Compute R;. Resistor R; is computed as the parallel combination of R, and R,.

That is,
1
R; = R1||R2 =—g 71 = 2 kQ
J— + ———
24 kQ 16 kKQ
C,,, 0.334F
¢
R’AAA
R, vlvin
VI e AAA, -
2.4k0 >—-—— Vo
MC1741SC
Ry
2k0

FIGURE 7.22 Final schematic of an
integrator circuit design. =
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Low Frequency, Moderate Duty Cycle
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FIGURE 7.23 Oscilloscope displays showing the performance of the integrator circuit shown in
Figure 7.22. (Test equipment courtesy of Hewlet-Packard Company.)
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High Frequency, Lower Duty Cycle
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FIGURE 7.23 Continued
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The completed integrator design is shown in Figure 7.22, and the circuit wave-
forms are presented in Figure 7.23. Figure 7.23(a) shows the response of the cir-
cuit at 300 hertz; notice the linearity of the ramp waveform. Figures 7.23(b) and
7.23(c) show the circuit response to 20-kilohertz signals. The integrator action
has essentially eliminated the observable waveform, but comparison of Figures
7.23(a) to 7.23(c) will clearly show the circuit’s response to changes in duty cycle.
Figure 7.23(d) illustrates the circuit’s response to a 6.5-volt peak input signal.

7.7

7.7.1

DIFFERENTIATOR

The differentiator is another fundamental electronic circuit and is the inverse of
the integrator circuit. In terms of mathematics, it produces an output signal that is
the first derivative of the input signal. In more intuitive terms, the instantaneous
output voltage is proportional to the instantaneous rate of change of input volt-
age. If, for example, we apply a linear ramp voltage to the input of a differentiator,
we will expect the output to be a DC level since the rate of change of input voltage
is a constant value. Similarly, if we apply a sine wave to the differentiator, the out-
put will also be sinusoidal in shape but will be shifted in phase by approximately
90 degrees since the maximum rate of change of a sine wave occurs as it passes
through the 0° and 180° points.

Operation

Figure 7.24 shows the schematic diagram of an op amp differentiator circuit. From
basic electronics, we know that the current through a capacitor is directly propor-
tional to the rate of change of applied voltage. This is evident from the equation
for capacitive current.

¢ R 12.5k0

AAA
Vi VVv -

0.1uF 2200 . - Vo

Ra

produces an output voltage that is
proportional to the rate of change of
input voltage (i.e., v,y = k(dv/dt)). = =

FIGURE 7.24 A differentiator 1.0 FF I jlz  sk0
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which shows that the opposition to current flow decreases as the frequency (rate
of change of voltage) increases. In the case of the circuit shown in Figure 7.24, we
can expect capacitor C; to have greater currents for input voltages that change lev-
els more quickly. Any current that flows through the capacitor must also flow
through R, because of the series connection. Since no significant current flows in
or out of the (=) input, we can conclude that the current through R, will aiso be the
same as the input current and will be proportional to the rate of change of input
voltage. The left end of R, is connected to a virtual ground point; therefore, the
voltage across it is the output voltage of the op amp and is determined by the rate
of change of input voltage.

The differentiator circuit is inherently unstable and prone to oscillation
because the input impedance decreases with increasing frequency. Recall that the
gain for an inverting op amp is determined by the ratio of the impedance in the
feedback path to the input impedance. Since the input impedance decreases with
frequency, it will cause the gain to increase at high frequencies. Even though the
actual input signal frequency may be relatively low, there are always high-
frequency noise signals present. If the gain were allowed to increase excessively at
high frequencies, these noise signals would interfere with the desired output and
could cause oscillation in the circuit. To prevent this gain, we include capacitor C,
in the feedback path. This capacitor tends to bypass resistor R, at noise frequen-
cies, thus reducing the circuit gain and improving the circuit stability. Addition-
ally, resistor R, works to increase the stability by ensuring that the input
impedance has a practical minimum limit regardless of the frequency.

Resistor R, reduces the effects of the op amp bias current. As with previous
circuits, we make R; equal to R, so that the DC resistance in both op amp terminals
is the same. Capacitor C; simply bypasses R; at high frequencies, which further
minimizes the circuit’s response to noise frequencies.

Numerical Analysis

Since the output voltage of a differentiator circuit is determined by the rate of
change of input voltage, we want to know the maximum rate of change of input
voltage that can be applied to the circuit without driving the circuit into satura-
tion. We can estimate this rate by applying Equation (7.17).

Avy _ Vear

|

For the circuit shown in Figure 7.24, we estimate the maximum rate of change of
input voltage as

Ao BV 10.4 V/ms
At 125 kQ x 0.1 uF

The input impedance is a rather complex issue because it varies with frequency
and is affected by several components. Nevertheless, the absolute minimum
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impedance is established by R;. In practice, the actual minimum impedance may
never go as low as that but it is a good approximation for worst-case analysis.

The output impedance increases with frequency, but can still be estimated as
described in Chapter 2 for inverting amplifiers.

Practical Design Techniques

We will now design a differentiator circuit that will satisfy the following design
goals:

1. Input waveform Triangle (dual ramp)

2. Input voltage *2 volts

3. Input frequency 2 kilohertz

4. Output voltage +10 volts for the given input signal
5. Op amp 741

Compute R,. Resistor R, is selected to establish the basic range of operation. A
good rule of thumb for the initial selection of R, is given by Equation (7.18).

R, = 2v6(max) (7.18)

ISC

where v3(max) is the highest expected output voltage and I is the short-circuit
current rating of the op amp. For our present design, we compute R, as

_25x10V

) = =125 kQ
20 mA

We will select the nearest standard value of 12 kilohms.

Compute C;. The time constant for R,C, is determined by the expected rate of
change of input voltage as compared to the resulting output voltage. In equation
form, we can compute the value of C; as

_ v (max)At

G
RZ Av i

(7.19)

Utilization of this equation requires us to know the rate of change of input voltage.
The design specifications tell us that we will have a ramp voltage that goes from
~2 volts to +2 volts and back at a frequency of 2 kilohertz. Thus, the Av; is 4 volts
(ie., -2V to +2V), and the At is one half of the period (f) of one input cycle. That is,

At=£=—l-=——}—;=250us
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We can now compute C; with Equation (7.19) as

10 V x 250 ps
S0V X204 _ 050
T D kaxavV HE

Let us plan to use a standard 0.05-microfarad capacitor for C;.

Compute R,. Resistor R; should equal the reactance of C; at a frequency higher
than the normal operating frequency. In this way, R, has minimal effect for the
normal input signal but becomes effective for higher frequencies (noise). We can
compute a reasonable value for R, with Equation (7.20).

-

{ |
| |

J; R, = ’nclf} (7.20) |
uG
f

]

where fy;c is the unity gain frequency of the op amp. For the present application,
we can compute the value of R; as follows.

R, = 12 ko = 2765 Q
314 x 0.05 uF x 1 MHz

We will use the nearest standard value of 270 ohms.

Compute R;. Resistor R; is always equal to R, in order to maintain equal DC
resistances in both of the op amp input terminals. Therefore, R; will also be a 12-
kilohm resistor. '

Compute C;. The reactance of capacitor C; should be less than one-tenth the
resistance of R; at a frequency that causes the reactance of C; to be equal to the
resistance of R,. This ensures that resistor R; will be effectively bypassed for all
usable circuit frequencies. Since R, = R;, we can express this in equation form as

C3 = 10C1 (721)

In our present circuit, we require a value of
C;=10x0.05 uF = 0.5 uF
We will use a standard value of 0.47 microfarad for Cs.
Compute C,. Inorder to reduce the gain at high-noise frequencies and yet min-

imize the effect on normal circuit frequencies, we want to select capacitor C, such
that its reactance is equal to R, at a frequency well above the highest normal oper-
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ating level but well below the unity gain frequency of the op amp. The following
equation will provide a reasonable value for C,.

| C, = (7.22)

] |

Substituting values for our present circuit gives us

c - | 0.05 uF
2 " 8x3.14x12 kQ x1 MHz

= 407 pF

We will use the nearest standard value of 390 picofarads for C,.

This completes the design of our differentiator circuit. The final schematic is
shown in Figure 7.25. The oscilloscope display in Figure 7.26(a) shows the actual
performance of the circuit under the conditions described in the original design
goal, and Figure 7.26(b) shows the circuit performance for a square-wave input
signal. Since the rise and fall times are significantly faster than the ramp specified
in the design goal, the input amplitude has to be much lower to avoid saturating
the output. Notice that during periods when the input signal is steady (i.e., not
changing states) the output is 0. Finally, Table 7.5 compares the original design goal
with the measured performance.

C, 390pF
i
1<
R,
c, R, 12k0
v v -
0.05uF 2700 . = Vo
Cs I < Ry
FIGURE 7.25 A differentiator circuit 0.47pF 12k
designed to produce a +10-volt output
for a 16-volt-per-millisecond input. - =
TABLE 7.5
Design Goal Measured Value
Input frequency 2.0 kilohertz 2.0 kilohertz
Input voltage 12 volts *2 volts
Output voltage +10 volts -10.5 volts, +9.1 volts
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FIGURE 7.26 Oscilloscope displays showing the performance of the differentiator circuit shown
in Figure 7.25. (Test equipment courtesy of Hewlett-Packard Company.)
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7.8

TROUBLESHOOTING TIPS FOR SIGNAL PROCESSING
CIRCUITS

Many of the troubleshooting procedures discussed with reference to basic ampli-
fiers (Chapter 2) are applicable to the signal processing circuits discussed in this
chapter. A few additional techniques, however, may help isolate problems more
quickly.

If the input connection to any of the circuits presented in Chapter 7 is con-
nected directly to ground, then the output should go to its normal DC level. The
normal value, of course, depends on the circuit being considered. In any case, if
the output does go to the correct DC value with no input signal, then the problem
is most likely caused by a defect in one of the AC branches. An AC branch will
contain a series capacitor.

If the DC level on the output is abnormal when the input is shorted to
ground, then apply the basic analytical techniques described in Chapter 2. When
the DC output level is incorrect, more often than not the output will be saturated.
Comparison of the polarity of the differential input voltage of the op amp with the
output polarity will quickly reveal a defective op amp.

If you suspect an open, 2-terminal component, you can momentarﬂy parallel
the suspected part with a known good one while monitoring the output. If the
problem is corrected, you have located the defect.

REVIEW QUESTIONS

1. What is the name of the signal processing circuit that is used to shift the DC level of
the input signal without altering its waveshape?

2. Refer to Figure 7.2. In your own words, explain why the output waveform for the
silicon diode is a constant 0 volts.

3. Refer to Figure 7.3. What is the effect on circuit operation if diode D, opens?

4. Refer to Figure 7.3. What is the effect on circuit operation if resistor R, decreases in
value?

5. Refer to Figure 7.5. While monitoring the output waveform on an AC-coupled
oscilloscope, you momentarily short resistor R,. Describe the effects, if any, that are
noted on the oscilloscope display.

6. Refer to Figure 7.5. Describe the effect on output waveshape if resistor R; is increased
to 45 kilohm:s.

7. Refer to Figure 7.8. What is the effect on output waveshape if resistor R, is increased in
value?

8. Refer to Figure 7.8. What is the effect on circuit operation if capacitor C; develops a
short circuit?

9. Refer to Figure 7.16. Describe the effect on output waveshape if resistor R; is increased
in value.

10. Refer to Figure 7.19. Describe the effect on circuit operation if resistor R; is changed to
4.7 kilohms.



CHAPTER EIGHT

Digital-to-Analog and
Andalog-to-Digital Conversion

The world of electronics can be neatly divided into two general classes based on
the nature of the signal or circuit: digital and analog. Digital signals, devices, and
circuits operate in one of two states at all times. These states may be high/low,
on/off, up/down, 0 volts/5 volts, -5 milliamps/+5 milliamps, or any other set of
two-valued terms.

Analog signals, devices, and circuits, on the other hand, operate on a continu-
ous range with an infinite number of values represented within a given range. An
analog voltage, for example, may be 1.5 volts or 1.6 volts, but it can also be an infi-
nite number of values between these two numbers, such as 1.55 volts or 1.590754
volts.

A technician or engineer generally must be capable of working with both
analog and digital devices and systems. This text will avoid revealing a prejudice
toward one type or another, and the reader is encouraged to avoid developing
such a prejudice. It is true that digital devices and techniques are steadily taking
over operations and functions previously implemented by analog systems. But
equally true is the fact that the world in which we live is inherently analog. Tem-
perature, pressure, weight, speed, light intensity and color, volume, and all other
similar quantities are analog in that they vary continuously and have an infinite
number of possible values.

This chapter will focus on the circuits that interface analog with digital sys-
tems. Analog-to-digital (A/D) converters accept an analog signal at their input
and produce a corresponding digital signal at the output. This output can then be
processed and interpreted by a digital circuit (typically a microprocessor system).
A digital-to-analog (D/A) converter, on the other hand, is used to convert the dig-
ital output from a microprocessor or other digital device into an equivalent analog
signal. The analog signal is frequently used to control a real-world quantity (e.g.,
temperature or pressure).

The intent of this chapter, then, is to provide the reader with the concepts
and terminology associated with A/D and D/ A conversion. Additionally, several
representative circuits will be presented that utilize operational amplifiers. An

337



338

DIGITAL-TO-ANALOG AND ANALOG-TO-DIGITAL CONVERSION

understanding of the operation of these fundamental circuits is important because
they convey essential underlying principles. The actual implementation of the
converter circuits, however, is another matter. Except for unique or very demand-
ing applications (neither of which is targeted by this text), most A/D and D/A
converter applications are resolved by an integrated circuit version of the A/D or
D/ A converter. The price and performance of these circuits makes them very dif-
ficult to beat by designing your own.

8.1.1

FIGURE 8.1 Andlog-to-digital
conversion makes an analog signal
compatible with o digital system.

D/A AND A/D CONVERSION FUNDAMENTALS

The concepts and terminology presented in this chapter are important to the
reader whether designing a custom converter circuit or selecting an integrated
version. In either case, the technician or engineer must be able to effectively eval-
uate the application and contrast it with the specifications of the converter circuit.

Analog-to-Digital Converters

Figure 8.1 illustrates the fundamental function of A/D conversion. The block
labeled “A /D Converter” may be an integrated circuit or an array of op amps and
other devices. In any case, it accepts the analog signal as its input and produces a
corresponding digital output. The digital output is shown to consist of several
lines, the number of which varies with the resplution of the converter. Resolution
describes the percentage of input voltage change required to cause a step change
in the output. Table 8.1 shows the basic relationship between number of bits (lines)
and equivalent resolution.

Suppose, for example, an 8-bit A /D converter was designed to accept 0-volt
to 10-voit input signals. The 10-volt range would be divided into 256 discrete steps
of 10/256, or about 39 millivolts per step. By contrast, a 4-bit A/D converter
would have less resolution, with each of the 16 output steps being equivalent to
6.25 percent of the full-scale input, or 625 millivolts. Thus, the higher the resolu-
tion (i.e., the number of bits in the converted output), the smaller the input change
required to move to the next output step. Typical applications require resolutions
of 8, 12, or 20 bits.

Since the analog input may take on any one of an infinite number of values
but the output must be resolved into a fixed number of discrete levels or steps,
each output step inherently represents a range of input voltages. The process of
forming discrete groups from the continuous input is called quantization, so the
output does not exactly represent a given input value; rather, it represents an
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DIGITAL
INPUT " IT
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TABLE 8.1

Resolution in Bits Number of Steps Resolution as Percent of Full Scale (%)
1 2 50
2 4 25 i
3 8 125 -
4 16 6.25
5 32 3.125

6 64 15625

7 128 078125

8 256 0.390625

approximation. The resulting error is called quantization uncertainty and is equal to
1% the value of the least significant bit of the converted output. In the example of
the 8-bit converter described, this equates to an uncertainty of +% x 39 millivolts,
or about +19.5 millivolts. The magnitude of the quantization uncertainty is less
with greater resolution. Therefore, if we need less quantization error, we must
increase the number of bits in the output.

When the input signal is converted to a digital output, we normally expect
that steadily increasing values of input will produce equally spaced digital values in
the output. Sometimes, however, the output may skip one or more steps or digital
numbers. Similarly, the output may remain on a given step throughout a range that
ideally includes two or more steps. This type of performance is generally caused by
linearity errors. If the converter has no linearity problems, then the amount of input
change to produce a change in the output will be consistent throughout the entire
range of operation. When the amount of input change needed to reach the next step
in the output varies, we call this variation nonlinearity.

Another characteristic of A/D converters describes the polarity of output
changes when a steadily increasing input is applied. With an increasing input sig-
nal, we expect (and want) a series of digital numbers in the output that are pro-
gressively larger. It is possible, however, for a particular output step to be smaller
than the preceding step. That is, the magnitude of the digital output decreases
rather than increases on a particular step. This type of output response is called
nonmonotonic. That is, a converter whose output is progressively higher for pro-
gressively higher inputs has the property of monotonicity.

Sometimes the intended range of input signals does not match the actual
range. For example, the converter may be designed to accept a 0-volt to 10-volt
input, but the actual device may be found to produce a maximum digital output
for a 9.7-volt input. This discrepancy in full-scale operation is called gain error or
scaling error.

The entire operational range of the A/D converter can be shifted up or
down. For example, it may be designed to produce a minimum digital output
with 0 volts on the input; however, actual measurement may reveal that a DC off-
set voltage must be applied at the input in order to produce the minimum digital
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output. This is called the offset error and is often expressed as a percentage of full-
scale input voltage.

Accuracy is a term used to describe the overall performance of an A/D con-
verter. It includes the combined effects of all errors and measures the worst-case
deviation from a given input signal and the equivalent value of its converted dig-
ital output.

The amount of time required to generate a particular digital number to repre-
sent a given analog input signal is called conversion time. Alternately, the number of
these conversions that can be accomplished in one second is called conversion rate.

8.1.2 Preamplifiers

Many A/D converter applications involve the conversion of transducer signals
into corresponding digital numbers for subsequent processing by a microprocessor
or programmable logic controller (PLC). Transducer signals are frequently very
low level (current or voltage) and require amplification before they can be effec-
tively applied to an A/D converter. Operational amplifiers are often used for this
purpose, as are special differential amplifiers called instrumentation amplifiers.
Instrumentation amplifiers offer a very high rejection to common-mode signals
(e.g., 60 Hz hum picked up on long cables), but offer high amplification to differ-
ential-mode signals (e.g., the actual transducer signal). These devices are discussed
in greater detail in Chapter 11. Figure 8.2 shows the position of the preamplifier
with respect to the A /D converter.

8.1.3 Sample-and-Hold Circuits

As mentioned previously, the conversion of an analog signal into an equivalent
digital number requires a certain amount of time (conversion time). Since the ana-
log signal may be changing values during the conversion process, substantial
errors may be introduced. To eliminate this problem, we introduce a sample-and-
hold (S/H) circuit between the preamplifier and the A/D converter. Figure 8.3
shows a block diagram for this case.

An S/H circuit is similar to the peak detector circuit presented in Chapter 7,
but it is gated on and off. When the S/H circuit receives the track command, it fol-
lows (i.e., samples) the input voltage. When a hold command is received, the S/H
circuit opens its link to the input signal and holds the most recently sampled value
at its output. This output is held constant throughout the conversion time of the
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FIGURE 8.2 A preamplifier is used to boost low-level transducer signals to o
level that is usable by the A/D converter. These amplifiers are frequently operated
as differential amplifiers to reject common-mode noise.
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FIGURE 8.3 A sample-and-hold circuit is used to provide a steady input for the A/D conversion
circuit.

A/D converter. Once the conversion has been completed, the track command is
issued and the cycle repeats.

Once the track command has been received by the S/H circuit, it takes a cer-
tain amount of time for the output to match the present level of analog input. This
delay is called the acquisition time. Similarly, there is a delay between the issuance
of a hold command and the actual disconnecting of the S/H circuit from the input
signal. This delay is called the aperture time.

The sampled input voltage is held constant by utilizing the charge on a
capacitor. Although the capacitor has a very low discharge current, it does eventu-
ally leak off, causing the S/H output to slowly decay or decrease. The rate at
which this occurs is called the droop rate.

The more often a signal is sampled, the better the digital representation of
the analog signal. If the input signal changes rapidly relative to the speed of the
conversion process, then substantial portions of the input signal will be missed
(i.e., will go undetected). As an absolute minimum, the input signal must be sam-
pled twice during each cycle. That is, the sampling rate must be at least twice the
highest frequency component present in the input signal. While this may sound
like a serious limitation, the use of a sample-and-hold circuit actually extends the
highest usable frequency of an A/D converter by several thousand times.

Sample-and-hold circuits are available in integrated form. The AD386 is a
sample-and-hold amplifier manufactured by Analog Devices, Inc., that offers a
3.6-microsecond acquisition time, a 12-nanosecond aperture time, and a 20-milli-
volt-per-second droop rate.

8.1.4 Multiplexers

Many systems have several analog inputs that are monitored by a single computer
or digital system. Each of these signals must be converted before the computer can
process the signal. Since the A/D conversion circuitry can be quite expensive (rel-
ative to other subsystems), many designers opt to multiplex several analog inputs
through a single A /D converter circuit. This technique is illustrated in Figure 8.4.

The multiplexer acts like a rotary switch that connects each of the analog
inputs to the S/H circuit on a one-at-a-time basis. The position and timing of the
“switch” are controlled by the computer or digital system. There should be total
isolation between the channels of a multiplexer circuit, but sometimes signal volt-
ages from one channel will couple into another channel (generally via stray or
internal capacitance). The resulting interference is called crosstalk.
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FIGURE 8.4 A multiplexer is used to route several analog inputs through a single A/D conversion circuit.
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This approach to system design can make it possible to use higher-
performance (i.e., more expensive) sample-and-hold and A /D converter circuits
by requiring only one such circuit for multiple inputs.

Multiplexers are available as integrated circuits. The AD7506 manufactured
by Analog Devices, Inc., is a 16-channel device designed to select 1 of 16 analog
input signals and connect it through to a single analog output.

Digital-to-Analog Converters

Figure 8.5 shows the basic configuration for digital-to-analog (D/A) conversion.
The digital system (frequently a microprocessor) computes the required value of
analog signal and outputs an equivalent digital number. The D/A converter cir-
cuit then converts this digital number into an analog voltage or current for use by
the external analog device.

Since the input to the D/A converter has a finite number of digital combina-
tions, the resulting analog output also has a limited number of possible values
(unlike pure analog signals, which may have an infinite number of values). The
greater the number of possible values, the closer the analog output will be to the
ideal value. The number of possible levels is determined by the number of lines or
bits in the digital number. More specifically, the number of states is computed as
2N where N is the number of bits in the digital number. For example, an 8-bit D/A
converter could be expected to produce 28, or 256, discrete output steps. If the full-
scale range of the converter is 0 to 10 volts, then each step will be 10/256, or about
39 millivolts. If finer resolution is required, we need more bits in the digital num-
ber. Thus, a converter with 10-bit resolution would provide 2%, or 1024, steps with
each step being equivalent to 10/1024, or about 9.8 millivolts.

Accuracy of a D/A converter describes the amount of error between the
actual output of the converter and the theoretical output for a given input number.
This rating inherently includes several other sources of error.

A certain amount of time is required for the output of a D/A converter to
be correct once a particular digital number has been applied at the input. Two
major factors cause this delay. First, it takes time for the changes to pass through
the converter circuitry; this is called propagation time. Second, the output of the
D/ A converter has a maximum rate of change called slew rate, which is identical
to the slew rate problems discussed with reference to op amps. The delays
caused by slew rate limiting and propagation time are collectively referred to as
settling time—the total time required for the analog output to stabilize after a
new digital number has been applied to the input.

The overall operating range of a D/A converter can be shifted up or down
from the optimum point. This DC offset is called offset error. In a somewhat similar

Digital Value

DIGITAL : | CONVERTER ANALOG
‘ SYSTEM I | D/A '_‘ou'rpu'r

FIGURE 8.5 A digital-to-analog converter is used to make a digital
signal (number) compatible with an analog system.
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FIGURE 8.6 Oscilloscope display showing several imperfections in a low-quality D/A converter.
(Test equipment courtesy of Hewlett-Packard Company.)

manner, one end of the range can be correct but the other extreme too high or too
low. This is called a gain error or scaling error.

As with A/D converters, we normally want a monotonic output. In other
words, the output should increase whenever the input number increases. How-
ever, it is possible for a D/A converter to have a reduction in analog output at a
particular point in its range, even though the digital input is increasing uniformly.

Figure 8.6 shows the performance of a low-quality D/A converter. Several of
the potential problems described are present in the converted waveform. The
input to the converter is a 4-bit down counter (e.g., 15,14, 13 ...2,1, 0, 15), and the
analog output should be 16 equally spaced, decreasing steps for each cycle, pro-
ducing a reverse sawtooth waveform. If you examine the waveform carefully, you
can see the 16 distinct output levels; however, the steps are not equal in amplitude
(linearity problems)—the midpoint level actually increases instead of decreases
(nonmonotonic), and there are several glitches caused by switching transients.
Although the performance indicated by the waveform in Figure 8.6 is certainly
not representative of a practical D/A converter, it does provide an excellent exam-
ple of several terms and definitions.

Let us now examine the actual circuitry for several of the more common
methods of D/A and A/D conversion.

8.2

WEIGHTED D/A CONVERTER

Figure 8.7 shows the schematic diagram of a weighted digital-to-analog con-
verter circuit built around a 741 op amp. You should recognize the configuration
as being identical to the inverting summing amplifier discussed in Chapter 2.
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FIGURE 8.7 A weighted D/A converter with 4-bit resolution.
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Recall that the gain for each input is determined by the ratio of the feedback resis-
tor and the respective input resistor. In the circuit in Figure 8.7, the individual

gains are as follows:

1k,
16 kQ
6 kQ
i, |
8 kQ
K,
4 kQ
k2 _ g

For purposes of analysis, let us suppose that the two levels for the digital input
signals are 0 and -1 volt. Table 8.2 shows the correlation between the digital num-
ber and the state of the four inputs.

TABLE 8.2

Digital Number Binary Value by b, by by
0 0000 0 volt 0 volt 0 volt 0 volt
1 0001 0 volt 0 volt 0 volt -1 volt
2 0010 0 volt 0 volt -1 volt 0 volt
3 0011 0 volt 0 volt -1 volt ~1 volt
4 0100 0 volt -1 volt 0 volt 0 volt
5 0101 0 volt ~1volt 0 volt -1 volt
6 0110 0 volt -1 volt -1 volt O volt
7 0111 0 volt -1 volt -1volt -1 volt

Continued
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TABLE 8.2 (continued)

Digital Number Binary Value by b, b by
- 7&? - 1000 -1 volt 0 volt 0 volt o Ovolt
9 1001 -1 volt 0 volt 0 volt -1 valt
10 1010 1 volt 0 volt 1 volt Ovolt
11 1011 -1 volt 0 volt -1 volt -1 volt
o 1100 -1 volt ~1 volt 0 volt 0 volt
13 1101 1 volt -1 volt 0 volt “Tvolt
14 1110 -1 volt -1 volt ~1 volt 0 volt
-*—15 1111 -1 volt -1 volt -1 volt -1 v_olf—

You will likely recall from the discussion of inverting summing amplifiers that
the output voltage, at any given time, can be determined simply by adding the out-
put voltages computed for each input individually. For example, if a digital number
5 were input to the circuit, the output voltage would be computed as follows:

voo = Anglu = —l(—l V) = ‘+‘l ‘r/
Z)O) = Av‘vll = “2(0) = 0 V
voz = szvb = —4("‘1 V) =+4 V

003 = vala = —8(0) = 0 V

analog output = vo + Vo + Vo, + Vo, = +t1V+0+4V+0=+5V

The scaling factor for the converter is such that each step in the output corre-
sponds to 1 volt, which means that the analog voltage output will be the same
numerical value as the digital input. This is not necessarily true for all converters—
the full-scale digital input for a 4-bit converter will always be 1111 (decimal 15).
The full-scale output for the D/A converter shown in Figure 8.7 is 15 volts, but it
could just as easily be 5 volts, 10 volts, or any other number depending upon the
scale factor of the converter circuit.

For satisfactory performance, the input resistors must be very carefully
selected (i.e., precision values) in order to maintain the correct ratios. If one or
more resistors are the wrong value, the output will exhibit problems that include
poor linearity and/or lack of monotonicity. Even with careful selection of resis-
tors, the simple weighted D/ A converter is only useful for small numbers of bits,
since the ratio of the smallest to the largest resistor quickly becomes impractical—
that is, the ratio increases as 2N-!, where N is the number of bits in the input. For
example, the resistor in the least significant input of a 10-bit converter would be
2191, or 512 times larger than the resistor for the most significant input.

A variation of the basic weighted D/A converter involves dividing the bits
into two or more groups and converting each group separately. The weighting
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resistors for each group are identical, and the outputs from each of the individual
converters can then be summed into a weighted, summing amplifier to produce
the final output.

8.3

R2R LADDER D/A CONVERTER

One of the most popular methods for D/A conversion is shown in Figure 8.8. It is
called an R2R ladder D/A converter, since the input network resembles the rungs on
a ladder and the resistors in the input network are either equal (R) or have a 2:1
ratio (2R). One advantage of the R2R converter over the weighted converter previ-
ously discussed is immediately apparent; the resistors have a 2:1 ratio regardless of
the number of bits being converted. This makes matching resistors much easier
and even makes the use of integrated resistors practical.

An easy way to analyze the operation of the circuit is to Thevenize the input
circuit for one or more digital input numbers. This process was described in Chap-
ter 1. Once the input circuit has been simplified with Thevenin’s Theorem, you
will be left with a simple inverting amplifier circuit whose input voltage is the
Thevenin equivalent voltage and whose gain is determined by the ratio of feed-
back resistance to Thevenin equivalent input resistance. By performing several
analyses with different input numbers, you will discover that the least significant
input (by) produces the least effect on output voltage, and the next input (b;) has
twice as much effect on output voltage. Similarly, bit b, has twice the effect of b,
but only half the effect on output voltage of b;. These variable effects are identical
to the relative weights of the digits in a binary number.

The actual performance of an inexpensive R2R ladder D/A converter circuit
similar to the one shown in Figure 8.8 is revealed by the oscilloscope waveform in
Figure 8.9. Although the linearity is certainly less than optimum, it clearly illus-
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FIGURE 8.8 A 4-bit R2R ladder D/A converter utilizing a 741 op amp.
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FIGURE B.9 Oscilloscope displays showing the performance of the 4-bit D/A converter shown in
Figure 8.8. (Test equipment courtesy of Hewlett-Packard Company.)
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trates the principles involved and would be adequate for many D/A applications.
The linearity could be greatly improved by using precision resistors (rather than 5
percent) and by driving the digital inputs via analog switches (rather than directly
from the output of a digital counter). Figure 8.9(a) shows the actual output of the
converter, with the 16 distinct output levels in the waveform easily seen. Figure
8.9(b) shows the same basic circuit after the output has gone through a simple
low-pass filter. The abrupt changes in the output are now gone, leaving us with a
cleaner analog signal.

For noncritical applications, construction of your own D/ A converters is fea-
sible. However, the low cost and high performance (e.g., laser-trimmed ladder
resistors) available in integrated converters makes these devices the best choice
for many applications. An example of such a device is the TDC1016 10-bit D/A
converter manufactured by Raytheon Semiconductor.

8.4

PARALLEL A/D CONVERTER

Parallel A/D conversion (sometimes called flash conversion) is the fastest tech-
nique available and the simplest to understand. However, its practicality is lim-
ited to small numbers of bits, since it requires 2~ - 1 comparator circuits in order to
produce an N-bit digital output. For example, producing a 3-bit digital output (8
states) requires 23 ~ 1, or 7, comparator circuits plus a significant amount of logic
circuitry. Figure 8.10 shows the complete schematic diagram of a 3-bit parallel
A/D converter circuit (including decoder logic).

The operation of the circuit is very straightforward. The voltage divider pro-
vides a stable reference for one input of each of the seven voltage comparators.
Further, each voltage tap on the divider is 1.25 volts higher than the preceding
one, which effectively divides the 10-volt range into 8 distinct ranges. These
ranges and the corresponding comparator outputs are shown in Table 8.3, which
also shows the converted digital output for each voltage range.

The converted digital output for the given converter is in standard binary
format. Actual converter circuits, however, may use any one of a variety of codes,
including binary, Gray Code, excess-3, and others.

It is also possible to utilize the parallel converter in a hybrid configuration
that gains some of the advantage of parallel conversion and yet avoids the geo-
metrically increasing complexity normally associated with it. This hybrid method
essentially consists of applying the analog voltage to a small (4-7 bits) parallel
converter. This converter generates the most significant bits in the converted num-
ber, and the digits are then reconverted to analog with a D/A converter and sub-
tracted from the original input signal. The difference voltage is then converted
with a second parallel converter to produce the least significant bits of the digital
result. This multistage method of parallel A /D conversion is faster than nonparal-
lel methods but slower than a pure parallel approach. The complexity, however, is
less than that of a pure parallel converter circuit. The AD9028 high-speed 8-bit
A/D converter circuit, manufactured by Analog Devices, Inc., is an example of a
parallel converter. It can deliver an 8-bit output in 3.3 nanoseconds.
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TABLE 8.3
Voltage Range Comparator States Digital Result
0 <oy < 1,25 Volts 0000000 000
1.25 Volts < vy <2.5 Volts 0000001 001
2.5 Volts < vpy < 3.75 Volts 0000011 010
3.75 Volts < vy < 5 Volts 0000111 011
5 Volts < oy < 6.25 Volts 0001111 100
6.25 Volts < vy, < 7.5 Volts 0011111 101
7.5 Volts < vy < 8.75 Volts 0111111 110
8.75 Volts < vy < 10 Volts 11111 111
8.5 TRACKING A/D CONVERTER

Figure 8.11 shows the schematic diagram of a tracking A/D converter. Here, the
op amp plays a small but important role as a voltage comparator.

To understand the operation of the circuit, let us begin by assuming that the
counter is at 0 and the analog input is at some positive voltage. The output of the
counter (0 at the present time) is converted to an analog voltage by a D/ A converter
and applied to one input of a comparator. The other input is the amplified analog

Preamplifier

Comparator

D

’/

Digital result
FIGURE 8.11 A tracking A/D converter will continuously follow (i.e.,
track) the analog input signal.
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input signal. Under the given conditions, the output of the comparator will be low.
The control unit interprets this comparator output to mean that the counter output
is lower than the analog input, so the counter is allowed to increment.

This situation continues on each subsequent clock pulse until the counter
has incremented to a value that exceeds the analog input voltage. When this point
is reached, the output of the D/A will be higher than the analog input voltage,
causing the comparator output to go to a high level. The control unit interprets
this to mean that the counter has exceeded the input and directs the counter to
begin counting down.

As the counter decrements, the output of the D/A becomes less. As soon as
the D/A output falls below the analog input, the output of the comparator
switches low again and causes the counter to start incrementing once more. Thus,
as the input changes the counter automatically tracks it.

Every time the comparator changes state, the control unit transfers the
counter value to a latch where it is accessible to other circuitry. This method is sim-
ple and inexpensive, but it is not particularly fast (especially for large input
changes). For example, let us assume that the clock is operating at 20 megahertz
and the converter is designed to provide a 16-bit output. If the input signal makes
a small (equivalent of 1bit) change, then it will take the circuit 1/20 megahertz, or
50 nanoseconds, to provide a valid output. However, if the input makes a full-
range step change, it takes the converter (1/20 MHz) x 2%, or 3.28 milliseconds, to
provide a valid result. This converter is best suited for either slow signals or sig-
nals that make only small changes at any given time.

The oscilloscope display in Figure 8.12 shows the performance of an actual
tracking A /D converter circuit. The two superimposed waveforms are taken from
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FIGURE 8.12 Oscilloscope display showing the operation of a tracking A/D converter circuit. (Test
equipment courtesy of Hewlett-Packard Company.)
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the two inputs of the op amp voltage comparator (refer to Figure 8.11). Near the
left side of the screen, the analog input signal makes a large step change. It takes
the counter and A/D circuit six clock pulses to climb to the new input level. At
this point, the counter and A /D signal oscillate back and forth on either side of the
analog signal. This oscillation in the least significant bit will always occur, since
the counter must always count either up or down.

Near the center of the screen in Figure 8.12, the analog input makes another
upward change, which the counter and D/ A output can be seen to track. Similarly,
when the input makes a negative transition, the counter and D/ A output continue
to track the input signal. The response time of the tracking A /D converter is deter-
mined solely by the frequency of the input clock.

8-6

DUAL-SLOPE A/D CONVERSION

Figure 8.13 shows the schematic diagram of a basic dual-slope A/D converter. Let
us first examine each of its subcircuits and then analyze the overall operation of
the circuit.

The heart of the circuit is an op amp, linear ramp generator circuit. Figure
8.14 shows the ramp generator isolated from the rest of the converter circuit. It is
designed such that the charging current for capacitor C will always be constant.
Basic circuit theory tells us that a constant charging current through a capacitor
produces a linear ramp of voltage.

To understand the operation of the ramp generator circuit, let us assume that
the capacitor is initially discharged (i.e., 0 volts). This is the purpose of transistor
(Q1—as long as it is saturated, capacitor C cannot accumulate a charge. Although
the actual saturation voltage of Q; may be a few millivolts, let us assume it is truly
0 volts for simplicity. Let us further assume (as an example) that the input voltage
to the ramp generator is +5 volts. Now let us cut off transistor Q; and allow capac-

. Digital
L o . result

¢+ MSB

C i
0.1uF I I Q
L | CONTROL
b CIRCUIT

—————— Start conversion
Conversion complete

FIGURE 8.13 A basic dual-slope analog-fo-digital converter circuit.
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FIGURE 8.14 The linear ramp generator portion of the circuit shown in Figure
8.13.

itor C to begin charging. We will compute the current through the capacitor at sev-
eral times.

At the first instant after Q, is cut off, the capacitor has 0 volts of charge.
Ohm’s Law tells us that resistor R, will have a current of

Vi, 5V-0
S 2V 0 o5 mA
RER T 2k "

The op amp is essentially a noninverting amplifier with respect to the capacitor volt-
age. The voltage gain is given by our basic equation for noninverting amplifiers.

The output voltage at this instant will be 0 volts (i.e, 0 x 2). Resistor R, will have 0
volts on both ends, which means it has no current flow through it. We know that
negligible current flows in or out of the (+) terminal of the op amp. Now, since 2.5
milliamperes of current is flowing through R,, but no current flows to the op amp
or through R,, we can apply Kirchhoff’s Current Law to conclude that the entire
2.5 milliamperes must be flowing into capacitor C as a charging current. The direc-
tion of the electron current is from ground, up through capacitor C, and through
R, to the positive 5-volt source. This establishes the initial slope of the charge on C.
If we can maintain a constant current, we will maintain a linear slope across C.
Now let us examine the circuit condition after capacitor C has accumulated 1
volt of charge (positive on top). The current through R, can now be computed as

Ve 5V-1
AER T2k T

With 1 volt on the capacitor and a voltage gain of 2, we can compute the output
voltage of the op amp as
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UoszNXAV=1VX2=2V

The current through R, can be found with Ohm’s Law, since it has 1 volt on the left
end and 2 volts on the right end.

Again, Kirchhoff’s Current Law will let us conclude that if 2 milliamperes
are flowing to the left through R, and 0.5 milliampere is flowing to the right
through R,, then capacitor C must still be charging with a 2.5-milliampere current.
Let us examine the circuit at one more point.

Suppose we let capacitor C accumulate a charge of 4 volts. The current
through R; will then be

Ip =R ="" —— =05mA

With +4 volts on the capacitor, the output voltage of the op amp must be
UO=UINAV=4VX2=8V

The current through R, can be calculated as

Finally, we apply Kirchhoff’s Current Law to show that with 0.5 milliampere
flowing right to left through R, and 2 milliamperes flowing left to right through
R,, there must surely be 2.5 milliamperes flowing upward through capacitor C.
Since the current through capacitor C has remained constant at 2.5 milliamperes,
we know that the voltage across it will be a linearly rising ramp. The slope of the
ramp is given by the basic capacitor charge equation:

Ve _Ic
lope = € = -€
stope T C

For the present case, the slope of the ramp across C is computed as

The output of the op amp will have a slope that is linear but twice as great, since the
amplifier has a voltage gain of 2. In either case, the slope of the ramp is determined
by the charging current of C, which is determined by the value of input voltage.
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Now, let us analyze the overall operation of the dual-ramp A/D converter
shown in Figure 8.13. The input voltage to the ramp is switch-selected as either the
analog voltage to be converted (positive) or a fixed, negative reference voltage.
Recall that the input voltage to the ramp circuit determines the slope of the ramp.
The position of the analog switch is controlled by the state of the most significant
bit (MSB) of a counter. More specifically, if the MSB is low, then the switch will con-
nect the analog input to the ramp generator. If the MSB of the counter is high, then
the switch connects the negative reference voltage to the ramp generator input.

The counter is enabled (i.e., allowed to count) as long as the output of the
ramp generator is positive. That is, as long as the ramp is above ground, the out-
put of the comparator will be low and will enable the counter. If the ramp ever
goes below ground, then the output of the comparator will switch to a high state
and disable the counter.

The control circuit provides the overall timing of circuit operation. On
receipt of a start conversion signal from the main control system (generally a micro-
processor), the control unit will reset the counter to 0 and release (i.e., cut off) Q;.
With the counter reset, the MSB will be 0 and the analog switch will be connecting
the analog input to the ramp generator circuit. As the counter counts up, the
capacitor voltage (and the op amp output) will be linearly ramping up in a posi-
tive direction. This action is indicated in Figure 8.15 as ¢,.

This action will continue until the counter reaches one-half of its maximum
count. At this point, the MSB of the counter will go high and cause the analog
switch to move to the reference voltage position. With a negative input voltage
applied to the ramp generator, the capacitor will begin to discharge. The discharge
will be linear, and the rate will be determined by the value of the negative reference
voltage. Eventually, the decreasing ramp will pass through 0 volts, causing the
comparator to switch states and disabling the counter. The control circuit senses
this event and generates the conversion complete signal, which means that the digital
result in the counter is now a valid representation of the analog input voltage.

We know that the initial slope (during time ¢, in Figure 8.15) is determined
by the value of the analog input voltage. The length of time for t;, however, is
fixed and determined by the speed of the clock and the number of bits in the
counter. Time £, in Figure 8.15 is the amount of time required for the capacitor to

VOLTAGE

Ve,

Charge on C during

time t; is proportional
alog tnput voltage.

to an
Ve,
FIGURE 8.15 The positive slope of a TIME
dual-slope converter is determined by \ t i
- the value of analog input voltage. The fixed ‘t ; po ta variable
slope of the negative ramp is deter- ixed . time —-’ I-— te times
mined by VREF'
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linearly discharge to 0 volts. The slope of t, is fixed and is determined by the neg-
ative reference, so time ¢, is variable and dependent on the value of voltage accu-
mulated on capacitor C during time t,. This voltage, of course, was determined by
the value of analog input voltage. Since time ¢, is dependent on the value of ana-
log input voltage, the number of counts registered in the counter will also be a
function of the analog input voltage.

Figure 8.15 contrasts the results of two different analog input voltages. V, is
the result of a higher input voltage. It takes a certain amount of time (t,) to dis-
charge the capacitor and stop the counter. A lower input voltage (V) charges C to
a lower voltage during the fixed time period ¢, so the discharge time (¢,) is shorter
and the counter will have a smaller count. The final converted result appears in
the counter and ignores the MSB.

The dual-slope A /D conversion method is very popular in applications that
do not require high-speed operation. It has distinct advantages that include high
immunity to component tolerances, component drifts, and noise. This increased
immunity stems from the fact that errors introduced during the positive slope will
be largely offset by similar errors during the negative slope. The circuit offers total
rejection of noise signals that are even multiples of the time period t;, since the net
effect of a full cycle of noise is 0.

Complete dual-slope converter systems are available in integrated form. A
common application is for digital voltmeters. The analog portion of such a system is
manufactured by National Semiconductor Corporation in the form of an LF12300
integrated circuit. Analog Devices has a patented improvement on the basic dual-
slope converter called Quad-Slope conversion. This is used in the AD7550 13-bit
A /D converter manufactured by Analog Devices.

8.7

SUCCESSIVE APPROXIMATION A/D CONVERTER

Figure 8.16 shows the functional block diagram of a successive approximation
analog-to-digital converter system. This is probably the most widely used type of
A/D converter because it is fairly simple and yet offers a relatively high speed of
operation.

Comparator
Analog ,
input * -
- Start
D/A T CONTROL conversion
SAR
‘ CQNVERTER FL ' UNIT . Conversion
complete
l Digital
result

FIGURE 8.16 A functional block diagram of a successive-approximation analog-to-
digital converter circuit.
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The analog input signal provides one input to a voltage comparator. The sec-
ond input comes from the output of a D/ A converter. The input to the D/A con-
verter is provided by an addressable latch called the successive approximation
register (SAR). Each bit of this register can be selectively set or cleared by the con-
trol unit. The control unit can be an internal portion of an integrated circuit, or it
may be a complete microprocessor system. In any case, the overall operation of
the successive approximation converter is described.

Let us suppose that the analog input voltage is 5.7 volts. Let us further sup-
pose that the SAR and D/A converters are 4-bit devices that provide 0.625 volts
per step at the output of the D/A converter. Finally, let us assume that the SAR is
initially set to 1000, thus producing a 5-volt output for the D/ A converter.

Under these conditions, the output of the comparator will be low, since the
analog input (inverting input) is higher than the D/A output voltage (noninvert-
ing input). The control unit interprets this to mean that the SAR value is too low,
and it then leaves the MSB (b,) alone and also sets the next bit (,). The SAR now
holds the binary value of 1100, which converts to 7.5 volts at the output of the
D/ A converter. Since this exceeds the value of analog input voltage, the compara-
tor output will go high. The control unit interprets this to mean that the SAR value
is too high.

The control unit then resets bit b, (since that is what caused the excessive
value) and sets the next most significant bit (b;). The SAR value of 1010 is now
applied to the D/A converter to produce a comparator input of 6.25 volts. This is
still higher than the analog input voltage, so the comparator output remains high.
The control unit again interprets this to mean that the SAR value is too large.

The control unit then resets bit b; and sets the next lower bit (b), thus yield-
ing an SAR value of 1001. This converts to 5.625 volts at the output of the com-
parator. Since this is still lower than the analog input, b, will remain set. The
conversion complete signal is now generated, indicating a completed conversion.
The result (1001) is available in the SAR.

In general, the control unit starts by setting the most significant bit and mon-
itoring the output of the comparator. This bit will then be left set or will be reset as
a function of the state of the comparator. In either case, the same process is applied
to the next lower bit and so forth until the least significant bit is left either set or
reset. With each progressive step, the approximation gets closer. Regardless of the
magnitude of the analog input voltage (within the limits of the converter), it will
always take as many clock periods to convert the voltage as there are bits in the
converted number. In this example, the successively better approximations were
as listed in Table 8.4.

There is a striking similarity between the logic used during the successive
approximation process and the logic applied during a split-half troubleshooting
exercise. In both cases, each successive step reduces the number of options by one-
half.

There are many integrated forms of A/D converters that utilize the succes-
sive approximation technique. One such device is the ADC-910, which is a 10-bit
converter manufactured by Analog Devices, Inc. It provides a 10-bit result in 6
microseconds and is compatible with microprocessors. It should also be pointed
out that all functions represented in Figure 8.16, except for the comparator and
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TABLE 8.4
Analog Input D/A Output Comparator Output
(Volts) SAR Status (Volts) (Volts)
57 1000 50 Low
57 1100 7.5 High
57 1010 6.25 High
5.7 1001 5.625 Low

D/ A converter, can be implemented with software internal to a microprocessor.
However, the speed is generally much slower than a dedicated converter.

REVIEW QUESTIONS

10.

A certain A/D converter has a 12-bit resolution specification for the analog input
range of 0 to 10 volts. What is the smallest voltage change that can be represented in
the output?

If the binary output of an A/D converter does not numerically increase with every
increase in input voltage, we say the converteris ____.

The total time required for an A /D converter to obtain a valid digital output for a
given analog input is called ___.

Contrast and explain the terms acquisition time and aperture time with reference to
sample-and-hold circuits.

Would a weighted D/ A converter be the best choice for a 64-bit converter circuit?
Explain your answer.

What type of A/D conversion circuit provides the fastest conversion times? What are
its disadvantages?

If a certain successive approximation A/D converter requires 10 microseconds to
resolve a 0-volt to 2-volt step change on the input, how long will it take to resolve a
0O-volt to 5-volt step change?

Repeat question 7 for a tracking A /D converter.

The use of a sample-and-hold circuit greatly reduces the highest usable frequency for
an A/D converter. (True or False)

Discuss the relationship between droop rate in a sample-and-hold circuit and the
necessary conversion time of a subsequent A /D converter circuit.



CHAPTER NINE

Arithmetic Function Circuits

This chapter presents several circuits designed to perform mathematical opera-
tions, including adding, subtracting, averaging, absolute value, and sign chang-
ing. Several other common but more complex circuits that perform mathematical
functions are presented in Chapter 11.

9.1

9.1.1

ADDER

An adder circuit has two or more signal inputs, either AC or DC, and a single out-
put. The magnitude and polarity of the output at any given time is the algebraic
sum of the various inputs. In Chapter 2, we discussed an inverting adder circuit,
called an inverting summing amplifier. If we make the feedback resistor and all
input resistors the same size, the circuit provides a mathematically correct sum
(i.e., no voltage gain). The following discussion will introduce the noninverting
adder circuit.

Operation
Figure 9.1 shows the schematic diagram for a noninverting adder circuit. The
input signals may be AC, DC, or some combination. The op amp, in conjunction
with R; and R,, is a simple noninverting amplifier whose gain is determined by
the ratio of R, to R,. Whatever voltage appears on the (+) input will be amplified.
The voltage that appears on the (+) input is the output of a resistive network
composed of R; through Ry and the associated input voltages. Since all input
resistors are equal in value and connect together at the (+) input, we can infer that
the relative effects of the inputs are identical. The absolute effect, of course, is
determined by the gain of the amplifier. If R; is set to the correct value, then the
gain of the op amp will be such that the output voltage corresponds to the sum of
the input voltages.
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JVA:A' ﬁ v
I 741 2.V,
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R,
vy,
FIGURE 9.1 A noninverting adder :
circuit sums the instantaneous voltage : lir:
at several inputs. Vi, — W

9.1.2 Numerical Analysis

We will now analyze the circuit shown in Figure 9.2 to numerically confirm its
operation. Let us first determine the behavior of the op amp and its gain resistors
(R; and R;). These components form a standard noninverting amplifier whose
gain can be determined with the familiar gain equation.

=—==+1= 20 ka2 +1=3
R, R, 10 kQ
The voltage gain of a noninverting adder will always be the same as the number of
inputs.

All that remains is to determine the value of voltage on the (+) input pin. One
method for calculating this voltage is to apply Thevenin’s Theorem to the network,
which will give us an equivalent circuit consisting of a single resistor and a single

R, 20k0
A
R, 10k0
v‘v
[ 741 -V,
Rs 10k0
A
R, 10kQ
AN
Rg 10k0
AN~
8v] 12v]

)i

o]
111

FIGURE 9.2 A 3-input noninverting adder with DC inputs.
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voltage source. The application of Thevenin’s Theorem is shown sequentially in Fig-
ures 9.3(a) through 9.3(c). Figure 9.3(a) shows the original input network. We will
apply Thevenin’s Theorem to the portion of the circuit within the dotted box.

First we see that we have two opposing voltage sources in this part of the cir-

cuit that yield a net voltage of
Vx=12V-2V=10V

Now, with two equal resistors in the circuit, there will be 5 volts dropped across
each one. The equivalent Thevenin voltage, then, can be found with Kirchhoff’s

Voltage Law.
VTH:+12 V—S V= +7 V

Alternately, we could apply Kirchhoff’s Voltage Law as
Vin=+2V+5V=47V

By replacing the two sources with their internal resistances (assumed to be 0), we
can determine the Thevenin resistance, which is simply the value of Rs and R,in

parallel.

R4R5 _10kﬂx10kﬁ_

= =5 kQ
R, +R; 10kQ+10 kQ

Ry = R4"R5 =

ul' -
i}

(a)

() 2v —I
= (d)

FIGURE 9.3 Application of Thevenin’s Theorem to simplify the input network of the noninverting
adder circuit.
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The results of our first simplification are shown in Figure 9.3(b). The Thevenin
equivalents computed above are shown inside the dotted box. We can reapply
Thevenin’s Theorem to the remaining circuit to obtain our final simplified cir-
cuit.

First we see that we have series-aiding voltage sources for an effective volt-
age source equal to

Vy=7V+8V =15V

The portion of this effective voltage that drops across R; can be found with the
voltage divider formula.

Ve, = [ _hsv=| 9K _hsy_ 10w
* "Ry + Ron 10 kQ + 5 kQ2

The resulting Thevenin voltage can now be found with Kirchhoff’s Voltage Law.
VTH=—8V+10V=+2V

We don't really need the value of Thevenin resistance for the remainder of the
problem, but, in the name of completeness, we will compute it as

Rpy = 5 kQ10 kq = 2 XX 10K _ 5 43340
5 kQ + 10 kQ

The fully simplified circuit is shown in Figure 9.3(c). Our equivalent circuit
reconnected to the amplifier portion of the circuit is shown in Figure 9.3(d). The
output voltage can be easily computed by applying our basic gain equation.

VO=V]AV=2VX3=6V

This value confirms the correct operation of our adder, which should provide the
algebraic sum of its inputs (e, +2V+12V -8V =46 V).

Practical Design Techniques

Let us now design a noninverting adder that will satisfy the following design
goals:

1. Accept four inputs -10 volts < sum < +10 volts
2. Minimum input impedance >6 kilohms
3. Frequency range 0 to 1 kilohertz

Select the Value for R, and for R; to Rs. The design of the noninverting
adder circuit is very straightforward, since all resistor values are the same with the
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single exception of the feedback resistor. Selection of the common resistor value is
made by considering the following guidelines:

1. High-value resistances magnify the nonideal op amp characteristics and
make the circuit more susceptible to external noise.

2. Low-resistor values present more of a load on the driving circuits.

Resistor selection will determine the input impedance presented to the vari-
ous signal sources as expressed by Equation (9.1).

1

+1 ) (9.1 {
No1tt (9.1) !
where R is the common resistor value and N is the number of inputs to the adder

circuit. Since the design goal specifies a minimum input of 6 kilohms, let us sub-
stitute this value into Equation (9.1) and solve for the value of R.

1
Rw =R
N (N

6kQ=R(1+1)
3

6k
33

o)

R = = 4.8 kQ

ot
w

This represents the smallest value that we can use for the input resistors and still
meet our input impedance requirement. Let us choose to use 5.6-kilohm resistors
for R, and for Ry to R,

Calculate the Feedback Resistor. The value of the feedback resistor must be
selected such that the voltage gain is equal to the number of inputs. In our case we
will need a gain of 4. Since we already know the value of R,, we can transpose our
basic noninverting amplifier gain equation to determine the value of feedback
resistor.

Ay =—13-2-+l, or
R,

R; = Ri(Ay - 1)

Since voltage gain will always be equal to the number of inputs, this can also be
written as

RZ = Rl(AV - 1) = RI(N - l) (9.2)
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In our case, we can compute the required value of R, as
R, =5.6kQ(4-1)=168kQ

If we expect the adder to generate the correct sum, it is essential to keep the resis-
tor ratios correct. Therefore, since 16.8 kilohms is not a standard value, we will
need to use a variable resistor for R, or some combination of fixed resistors (e.g.,
15 kQ in series with 1.8 kQ).

Select an Op Amp. There are several nonideal op amp parameters that may
affect the proper operation of the noninverting adder. An op amp should be
selected that minimizes those characteristics most important for a particular
application. The various nonideal parameters to be considered are discussed in
Chapter 10. In general, if DC signals are to be added, an op amp with a low offset
voltage and low drift will likely be in order. For AC applications, bandwidth and
slew rate are two important limitations to be considered.

Based on the modest gain/bandwidth requirements for this particular appli-
cation, let us use a standard 741 op amp. Other, more precision devices can be sub-
stituted to optimize a particular characteristic (e.g., low noise). Many of these
alternate devices are pin compatible with the basic 741.

The final schematic diagram of our noninverting adder design is shown in
Figure 9.4. The measured performance is contrasted with the original design goals
in Table 9.1. It should be noted that the noninverting adder is particularly suscep-
tible to component tolerances and nonideal op amp parameters (e.g., bias current
and offset voltage). For reliable operation, components must be carefully selected
and good construction techniques used.

R, 16.8k0
FENSEY V Y P—

AV
| 741 bt V0

Re 5.6k
V4 r—AMWY

Rs 5.6k0
R —

R, 5.6k
V2 > ANt

Ry 5.6k0
V1 e AN e

FIGURE 9.4 Final design of a 4-input noninverting
adder circuit.
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TABLE 9.1
[ S
Input Voltages ' Output Voltage
Ty, v, v, v, Ideal Actual
-15.09 volts 4.37 volts 0 voits 0 volts 10.72 volts 10.8 volts
-8.1 volts 2.0 volts 6.6 volts 2.7 volts -0.8 volts ~0.74 volts
1.52 volts 0 volts -3.1 volts -1.49 volts ~3.07 volts ~2.98 volts
9.2 SUBTRACTOR
Another circuit that performs a fundamental arithmetic operation is the subtrac-
tor. This circuit generally has two inputs (either AC or DC) and produces an out-
put voltage that is equal to the instantaneous difference between the two input
signals. Of course, this is the very definition of a difference amplifier, which is
another name for the subtractor circuit.
9.2.1 Operation

FIGURE 9.5 A subtractor circuit

Figure 9.5 shows the schematic diagram of a basic subtractor circuit. A simple way
to view the operation of the circuit is to mentally apply the Superposition Theo-
rem (without numbers). If we assume that V, is 0 volts (i.e., grounded), then we
can readily see that the circuit functions as a basic inverting amplifier for input V5.
The voltage gain for this input will be determined by the ratio of resistors R; and
R,. If we assume that the voltage gain is -1, then the output voltage will be ~V;
volts as a result of the V; input signal.

In a similar manner, we can assume that input Vj is grounded. In this case,
we find that the circuit functions as a basic noninverting amplifier with respect to
V4. The overall voltage gain for the V, input will be determined by the ratio of R,
and R; (sets the op amp gain) and the ratio of R; and R,, which form a voltage
divider on the input. If we assume that the voltage divider reduces V4 by half, and
we further assume that the op amp provides a voltage gain of 2 for voltages on the
(+) input, then we can infer that the output voltage will be +V, volts as a result of
the V, signal.

R, 10k0

e AAA et

Vg(+7V) R, 100
¥ -';41 b Vo=V,-Vy
o

Va(+13V) Ry 10k0

R,

10k0

computes the voltage difference
between two signals. =
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According to the Superposition Theorem, the output should be the net result
of the two individual input signals. That is, the output voltage will be +V, - V5.
Thus, we can see that the circuit does indeed perform the function of a subtractor
circuit.

Numerical Analysis

The numerical analysis of the subtractor circuit is straightforward and consists of
applying the Superposition Theorem. Let us first assume that the V, input is
grounded and compute the effects of the V; input. The output will be equal to V;
times the voltage gain of the inverting amplifier circuit, which is

VOB = VB XAV

Now let us ground the V input and compute the output voltage caused by the
V, input. First, V, is reduced by the voltage divider action of R; and R,. The volt-
age appearing on the (+) input is computed with the basic voltage divider equa-
tion.

, R
VA = VA (R +4R4 )
3 !

10 k2 + 10 kQ

=65V

The voltage on the (+) input will now be amplified by the voltage gain of the non-
inverting op amp configuration, which is

VOA = V,;(‘g‘z‘ + 1)
1

=+6.5V19—’—c—9+1
10 kQ

=413V

The actual output voltage will be the algebraic sum of the two partial outputs
computed:

VO =VOA+VOB =+13V+(—7 V)=+6V
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This, of course, is the result that we would expect from a circuit that is supposed to
compute the difference between two input voltages.

The input impedance for the inverting input (Vg 51gna1) can be computed
with Equation (2.7). For the circuit shown in Figure 9.5, we can compute the
inverting input resistance as

=R, =10k

The input impedance presented to the noninverting input is essentially the value
of R; and Ry in series. That is,

Zy =Ry +Ry=10kQ + 10 kQ = 20 kQ

If resistors R; and R, are quite large, then a more accurate value can be obtained by
considering that the input resistance of the op amp itself is in parallel with R,. The
small signal bandwidth of the circuit can be computed by applying Equation
(2.22) to the (+) input. For our present circuit, we can estimate the bandwidth as

bandwidth = unity gain frequency 1 MHz = 500 kH=
closed -loop gain 2

The highest practical operating frequency may be substantially lower than this
because of slew rate limiting of larger input signals. If we assume that the output
will be required to make the full output swing from +Vgar (+13 V) to -Vur (<13 V),
then we can apply Equation (2.11) to determine the highest input frequency that
can be applied without slew rate limiting.

slew rate 0.5 V/us

= = 6.12 kHz
aVpo(max) 3.14x26V

fSRL =

9.2.3 Practical Design Techniques
Now let us design a subtractor circuit that will satisfy the following design goals:

1. Input voltages 0 to +5 volts
2. Input frequency 0 to 10 kilohertz
3. Input impedance >2.5 kilohms

Compute R, to R;. The value of R, is determined by the minimum input
impedance of the circuit. Its value is found by applying Equation (2.7).

= ZI=25 kQ

Resistors R, through R, are set equal to R, in order to provide the correct subtrac-
tor performance. We will use standard values of 2.7 kilohms for these resistors.

Select the Op Amp. The primary considerations for op amp selection are slew
rate and bandwidth. Unless the input signals are very small, the slew rate estab-
lishes the upper frequency limit. The required slew rate to meet the design specifi-
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cations can be found by applying Equation (2.11). The maximum output voltage
change will be 10 volts and the frequency may be as high as 10 kilohertz.

slew rate = mfop(max) =3.14 x 10 kHz x 10 V =0.314 V' /us

This is within the range of the standard 741 op amp. The unity gain frequency
required to meet the bandwidth requirements can be estimated with Equation
(2.22). In the present case, the minimum unity gain frequency is computed as

fue =bwx Ay =10kHz x 2 = 20 kHz

which is well below the 1.0-megahertz unity gain frequency of the standard 741.
Let us use this device in our design.

There are several other nonideal op amp parameters that could play a signif-
icant role in op amp selection. These factors are discussed in Chapter 10.

The schematic of our subtractor design is shown in Figure 9.6. Its perfor-
mance with two in-phase AC inputs is shown in Figure 9.7, where channels 1 and

Rz 2.7k0
e AA A
v Ry 2.7k}
’ ,_L—l—'\N‘. -
74 b Vo
Va Rs 2.7k0
R,
FIGURE 9.6 A subfractor circuit 2.7k0
designed for 10-kilohertz operation
with O-volt to 5-volt input signals. =

P — e T

8.00 V/div
offset: 0.000 V
10.00 : | dc

2 2.00 V/div
offset: 0.000 V
“1 1,000 ¢ | dc

......

S % 14 B.00 v/div
loffset: 0.000 V

Vo + e Nl el 10.00 ¢ 1 de
T0.00000 s 50567000 us T 7.00000 ws
100 us/div
Vavg( 1) 3.08929 V¥ vavg(2) 1.07000 ¥V
Vavg( 4) 1.99745 v frequency( 1> 10.0200kkH
Vp-p( 2) 1.73438 V Vp-pC 1) 4.81250 V
Vp-p( 4) 2.93750 v 1 & oo v

FIGURE 9.7 Oscilloscope display showing the actual performance of the subtractor circuit shown in Figure
9.6. (Test equipment courtesy of Hewlett-Packard Company.)
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TABLE 9.2
Input Voltages Output Voltage
Vy, Vi Design Goal Measured Value
+4.56 volts +2.1 volts +2.46 volts +2.42 volts
0 volts 0 volts 0 volts ~0.05 volts
+1.6 volts +3.99 volts ~2.39 volts -2.43 volts

2 of the oscilloscope are connected to the V, and Vj inputs, respectively, and chan-
nel 4 shows the output of the op amp, which is the desired function (Vo =V, - V).
The response of the circuit to DC signals is listed in Table 9.2.

9.3 AVERAGING AMPLIFIER

The schematic diagram of an inverting averaging amplifier is shown in Figure 9.8.
Although this represents a separate mathematical operation, the configuration of
the circuit is similar to that of the inverting adder or inverting summing amplifier
discussed in Chapter 2.

Since its operation and design are nearly identical to that of the inverting
summing amplifier, only a brief analysis will be given here.

To understand the operation of the averaging amplifier, let us apply Ohm'’s
and Kirchhoff’s Laws along with some basic equation manipulation. Since the
inverting input (-) is a virtual ground point, each of the input currents can be found
with Ohm'’s Law.

I = E, and

R,
V,
Iy=-X
Ry
Ry Ra
Vi —AN— AN
R
vz lr—‘VAva‘v - v
. o
s : +> °
: Ry :
Vit > A—
Ry

FIGURE 9.8 An N-input averaging
amplifier circuit. =
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Negligible current flows in or out of the (=) input pin, so Kirchhoff’s Current Law
will show us that the sum of the input currents must be flowing through R;. That is,

13 =I1 +12...+IN,07

The voltage across R; will be equal to the output voltage, since one end of R,
is connected to a virtual ground point and the other end is connected directly to
the output terminal. Therefore, we can conclude that

Now, for proper operation of the averaging circuit, all of the input resistors must
be the same value; let us call this value R. Further, the feedback resistor (R;) is cho-
sen to be equal to R/N where N is the number of inputs to be averaged. Making
these substitutions in our previous equations gives us the following:

Vi Vv, Vy NV

— = + ——_—=

R R R R
1/1 +V2...+VN = “NVO
—VO - V1 +V2...+VN
N

This final expression for the output voltage should be recognized as the equation
for computing arithmetic averages. That is, add the numbers (input voltages)
together and divide by the number of inputs. The minus sign simply shows that
the signal is inverted in the process of passing through the op amp circuit.

9.4

9.4.1

ABSOLUTE VALUE CIRCUIT

An op amp circuit can be configured to provide the absolute value (| VALUE | ) of
a given number. You will recall from basic mathematics that an absolute value
function produces the magnitude of a number without regard to sign. In the case
of an op amp circuit designed to generate the absolute value of its input, we can
expect the output voltage to be equal to the input voltage without regard to polar-
ity. So, for example, a +6.2-volt input and a —6.2-volt input both produce the same
(typically +6.2-volt) output.

Operation

There are several ways to obtain the absolute value of a signal. The schematic dia-
gram in Figure 9.9 shows one possible way. The first stage of this circuit is a dual
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Ry 10k0 Dy — AAA————

——AM——}—
1NO14A R, 10k0
AN =
24 bin Vg

Rs 10k | INS144 7 Az

+——AAN—d ]
D,
R, 10k

V 1 > A'A'A' —
74

FIGURE 9.9 An absolute value circuit that computes the value of |V/}.

half-wave rectifier, the same as that analyzed in Chapter 7. Recall that on positive
input signals, the output goes in a negative direction and forward-biases D;. This
completes the feedback loop through R,. Additionally, the forward voltage dxop of
D, is essentially eliminated by the gain of the op amp. That is, the voltage at the
junction of R, and D, will be the same magnitude (but opposite polarity) as the
input voltage.

When a negative input voltage is applied to the dual half-wave rectifier cir-
cuit, the output of the op amp goes in a positive direction. This forward-biases D,
and completes the feedback loop through R;. Diode D, is reverse-biased. In the
case of the basic dual half-wave rectifier circuit, the voltage at the junction of R,
and D, is equal in magnitude (but opposite in polarity) to the input voltage. In the
case of the circuit in Figure 9.9, however, this voltage will be somewhat lower
because of the loading effect of the current flowing through R,, Ry, and Rs.

The outputs from the dual half-wave rectifier circuit are applied to the inputs
of a difference amplifier circuit. Since the two half-wave signals are initially 180°
out of phase, and since only one of them gets inverted by amplifier A,, we can con-
clude that the two signals appear at the output of A, with the same polarity. In
other words, both polarities of input signal produce the same polarity of output
signal. By definition, this is an absolute value function.

Numerical Analysis

Now let us extend our understanding of the absolute value circuit shown in Fig-
ure 9.9 to a numerical analysis of its operation. First notice that all resistors are the
same value, which greatly simplifies our algebraic manipulation. We will analyze
the circuit for both polarities of input voltage.

Figure 9.10 shows an equivalent circuit that is valid whenever V}, is positive.
The ground on the lower end of R, is provided by the virtual ground at the (-)
input of A;. It is easy to see that we now have two inverting amplifiers in cascade,
so the output voltage will be equal to the input voltage times the voltage gains of
the two amplifiers. That is,

R R R,R
Vo = ViauA, =vi|-Re|_Bs|_ y[ReRs
(o] 143y 44y, l( R])[ R4) I(R1R4
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Rs 10k0
A
W~ Rs 10k0
‘NT [
R, 10kQ
A \ R, 10kQ l
741 AAA h
% 741 Vo
+ 4,
W, = .[—
= ik,
210k0
e

B
-

FIGURE 9.10 An equivalent circuit for the diagram shown in Figure 9.9 during times when V, is
positive.

Since all resistors are the same value (R), we can further simplify the expression
for Vo.

RR
Vo = VI(R'—R) =V

In the case of positive input signals, the output voltage is equal to the input volt-
age.

Now let us consider the effects of negative input voltages. Figure 9.11 shows
an equivalent circuit that is valid whenever V| is negative. Kirchhoff’s Current
Law, coupled with our understanding of basic op amp operation, allows us to
establish the following relationship:

11 = IZ + 13
Rz 10kQ
'A'A
I
sf—.lg R’ 10k0 ’ R"xkn
R; 10k0 I, Re ;gkn
Wy -,;4\ 741 LV,

VX s Az

F
ke

-V ':‘[' f
FIGURE 9.11 An equivalent circuit for the diagram shown in Figure 9.9 during times when V, is
negative.
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Ohm’s Law can be used to substitute resistance and voltage values.

Vi W, W

Ri Ry Ry+R,

Since all resistor values are equal (R), we can further simplify this latter expression
as follows:

We will come back to this equation momentarily. For now, though, let us deter-
mine the output voltage in terms of Vy. Amplifier A, is a basic noninverting
amplifier with respect to Vy, since the left end of R, connects to ground (virtual
ground provided by the inverting input of A,). Therefore, the output voltage can
be expressed using our basic gain equation for noninverting amplifiers.

VO = VX(R RS + 1]

2 + Ry

Since the resistors are all equal, we will substitute R for each resistor and solve the
equation for Vy.

R
VO=VX(R+R+1)

_ VX(R + ZR)
2R

If we now substitute this last expression for Vy into our earlier expression, we can
determine the output voltage in terms of input voltage. That is,

Ly, %
2

29
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For negative input voltages, the output is equal in amplitude but opposite in
polarity. This, coupled with our previous analysis for positive input voltages,
means that the output voltage is positive for either polarity of input voltage and
equal in amplitude to the input voltage. Of course, this is the proper behavior for
an absolute value circuit where V= | V;1.

The input impedance, output impedance, frequency response, and so on, are
computed in the same manner as are similar circuits previously discussed in
detail. These calculations are not repeated here.

9.4.3 Practical Design Techniques

Since all resistor values are the same in the absolute value circuit, the calculations
for design are fairly straightforward. Let us design an absolute value circuit that
will perform according to the following design goals:

1. Input voltage -10 volts < V; <10 volts
2. Input impedance >18 kilohms
3. Frequency range 0 to 100 kilohertz

Select the Value for R. The minimum value for all of the resistors is deter-
mined by the required input impedance. The maximum value is limited by the
nonideal characteristics of the circuit (refer to Chapter 10), but is generally below
100 kilohms. The minimum value for R can be found by applying Equation (2.7).

R = input impedance = 18 kQ
Let us choose to use 22-kilohm resistors for our design.
Select the Op Amps. As usual, slew rate and small signal bandwidth are used

as the basis for op amp selection. The required unity gain frequency for A, can be
computed with Equation (2.22).

R
=bwx Ay = b S +1
Jug = b x Ay w(Rz+R4 J

=100 kHz( 10 ko 1)

W10k
= 150 kHz

The bandwidth for A; will be somewhat lower because it has a voltage gain of 1.
But in either case, the standard 741 will be more than adequate with regard to
bandwidth.

The required slew rate for either amplifier can be computed with Equation
(2.11). The voltage and frequency limits are stated in the design goals.

slew rate = nfVp(max) =3.14 x 100 kHz x 20 V = 6.28 V/ us



376

ARITHMETIC FUNCTION CIRCUITS

This slew rate exceeds the capability of the standard 741, but falls within the 10-
volts-per-microsecond slew rate capability of the MC1741SC. Let us utilize this
device in our design. It should be noted that in critical applications several addi-
tional nonideal op amp characteristics should be evaluated before a particular op
amp is selected. These characteristics are discussed in Chapter 10.

The final schematic diagram for our absolute value circuit is shown in Figure
9.12. Its performance is evident from the oscilloscope displays in Figure 9.13. In
Figure 9.13(a) the input is a sinewave. Since both polarities of input translate to a
positive output, we have essentially built an ideal full-wave rectifier circuit. Fig-
ure 9.13(b) shows the circuit’s response to a very slow (essentially varying DC) tri-
angle wave.

R, 22k0 D, Re 22k0)
AMA- H___ Vv
INO14A R, 22k0
oy _Ag b Vo
Ry 22kQ1| IN914A -
——-I\N\,-—-—H__.. MC1741SC
D
R, 22k0 2
vl )= 'A'A's -—A
1

|+,
| MC1741SC

FIGURE 9.12 Final design of a 100-kiloherz absolute value circuit.

Sinewave Response

[ T 10.0 V/div
b offset: 0.000 Vv
i 10.00 : 1 dc
A\ e " o
‘ i % |
| : ‘ : L A
F 5 J 1 | - .
— —— et
: ‘ 1 .
|
i A ' . 10.0 v/div
‘ | L ; ‘ |offset: 0.000 ¥
— ! I i ] 1 T T 10,00 ¢ de
I | | | l | | ;
0.00000 s 25.0000 us 50.0000 us
5,00 us/div
vbase( 1) -10.0000 V Viop( 1) 9.84375 V
Vbase( 4) -312.5008mV Vtop( 4) 9.84375 V
frequency( 1)  100.200kk 1 3 1000 v

(a)

FIGURE 9.13 Oscilloscope displays showing the performance of the absolute value circuit shown
in Figure 9.12. (Test equipment courtesy of Hewlett-Packard Company.)
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Varying DC Response
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FIGURE 9.13 Continued

9.5

9.5.1

SIGN CHANGING CIRCUIT

A sign changing circuit is a simple, but important, member of the arithmetic cir-
cuits family. Many arithmetic operations require sign or polarity changes. A sign
changing circuit, then, is one that can either invert a signal or, alternately, pass it
through without inversion. A specific application that could utilize a sign chang-
ing circuit is a combination add/subtract circuit. You will recall the basic rule for
algebraic subtraction, “. .. change the sign of the subtrahend and then proceed as
in addition.” We could, therefore, route one of the adder inputs through a sign
changing circuit that could invert or not invert the signal to subtract or add,
respectively.

Operation

The schematic diagram of a sign changing circuit is shown in Figure 9.14. The single-
pole double-throw (SPDT) switch is generally an analog switch controlled by another
circuit (e.g., a microprocessor system). When the switch is in the upper position, the
amplifier is configured as a basic inverting amplifier. The gain (Ay = -1) is deter-
mined by the ratio of R; and R,.

When the switch is moved to the lower position, the circuit is configured as
a simple voltage follower (Ay = 1). Resistor R; determines the input impedance of
the circuit. Its value can be selected such that the input impedance offered by the
sign changer is the same in both modes, allowing the circuit to present a constant
load on the driving stage. Resistor R, is open-circuited in the noninverting mode
and has no effect on circuit operation.
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FIGURE 9.14 A sign changing circuit 27k0
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27k0 _
Vv >-—/ >—*—-—-Vo
+

allows selectable inversion. =

9.5.2 Numerical Analysis

The numerical analysis for this circuit must be done in two stages (one for each
position of the switch). Each of these calculations is literally identical to the calcu-
lations presented in Chapter 2 for inverting and noninverting amplifiers, so they
are not repeated here.

9.5.3 Practical Design Techniques

Let us now design a simple sign changer circuit that satisfies the following design
requirements:

1. Input impedance 247 kilohms
2. Frequency range 0-8.5 kilohertz

Compute R, and R,. The value of R, is established by the input impedance
requirement. Its value is computed with Equation (2.7).

R]=ZIZ47kQ

Let us choose a standard value of 100 kilohms. Resistor R, will be the same value
as R;, since we want the circuit to have a voltage gain of -1. '

Compute R;. The value of R, should be equal to the value of R, so that we can
maintain a constant input impedance for both modes. Therefore,

Ry =R, = 100kQ

It should be noted that this selection does not minimize the effects of input bias
current. The ideal value for R; is different for the two modes if we want to mini-
mize those effects.

Select the Op Amp. We will select the op amp on the basis of bandwidth and
slew rate. The minimum unity gain frequency is found as

fuc =bwA, =85kHzx1 =85kHz

This value should be doubled (i.e., 17 kHz) for critical applications. The minimum
required slew rate (based on a full output swing) is calculated with Equation (2.11).
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slew rate = mfVp(max) =3.14 x 8.5 kHz x 26 V =0.694 V /s

The bandwidth specification can be satisfied by most any op amp. The required
slew rate, however, exceeds the 0.5-volts-per-microsecond rating for the standard
741. Let us plan to use an MC1741SC device, which satisfies both bandwidth and
slew rate requirements.

The schematic of our sign changing circuit is shown in Figure 9.15. Its per-
formance is evident from the oscilloscope displays shown in Figure 9.16. The
waveforms in Figure 9.16(a) show the circuit’s performance in the invert mode.
Figure 9.16(b) shows the circuit operated in the noninvert mode.

Rp 100k0
AN
R; 100kQ
vm)-_/'-——WY - vo
“MC17415C
Rg
100k
FIGURE 9.15 Final design of an 8.5-
kilohertz sign changing circuit. =
Invert Mode
T 10.0 v/div
i I P offset: 0.000 V
/’ \ —— / 10.00 : 1 dc
V) Fobettetctofin b g ten o S h S e
| N N
| S N | ‘\..I
1 [ |
\ T T n|
| /,—\\In | 4
1 I ‘ |
A, ,/ l\ N ..‘././..._;
Vo 1 i : MRS R e el 4 10,0 v/div
I \ |offset: 0.000 V
g yor T = | 10.00 : 1 dc
0.00000 s 100.000 us 200.000 us
20.0 us/div
Vp-p( 1) 26.7188 V Vp-p( 4) 26.7188 Vv

frequency( 1) B.46264kh
4 £ 0000 ¥

FIGURE 9.16 Oscilloscope displays showing the octual performance of the sign-changing circuit
shown in Figure 9.15. (Test equipment courtesy of Hewlett-Packard Company.) (continued)
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Noninvert Mode
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FIGURE 9.16 Continuved

TROUBLESHOOTING TIPS FOR ARITHMETIC CIRCUITS

Most of the arithmetic circuits presented in this chapter are electrically similar to
other amplifier circuits previously studied; it is the component values and
intended application that cause them to be classified as arithmetic. With this in
mind, all of the troubleshooting tips and procedures previously discussed for sim-
ilar circuits are applicable to the companion arithmetic circuits and will not be
repeated here.

Proper operation of the arithmetic circuits presented in this chapter requires
accurate component values. It is common to use precision resistors to obtain the
desired performance. If a component changes value, its effects may be more notice-
able in the arithmetic circuits than in similar, nonarithmetic circuits previously dis-
cussed. The very nature of the arithmetic circuit generally implies a higher level of
required accuracy than that for a simple amplifier. Thus, the probability of prob-
lems being caused by component variations is greater with arithmetic circuits.

To diagnose a problem caused by a component variation, it is helpful to
apply your theoretical understanding of the circuit to minimize the number of
suspect components. By applying various combinations of signals and monitoring
the output signal, you can usually identify a particular input that has an incorrect
response. If, on the other hand, all of the inputs seem to be in error (e.g., shifted
slightly), then the problem is most likely a component that is common to all inputs
(e.g., the feedback resistor or op amp).
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If your job requires you to do frequent maintenance on arithmetic circuits, it
is probably worth your while to construct a test jig to aid in diagnosing faulty cir-
cuits. The test jig could consist of a number of switch-selectable voltages applied
to several output jacks, and the voltages should be accurate enough to effectively
test the particular class of circuits being evaluated. The jig, coupled with a table
showing the performance of a known good circuit, can be used to very quickly
isolate troubles in arithmetic circuits. Of course, this entire test fixture could easily
be interfaced to a computer for automatic testing and comparison.

If the circuit seems to work properly in the laboratory, but consistently goes
out of tolerance when placed in service, you might suspect a thermal problem.
Nearly all of the components in all of the circuits are affected by temperature
changes. Short of providing a constant temperature environment, your only options
for improving performance under changing temperature conditions are these:

1. Locate a defective component.
2. Substitute compatible components with tighter tolerances.
3. Redesign the circuit using a different technique.

You can artificially simulate temperature changes to a single component by spray-
ing a freezing mist on it. Sprays of this type are available at any electronics supply
store. Although every component you spray may cause a shift in operation, an
abrupt or dramatic or erratic response from a particular one may indicate a failing
part.

There are numerous choices for all of the components in the circuits pre-
sented in this chapter. Improved immunity to temperature variations can often be
obtained simply by substituting components with more stringent tolerances. Resis-
tors with a 5-percent rating can be replaced, for example, with 1-percent resistors.
Similarly, a general-purpose op amp can be replaced with a pin-compatible op amp
having lower bias currents, noise, or temperature coefficients.

Finally, if items 1 and 2 in the list above do not resolve a particular thermal
problem, then redesign may be in order. Frequently, there is a trade-off between
circuit simplicity and circuit stability. Achieving rock-solid stability often requires
a step increase in circuit complexity.
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REVIEW QUESTIONS

1.

2.

Refer to Figure 9.2. What is the effect on circuit operation if resistors R; to R; are all
increased to 20 kilohms?

Refer to Figure 9.2. Show how the circuit can be analyzed by applying the
Superposition Theorem to the input circuit.

. Refer to Figure 9.5. What is the effect on circuit operation if resistor R; develops an

open?

. Refer to Figure 9.5. What is the effect on circuit operation if resistor R, develops an

open?

- Refer to Figure 9.9. What is the effect on circuit operation if resistor R; is doubled in

value?

. Refer to Figure 9.9. Describe the effect on circuit operation if resistor R, becomes open.
. Will the circuit shown in Figure 9.9 still operate correctly if resistors R, and Rs are both

doubled in value? Explain your answer.



CHAPTER TEN

Nonideal Op Amp Characteristics

For purposes of analysis and design in the preceding chapters, we considered many
of the op amp parameters to be ideal. For example, we generally assumed the input
bias current to be 0, we frequently ignored output resistance, and we disregarded
any effects caused by drift or offset voltage. This approach not only greatly simpli-
fies the analysis and design techniques, but is a practical method for many situa-
tions. Nevertheless, more demanding applications require that we acknowledge the
existence of certain nonideal op amp characteristics. This chapter will describe
many of these additional considerations.

10.1

10.1.1

NONIDEAL DC CHARACTERISTICS

We will classify the nonideal characteristics of op amps into two general cate-
gories: DC and AC. Let us first consider the effects of nonideal DC characteristics.

Input Bias Current

As briefly noted in Chapter 1, the first stage of an op amp is a differential amplifier.
Figure 10.1 shows a representative circuit that could serve as an op amp input stage.
Clearly, the currents that flow into or out of the inverting () and noninverting (+) op
amp terminals are actually base current for the internal transistors. So, for proper
operation, we must always insure that both inputs have a DC path to ground. They
cannot be left floating, and they cannot have series capacitors. These currents are
very small (ideally 0), but may cause undesired effects in some applications.

Figure 10.2 can be used to show the effect of nonideal bias currents. It illus-
trates a basic op amp configured as either an inverting or a noninverting amplifier
with the input signal removed (i.e., input shorted to ground). The direction of cur-
rent flow for the bias currents and the resulting output voltage polarities are
essentially arbitrary, since different op amps have different directions of current
flow. However, for a given op amp, both currents will flow in the same direction

383
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v+
Rq RQ
Vo
+) Q Qe
(e
R Re
FIGURE 10.1 A representative input X

stage for a bipolar op amp.

FIGURE 10.2 A model that can be
used to determine the effects of bias

current,

(i.e., either in or out). For our immediate purposes, let us assume that the arrows
on the current sources indicate the direction of electron flow. We will now apply
Ohm'’s Law in conjunction with the Superposition Theorem to determine the out-
put voltage produced by the bias currents. First, the noninverting bias current
(with the inverting bias current set to 0) will cause a voltage drop across Ry with a
value of

VRB = IB; XRB
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This voltage will be amplified by the noninverting gain of the amplifier and
appear in the output as

V02 = VRB[I;—;"' 1) = IBZRB(%+ 1}

It should be noted that this voltage will be negative in our present example, since
we assume that the electron flow was out of the input terminals.

Now let us consider the effect of the bias current for the inverting input.
According to the Superposition Theorem, we must set the bias current on the non-
inverting input to 0. Having done this, we see that since no current is flowing
through R; there will be no voltage across it. Therefore, the voltage on the (+)
input will be truly 0 or ground. Additionally, we know that the closed-loop action
of the amplifier will force the inverting pin to be at a similar potential. This means
that the inverting pin is also at ground potential; recall that we referred to this
point as a virtual ground. In any case, with 0 volts across R; there can be no current
flow through R;. The entire bias current for the inverting input, then, must flow
through Ry (by Kirchhoff’s Current Law). Since the left end of R is grounded and
the right end is connected to the output, the voltage across R is equal to the out-
put voltage. Therefore, the output voltage caused by the bias current on the invert-
ing pin can be computed as

Vo‘ = IB; X RF

Since current has been assumed to flow out of the (-) pin, we know that the result-
ing output voltage will be positive. Note that this is opposite the polarity of the (+)
input.

Now, continuing with the application of the Superposition Theorem, we
simply combine (algebraically) the individual voltages computed above to deter-
mine the net effect of the two bias currents. Since the polarities of output voltage
caused by the two bias currents are opposite, the net output voltage must be

VO = V01 - VOZ' or

Vo = IBIRF - IngB(% + 1J

The manufacturer does not generally provide the individual values of both bias
currents. Rather, the bias current (Ip) listed in the specification sheet is actually an
average of the two. In general, the two currents are fairly close in value, so if we
assume that the two currents are equal, the preceding equation becomes

1
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Thus, to estimate the output voltage caused by the bias currents in a particular
amplifier circuit, we apply Equation (10.1). As an example, let us estimate the out-
put voltage caused by the bias currents for the inverting amplifier circuit shown in
Figure 10.3.

By referring to the data sheets in Appendix 1, we can determine the maxi-
mum value of bias current for a 741 under worst-case conditions to be 1500 nano-
amperes. Substituting this into Equation (10.1) gives us

VO = IB[RF - RB(& + 1)}
R,

= 1500 nA{lZO k2 - 68 m(lZO it + l]jl

27 kQ
= -375.33 mV

Now a good question to ask is how we design our circuits to minimize the effects
of op amp bias currents. We prefer to have 0 volts in the output as a result of the
bias currents, so let us set Equation (10.1) equal to 0 and then manipulate the equa-
tion.

__Rr
=
&+1
R;
__Rr
T Rr+ R

R,

R,
=R
F(R, + RF]

- _ReR,

Rr + R

R

The final outcome should be recognized as an equation for two parallel resis-
tances. You will recall that throughout the earlier chapters we always tried to set
Rj equal to the parallel resistance of Ry and R,. This is an important result.
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27k

68k

FIGURE 10.3 A basic inverting =
amplifier circuit. =

As a final example, let us replace R; in Figure 10.3 with the correct value and com-
pare the results. The correct value for Ry is determined with Equation (10.2).

ReR,
Ry = = RR (10.2
5= R TR, rlIR; (10.2)

ReR; 120 kQ x 27 kQ

= = :22’(9
R +R;, 120 kQ + 27 kQ

B

We now apply Equation (10.1) to determine the resulting output voltage with the
correct value of R.

VO = IB[RF - RB(& + l)jl
R,

= 1500 nA[lZO K -22 m(lZO K2 + IH

27 kQ
= -333 uV

This, as you can see, is an improvement of over 1000 times, but you should realize
that these calculations were based on the assumption that the two bias currents
are identical. And while they are close, they are not truly equal. The difference
between them is the subject of the next section.

10.1.2 Input Offset Current

The value of bias current listed in the manufacturer’s data sheet is the average of
the two individual currents. The value listed in the manufacturer’s data sheet as
input offset current is the difference between those currents, which is always less
than the individual currents. In the case of the standard 741, the worst-case input
offset current is listed as 500 nanoamperes (compared to 1500 nA for bias current).



388

NONIDEAL OP AMP CHARACTERISTICS

The typical values for these currents at room temperature are 20 nanoamperes and
80 nanoamperes for input offset current and input bias current, respectively.

While deriving Equation (10.1), we generated the following intermediate
step:

Vo = IBlRF - IBZRB[& + 1}
R,

Now, from this point let us assume that Rj is selected to be equal to the parallel
combination of Ry and R; as expressed in Equation (10.2). If we substitute this
equality into this equation and then manipulate the equation, we can produce a
useful expression.

R + R\ R

ke[RRI ReRy
T ORTF RF+R1

= IBlRf _IBZRF

= RF(IBI - IBZ)

Since the quantity I — Ip, is the very definition of input offset current, we can
make this substitution and obtain Equation (10.3).

VO = RFIID (1(}3)

As long as we select the correct value for Rp, we can use the simplified Equation
(10.3) to determine the output voltage caused by op amp input currents. In the
case of the standard 741 shown in Figure 10.3 (but with the correct value for Rp),
the worst-case output voltage caused by offset current is

Vo =120 k2 x 500 nA = 60 mV

A more likely result can be found by using the typical value of offset current at
room temperature. That is,

Vo=120kQ % 20 nA =24 mV

10.1.3 Input Offset Voltage

Input offset voltage is another parameter listed in the manufacturer’s data sheet.
Like the bias currents, it produces an error voltage in the output. That is, with 0
volts applied to the inputs of an op amp, we expect to find 0 volts at the output. In
fact, we will find a small DC offset present at the output. This is called the output
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offset voltage and is a result of the combined effects of bias current (previously dis-
cussed above) and input offset voltage.

The error contributed by input offset voltage is a result of DC imbalances
within the op amp. The transistor currents (see Figure 10.1) in the input stage may
not be exactly equal because of component tolerances within the integrated cir-
cuit. In any case, an output voltage is produced just as if there were an actual volt-
age applied to the input of the op amp. To facilitate the analysis of the problem, we
model the circuit with a small DC source at the noninverting input terminal (see
Figure 10.4). This apparent source is called the input offset voltage, and it will be
amplified and appear in the output as an error voltage. The output voltage caused
by the input offset voltage can be computed with our basic gain equation.

R
Vo = Vil =£ +1)
o] IO(R[

The manufacturer’s data sheet for a standard 741 lists the worst-case value
for input offset voltage as 6 millivolts. In the case of the circuit shown in Figure
10.4, we could compute the output error voltage caused by the input offset voltage
as follows:

180kQ
Vo =6 mv] 2082 1o 2529 my
0 m(seng'} m

The polarity of the output offset may be either positive or negative. Therefore, it
may add or subtract from the DC offset caused by the op amp bias currents. The
worst-case output offset voltage can be estimated by assuming that the output
voltages caused by the bias currents and the input offset voltage are additive. In
that case, the resulting value of output offset voltage can be found as

Voo = RFIIO + V}o(% + IJ (104)
1

Most op amps, including the 741, have provisions for nulling or canceling the out-
put offset voltage. Appendix 4 shows the recommended nulling circuit for an

Ry 180k0

741 b Vo
4

FIGURE 10.4 The input offset v ..[_
B »

voltage contributes o the DC offset

voltage in the output of an op amp.
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MC1741SC. It consists of a 10-kilohm potentiometer connected between the off-
set null pins (1 and 5) of the op amp. The wiper arm of the potentiometer con-
nects to the negative supply voltage. The amplifier is connected for normal
operation (excluding any DC input signals), and the potentiometer is adjusted to
produce 0 volts at the output of the op amp. You should realize, however, that
this only cancels the output offset voltage at one particular operating point. With
temperature changes or simply over a period of time, the circuit may drift and
need to be readjusted. Nevertheless, it is an improvement over a circuit with no
compensation.

10.1.4 Drift

Drift is a general term that describes the change in DC operating characteristics
with time and/or temperature. The temperature drift for input offset current is
expressed in terms of nA/°C, and the drift for input offset voltage is expressed in
terms of uV/°C. The temperature coefficient of each of these quantities varies over
the temperature range, and this variation may even include a change in polarity of
the temperature coefficient. The maximum drift may be provided in tabular form
by some manufacturers, but more meaningful data is available when the manufac-
turer provides a graph showing the response of input offset current and input off-
set voltage to changes in temperature. The data sheet in Appendix 1 is essentially a
compromise between these two methods. Here the manufacturer has provided the
values of input offset current and input offset voltage at room temperature and at
the extremes of the temperature range.

The usual way to reduce the effects of drift is to select an op amp that has a
low temperature coefficient for these parameters. Additionally, in certain critical
applications some success can be achieved by including a thermistor network as
part of the output offset voltage compensation network.

10.1.5 Input Resistance

An ideal op amp has an infinite input resistance. However, for practical op amps the
input resistance is lower but still very high. The errors caused by nonideal input
resistance in the op amp do not generally cause significant problems, and what
problems may be present can generally be minimized by ensuring that the follow-
ing conditions are satisfied:

1. The differential input resistance should be at least 10 times the value of
feedback resistor for inverting applications.

2. The differential input resistance should be at least 10 times the values of the
feedback and source resistances for noninverting applications.

In most cases, these requirements are easily met. In more demanding applications,
the designer may select a FET input op amp. The MC34001 op amp made by
Motorola, Inc., is an example of this type; it provides an input resistance of 10%?
ohms and is pin-compatible with the standard 741 device.
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FIGURE 10.5 The effect of op amp output resistance (Ro) is to reduce
the output voltage.

10.1.6 Output Resistance

Figure 10.5 shows a circuit model that can be used to understand the effects of non-0
output resistance in an op amp. Considering that the (-) input pin is a virtual
ground point, we find that Ry and R; are in parallel with each other. This combina-
tion forms a voltage divider with the series output resistance (R). The actual out-
put voltage (V;) will be somewhat less than the ideal output voltage (V).

The numerical effect of R, can be determined by applying the basic voltage
divider equation.

, Re|R,
V) = V| —tt
O~ " Re|R, + Ro

Now, as long as the following condition is maintained,

RO RP+RL <1
ReR,
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the actual output voltage will show very little loading. In practice, this condition is
generally easy to satisfy. In most cases, the maximum output current of the op
amp will be exceeded before the output resistance becomes a problem.

10.2 NONIDEAL AC CHARACTERISTICS

10.2.1 Frequency Response

The effects of limited bandwidth have been discussed in several of the earlier chap-
ters with reference to specific circuits. In general, the open-loop DC gain of an op
amp is extremely high (typically well over 200,000). However, as the frequency of
operation increases, the gain begins to fall off. At some point, the open-loop gain
reaches 1. We call this the unity gain frequency, which is also referred to as the gain
bandwidth product.

When the op amp is provided with negative feedback, the closed-loop gain
is less than the open-loop gain. As long as the closed-loop gain is substantially less
than the open-loop gain (at a given frequency), then the circuit is relatively un-
affected by the reduced open-loop gain. However, at frequencies that cause the
open-loop gain to approach the expected closed-loop gain, the actual closed-loop
gain also begins to fall off.

We can estimate the highest operating frequency for a particular closed-loop
gain as follows:

_ unity gain frequency
closed - loop gain

This is adequate for many, if not most, applications, but it ignores the fact that the
closed-loop gain falls off more rapidly as it approaches the open-loop curve. In
fact, when the circuit is operated at the frequency computed, the response will be
about 3 dB below the ideal voltage gain. If this 3-dB drop is unacceptable for a par-
ticular application, then the gain must be reduced (or an op amp with a higher
gain bandwidth product used).

10.2.2 Slew Rate

In order to provide high-frequency stability, op amps have one or more capacitors
connected to an internal stage. The capacitor may be internal to the op amp (inter-
nally compensated), or it may be added externally by the designer (externally
compensated) (Section 10.2.4 discusses compensation in greater detail). In either
case, this compensating capacitance limits the maximum rate of change that can
occur at the output of the op amp. That is, the output voltage can only change as
fast as this capacitance can be charged and discharged. The charging rate is deter-
mined by two factors:

1. Charging current
2. Size of the capacitor
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The charging current is determined by the design of the op amp and is not con-
trollable by the user. In the case of internally compensated op amps, the value of
capacitance is also fixed. The user does have control over the capacitance values
for externally compensated op amps. The smaller the compensating capacitor, the
wider the bandwidth and the faster the slew rate. Unfortunately, the price paid for
this increased performance is a greater amplification of noise voltages and a
greater tendency for oscillations.

Since slew rate is, by definition, a measure of volts per second, the severity of
problems caused by limited slew rates is affected by both signal amplitude and
signal frequency. We can determine the largest output voltage swing for a given
slew rate and operating frequency by applying Equation (2.11).

slew rate

nf

Up(max) =

Of course, we can also transpose this equation to determine the highest operating
frequency for a given output amplitude.

10.2.3 Noise

The term noise, as used here, refers to undesired voltage (or current) fluctuations
created within the internal stages of the op amp. Although there are many internal
sources of noise, and several types, it is convenient to view the noise sources col-
lectively as a single source connected to the noninverting input terminal. This
approach to noise analysis is shown in Figure 10.6.

The value of the equivalent noise source shown in Figure 10.6 is labeled by
some manufacturers as equivalent input noise. The gain given to this noise voltage
is computed with our basic noninverting amplifier gain equation, which is

Up = VN[% + 1)
I

It is important to note, however, that R, for the purposes of calculating noise gain
is the total resistance from the inverting pin to ground. This has particular signifi-
cance in the case of a multiple-input summing amplifier, where the R; value is
actually the parallel combination of all input resistors. Thus, the noise gain of the
circuit is higher than any of the individual gains.

Ry
FIGURE 10.6 Ali of the internal
noise sources in an op amp can be

v >—-—-—— Vo
_l +
viewed as a single source (V) applied

to the noninverting input. =
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Another important aspect of noise gain is apparent when capacitance is used
in the input circuit (e.g., the differentiator circuit). By having a capacitance in
series with the input terminal (-), we cause the effective R; to decrease at higher
frequencies, thus increasing the noise gain of the circuit.

The data sheet for the standard 741 provided in Appendix 1 shows one man-
ufacturer’s method of providing noise specifications for an op amp. The graph
labeled “Output Noise versus Source Resistance” is particularly useful. Here the
manufacturer is indicating the total RMS output noise for various gains and vari-
ous source resistances. The source resistor always generates thermal noise that
increases with resistance and temperature. For low values of source resistance
(below 1.0 k), the op amp noise is the primary contributor to overall output
noise. Thus, the curves remain fairly flat for various source resistance values. As
the source resistance is increased beyond 10 kilohms, its noise begins to swamp
out the internal op amp noise and we begin to see a steady rise in overall noise
with source resistance increases.

The graph labeled “Spectral Noise Density” also provides us with greater
insight into the noise characteristics of the 741. This graph indicates the relative
magnitudes of noise signals at various frequencies. In particular, notice that at fre-
quencies above 1.0 kilohertz, the distribution of noise voltage is fairly constant.
This flat region is largely caused by the noise generated in the source resistance.
Much of the internal op amp noise decreases with increasing frequency. By the
time we reach 1.0 kilohertz, this internal noise contributes little to the overall noise
signal, but below 1.0 kilohertz the overall noise amplitude increases sharply as fre-
quency is decreased. This increase is largely caused by increased internal op amp
noise and can present problems in DC amplifiers.

There are several things we can do to minimize the effects caused by noise
voltages. First, we can take steps to minimize the noise gain of the circuit. This
means avoiding the use of large values of feedback resistance (Ry) and small values
of input resistance (R;). Unfortunately, the gain of the circuit for normal signals
determines the ratio of these two components, but if we bypass R; with a small
capacitor, we can cause the noise gain to decrease at frequencies beyond the normal
operating range of the circuit. In other words, the normal input signals will see the
bypass capacitor as an open and will be unaffected, but the noise signals will see the
bypass capacitor as a low impedance and reduce the overall noise gain of the circuit.

A second way to minimize the effects of noise in an op amp circuit is to
ensure that the resistance between the inverting input and ground, and between
the noninverting input and ground, are equal. You will recall that this same proce-
dure helped us minimize the effects of input offset current.

Third, since the noise generated by resistors increases with resistance (actually
JR), we should avoid large values of resistance when noise is potentially a problem.

Finally, we can reduce the op amp’s contribution to overall output noise by
selecting an op amp that is optimized for low-noise operation. The OP-27 op amp
manufactured by Motorola, Inc., for example, is called an “ultra-low” noise device.
It generates only 3.0 nanovolts of RMS noise at 1.0 kilohertz.

10.2.4 Frequency Compensation

We know from the study of oscillators that the two primary criteria for oscillation
are in-phase (or 360°) feedback and a gain of at least unity at the feedback frequency.
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The op amp has a varying gain depending upon the operating frequency, but the
gain requirement for oscillation is certainly a possibility.

Additionally, the op amp inherently has a 180° phase shift between its inverting
input and the output by virtue of its operation. Now if we provide an additional 180°
phase shift and provide a loop gain of at least unity, we will have built an oscillator.

In an earlier chapter, we provided this extra phase shift externally at a specific
frequency to construct an op amp oscillator. All of the internal stages of an op amp
also have certain frequency and phase characteristics. As frequency increases, the
cumulative phase shift of these internal stages also increases. If, at some frequency,
the total phase shift reaches 360° (or 0°) and at the same time we have a loop gain
of at least unity, the circuit will oscillate even though that may not be the intended
behavior.

Principles of Frequency Compensation. So far in the text we have primar-
ily focused on the frequency characteristics of the op amp with only occasional
reference to the phase characteristics. Figure 10.7 shows a simple RC circuit and
graphs showing its frequency and phase performance. Table 10.1 shows this same
data in tabular form.

R 1590 +10

vy Io.mr

(a)

[l W

VOLTAGE GAIN (dB)

1k 10k 100k 1.0M 10X
FREQUENCY (Hz)

(b)

PHASE SHIFT (degrees)
{
&

1.0 10 100 1k 10k 100k 1.0M 10M
FREQUENCY (Hz)

(c)

FIGURE 10.7 The frequency/phase response of a simple RC circuit.
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There are several things to be observed from these data. First note that the
break (or cutoff) frequency occurs at 10 kilohertz. At this frequency, X = R, the
voltage gain is 0.707, and the phase shift is about 45°. Now notice that if we are at
least a decade lower than the break frequency, the following occurs:

1. Voltage gain remains fairly constant (near unity).
2. The dB-per-decade drop in output voltage is very slight.
3. The phase shift is near 0° (<6°).

As the cutoff frequency is passed things change. By the time we are one
decade above the cutoff frequency and continuing beyond, the following occurs:

1. Voltage gain decreases by a factor of 10 for each decade increase in
frequency.

2. The dB-per-decade drop continues at about —20 dB per decade.

3. The phase shift is near 90° (>84°).

If we add a second RC section to the circuit shown in Figure 10.7, these
effects are magnified. That is, for frequencies well below both break frequencies,
the circuit behaves as described for low frequencies. For frequencies greater than
the break frequency of one RC section, but less than the second, the circuit
response is as described for high frequencies. Finally, when the operating fre-
quency is higher than both break frequencies, the following effects occur:

1. Voltage gain decreases by a factor of 100 for each decade increase in
frequency.

2. The dB-per-decade drop continues at ~40 dB per decade.

3. The phase shift is near 180°.

This two-stage response is shown graphically in Figure 10.8 as a solid line. The
dotted curves represent the responses of the individual RC sections. A similar
cumulative effect occurs for each subsequent RC section added.

TABLE 10.1
Frequency (Hz) Voltage Gain dB per Decade Phase Shift
1 1 - -0.0057°
10 0.99999 -0.00000478 ~-0.0541°
100 0.99995 -0.000429 ~-0.5701°
1000 0.99505 -0.0427 -5.7°
10,000 0.70763 -2.964 ~-44.96°
100,000 0.09965 -17.046 -84.29°
1,000,000 0.01001 -19.979 —89.43°
10,000,000 0.001001 ~20.022 -89.95°
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As briefly mentioned earlier in this section, each of the internal stages of an
op amp have frequency and phase characteristics similar to the RC sections pre-
sented. Figure 10.9 shows the open-loop frequency response of a hypothetical
amplifier with no frequency compensation. This response presents us with
“good news” and “bad news.” The good news is that we have a substantial
increase in bandwidth relative to a compensated op amp (e.g., the standard 741
shown as a dotted curve). The bad news is that the multiple break frequencies will
certainly cause greater than 180° of phase shift. This internal shift coupled with
the inherent 180° shift from the inverting input terminal will make this particular
op amp very prone to oscillation. Now, let us determine how prone.

If we superimpose the closed-loop gain response on the open-loop response
originally shown in Figure 10.9, we get Figure 10.10, where the closed-loop
responses for several gains are shown. Now, the important characteristic for stabil-
ity (i.e., no oscillations) is summarized in the following statement:

To ensure against oscillations, the intersection of the closed-loop gain and |

the open-loop gain curves must occur with a net slope of less than 40 dB per |
decade.
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If this rule is violated, unstable operation is assured. On the other hand, if this rule
is faithfully followed, it is still possible to construct an unstable amplifier circuit.
Nevertheless, it provides us with an excellent starting point. We will consider
exceptions at a later point in the discussion.

One method for verifying amplifier stability using this method relies on the
use of simple sketches plotted on semilog graph paper. The logarithmic scale is
used to plot frequency, and the linear scale is used to plot voltage gain expressed in
dB. In this way, it is a simple matter to determine the net slope at the point of inter-
section between the closed- and open-loop gain curves. Although valid in concept,
this method is often difficult to implement because the manufacturer may not pro-
vide adequate data regarding the uncompensated open-loop response. More often
the manufacturer provides a set of curves that indicate the overall open loop
response with frequency compensation (either internal or external). The designer
must interpret these graphs to ascertain safe operating regions.

In any case, Figure 10.10 clearly indicates that the tendency for oscillation
becomes greater as the closed-loop gain of the circuit is reduced. The worst-case
gain, with regard to stability, occurs for 100-percent feedback or unity voltage
gain. If the circuit is stable for unity gains, then we can be assured of stability at all
other higher gains.

Internal Frequency Compensation. Many general-purpose op amps (e.g.,
the 741 or the MC1741SC) are internally compensated to provide stability for all
gains down to and including unity. This is generally accomplished by adding a
capacitor to one of the internal stages, which causes the overall response to have
an additional roll-off characteristic (like adding another series RC section). The
break frequency of this added circuit is chosen to be lower than all other break fre-
quencies present in the output response, defining it as the dominant network. Fig-
ure 10.11 illustrates how the response curve of an uncompensated op amp is
shifted downward by the introduction of a compensation capacitor. Notice that
the effects of each of the break frequencies are still present in the response but that
the amplifier gain falls below unity before the slope exceeds 40 dB per decade.
While this does ensure maximum stability, it is clearly detrimental to the band-
width of the amplifier.
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The internal capacitance, called a lag capacitor, can be connected to any one of
several points within the op amp. Since larger values of capacitance are required
for lower impedance points, it is common to connect the lag capacitor at a high-
impedance point in the device. Additionally, by inserting the capacitor in one of
the earlier stages rather than in the output stage, it has less of a slowing effect on
the slew rate. Probably the most common value of internal compensating capaci-
tance is 30 picofarad. It can be readily identified on the simplified schematic of the
standard 741 included in Appendix 1.

External Frequency Compensation. Although the inclusion of an internal
compensating capacitor greatly simplifies the use of an op amp and makes it less
sensitive to sloppy designs, it does cause an unnecessarily severe reduction in
the bandwidth of the circuit. Alternatively, the manufacturer may elect to bring
out one or more pins for the connection of an external compensating capacitor.
The value of the capacitor can be tailored by the designer for a specific applica-
tion.

The extreme case, of course, is to put heavy compensation on the device to
make it stable all the way down to unity gain. This makes the externally compen-
sated op amp equivalent to the internally compensated one. However, many appli-
cations do not require unity gain. In these cases, we can use a smaller compensating
capacitor, which directly increases the bandwidth. So long as the closed-loop gain
curve intersects the open-loop gain curve with a net slope of less than 40 dB, we will
generally have a stable circuit.

The LM301A op amp is an externally compensated, general-purpose op
amp. Its data sheet includes a graph that illustrates the effect on open-loop fre-
quency response for compensating capacitors of 3 and 30 picofarads. A second
graph shows the dramatic increase in large-signal frequency response obtained by
using a 3-picofarad capacitor instead of a 30-picofarad. With a 30-picofarad capac-
itor, the full-power bandwidth is limited to about 7.5 kilohertz (nearly the same as
a standard 741). By using 3-picofarad, however, the full-power bandwidth goes
up to about 100 kilohertz. This can be attributed to an increased slew rate. It
should be noted that 3 picofarads is a very small capacitance. This value can easily
be obtained or even exceeded by stray wiring capacitance.
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The negative side, however, is evident in the open-loop frequency response.
The curve for 3 picofarads does not extend to unity gain (0 dB). That is, we must
design the circuit to have substantial (e.g., 40-dB) gain to insure stability.

Feed-Forward Frequency Compensation. The lowest, and therefore most
dominant, break frequency in an uncompensated op amp is generally caused by
the frequency response of the PNP transistors in the input stage. Although this
stage does not provide a voltage gain, the attenuation to the signal increases with
frequency. By connecting a capacitor between the inverting input and the input of
the next internal stage, we can effectively bypass the first stage for high frequen-
cies, thus boosting the overall frequency response of the op amp. This technique is
called feedforward compensation.

The manufacturer must provide access to the input terminal of the second
stage in order to employ feedforward compensation. In the case of the LM301,
feedforward compensation is achieved by connecting a capacitor between the
inverting input and pin 1 (balance). Examination of the internal schematic will
reveal that this effectively bypasses the NPN differential amplifier on the input
and the associated level-shifting PNP transistors.

When feedforward compensation is used, a small capacitor must be
employed to bypass the feedback resistor to ensure overall stability. The manufac-
turer provides details for each op amp that demonstrate the selection of compo-
nent values.

The use of feedforward compensation produces all of the following effects:

1. Increased small-signal bandwidth
2. Increased full-power bandwidth
3. Improved slew rate

10.2.5 Input Resistance

Calculation of input resistance, or, more correctly, input impedance, was pre-
sented in Chapter 2. In the case of a noninverting configuration, we found that the
open-loop input resistance of the op amp is magnified when the feedback loop is
closed. Equation (2.29) is used to determine the effective input impedance once
the loop is closed.

R
Z; = RopA !
I OP V(RF‘*'RI]

This calculation, of course, produces a very high value, which for most applica-
tions can be viewed as the ideal value of infinity.

In the case of an inverting configuration, the input impedance is generally
considered to be equal to the value of the input resistor. That is, the impedance
directly at the inverting input is generally considered to be 0 (virtual ground). This
approximation is satisfactory for most applications. If a greater level of accuracy is
needed, we can estimate the actual input impedance directly at the inverting input
with Equation (10.5).
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Ri(-) = == (10.5) |

The total input impedance for the amplifier circuit is simply the sum of the input
resistor and the value computed with Equation (10.5).

10.2.6 Output Resistance

The calculation and effects of output resistance, or impedance, were presented in
Chapter 2. There it was found that the closed-loop output resistance was sub-
stantially reduced from the open-loop value. Equation (2.15) was used to esti-
mate the closed-loop output impedance for either inverting or noninverting
configurations:

output impedance (open-loop) x (R; + Rr)

RAH =
© AoLR,

This is an adequate approximation for most applications. In the case of very low
open-loop gains (e.g., at higher frequencies), Equation (10.6) provides a more
accurate estimate of the closed-loop output impedance.

output impedance (open-loop) x (R; + Ry)
R; + Ry + Ag R,

Ro = (10.6)

In most cases, the finite output resistance has little effect on circuit operation.
The maximum output current capability will generally limit the size of load resis-
tor to a value that is still substantially larger than the output resistance of the op
amp. Therefore, the voltage divider action of output resistance is minimal.

10.3

SUMMARY AND RECOMMENDATIONS

For some applications, many of the nonideal characteristics of op amps can be
ignored without compromising the design. But how do you know which parame-
ters are important under what conditions? The answer to that question is quite
complex, but the following will provide you with some practical guidelines.

10.3.1 AC-Coupled Amplifiers

If a particular amplifier is AC-coupled (e.g., capacitive-, optically-, or transformer-
coupled), then the nonideal DC characteristics can often be ignored. Any offsets
caused by bias currents, drift, and so on, will be noncumulative; that is, the effects
will be limited to the particular stage being considered and will not upset the
operation of subsequent stages. Therefore, as long as the DC offset is not so great
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as to present problems (e.g., saturation on peak signals) in the present stage, it can
probably remain uncompensated.

Frequency response and slew rate, on the other hand, are important in
nearly every AC-coupled application. These parameters should be fully evaluated
before a particular amplifier is selected for a given application.

Noise characteristics can often be ignored, but it depends on the application
and on the amplitude of the desired signal relative to the noise signal. If the noise
signal has an amplitude that is comparable to the desired signal, then the designer
should take steps (discussed in an earlier section) to minimize the circuit noise
response. On the other hand, if the primary signal is many times greater than the
noise signal, the design may not require any special considerations with regard to
noise reduction.

10.3.2 DC-Coupled Amplifiers

DC-coupled amplifiers seem to present some of the more formidable design chal-
lenges. Depending on the specific application, a DC amplifier may be affected by
literally all of the nonideal op amp characteristics. This is certainly the case for a
DC-coupled, low-level, wideband amplifier.

If, however, the input frequency is always very low (e.g., the output of a tem-
perature transducer), then considerations regarding slew rate and bandwidth can
often be disregarded. In these cases, the emphasis needs to be on the DC param-
eters such as DC offsets and drifts.

10.3.3 Relative Magnitude Rule

A good rule of thumb that is applicable to all classes of amplifiers and to all of the
nonideal characteristics of op amps involves the relative magnitude of the nonideal
quantity compared to the desired signal. If the nonideal value is less than 10 percent
of the desired signal quantity, then ignoring it will cause less than a 10 percent error.
Similarly, keeping the nonideal value below 1 percent of the desired signal will gen-
erally keep errors within 1 percent even if the nonideal quantity is disregarded.

Consider, for example, the case of input bias current. If the input bias current
is approximately 700 microamperes and the input signal current is expected to be
1.2 milliamperes, then to ignore bias current would be to make a significant error
because the bias current is comparable in magnitude to the desired input current.

Now suppose that the cumulative effects of bias current and input offset
voltage for a particular amplifier are expected to produce a 75-millivolt offset at
the output of the op amp. If the normal output signal is a 1-volt sinewave riding
on a 5-volt DC level, then the undesired 75 millivolts offset can probably go unad-
dressed without producing any serious effects on circuit operation.

10.3.4 Safety Margins on Frequency Compensation

It is common to speak of phase margin and gain margin with reference to op amp
frequency compensation. The terms describe the amount of safety margin
between the designed operating point of the op amp and the point where oscilla-
tions will likely occur. The absolute limits (i.e., zero safety margin) occur when the
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closed-loop gain reaches unity and has a phase shift of —180°. This is the dividing
line between oscillation and stable operation.

Gain margin is defined as the difference between unity and the actual
closed-loop voltage gain at the point where a -180° phase shift occurs. To insure
stable operation and to allow for variances in component values, the loop gain
should fall to about one-third or —10 dB by the time the phase shift has reached
-180°. Similarly, the phase margin is the number of degrees between the actual
phase shift and ~180° at the time the loop gain reaches unity. A safety margin of
about 45° is recommended. If these safety margins are maintained and the capaci-
tive loading on the output of the amplifier is light, then the circuit should be stable
and perform as expected.

REVIEW QUESTIONS

1. The value of the difference between the two input bias currents of an op amp is
provided by the manufacturer in the data sheet and is called ____.

2. Drift is a nonideal characteristic that primarily affects (AC-coupled / DC-coupled) op
amp circuits.

3. What type of op amp would you select if a very high value of input impedance was
required?

4. Noise generation in op amp circuits can be reduced by selecting very large values of
resistance. (True or False)

5. If the intersection of the closed-loop gain curve and the open-loop gain curve for an
op amp amplifier occurs with a net slope of 60 dB per decade, will the amplifier be
stable? Explain your answer.



CHAPTER ELEVEN

Specialized Devices

This chapter will provide an overview of specialized op amps and their applica-
tions. The focus will be on identifying the primary characteristics of the various
devices and on illustrating their potential applications.

11.1

PROGRAMMABLE OP AMPS

One class of specialized op amp is the micropower programmable op amp. Such
devices utilize an external resistor to establish the quiescent operating current for
the internal stages. That is, the internal stages are biased at a particular operating
current by the selection of an external resistor. Several characteristics of the ampli-
fier are altered by changes in the programming current (I5):

. DC supply current

. Open-loop voltage gain
Input bias current

Slew rate

. Unity gain frequency

. Input noise voltage

Ul W

Typical values of DC supply current range from less than 1 microampere to
as high as 1 milliampere, and they are proportional to the value of programming
current. The ability to operate at very low currents makes these devices especially
attractive for battery-powered applications. Additionally, the DC voltage require-
ments are generally quite flexible, with +1.2 to £18 volts being a representative
range. Here again, the programmable op amp is well suited to battery-powered
applications. The DC supply current remains fairly constant with changes in sup-
ply voltage, provided the programming current is held constant.
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The open-loop voltage gain increases as the programming current increases. It
is reasonable to expect as much as a 100:1 change as the programming current is var-
ied over its operating range. This characteristic can be considered an advantage
(e.g., programmable voltage gain) or a disadvantage (e.g., unstable voltage gain)
depending on the nature of the application.

Input bias current also increases as programming current increases. In this
case, variations as great as 200:1 are reasonable over the range of programming
currents. The minimum input bias current is often in the fractional nanoampere
range.

The slew rate of a programmable op amp increases as programming current
increases. It can also be increased by using higher DC supply voltages. As the pro-
gramming current is varied over its operating range, the slew rate can be expected
to vary as much as 1500:1. The upper limit is typically greater than that for the
standard 741 op amp (i.e., greater than 0.5 V/uS).

The unity gain frequency (or gain bandwidth product) increases as the pro-
gramming current increases. Ranges as great as 500:1 are reasonable changes to
expect as the programming current is varied over its operating range. The highest
unity gain frequency is typically higher than the standard 741 op amp rating (i.e,
higher than 1.0 MHz).

The input noise voltage of a programmable op amp decreases as the pro-
gramming current increases. Ranges of as much as 200:1 are reasonable as the
programming current is varied throughout its control range.

In general, the programmable amplifier can be used for most of the applica-
tions previously discussed for general-purpose op amps, provided the appropriate
specifications are adequate for a given application. The data sheets are interpreted
in the same manner as for other amplifiers, with the exception that the effects of
programming current are included. These effects may be shown by including mul-
tiple data sheets for different values of programming current and / or by presenting
graphs that show the effects of programming current. These devices are often
selected for low-power applications or for applications that require a controllable
parameter. Representative devices include the MC1776 and M(C3476, manufac-
tured by Motorola, Inc.

11.2

INSTRUMENTATION AMPLIFIERS

An instrumentation amplifier is essentially a high-gain differential amplifier that
is internally compensated to minimize nonideal characteristics. In particular, it
has a very high common-mode rejection ratio, meaning that signal voltages that
appear on both input terminals are essentially ignored and the amplifier output
only responds to the differential input signal. In general, the instrumentation
amplifier is designed to achieve the following:

1. Offset voltages and drifts are minimized.
2. Gain is stabilized.
3. Nonlinearity is very low.
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4. Input impedance is very high.
5. Output impedance is very low.
6. Common-mode rejection is very high.

In Chapter 9, the subtractor circuit was presented. If we precede a subtractor
circuit with two buffer amplifiers, we have the basis for 2 fundamental instrumen-
tation amplifier circuit. This configuration is shown in Figure 11.1.

For purposes of the following discussion, let us use the values shown in Fig-
ure 11.2.

Since amplifiers A, and A, are operated with a closed, negative feedback
loop, we can expect the voltages on the (-) input terminals of the amplifiers to be
equal to the voltages on their (+) inputs. This means that the voltage on the
upper end of R will be equal to the voltage applied to the (-) input of the over-
all instrumentation amplifier. In the present example, this voltage is +2 volts.
Similarly, the voltage on the lower end of R will be the same as the voltage
applied to the (+) input of the overall instrumentation amplifier (+2.1 volts for
this example). The voltage across R¢ (v;) is the difference between the two input
voltages:

IUG| = lvl“vzl
12V-21V]|
=01V

(=)vy >

Rg

(+)v2 >

FIGURE 11.1 The basic instrumentation amplifier is essentially a subtraction circuit preceded by
two buffer amplifiers.
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+2V
(=)vs >
Rg > Yo
1k
+
+2.1V
(+)ve >

FIGURE 11.2 Basic instrumentation amplifier used for numerical analysis.

The polarity of the voltage drop depends on the relative polarities and magni-
tudes of the input voltages. For the present example, the lower end of R;; is the
more positive, since v, is more positive than v;. The current through R; can be
computed with Ohm’s Law as

=Y
Rg

01V
1kQ

=100 pA

ic

Now, since none of this current can flow in or out of amplifiers A, and A,
(ignoring the small bias currents), i; must also flow through the feedback resistors
of those amplifiers. Ohm’s Law can be used to determine the resulting voltage
drop across the feedback resistors.

Vg, = U, = icR,
=100 pA x 10 kQ
=1V

Since electron current is flowing downward through R, the polarity of R, and R,
will be as shown in Figure 11.2.
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The voltage on the output of A, can be found by applying Kirchhoff’s Volt-
age Law as follows:

Similarly, the voltage at the output of A, is computed as

V3 = Uy + U,
+21V+1V
=+31V

The operation of the subtractor circuit (A;) was discussed in Chapter 9 and
will not be repeated here. The output, you will recall, is simply the difference
between its inputs. In the present case, the output of A, will be

Vo =03~y
=31V-1V
=421V

We can apply some basic algebraic manipulations to determine an important
equation for voltage gain. We have already determined the following relation-
ships (with polarities shown in Figure 11.2):

Dy =7 _le

Uy = Uy + Up,

. Uy =1y
g = =~/
Rg
. (UZ - vl)Rl
Op, = IGR] = T
G

. (vz -0 )RZ

Ug, = IGRZ = T
Vo =0Uy — 0y

Substituting and simplifying gives us the following results:
vo = (v +Ug,) — (V3 = Vg,)

f e R

_ [(vz s Rt R;)ivz -7 )]
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Since resistors R; and R, are equal, we can replace the expression R; + R,
with the expression 2R. Making this substitution and simplifying gives us the fol-
lowing results.

vo = (v - vl)(l + %}

Voltage gain is equal to the output voltage of an amplifier divided by its input
voltage, and the input voltage to our present circuit is v, — v;; therefore, we can
now obtain our final gain equation

2R A 15
AV =1_{—'+1 rll-l)

i G
This shows us that the gain of the instrumentation amplifier is determined by the
value of the external resistor R. In the case of the circuit in Figure 11.2, the voltage
gain is computed as

Ay

1
S &%
3

1
[3S]

1

This, of course, correlates to our earlier discovery that an input voltage of 0.1 volts
(21 V-2V) produces an output voltage of 2.1 volts.

Actual integrated instrument amplifiers may use either one or two external
resistors to establish the voltage gain of the amplifier. Some devices have internal,
precision resistors that can be jumpered into the circuit to obtain certain fixed
gains (e.g., 10, 100, and 1000). Additionally, they will generally have other inputs
for such things as trimming offset voltage and modifying the frequency response
(frequency compensation).

The instrumentation amplifier is an important building block based on op
amps. An understanding of its general operation coupled with the data provided
by the manufacturer will allow you to use this device effectively.

11.3

LOGARITHMIC AMPLIFIERS

Although it is certainly possible to construct discrete amplifier circuits based on
op amps that produce outputs that are proportional to the logarithm or antiloga-
rithm of the input voltage, the design is very critical if stable performance is to be
expected. In many cases, it is more practical to utilize integrated log and antilog
amplifiers that perform these functions in a stable and predictable manner.
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Whether the amplifiers are constructed from discrete components or pur-
chased in an integrated form, the basic operation remains the same. In the case of
the log amp, the output voltage is proportional to the logarithm of the input volt-
age. This relationship is obtained by utilizing the logarithmic relationship that
exists between base-emitter voltage and emitter current in a bipolar transistor. Fig-
ure 11.3 shows a representative circuit that generates an output proportional to the
logarithm of the input voltage.

The input current is computed in the same way as for a simple inverting
amplifier (i.e., i = v;/R)). Since no substantial part of this current can flow in or out
of the (-) input of the op amp, all of it continues to become the collector current of
Q1. The base-emitter voltage will be controlled by the op amp to a value that
allows the collector current to equal the input current.

The relationship between collector current and base-emitter voltage is given
by the following equation:

iC — 155838.91135

where Iz is the saturation current of the emitter-base diode, vy is the base-to-
emitter voltage, and ¢is the natural logarithm base (approximately 2.71828). Sub-
stituting v;/ R, for i and v, for vg; gives us the following expression:

v
o - IESSSB.%O

R,

Transposing to solve for v, gives us the expression for v, in terms of v;. That is,

Vo = 0.026111[ 2 J (11.2)
ESAN

Once the circuit has been designed, the only variable is input voltage (v;). The out-
put voltage is clearly proportional to the logarithm of the input voltage. Figure
11.4 shows the actual response of the circuit shown in Figure 11.3. The upper
waveform is a linear voltage ramp that provides the input to the circuit. The loga-
rithmic relationship is quite evident.

For more critical applications, two circuits similar to the one shown in Figure
11.3 are connected via a subtractor circuit. One of the log amps is driven by the
input signal, and the input to the second log amp is connected to a reference volt-

Q
FIGURE 11.3 The basic logarithmic ~ _y . ,J, )
amplifier circuit relies on the nonlinear oy > Vo
relationship between emitter current $
and base-emitter voltage in a bipolar

transistor. =
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FIGURE 11.4 Oscilloscope display showing the actual behavior of the circuit shown in Figure
11.3. (Test equipment courtesy of Hewlett-Packard Company.)

age. If the transistors are similar (e.g., a matched pair integrated on the same die),
then the effects of saturation current (Izs) will be eliminated. This is particularly
important because this parameter varies directly with temperature.

There are numerous applications for logarithmic amplifiers. One of the most
common is for signal compression. By passing an analog signal through a logarith-
mic amplifier, a very wide range of input signals can be accommodated without
saturating the output. For example, an input swing of 1.0 millivolt to 10 volts might
produce a corresponding output swing of 0 to 8 volts. While this may not sound
impressive at first, realize that the smaller signals will receive much greater gain
than the larger signals. In this particular example, the relationship is 2 volts per
decade. Thus, a 1-millivolt to 10-millivolt change on the input will cause a 0-volt-2-
volt change in the output. Similarly, a 0.1-volt-1.0-volt input change will cause a 2-
volt (4 V to 6 V) change in the output. Since the smaller signals are amplified more,
the signal-to-noise ratio can be improved. More specifically, the smaller signals
become larger relative to the noise signals. When the composite signal is subse-
quently translated to its original form, the noise will also be reduced.

Another application for the logarithmic amplifier is to convert a linear trans-
ducer into a logarithmic response. Optical density of microfilm, for example, is
measured as the logarithm of the light that passes through the microfilm. By using
a light source to shine through the microfilm and onto a photodiode whose
response is linear, we have an output voltage (or current) that varies linearly with
optical density. Once this waveform is passed through a logarithmic amplifier, we
will have the required logarithmic relationship that represents optical density.

“.4

ANTILOGARITHMIC AMPLIFIERS

An antilogarithmic amplifier provides an output that is exponentially related to
the input voltage. If, for example, a linear ramp were passed through a logarith-
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mic amplifier (as shown in Figure 11.4), it would emerge as a logarithmic curve
(similar in shape to the familiar RC time constant curve). If this logarithmic signal
were then passed through an antilog amplifier, the output would again be a linear
ramp. Figure 11.5 shows the basic antilog amplifier configuration.

The input current for this circuit can be estimated using the relationship
between emitter-base voltage and collector current described earlier. That is,

ic = Ipe¥®ovse

For proper operation of this particular circuit, the input voltage must be negative.
Substituting v; for v, gives us the following expression for input current:

ip = Ipge®9

It is important to realize that the exponent in the equation should be positive even
though the actual input voltage is negative.

Since no substantial part of this current flows in or out of the (-) input of the
op amp, it must all continue through R;. The voltage drop across R (and therefore
the output voltage) is determined with Ohm’s Law.

Do = Vg, = Ryig,

= RF IES £389y

This latter equation is repeated as Equation (11.3) and clearly shows the exponen-
tial (antilogarithmic) relationship between input voltage and output voltage.

Up = RFIESE.?BEUJ (11.3)

The most obvious application for antilogarithmic amplifiers is to expand a signal
that has undergone logarithmic compression. One particular application uses
log/antilog circuits to reduce the number of bits needed to digitally represent an
analog voltage. The signal is first compressed with a logarithmic amplifier and
then converted to digital form with an analog-to-digital converter. After digital
processing, the signal can be restored to proper analog form by utilizing a digital-
to-analog converter followed by an antilog amplifier.

Ry

logarithmic circuit configuration. =
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Although the average technician or engineer can easily construct one of
these circuits in the laboratory and confirm logarithmic operation, the design of a
reliable circuit that is minimally affected by temperature and other nonideal con-
ditions is anything but trivial. In most cases, the designer should consider
employing a logarithmic device produced commercially. Such devices contain
closely matched components, track well with temperature, and are generally easy
to implement. Additionally, the cost is very reasonable for many applications.

The model 755, 6-decade, high-accuracy, wideband log/antilog amplifier
manufactured by Analog Devices, Inc., is an example of a commercially available
logarithmic module. It requires no external components and can be configured to
produce either a logarithmic or an antilogarithmic response. It comes as a module
that is about 1.5 inches on a side and 0.4 inches thick.

11.5 MULTIPLIERS/DIVIDERS

Multiplier/divider circuits can be constructed from standard op amps and discrete
components. However, the low cost and high performance of integrated circuit
versions of these devices makes discrete designs a very unattractive alternative in
most cases. In this section, we will make frequent reference to the AD532 Integrated
Circuit Multiplier manufactured by Analog Devices (see Figure 11.6).

Regardless of the type of analog multiplier being considered, the device is
essentially a variable gain amplifier—one of the multiplier inputs is amplified by
the circuit and appears in the output, and the other is used to control the gain of
the circuit. For example, if we assume that the inputs to the multiplier circuit
shown in Figure 11.6 are voltages called Vy and Vy, and we further assume that
the gain of the circuit (Ay) is established by Vy, then the output of the circuit can
be expressed as

Vo-'—'AVx Vy

In this form, the device appears to be a simple linear amplifier whose output is
determined by the input voltage times a voltage gain. However, the voltage gain is
not constant in the case of a multiplier circuit. More specifically, it is determined
by the voltage applied to one of the inputs (Vy is the present example) and so can
be expressed as

Av‘:kXVX

Vx >l
FIGURE 11.6 A basic infegrated MU Vo
L. . . Vy ]
multiplier schematic representation,




414

FIGURE 11.7 There are four possible
modes or quadrants of operation for

SPECIALIZED DEVICES

where k is a constant determined by the circuit configuration. Substitution of this
latter equation into the preceding equation gives us a form that reveals the multi-
plier action of the multiplier circuit.

VO = kaVy

Here we can see that the output voltage is clearly a result of multiplying the input
voltages together with a circuit constant. The value of the constant (k) is typically
0.1.

Since each of the input voltages may take on either of two polarities, this
leads to four possible modes of operation. These four modes, or quadrants, are
illustrated in Figure 11.7.

If a particular multiplier circuit is designed to accept only one polarity of
input voltage on each of its inputs, then its operation will be limited to a single
quadrant and it will be called a one-quadrant multiplier. Similarly, if a given multi-
plier circuit requires a single polarity on one input but accepts both polarities on
the other, the device is called a two-quadrant multiplier. Finally, if a multiplier is
designed to accept either polarity on both of its inputs, then the device is called a
four-quadrant multiplier. The AD532 is a four-quadrant multiplier—it will accept
voltages as large as +10 volts on its inputs and produces output voltages as large
as #10 volts. The AD532 employs differential inputs and generates a single-ended
output voltage described by the following expression:

p (= X)(% - )
our 10

Figure 11.8 shows the schematic diagram of an AD532 circuit connected as a sim-
ple multiplier. The oscilloscope display in Figure 11.9 indicates the actual behavior
of the circuit.

In Figure 11.9, waveforms 1 and 2 are the input signals. Waveform 4 is the
output of the multiplier circuit, and, again, its operation is easily understood by
viewing it as a variable gain amplifier. One input (e.g., channel 1 in Figure 11.9)
controls the gain for the second input (e.g., channel 2 in Figure 11.9).

+Vy

~Vx +Vyx

multiplier circuits. ~-Vy
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FIGURE 11.9 Oscilloscope display showing the actual behavior of the circuit shown in Figure
11.8. (Test equipment courtesy of Hewlett-Packard Company.)

The multiplier circuit can also be configured to perform several other math-
ematical operations, including division, squaring, and square root functions. Fig-
ures 11.10, 11.11, and 11.12 show the connections required to utilize the AD532 to
achieve these other functions.

Still another interesting application of the basic multiplier circuit can be
demonstrated by applying the same sinusoidal waveform to both multiplier
inputs, in which case the output will be a sinusoidal waveform with a frequency
that is exactly double the input frequency. Thus, the multiplier circuit can be used
as a frequency doubler without resorting to the use of tuned tank circuits.
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11.6 SINGLE-SUPPLY AMPLIFIERS

The 741, as well as other standard op amps, can be operated with a single-polarity
power supply. We will examine this type of operation in this section, and we will
discuss the operation of two additional op amp types that are specifically
designed to be powered from a single supply.

Figure 11.13 illustrates how to operate a standard 741 (or similar dual-supply
op amp) from a single-polarity power source. Here the -V terminal is returned
to ground and the +V  terminal is connected to +15 volts. To establish midpoint
bias, a voltage divider made up of two equal resistors (R; and R,) provide a DC
voltage of 0.5 V¢ to the noninverting input terminal. Capacitor C, ensures that the
(+) input is at AC ground potential and should have a low reactance at the lowest
input frequency. Since under normal circuit conditions, the (-) input will be at the



Single-Supply Amplifiers 417

Rp 18k0
+15V
R, L5
—cl‘+ ‘A‘kﬁ"kn - c2
741 = Vo
Vi oA
Cza: = Ry
L = R, 2.7k0

FIGURE 11.13 The standard 741 op +15V OmrAAA e 2
amp can be operated from a single- Ry 2.7k0 l

polarity power source. =

same DC potential as the (+) input (+7.5 volts in the present case), capacitor C; is
included to provide DC isolation between the input source and the DC voltage on
the (-) input. Resistors R, and R, serve their usual function of establishing input
impedance and voltage gain.

The oscilloscope displays in Figure 11.14 further illustrate the operation of
the circuit in Figure 11.13. Waveform 1 is the signal at the input of the amplifier;
notice that the DC voltage is about 0 (60 uV). Waveform 4 is the signal at the out-
put of the op amp; here we can see a DC offset of 7.36 volts or about % of V. The
voltage gain (12) and phase inversion are both evident from the oscilloscope dis-
play and correlate exactly with the performance of the normal dual-supply con-
figuration. The +V¢ pin is often connected to a higher voltage (e.g., +30 V).

Some manufacturers provide op amps specifically designed to be operated
from a single-polarity power supply. We will now briefly examine the operation of
two such devices (MC34071 and MC34(1), both manufactured by Motorola, Inc.

;| 400 av/div
offset: 0.000 ¥

10,00 1 dc
10.0 V/div
i ! gffset: 0,000 V
B RS B e e e et - 10.00 1 dc
0.00000 s 1.00000 as  2.00000 ms
200 us/div
Vavg( 1 60 uy vavg( 4) 7.36028 ¥
Vp-p( 1 912.500mv Vp-p( 4) 10,9275 ¥
frequency( 1) 2. 40865kH: 1 £ 0.000 v

FIGURE 11.14 Actual performance of the circuit shown in Figure 11.13.
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FIGURE 11.15 An AC-coupled
amplifier using the MC34071 op amp.

SPECIALIZED DEVICES

Figure 11.15 shows an M(C34071 connected as an AC-coupled inverting
amplifier. In general, utilization of this device is similar to that of the basic 741
(e.g., Ay = Rg/R;). The most conspicuous difference may be the fact that the
MC34071 is specifically designed for single-supply operation, but there are a num-
ber of other features that clearly separate this device from basic op amps. Consider
the following highlights:

1. The output voltage can typically swing to within 1.0 volt of the +Vc and to
within 0.3 volt of the -V level (ground in the case of single-supply
operation).

. The supply voltage can range between 3 and 44 volts.

. Unity gain frequency is about 4.5 megahertz.

. Slew rates are as high as 13 volts per microsecond.

. Full output voltage swings at frequencies over 100 kilohertz.

T o W N

Figure 11.16(a) shows an inverting amplifier configuration using an MC3401 op
amp. Figure 11.16(b) shows a basic noninverting amplifier connection. This single-
supply device is called a Norton operational amplifier or current differencing ampli-
fier (CDA) that has an input structure considerably different from that of the
other op amps discussed in the earlier sections. Figure 11.17 shows a simplified
schematic that helps clarify the behavior of the input circuitry on the Norton
amplifier.

The op amp is generally biased by connecting a DC voltage (V) through a
resistor (Rp) to the (+) input (see Figure 11.16). This causes I{(+) to flow through
diode D, in Figure 11.17. The value of the I)(+) current can easily be estimated with
Ohm's Law as

Vy — 0.6
Rp

L(+) =

where V3 is the bias voltage source, R, is the resistor in series with the (+) terminal,
and 0.6 volt is the nominal voltage drop across the input diode (D, in Figure
11.17). The range of normal operating currents for I;(+) is between 10 and 200
microamperes.

Vi




Ry 360k0 Ry 510k

R, sokn| ¥V
¢y 1
I Ce C
- Vo C, R, 100k __.{2 Vo
(£ uc3401 1 MC3401 2 uF
R], l[J.F - RL
83oka. 27ka oy 18kQ
+Vp(15V) - 1 +V5(15V) =
(a) (v)

FIGURE 11.16 The MC3401 Norton operational omplifier is intended for single-supply operation. Circuit configura-
tions for inverting (a) and noninverting (b) are shown.
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FIGURE 11.17 The simplified input
circuitry for the Norton operational L

omplifier.

SPECIALIZED DEVICES

~

Il(‘) Q2

\ll
7

Il("") Q

D,

-

Transistor Q; in Figure 11.17 has matched characteristics with D; and will
thus develop a collector current very nearly identical to the value of I(+). This
type of circuit is called a current mirror and tends to cause a mirror current in the
(-) input that is equal to the current in the (+) input. The base current of ), is
essentially negligible for this analysis. This tendency toward keeping similar cur-
rents in the two terminals is analogous to the tendency of a standard op amp to
keep the voltage on the two input terminals at the same level. The actual “signal”
seen by Q, is the difference between I)(+) and I{(-). Just as closed-loop operation in
a standard op amp tends to reduce the differential input voltage to 0, closed-loop
operation in a Norton amplifier tends to reduce the differential input current to 0.
The output circuitry of the MC3401 behaves similarly to a standard op amp,
although the output resistance is substantially higher. Some comparative charac-
teristics are as follows:

1. The output voltage can typically swing to within 1.0 volt or less of +V - and

ground.
2. The supply voltage can range between 5 and 18 volts.

. Unity gain frequency is about 4 megahertz.

4. Slew rates are 0.5 volts per microsecond on the positive slope and 20 volts
per microsecond on the negative slope.

5. Full output voltage swings up to about 8 kilohertz.

[#%]

The DC output voltage (quiescent operating point) is established by the fol-
lowing manufacturer-provided equation:

Vos, = Bl )Rr) )(Zi)(RF) + (1 - -1;—: A,Jd)

where A, is the gain of the current mirror, V; is the DC voltage source used to bias
the (+) input, R is the bias resistor in the (+) input, Ry is the feedback resistor, and
® is base-emitter voltage drop of the input transistors. If the bias voltage is more
than 5 volts, the second term of the equation may be discarded with only minimal
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error. Similarly, since the A, factor is nominally equal to unity, we can simplify this
expression to that given by Equation (11.4).

R
Voi = VR(}'{'} (11.4)
B

The DC output voltage for the circuit shown in Figure 11.16(a), for example, can be
estimated as follows:

Vo = V| RE —15 v 320K o3y
Rs 820 kQ

If the more exacting equation given previously were used, the output voltage
would be computed as 7.44 volts.

In a similar manner, the DC output voltage for Figure 11.16(b) can be esti-
mated as follows:

R 510 kQ
Vou = Va| ZE | =15 V|T—= | =765V
o B(RJ ( 1 MQ ]
The voltage gain for the inverting amplifier configuration in Figure 11.16(a) is
identical to the standard op amp circuit. That is,

The noninverting configuration, shown in Figure 11.16(b), is a little different. The
manufacturer provides the following equation:

%
a =

it
Ii(+)

As long as the input resistor (R)) is over 26 kilohms, you can get reasonable results
from the simplified equation given in Equation (11.5).

_ Re

A, =
v R,

(11.5)

It is very important to note that this is different from the standard noninvert-
ing amplifier circuit. If, for example, you want to build a voltage follower circuit
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(unity gain), the feedback resistor (Ry) and the input resistor (R;) have to be equal.
In the standard amplifier, on the other hand, unity gain is achieved in the nonin-
verting configuration by reducing the feedback resistor to 0.

Since the input terminals, both (+) and (-), essentially have a PN junction to
ground, the voltage at these points will not change substantially. Therefore, they
may be considered as AC ground points for purposes of computing bandwidth
and other AC values. For example, the lower cutoff frequency for the input cou-
pling network is determined by the values of R; and C;. More specifically, the cut-
off frequency for this portion of the circuit occurs when X, equals R;. That is,

1
"~ 22C,R,

fe

Although the circuit can be used as a DC, or direct-coupled, amplifier, it is fre-
quently AC coupled as shown in Figure 11.16(a) and (b) to avoid disturbing the
DC bias on the input terminal and to eliminate the DC offset in the output (typi-
cally one-half of + V().

11.7

MULTIPLE OP AMP PACKAGES

Although all of the circuits presented in this text have considered the op amp to be
a single integrated circuit, many op amps are available that have more than one
device in a single integrated package. With the single exception of +V(, these
multiple op amps are independent; that is, they can be utilized in the same way as
if they were packaged separately. The 747 op amp package, for example, is essen-
tially two 741 op amps combined in a single package. Similarly, the MC3401
device presented in the previous section actually provides four independent op
amps in a single integrated package. The obvious advantages of selecting a multi-
ple op amp package is to reduce the physical size of the circuit and to reduce cost
(a package with four op amps is generally less expensive than four separate pack-
ages with similar op amps).

11.8

HYBRID OPERATIONAL AMPLIFIERS

Throughout the body of this text, we have generally confined our discussions and
design examples to the basic 741 and the MC741SC. These devices are certainly not
the newest, fastest, or necessarily the best in all applications, but they are very com-
mon and the principles presented directly extend to other higher-performance
devices.

To provide the reader with a dramatic performance contrast, and to illustrate
the performance characteristics that are available in op amps, we will briefly
examine the operational characteristics of a hybrid op amp manufactured by the
M. Kennedy Corporation (MSK). Numerous devices manufactured by MSK
offer outstanding performance. We will describe the MSK 739 Wideband Ampli-
fier as a representative device.
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TABLE 11.1

Parameter General-Purpose Op Amp MSK 739
Input offset voltage 2 millivolts T S
Input bias current 80 nanoamps 75 preoampe SR
Input offset current 20 nanoamps 25 picoamps i
Output voltage swing +13 volts +12 volts

Full power bandwidth

6.12 kilohertz

30 megahertz

Unity gain frequency

1.0 megahertz

210 megahertz

Slew rate 0.5 volts/microsecond 5500 volts/microsecond
Output current +6.5 milliamps +120 mill ia;;m
Power supply rejection ratio 90 decibels 115 decnbei:
Common mode rejection ratio 90 decibels ecibels

110 decibels

The MSK 739 is manufactured using hybrid (i.e., both thick-film and thin-

film) technology. It is not appropriate for general-purpose applications any more
than the standard 741 is appropriate for very-high-performance applications.
Nevertheless, its performance can be quickly appreciated by contrasting some of
its key parameters with those of a general-purpose amplifier. Table 11.1 provides
comparative data.

The data in the table is intended for comparison purposes only to illustrate

some of the outstanding performance that is available in hybrid op amps. The
characteristics cited for the general-purpose device are typical and do not neces-
sarily represent a specific device.

REVIEW QUESTIONS

3.

. A programmable op amp is often selected for applications requiring low-power

consumption. (True or False)

. Circle the correct word to describe the relative value of each of the following

parameters with reference to instrumentation amplifiers:

a. Inputimpedance (High or Low)
b. Output impedance (High or Low)
¢. Common-mode rejection (High or Low)

When single-supply op amps are used in a multistage amplifier circuit, the individual
stages must generally be AC coupled. Explain why.

. Amultiplier circuit that accepts either polarity of voltage on both of its inputs is called

a ____-quadrant multiplier.

. What type of amplifier circuit is used to compress a wide dynamic range of input

voltage amplitudes?



APPENDIX 1

Data sheets for the Motorola MC1741 operational amplifier (pages 2-170
through 2-174). Copyright of Motorola, Inc. Used by permission.
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MOTOROLA
m SEMICONDUCTOR I

TECHNICAL DATA

INTERNALLY COMPENSATED, HIGH PERFORMANCE

OPERATIONAL AMPLIFIERS

.. . designed for use st 8 summing amplifier, integrator, or amplitier with
opersting characteristics a5 8 function of the external feedback

componants.

Short-Circuit Protaction
Otfset Voltage Null Capability

Lowi-Power Consumption
No Lateh Up

e e o0 8 &

No Frequency Compensation Required

Wide Common-Mode and Differential Voltage Ranges

MANIMUM RATINGS (Ta = +25°C unless otherwise noted)

Appendices

MC1741
MC1741C

OPERATIONAL AMPLIFIER

BILICON MONOLITHIC
INTEGRATED CIRCUIT

Reting Symbod | MCI741C MC1741 | Unit
Power Supply Voitege vee +18 +22 Vde
Ve =18 -2 Vdc
Input Differential Voitage Vip =30 Vaolts
Input Common Mode Voltage (Note 1) Viem +16 Volts
Output Short Circult Duration (Nots 2) 13 Continuous
Oparating Amblent Tempersture Range Ta 0to +70 [-ﬁw +126| ‘C
Storege Temperature Range Tetg <
Metal and Ceramic Packages -85 to + 160
Plastic Packsges -85 to +126

NOTES:
1. For supply voltages lasa than + 16 V. tha sbsolule maximum input voltsge is equal to the

supply vohsge.
2. Supply voltage equal to or less than 15 V.

EQUIVALENT CIRCUIT SCHEMATIC

3

HON INVERTNG
et

1HVARTING
(]

sl

oFFIET O—%
NULL

vii

NC
3
Ofteat Null Vcc
Inve input () } {9) Outpur
47
EE
{Top View)

Noninvt input

0 SUFAX
METAL PACKAGE
CASE 601

P1 BUFRIX
PLASTIC PACKAGE
CASE 828

U sUFAX
CERAMIC PACKAGE
M CASE 833

D SUFAX
Q PLASTIC PACKAGE
L8 CASE 751
' 150-8)
PIN CONNECTIONS

Oifset Nutl [ EINC
1avt input [} v
-} o

Nonimvt Input 3] D) ouput
Vee (] [ ottset Nunt

(Yop View!
ORDERING INFORMATION
Tomporstre
Dovica ARamato Rangs Pachege
MCIT41CD - 5048
MCIT4ICG | LMT4ICH, Metal Can
MATAIHC
mcrzaices | ovraren, (7€ 10T pigic o
WAMITC
MC1741CU — Ceramic DIP
MC1741G - =86'Cto | Motal Con
MCITIU - +125°C | Coramic DIP

MOTOROLA LINEAR/INTERFACE DEVICES
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APPENDIX 1

MC1741, MC1741C

ELECTRICAL CHARACTERISTICS (Veg = +16V, Vgg = — 16V, Ta = 25°C uniess otherwise noted).

MC 1741 MC1741C
Charscterintic Symbol | Min Typ ax Min Typ Max Unit
thput Offset Voltege Vio - 10 50 - 20 6.0 my
(Rg <10 k)
Input Offset Cusrent [I7s3 - 20 200 = 20 200 nA
Input Biss Current g - 80 500 - 80 500 nA
Input Resistance 0 0.3 20 - 0.3 20 - MO
Input Capacitance C - 1.4 - - 14 - pF
Offsst Voltage Adjustment Ranga VioR | - +15 - -~ £15 - mv
Comman Mods Input Voltage Range Vicr | £12 £13 = 212 £13 = v
Large Signat Voltage Gain Ay 50 200 - 20 200 - Vimy
(Ve = $10V. Ry 2.0%)
Outpus Rmistance s - 75 - - 75 - 1]
Common Mode Rejection Ranio CMAR 0 80 - 20 = a8
(Rg 10Kkl
Supply Voitage Rejection Ratio PSAR - 30 150 - 30 150 KN
1Rg S 10 k)
Output Voltege Swing Vo v
1R 2100k +12 114 “ 112 s14 =
1R 22k £10 +13 - 110 £13 -
Qutput Short-Circuit Currant loy - 20 - - 20 - mA
Supply Current o - 1.7 2.8 - 1.7 2.8 mA
Powesr Consumption Pc - 50 85 - 50 BS i
Trensient Responee (Unity Gain — Non-inverting)
(V)= 20mv, R > 2%, CL <100 pF) Rise Vime TLH - 0.3 - - 0.3 - il
(Vy=20mv, A 2 2%, Cy_ < 100 pF) Overshoot o - 15 - = 15 - L3
IV{= 10V, R{ > 2k C < 100pF] SkwRste SR - 05 - - 08 - via
ELECTRICAL CHARACTERISTICS (Vee = +16V, Vg = — 15V, Ta = Tigw 1 Thigh uniess otherwise noted)
MC1741 MCITAIC
Characteristic Symbol | Min Tve Max Min Typ Max | Unit
Input Offsat Voltege Via - 1.0 60 - - 7.5 my
1Rg €10k8D
Inout Offset Current ho nA
(Ta = 125°C) - 10 200 - - -
(T4 = -559C) - 85 500 - - -
(T = 0°C 10 +20°CH - - - 2 300
Input Bias Current g na
T4 = 125%C) = 30 800 - = z
(T4 =-58°C) - 00 | 1500 - - -
(Ta = 0°C o +70°C) - - - - - 800
Comman Mode input Voltage Range ViCcR 12 4£13 - - - v
Common Mode Rejection Aatio CMRR | 70 90 - - - - a8
(Rg <10 k)
Supply Voltsge Rejection A stio PSARA - 30 150 - - - wn
[Rg < 40 k)
Output Voitege Swing Vo v
(R 210k +12 214 - - = =
(R P2k £10 +13 - 10 £13 -
Large Signal Voltega Gain A, % - - 15 - - Vimv
(R 22K Voyy= £10V)
Supply Currents o mA
1T = 126°C) - 15 25 - - -
1Ta = -55°C) - 2.0 33 - - -
Poweer Consumption (T4, = +1250C) Po - 45 75 = - - o]
{Ta= -5_;‘_’(:) ~ 60 100 - - -

*Thigh = 125°C flor MC1741 and 70°C for MC1741C
Tiow * -55°C for MC1741 ang 0°C for MCTT41C

MOTOROLA LINEAR/INTERFACE DEVICES
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MC1741, MC1741C

FIGURE | —~ BURST NOISE versus SOURCE RESISTANCE FIGURE 2 — AMS NOISE versus BOURCE RESISTANCE
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MC1741, MC1741C

TYPICAL CHARACTERISTICS
VEo =+ 18 Ve, VEE » -18 Vdc. T - +25%C uniess otharwrie noted)

FIGURE § ~POWER BANOWIDTH
ILARGE SIOGNAL SWING verws FREQUENCY)

FIGURE 7 - OPEN LOOP FREQUENCY RESPONSE
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MC1741, MC1741C

FOURE 12 — NONINVERTING PULSE RESPONSE
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ROURE 13 — TRANSIEENT REPONSE TEST CINCUIT
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APPENDIX 2

Data sheets for the Motorola MJE1103 transistor (pages 3-474 through 3-475).
Copyright of Motorola, Inc. Used by permission.
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MJE1090 . MJE1093 PNP (siicon)
MJE2090 . MJE2093

MJE1100 . MJE1103 NPN
MJE2100 .. MJE2103

PLASTIC MEDIUM-POWER 5.0 AMPERE
COMPLEMENTARY SILICON TRANSISTORS DARLINGTON
POWER TRANSISTORS
COMPLEMENTARY SILICON
Designed for use in driver and output stages in complementary 60-80 VOLTS
audio amplitier applications. 70 WATTS
& High DC Current Gain — A
hEE = 750 (Min} @ I¢ = 3.0 anc 4.0 Adc i |
..
® True Three Lead Monolithic Construction - Emitter-Base Resistors ] e MM
10 Prevent Leakage Multiplication ars Built in. ]
@ Available in Two Packages — Case 90 or Case 199 Lobas i Mo
— MJE 1100
T l[ «  MJEION
] | MJE1I02
' MJET103
MAXIMUM RATINGS ) “_% =
MIE1000 | MJE 1002 (e 3
MIE109Y | MIE 1083 o e

MJE 1700 | MIE 1102
Rating v H.B“O‘IH:J:“D’ Unit
MUE20DT | MIER0SD
MJEZ100 |MIE2102
MJERTOT (MO

Collector-Ermier Voltage VeED 60 80 Vde
Collecror-Buse Voliage Ves 60 80 Ve
Ermviter-Baw Voltage Veg 50 Vdc
Collector Current e 5.0 Adc e
Base Current g 0.1 Adc om i mlﬂgl;
Total Device Dissipation @ T¢ = 25°C Py 70 Wattn 5. A
Derate sbove 25°C 0586 wIoC N W
Opaersting snd Storage Junction Th Tag =56 10 +150 Ve
Tempersung Renge
THERMAL CHARACTERISTICS

[ Chawaateristic | Symsol | Max | unin
[Therms Resistance, JunctionoCase | oc | 1a | ccm

FIGURE 1 - POWER DERATING

ol 1N

Pp. POWER DISSIPATION (WATTS)
13

0 o

© ® ® w B % 1A 0 K s
O 7" wi TH EENTLALS
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MJE 1090 thru MJE 1093 PNP/MJE 1100 thru MJE1103 NPN (continued)
MJE 2090 thru MJE2093 PNP/MJE2100 thru MJE2103 NPN

ELECTRICAL CHARACTERISTICS (T¢ = 259C uniess otherwiss noted)

Characteristic | Symbot | min | max [ umie |
OFF CHARACTERISTICS
Callector-Emitter Breskdown Voitage! 1 BVeeD Ve
fIg = 100 mAde, Ip =0l MJIE 1080, MJE 1001, MJE 1100, MJE 1101 60 -
MJIEZ0080, MJE2081, MJE2100, MJEZ101 60 =
MJE1082, MJE 1083, MJE 1102, MJE 1103 80 -
MJE 2002, MJE 2093, MJE2102, MJE2103 80 -
Collector Cutoli Current Iceo uhdc
(Vg = 30 Ve, Ig = 0) MJE 1000, MJE 1091, MJE 1100, MJE 1101 - 500
MJE MJE 2091, MJE2100, MJEZ101 - 500
(Vg = 40 Ve, Ig = 0) MJE 1092, MJE 1093, MJE 1102, MJE 1103 - 500
MJE2092, MJE2093, MJE2102, MJEZ103 = 500
Callsctor Cutolf Current iceo mAde
(Veg = Rated chao. lE =0 - 02
(Ve = Rated BV, =0, Te = 100°%C) = 2.0
[Emitter Cutofl Current EBo = 2.0 mAdc
1Vge = 6.0 Vee. Ic = 01
ON CHARACTERISTICS (1}
DC Current Gain heg -
(ig = 3.0 Ade, VeE * 3.0 Vel MJEiono memoz MJE 1100, MJE 1102 750 -
2, MJEZ100, MJE2102 150 -
lig = 8.0 Ade, Vg = 3.0 Vec) miluol mElm MJE 1101, MJE 1103 750 -
MJEZ091, MJE2083, MJE2101, MJE2103 750 =
Collector-Emittar Ssurstion Voltage VCE (sat) Vde
lig = 3.0 Ade, Ig * 12 mAdc) MJE 1090, MJE 1092, MJE 1100, MJE 1102 - 25
MJE = 2.5
llg = 4.0 Adc, g = 16 mAdel MJE 1091, MJE 1003, MJE 1101, MJE1103 - 28
MJE20D 1 MUJE209D. MIE2101 MIEZ10D 2 28
Bass-Emitter On Voltage VBE (on) Ve
lig = 3.0 Ade, Veg = 3.0 Ve MJE 1080, MJE 1092, MJE 1100, MJE 1102 - 28
MIE2090, MJE 2092 MUE2100, MJE2102 = 28
lig = 4.0 Ade, Vg = 3.0 Vde) MJE1091. MJE 1093, MJE 1101, MJE1103 - 18
MJE2001, MJE 2093, MJE2101, MJE2103 - 25
DYNAMIC CHARACTERISTICS
Small-Signal Current Gain I [TH | 10 l - r =
{ic = 3.0 Ade, Vg = 3.0 Vdc, f = 1.0 MH2)

(Dpuise Test: Pulia Width € 300 us, Duty Cycls < 2.0%.

FIGURE 2 - DC SAFE OPERATING AREA
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e FERET 0 10 w » 0 S 10 100
Veg. COLLECTOR EMITTER VOLTAGE IVOLTS)
FIGURE 3 ~ DARLINGTON CIRCUIT SCHEMATIC
- —————— . = — = — ——m—
MIET090  Bave ot | wir1190 smo—l——k |
thru
MIE1093 | | wsE1103 | I
MIEZ080 | |=r0x | =150 w2100 | [L=sox | =m0 |
MIE2085 L v ==0 Emitter MJEZ103 2 O Emitter



APPENDIX 3

Data sheets for the Motorola 2N2222 transistor (pages 2-255 through 2-261).
Copyright of Motorola, Inc. Used by permission.
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w2218, A, 2n2219, A 2n2221, Assiucon)
2222, A, n5581, 25582

NPN SILICON ANNULAR HERMETIC TRANSISTORS

NPN SILICON
widely used “'Industry Standard” istors for applicati SWITCHING AND AMPLIFIER
25 medium-speed switches and #s smplifiers from sudio to VHF TRANSISTORS

frequencies.

» DC Current Gain Specitied — 1.0 to 500 mAdc
o Low Collector-Emirtter Saturation Voltage —

VCE(sat) @ IC = 500 mAde

= 1.6 Vde (Max] — Non-A Suffix

= 1.0 Vde (Max) — A-Suffix l':g"I
o High Current-Gsin—Bandwidth Product — L
fr = 250 MHz (Min) @ IC = 20 mAdc — All Types Except e
= 300 MHz (Min) @ I » 20 mAdc — ZN2210A, 2N2222A, T

INEES2 CASE 31 (1)
To8 "
o Complements to PNP 2N2004,A thru 2N2907,A N2218,A -l_ ll ﬂ
o JANLJANTX Available for sll devices Fimtes

QUIDE
Chorsctenmie
BVeeo hFE -
Devics Ig = 10 mAde ¢ = 160 mAdge | Ig = 500 mAde
Type Vol Min/Max Min Packuge i o=
N2NE 017 20
M9 . 100/300 E 708
MW7 40/120 20
NZ222 % 100/300 e 7948
NES8) 401120 »
5582 pe 1007200 “ To48 case 22 (1)
IN2218A 40/120 25 T0-18
N22198 40 100/300 s ToS5 M2221.A
NTITIA 40/120 25 MN2222.4
INZTI2A “ 1001300 © To18
“MAXIMUM RATINGS
R ™
Mz T
Rotine b 2271 | N2221A | ZMBE82 | Uni l;?f _JH{! o
2722 | NIZI2A [
Collector-Emitier Voltage VceEo 30 40 40 Vde 'ﬁ
Collector-Bma Voltsg Vce 60 75 7 Vac 8
Emitter-Base Voitage VEa 5.0 6.0 6.0 Vde
Collector Current — Continuous ic 800 800 800" | mAdc - 34 -
1
TNZZVE.A| INZZT1.A| TNEEEY CASE 26 l
INIVO.A INZI22.A | 2NBEET 7048 -
Total Devics Dimsipation @ T 4 = 28°C L) 08 05 05 Wert INEDEY
Derate above 25°C 5.33 230 | 333 | mwrc Cabbold
Totsl Device Dimipation ® Tc =28°C | Pp 30 8 20 | wem
Davate sbows 25°C 20 12 11.43 | mwioC
Operating end Storege Junction TiTug -85 w +200 —= 5c
Tempaerature Rangs
Tingicares JEOEC Aegistarad Dy The respectort JEOEC rapmares

¥ Marorola Ouerantest Thit Dats 1n Agaliion 10 JEDEC Regitteced Dsts dimanbory nd nave aasly
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2N2218,A,2N2219,A, 2N2221,A, 2N2222 A, 2N5581, 2N5682 (continued)

*ELECTRICAL CHARACTERISTICS (T4, = 25°C uniem otharwise noted)

[ Shwasrariosic [ovwset T e T stx T e
~IEL CHABMCTERISTICS
Codtezttr Lrestiy Brasedeonen Voltage BYCED Ve
Hig = 10 mAde, 1g=0) Now-A Sulfix 30 -
A-Suffix, 2NSSE1,2NE582 40 -
Coitecror:Suess firsskcown Voitage 8veso Vde
tic = 10 yAde, Ig = 0} NomA Sultin ol -
A-Suffix, 288881, el s -
Emitter-Bam Braskdown Voltage BVERD Ve
lig = 10, Ic = O} Nor-A Suffix 50 -
A-Suttix, 295887, 2NG582 8.0 -
Coltactor Cutoff Cument Icex nAdc
(Ve * 80 Ve, Vi » 3.0 vl ASuffix, INGSEY,2NS582 - 10
Coliecoin Cutof! Current icao uAdc
(Vg =80 Vek, Ig = 0} Non-A Suffin - 0.0
Ve = 80 Vi, ig = 0) A-Suffic, INGSS1 2082 - 0.01
(Vg = 50 Vdc, ig =0, Ta = 150°C) Non-A Suffin - 10
(Vg %80 Ve, g »0, Ta = 150°C) ASuftix, INGEB1, INGE82 - 10
Emitter Cusof! Current €80 nAde
;l!!! = 3.0 Ve, i » O A-Sutfix, 2NSS8Y,2NE582 - 10
E ] ww TN nAde
{VeE = 80 Ve, VEg{otyy = 3.0 Vdc) A-Suffix - 20
OC Cusrent Gain hpp -
{ic = 0.1 mAde, Vog = 10 V) MTILA NI A S8 1) 20 -
MTINAZNITTLA PRI Y 3B
fig = 1.0 mAde, Vog = 10 Voe) NTIRA BN IZI A S » -
NINLANIIILA R 50 -
{ic = 10.mAdc, Veg = 10 Vde) INTNVRATNITN A NSER111) 35 -
INVAINIIZLA DY) 75 -
{ic = 10 mAdc, Vog = 10 Vde, Ty = -55°C) MINRAPIITA TES1 15 -
PNTNOA TN IITIA TNEEEY k] -
fig = 150 mAde, Vog = 10 Vde) 1) INZTIRA N2 A 2NS501 40 120
INTIVOAINZEILA INBSRY 100 300
(I = 150 mAde, Vog = 1.0 Vdeitl) IN22IBA TNITIVA INEBR T 0 -
IN2219A. INT222A, INSES2 80 -
{ig = 500 mAde, Veg = 10 VdeH 1) INIEINZZ2Y 20 -
M9 INIX22 0 -
N22VBA,INTTIIA INSESY » -
22180 22020 NSRS 0 | -
Colisctor-Esnitir Satucation Voltage( 1} VCE tsat) V¢
(tg = 150 mAdc, 1g = 15 mAdc) Non-A Sulfix ~ 04
A-Suffix, ZNS581,2NE582 - 0.3
{ic = 500 mAdc, Ig = 50 mAdc) Non-A Suffix 1.8
A-Sutfix, NSES1,2NS582 - 10
Bask-Emitiwr Seturation Voltage!1) VBE isat) Vde
{ic = 150 mAdc, 1g = 15 mAdc) Nor-A Sutfix X3 20
ASuffix, 2N5581,2N5582 (5] 1.2
i = 500 mAde, Ig = 50 mAdc) Non-A Sufhix ~ 26
ASuttix, TNEEE1 NI - 20
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2N2218,A, 2N2219,A, 2N2221,A, 2N2222,A, 2N5581, 2NB5EB2 (continued)

*ELECTRICAL CHARACTERISTICS (Continued)

| Casrramte(am —Samuteinh Prasiscti I i MMz
tic = 20 mAdc, Vog = 20 Ve, 1 = 100 MHz) All Types, Guospt 250 -
NT29A 22220 INE882 w | -
Output Capaaisanesi 3} Cob - 80 pf
{Vigy = 10 Ves, ig = 0, f = 100 kHz)
input Cip pF
(Vgg =08 Vde, I =0, 1 » 100 kNz) Non-A Sutfix - 0
A-Buffix, 2NSE81.2NEE82 - 26
input trnpadence hig & ohirra
i = 1.0mAde, Veg = 10 Ve, £ » 1.0kHe) NI2I0A,IN2Z21A, 2N6881 1.0 35
INTTIDAINZIZIA INGES2 20 8.0
ftg = 10 mAde, Vg = 10 Ve, f = 1.0kH2) INTTVBAINIIIA INEAEY 0.2 10
INTINAIIITA PO 0z | 12
Vottage Feedbeck Ratio e x 107"
fig = 1.0mAde, Vo = 10 Vdc, 1 = 1.0 kHz) INIZVBAINIZIIA THESE 1 50
DIV INIITZA INESNT - 80
(ig = 10 mAde, Vog » 10 Vde, t « 1.0 kM) INTEANITIA PEER) - 25
DITITRAINITIIA. PHSSAD - 40
Current Gain [*Y -
(ig = 1.0mAdc, Veg = 10 Vde, f = 1.0 kHz) DIINANOTIA NS 30 150
PIZTATHIZIIA 20082 50 300
{ic = 10 mAdc, Veg = 10 Vde, f » 1.0 kM2l INIZIBAINZI2IA INSEET 50 300
INI2I0A IN22IIA INBEB2 L s
Output Admittance fog nmhos
(Ic * 1.0mAde, VG = 10 Vde, 1 © 1.0 kHz) 2NINBA INIT2VA INSEBT 30 15
IN2IDAINI2TIAINSER2 50 35
{1 = 10 mAde, VGE = 10 Vde, 1 = 1.0 kHzl ININAINIZINA 288 10 100
P THRA TN ZITIA 02 25 200
Cohector-Bame Time Congtant n'Ce [
. g = 20mAde. VQ-”M!-:H_B M) A-Suffin, INSEST,2NSEE2 - 150
Noise Figure NF d8
{ig = 00 sAdc, Vg = 10 Ve,
Ag = 1.0nobm, 1= 1.0 kHe) SNI2SA NTITIA - 40
EIATCHING CHARACTURIETICS (A Suffix, NSS! snd INUREH)
Delay Tiewe 9 - 10 e
(Ve = 30 Vdc, Vg (ofr) = 0.8 Ve,
Ic = 150 mAac, 1gq = 18 mAdc)
(Figure 14)
Riss Time [* - 2% ns
IStorege Time ty - 25 ns
(Vee = 30 Ve, I = 160 mAde,
1g1 = tgz = 16 mAdc)
{Figure 15)
Fall Time (7] -~ 80 [
Active Region Time Contaan* * Ta - 25 s
{ic = Y50 mAde, Vog = 30 Vc)

* indicates JEOEC Regitterad Dets.

**Motoroin Gusrsntess this Dese in Addition 1o JEDEC Regitterad Oats.

(HiPules Test: Pulse Width € 300 us, Duty Cycie £2.0%.

(2107 1s detined o the frequency at which jhgy| extrepoietes to unity.
(D INBEBT ang INESEZ ars Listed Cop B Cgy, 101 thess conditions snd vetues.
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2N2218,A,2N2219,A, 2N2221,A, 2N2222 A, 2N6581, 2NB5B2 (continued)

FIGUAE | - NORMALIZED DC CURRENT GAIN

a0
T LR L T
= 10 ‘!T! —t—— Ve 1D V]
2 1) 1785 — VeV __
= = = == ==
E = [~ i
=
& 25 — g e o] — \‘-15. ™
a 10 — 3
a AN
T—r 11Tt . B .~ X
g 07 T = oy | ~ <
E os = ey -
E ﬂ:;’-:'q-:.—;“ —_— ] % o 3
2 N
¥ 03
02
[T T 10 10 0 50 0 0 0 0 [ 100 00 300 500

1¢, COLLECTOR CURRENT (mA)

FIGURE 2 -~ COLLECTOR CHARACTERISTICS IN SATURATION REGION
10

This graph shows the effect of basa current on collector current. g,
‘ T, =18 (current gain sl the adge of saturation) is the current gain of the
E a \ at 1 voit, and 8, (forced gain) is the ratio of I /1, in & circuil.
] \ EXAMPLE: For type 2N2219, estimate a base current (l,) to insure
2 saturation st a temperalure of 25*C and & collector current of
g L I gy 150 mA.
A — . Observe that st |c = 150 mA an overdrive factor of al jess1 2.5
\ "I is required to drive the transistor well into the saturation region. From
od e Figure 1, it is seen that h, @ 1 voit is spproximately 0.62 of h, @ 10
Ct— ] 150 mt voits, Using the guaranteed minimum gain of 100 @ 150 mA and
e 10V, B, = 62 and subslituting vslues in the overdrive equation,
\ wa find:
’d o - 50 md
Pr—y
1.0V _ 62 -
fr=taglc 25= i 6.0 mA
o
10 F1] ET] (] 50
Bolfle, OVERDRIVE FACTOR
FIGURE 3 - "ON" VOLTAGES FIGURE 4 — TEMPERATURE COEFFICIENTS
14T T *ré
e 11|
12 g (259C 0 (75°C) LA
- 4 g 9 “ .
g 4 'g' F-H sy for Veg ) et -
g 1-889C 10 260€)
s [T} VBEat) @ Icn = 10 - -ty % 0 = kK t_
ﬂ =3
g = FVge @ vee = 10Y € oafH 4
: 2
> e § _% ] =
ul 14 : T Hevg tor vael L
2 = # i mee 1l
al | VCE(at) @ IgAg * 10 Z I]I
0 1 -24 i
8s 10 10 50 10 20 0 100 200 00 0§ 10 20 50 0 20 s 100 200 S0

IC. COLLECTOR CURRENT (mA) i, COLLECTOR CURRENT Ima)
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2N2218,A,2N2218,A, 2N2221,A, 2N2222,A, 2N5581, 2N5582 (continued)

WF. WOISE FIGURE (081

by, INPUT IMPLDANCE (0 OHIMSH

Ty, CURRENT GAIN

FIGURE 5 — FREQUENCY EFFECTS

NOISE FIGURE
Ve = 10V, Ta = 259C

FIGURE & — SOURCE RESISTANCE EFFECTS

&0 (1]
o] [ ] LA
50 - o 1omk 100 5k I
N ' Jor
10
40 N ] q 7 y wh
N o= 10p ; 50 i/
M) R =434 -,
10 M M =
= 11 ﬁ N % V]
" M [JJ | . 0N »" <] e
’ "y o= 100
S~ %= nla " b
]
; I .,
el 0z 0% 20 20 0 W0 2 010 01 02 05 10 20 50 10w S0 100
1, FREQUENCY fxHal Ry SOURCE RESISTANCE (x OHMS)
h PARAMETERS
VGE = 10 Vdc, f = 1.0 kM, Ta = 25°C
This group of graphs illustrates the relstionship between hyy and other “h™" parametert
for this mries of transistors. To obtain thase curves, 8 high-gsin snd # low-gain unit were
miscted and the tame units wecs used to develop tha correspondingly numbeced curves
on sach graph.
FIGURE 7 — INPUT IMPEDANCE FIGURE 8 - VOLYAGE FEEDBACK RATIO
2 50
E AN
] E N
1 i
< e
5 - 3 \
30 P! S S
20 hN g
= 50 1
L ] <
10 g0
07 I = z
03 ] L .
~] o
03 II 14
[ [} [ 10 20 50 [ 0 a) [¥] [H) 10 70 50 3 20
e, COLLECTOR CURRENT imidct ¢, COLLECTOR CURRENT tmkde)
FIGURE 9 — CURRENT GAIN FIGURE 10 - OUTPUT ADMITTANCE
00 0
0 = 100
J —--"'h'-’ — E!. +—1
1 _.—-"" w e ]
L1 E b 4
10 ] - i %
-2
1
» - E 2 - L v
0 ITH
" b 2
0 + 4
%) 50 1T
0 02 [H 10 20 30 x ol [F] 0s 10 20 30 1] g

Ic, COULECTOR CURRENT imAdk) I COLLECTOR CURRTNT truboc)
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2N2218,A, 2N2219,A, 2N2221, A, 2N2222 A, 2N5581, ZNE582 (continued)

SWITCHING TIME CHARACTERISTICS

FIGURE 11 = TURN-ON TIME

FIGURE 12 ~ CHARGE DATA

20 T 10,00 =
B [ H‘ = T,= 25°C
:\\ L@V \\ i iefh = 10
1, -
{00 DL Vo = SVIUMLLSS MOTED! T =
SO o i [ {
1000 iy 1, TOTAL CONTROL=}]
¥ = Ear
Fl ol la@- ;y\:a g w0 : 3 CranGE
E N § Lot HIGH GAIN TYPES A
= 1 'R == 2 g ki
e ATTTSNY N Ve = 30V
1@ Viagon) = 0 \\ L 100 Ll
i f — (a, ACTIVE REGION| = H
] ‘1\\ s 9 0 CHARGE — ALL TP
t Al
aall o |
wl L NI » 1
10 80 10 R 10 0 30 0 50 70 10 2 0 % 0 10 200 30
Ic. COULECTOR CURRENT (mt) e, COLLECTOR CURRENT mA)
FIGURE 13 — TURN OFF BEMAVIOR
e ]l i L 1= I
00 P 200 L
kl = : \ te/lgr = 10 me
; N TN e | 3 N Ny
g 100 - 100
] - = ~ = ¥ — ] ety =20
i n — E
g w h e/l =20 g b
o S ~<: J g
§ s = 10 N b - 2 . e =10 [N | &
Z 1 I ~ 3 1 M
) ! ! F n " L 0
LOW GAIN TYPES HIGH GAIN TYPES
T,-27C T ' 1, -5% l
0 [ | l _L 10 ||
10 ) w100 700 30 10 ] 0 0 100 W 300
. COLLECTOR CURRENT A1 I COLLECTOR CURRENT tmA1

FIGURE 14 — DELAY AND RISE TIME
EQUIVALENT TEST CIRCUIT
GEMERATOR RISE TIME <« 20m

< 200 F
OUTY CYELE - 20% p

00

sy 519
e e T
OSLILLOSCOPE
= Rin > 1004 ohems
Cin % 120

RISE TIME < $0ns

FIGURE 15 — STORAGE TIME AND FALL
TIME EQUIVALENT TEST CIRCUIT

DUTY CYCLE=2.0% v
~ 100 41
<30m 00
182V
o

SCOPE
Rin > 100 & ohmn
Cin'< 12 pF

BT
~ 500 p1

RISETIMES 60m
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2N2218,A, 2N2219,A, 2N2221,A, 2N2222,A, 2NE581, 2N5582 (continued)

iC. COLLECTOR CURRENT (AMP)

i), MORMALIZED EFFECTIVE TRANSIENT
THERMAL RESISTANCE

FIGUAE 18 — CURRENT-GAIN-BANDWIDTH PRODUCT AND
COLLECTOR-BASE TIME CONSTANT DATA

FIGURE 17 — CAPACITANCES

““‘ T y |
-
e Ta= 2% —— - N =gy
= = a1 S N s
"‘H _.J/ e ‘\.L
acll M~ I\"'N.__‘
100 % ML e N
i E—— gw M o
7y [
| r b g 10
3 Y 3
ey
P07 "
E //
0 10 —
al [+ 05 L] 0 30 S0 [ 0 0 01 02 03 0% 1] 0 30 %0 0 Fi]
L. COLLECTOR CURRENT tavide) REVERSE YOLTAGE VOLTS)
FIGURE 18 ~ ACTIVE-REGION BAFE OPERATING AREAS
G i T TN LN
vol—L | NLREEN This graph showa the maximum |C-VGE limits of the device
2 = s — mmmm:mmmb«(u:ﬂcu
0z S + 1000 For cass
08—t T TP mmn"c the thermal dissipation curve must be modified
03100, = in secordance with the derating fector in the Maximum Ratings
' table.
[H = t g To evoid possible device failurs, the collestor losd ling must
|— T2# V8% mEE fall batow the limits indicsted by the spplicsble curve, Thus, for
b L1 & oertsin operating conditions the device is thermally limited, snd
U-ITE Mlh-M‘M‘lﬂ for others it I8 limited by sscondary
“_-_-_mmtm — For pulie spplications, the maximum Ic-vummu
O e e Dhermail T 289 T by the de thermal limits can be excesded. Pulse thermal limits
P - ) hlﬁfhhrhilvuu may be calculated by using the transient thermal resistence curve
w1111 t of Figura 19.
W [T ] n o«
Vce. COLLECTOR-EMITTER VOLTAGE (VOLTS)
FIGURE 10 - THERMAL RESPONSE
19
SR =
08
P =al
02 FM::‘AB! - =1 #cith = ol 0ge
To48 ) ﬁé
1] :
- =
11]
T0-)
oaz
om
104 103 w? [ 100 1!
1, TIME (s}

an2223, A

For Specifications, See 2N2060 Data.



APPENDIX 4

Data sheets for the Motorola MC1741SC op amp (pages 2-175 through 2-
180). Copyright of Motorola, Inc. Used by permission.
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MOTOROLA
1 SEMICONDUCTOR S :&1174411:(:

TECHNICAL DATA
HIGH SLEW RATE, INTERNALLY COMPENSATED OPERATIONAL AMPLIFIER
OPERATIONAL AMPLIFIER
SILICON MONOLITHIC
The MC1741S/MC1741SC 15 functionally equivalent, pin com- INTEGRATED CIRCUIT

patible, and possesses the same ease of use as the popular MC1741
circuit, yver offers 20 1imes higher slew rate and power bandwidth
Thiy device iy ideally suited for D-1o-A converters due to its fast
setiling time and high slew rate

@ High Slew Rate — 10 V/us Guaranteed Minimurm (for unity gain only)
@ No Frequency Compeniation Required o S
s
@ Short.Circuit Protection ! ) (Top View)
e Offset Voltage Null Capability
i G BUFFIX
® Wide Common-Mode and Ditferential Voltage Ranges METAL PACKAGE  msesrt sure]
® Low Power Consumption CASE 601
® No Latch:-Up
{Top View)
TYPICAL APPLICATION OF OUTPUT CURRENT TO
VOLTAGE TRANSFORMATION FOR A D-TO-A CONVERTER §
H i
Veg +80v Vigr= 10 Var { 1
A=Az Zigan el D SUFFIX
" fagah P1 SUFFIX PLASTIC PACKAGE
PLASTIC PACKAGE CASE 753
use a1 _'_L>__"'VI:T_.U CASE 820 (50-8)
7
.:1 13, ORDERING INFORMATION
MCISORL 8 [ O]
s a1 agaL = Devies Tempessture Rangs Packags
as R MC17415G -55'C 10 « 125°C | Mol Can
a6 —o
~ 3 MC17415CD 508
a MC1741SCG 0Cro «70°C Metal Can
ey MCI741SCP = Plemic DIP
3
Theorstical Vg v
AL 2. A3 AL A5 AS A7 A
g Vet Al A
[3 ™
T F Sl T ) bonl e Seoria Pl giiag s ived
it 0 B T TR R R m]
Ping ot shown My a5 oAndcted Adiun Vigt, B or Ry 10 that Vo with ail digital inputs at high bevel
Sattting time to within 1/2 LSB {2134 mV) it spproxe iwequal 1o 9.96) volts
mately 4.0 ua fram the time that 8l Bits are ewilchad.
*The velue of C may be siected 1o minimuze overshaat vo-Visn [2s
#nd tinging {C ~ 150 pF}, Tk 1
MC17418 LARGE-SIONAL TRANSIENT RESPONSE

MOTOROLA LINEAR/INTERFACE DEVICES
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MC1741S, MC1741SC
CIRCUIT SCHEMATIC
™
4 ’
VEATING
it 5 5 0
P ouThY
T " i: ‘i
1
f] =5
iy ™~ w | del ¥
QIFUT ML I vee
MAXIMUM RATINGS (T, = 428%C unien otherwise noted.)
Rating Symbol Unit
Powsr Supply Voitage VYee Vde
vee
Dittarpniin ngaa Sugnad Volage vip Valts
G o ingt Viiuage Shvig (ot Note 11 Vich 718 Voins
Ouput ‘Ehort-Cirouit Dueation {See Nots 2) ty Continuous
Power Dissipation tPackage Limitation} [
Hetal Packags 680 o~
Dorstasbove Ty = +25°C 46 mnec
Plastic Dusl Ja-Lina Package 625 oW
Dirstn abow Ty, « +28°C 50 mw/oC
Cvorvsing Ambisent Terpersturs Asnge Ta Oto+75 | -850 +125 o¢
Starege Temperature Renge Tag °c
Mets) Packige -85 10 +150
Plastic Peckage -55t0 +125

Note 1. For sapply voltages less than £15 Vdc, the ebmlute maximum input voltsga is squs! to the supply voltege.

Note 2. Supply voitege squs! 10 or lews than 15 Vde.

FIGURE { ~ OFFSET ADJUST CIRCUIT

vee

OFFSET NULL
TERMINALS
VEE

ouTPUT

lya, AVERAGE INPUT BIAS CURRENT (nA)

FIGURE 2 - INPUT BI1AS CURRENT verws TEMPERATURE

40,

.
g
. P
& \\
s <
b - Y )

7. TEAPERATURE (°C}

MOTOROLA LINEAR/INTERFACE DEVICES

443
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MC17418, MC1741SC
ELECTRICAL CHARACTERISYICS (vee = +18 Vde, Vg = -16 Vde, Ta = $25°C uniews otherwios noted |
TiM it e
MCTTAYS NCTIteC
Charasteristic Symbe! Min Typ Max Min Tvp Mok Uit
[“Pows Bendwiceh (5ee Figure 31 W, "z
Ay o1 Ay * 2042, THO = 6%, Vg » 20 Vip-pl 150 200 ~ 150 200 -
Large-Signal Transient i
Siew Rate (Figures 10 and 11) SR
Vi-ita Vis) 10 0 - 10 20 - Vius
V41 10 Vi) 10 12 - 10 12 -
Settling Time (Figures 10 and 111 Tanig - 10 - ~ 30 - '
(10 within 0.1%)
SmatiSignel Tramient Rasponse
{Gain = 1, Ejp, » 20 mV, e Figures 7 and 8}
Riss Time TLH - 0.2 - - 0.28 - s
Full Time THL - 028 - - 0.25 - &t
Prapagstian Delay Time winteHL - 025 - - 028 - us
Overshoos o8 - 20 - - 20 - %
o LR -
Short-Cireuit Output Corrents Iy 10 = ™6 | 0 = T | mA
Open-Loop Voltage Gain [R) * 2.0 kf2) (See Figure &) Aol -
Vo " $10V, Ty = +289C $0,000 | 200,000 - 20,000 | 100,000 -
Vg $10V. Ta * Tiow® 10 Thigh® %000{ - - |moo0} - -
R S . S . A
| Input lmpadance (1 = 20 H2) 3 0.3 1.0 ~ 0.3 19 [Lh)
Output Volisge Swing Vo Vok
R = 10 k6, Ta = Vigw 1 Thigh (MC17418 only) 12 4 - 2 14 -
AL *2.0k0, Ty = +28YC £10 F3X] - 410 13
R = 20k, Ta = 'n. |== sEL - - £10 - -
Input Common-iads Velumgs Mangs VicrR "2 3 - 12 73 - Vok
Ta* Tiow 10 Thign C17418)
Common-Mode Rersction Ratio (T = 70 Hil CVAR 70 0 = % = ]
T * Tigw 10 Thigh IMC1M18)
nput imw«%rmm hie A
Ta = +25°C and Thigh - 200 500 - 200 800
TarT - 80 | 100} - - 900
tnput Offwet Currant ol )
Ta = +25°C and Thign - 30 200 - 30 00
Tas T - - 800 - - 300
input Otfwet Voitage (Rg = < 10 kA1) Viol A
Tp =+26°C - 1o 6.0 - 20 60
Ta = Tiow 0 Thi - - 60 - - 15
DC Poswsr Cormumption (See Figure 91 e O
{Power Supply = £16 V, Vg = 0) - 50 a8 - 50 BS
Ta*Tigwta Ty
Positive Voitage Supply Sensitivity = W
(Vgg conmant] - 20 oo - 20 150
Ta 2 Tiow '3 Thigh o0 MC17418
Nogetive Voitage Supply Sensitivity rSs- ®VIY
(Ve conpent) - 0 150 - 10 150
*Tiow * 0 for MC17418C Thigh = +10°C for MC17415C

» -555C for MC12415 =28

OC for MC1741S

MOTOROLA

LINEAR/INTERFACE DEVICES
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MC17418, MC1741SC

TYPICAL CHARACTERISTICS
(Vg = +15 Vdc, Vg = - 18 Ve, T, = +267C unien otherwiss noted.)

FIGURE 3 —POWER BANDWIDTH ~ NONDISTORTED
oureur

PEAK OUTPUT VOLYAGE FOR < 9% THD {VOLTS)

on. IEPUT MOISE VOLTAGE 1aV1. o)

t, FAEQUENCY (H2}

FIGURET - SMALL-SIGNAL FRANSIENT
RESPONSE DRFINITIONS

VOLTAGE varsus PREOUENCY FIGURE ¢ -~ OPEN-LOOP FREQUENCY RESPONSE
2, -
L —y
§ o
. W
N -
:
»
18| . -20
0 180 I 173 0K (1] 10 10 100 18k [T} [CTEEY T
1, FREQUENCY (M2} 1, FREBUENCY tHe}
F - O
FIGURE § — NOISE vermis FREQUENCY O e nesr e ™
RL 3 ] l
» § Y | !
= Ay~ 1900 4
] il
b £ il
N | & g ‘ 1
g« i g 2. " 4 - £
q& ! g 18 i
TS , P T
- b a
N = ; = o B )
8 Ol
1] ¥ 100k 100 1 [D) E

Rg, SOURCE RESISTANCE (ONMS)

FIGURE 8 — SMALL-RIGNAL TAANSIENT
RESPONSE TEST CIRCUIT

ot e st ¢ st erenies

ey ]
sur ri e
v ngw

Wy

MOTOROLA LINEAR/INTERFACE DEVICES
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APPENDIX 4

MC17418, MC1741SC

L

TYPICAL CHARACTERISTICS
(Vg = 418 Vde, VEE = -18 Ve, Ta = +25°C uniem otherwiss noted.)

FIGURE § ~ POWEN CONSUMPTION versus POWER
SUSPLY VOLTAGES
is
H -
: 3=
>
3
H
£ n -
& 19 .
o 9 B

VEL 1 IVEEL SUPPLY VOLTAGE (VOLTS)

FIGURE 10 - LARGE-SIGNAL TRANSIENT WAVEFORMS
v
T g

™ ew

SETTLING TIME

in order to properly utilize the high slew rate and fast
sattling. time of an operational ampiifier, 3 number. of
system considerstions must be obesreed, Capscitance at
the sumnmving ande sad ot the smplifier output must be

supply 4 should be bypirmd =
close 33 pomsibie 1o Ue devies pine. In bypessing, both

]

ringing while a value too large will degrade slew rate and
settling time.

SETTLING TIME MEASUREMENT

in order to scourstely measure the settling time of an
operationsl amplifier, it is suggested that the “‘false”
summing junction approsch be taken as shown in
Figure 11. This is necessary since it is difficuit tode-
termine when the wertform ol the output of the op-
evationsl smplifier mtties to within 0.1% of it's fingd
value. Becsuse the cutput and input voltages are ef
fectively subtracted from esch other st the amplifier
inverting input, this seems. fike sn ides! node for the
measurement. However, the probe capacitance at this
critical node can greatly affect the scourscy of the
sctual measurement.

The solution to these pr is the ion of a
second or “false’ summing node. The addition of two
diodes at this node clamps the érror voltege to limit the
voltsge excursion to the oscilloscope. Because of the
voltage divider effect, only one-hsif of the sctual error
appears at this node. For axtremely criticsl measure-
ments, the capacitance of the diodss and the oscilioscope,
and the settling time of the oscilloscope must be con-
sidered. The expression

l”“g-\lxi+v2+12

can be used to determine the actusl amplifier settling
time, where
tyatlg = Observed settling time

x = amplifier sattling time (to be determined)

y = false summing junction settling time

7 = oscilloscope settling time
It shouid be remembered that to settie within £0.1%
raquires 7RC time constants,

The $0.1% factor was chosen for the MC1741S
setrling time as it is competible with the $1/2 LSB
accurscy of the MCYS08LE digital-to-anslog converter.
This O-to-A f 20.19% i error.

MOTOROLA LINEAR/INTERFACE DEVICES
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MC1741S, MC1741SC

FIIURE 12 - WAVEFORM AT FALSE SUMMING NODE TYPICAL APPLICATION
FIGURE 14 — 125-WATT WIDEBAND POWER AMPLIFIER
e
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an touiv -
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FIGUAE 13 ~ EXPANDED WAVEFORM AT O
FALSE SUMMING NODE
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MOTOROLA LINEAR/INTERFACE DEVICES
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APPENDIX 5

Data sheets for the Motorola 1N5221 through 1N5281 (pages 1-21 through 1-
26). Copyright of Motorola, Inc. Used by permission.
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1n5221 (siucon)

thru
185281
series

Appendices

500 MILLIWATT SURMETIC4 20 SILICON ZENER DIODES
{SILICON OXIDE PASSIVATED)

.1n angwer 10 the Circuit Design and Component Engineers’ many requests —
A complete new sries ol Zener Diodes in the populsr DO-204AA case with
higher ratings, tighter limits, batter operating charscteristics and a full set of
designars’ curves that reflect the superior capsbilities of silicon-oxide-pessivated
junctions. All this in sn sxial-lead, transfer-molded plastic packsge offering pro-
tection in all Brwir ditis

@ Praven Capahility 10 MIL-S- 19500 Specifications

@ 10 Watt Surge Rating

® Woeidabie Leads

® Maximum Limits Gusrantesd on Six Electrical Parameters

(e s

MAXIMUM RATINGS

Junction and Storage Temperature: —65 to +200°C

Laad Temperature not less than 1/16" from the case for 10 seconds: 230°C

DC Power Dissipation: 500 mW @ T, = 75°C, Lead Length = 34"
(Derate 4.0 MW/ *C abave 75°C)

Surge Power: 10 Watts (Non-recurrent square wave @ PW = Bl ms, T, = 55°C,
Frugure 16)

500 MILLIWATT
ZENER REGULATOR
DIODES

24 — 200 VOLTS

MECHANICAL CHARACTERISTICS
CASE: Void free. trantfer molded, thermosetting plastic.
FINISH! ANl external surfaces are corrosion resistant. Lesds are readily

and weidable.

POLARITY: Cathode indicatad by color band. When oparated in zener mode, cathode
will ba positive with respect to anode.

MOUNTING POSITION: Any.
WEIGHT: 0.18 gram (approximately).

FISURE | — POWER-TEMPERATURE DERATING CURVE

" ~ v w0 o
g TO MEAT S
g o1 L= %
£ o e
E o i \"'-.__-_ S
E . - N

T P
i ==k
¢ ——
n 0 7] ] 100 il 1% 160 0 o

aTragemark of Motorods Inc

ome[ Ty Tuac |

A1 HDEL Bonprants and mates sty
CASE$YOY
00 roaka
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APPENDIX 5

1N5221 thru TN5281 series (continued)

ELECTRICAL CHARACTERISTICS T4 * 25°C uniess otherwiwe noted) . Based on dc at thermal
lead length = 3" tharmal resistance of heat sink — 30°C/W) V, = 1.1 Max & I, = 200 mA for sll types.
Zener Max Reversa Loakage Current
Hominal "L Sne o . - M Livar Votge
h
JEDEC Lomer Voltage ch“ u A & B Suffix Only Noa-Suffix Tomp. Coolt
Typa Mo Yy @ by vt EaE T [llli(t:u‘&\ly}
(Hots 1) Vaits | L@l | Ly @ 0rse [ velhs Iy @ Vy Used | B (% 0
(Hote 2) mA Dhers 3 Yor sullix A Nate 31
A L] pk
sy (=] 30 N 1200 150 o 1.0 200
NS 13 1 » 1250 100 095 1.0 00
NN 11 w 1 1300 Ny a9 10 130
et 2 1 3 1400 5 o 8 10 130
| NSR2Y 30 10 | " 1800 3 0.9 L 1o 100
INT8 33 0 w 1600 » o8 o 100
iNs1? 16 0 n 1190 1 008 Lo 100
INSI2S e 0 n 1800 0 0.9 Lo ™
1322 4 10 FH 2000 30 0.98 10 30
NS0 47 0 1] 1900 30 (8] 10 30
INSTIL 51 10 " 1600 *a e 10 0
IN3132 e 1] 1 1800 1.0 19 30 %
NS 4o 0 T8 1600 14 11 1% s
KA1 I8 30 10 1000 5.0 Iy a0 %
INAY 9 20 49 0 3.0 I 5.0 ¥
INAIH s 10 0 03 149 3.1 60 10
W ] w0 io 300 20 0.3 [%1 2
TN 1 10 6o 800 30 632 L 3] 30
1NI18 1 0 10 600 3.0 (8] 19 0
1N32e0 10 1 600 10 76 [X] 0
LN " 0 n 400 1.0 20 LX) w0
INSE4Y I3 20 10 o) 10 [ ) LN 10
1510 n s 1" 00 0.3 e L] 10
INAT " L ) 13 00 0.y s i) 1w
IN3248 15 55 1% 0 01 0.3 1 10
IN32et 1" e ar [ a1 [T 1 "0
ANSIeT ar 14 "W #00 0.1 s 13 ()
INSIM " 10 H | 800 al n " w0
I3 L 4k n 600 [E] 1 " 10
1N3250 » t1 | I 800 0.1 I 15 10
ALl n R 1 il 800 0.1 w1 " w0
INAISE u 82 | n 00 a1 1.1 " 10
INLIYY i 50 15 Ll ol w " 10
RLEHETY n (R L1 800 01 n (1]
N335 n LK “w 800 0.1 2 H 10
INHI5E 3 1 W 800 o1 7] n W
N335 n 36 b 100 o1 2 13 10
INHN * 3 0 00 [ u byl W
185133 » 31 w0 00 0.1 ) 0 10
1N5280 43 5] 0 %00 0.1 k1 3 10
INSEEI ar ER 0% 1000 0.1 34 38 1
INSIED ] 13 1 1160 [ »” 9 0
1N528) * 11 1% 1300 01 a It 10
INSH & T 170 140 [ " “ 10
N335 0 1.0 105 1400 0.1 a5 o 10
N6 w Y 130 1600 0.1 ] ] it .
INSIEY n 11 110 1700 o1 9 36 10 8
INsI6 15 n0 2000 0.1 % a 10 0,088
INSI8 " e o 10 01 ] @ 0 -0 089
NS0 1 14 w0 2300 [ ] 10 0. 000
INSTTI 100 5] ) 1600 [ n i o 0. 110
INSITH 1o 11 150 3000 Bl 0 " 1®% =0, 110
1IN e 1.0 wo 4000 0.1 L] L] w0 0. 110
INSITR 130 0.8 e 300 0.1 # w Iy 5,110
1IN3ITS 140 0.9 1300 4300 LR} Wi 104 10 #0110
INBITE 1% ol | 3000 1 o 108 i 0 0
13311 180 o8 1100 3500 o1 16 33 10
IN3278 1" o1 1900 3300 ol n 10 1a -0
[t 180 088 100 6000 [2] 130 It 10 0
INSTR0 1% LRCY 1400 300 0.1 3y T 0 b
NSHI 100 0 63 21300 000 0.1 144 152 0 +0,
NOTE 1 - TOLERANCE AND VOLTAGE DESIGNATION 2— 4 are =5.0%, =3.0%,

Tolerancs designation — The JEDEC type numbers shown indicate 8
tolerance of =10% with guarentead himits on only Vp, |y and ¥ ax
shown in the sbove table. Units with guarantesd fimits on ail six
paramaters s indicated by suffis A" for =10% tolerance and suffix
"B for =5.0% units.

Hon voltags - To units with zener
voltsges other than thows m:tucnumm the typa
number :nnuu be used.

e

Mominal Yoitsge Zener Diodes

NOTE 2 — SPECIAL SELECTIONS AVAILABLE INCLUDE:
1 — Nominal rener voRtages between those shown.

:?.MG. ::1.0!5) depending on voltage per device.

a. Two or more units for sariss connection with specified
tolerance on total voltage, Series matched sets make Tene!
Mlminmdmmmlmhllmlnwﬂﬂu
lowar temparsture cosfficients, lower dynamic impedance
and grester power hendling ability,

b. Two or more units matched to one snother with sny spec-
Ified tolerance.

3 — Tight voRage tolersnces: 1.0%. 2.0%. 3.0%.

NOTE 3 — TEHPERATURE COEFFICIENT (4v7)
Test #ra s foliows:

ln_TSMl._ZSC
128°C IIMIA B thru INS242A, B.)
*C,

Ratad Iy, T, = 2!

» 125°C (leld. B thru INS281A. B.)

Davica to Mmm-rmrl stabilized with curront sppliad prio to
resding breskdown voltage at tha spacified ambisnt temperature.
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1N5221 thru 1N5281 series (continued)

TYPICAL REVERSE CHARACTERISTICS FOR SELECTED ZENER DIODES
Curvas marked T. wese obimnad rom dc measurements 3t thermal equitibnum; lead lsngth = % tharmal resistancs of nest sink = 30°C /W,
Curves marked T, were obiaimed from pulse iests: mounting conditiony sre not 8 factor

Vimiominan = 3.3 Volts

o“II 10 30 0 50 60 05 e 15 0 23

V. TEMER VOLTAGE (VOLTS) Vo REVERSE VOLTAGE (YOLTS)

V. TENER YOLTAGE IVOLTS) ¥u. REVORSE YOLTAGE (VOLTS)

3
14

14

T
2
=

T=-55°C 23°C
) E] Hi ? n 0 n 73 : [T [1] [ 6
V. TENER VOLTAGE vOLTS) Vo REVERSE YOLTAGE (YOLTS)
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APPENDIX 5

1N5221 thru TN5281 series (continued)

TEMPERATURE COEFFICIENTS AND VOLTAGE REGULATION
(0% of The unity 819 in the ranges indicated)

FIGURE § — RANGE FOR UNITS 70 12 YOLTS FIGURE & — RANGE FOR UNITS 12 T0 200 VOLTS

10 — a0
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BN T T T 1 T 1] i Y |
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FIGURE 10 — EFFECT OF ZENER CURRENT FIGURE 1] — YOLTAGE REGULATION
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TYPICAL ZENER IMPEDANCE

FUSURE 12 — EFFECT OF 2EMER CURRENT FIGURE 13 — EFFECT OF ZENER VOLTAGE
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TN5221 thru TN5281 Series (continued)

8. (101, TRAMSIENT THERMAL RESISTANCE

. JORCTION. TOLEAD THERSBAL RESISTANCE (°C/W)

Pra. PLARL SUBGE POWER MIATTD

JUNCTION-TOLEAD (*C/0

FIGURE 14 — TYPICAL THERMAL RESPONSE
T I i=1"0=0L [
i MBI
‘ )
0 =03 i o8
1 1 TS
2 ! S GALE====at
§ e A
) 1 1 I T
- - =
’ i
005 " 1 L \
=it i 1
= 1 bt l-vl,—q 1
¥ DUTY CYCLE O = b/t H
) SINGLE PULSE AT = 0 0P :
’ i REPETTTVE PULSES (11, = 6 0D P ]
301 et 1 PIDVEL T T E1 FRF1
0.00! 0.002 0:003 0.00% 00! 002 003 005 0l 02 03 05 10 W 30 80 0 0 W %0
1 T 1
FIGURE 15 — TYPICAL THERMAL RESISTANCE APFLICATION NOTE
e Since the actusl voltage availabie from 3 given zener diode is
itis y to ds junction temp.
omur-undcrmymalowﬂm d in order to its
value. The I
‘h.mhl‘ trom:
— Tym s Po+T
o 8. is the lead 10-smbient thermal resistance and Py is the
power dissipation. fua i genersily 30-40°C/W for the vari
00 ous clips and tie points in common use and for printed
= circuit board wiring.
Junction Tempersture. T, b found from:
o] PRIMARY PATH OF Ji=Toy hix
ATk is the increase in junction tempersture above the lesd
COMDUCTION 1S THROUGH | temperature and may be found from Figure 14 for & train of
THE CATHOOE L£40 power putsas or from Figure 15 for dc power.
(¥ ] DI‘ ol. ! To For worst-case design, using expected limits of Iz, kmita of Py and
the extramet of T, (AT }may be sttimated. Changes in voltage. Vz.can

L UEAD LERGTH TO MEAT SIRK INCHI

- FIGURE 16 — MAXIMUM NON-REPETITIVE SURGE POWER

RECTARGULAR WAVE FORM |11
T, SHOWN 15 PRIOR 10 SuRcE LLL
0 )
|
Ty= 428
109 -
-: 1]
- rﬁ. i)
- +
- ﬁx___-
1 1
T
+1 =
= =
191 ==
49 ! LTIl | - 1 8
‘ool o 005 o1 o0z 0% 1o 20 50 10

P, PULSE WIOTH ()

then be found from:

Under high powsr-pulse operstion. the Zener

voltage
mywlmﬂmwmylmunnmnwﬂmﬂywm
use short leads,

a3pe-

or best
:Jllly!nthoam mimwn-m-wrumuulwu

possible.

Data of Figure 14 shouid not Be used 10 compute Surge cape-

bility. Swphmnmmmmmﬁglﬂ 16. They bre lower
would be expected

rent crowding etiects cavse Mwmm to be
smail spots resulting in device dagradstion should
16 be excesded.

mromdr
the

lienits of

§‘§§§
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454  APPENDIX 5

TN5221 thru TN5281 Series (continued)

v — T l
™ = T,= %% b 7 =
1 rd Vi 7.
00 - 7 =
L |
2y 3.
3 E
E mn‘ — N'I‘ E : ) T : T
=M s ] 1, - 10 o T a5l -ssc/
) 0V ? » 4 T 17
iy = i
o
o A -
= U s s
vi
by ; 7
Sl y 4 ri 4
L ]
1o w30 sa 10 10 N W 03 04 035 [ [H) on [X] 1o
¥y REVORSE VOUTAGE (VOL 131 Vo FORWARD) VOLTAGE MOLTS)
FIGURE 13— TYPICAL NOISE DENSITY FISURE 78 — ROISE DENSITY MEASURTMENT METHOD
== MO 100 e
———
) =y REsIsTOn
b oo—O—-\m«— (]
- b Iy« 2004
& o3 i gy Y e 108K | Yo
2 | fy= 108
> -0 & oW < 20 kM
2
E I Y,
i n v ——
S'" FOISE DERSITY (VLTS PIR SOUARE ROO1 BARDWIOTH) o T
$0 WMERE . P -~ FILTER BARDWIDTH (Wr)
g ¥ous = QUTPUT ROISE (VOLTS RS
20 Tha mpul voltags and load resistance are Ingh 50 that (he Tener diode 11
driven from 3 comstant current source The ampirhier 13 low novie 30 that
10 the smplifier nouse 13 Regligible compared 10 that of the test zener. The
10 20 30 50 10 10 0 3% fifter handpass 13 known 40 that the noie density can be caiculated from

Vy. JERER VOLTAGE (vOLTS!

the formuia shown The data of Figure 19 and the formula can 3'so0 be
vsed 10 hind Aovse for any system



APPENDIX 6

Table A6.1 lists the approximate electrical characteristics for the IN914A
diode. This device or its equivalent is available from multiple manufacturers.

TABLE A6.1 Approximate Ratings for a 1N914A Diode

Parameter Rating

Peak inverse voltage 75 volts

Average forward current 75 milliamps (below 25°C)
10 milliamps (at 150°C)

Reverse current 25 nanoamps (at 25°C)
50 microamps (at 150°C)

Power dissipation 250 milliwatts

Capacitance 4 picofarads

Reverse recovery time

8 nanoseconds
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APPENDIX 7

Data sheet for the Motorola MPF102 transistor (page 3-724). Copyright of
Motorola, Inc. Used by permission.
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Appendices 457

MPF102 (siicon

Silicon N-channel junction field-effect transistor
designed for VHF amplifier and mixer applications,

MAXIMUM RATINGS (T = 25°C uniess othrwise noted)

Rating Symbo! Value Unit
Drain-Source Vollage Vps 18 Ve
PIN 1. DRAIN
2. SOURCE Drain-Gate Voltage Voo % Vde
3 GAtE Gate-Source Voltage Ves 1 Vde
CASE 29 ( 3 ) Gate Current i 10 mAde
(T0-92) Total Device Dussipation § T, « 15°C rp'” 310 mw
Derate above 23°C .8 mw/°c
maybe mﬂlﬂ"ﬂ » Swnction T Ty 128 o¢
Storsge Temperature Range Tag <6810 « 150 %

ELECTRICAL CHARACTERISTICS (Ts = 25°Cunins otherwise noted)
OFF CHARACTERISTICS

Gate-Source Breskdown Voltage BYGas
(lg* 10w, Vpg = 0)

Gate Reverse Current IGss
(Vog: 15Vee. Voo 0)

l\lGs = 15 Vﬂc.’Vu =0, T‘= 100 C)

Gate-Swurce Culoff Voltage v
(Vg + 13 Voe. 1 = 2.0 nAdc) asiolf) - 20

Gate-Source Voltage Vgs
(Vu = 15 Vde, ‘D = 0.2 mAdc)

ON CHARACTERISTICS

Tero-Gate-Voltage Dratn Current (1 ipss mAdc
(Vg 15 Ve, Vg = 0 Vee) 20 0

DYNAMIC CHARACTERISTICS
Forward Transfer Admittance (1} |7ea] #mhos
(Vipg * 15 Ve, Voo < 0, £ 1 kHz)

Input Capacitance Ciss
(¥pg > 15 V0, Voo =0, 11 MH2) - 70

Reverse Transder Capacitance Cran
(Vpg = 15 Vée, Voo =0, 41 MH2)

Forward Transfer Admitance
(Vg * 18 Vo, Vg v 0, 1+ 100 Miz)

0.5 7.5

pF

pF

|7ll' #mhos

Inpat Conductance Rely,) umhos
(vm-uv«.v“-o.l-momu) - 800

Conlieransy Relyyy) umhos
=19 Yae, Vu’-ﬂ.l-ﬂnlﬂlt) -

(Vog
SU....J
*Pulse Test: Pulse Width S 830 me; Duty Cycle S 10%
pock sge heve thew i Ratings 34 follows: Py = 10 W @ T¢ « 25°C,
Derste sbove 289C — 8,0 mw/OC, T - -85 1o +180°C, 8¢ = 125° crw.

(31}



APPENDIX 8

Data sheets for the Motorola 1N4728 through 1N4764 zener diodes (pages 1-
105 through 1-109). Copyright of Motorola, Inc. Used by permission.
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1n4728 i 1n47 64 (sicon)
1l 10ZS10 v, 1v200ZS10

Appendices

1.0 WATT SURMETIC 30 SILICON ZENER DIODES

a complete series of 1.0 Watt Zener Diodes with limits and
operating charactecistics that reflect the superior capabilities of
siticon-oxsde-passivated junctions. All this in an axial-lead, transter
molded plastic package offering protection in all common environ
mental conditions.
® To B0 Watts Surge Rating @ 1.0 ms
® Maximym Limits Guaranteed on Six Electrical Parameters
® Package No Larger Than the Conventional 400 mW Package

Designer’s Data for “Worst Case'* Conditions
The Desgners Data sheels permut the design of most circuits entirely from the in:

formation presanted  Limil gurves — representing boundanies on device charactens
nics — are given 10 facihitare 'wors) case’ dengn

LOWATT
ZENER REGULATOR DIODES

3.3-200 VOLTS

MAXIMUM RATINGS

Rating Symbol Value Unit
*DC Power Dimipation 8 T 4 = 50°C Pn 10 Watt
Darata sbove 50°C 667 mw/oc
DC Power Dimsipstion ® Ty = 759C Pp ao Wt
Lasd Length = 38"
Derste sbove 75°C ol mWeC
*Operating and Storega Junction Ty Tug -65 10 +200 LA
Temperature Renge

MECHANICAL CHARACTERISTICS

CASE.  void.fres, transter-malded, thermosstting plastic

FINISH; ANl externsl surtaces sre corrotion resistant and iesds are feadily solderable
and weldabla

POLARITY  Cathode indicatsd by polerity band. When opérated in zensr mode, cathode
will be POsitive with respect 1o snode

MOUNTING POSITION  any
WEIGHT . 0.4 gram (approx)

FIGURE | — POWER-TEMPERATURE DERATING CURVE

I =
L LEAD LENGTH |
523 t TO HEAT SINK
w0 - — :
™. | L

Lo

b — o
" Llw. ~~‘-IT“'»‘

Pp. MAXIMUM POWE R DISSIPATION (WATTS)

U 10 40 B0 B0 100 120 10 160 180 200
Ty LEAD TEMPERATURE roC|

-

-
FOLARITY MARE
TEATHO0H1

Sdimal

Vot s 16 Seleomntpel seltipty 3y 344
A HOEC drmantuiot i w11 bole

CASE 80
Bo4)

“inoicates JEDEC Registersn Data
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460  APPENDIX 8

1N4728 thru IN4764 (continued)
1M1102S510 thru TM2002S10

ELECTRICAL CHARACTERISTICS (T4 = 25°C uniess otherwise noted) “Vg = 1.5 V max, (¢ = 200 mA for sl typss

*Nominsl [T T —— *Loskage Fosioat
Zaner Voltage “Tont (hiowm &) Curmnt Cyrremt

lﬂ:" Motorels vz @iz Cuerent e Ty = :c
Tyes Trpa Mo. Vel iy lx&:-lrr Iz Oipx) iz Iy va
Nows 1) (e 2 Now 2& 3 mA [~y A »A Mux @ Vol L]
1NAT28 IMLITB 10 33 78 10 400 1.0 100 (X 1880
INST29 1MLETB10 38 [ 10 400 10 100 10 1200
184730 IMIHTE10 39 [ 2.0 400 1.0 50 1.0 1190
1473 14,3280 a3 ] .0 400 1.0 10 1.0 1070
14732 1M4.72810 4.7 [X] 8.0 500 1.0 10 1.0 70
1N4T733 .. 12810 8.1 0 7.0 $80 1.0 10 1.0 800
1N4TI4 18,028 10 5.6 a5 5.0 600 1.0 0 2.0 o
INGTIS 144.228 10 6.2 4 2.0 700 1.0 10 a0 730
1NATIS 1402870 [T 3 a8 700 1.0 10 40 080
1NATDY 17 82810 7.8 34 4.0 700 0.8 10 5.0 808
1NATID 1MEIT810 [ %] 3 48 700 LX) 10 6.0 850
1N4739 1912010 9.1 » 5.0 700 oS 10 7.0 800
1NS740 IMIOTI0 10 F 7.0 700 o 10 76 454
1N4741 14112810 " 23 8.0 700 o 5.0 8.4 414
1N4742 1IM12Z810 12 0 9.0 700 as 5.0 9.1 aso
1NG74I 132810 13 ) 10 700 0.28 5.0 2.9 344
1NATAS 1182810 18 17 14 700 015 5.0 1.4 04
1N4AT48 1M10Z810 16 15.8 18 700 0.28 8.0 12.2 285
1NATAS 11 1 14 20 780 0.28 5.0 13.7 250
TNATAY 1MI0Z810 20 12.8 2 750 025 8.0 18.2 o]
1N4748 1M122810 22 18 23 760 .28 8.0 16.7 205
1N&TS0 1M242810 24 10.8 2% 780 0.2 5.0 18.2 190
1NATSE0 1M272310 27 9.8 38 780 0.28 5.0 208 170
TNATSY 1M02810 30 [ X] ) 1000 .28 5.0 2.8 180
1NGTB2 IMIIZB 10 3 1.8 48 1000 028 8.0 28.9 135
INGTS3 1MIS2810 38 7.0 50 1000 028 5.0 .4 128
INATES 1MIZS10 3 6.6 60 1000 0.25 8.0 2.7 18
N8BS 1M432810 4 6.0 70 1800 0.28 8.0 327 110
INGTES MATZB10 47 [X] 80 1500 0.28 8.0 s 95
1NATE? 1MB12810 81 8.0 8 1800 0.28 5.0 s [
INEYSS TMESZS 10 (2] as 110 2000 0.28 8.0 428 10
INATSS 1TMEIZ810 62 4.0 178 2000 0.28 8.0 a7.1 70
TNAT80 1MGRZ810 68 a7 180 2000 0.28 5.0 1.7 85
INATSY 1MIB2810 78 a3 178 2000 028 5.0 56.0 €0
1N4782 822510 82 2.0 200 3000 0.28 5.0 62.2 55
1N4TEY IMS1ZS10 [ ] 28 290 3000 a.2s 5.0 69.2 50
IN4T8s bcdie i ddd 100 28 aso 3000 028 5.0 76.0 45

- M1102310 110 2.3 450 4000 0.28 5.0 83.6 -

- 1M120Z810 120 2.0 880 4800 0.28 8.0 91.2 -

- IMINZB10 130 19 700 8000 [ 5] 8.0 00.8 -

- IMIS02810 180 1.7 1000 6000 028 5.0 114.0 ~

- 1M1802810 100 16 1100 8300 0.28 5.0 218 -

- TMI902810 180 1.4 1200 7000 0.28 5.0 1388 -

- 1MI00Z2 10 200 1.2 1500 8000 0.28 6.0 182.0 -

* Indic JEODEC Rapistared D
NOTE 1 — TOLERANCE AND TYPE NUMBER DESIGNATION e pisiered Data

The JEDEC type numibers listsdd have a standard tolerancs on
the nomingl Tener veltage of 210%. A stenderd tolerance of £5%
on individusl usits is sise svelisie and h indicated by mftixing
“A” to the standerd typs numiber.

(B) MATCHED SETS: (Standard Tolerances are 15.0%, $3.0%,
£2.0%, £ 1.0%}).

Mdimmhmhwmdm
or move mumhed dovicss. The ifybrg much
n-ﬂ-uhtﬂ-nwm—t-hmm

NOTE 2 ~ SPECIALS AVAILABLE INCLUDE:

A) NOMINAL ZENER VOLTAGES BETWEEN THE VOLT-
AQES SHOWN AND TIONTER VOLTAGE TOLER-
ANCES: To designete units with zener voltages other
than thom emigned JEDEC numbers and/or tight voltege
tolersroms (28%, 23%, 2%, 11%), the Motorole type

number should be used.
1M 90 2 S 3
Device T
Description —— Tolersnce
{2%)

Voltege

Exsmple: 190283

thet two extra msifizes ore sdded to the code mumber
Gemcrvoed.

These unims sre marked with code lefars o identifty the
metched sets and, in addition, asch unit in & st is merked
with the seme serisl number, which s different for sech mt
being ordered.

1 M 5 1
R . ol..
Description {emch device! Tolerance

of s
Cods: (£1%}
B - Two devices in series Gioom i
c-T 1oes i seri Code
D — Four devices in series per dﬂiﬂl umu (A-Not uesd)
{omit for £20% units)

Exsmple:  TMS125881



1N4728 thru TN4764 (continued)
1M110Z2S10 thru TM200ZS10

(C) ZENER CLIPPERS: (Standsrd Tolerance £10% snd £5%).

Spacial clipper diodes with opposing Zener junctions built
into tha device sre svailable by using the following nomen-

clature
_1r M _:.:(g z s 10
Diwvic il T Surmetic
Description Voltags Clipper
Zener
M I
olareis Diode
Toleranoe for sech of
the two Zener voltepes
Enample 1M20Z2510 (not 8 matching require

mant)

NOTE 3 — ZENER VOLTAGE (V7] MEASUREMENT

Motorols guarsntess the zener voltage when messured at 90
seconds while maintaining the lesd temparature (T ) et 30°C 2 1°C,
3/8" from the diode body

NOTE 4 ~ ZENER IMPEDANCE (Zz) DERIVATION

The rener impsdence is devived from the 80 cycle sc voltage,
which results when an e current having en rma valus equsl to 10%
of the dc zener current {l 71 or | 2 | is superimpossd on 1 27 or 12,

NOTE 5 — SURGE CURRENT (i,] NON-REPETITIVE

The rating listed in the electrical charscteristics table 15 maxi-
mum pesk, NON-TepetItive. reverss surge currant of 1/2 square wave
or equivslent sing weve pulse of 1/120 second duration super-
inpoied on the test current. |77, per JEDEC registration, hawever,
actusl device capability is a2 described in Figures 4 and 5.

Appendices 461

APPLICATION NOTE

Since the actual voltege sveligble fram » given rener diode is

I Lt y to determine junction tem:
perature under sny sat of opersting conditions in order to calculate
i= valus. The following procedure le recom:

Lead Tempaerature, T| , should be determined trom:
TL=fLaPp*Ta

8 a 18 the lead to.ambignt thermal resitence 1°C/w) ena
P is the power dissipation The vaiue for 8 o will very
and cepends on ths device mounting method. 8 4 i gen:
erally 30-40°C/W for the various clips #nc tie points in
common use #nd or printed circuit bosrd wiring

The tempersture of the lead con sito be Mestured using @ thermo-
couple placed on the lead # close a8 poseible to the tie point. The
thermal mam connected 10 the tie point I8 normally large enough
0 that it will not significantly respond to heat surges genevated in
the diode = a result of pulsesd operetion once steady-siste condi:
tions are schieved. Uting the messured velue of T, the junction
ternperature may be determined by

Ty=TL+aTy

AT is the incresse in junction temperature above the leed
temperature and may be tound from Figure 2 for » treln of
power pulses (L = 3/8 inch) or from Figure 3 for dc power.

ATy =8,y Pp

For worst-cese design, using expacted limits of Iz, limits of Py
st the extremes of T AT j) may be estimated. Chenges in voltege.
Vz. con then be found from.

AV =8y AT,

@y 7. the rener voltage tempersture coefficlent, is found from
Figures 6 and 7

Under high power-pulss operation, the rener voltege will very
with time and may aleo be stfeciad significantly by the rener rasist
ance. For beet regulation, keep current excursiont st low m possible.

Dets of Figure 2 should not bs used 10 coMpute turgs capsbllity.
Surgs limitations sre given inFigurs 4. They sre lower then would
ba

by ing only juncti o . B8 current
crowding effects caume to be ex v high in amaetl
wom g in device degr shauid the limim of Figure 4

be excesded.
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1N4728 thru TN4764 (continued)
1M110Z810 thru TM200ZS10

FIGURE 2 - TYPICAL THERMAL RESPONSE, LEAD LENGTH L = 3/8 INCH
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1N4728 thru TN4764 (continued)
1M110Z810 thru 1TM200ZS510

TEMPERATURE COEFFICIENTS AND VOLTAGE REGULATION
{90% OF THE UNITS ARE IN THE RANGES INDICATED|

FIGURE 6 — TEMPERATURE COEFFICIENT-RANGE FIGURE 7 —~ TEMPERATURE COEFFICIENT-RANGE
FOR UNITS TO 12 VOLTS FOR UNITS 10 TO 200 VOLTS
510 5 200
s M -
D o
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L A £ 100
< P 5
Iy W T £ w
w AANGE -
o o0 > 8
¥ A 2w
s
Z o0 < £ 7
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A i
3 -0
£ I ]
;; 40 I %‘ L]
o Jo 40 50 B0 o 80 80 w n 17 0 20 40 L] 100 120 140 160 180 00
V2. ZENER VOLTAGE # 177 IVOLTSI V7, ZENER VOLTAGE @ 177 (VOLTS)
FIGURE 8 ~ VOLTAGE REGULATION
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v 08
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FIGUARE 8 - MAXIMUM REVERSE LEAKAGE
{95% OF THE UNITS ARE BELOW THE VALUES SHOWN)

T

22 8§

I, REVERSE LEARAGE (uAdk) @ Vi AS SPECIFIED
I8 THE ELECTRICAL CHMARACTERISTICS TABLE

NOMINAL V2 IVOLTS)
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APPENDIX 9

Data sheets for the Motorola 2N3440 transistor (pages 2-509 through 2-512).
Copyright of Motorola, Inc. Used by permission.
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2N3439 (SILICON)
w3440

NPN SILICON HIGH VOLTAGE POWER TRANSISTORS

...oesigned for usa in consumer and indusirial line-operated 1 AMPERE

applications. Thesa devices are particularty suited for audio, video POWER TRANSISTORS

snd ditterential amplifiers &3 well & high-voltage, low-current NPN SILICON

inverters, switching and sefies pass regulators

e High DC Current Gain — 260-360 VOLTS
hEE = 40 - 160 @ I ~ 20 mAdc 10 WATTS

@ Currant-Gain—Bandwidth Product —
7 = 16 MMz (Min} @ Ig = 10 mAde
¢ Low Dutput Capacitance —
Cob = 10 pF (Max) @ = 1.0 MHz
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APPENDIX 9

2N3439, 2N3440 (continued}

FIGURE 1 -~ DC CURRENT GAIN
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2N3439, 2N3440 (continued)

FIGURE 7 — TURN-ON TIME FIGURE & — TURN-OFF TIME
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APPENDIX 9
2N3439, 2N3440 (continued)
FIGURE 13 — TYPICAL THERMAL RESPONSE
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There are two limitations on the power handling sbility of a transistor; average junction temperature and second breskdown.
Safe operating erea curves indicate IC - VCE limits of the transistor that must be observed for reliable operation; i.e., the
transistor must not be subjected to greater dissipation than the curves indicate.

The data of Figure 14 is based on T j(pk) = 200°C; T is varisble depending on conditi S d breakdown pulse limits
are valid for duty cycles to 10% provided T jipk) = 200°C. T j(pi) may be calculated from the data in Figure 13. At high case
tempaeratures, thermal limitations will reduce the power that can be handled to values less than the limitations imposed by
second breskdown. (See AN415)

2n3444 (siicon)

For Specifications, See 2N3252 Data.



APPENDIX 10

Thermal Calculations
for Transistors

The material in this appendix will enable you to compare the specifications of a
given transistor with the requirements of a given application, and to make a judg-
ment regarding the use of heat sinks. You will be able to determine whether a heat
sink is required and, if it is, to specify the one needed.

When current flows through a semiconductor device, heat is generated. In the
case of a forward-biased transistor, most of the heat is generated in the collector-
base junction. The manufacturer specifies a maximum temperature (T)) for the inter-
nal junction. Operation at higher temperatures will likely damage the transistor.

To keep the junction at an acceptable temperature, it is necessary to provide
a path for the heat to escape the junction and reach the ambient air. As the heat
travels from the junction to the air, it encounters opposition, or thermal resistance.
There is thermal resistance between the junction and the case (6)c), resistance
between the case and the heat sink (8¢s), and apparent resistance between the heat
sink and the ambient air (854). The sum of these thermal resistances is the total
thermal resistance between the junction and the ambient air (8;,). In equation
form, we have

BIA = e!C + eCS + GSA (A101)

In the case of a transistor with no heat sink, the total thermal resistance
between the junction and the ambient air (8,) is the sum of the junction-to-case
thermal resistance (8,c) plus an effective resistance called case-to-air (6¢4). The pri-
mary mechanism for heat transfer between the junction and the case is through
conduction. From the case to the air, on the other hand, the mechanism is primar-
ily radiation and convection, which appears as a much higher thermal resistance.

- The manufacturer’s data sheet will normally provide the value of junction-
to-case thermal resistance (8)c). The overall junction-to-ambient thermal resistance
(6)4), on the other hand, is not always provided. Table A10.1 can be used as an
estimate of 8, if the exact value is not available in the data sheet.

469
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APPENDIX 10
TABLE A10.1
Transistor Case Style Thermal Resistance (°C/W)
TO-3 32
TO-5 150
TO-18 300
TO-39 150
TO-66 62
TO-220 50

The thermal resistance between the heat sink and the air (85,) is provided by
the manufacturer of the heat sink. The value of thermal resistance between the
transistor case and the heat sink (6¢cs) depends upon how the transistor is
mounted to the heat sink—that is, whether the transistor is screwed directly to the
heat sink (metal-to-metal), whether heat-conductive grease is used, whether an
insulating wafer is used, and even how securely the mounting screws are tight-
ened. Table A10.2 provides representative values for 6.5 under different mounting
conditions for two of the most common power transistor packages.

The power dissipated in the collector-base junction can be estimated with
Equation (A10.2):

PD = ICVCE (AIOZ)

where I and Vg are DC or average values. The maximum power that can be dis-
sipated in a junction without the use of an external heat sink can be determined
with Equation (A10.3):

_ Ti(max) — T,

(A10.3)
D BIA

i

where Tj(max) is the highest design temperature (not necessarily the highest tem-
perature allowed by the manufacturer), T, is the highest ambient air temperature

TABLE A10.2
Case Style Dry Metal Contact Heat Compound Insulating Wafer
TO-3 0.5°C/W 0.12°C/W 0.36°C/W

TO-220 1.2°C/W 1.0°C/W 1.7°C/W
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to be encountered, and 6}, is the junction-to-air thermal resistance described pre-
viously.

For a particular application, the required junction-to-air thermal resistance
(whether a heat sink is used or not) can be determined with Equation (A10.4).

w (A10.4)
B 410.

!

If the required value for 6/, is less than the value of 6, then a transistor with
a higher power rating must be used. In other words, even if we had a perfect heat
sink, the junction temperature would still exceed the T{(max) limit. If the required
value for 64 is greater than the actual 8;, (Table A10.1) for the particular package
being considered, no heat sink will be needed.

If a heat sink is needed for a particular application, then the required value
of thermal resistance for the heat sink (85,) is determined by Equation (A10.5).

0,4 (required) =

BSA = OIA(required) - e,vc - GCS (AlOS)

The transistor manufacturer does not always include values for 6)c and/or 8, in
the data sheet. However, the derating factor is usually available. The thermal
resistance for either junction-to-case or junction-to-air is equal to the reciprocal of
the respective derating factor. That is,

6 = — (A10.6)

Pc

where p. is the derating factor for the case temperature. Similarly,

]

'
|
|
Pa |
i

where p, is the derating factor for ambient air.

Example 1

A particular transistor has a quiescent collector current of 1.2 amps and a quies-
cent collector-to-emitter voltage of 12 volts. The design goal allows a maximum
junction temperature of 140°C and a maximum ambient temperature of 65°C.
Determine whether this transistor can be used in this application. If it can, does it
need a heat sink? If so, what is the required thermal resistance of the heat sink?
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Solution. The manufacturer’s data sheet provides the following information:

1. 6 1.8°C/W
2. T{rating) -55 to +150°C
3. Package TO-220

The power actually dissipated in the junction can be estimated with Equation
(A10.2) as

PD'—'I(:VCE=1.2AX12 V=l44W

The required thermal resistance from junction-to-air is estimated with Equation
(A10.4).

Ty(max) - T, _ 140°C - 65°C
Py 14.4W

0,4 (required) = =521°C/W

Since the required value of 6, is greater than 6y, this transistor can be used for
this application. Table A10.1 lists the value of 6;, for a TO-220 package as 50°C/W.
Since the required value of 8}, is less than the value of 8, for the package itself, a
heat sink will be required. It will need a thermal resistance as determined by
Equation (A10.5).

854 = 5.21°C/W - 1.8°C/W - 1.7°C/W = 1.71°C/W

Example 2

A certain transistor has the following thermal characteristics listed on the manu-
facturer’s data sheet:

1. 8¢ 3.125°C/W
2. Tj(max) 150°C
3. Package TO-3

What is the most power that can be dissipated at room temperature (25°C) with-
out requiring a heat sink?

Solution. The maximum power without a heat sink can be estimated with
Equation (A10.3) as

Ti(max) - T, _ 150°C - 25°C
64 32°C/W

P, = =391W
Example 3

A particular design requires an NPN transistor to conduct 75 milliamperes with a
collector-to-emitter voltage of 15 volts. The highest ambient temperature is expected
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to be 70°C, and it is a goal to keep the junction at 125°C or below. Can a 2N2222A
transistor be used in this application? If so, is a heat sink required? If a heat sink is
required, what is its required thermal resistance (65,)?

Solution. The manufacturer’s data sheet for a 2N2222A provides the following

information:
1. T{(max) 200°C
2. Package TO-18
3. Io(max) 0.8 amps
4. Vep(max) 40 volts
5. Derating factor above T = 25°C 12mwW/°C
6. Derating factor above T, = 25°C 3.33mW/°C

The required junction-to-air resistance can be computed with Equation (A10.4) as

Ty(max) - T,
Pp
_125°C - 70°C

75 mAx15V
= 489°C/W

)4 (required) =

The junction-to-case thermal resistance can be computed with Equation (A10.6) as

1 1
O =—=—— =833C/W
" pe T 12mW/°C /

Since the required 8y, is less than the 6)c of the transistor, we cannot use this
device; it would overheat even with an ideal heat sink.
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Interpretation of
Oscilloscope Displays

Numerous examples throughout the text include an oscilloscope display to reveal
the operational characteristics of the actual circuit. All of these figures are actual
plotted outputs from a digitizing oscilloscope. Although much of the display out-
put is similar to more familiar analog oscilloscopes, Figure A11.1 and the follow-
ing descriptions will assist the reader who is unfamiliar with this type of
equipment.

Each of the following headings describes the purpose of the corresponding
item in Figure A11.1.

High Frequency, Low Load /.

. ANz NN AN

1 500 mV,div
offset: 0.000 V
10:1 dc

vl U/ JANEVANI VAR a

\ . _
/ \ \ 55/ \ / \ / oﬂsi(t).' V/(;‘l.g;)o v
\V4 y \\Y N 10:1 de
0:0000 S 560 55
IR b

frequency( 1) 454.546 kHz  Vrms( 1) 286.376 mV

Vp-p(4) 30.125 V \dperiod(4) 2.2000 uS P
4 f 1250 mv

FIGURE A11.1 Identification of important areas on the digitizing oscilloscope displays.

474
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ltem A. This is a reference to the schematic diagram. The annotations indicate
where on the circuit each waveform was taken.

ltem B. This annotation provides a brief description of the circuit conditions at
the time of the measurements. Descriptions include such things as relative fre-
quency, relative line voltage, or load conditions.

Hem C. The oscilloscope is a four-channel device. That is, it is capable of dis-
playing four different waveforms at the same time. The larger, bold numbers indi-
cate which channel is associated with the subsequent parameter list.

ftem D. This displays the vertical sensitivity of the indicated channel. It has the
same meaning as the Volts/cm or Volts/Division parameter on an analog oscillo-
scope.

item E. The offset specification indicates the amount of DC offset that has been
set into the indicated channel. A positive offset has the effect of moving the wave-
form upward; a negative offset shifts the waveform downward. In either case, the
amount of shift is established by the Volts/Division setting (Item D).

lem F. This ratio indicates the type of probe being used (e.g., 1:1 or 10:1). The
attenuation effects of the probe are automatically accounted for in the display, so
no mental arithmetic is required to obtain the correct answer. Additionally, the
type of coupling (AC or DC) is displayed.

ltem G. This portion of the display describes the trigger conditions. First, the
larger, bold number indicates which channel served as the trigger source. Second,
the arrow, pointing up or down on the rising or falling edge, respectively, indi-
cates the slope of the trigger (i.e., positive or negative). Finally, the voltage value is
the setting for the trigger level.

Hem H. The lower portion of each display will vary depending on what charac-
teristics of the displayed waveform are of interest. Each of the listed parameters
will have a larger, bold number to indicate the channel reference. The remaining
descriptive label and value are self-explanatory. Some example parameters
include frequency, +width (positive pulse width), ~-width (negative pulse width),
period, Vrms, Vavg, Vp-p, Vmin, Vmax, and so on.

item L. This is the Time/Division setting for the horizontal sweep of the oscillo-
scope. It is interpreted in the same way as the Time/cm or Time/Division setting
on an analog oscilloscope.

ltem J. These labels simply indicate the relative time at various points across the
screen (i.e., left, center, and right).

A few figures in the text (e.g., Figure 3.16) have some additional dashed lines
superimposed on the oscilloscope display. These are used for measuring the time
(horizontal) and voltage (vertical) between two points on the waveform. When the
lines are visible, there are normally corresponding time and /or voltage parameters
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listed in the lower portion of the display (in the area indicated by item H in Figure
A11.1). These additional parameters are each associated with a particular channel
and include such measurements as these:

Vmarker1 indicates the voltage level represented by one of the horizontal
dashed lines.

Vmarker2 is the voltage level of the second horizontal dashed line.

delta V is the difference in voltage between the levels of Vmarker2 and
Vmarkerl.

start marker is the time position (as indicated by item J in Figure A11.1) of
one of the vertical dashed lines.
stop marker is the time position of the second vertical dashed line.

delta t is the difference in time between the setting of the stop marker and
the start marker described.
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Absolute value circuit, 371-377
design, 375-377
equivalent circuits, 372-373
numerical analysis, 372-375
operation, 371-372
schematic, 372

AC-coupled amplifier. See also Amplifier
important nonideal parameters, 401-403

single-supply, 416-422
Active filter
bandpass, 228-236
bandwidth, 231
design, 231-236
equivalent circuits, 229
numerical analysis, 229-231
operation, 229
Q,230
resonant frequency, 230
schematic, 228
voltage gain, 231
band reject, 236-246
center frequency, 238-239
design, 239-246
input impedance, 239
numerical analysis, 238-239
operation, 236-238
Butterworth, 214, 221
fundamentals, 212-214
high-pass, 221-228
cutoff frequency, 223
design, 224-228
equivalent circuits, 222
input impedance, 223

numerical analysis, 223

operation, 221-222
Q,223
schematic, 222
low-pass, 214-221
cutoff frequency, 216
design, 217-221
equivalent circuits, 215
input impedance, 216
numerical analysis, 215-216
operation, 214-215
Q,216
schematic, 214
peaking, 214
stability, 213, 229
Adder, 360-366
design, 363-366
numerical analysis, 361-363
operation, 360
schematic, 361
Adjustable gain, 80
Amplifier
AC-coupled, 95-111
bandwidth, 104-107
design, 107-111
input impedance, 102-103
numerical analysis, 97-107
operation, 95-97
schematic, 96
single-supply, 416422
voltage gain, 97-102
antilogarithmic, 411413
averaging, 370-371
current, 111-118
design, 116-118

a77
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Amplifier input voltage swing, 83-84
current (cont.) numerical analysis, 81-88
gain, 112-113 operation, 78-80
input current, 114-115 output current, 86
input resistance, 115-116 output impedance, 84-86

load current, 113-114
maximum load resistance, 115
numerical analysis, 112-116
operation, 111-112

output resistance, 116
schematic, 112

differential, 1-2

double-ended, 2

in instrument amplifier, 405
phase relationships, 3
single-ended, 2

in subtractor, 366-370
frequency response, 37-38
high-current, 118-129

bias voltage, 121-122

design, 123-129

effective load resistance, 120-121
input current, 123

input voltage swing, 121-123
numerical analysis, 120-123
operation, 118-119

output current, 120121
output voltage swing, 121
peak load current, 120

peak load voltage, 120
schematic, 119

instrumentation, 340, 405409

inverting

bandwidth, 51-52

basic rules, 40

design, 53-58

input current, 4344

input impedance, 43

input voltage swing, 4546
minimum load resistance, 49-51
numerical analysis, 41-53
operation, 3941

output current, 4849

output impedance, 4648
output voltage swing, 44

power supply rejection ratio, 52-53
schematic, 39

slew-rate limiting frequency, 4445
voltage gain, 42

inverting summing, 78-92
bandwidth, 86-87

as D/ A converter, 344-347
design, 88-92

input current, 82

input impedance, 82

output voltage swing, 82-83

schematic, 80

slew-rate limiting frequency, 87-88

voltage gain, 81-82
logarithmic, 409411
noninverting

bandwidth, 66-67

design, 67-72

effects of slew rate limiting, 66-67

input current, 63

input impedance, 62-63

input voltage swing, 64

numerical analysis, 59-67

operation, 58-59

output current, 65-66

output impedance, 6465

output voltage swing, 63

power supply rejection ratio, 67

schematic, 59

slew-rate limiting frequency, 64

voltage gain, 60-61

noninverting summing

adder, 360-366
numerical analysis, 93-95
operation, 93
schematic, 93
single-supply, 416-422
stability, 397-398
voltage follower
bandwidth, 76
design, 76-78
input current, 74
input impedance, 73-74
input voltage swing, 74
numerical analysis, 73-76
operation, 72
output current, 75
output impedance, 75
output voltage swing, 74
power supply rejection ratio, 76
schematic, 72
slew-rate limiting frequency, 74
voltage gain, 73
wideband power, 447

Analog

constrasted with digital, 337
multiplexer, 341-343

Analog-to-digital conversion, 349-359

accuracy, 340
conversion rate, 340



conversion time, 340
defined, 337
dual-slope, 353-357
schematic, 353
flash, 349
fundamentals, 338-343
gain error, 339
linearity, 339
monotonicity, 339
offset error, 339-340
parallel, 349-351
hybrid, 349
schematic, 350
quantization, 338
quantization uncertainty, 339
scaling error, 339
successive approximation, 357-359
schematic, 357
tracking, 351-353
schematic, 351
Antilogarithmic amplifier, 411-413
schematic, 412
Averaging amplifier, 370-371

Bandpass filter, 228-236. See also Active filter
definition, 212

Band reject filter, 236-246. See also Active filter
definition, 212

Bandstop filter. See Active filter, band reject

Bandwidth, 15-16, 228, 392

definition, 21

general equation, 38
power for MC1741, 428
power for MC17415C, 445
Break frequency, 219, 396
Burst regulator, 279
Butterworth filter, 214, 221

Capacitive reactance, 98
Center frequency, 228

Circuit construction

component placement, 26

grounding, 29-30

methods, 25-26

performance example, 30-33

power supply decoupling, 27-29
power supply distribution, 26-27
routing of leads, 26

Clamper, 307-316. See also 1deal clamper
design, 314-316

numerical analysis, 309-313
operation, 308-309

schematic, 308-309

Clipper, 299-307. See also Ideal biased clipper
design, 303-307

index 479

numerical analysis, 301-302
operation, 299-300
schematic, 299-300
Closed loop
definition, 19
gain, 19, 392
output resistance, 4648
CMRR, 20
Common-mode rejection ratio, 20
Comparator. See Voltage comparator
Compensation
bias current, 41
frequency. See Frequency compensation
Constant current limiting, 280-281
Constant current source
charging a capacitor, 204, 324-325
in current amplifier. See Amplifier
inside op amp, 24, 383-384
Conversion
analog-to-digital, 337-343, 349-359
current-to-voltage, 442
decibel form of CMRR, 20
decibel form of current gain, 37
decibel form of power gain, 37
decibel form of voltage gain, 37
digital-to-analog, 337-338, 343-349
linear ramp to DC, 330
peak-to-peak to peak, 45
peak-to-peak to RMS, 122-123
peak to RMS, 44
RMS to peak, 69
square wave to triangle wave, 324
triangle wave to sinewave, 324
Corner frequency, 219, 396
Coupling
AC, 95-97, 401-402
DC, 402
Crosstalk, 341
Crowbar circuit, 285
Current
effects of increasing load, 48-49
feedback, 4849
load, 48-49
op amp output, 4849
short circuit, 48
Current amplifier. See Amplifier
Current boost, 119, 252
Current limiting, 280283
Current mirrorz, 420-421
Current-to-voltage converter, 442
Cutoff frequency, 38, 213-214

Data sheets
diode
1N914A, 455
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Data sheets (cont.)
op amp
MC1741, 425-429
MC1741SC, 442447
transistor family
MJE1103, 431432
MPF102, 457
2N2222, 434-440
2N3440, 465468
zener diodes
1N4728-1N4764, 459-463
1N5221-1N5281, 449454
DC-coupled amplifier
important nonideal parameters, 402
DC offset, 4, 170-171, 324-325, 388-390, 443
DC power supply. See Voltage regulator
DC regulation. See Voltage regulator
Decibel, 37
Decoupling, 27-29
circuit, 28-29
equivalent circuit, 28-29
power-entry, 29
Derating factor, 471
Design
AC-coupled amplifier, 107-111
compensation resistor, 108-109
design results, 110-111
feedback resistor, 108
input coupling capacitor, 109
input resistor, 107-108
op amp selection, 108
output coupling capacitor, 109
adder, 363-366
design results, 365-366
feedback resistor, 364-365
input resistor, 363-364
op amp selection, 365
bandpass filter
capacitors, 231-232
compensation resistor, 233
design results, 234-236
op amp selection, 233-234
resistors, 232-233
band reject filter, 239-246
compensation resistor, 241-242
design results, 242-246
filter components, 239-241
op amp selection, 242
current amplifier, 116-118
current gain, 117
current resistors, 117
design results, 118
differentiator, 332-335
bypass capacitor, 333
compensation resistor, 333

design results, 334-335
feedback resistor, 332
input capacitor, 332-333
input resistor, 333
dual half-wave rectifier, 294-299
compensation resistor, 295-296
design results, 296-299
feedback resistors, 2904-295
input resistor, 294
op amp selection, 296
rectifier diodes, 295
high-current amplifier, 123-129
bias potentiometer, 127
bias voltage, 126
compensation resistor, 128
current-boost transistor, 123-124
design results, 129
feedback resistor, 127
input coupling capacitor, 128
input resistor, 127
op amp output voltage, 125-126
op amp selection, 127-128
output voltage swing, 126
voltage gain, 126-127
high-pass filter, 224-228
capacitors, 224-225
compensation resistor, 225
design results, 226228
op amp selection, 225-226
resistors, 224
ideal biased clipper, 303-307
clipper diode, 304
design results, 305-307
filter capacitor, 304-305
op amp selection, 304
voltage divider, 303-304
ideal clamper, 314-316
integrator, 326-330
capacitor, 327
compensation resistor, 327
design results, 327-330
feedback resistor, 327
input resistor, 326
op amp selection, 326
inverting amplifier, 53-58
compensation resistor, 56
design results, 57-58
feedback resistor, 54-55
input resistor, 54
op amp selection, 55-56
supply voltage, 55-56
inverting summing amplifier, 88-92
compensation resistor, 90
design results, 91-92
feedback resistor, 89



input resistors, 88-90
op amp selection, 91
power supply voltages, 90-91
worst-case input, 88
low-pass filter, 217-221
capacitors, 217
design results, 219-221
op amp selection, 218-219
resistors, 217-218
noninverting amplifier, 67-72
compensation resistor, 70
design results, 70~71
feedback resistor, 68
input resistor, 68
minimum supply voltages, 69
op-amp selection, 69-70
peak detector, 318-323
current limiting resistors, 321
design results, 321-323
detector diode, 319
filter components, 319-321
op amp selection, 318-319
series voltage regulator, 259-265
design results, 262-265
feedback network, 261-262
pass transistor, 259~260
voltage gain, 261
shunt voltage regulator, 269-274
current limiting resistor, 270~271
design results, 272-274
error amp gain, 269-270
feedback network, 270
transistor selection, 271-272
sign changing circuit, 378-380
design results, 379-380
op amp selection, 378-379
resistor, 378
subtractor, 368-370
design results, 369-370
op amp selection, 368-369
resistors, 368
triangle-wave oscillator, 205-208
design results, 207-208
integrator, 206-207
op amp selection, 207
voltage comparator, 205-206
variable-duty oscillator, 197-203
design results, 202-203
isolation diodes, 201

Index 481

feedback resistor, 153~154
op amp selection, 152-153
reference voltage, 154-155
voltage comparator with output limiting,
165-170
design results, 168-170
feedback resistor, 165-166
hysteresis voltage, 165
output zener diodes, 166
reference current limiting resistor, 168
reference zener, 167-168
voltage-controlled oscillator, 186-193
design results, 190-193
integrator, 188-189
op amp selection, 189-190
zener current limiting resistor, 187-188
zener diodes, 187
voltage follower, 76-79
compensation resistor, 78
design results, 78-79
op amp selection, 77
power supply voltages, 77
voltage reference, 251-256
current-boost transistor, 253~254
current resistor, 253
design results, 254-256
regulator diode, 253
Wien-bridge oscillator, 176~180
amplitude control, 179-180
design results, 179-180
feedback resistor, 177
frequency-determining components, 177
op amp selection, 179
rectifier and filter, 178
window voltage comparator, 158-161
design results, 160-161
isolation diodes, 159-160
op amp selection, 158
pull-up resistor, 159
zener diodes, 158
zener resistors, 158-159
zero-crossing detector, 137-140
design results, 139-140
op amp selection, 138-139
zero~crossing detector with hysteresis,
145-149
design results, 147-149
feedback resistor, 146-147
op amp selection, 146

op amp selection, 201-202 Differential amplifier. See Amplifier

output zener regulator, 197-198 Differential input voltage
reference zener regulator, 198-199 affected by frequency, 62
timing components, 199-201 ideal value, 41

voltage comparator with hysteresis, 152-155 Differentiator, 330-335
design results, 155 design, 332-335
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Differentiator (cont.)
numerical analysis, 331-332
operation, 330-331
schematic, 330
stability, 331
Digital
contrasted with analog, 337
states, 337
Digital-to-analog conversion, 343-349
accuracy, 343
defined, 337
gain error, 343-344
glitches, 344
monotonicity, 344
offset error, 343-344
propagation time, 343
R2R ladder, 347-349
schematic, 347
scaling error, 343-344
settling time, 343
slew rate, 343
weighted, 344-347
schematic, 345
Diode. See also Ideal diode
data sheet
1N914A, 455
in ideal rectifier, 291-299
silicon versus ideal, 289-291
Divider. See also Multipliers/dividers
schematic, 416
Divider circuit, 415-416
Drift, 390
Dual-slope A /D conversion, 353-357
Duty cycle
oscillator with variable, 190~203
in switching regulator, 276, 279

Efficiency

in power supplies, 276, 278
Electrostatic discharge, 31
Emissions

from power supplies, 278

regulatory agencies, 278
Equivalent input noise, 393
Error amplifier, 257
ESD, 31

External frequency compensation, 399-400

Fast attack, 317
Feedback
definition, 38
frequency selective, 39, 173-174
positive, 141-142, 173
in series voltage regulator, 256-257

in shunt voltage regulator, 265-266
in switching voltage regulator, 276277
types of, 38-39
Feed-forward frequency compensation, 400
Filter. See Active filter
Flash A /D conversion, 349
Foldback current limiting, 282
schematic, 283
Frequency compensation, 394-400
external, 399-400
feed-forward, 400
internal, 398-399
principles, 395-398
rule for stability, 397-398
safety margins, 402-403
Frequency doubler, 415
Frequency response, 37-38, 392. See also
Bandwidth
AC-coupled amplifier, 104-107
inverting amplifier, 51-52
MC1741, 428
MC17415C, 445
noninverting amplifier, 66
steepness of slope, 213214
voltage follower, 76
Full power bandwidth, 428, 445. See also
Bandwidth

Gain
decibel form, 37
definition, 36
fractional, 37
voltage, 36
Gain-bandwidth product
definition, 21
Gain margin, 402-403
Gain-source-resistance product, 88
Ground
virtual, 41
Grounding considerations
analog versus digital, 30
ground bounce, 29-30
ground noise, 29-30
ground plane, 29
quiet ground, 29-30

Half-power frequency, 38, 214
Half-power point, 38, 214
Harmonics

in switching regulators, 278
Heat sink

selection, 469473
High-current amplifier. See Amplifier



High-pass filter, 221-228. See also Active filter
definition, 212

Holding current, 282, 285

Hold-up time, 286

Hybrid op amps, 422-423

Hysteresis, 142, 163-164

Ideal biased clipper, 299-307
clipping levels, 301
design, 303-307
fundamentals, 299
highest frequency, 301-302
input impedance, 302
maximum input, 302
numerical analysis, 301-302
operation, 299300
output impedance, 302
schematic, 300
Ideal clamper, 307-316
adjustment range, 309-310
design, 314-316
frequency range, 310-312
fundamentals, 307-308
input impedance, 312
maximum input voltage, 310
numerical analysis, 309-313
operation, 308-309
output impedance, 312
schematic, 309
Ideal diode
concept, 289-291
in biased clamper, 308-309
in biased clipper, 299-300
in peak detector, 316~-317
Ideal rectifier circuit, 290-299
design, 294-299
dual half-wave
schematic, 291
half-wave
highest frequency, 293-294
schematic, 291
maximum input, 293
maximum output, 292-293
numerical analysis, 292-294
operation, 292
voltage gain, 293
Impedance
input
ideal, 16
nonideal, 22, 390, 400-401
output
effects of, 47-48
ideal, 16-17
nonideal, 23, 391-392, 401

index 483

series RC circuit, 98-99
transformation, 72
Inductance
power supply wires, 26-27
Input bias current, 171, 383-387
minimizing effects, 386-387
model, 384
versus temperature, 443
Input offset current, 387388
Input offset voltage, 171, 388-390
model, 389
nulling, 4, 171, 389-390, 443
Input resistance
AC, 400401
DC, 390
Instrumentation amplifier, 340, 405-409
equivalent circuit, 406
Integration, 323~324
Integrator, 323-330
definition, 323-324
design, 326-330
frequency of operation, 325
as low-pass filter, 324
numerical analysis, 325
operation, 324-325
used in VCO, 180-182
Internal frequency compensation, 398-399
Inverting amplifier. See Amplifier
Inverting summing amplifier. See Amplifier
used in VCQO, 181

Kirchhoff’s Current Law, 6-8
Kirchhoff’s Voltage Law, 8-9

Level detector. See Voltage comparator
Limit detector. See Window voltage
comparator
Linear ramp, 181, 324-325, 353-357
Logarithmic amplifiers, 409411
schematic, 410
Lower cutoff frequency, 38
Lower threshold voltage, 141-142
Low-pass filter, 21, 214-221
definition, 212. See also Active filter

Multiplexer, 341-343
crosstalk, 341

Multiplier
modes of operation, 414
scale factor, 413-414
schematic, 415
symbol, 413

Muitipliers/dividers, 413-416
divider circuit, 416
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Multipliers/dividers (cont.)
as frequency doubler, 415
multiplier circuit, 415
square root circuit, 416
squaring circuit, 416

Negative threshold voltage, 141-142
Noise, 393-394

effect on differentiator, 331

equivalent input noise, 393

graphs for MC1741, 427

graphs for MC17415C, 445

rejection of power supply noise, 52-53

sources in power supplies, 24
Noise immunity

dual-slope A/D, 357

increased with hysteresis, 142
Noninverting amplifier. See Amplifier

Noninverting summing amplifier. See Amplifier

Norton’s Theorem, 11-12
Notch filter
definition, 212, 236-246. See also Band
reject filter
Nulling

output offset voltage, 4, 171, 389-390, 443

Ohm’s Law, 5-6
Op amp
applications survey, 4-5
bias current, 383-387
corner frequency, 218-219, 396
data sheets
MC1741, 425429
MC17415C, 442-447
equivalent input noise, 393

frequency response, 15-16, 21, 37-38, 392

history, 1
hybrid, 422-423
ideal parameters
bandwidth, 15-16
common-mode voltage gain, 15
differential voltage gain, 14-15
input impedance, 16
noise generation, 17
output impedance, 16-17
slew rate, 16
table of, 34
temperature effects, 17
impedance
input, 16, 22, 390, 400-401
output, 16-17, 23, 4648, 391-392, 401
inputs
inverting, 3, 14
noninverting, 3, 14
internal circuitry, 3-4, 418421, 425, 443

multiple device packages, 422
nonideal AC characteristics, 392-402
nonideal DC characteristics, 383-392
nonideal parameters
bandwidth, 21, 392
common-mode voltage gain, 19-21
differential voltage gain, 19, 392
drift, 390
input bias current, 383-387
input impedance, 22, 390, 400401
input offset current, 387-388
input offset voltage, 388-390
noise generation, 23, 393-394
output impedance, 23, 391-392, 401
slew rate, 21-22, 392-393
temperature effects, 23
offset current, 387-388
offset null, 4, 171, 389-390, 443
offset voltage, 171, 388-390
output voltage
versus frequency, 428
versus load resistance, 428
packages, 422, 425, 442
power supply requirements, 24
programmable, 404-405
stability, 397-398
symbol, 14
Open-loop
output resistance, 23, 46
voltage gain, 19, 392
MC1741, 428
MC1741SC, 445
versus supply voltage, 429
Oscillator
frequency selective, 173-174
fundamentals, 173-174
loading, 210
nonideal considerations, 210
triangle-wave, 204-208
design, 205-208
frequency, 205
numerical analysis, 204-205
operation, 204
schematic, 204
variable-duty cycle, 190-203
design, 197-203
frequency, 196197
numerical analysis, 194-197
operation, 190, 194
percent duty, 197
schematic, 194
voltage-controlled, 180-193
design, 186-193
frequency, 186
numerical analysis, 182-186



operation, 180-181
schematic, 181
Wien-bridge, 174-180
design, 176-180
frequency, 175
numerical analysis, 175-176
operation, 174-175
schematic, 174
Oscilloscope
interpretation, 474-476
Output impedance
effects of, 4748, 391-392, 401
Output resistance
AC, 401
DC, 391-392
Over-current protection, 279-282
constant current limiting, 280
schematic, 281
foldback current limiting, 282
schematic, 283
load interruption, 279-280
schematic, 280
Over-voltage protection, 282285
schematic, 284

Parallel A /D conversion, 349-351
Peak detector, 316-323
design, 318-323
low-frequency limit, 317-318
numerical analysis, 317-318
operation, 316-317
response time, 318
schematic, 316
Phase margin, 402403
Phase shift, 395-397
Positive threshold voltage, 141-142
Power dissipation
heat sink requirements, 469473
switching versus linear regulators, 276,
278
Power-fail sensing, 285-286
schematic, 285
Power supply noise, 24
Power supply rejection ratio (PSRR)
definition, 24
inverting amplifier, 52-53
noninverting amplifier, 67
Preamplifier, 340
Programmable op amp, 404405
Pulse width modulator, 276-277

Q
definition, 214
for narrow-band filters, 228

index 485

value for minimum peaking, 216
for wide-band filters, 228
Quadrants, multiplier, 414

R2R ladder D/ A converter, 347-349
Ramp generator

in A /D converter, 353-357

integrator circuit, 324-325

in VCO, 180-182
Regulator

current. See Amplifier, current

voltage. See Voltage, regulator
Rejection

common-mode, 20

power supply rejection ratio, 24, 52-53, 67
Relative magnitude rule, 402
Resolution, 338, 343
Resonant frequency, 228, 230, 237-239
Response time

in peak detector, 318

switching versus linear regulators, 278
Ripple voltage

in peak detector, 317, 319-320
Rolloff, 61, 398

Sample-and-hold, 340-341
acquisition time, 341
aperture time, 341
droop rate, 341
hold command, 340-341
sampling rate, 341
track command, 340-341
SAR, 358
Saturation voltage, 25
Sawtooth wave generator, 208
Scale factor, multiplier, 413414
SCR, 282, 285 )
Series voltage regulator, 256265
design, 259-265
numerical analysis, 258-259
operation, 256-258
schematic, 256
Shunt voltage regulator, 265-274
design, 269-274
numerical analysis, 266~269
operation, 265-266
schematic, 266
Sign changing circuit, 377-380
design, 378-380
operation, 377
schematic, 378
Silicon-controlled rectifier, 282, 285
Single-supply amplifiers, 416-422
schematic, 417419, 428



486 Index

Slew rate, 392-393
definition, 16
digital-to-analog conversion, 343-344
effect on clamper, 312-313
effect on integrator, 325
effects on comparator, 135-136
ideal, 16
limiting frequency, 22
nonideal, 21-22, 392-393
Square root circuit, 416
Squaring circuit, 416
Stability
active filter, 213, 228-229
amplifiers, 397-398
differentiator, 331
gain margin, 402-403
phase margin, 402-403
Subtractor, 366~-370
design, 368-370
numerical analysis, 367-368
operation, 366-367
schematic, 366

Successive approximation A /D, 357-359

Summing amplifier. See Amplifier
Superposition Theorem, 12-13
Switching voltage regulator, 275-279

classes, 278-279

versus linear, 276-278

principles, 275-276

response time, 278

schematic, 277

Temperature

drift, 390

effects, 17, 23

effects on bias current, 443
Thermal resistance

definition, 469

equation, 469

relationship to derating factors, 471

required for heat sink, 471

table of, 470
Thevenin’s Theorem, 9-11
Trace inductance, 27-29
Tracking A /D converter, 351-353
Transient response

MC1741, 429

MC1741SC, 446

voltage regulator, 278
Transient suppressor, 285
Transistor

current-boost, 119, 252

current limiting, 280-283

current mirror, 420421

data sheets
MJE1103, 431-432
MPF102, 457
2N2222, 434440
2N3440, 465-468
as logarithmic element, 410412
pass, 256
as switch, 353-354
switching regulator, 275-276
thermal calculations, 469473
as variable resistor, 174-176, 249
Triangle-wave generator. See Oscillator
Troubleshooting
active filters, 246
amplifier circuits, 130-132
arithmetic circuits, 380-381
basic tips, 18, 25
oscillator circuits, 209-210
power supply circuits, 286-288
procedure, 130-131
observation, 130
resistance measurements, 131
signal injection/tracing, 131
signal processing circuits, 336
voltage comparators, 170-171
voltage measurements, 131
Twin T filter, 236-238. See Active filter,
band reject

Unity gain frequency

definition, 21
Upper cutoff frequency, 38, 104
Upper threshold voltage, 141-142

VCO, 180-193. See also Voltage-controlled
oscillator
VFC, 180-193. See also Voltage controlled
oscillator
Virtual ground
definition, 41
Voltage
comparator
fundamentals, 134
comparator with hysteresis, 149-155,
285-286
schematic, 150
differential input
affected by frequency, 62
ideal value, 41
high-frequency drops, 27-29
multiple sources, 12-13
negative threshold, 141-142
offset, 171, 388-390
positive threshold, 141-142



reference, 251-256
regulation
fundamentals, 248-256
purpose, 248
regulator
zener, 154-155
saturation, 44
definition, 25
between two points, 8-9
unregulated source, 248
Voltage comparator
fundamentals, 134
nonideal considerations, 171
used in A /D, 351-359
used in VCQ, 181-182
Voltage comparator with hysteresis, 149-155,
285-286
design, 152-155
hysteresis, 151
lower threshold voltage, 150-151
maximum frequency, 151-152
numerical analysis, 149-152
operation, 149
schematic, 150
upper threshold voltage, 150
Voltage comparator with output limiting,
161-170
design, 165-170
hysteresis, 163-164
lower threshold voltage, 163
numerical analysis, 162-165
operation, 161-162
output voltage, 165
schematic, 161
upper threshold voltage, 162-163
zener currents, 164
Voltage-controlled oscillator, 180-193
design, 186-193
frequency, 186
numerical analysis, 182-186
operation, 180-182
schematic, 181
Voltage divider equation, 47-48
Voltage follower amplifier. See Amplifier
Voltage gain
closed-loop, 19, 392
common-mode, 15, 19-21, 405
differential, 14-15, 19
general, 36-37
inverting amplifier, 39-40, 42
large signal, 19
noninverting amplifier, 58-61
open-loop, 19, 392
MC1741, 428

index 487

MC1741SC, 445
versus supply voltage (MC1741), 429
Voltage reference
design, 252-256
operation, 251-252
Voltage regulation
fundamentals, 248-256
line, 250
load, 251
Voltage regulator
references, 251-256
series, 249, 256-265
design, 259-265
numerical analysis, 258-259
operation, 256-258
output current, 258-259
output voltage, 258
schematic, 256
shunt, 249-250, 265-274
design, 269-274
numerical analysis, 266-269
operation, 265-266
output current, 268
output voltage, 267
schematic, 266
switching, 250, 275-279
classes, 278-279
fundamentals, 275-276
switching versus linear, 276, 278
types, 249
Voltage-to-frequency converter, 180-193. See
also Voltage-controlled oscillator

Weighted D/ A converter, 344-347
Wien-bridge oscillator, 174-180. See also
Oscillator
Window voltage comparator, 156-161
design, 158-161
numerical analysis, 156-158
operation, 156
output voitage, 157-158
reference voltages, 157
schematic, 156

Zener diode
data sheets
1N4728-1N4764, 459463
1N5221-1N5281, 449454
Zener diode tester, 118
Zero-crossing detector, 135-140
design, 137-140
input current, 137
input impedance, 137
numerical analysis, 136-137



488  index

Zero-crossing detector (cont.)
operation, 135-136
output voltage, 137
schematic, 135
Zero-crossing detector with hysteresis, 141-149
design, 145-149
hysteresis, 143-144

lower threshold voltage, 143
maximum frequency, 144~145
noise immunity, 142
numerical analysis, 142-145
operation, 141-142
schematic, 141

upper threshold voltage, 143



	CONTENTS
	Preface
	1 BASIC CONCEPTS OF THE INTEGRATED OPERATIONAL AMPLIFIER
	1.1 Overview of Operational Amplifiers
	1.2 Review of Important Basic Concepts
	1.3 Basic Characteristics of Ideal Op Amps
	1.4 Introduction to Practical Op Amps
	1.5 Circuit Construction Requirements
	1.6 Electrostatic Discharge

	2 AMPLIFIERS
	2.1 Amplifier Fundamentals
	2.2 Inverting Amplifier
	2.3 Noninverting Amplifier
	2.4 Voltage Follower
	2.5 Inverting Summing Amplifier
	2.6 Noninverting Summing Amplifier
	2.7 AC-Coupled Amplifier
	2.8 Current Amplifier
	2.9 High-Current Amplifier
	2.10 Troubleshooting Tips for Amplifier Circuits

	3 VOLTAGE COMPARATORS
	3.1 Voltage Comparator Fundamentals
	3.2 Zero-Crossing Detector
	3.3 Zero-Crossing Detector with Hysteresis
	3.4 Voltage Comparator with Hysteresis
	3.5 Window Voltage Comparator
	3.6 Voltage Comparator with Output Limiting
	3.7 Troubleshooting Tips for Voltage Comparators
	3.8 Nonideal Considerations

	4 OSCILLATORS
	4.1 Oscillator Fundamentals
	4.2 Wien-Bridge Oscillator
	4.3 Voltage-Controlled Oscillator
	4.4 Variable-Duty Cycle
	4.5 Triangle-Wave Oscillator
	4.6 Troubleshooting Tips for Oscillator Circuits
	4.7 Nonideal Considerations

	5 ACTIVE FILTERS
	5.1 Filter Fundamentals
	5.2 Low-Pass Filter
	5.3 High-Pass Filter
	5.4 Bandpass Filter
	5.5 Band Reject Filter
	5.6 Troubleshooting Tips for Active Filters

	6 POWER SUPPLY CIRCUITS
	6.1 Voltage Regulation Fundamentals
	6.2 Series Voltage Regulators
	6.3 Shunt Voltage Regulation
	6.4 Switching Voltage Regulators
	6.5 Over-Current Protection
	6.6 Over-Voltage Protection
	6.7 Power-Fail Sensing
	6.8 Troubleshooting Tips for Power Supply Circuits

	7 SIGNAL PROCESSING CIRCUITS
	7.1 The Ideal Diode
	7.2 Ideal Rectifier Circuits
	7.3 Ideal Biased Clipper
	7.4 Ideal Clamper
	7.5 Peak Detectors
	7.6 Integrator
	7.7 Differentiator
	7.8 Troubleshooting Tips for Signal Processing Circuits

	8 DIGITAL-TO-ANALOG AND ANALOG-TO-DIGITAL CONVERSION
	8.1 D/A and A/D Conversion Fundamentals
	8.2 Weighted D/A Converter
	8.3 R2R Ladder D/A Converter
	8.4 Parallel A/D Converter
	8.5 Tracking A/D Converter
	8.6 Dual-Slope A/D Converter
	8.7 Successive Approximation A/D Converter

	9 ARITHMETIC FUNCTION CIRCUITS
	9.1 Adder
	9.2 Subtracter
	9.3 Averaging Amplifier
	9.4 Absolute Value Circuit
	9.5 Sign Changing Circuit
	9.6 Troubleshooting Tips for Arithmetic Circuits

	10 NONIDEAL OP AMP CHARACTERISTICS
	10.1 Nonideal DC Characteristics
	10.2 Nonideal AC Characteristics
	10.3 Summary and Recommendations

	11 SPECIALIZED DEVICES
	11.1 Programmable Op Amps
	11.2 Instrumentation Amplifiers
	11.3 Logarithmic Amplifiers
	11.4 Antilogarithmic Amplifiers
	11.5 Multipliers/Dividers
	11.6 Single-Supply Amplifiers
	11.7 Multiple Op Amp Packages
	11.8 Hybrid Operational Amplifiers

	Appendices
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	Z




