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Preface

Integrated-circuit technology has made possible the new, low-cost,
integrated-circuit operational amplifier—“IC op amp.” This book ex-
plains how IC op amps work and how they can be used in many
practical circuits.

In Chapter 1, the ideal op amp is described. The following three
chapters discuss the origin and implications of the nonideal character-
istics found in IC op amps: Chapter 2 reviews basic semiconductor
electronics; Chapter 3 explains how integrated op-amp circuitry
works; and Chapter 4 discusses practical design considerations in
circuits using IC op amps. In these chapters new terms such as input
offset current, output offset voltage, common-mode rejection, slew
rate, and latch-up are clearly defined. Many practical circuits are dis-
cussed in Chapters 5 and 6, and all component values are given. The
final chapter demonstrates how circuits using IC op amps can be in-
terconnected to form complete electronic systems.

In this book the explanation of how IC op amps work is developed
from the fundamental concepts of semiconductor electronics. Once
this information is clearly understood, these versatile devices can be
used in many new and exciting applications.

No book can be written without the help of many people. We
would especially like to thank Jim McVittie, Chris Riesbeck, and
John Linn for their suggestions and criticisms; Yasuto Miyazawa for
his grammatical advice; Margaret Hogan for her help with the draft-
ing; and Sue Hodge for her excellent job of typing and proofreading.

ROGER MELEN
HARRY GARLAND
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CHAPTER 1

The Ideal Op Amp

Twenty years ago operational amplifiers were heavy, costly, fragile
tube amplifiers used almost exclusively in analog computers. Today an
entire op amp can be fabricated on a tiny chip of silicon for less than
a dollar, and these new integrated-circuit op amps have found hun-
dreds of new uses.

In this first chapter we will consider the ideal op amp, since in
many circuits IC op amps do behave ideally. Later we will consider
the nonideal idiosyncrasies of IC op amps and learn how to work with
these characteristics in practical circuit design.

OP-AMP BASICS

An op amp is a very high gain dc amplifier. IC op amps typically
have voltage gains in the range of 20,000 to 1,000,000. The schematic
symbol of an op amp is shown in Fig. 1-1A. For convenience, the
power-supply connections and the ground connection are often not
shown, resulting in the simplified symbol of Fig. 1-1B.

As seen in Fig. 1-1, the —input of the op amp is called the inverting
input, and the +input is called the noninverting input. If an input
signal is applied to the —input, with the +input grounded, the polarity
of the output signal will be opposite to that of the input signal. If an
input signal is applied to the +input, with the —input grounded, the
polarity of the output signal will be the same as that of the input
signal. For an ac signal, this means that the output of the op amp will
be 180° out of phase with a signal applied to the —input, but in phase
with a signal applied to the +input.

If the same signal is applied to both the +input and the —input of
the op amp, the two amplified output signals will be 180° out of
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(A) Detailed schematic. (B) Simplified schematic.

Fig. 1-1. Op-amp schematic symbols.

phase and will completely cancel each other. Since the op amp re-
sponds only to differences between its two inputs, it is said to be a
differential amplifier. The voltage difference between the +input and
the —input is called the differential input voltage. Since a differential
amplifier amplifies only the differential input voltage and is unaffected
by signals common to both inputs, it is said to have common-mode
rejection, Common-mode rejection can be very useful, for example,
when measuring small signals in the presence of 60-Hz noise. The
60-Hz noise common to both inputs is rejected, and the op amp ampli-
fies only the small signal difference between the two inputs.

IDEAL OP AMPS WITH NEGATIVE FEEDBACK

The most common op-amp circuit configuration uses two external
components: (1) an input component and (2) a feedback component
(Fig. 1-2). When the feedback component is between the op-amp out-
put and the —input, the circuit is said to have negative feedback. When

Q—I'

Feedback
§ — Component

Z——c.,!f?.'l‘n".m ) \ :
| s

Fig. 1-2. Op-amp circvit with negative feedback.




the feedback component is between the op-amp output and the +input,
the circuit is said to have positive feedback.

In Fig. 1-2, an op amp is shown in a circuit with negative feedback.
V, is the input signal, V; is the differential input to the op amp, and V,
is the op-amp output. The open-loop gain is defined as the ratio of
V,to V;:

OPEN-LOOP GAIN = %

i
The closed-loop gain is defined as the ratio of V, to V,:

CLOSED-LOOP GAIN = {°
The open-loop gain is the gain of the op amp, and this gain is inde-
pendent of the input and feedback components. The closed-loop gain,
however, depends only on the values of the input and feedback compo-
nents when the closed-loop gain of the circuit is much less than the
large open-loop gain of the op amp.

Input Current and Feedback Current

When an input signal (V,) is applied to the circuit of Fig. 1-2, a
current (I;) flows through the input component, and a voltage (V;)
develops across the input terminals of the op amp. The very high gain
op amp amplifies the differential input voltage (V,) producing an out-
put voltage (V,) with a polarity opposite to that of V. This output is
fed back through the feedback component and opposes the input volt-
age that produced it.

Because the negative feedback signal opposes the input signal, V;
is very small. The higher the gain of the op amp, the smaller is V;. In
fact, for some calculations, V; can be assumed equal to zero and the
inverting input at virtually the same potential as the noninverting input.

The relationship between the input current (I;) and the feedback
current (L) is most important. Assuming that V; is equal to zero¥*, it
follows from Ohm’s law that no current can flow into the op amp. By
applying Kirchhoff’s current law to the inverting-input terminal of the
op amp, it can be seen that the input current must be equal and oppo-
site to the feedback current. Extensive use will be made of this impor-
tant result:

I=-]

*If V. were actually equal to zero, the output of the op amp would also
be zero, and our op amp would be about as useful as a blown fuse. In reality,
V. is a very small voltage (usually less than a millivolt). But for the purpose
of calculating input and feedback currents, very little error is introduced by
approximating V, as equal to zero.
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Fig. 1-3. Negative-feedback op-amp circuit with equivalent feedback current shown.

The Equivalent Circvit

The schematic diagram of the op amp with negative feedback may
be simplified using the above results. This simplification is called an
equivalent circuit. The equivalent circuit may be obtained by recalling
that I is equal and opposite to I, and so Fig. 1-2 can be relabeled as
shown in Fig. 1-3.

Since V; is nearly zero, the inverting input of the op amp can be
considered to be at ground potential, and the schematic diagram of
Fig. 1-3 is further simplified to the important equivalent circuit of
Fig. 1-4.

The equivalent circuit (Fig. 1-4) suggests why op amps with neg-
ative feedback are so useful. The input circuit is electrically isolated
from the output circuit, yet the current flowing through the input
component dictates what current must flow through the feedback
component. By choosing different input and feedback components, dif-
ferent circuit functions can be performed. The circuit functions listed
in Table 1-1 will be discussed in this chapter, and many more examples
will be given in Chapter 5.

I nput Feedback o
Component Component
vs |I — II - vo

—

Fig. 14. Equivalent circuit of Fig. 1-3.



Table 1-1. Table of Circuit Functions

Circuit Function Input Component Feedback Component
Amplification Resistor Resistor
Integration Resistor Capacitor
Differentiation Capacitor Resistor

NEGATIVE-FEEDBACK CIRCUITS

Most op-amp applications are in negative-feedback circuits. To
understand how these circuits work, it is helpful to analyze them in
terms of the equivalent circuit of Fig. 1-4. In this section, we will look
at four basic negative-feedback circuits using the ideal op amp.

The Inverting Amplifier

An op amp is a very high gain amplifier, but it is rare that so much
gain is needed per se. This section will show how to use an op amp
to build an amplifier with any gain we choose. For an amplifier, both
the input component and the feedback component are resistors as
shown in Fig. 1-5A. Fig. 1-5A can be simplified by the equivalent
circuit shown in Fig. 1-5B.

The gain (G) of the amplifier circuit is given by:

Vo
°=v
So to determine the gain of the amplifier, we need only to find V, and
V,, which are given by Ohm’s law:

Vo=ILR,
Ve.=1LR
Remembering the important result that:
Ir=-],
The voltage equations become:
Vo=—-L Ry
V=L R

The gain of the amplifier is then given by:

G—&—_I' Re_ _Re

Ve LR T R
This important result states that the gain of the amplifier is equal
to the feedback resistance divided by the input resistance. The minus
sign indicates that the output is 180° out of phase with the input, and
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Fig. 1-5. Inverting amplifier.

for this reason the circuit is called an inverting amplifier. It can be
seen from the equivalent circuit (Fig. 1-5B) that the input impedance
of the amplifier is just equal to the input resistance R,. The output
impedance of this circuit is zero since the output voltage is determined
by the feedback current which, for the ideal op amp, is not affected by
the load.

AAA
VWA~

100kQ

Fig. 1-6. Amplifier with gain of 100.

Output

Now let us see how easy it is to design an amplifier stage using an
op amp with feedback. For example, suppose we want to build an
amplifier with an input impedance of 1000 ohms and a gain of 100.
It takes just three components: (1) an op amp, (2) a 1000-ohm input
resistor, and (3) a 100,000-ohm feedback resistor. This circuit is
shown in Fig. 1-6.

Integrators

An integrator is a circuit that “integrates,” or takes the sum of, the
input signal over a period of time. For an integrator, the input compo-
nent is a resistor, and the feedback component is a capacitor, as seen

12
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(A) Schematic diagram. (B) Equivalent circuit.

Fig. 1-7. Integrator circuit.

in Fig. 1-7A. The equivalent circuit in Fig. 1-7B shows that the charg-
ing current of the capacitor is equal to the current flowing in the input
resistor, and that the output voltage is equal to the voltage across the
capacitor. The output of the op-amp integrator is proportional to the
negative of the integral of the input.

When a constant voltage is applied to the input of the integrator,
a constant capacitor-charging current will flow, and the voltage across
the capacitor will increase linearly. The capacitor is “integrating” or
“adding up” the input voltage. So, for example, when the input to the
integrator is a square wave, the output is a triangular wave. The
op-amp integrator is most commonly used in analog computers.

Differentiators

A differentiator is a circuit that responds only to differences, or
changes, in the input signal. The input component is a capacitor, and
the feedback component is a resistor, as shown in Fig. 1-8A.

The operation of the differentiator can be seen from the equivalent
circuit (Fig. 1-8B). A capacitor will not pass direct current. Only
changes in the input signal will result in current flow through the
input capacitor, and so only changes in the input signal will result in
current flow through the feedback resistor. The output of the differenti-
ator is equal to the voltage drop across the feedback resistor and is pro-
portional to the negative of the derivative of the input.

o—¢ AN -0
o {¢ - y — l—
Input tnput Output
—0
Output
n” i 1
(A) Schematic diagram. (B) Equivalent circuit.

Fig. 1-8. Differentiator circuit.
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Fig. 1-99. Noninverting amplifier.

A differentiator always does the exact opposite of an integrator.
When the input to a differentiator is a triangle wave, the output is a
square wave. When the input to a differentiator is a square wave, the
output is a series of voltage spikes corresponding to the square-wave
voltage changes. The op-amp differentiator is useful in instrumenta-
tion for determining the rate of change of voltage variables.

Noninverting Amplifier

A noninverting amplifier is an amplifier for which the output signal
is in phase with the input signal. By simply applying the input signal
to the +input of the op amp, the inverting amplifier described earlier
becomes a noninverting amplifier. A schematic is shown in Fig. 1-9A.

Since the output signal is referenced to the grounded end of R;,
the voltage drop across R; is in series with the output. So in the
equivalent circuit (Fig. 1-9B), R; and R, are shown in series in the
output circuit. The calculation of the gain of the noninverting amplifier
is straightforward:

G _Vo_L (Ry+R)_Ri+ Ry
Va Ii Rl Rl
The gain of the noninverting amplifier is equal to the sum of the
input and feedback resistances, divided by the input resistance.

Summary

Four circuits have been described to illustrate the use of ideal op
amps with negative feedback. A summary of the output waveforms of
these circuits for a square-wave input is given in Fig. 1-10. In these
four examples it can be seen that the analysis of op-amp circuits with
negative feedback can be greatly simplified by using the equivalent
circuit of Fig. 1-4.

NONIDEAL CHARACTERISTICS

IC op amps, like all real op amps, do have some nonideal charac-
teristics. Often these nonideal characteristics have a negligible effect

14
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Fig. 1-10. Summary of output waveforms for a square-wave input.

on circuit performance, and the IC op amps behave ideally. Sometimes
these nonideal characteristics have a profound effect on circuit per-
formance, however, and cause the unwary circuit designer unnecessary
consternation and confusion.

Fortunately, once the nonideal characteristics of IC op amps are
understood, it is easy to design circuits that are not adversely affected
by these characteristics. The purpose of the next three chapters is to

explain how an IC op amp works and just exactly what these nonideal
characteristics are.
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CHAPTER 2

IC Electronics

An elementary knowledge of IC electronics is essential to a thorough
understanding of IC op amps. This chapter is an introduction to the
fundamentals of IC electronics—semiconductor physics, semiconduc-
tor devices, and integrated-circuit technology.

SEMICONDUCTOR PHYSICS

A semiconductor is a crystalline material with specific electrical
properties. Silicon and germanium are the most popular semicon-
ductors in use today. All integrated circuits presently being built use
silicon.

Figure 2-1 shows a silicon ingot which has been grown for use in
integrated circuits. These ingots are usually several inches in diameter
and several feet long. The ingots are sliced, like bologna, into wafers
about 0.01-inch thick. These silicon wafers are used as the starting
material in the IC fabrication process.

Semiconductor Conduction

Metals provide a very simple illustration of the process of electrical
conduction. When a voltage is applied across a metal, a “sea of elec-
trons” drifts in response. Even though high currents may flow in a
metal, the average velocity of the electrons is slow (typically less than
Y5-inch per second) because of the large number of electrons par-
ticipating in the conduction. While the “‘sea-of-electrons” idea provides
a clear picture of conduction in metals, it needs modification before
it can be extended to semiconductors. Just as in metals, though, elec-
trons are the only type of charge that contributes to semiconductor
conduction.

16
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Courtesy Fairchild Semiconductor

Fig. 2-1. The monolithic fabrication process from silicon ingot to packaged IC.

Electrons in semiconductors have certain specific energies. The
allowed energies are grouped, and these groups of energy levels are
called energy bands, or just bands. In nature, systems tend to exist in
the lowest energy state. Consequently, electrons tend to occupy mostly
the lower energy bands. The two highest energy bands containing elec-

Conduction Band Hole Valence-Band Electrons

—1 Allowed Energy Levels \ /
OO CEEEE ration
At
Forbidden Gap m °°°e° lateraﬂme
(No Allowed Energy Levels)
At a Later
me
D XD imeve
Valence Band OO0 OO s

AHowed Energy Levels

Energy——e

Hole Mation —_—
Valence-Band Electron Mation >
Direction of Valence-Band Curredt ———™

Fig. 2-2. Semiconductor energy levels. Fig. 2-3. Conceptual diagram of valence-
band conduction.

17



trons are called the valence band and the conduction band (Fig. 2-2),
and it is these bands that are important to conduction in semicon-
ductors.

The conduction band is the higher of these two bands. It is only
slightly filled. The electrons in this energy band act quite similarly to
electrons in a metal during conduction. When a voltage is applied
across a semiconductor, these electrons drift in response, similar to
the sea of clectrons. The current identified with the flow of electrons in
this band is called electron current, and the carriers, or type of charge
said to be “carrying” the current, are electrons.

The valence band is just below the conduction band. The energy
levels in this band are mostly filled. There are very few vacant energy
levels available. It has been shown with quantum mechanics that these
vacancies (or holes) behave very much like the electrons in the con-
duction band, except that they act as though they are positively
charged. This can be seen more clearly by looking at conduction in
the valence band, called hole conduction. When a voltage is applied
across a semiconductor, electrons in the valence band jump into
nearby vacancies, leaving a vacancy at the energy level from which
they came. As seen in Fig. 2-3, the electrons are moving toward the
left, but from another point of view, the vacancy, or hole, has moved
toward the right. Thus, conduction in the valence band can be con-
sidered in terms of holes moving in the direction opposite to the elec-
trons in the band.

In summary, when a voltage is placed across a semiconductor,
there are two forms of current: (1) current due to electrons in the
conduction band, and (2) current due to holes in the valence band.
Unless otherwise noted, the term electrons will be used to describe
only the current carriers in the conduction band, and the conduction-
band current will be referred to as electron current. Similarly, the
term holes will be used to describe current carriers in the valence
band, and the valence-band current will be referred to as hole current.

N-Type and P-Type Semiconductors

The concentration of electrons and holes in a semiconductor can
be controlled. Two classes of impurity atoms are used to control the
number of electrons and holes in semiconductors: (1) donors and
(2) acceprors. Donor atoms have excess electrons which they are
willing to “donate” when placed in a semiconductor. Acceptor atoms
are the opposite of donors in that they “accept” electrons from the
valence band when placed in a semiconductor. Most donors increase
the number of electrons by one for every donor atom, and most
acceptors increase the number of holes by one for every acceptor
atom. By selective doping (injecting impurity atoms into a semicon-
ductor), it is possible to have a large number of holes in one area of



a piece of semiconductor material and a large number of electrons in
another. A large number of both holes and electrons cannot exist in
the same area in a semiconductor, and if the number of holes in a cer-
tain area is increased tenfold by doping, the number of electrons in
this area will be decreased by tenfold. An area of semiconductor ma-
terial with more electrons than holes is called n-type, and an area with
more holes than electrons is called p-type.

Both n-type and p-type semiconductors can be fabricated on the
same semiconductor wafer by selective doping. In fact, a p-type semi-
conductor can be changed to an n-type by counterdoping acceptor-
doped material with a greater number of donor atoms. Counterdoping
can likewise be used to change n-type material to p-type material.

Semiconductor Doping

Semiconductors are typically doped at two different times during
IC fabrication. During the growth of the semiconductor crystals, a
dopant is added to make the entire crystal n-type or p-type. After the
crystal is sliced into wafers, it may be doped by a process called
diffusion.

Diffusion is simply the migration of atoms from an area of high
concentration to an area of low concentration. Many people have ob-
served atomic diffusion when smelling perfume across the room from
its source. The diffusion-doping process is carried out by passing a
dopant-rich gas over the surface of a semiconductor wafer that has
been heated to about 2000°F. The dopant atoms are absorbed on
the surface of the semiconductor and diffuse deep into the semicon-
ductor.

SEMICONDUCTOR DEVICES

The Diode

The diode is the simplest integrated-circuit structure. It consists of
an n-type doped-semiconductor area adjacent to a p-type doped-
semiconductor area, as shown in Fig. 2-4A. The diode V-I (voltage-
current) characteristic curve and schematic symbol are also shown in
Fig. 2-4. A diode may be fabricated by counterdoping part of an
n-type silicon wafer to be p-type through a diffusion process.

A diode ideally passes current in only one direction, as shown
diagrammatically in Fig. 2-5. In order to understand how this diode
action occurs in a semiconductor, it is first necessary to understand a
balance that goes on in semiconductors.

This balance exists between the two types of current that can
exist in a semiconductor: (1) drift current and (2) diffusion current.
Drift current is caused by the flow of carriers in an electric field.
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(A) Semiconductor diode structure. (B) V-l characteristic curve.

H—O (C) Schematic symbol.

Fig. 24. Semiconductor diode data.

Diffusion current is caused by the migration (or diffusion) of carriers
from an area of high carrier concentration to an area of lower con-
centration of the same type of carrier. Carrier diffusion is similar
to the atomic diffusion of impurity atoms discussed previously; how-
ever, there is a major difference between these two types of diffusion:
Carriers at room temperature diffuse readily, whereas dopant atoms
at room temperature diffuse at a rate which, for all practical pur-
poses, is zero. This is fortunate, since it is undesirable to have the
dopant atoms move once they are initially placed.

When there is a difference in hole concentration between two
adjacent areas in a semiconductor, a diffusion current will flow from
the area of high hole concentration to the area of low hole concentra-
tion. Since the holes are diffusing from an electrically neutral area, an
electric field is created between the holes that have diffused and the
negatively charged area they created in leaving. This electric field
causes a drift current to flow, as shown in Fig. 2-6. At equilibrium, the
diffusion current is equal and opposite to the drift current, and there is
no net current flow.

The balance between drift and diffusion current is very important
at the junction between the p-type and the n-type material in a semi-
conductor diode. On the p-type side of the junction there are a large
number of holes, while on the n-type side there are few. Thus, there is
a balance between drift and diffusion currents for both the electrons
and the holes. The amount of diffusion current that would flow, if it

al le
»t ¢
J_ Large o Small, or
T Current T Zero Current
(A) Forward-biased diode. (B) Reverse-biased diode.

Fig. 2-5. Diagrammatic representation of diode action.
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were not restrained by the electric field, would be several thousand
amperes for a typical diode. Yet in a silicon diode, this current is re-
strained by the electric field, which is only 600 millivolts (0.6 volt).
Note that electrons and holes are trying to diffuse in opposite direc-
tions across the junction, yet due to their being oppositely charged,
the same polarity of electric field restrains both types of carriers.

The diode action of a semiconductor junction may now be under-
stood in terms of the drift/diffusion balance. In the conduction, or
forward-biased direction, (Fig. 2-7A), the voltage applied from a
circuit to the diode decreases the built-in electric field, releasing part
of the potentially large diffusion current. For a silicon diode, several
thousand amperes of diffusion current would flow if 600 millivolts
were applied across the junction. This is nearly impossible to do in
practice, because a very high voltage would have to be applied to the
leads of the diode in order to overcome the resistive voltage drop in
the semiconductor material as the current flows to and from the junc-
tion. The diode would probably overheat long before this current could
be achieved.

In the nonconducting, or reverse-biased direction (Fig. 2-7B), the
applied voltage acts to upset the balance between drift and diffusion
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(B) Reverse-biased diode.
Fig. 2-7. Pictorial representation of diode action.




currents in favor of the drift current. The current flowing in this
direction is limited by the diffusion of the minority carriers, on either
side of the junction. Upon diffusing to the junction, the minority car-
riers are swept across by the bias-aided electric field. These few minor-
ity carriers drifting across the junction constitute an imbalance
between drift and diffusion currents at the junction. This small reverse
current is not dependent on reverse-bias voltage, because it is limited
by the rate of diffusion of minority carriers to the junction.

If the reverse-bias voltage is large, the diode will undergo reverse
breakdown. Reverse breakdown is the phenomenon which causes a
large increase in reverse current corresponding to a small increase in
reverse bias above the breakdown, or zener, voltage of the diode (Fig.
2-4B). (Zener diodes are ordinary pn-junction diodes that have
been designed and sorted for their reverse-breakdown characteristics. )
When a diode breaks down, the reverse current must be limited in
order to prevent excessive power dissipation by the diode. If the power
is limited to the designed dissipation of the diode and package
(typically V4 to Y2 watt), the reverse breakdown of the diode will be
nondestructive. If the power is not limited, the diode will overheat
and be permanently damaged.

Although it is often called zener breakdown, reverse breakdown
in a diode actually may be due to either zener breakdown or avalanche
multiplication. Zener breakdown occurs in a diode when an area near
the junction, which has been swept free of carriers, has a large enough
electric field to “rip” electrons and holes from the atoms in that area.
These electrons and holes are the carriers of the large reverse current
resulting from zener breakdown.

With an electric field less than that required for zener breakdown,
avalanche multiplication can occur. Avalanche multiplication is the
effect which causes an increase in the reverse current by the collision
of the carriers constituting the reverse current (which are accelerated
by the large electric field near the junction) with the crystal lattice near
the junction. These collisions “knock loose” hole-electron pairs from
the silicon atoms which, depending on the location of the original col-
lision, may be accelerated to cause more carrier-generating collisions.
It is the electrons and holes knocked off by collisions that constitute
carriers of the large reverse current due to avalanche breakdown.

It is interesting to note that the variation of the breakdown voltage
with temperature is in a different direction for the two effects. Since
zener breakdown usually occurs with silicon diodes that break down
at less than 6 volts, while avalanche breakdown occurs with silicon
diodes that break down at 6 volts or more, a diode with approximately
a 6-volt breakdown may be used as a stable voltage reference that has
little variation with temperature.

To summarize, silicon diodes conduct large currents in the forward-
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Fig. 2-8. Transistor data.

biased direction with roughly 600 millivolts applied to them. In the
reverse-biased direction, only a little current flows, unless the bias is
large enough to cause reverse breakdown. Reverse breakdown will
not harm a diode as long as the power dissipated in the diode is
limited to the designed level.

The Transistor

The transistor is a semiconductor device that can be used to pro-
portionally control large currents with small currents. There are two

Current Galn =100 l,olA Current Gain =100 “_.m.A

0.01mA 0.01mA
— -—

(A) Npn transistor. (B) Pnp transistor.
Fig. 2-9. Simple illustration of transistor action.
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basic types of transistors: (1) the npn transistor and (2) the pnp
transistor. Figure 2-8 shows the schematic symbol and semiconductor
structure for each type of transistor.

The operation of a transistor with a current gain (8) of 100 is
shown in Fig. 2-9 for both types of transistors. It can be seen from
Fig. 2-9 that the current allowed to flow into the collector is 100 times
that put into the base.

From the structure of the transistor, it becomes apparent that the
transistor actually is two closely spaced diodes arranged “back-to-
back.” The transistor can be explained in terms of a coupling between
the forward-biased, emitter-base diode, and the reverse-biased, base-
collector diode. A little further understanding of how diodes work
beyond that given in the previous section is necessary before transistor
action (the coupling between the diodes) can be fully understood.

In a forward-biased junction, the majority carriers on both sides
of the junction diffuse across the junction. Once across the junction,
these carriers may be considered minority carriers. Thus, holes diffuse
across the junction from the p-type side to the n-type side to join the
holes on the n-type side. For small forward currents, called the
low-level injection case, the hole concentration on the n-type side of
the forward-biased junction will remain much less than the electron
concentration. This increase in the number of minority carriers on
both sides of the junction disturbs the proportion of electrons and
holes set by the doping. It is because of this imbalance that electrons
on the n-type side tend to leave the conduction band and fill up the
excess holes as the holes diffuse away from the junction they just
crossed. It is generally true that whenever the proportioning of holes
and electrons is altered from that set by the doping, the semiconductor
will act in the direction to restore the proper proportioning. The
process of an electron leaving the conduction band to go to the
valence band, or vice versa, is called recombination. Excess electrons
on the p-type side of this forward-biased junction also recombine.
The length of time it takes before these excess minority carriers re-
combine is called the minority carrier lifetime.

By heavily doping the n-type side of the junction, and lightly
doping the p-type side, it is possible to have the electron diffusion
current across the junction be much greater than the hole diffusion
current across the junction. The operation of this n+p junction (“+”
refers to high doping density, not charge) could be considered as only
having electrons injected into the p-type side, neglecting the small
hole current diffusing across the junction.

The operation of an npn transistor can be easily understood if the
n*pn transistor shown in Fig. 2-10 is considered. The forward biased
n*p diode injects electrons into the p-type side, called the base of the
npn transistor. If the lifetime of the electrons is long enough (i.e.,
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Fig. 2-10. Operation of the n* pn transistor.

they do not have time to recombine), the electrons diffuse across the
base to the other junction, which is reverse biased. These electrons
that have diffused across the base are swept across the reverse-biased,
base-collector junction into the collector, where they are once again
majority carriers.

There are two components of the base-emitter current that must
be supplied in order to allow the collector-emitter current to flow:
(1) the small hole current which diffuses across the forward-biased
base-emitter junction, and (2) the current which recombines with the
electrons that did not have sufficient lifetime to diffuse all the way
across the base. Both of these currents are small. For a high-8
transistor, the base-emitter current can typically be 1/500 that of
the collector-emitter current.

Other Types of Transistors

What is commonly called a transistor (or bipolar transistor) is not
the only type of transistor. Unipolar, or field-effect transistors (FETs)
constitute the remainder of devices that are currently called transistors.

There are two basic types of field-effect transistors: (1) junction
field-effect transistors (JFETs) and (2) metal-oxide semiconductor
field-effect transistors (MOSFETs). Both of these devices have a
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Fig. 2-11. Simple illustration of JFET operation.

source-drain resistance that is controlled by a gate-source voltage (Fig.
2-11B). This is in contrast to the bipolar transistor, which has the
collector-emitter current controlled by the base-emitter current.

In the JFET shown in Fig. 2-11A, a reverse bias is applied between
the gate and the source. The reverse bias creates an area around the
junction that is swept free of carriers. The carrier-free area increases
with increasing reverse bias. Only the section of the channel that has
carriers participates in conduction. Thus, increasing the reverse bias
increases the source-drain resistance by narrowing the effective channel
width. Applying a voltage across the source-drain resistance further
reverse biases the gate-channel junction, narrowing even more the
portion of the channel with carriers. If a sufficiently large source-drain
voltage is applied, the increasing source-drain resistance prevents a
further increase in the source-drain current as the source-drain voltage
is increased. The V-I characteristic curves for the JFET (Fig. 2-12)
are similar to a pentode vacuum tube.

The MOSFET is quite similar to the JFET. Biasing the aluminum
gate of the MOSFET negatively (Fig. 2-13) will attract holes to the
surface of the silicon and repel electrons away from the surface. By
heavily biasing the gate, more holes than electrons will be at the sur-
face, effectively changing the doping from n-type to p-type. This

Fig. 2-12. Typical JFET
characteristic curves,

Source-Draln Current

01 2 3 4 5 6 1 8
Source-Drain Voltage
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Fig. 2-13. Simple illustration of MOSFET operation.

changed (or inverted) area provides a resistive conduction path be-
tween the source and drain. The depth of the channel, hence the
source-drain resistance, is dependent on the gate-source bias.

Note that in both types of FET devices, virtually no current is re-
quired to control the source-drain resistance. Since the input and out-
put impedances of these devices are both very high, field-effect tran-
sistors are sometimes used in the input stage and in current-source
applications in operational amplifiers. Due to their relatively low
transconductance, poor compatibility with conventional integrated-cir-
cuit processing, and low current-delivering capability, however, they
are not used frequently.

THE MONOLITHIC FABRICATION PROCESS

This section explains how integrated circuits containing diodes and
transistors are built. The IC fabrication process is called monolithic
because the integrated circuit is fabricated on a single piece of silicon.

The Process

A typical monolithic fabrication starts with a p-type silicon wafer
with a thin n-type layer on top, as shown in Fig. 2-14A. The p-type
bulk is called the substrate, and the thin n-type layer is called an epi-
taxial layer. The doping atoms used in both these areas are chosen for
their slow atomic-diffusion rates, even at high temperatures, so that
the dopant atoms may be assumed not to move with subsequent
processing.

The first processing step (Fig. 2-14B) is the oxidation of the silicon
wafer by heating it in a high-temperature furnace and simultaneously
passing oxygen across the surface of the semiconductor. The oxidized
wafer is then covered with a photographic film (which is applied in
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Fig. 2-14. The monolithic fabrication process.
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liquid form) after the wafer has cooled to room temperature. A photo-
graphic negative plate, called a mask (Fig. 2-15), is placed on top of
the silicon wafer, and the film is exposed and developed. The areas of
the film exposed to light by the mask remain, while the other areas are
removed, as seen in Fig. 2-14C. The wafer is next immersed in an
acid which removes only the silicon oxide, and only from areas not
covered by the film. Once the remainder of the film is removed, the
silicon wafer is placed in a p-type diffusion furnace which dopes the
silicon through the windows just etched (as well as doping the top of
the silicon oxide). Note that the mask has been used to determine the
areas of the semiconductor to be doped. This first diffusion is called
the isolation diffusion because it separates the n-type epitaxial layer
into isolation islands. These islands constitute the. separation of the
components used in an integrated circuit. Transistors, resistors, and
capacitors are built in their own isolation islands.

Light Expases Film

SEMICONDUCTOR

Fig. 2-15. Masking procedure for integrated-circuit fabrication.

The base diffusion (Fig. 2-14G) and the emitter diffusion (Fig.
2-14H) are made in an oxidation-masking-diffusion process similar to
the isolation diffusion. The length of time the diffusion is carried on is
varied in each case to vary the diffusion depths. Note that each suc-
cessive diffusion will be more heavily doped in order to effectively
counterdope the previous diffusion. The emitter diffusion, being the
final diffusion, is the most heavily doped, as it should be to get the
n*p junction discussed in the section on the transistor.

The final step of the fabrication is to connect the components
fabricated together to form the circuit. This is done by evaporating
aluminum on the wafer and then removing aluminum with a mask-
ing/etching step from wherever it is not desired. The aluminum forms
the interconnecting wires of the circuit as well as large square areas
called bonding pads, which are to be connected to the leads of the
package it is put into (Fig. 2-16).
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Courtesy Fairchild Semiconductor

Fig. 2-16. A 74) op-amp chip with bonding wires attached.

Three diffusions and five masking operations have been used to
create an integrated circuit. Typically, one wafer has several hundred
integrated circuits fabricated on it at once. The masks determine the
circuit that is built. The number of circuits built on a wafer depends
on the number of times the pattern is repeated on the mask, the area
of each pattern, and the area of the silicon wafer.

An automatic testing machine probes each circuit individually with
small electrodes, and performs many tests before the wafer is broken
up into individual circuits. Usually, fewer than one third of the circuits
are good at this point. The good ones, which have been marked by the
testing machine, are put into packages such as those shown in Figs.
2-1 and 2-17. Once the circuits are affixed to the package, little wires
are connected between the aluminum bonding pads on the integrated
circuit and the lead posts of the package. The wires, which have a
diameter roughly that of a human hair, are affixed either through the
use of heat and pressure or through the use of ultrasonic vibration and
pressure. This process of attaching the connecting wires is called bond-
ing.
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Fig. 2-17. Dual in-ine IC packages.

Fabrication of Integrated-Circuit Resistors and Capacitors

Resistors and capacitors are required, in addition to diodes and
transistors, to make an integrated circuit. These devices are made con-
current with the transistor fabrication discussed above.

The structure of an integrated-circuit resistor is shown in Fig. 2-18.
This p-type diffusion used to fabricate the resistor is the same diffusion
that is used as a base diffusion in the npn transistors. All semiconduc-
tors have a resistance associated with them, which can be large if the
resistor is made long with a small cross section. A typical resistor,
when viewed from the top of the wafer, is long and skinny, and me-
anders for denser packing. Note that the n-type island in which the
resistor is embedded must be connected to the highest voltage in the
circuit to keep the resistor-island junction reverse biased, thereby con-
straining the resistor current to the confines of the resistor material.

Integrated-circuit capacitors can be fabricated in several ways. One
common technique is to use the capacitance associated with the junc-
tion of a reverse-biased diode. The diffused resistor just discussed has
a significant capacitance between it and the n-type island. This ca-
pacitance is dependent on the reverse voltage. (This variation of ca-
pacitance with voltage is the principle of voltage-variable capacitors,
called varactors.)

Another technique used to build capacitors is to leave an aluminum
plate on top of the silicon oxide above a diffused area when doing the
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Fig. 2-18. Monolithic lateral npn transistor and diffused resistor.

aluminum interconnection masking/etching step. This type of capaci-
tor is called a MOS (metal-oxide semiconductor) capacitor. Since the
MOS capacitor can be designed to have a capacitance which is inde-
pendent of voltage, it is used wherever variations in capacitance can-
not be tolerated.

The Lateral PNP Transistor and Substrate-Collector PNP
Transistor

Although it is possible to build almost anything with only npn tran-
sistors, it sometimes becomes very attractive to use a simpler circuit
that uses a pnp transistor.

33



Lateral PNP Transistor Substrate-Collector PNP Transistor

?
Emitter / Collector EFRO Emitter
gase Collector — p

(A) Cross-sectional view.

Atuminum Collector Aluminum Emitter

Contpet Wire Contact Wire
I3
Ahé:,nr:glétmvﬁ:lmr | Aluminum Base \ Aluminum Base
\ |/ Contact Wire \ ConL‘act Wire
~ R <

S /

%

N\

7///

| ]

7777

vE

e+ ]
0

/

1

g7,

%

i

(B) Top view.

Fig. 2-19. Monolithic pnp transistor structures.

Unfortunately, the standard fabrication process is npn-transistor
oriented. Additional processing steps are expensive and compromise
the quality of the npn transistor. As shown in Fig. 2-19, it is possible
to realize two types of pnp transistors using the standard process: (1)
the lateral pnp transistor and (2) the substrate-collector transistor.

The lateral pnp transistor meets the requirements for a pnp tran-
sistor in that it has two p-type regions separated by an n-type region,
but it lacks the characteristics necessary for good performance. The
width of the base region is typically 20 times that of the vertical npn
transistor, and the base-emitter junction is not optimally doped as p+
as it should be to make a good p+n base-emitter junction. These fac-
tors contribute to the low gain and small bandwidth of the lateral pnp
transistor.
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The substrate-collector pnp transistor has disadvantages similar to
the lateral pnp transistor and, in addition, it may only be used in cir-
cuits that have the collector of a pnp transistor connected to the nega-
tive-voltage power supply. However, the substrate-collector pnp tran-
sistor does have the advantage that it can be built in a smaller area
than the lateral pnp transistor.

SUMMARY

The material presented in this chapter provides the background
necessary for the understanding of the circuitry used in IC op amps.
The lateral pnp transistor, for example, is frequently used in the op-
amp output stages discussed in Chapter 3. For another example, the
MOS capacitor is commonly used for internal frequency compensa-
tion, as explained in Chapter 4.
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CHAPTER 3

Monolithic Op-Amp
Circuitry

During the past twenty years, there have been many different circuit
realizations of operational amplifiers. Several common circuits have
evolved, especially since the incorporation of op amps into integrated
circuitry. The circuits used in monolithic IC op amps may be put into
one of the following five circuit classes: (1) amplifiers, (2) current
sources, (3) voltage references, (4) level shifters, and (5) output
stages. This chapter will cover the design rules of integrated circuits,
which overcome the shortcomings and exploit the advantages of inte-
grated circuits, and show how these rules lead to effective designs in
each of the circuit classes. The chapter will culminate in an example of
how these circuits may be joined to form an IC operational amplifier.

DESIGN RULES FOR INTEGRATED-CIRCUIT
OPERATIONAL AMPLIFIERS

A set of “rules” for IC design has evolved out of the capabilities
of silicon monolithic-fabrication technology. The following constitute
the more significant rules:

Minimization of the Number of Leads
Coming out of the Package

One of the major production costs of integrated circuits is the at-
taching of leads to the silicon chip. To keep costs down, as well as to
improve circuit performance by reducing package-induced parasitic
capacitances, it is important to keep the amount of external circuitry,
and hence the number of leads, to a minimum.
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No Integrated Inductors Allowed

Since integrated circuits are built in one plane, it is very difficult
and expensive to fabricate inductors as part of the integrated circuit.
Only external inductors may be used, and then only when mandatory.

Minimization of the Total Capacitance of Integrated Capacitors

As discussed in the last chapter, capacitors may be fabricated on the
silicon wafer in a standard monolithic-fabrication process. Since ca-
pacitance is proportional to the area of the plates of a capacitor, the
total surface area taken up by capacitors in an integrated circuit is
proportional to the total capacitance used in the circuit design. The
area taken up by an integrated circuit can greatly affect the cost of that
integrated circuit. Since capacitors, except for very small ones, can
take up a large area in comparison to the area of a diode or transistor,
the total capacitance used in IC design should be minimized.

Minimization of the Total Resistance of Integrated Resistors

As discussed in the previous chapter, IC resistors are diffused into
the silicon wafer at the same time as the bases of the vertical npn
transistors. Even though some area savings may be made over capaci-
tors by being able to put all resistors in the same n-type isolation island,
resistors have to be long to achieve a large resistance. Since a medium-
large resistor (100,000 ohms, for instance) is much larger than a
transistor or a diode, the total resistance of integrated resistors should
be minimized.

Maximization of the Use of the Matching of Components

The predictability of the values of resistance, capacitance, and cur-
rent gain in IC components is poor. Resistance may vary by more than
20% . Current gain may vary by more than a factor of 4. These num-
bers are the variations from the desired values. On a single silicon
wafer, however, the matching between similar components is much
better than this because all the components on the wafer were fabri-
cated at the same time and received identical treatment. A good IC
design will exploit this excellent “within-the-wafer matching” by mak-
ing the design, whenever possible, dependent largely on the ratio of
values of components and not on their absolute values. This is an im-
portant reason for the frequent use of differential circuits, which will be
discussed in detail later in the chapter.

Maximization of the Substitution of Transistors and Diodes
for Larger-Area Components

Diodes and transistors are typically small structures by comparison
to the other components on the silicon chip. Transistors that have col-
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lectors in common with other transistors, and diodes that have n-type
sides in common with other diodes or transistors can be made even
smaller by sharing the same n-type island. Before being integrated, a
design is checked to see if it is possible to change the circuit to use
diodes or transistors in place of larger-area capacitors and resistors.
As shown in Fig. 3-1, it may save area and improve performance to
replace a large resistor with two smaller resistors and two transistors.
In some applications, the junction field-effect transistor can be used
almost as a direct replacement for high values of resistance, as shown
in Fig. 3-2.

Maximization of the Use of Built-ln Voltage References

A voltage reference is a device that can be used to create a voltage
that, among other things, may be considered constant and independent
of power-supply voltage. In integrated circuits, there are two common
sources of voltage references: (1) the breakdown of reverse-biased
diodes and (2) the voltage drop across forward-biased diodes.

The reverse-biased diode, discussed in Chapter 2, is shown in a
typical circuit in Fig. 3-3A. In an integrated circuit, the diode would
be the base-emitter junction of a vertical npn transistor. For typical
ICs, this junction breaks down at around 5 volts. The other junction,
the vertical npn transistor collector-base junction, built during the
standard fabrication procedure, has too high a breakdown voltage to
be useful in integrated-circuit design.

The forward-biased silicon diode does not pass much current until
the built-in, diffusion-current retarding electric field is nearly canceled
out. If the ohmic resistance of the diode can be neglected, the current
through the diode increases tenfold for every 60-millivolt increase in
bias voltage. If a low-resistance diode passes 1 milliampere of current
with 0.6-volt bias, it will pass 1 ampere with 0.78-volt bias. For most
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practical purposes, the voltage across a forward-biased diode may be
assumed constant, regardless of the current being passed through it.
Though it may vary from device to device, 0.7 volt is a reasonable
approximation for the value of this constant voltage drop. If, as shown
in Fig. 3-3B, one or more diodes is put in series, a very good and con-
venient reference voltage may be obtained.

A voltage reference creates noise, regardless of the type of device
used to generate it. The breakdown of the reverse-biased diode in-
herently has substantially more noise output than the forward-biased
diode. Hence, the breakdown of reverse-biased diodes should not be
utilized in a signal path or where the minimization of noise is impor-
tant.

Integrating the reference-voltage device on the same silicon chip
reduces the number of leads leaving the package and results in a less-
expensive unit. Having the reference device on the same silicon chip
also allows closer temperature tracking, and hence less drift.

IC OP-AMP CIRCUITS

Although it is impossible to show all circuits used in IC op amps,
it is relatively easy to classify parts of all op-amp circuits. The follow-
ing is a description of a complete group of circuit classes which are
used in almost all op amps:

Differential Amplifiers

A differential amplifier amplifies the difference between two input
signals. A circuit for a typical differential-amplifier stage is shown in
Fig. 3-4.

The current-source transistor (Q3) is biased from the power supply.
To a good degree of approximation, the current flowing in the collec-
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tor (Icqs) is a constant value set by the base current (Ipqs) times the
current gain (B8) of transistor Q3. When both inputs are grounded,
one half of Ioqs Will flow through transistor Q1, and the other half will
flow through transistor Q2, if the transistors are well matched. Since
one half of current Icqs is flowing through Q1, a base-emitter current
(Isq1) will flow, allowing the much larger collector-emitter current
(Icq1) to flow. Both Ipq; and Icq, add to make up half of Icqs. Like-
wise, a base-emitter current (Igq2) and collector-emitter current (Icq2)
will flow through transistor Q2, comprising the other half of Icqs.
These base currents (Ipq: and Ipqe) are called the input-bias currents.

If, as shown in Fig. 3-5, both inputs 1 and 2 are raised by AV
(called a common-mode input signal), the output remains unchanged
because both inputs were treated identically and the circuit is symmet-
rical. The only change that does occur in the circuit is that Ve in-
creases by AV. Note that Icqs does not change because the collector-
emitter current is dependent only on the base-emitter current, and not
on the collector-emitter voltage.

If, as shown in Fig. 3-6, input 1 is raised by AV and input 2 is
lowered by AV (called a differential-mode input signal), the current
flowing through Q1 will increase, while the current flowing through Q2
will decrease by the same amount, because the sum of the currents
coming out of the emitters of Q1 and Q2 must remain equal to Igqs,
which is constant. Voltage Vcqs does not change from the case where
both inputs were grounded, because one input was raised while the
other was lowered. This constant (V¢qs) can be thought of as being
similar to the pivot point of a teeter-totter, and the input signals as the
ends of the teeter-totter.
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Since the current through Q1 has increased and the current through
Q2 has decreased, there is a change in the voltage drop across the load
resistors. Since the output of this amplifier is the power-supply voltage
less the voltage drop across R2, the output will have a response to the
change in current flowing into the collector of Q2. The gain of the
stage is determined by the size of resistor R2 and the magnitude of the
change in collector current for a given change in input voltage.

Assuming that Icqs remains constant and that the components are
well matched, it is clear that this differential-amplifier circuit will
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Fig. 3-6. A typical differential amplifier with a differential-mode input signal.
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Fig. 3-7. Constant-current sources.

amplify a differential-mode input signal but will not amplify a com-
mon-mode input signal. In practical circuits it is impossible to match
components perfectly and to keep Icqs absolutely constant as a func-
tion of collector-emitter voltage. These nonideal factors cause the
amplifier to have some output signal in response to a common-mode
signal as well as to a differential-mode signal. Typically, however, the
amplifier amplifies a differential-mode signal 10,000 times more than
it amplifies an equivalent common-mode signal. Yet this performance
can only be achieved with well-matched transistors, such as those that
were fabricated at the same time, side by side, on the same silicon
wafer.

Constant-Current Sources

Often in operational-amplifier design there is a need to maintain a
constant current flowing. An example is Icqs, discussed in the previous
section. Usually, integrated-circuit constant-current sources are con-
stant-current sinks. They are designed using a simple transistor model
that is based on the assumption that the collector-emitter current of a
transistor is equal to the base-emitter current times the current gain of
the transistor, and that the current gain is virtually independent of the
collector-emitter voltage.

The simple current source referred to in the previous section is
shown in Fig. 3-7A. This circuit requires large values of resistance and
depends on the value of the transistor current gain to determine the
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level of the constant current. Both of these constraints are intolerable
in good integrated-circuit design.

Fig. 3-7B shows a design for an integrated-circuit current source
which overcomes the disadvantages of the simpler current source just
discussed. Since the base-emitter bias voltage of both of the well-
matched transistors is identical, the base currents of both transistors
(Ipqs and Ipq,) must be identical. The current Iy, has three com-
ponents: Ipqs, Ipqs, and Icqs. If the transistors have high current gains,
the collector current (Ioqs) will be much greater than the base cur-
rents (Ipqs and Ipqs). Hence, the collector current (Igq,) will be ap-
proximately equal to Ipss. Since the base currents of both well-
matched transistors are equal, the collector currents should be equal,
and also approximately equal to Igjas. Thus, the collector current of
Q3, which is the current being kept constant, is equal to and dependent
only on Ip1ss. Since Ipiag is not amplified, it is a larger current than
supplied in the simpler current source shown in Fig. 3-7A. Hence,
for a given power-supply voltage, a smaller, space-conserving resistor
may be used than in the simpler circuit. In applications where a very
small constant current is desired, IconsTaxt may be made less than
Igias by placing a resistor in series with the emitter of Q3, as shown in
Fig. 3-7C. This resistor serves to decrease bias across the base-emitter
junction, which decreases the base-emitter current. This in turn de-
creases the collector current, which is the current being controlled.

The goal of these designs is to utilize the matching of transistors to
achieve a stable, current-gain independent, current source.

Voltage References

There are two types of voltage references: (1) the forward-biased
diode and (2) the reverse-biased diode. The voltage drop across the
forward-biased diode is the most popularly used reference in opera-
tional amplifiers.

"
Input Qs
RS
Fig. 3-8. A typical level-shifter circuit. Level-S hifted Output
Vaias Q6
V-



The current source shown in Fig. 3-7B, and discussed in the last
section, is biased by the base-emitter junction voltage of transistor Q4
being applied to the base-emitter junction of Q3. The base-emitter
junction of Q4 is acting like a special type of forward-biased diode.
The application of this built-in reference voltage results in a very high-
performance circuit, because any changes due to temperature, for in-
stance, cancel out if the transistors are well matched.

Level Shifters

In a typical operational amplifier there often are stages of differential
amplifiers, followed by a level shifter which drives an output stage.
There is a need for level shifters because there is a dc offset in the
output of a differential amplifier, such as shown in Fig. 3-4 for the
case of no input.

The exact type of level shifting required depends on the exact cir-
cuit used in the preceding amplifier stages and on the output stage it
drives. A typical level-shifting circuit, which provides no voltage gain,
is shown in Fig. 3-8.

Transistor Q6 acts as a current source which maintains V¢qe con-
stant. The voltage drop across resistor RS, using Ohm’s law, is:

er, = ICQG X RS

This voltage drop is a constant since Icqs and RS are constant. The
voltage drop across the base-emitter junction of Q5 (Vpgqs) is simply
a forward-biased diode voltage drop (approximately 0.7 volt), which
is also constant. Since the output voltage is just the input voltage less
the drop across the base-emitter junction of Q5 and the drop across
R5, the output of this stage can be thought of as the input voltage
shifted in dc level by the sum of the two voltage drops. These drops
can be designed to make the dc output of the entire amplifier zero
when the input to the amplifier is zero.

Output Stages

The output stage of an operational amplifier should be capable of
driving large loads. It is actually a small power amplifier.

A typical npn/pnp complementary transistor output stage is shown
in Fig. 3-9. The operation of this circuit may be understood by realiz-
ing that the output voltage is different from the base voltages of output
transistors Q7 and Q8 by just a forward-biased, base-emitter diode
voltage drop (0.7 volt). Thus, any signal appearing at the connection
of diodes D1 and D2 will appear at the output. These diodes are in-
corporated into the level-shifter circuit of Fig. 3-8 so that the output
voltage is just equal to the input voltage shifted in dc level. Although
the output stage has no voltage gain, it does have power gain and is
able to drive large loads.
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This configuration is capable of delivering large currents to a load,
yet has small stand-by currents flowing if no input signal is applied. If
a large (low-resistance) load is placed on the output, the output volt-
age will not drop significantly. This is because a small drop in the out-
put voltage tends to increase and decrease the appropriate output-tran-
sistor base-emitter biases in such a direction as to supply more current
to the load. This circuit may be thought of as incorporating a form of
negative feedback to increase the load-driving capability of the output
stage.

Since the output stage of an integrated-circuit operational amplifier
can heat up, it is often placed as far away from the differential input
stage as possible on the silicon chip, to reduce drifts in the output
voltage due to temperature effects.

A SIMPLE INTEGRATED-CIRCUIT OPERATIONAL AMPLIFIER

Thus far this chapter has covered the design rules of integrated cir-
cuits and a sampling of the circuits used in operational amplifiers. It
can be seen that the circuits exemplify the philosophy behind the rules.

The circuits described in this chapter have been chosen to be repre-
sentative of those used in operational amplifiers. A complete opera-
tional amplifier that utilizes these circuits is shown in Fig. 3-10. The
operation of this circuit should be apparent from the previous descrip-
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Fig. 3-10. A simple operational-amplifier circvit.

tions. (Notice that voltage reference Q4 is shared by Q3, Q6, and Q9,
and that resistors R3 and R6 are used to reduce the currents flowing
through Q3 and Q9 to their optimal values. Also notice that the input
differential amplifier has outputs taken from both collector resistors
R1 and R2.)

THE 741 OPERATIONAL AMPLIFIER

Commercially manufactured operational amplifiers can be analyzed
in terms of the circuit classes discussed in this chapter. The actual cir-
cuits used in the commercially fabricated devices may be simpler or
far more complex than the circuits that have been discussed. The same
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general design philosophy of integrated-circuit technology is used in all
the circuits, however. In addition to being a widely used, high-per-
formance, general-purpose operational amplifier, the 741, shown in
Fig. 3-11, is a good example of an op amp that can be analyzed in
terms of the concepts introduced in this chapter; yet it is a fairly differ-
ent circuit from the simple circuit of Fig. 3-10.

Differential-Amplifier Input Stage

The differential-amplifier input stage of the 741 is shown in Fig. 3-
12, Transistor Q11 acts as a voltage reference for current-source tran-
sistor Q10, and transistor Q8 acts as a voltage reference for current-
source transistor Q9. It is easy to identify this type of voltage reference
from the connection between the collector and base terminal of the
transistor.

Since the two current sources are connected together, the currents
flowing through them will be approximately equal, assuming that the
collector-emitter current flowing through them (I) is much larger than
the current going into the bases of transistors Q3 and Q4. As discussed
previously in the constant-current section, the current flowing through
the voltage-reference diode is approximately equal to this constant
current I. The other voltage reference (Q11) has a current Ipj,s
(which is greater than I due to resistor R4) flowing through it. Since
Ip1as is determined by the power supply voltage, it may be considered
constant. Note that Ip;,g determines all the currents flowing through
the differential-amplifier input stage by adjusting the base current flow-
ing in transistors Q3 and Q4, which in turn equalizes the current flow-
ing through current-source transistors Q9 and Q10.

If both inputs are grounded and the transistors are well matched,
the currents will be distributed as shown in Fig. 3-12. Since the current
gain of the transistors is high, the base currents are small in comparison
to the collector and emitter currents and may be ignored when analyz-
ing the collector and emitter currents.

This differential amplifier will ideally have no response in the out-
put, due to a common-mode input signal. That is, raising or lowering
both inputs will result in no change in the currents flowing through
transistors Q1 and Q2 because both inputs are treated equally.

Analyzing the response of the input stage to a differential-mode
input signal is a bit more complex, as shown in Fig. 3-13. Transistors
Q5 and Q6 must always have the same collector-emitter current flow-
ing through them since they receive, by symmetry, the same base-
emitter bias, which comes from transistor Q7. Transistor Q7 is in
turn controlled by the collector voltage on transistor QS. Thus, the
collector-emitter current flowing through transistor Q6 is always equal
to the collector-emitter current flowing through transistor Q5. This
circuit may be thought of as a modified current source. If a differential-
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(A) Photomicrograph of 741 op-amp silicon chip.
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mode input signal causes the collector-emitter current in Q1 to de-
crease by Al, and the collector-emitter current of Q2 to increase by
Al, the output current will be two times AI because the collector-
emitter current of Q4 will increase by Al. The amount of current al-
lowed to flow in Q6 will decrease by AI because the base-emitter cur-
rent of Q5 decreased by AL Thus, the output current, in response to a
differential input signal, is affected by the changes in collector-emitter
current through both input transistors Q1 and Q2.
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Fig. 3-12. Input stage of the 741 op amp with inputs grounded.
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This circuit has the advantage of a large, maximum allowable, dif-
ferential input signal because a differential input signal would have to
“break down” two reverse-biased emitter-base junctions in comparison
with one junction of the previously discussed differential amplifiers.
The additional junction is the base-emitter of a lateral pnp transistor.
This junction has a large reverse-biased breakdown voltage. The com-
bination of the two junctions in series then increases the maximum
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Fig. 3-13. Input stage of the 741 op amp with differential input signal.

nondestructive input signal many times. This improvement is very im-
portant, especially in integrator and comparator applications, and
makes the input-stage transistors virtually indestructible.

Level Shifter and Output Stage

As seen in the simplified circuit shown in Fig. 3-14, the level shifter
and output stage of the 741 are very similar to the circuit of Fig. 3-9,
previously discussed in this chapter and shown again in Fig. 3-15. Due
to the input stage configuration, the level shifting of the 741 is in the
opposite direction (in the direction of higher voltages) to that of the
previous circuit. The transistor-resistor configuration of Q18, R7, and
R8, shown in the complete level-shifting/output-stage circuit of the
741 (Fig. 3-16), may be thought of as a diode with a little resistance
added to increase the voltage drop across it. This voltage drop is a
little more than the drop across the single diode (D1) of Fig. 3-14,
and a little less than the drop across the two diodes (D1 and D2) of
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Fig. 3-15. This is a compromise in biasing the output stage between
distortion and power consumption. The transistor (Q*) in the simpli-
fied circuit of Fig. 3-14 represents transistors Q16 and Q17 in the
complete circuit of Fig. 3-16. This configuration of transistors, which
is known as the Darlington configuration, simulates a very high current
gain transistor by injecting the emitter current of the first transistor
(Q16) into the base of the second transistor (Q17). Since the ampli-
fied current of the first transistor is put into the input of the second,
the two transistors are roughly equivalent to a single transistor with a
current gain equal to the current gain of the first transistor times the
current gain of the second transistor. This type of level shifting/output
stage has a signal-voltage gain, in contast to the configuration of Fig.
3-8, which has unity gain.
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Fig. 3-14. Simplified schematic of the 741  Fig. 3-15. A typical npn/pnp complemen-
op-amp level shifting/output stage. tary output stage.

Transistors Q22 and Q15, shown in the complete circuit of Fig.
3-16, act as output-current limiting transistor “switches” that turn on
whenever the currents flowing through resistors R11 and R9 respec-
tively, reach their threshold voltage (approximately 0.7 volt). When
turned on, these switches short out the base-emitter current of the
output transistors. These protection transistors, in effect, limit the out-
put current to some predetermined amount.
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Fig. 3-16. Complete schematic of the 741 op-amp level shifting/output stage.
The 741 is one of the more advanced and sophisticated operational
.amplifiers, yet it and all other integrated-circuit operational amplifiers

may be analyzed in terms of the circuit concepts and classes discussed
in this chapter.
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CHAPTER 4

The Integrated-Circuit
Op Amp

Circuits that use operational amplifiers are often designed using the
concept of the ideal op amp discussed in Chapter 1. It is often possible
to obtain an operational amplifier that will behave as an ideal op amp
for the application of interest. Integrated-circuit operational amplifiers
do have limitations, however, and it is the purpose of this chapter to
identify them, show their origin, and show how to predict their effect
from a manufacturer’s specification sheet.

OUTPUT OFFSET

The steady-state output of an ideal op-amp negative-feedback cir-
cuit is zero when the input is zero. In the same circuit, however, an IC
op amp may have a dc output voltage, called the output offset voltage.
If the output offset voltage is large, it may adversely affect circuit
performance. Output offset voltage is due to two sources: (1) input
bias current and (2) input offset voltage.

Bias-Current Offset

The input bias currents were discussed in the section on differential
amplifiers in Chapter 3. They are essentially the currents that must be
supplied to the two inputs of the operational amplifier to assure proper
biasing of the differential input-stage transistors. Since bipolar tran-
sistors are current-amplifying devices (as opposed to unipolar tran-
sistors [FETs], which are voltage-amplifying devices), input bias cur-
rents must always be supplied, even with perfect component matching.

The input bias current, in the simple inverter circuit shown in Fig.
4-1, flows through resistors R1 and R2, causing a voltage to be de-

54



Rl Rl
o—— A - :: AMA -
Input nput
Lo o
Output Output
+ +
.[_ RB%
Fig. 4-1. A simple inverting Fig. 42. Bias-current-balanced
amplifier. inverting amplifier.

veloped across them. This voltage appears at the input of the op amp
as a differential input signal because there is no corresponding voltage
appearing at the other (grounded) input terminal of the IC. It is this
differential input signal that is amplified by the op amp. The output
offset voltage due to input bias current in this simple inverter circuit
is approximately:

Es=1, X R2
where,

E,. is the output offset voltage in volts,
I,, is the input bias current in amperes,
R2 is in ohms.

This equation is derived assuming that the differential input signal is
virtually zero for any output voltage.

A simple way to correct for output offset due to bias currents is to
place a resistor (R3) between the +input and ground, as shown in
Fig. 4-2. The voltage drop across R3 (due to bias current) must be
equal to the voltage at the —input caused by bias currents flowing
through R1 and R2. To have an output offset of zero, the value of R3
would be:

_RIXR2
“RI+R2

assuming that the bias currents flowing into each lead are equal.

But even though the bias currents are well matched, they are not
exactly equal. In the circuit of Fig. 4-2, there¢ will still be an output
offset voltage due to the difference between the two bias currents. The
difference between the bias currents flowing into the two inputs, when
the output is at zero volts, is defined as the input offset current. The
output offset voltage due to the input offset current is approximately:

E, =1 X R2

R3

where,
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E is the output offset voltage in volts,
L. is the input offset current in amperes,
R2 is in ohms.

The addition of resistor R3 will reduce the output offset voltage
because the difference in the bias currents flowing into the op-amp
inputs (i.e., the input offset current) is less than either of the bias cur-
rents, The output offset voltage using this technique may be of either
polarity, depending on the internal mismatches in the op amp.

Input Offset Voltage

The input offset voltage is the other source of output offset. The
input offset voltage, as shown in Fig. 4-3, is defined as equal to the
differential input voltage that must be applied across the inputs of the
op amp in order to make the output voltage zero. The input offset volt-
age is not zero due to slight mismatches in the internal components of
the IC op amp.

R2

AAA
VWA~

IC Op Amp

L—--vl'l

1
i
[
[xad

Fig. 4-3. Input offset Fig. 4-4. Input offset voltage model
voltage demonstration. for IC op amp.

The input offset voltage may be modeled as a voltage source in series
with the +input lead of an ideal op amp, as seen in the inverting-
amplifier circuit of Fig. 4-4. For this inverting-amplifier circuit, the
output offset voltage due to the input offset voltage can be calculated
as the response of a noninverting amplifier (Fig. 1-9A) to the input
offset voltage, as shown in Fig. 4-5:

_RI+R2

Euw="R7 X Vo

where,

E, is the output offset voltage in volts,
V. is the input offset voltage in volts,
R1 and R2 are in ohms.
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Example Calculation of Output Offset Voltage

Figure 4-6 shows an actual inverting-amplifier circuit using a 741
op amp. The output offset is due to two sources, as discussed in the
previous sections.

Using the typical 741 data given in the Appendix:

Input bias current = 80 nA = 8 X 10—8 ampere
Input offset current = 20 nA = 2 X 10—8 ampere
Input offset voltage = 1 mV = 10—3 volt

The output offset due to input bias current is:
Ex=1, X R2
=8 X 108 x 104
= 8 X 10— volt
= 0.8 millivolt
The output offset due to input offset voltage is:

_R1+R2
Ew =31

_ 100 + 10* e
=—"100 <10

101 x 103 volt
= 101 millivolts

X Vs

O Output Offset due Malnly

to Input Offset Voitage

Fig. 4-6. Amplifier with gain of 100.
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Since the two output offset voltages are caused by different sources,
they may be of either polarity, so they may either add or subtract. In
the worst case they will add, giving a total output offset of 101.8 milli-
volts, which for most applications is fairly small. The addition of re-
sistor R3, as shown in Fig. 4-2, will decrease the component of output
offset due to bias currents to:

Eq = L X R2
=2Xx10-8% x 10¢
=2 X 10— volt
= 0.2 millivolt

For these component values this additional resistor does not seem
worthwhile, but if resistors R1 and R2 were 5 M and 10 MQ, re-
spectively, as shown in Fig. 4-7, the effect of resistor R3 would be-
come more important.

Recalculating using the different component values:

Ee, =1, X R2
=8 x 108 x 107
= 0.8 volt

B = S22V,
_5x10%+ 107
TS5 x 108
= 0.003 volt

Eo = Ls X R2
=2x10-8x 107
= 0.2 volt

The total worst-case output offset voltage will be decreased from .803
volt to .203 volt when resistor R3 is used.

It is important to note that the output offset due to bias currents is

dependent on the magnitude of the circuit resistances, whereas the
output offset due to the input offset voltage is dependent on the dc

x 10—3

10MQ

Rl

Input SMQ

Shorted O Qutput Offset due Mainly
to Input Bias Current

T, JRA:Q L

Fig. 47. Amplifier with gain of 2.
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closed-loop gain of the circuit. Thus, a low-gain amplifier circuit using
large values of resistance will have an output offset dominated by the
input bias current, whereas a high-gain amplifier circuit using small
resistances will have an output offset dominated by the input offset
voltage.

Output Offset Calculations for Other Circuits

The techniques used to calculate the output offset of amplifier cir-
cuits are directly applicable to many other types of circuits. Since the
output offset is strictly a dc phenomenon, it is dependent only on the
resistances, and not the capacitances, in a circuit. Thus, the output
offset for circuits with capacitors in parallel with resistors may be
calculated by neglecting the capacitors. If no physical resistor is used
in parallel with a capacitor, the leakage resistance of the capacitor
should be used in the offset calculation.

As a practical example, consider the integrator circuit of Fig. 4-8.
If R2 were not placed in parallel with the feedback capacitor (C1),
the output offset due to the input offset voltage would be very high,
since the leakage resistance of capacitors is normally very high. The
purpose of R2 is to reduce the output offset of the integrator by de-
creasing the dc closed-loop gain of the circuit.

Output Offset Null Adjustment

Once a circuit using IC op amps has been designed with output offset
in mind, the output offset should be reasonably small for most appli-
cations. However, if the output offset has to be exactly zero, a “zero-
ing” or “nulling” potentiometer may be used to zero the output offset.
Although an external potentiometer may be used as shown in Fig. 4-9,
many IC op amps have connections to internal points in the IC for out-
put offset null adjustment, as shown in Fig. 4-10.

For an output offset with minimal drift, a nulling potentiometer
should only be used after all other techniques have been applied to
reduce the output offset. These techniques include using a resistor
(R3) in series with the +input, using an op amp with low input offset
voltage and bias currents, using the smallest allowable values of circuit
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resistances, and using a design with minimum allowable closed-loop
gain at dc.

FREQUENCY RESPONSE

In any circuit, the range of frequencies over which the circuit can
be used is important. Circuits that use op amps are often designed with
the assumption that the open-loop gain of the op amp is much more
than the closed-loop gain of the circuit for all frequencies of operation.
The gain of operational amplifiers as a function of frequency is largely
dependent on the amount of “compensation” used to guarantee that a
circuit built with the op amp does not oscillate.

Frequency Compensation

Frequency compensation in an operational amplifier is the shaping
of the frequency response of the open-loop gain used, so that the op
amp will not oscillate due to its internal phase shift when placed in a
circuit. The op amp, when properly compensated, will act more ideally
in that the op amp will not contribute to the instability of a circuit.

The need for frequency compensation is due to the phase shift in the
op amp that is associated with the decrease in gain of the op amp at
high frequencies. This phase shift, in effect, acts as a time delay in that
the same point on a sine wave appears delayed in time, when phase
shifted, by comparison to a reference signal that has not been phase
shifted. It is possible to assign an angle to an amount of phase shift.
Fig. 4-11 shows the effect of 90°, 180°, 270°, and 360° phase shift
relative to a reference signal. Note that a 180° phase shift is just what
an ordinary, ideal inverting amplifier has between its input and output
signals, and that a 360° phase shift amounts to a delay of one full
cycle, which makes it appear identical to the reference signal.

Figure 4-12 shows the variation in the open-loop gain and phase
shift of an op amp as a function of frequency. Note that at low
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Fig. 4-11. Phase-shifted waveforms,

frequencies, the phase shift between the input and output is 180°, as
expected for an inverting amplifier. At higher frequencies, the phase
shift increases while the gain decreases. Both effects are caused by
circuit capacitances. These capacitances have a decreasing impedance
with increasing frequency, resulting in more of the signal being by-
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passed to ground, and thus less signal gain as the frequency of oper-
ation is raised. Inherent with the capacitive signal bypassing is a phase
shift, the exact amount of which is dependent on component values.

At some high frequency, the phase shift between the input and out-
put is increased by 180°, making the total phase shift between the
inverting input and the output 360°. As noted before, this amount of
phase shift makes the output signal look like it is in phase with the
input signal. That is, its phase cannot be distinguished from a signal
that is in phase with the input signal.

Figure 4-13 shows an inverting amplifier with the circuit broken
between the feedback network and the inverting input of the op amp,
and with a sine-wave generator applied to the input of the op amp.
The waveforms in this figure show the input signal from the generator
and the phase-shifted output signal, which would ordinarily be fed
back to the inverting input terminal. If the total phase shift through
the amplifier is 360°, the signal fed back is identical in appearance
to the generator signal, except for amplitude differences. If the signal
coming out of the feedback network, in response to the generator at
the op-amp input, is also equal to the amplitude of the signal applied
to the input, the generator is not needed to maintain the sine wave at

Waveforms show 180°
/ phase s hift at low frequencles.

b0 ——
RIS lv \/
?

Fig. 4-13. Inverting amplifier with broken feedback path.
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at higher frequencies, and circuit oscillating,
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Input

Shorted =

/' U U Waveforms show 360° phase shilt

Fig- 4-14. Oscillating inverting-amplifier circuit.

the output of the op amp. The signal coming out of the feedback net-
work could be applied to the input, and the generator would be re-
placed by a signal source identical to it. As shown in Fig. 4-14, the
connection of the output of the feedback network to the input of the
op amp corresponds to the configuration of a typical op-amp circuit.
Thus, an op-amp circuit will oscillate if a large enough signal is re-
turned to the input at the frequency where the op amp has a 360°
phase shift.

The signal fed back and the tendency to oscillate depend on two
factors: (1) the gain-phase characteristics of the op amp (Fig. 4-12)
and (2) the feedback network. A low-gain inverting amplifier is more
likely to oscillate than a high-gain one, because the low-gain amplifier
has a larger percentage of the op-amp output signal fed back to the
input. An integrator is usually very susceptible to oscillation because
at high frequencies almost all the output is fed back to the op-amp
input via the feedback capacitor, and it is at the high frequencies where
the phase shift is 360°. It is not at all necessary to have a signal gen-
erator start the oscillation. If the gain is even slightly more than unity
at the frequency where the total phase shift is 360°, the oscillation will
grow out of any noise in the op amp. This oscillation will grow to an
amplitude that is limited only by the power-supply voltages.

It is certain that the amplifier will never oscillate, even if all the out-
put is fed back to the input, if the gain of the op amp is less than unity
at the frequency where the total phase shift is 360°. If the op amp has
this gain-phase characteristic, it is called unconditionally stable. Any
op amp can be made unconditionally stable by using some components
to shape its frequency response in such a way that the gain is less than
unity when the phase shift is 360°. This shaping is called frequency
compensation.

Unfortunately, shaping does decrease the high-frequency response
of the op-amp circuit. For highest frequency response, the minimum
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amount of frequency compensation necessary to achieve stability
should be used. Since low-gain circuits have a larger percentage of the
output fed back to the input than high-gain circuits do, it is possible
that a low-gain circuit will have to be heavily compensated, whereas a
high-gain circuit need not be compensated at all. (Heavy compensa-
tion usually implies large values of resistance and capacitance in the
frequency-compensation network.)

Some IC op amps require external components to be added for
frequency compensation, while others are internally compensated for
unconditional stability. Usually the internally compensated op amps
are more convenient to use, whereas the externally compensated op
amps may be used at higher frequencies if a great deal of compensation
is not required. Figure 4-15 shows the frequency response that can be
achieved in an inverting-amplifier circuit for several values of amplifier
gain, using a minimally compensated 709 op amp. Note the decrease
in amplifier bandwidth with the decrease in closed-loop gain.

To summarize, op-amp circuits often need frequency compensation
to prevent oscillations. This compensation constrains the signal from
the feedback network (at the frequency which has a total phase shift
of 360°) to be less than the signal which would have to be placed at
the op-amp input to generate it. Compensation reduces the high-
frequency gain of the op amp; however, for most purposes, it does not
matter exactly what the open-loop gain or bandwidth of the op amp
is, but rather it matters only that the open-loop gain be much more
than the closed-loop gain (at all operating frequencies) of the circuit
in which it is used.

Slew Rate

If a large-signal square wave is put into the input of an op amp,
there is a maximum speed at which the output voltage can swing from
the most positive to the most negative, or vice versa. This maximum
rate of change in the output voltage is called the slew rare. The slew
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rate can be used to compute an estimate of the time required to switch
between the two maximum output levels:

_ TOTAL POWER-SUPPLY VOLTAGE
SWITCHING TIME = SLEW RATE

For a 741 powered by *+15-volt supplies:

SWITCHING TIME = 30 Yolts _
.5 volt/microsecond

Increasing the frequency compensation decreases the slew rate, but
slew rate is important mostly in switching circuits, such as compara-
tors, in which frequency compensation is not required because no feed-
back is used.

COMMON-MODE REJECTION

As discussed in Chapter 3, due to their differential input stage, op
amps amplify mainly the difference between the signals applied to the
two input terminals. Unfortunately, due to component mismatches and
nonidealities in current sources, IC op amps amplify common-mode
signals in addition to differential-mode signals. Typically, however, the
gain for common-mode signals is much less than for differential-mode
signals. The ratio of the differential-mode gain to the common-mode
gain is the common-mode rejection ratio (CMRR). CMRR is often
expressed in terms of decibels (dB):

. DIFFERENTIAL-MODE GAIN
CMRR (ratio) = GGMMON-MODE GAIN
DIFFERENTIAL-MODE GAIN
COMMON-MODE GAIN

Figure 4-16 can be used to convert between CMRR (ratio) and
CMRR (dB).

The common-mede input to the op amp shown in Fig. 4-17 gives
an idea of the importance of the effect of CMRR. Using the appro-
priate 741 data (see Appendix):

DIFFERENTIAL-MODE GAIN = 200,000
CMRR (dB) =90 dB
Thus, using Fig. 4-16:
CMRR (ratio) = 31,000
_ DIFFERENTIAL-MODE GAIN
COMMON-MODE GAIN = ~ CMRR (ratio)
__ 200,000

~ 31,000
=64

CMRR (dB) =20 X log
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Fig. 4-16. CMRR ratio/dB conversion graph.

The output in response to the common-mode signal is thus 64
times the common-mode input voltage. In an amplifier circuit, the dif-
ferential-mode gain acts in opposition to the common-mode output,
because the common-mode output causes a differential signal to be fed
back to the op-amp input via the feedback network. Thus, the ratio
of the two types of gain (the common-mode rejection ratio) is used
to determine the output in response to a common-mode input signal.

66



Output due to Common-Mode
Common-Mode { o 14 Input Signal (64X for 741)

o ! —

Fig. 417, Demonstration of common-mode gain.

CIRCUIT GAIN FOR
DIFFERENTIAL-MODE

CIRCUIT GAIN FOR _ SIGNAL
COMMON-MODE SIGNAL CMRR (ratio)

The output in response to the common-mode signal applied to the
differential-amplifier circuit (with a differential-mode gain of 150)
shown in Fig. 4-18, can easily be found,

CMRR (ratio) = 31,000

GAIN x COMMON-MODE
INPUT SIGNAL

For a 10-volt common-mode signal:

150
31,000

= 48 millivolts

OUTPUTCOMMON-MODE INPUT — x 10

Although a common-mode input signal is greatly suppressed, it can
be significant when op amps are used in differential-amplifier
applications.

150kQ

—AAA
VWA

—o 48mV Output due to 10V
Common-Mode Input Signal

Fig. 4-18. Gain-of-150 differential-amplifier circuit with output due to common-mode
input signal.
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Fig. 4-19. Typical power-supply arrangements.

POWER SUPPLIES

Almost all op amps are designed to use two power supplies—one
positive and one negative. Although some op amps operate on supplies
of 5 volts or less, most are designed for +15-volt and —15-volt sup-
plies (Fig. 4-19A). Usually the power-supply voltage is not very criti-
cal for op-amp performance, and +9 volts, which is a convenient bat-
tery voltage, can be used to supply op-amp circuits. Typically, op-amp
circuits can be easily battery-powered, because only a few milliamperes
of current per op amp are required.

Sometimes a single power supply, either positive or negative, is all
that is required to power op amps if some compromises can be made.
Two schemes for this are shown in Figs. 4-19B and 4-19C. The draw-
back to using one power supply is that interfacing with other circuits
becomes difficult, because for “zero” input the output is half the
power-supply voltage, and the “zero” input signal needs to be biased
to half the supply voltage. However, these techniques may be used to
avoid the need for two supplies, especially for ac-coupled circuits.

NONLINEAR RESPONSES

Op amps may sometimes give an output signal far different from
that which would be expected from the input signal. These outputs
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are generally undesirable responses, and it is the purpose of this
section to identify them and show how to avoid them.

Latch Up

Latch up is the “sticking,” or “locking up” of the output of an op
amp when the maximum differential input voltage is exceeded. In the
latched-up condition, the output is stuck at either the positive or nega-
tive maximum output voltage, and the input is ineffective in affecting
the output. As discussed in Chapter 3, some of the newer op-amp
designs, such as the 741, have circuit changes which virtually eliminate
the latch-up problem by increasing the maximum input voltage of the
op amp.

Current Clamping

Current clamping is the distortion in the op-amp output due to the
current-limiting characteristics of the op-amp output stage. This distor-
tion occurs in the newer op-amp designs because they have built-in
current limiters in the output stage to protect the op amp from short
circuits. Figure 4-20 shows the effect of current clamping in the 741 op
amp, which limits the output current to a maximum of 25 milliamperes.

Voltage Clipping

Voltage clipping is the distortion in the op-amp output caused by
the limiting of the maximum output voltage of the op amp. Typically,
the maximum excursions of the output voltage are limited to approxi-
mately one volt less than the power-supply voltages. An input to an
IC op amp, which would require an output excursion greater than the
maximum output voltage (of either polarity) of the op amp, will result
in clipping of the output voltage. Clipping of the output voltage has
an effect on the output waveform similar to current clamping.

PRECAUTIONS WITH IC OP AMPS

Like any other device, IC op amps can be destroyed if they are
not properly cared for. There are four common sources of destruc-
tion: (1) power-supply overvoltage, (2) input-stage overvoltage,
(3) power-supply polarity reversal, and (4) output-stage overloading.
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Power-Supply Overvoltage

There is a maximum and a minimum usable power-supply specifica-
tion for the two supply voltages of every op amp. If at least the min-
imum is not provided, the op-amp circuit will just not function
properly. If the maximum is exceeded, the collector-base junctions of
the integrated-circuit transistors will break down, causing large cur-
rents to flow. Although the breakdown is not in itself necessarily de-
structive (as discussed in the section on diodes in Chapter 2), the
large currents that flow as a result of the breakdown cause the
destruction. The op-amp failure can take two forms: (1) overheating
of the semiconductor chip, causing structural changes, or (2) destruc-
tion of the small bonding and connecting wires due to excessive current
flowing through them.

Input-Stage Overvoltage

An excessive differential input voltage will break down the base-
emitter junctions of the input stage of op amps. In simpler input-stage
circuits, this can occur at 5 volts. If large currents flow due to this
breakdown, the op amp will be destroyed through effects similar to
power-supply overvoltage. This type of failure can cause a seemingly
mysterious destruction of an op amp in an integrator-type circuit
which has a large-value capacitor in the feedback loop. During power-
supply transients, such as turning the circuit on or off, the feedback
capacitor can destroy the input stage with its stored charge if the
maximum differential input voltage is less than the power-supply
voltage. The 709, for example, is vulnerable to this type of failure.

Power-Supply Reversal

Due to the form of isolation used to maintain separation between
components (reverse-biased junctions) in an integrated circuit, op
amps will usually be destroyed if the power-supply polarity is reversed.
The destruction is due to large currents that flow through the isolation
junctions, which become forward-biased if the supplies are reversed.
This type of failure is most frequent in battery-operated equipment in
which the batteries have been erroneously inserted in the wrong direc-

Fig. 4-21. Diodes D1 and D2 prevent op-

—j amp failure if powersupply polarity
3 is reversed.

= {01, D2 are

T 1N4004, etc)
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tion. Two diodes, as shown in Fig. 4-21, can be used to prevent this
type of failure.

Output-Stage Overloading

Due to inefficiencies, the output stage of op amps generates heat
when delivering power to a load. Most IC op amps can safely dissipate
about ¥2-watt of power at room temperature. The newer-designed op
amps have output-current clamping. Current clamping limits the max-
imum output current (hence the power dissipation in the op amp) to
a safe level, even if the output is accidentally short-circuited. Op amps
that do not have current clamping, such as the 709, should be used
with a resistor in series with the output to prevent accidental excessive
power dissipation in the output stage.
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CHAPTER 5

Linear Applications

An op amp is operating in its linear range when the output of the
op amp is directly proportional to the input. For the most common
IC op amps, used with a =15-volt supply, the op amp is in its linear
range whenever its output is between —14 and +14 volts. When the
output reaches its maximum or minimum excursion, however, the op
amp is said to be saturated and is operating in its nonlinear range.

This chapter presents circuit applications in which IC op amps are
used in their linear range. Since the op amp is a very high gain device,
nearly all linear applications require the use of negative feedback.

GENERAL DESIGN CONSIDERATIONS

The use of the ideal op amp in linear applications was discussed in
Chapter 1. However, as pointed out in Chapter 4, there are several
considerations that apply to IC op-amp design that do not apply to
design with the ideal op amp. The three most important considerations
are output offset, frequency compensation, and gain.

Output Offset

Input bias current, input offset current, and input offset voltage are
the three factors that can cause an output offset voltage. If the output
offset is small, it is seldom a problem; the output can be capacitively
coupled to the next stage, or a potentiometer can be added to the cir-
cuit to null the output offset. If the output offset is large, however, the
input signal may cause the amplifier to swing into saturation, resulting
in distortion of the output signal. In an extreme case, the output offset
itself may drive the op amp into saturation.

Large output offset voltages can be avoided by proper circuit design.
The effect of input bias current can be minimized by adding a single
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resistor from the +input of the op amp to ground. The effect of input
offset current can be reduced by deriving the feedback signal from a
voltage divider across the output. The input offset voltage is usually
only troublesome when building a very high gain dc amplifier. These
problems will be discussed in more detail in the descriptions of the
sample circuits in this chapter.

Frequency Compensation

Due to the phase shift in IC op amps, some op amps in some cir-
cuits will oscillate. The oscillation can be stopped by compensating
the op amp. This is done by adding one or more frequency-compensa-
tion components to the compensation terminals of the op amp. The
values of the compensation components depend on the closed-loop
gain of the circuit, and these values are given in the op-amp specifica-
tion sheets (see Appendix). Some op amps, like the 741, are internally
compensated and never require additional compensation components.
It is important to remember that frequency compensation decreases the
high-frequency open-loop gain of the op amp.

Gain

The gain of IC op amps decreases as the operating frequency in-
creases. As a general “rule-of-thumb,” when designing a negative-
feedback circuit the typical open-loop gain of the op amp should be at
least 50 times greater than the closed-loop gain for all frequencies at
which the circuit is used.

The 741 op amp, for example, has a typical gain of 200,000 at
frequencies below 10 Hz, but a gain of only 100 at 10 kHz. The 741
is not a good op amp to use if high gain is required at high frequencies.
The reason for this is that the 741 is internally compensated to be
unconditionally stable. When the 741 is used in a circuit with high
closed-loop gain, it is compensated more than is necessary for stable
operation; this results in a high-frequency performance which is
compromised more than is necessary. When high gain is needed at
high frequencies, op amps using external compensation such as the
LMI101 or the 748, are a better choice than internally compensated
op amps.

INVERTING AMPLIFIER

Figure 5-1 shows an inverting-amplifier circuit with an input im-
pedance of 10 k) and a gain of 100. This circuit is very much like
the circuit for the ideal op amp discussed in Chapter 1, with the addi-
tion of a resistor (R3) between the +input and ground. The purpose
of R3 is to minimize the output offset due to the input bias current.
The value of R3 depends on the output resistance (R,) of the input-
signal source.
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Input bias current drawn by the —input of the op amp flows through
R2 and the series combination of R, and R1. The bias current causes
a voltage drop across these resistors with a resultant voltage appear-
ing at the —input of the op amp. R3 is chosen so that the voltage drop
across it due to bias current drawn by the +input is exactly equal to
the voltage drop at the —input. These two voltages cancel each other,
producing no net output offset. Assuming that the bias currents drawn
by each input are about the same, R3 can be calculated from the
formula:

_(R1+R,) XR2
~ RI+R,+R2

If the source output resistance is very low (for example, if the source
is the output of another op amp), the formula for R3 becomes:

_RIxR2
" R1+R2
If the source is capacitively coupled to the amplifier circuit, then no

bias current can flow through R, or R1, and the formula for R3 sim-
plifies to:

R3

R3

R3 =R2

No frequency-compensation components are shown in Fig. 5-1 be-
cause the 741 op amp is internally compensated. Better high-frequency
performance can be achieved by using an op amp with external
compensation.

INVERTING AMPLIFIER WITH EXTERNAL COMPENSATION

A Type 709 op amp is shown used with external compensation in
Fig. 5-2. The values for the compensation components were found
from the specification sheets in the Appendix. Since the 709 is not
short-circuit proof, a 50-ohm resistor has been added in series with
the output to protect the op amp from accidental damage. The resistor
from the noninverting input to ground was chosen assuming a low
source output resistance.
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This gain-of-100 circuit can be used at frequencies as high as 100
kHz. By contrast, the circuit of Fig. 5-1, using an internally compen-
sated op amp, is capable of a gain of 100 only for frequencies up
to 1 kHz.

SUMMING AMPLIFIER

An op amp can be used to add several signals together, as shown
in Fig. 5-3. Since negative feedback holds the inverting input of the
op amp very close to ground potential, all the input signals are
electrically isolated from each other. The output of the amplifier is
just the inverted sum of the input signals.

AAN

LoMQ tnput 1
0Q n
Input 2 e
A0k
O—A\A—¢
IﬂputokQ P
X Output  Input 3
P—VWA-O é’v‘v‘v
500
b —
3pF Output =
o0pE 1.5kQ - (lnput 1 : llnpulaz)
10kQ nput
Fig. 5-2. Gain-of-100 inverting amplifier Fig. 5-3. Summing-amplifier
with external compensation. circuit.

The resistor from the noninverting input to ground is chosen as the
parallel combination of the input and feedback resistances, assuming
low source resistances. The circuit can have gain if the size of the
feedback resistance is increased, and the signals can be added with dif-
ferent gains if different input resistors are used for the different input
signals.

DIFFERENTIAL AMPLIFIER

Figure 5-4 shows a 741 op amp used as a differential amplifier with
a gain of 10. Since the source is capacitively coupled to the amplifier,
the resistor from the noninverting input to ground is chosen equal to
the feedback resistor.

The advantage of a differential amplifier is that signals common to
both channels, such as 60-Hz noise, are suppressed. Differential
amplifiers are commonly used when very small voltages, such as bio-
electric potentials, need to be measured.
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VOLTAGE FOLLOWER

The voltage-follower circuit, shown in Fig. 5-5, is a noninverting
amplifier with the output fed directly back to the input. The voltage
follower has a gain of 1, a high input impedance, and a low output
impedance. The voltage follower is a very simple amplifier circuit and
is commonly used when a buffer amplifier is needed. The 741 is a
good op amp to use as a voltage follower because it is internally
compensated, has very high gain, and is not subject to latch-up.

STEREO PHONO PREAMPLIFIER

Figure 5-6 is a circuit for a stereo phono preamplifier. The circuit
uses a 747 dual op amp which contains two 741 op amps in a single
IC. The circuit can also be built using two separate 741 op amps, if
desired. The preamp was designed to be used with a magnetic cartridge
and is RIAA equalized. '

The circuit of Fig. 5-6 is basically a noninverting amplifier. A
47-kQ resistor is used to load the magnetic cartridge, and the voltage
across this resistor is capacitively coupled to the noninverting input
of the IC op amp. A resistor is connected from the +input to ground
in order to balance the output offset due to bias current drawn by the
—input through the feedback resistors. A 50-uF input capacitor de-
creases the gain of the circuit at very low frequencies and decreases the
output offset due to the input offset voltage and offset current. Two
RC networks in the negative feedback loop establish the proper RIAA
equalization.

VERY HIGH GAIN AMPLIFIER

An inverting amplifier circuit can use a large feedback resistance
to achieve high gain. The problem with a circuit using a large feed-
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back resistance is that the circuit may have a large output offset due
to input bias currents, as discussed in Chapter 4. Even when a resistor
is used between the +input and ground, the input offset current may
still cause a large output offset. The amplifier circuit shown in Fig. 5-7
avoids this problem by deriving its feedback signal from a voltage
divider (R4, R5) across the op-amp output, rather than directly from
the output. The gain of this circuit is given by:

R2 X RS

R2+< )+R5
GAIN=_— N R& ] 74150

R1
If a conventional circuit were used, such as that of Fig. 5-1, a 51.5
MQ feedback resistor would have been required to achieve this high
gain. Notice that the input to the circuit is capacitively coupled
(through C1) in order to minimize the output offset due to input
offset voltage.

INTEGRATOR

The integrator circuit shown in Fig. 5-8 has two components not
used in the ideal integrator of Chapter 1. The purpose of R3, which
is equal in value to the parallel combination resistance of R1 and
R2, has been discussed earlier in this chapter. The purpose of R2 is
to limit the low-frequency gain of the circuit. If the low-frequency
gain were not limited, the small dc offset voltage would be integrated,
and the integrator would ramp up (or down) until the op amp was
saturated.
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The formula for the output of this integrator circuit is given by:

1
R1 x C1

Since R2 limits the low-frequency gain of the circuit, this formula is
only accurate for input frequencies greater than:

1
27 X R2 X C1
Below this frequency, the circuit of Fig. 5-8 ceases acting as an
integrator and acts as an amplifier with gain determined by the ratio
of R2 to R1. Values for this lower limit on the input frequency are
tabulated in Table 5-1.

When designing an integrator circuit, it is a good idea to choose an
op amp capable of withstanding a large differential input voltage, since
voltage transients can be coupled to the input through the feedback
capacitor. The design of the input stages of the 741 op amp, as dis-
cussed in Chapter 4, makes it a good choice for use as an integrator.

OUTPUT = — j (INPUT) dt

f (Hz) =

AR2
100k2
a Ay
T
L)
0. 1pF
Rl Input Rl ?
O——AAA— —
10kQ
Input 202 g)uf
—o0 —o0
Output Output
R329.1kQ R3 310k
Fig. 5-8. Integrator circvit. Fig. 5-9. Differentiator circuit.
DIFFERENTIATOR

In the differentiator circuit of Fig. 5-9, resistors R1 and R3 have
been added to the ideal differentiator circuit of Chapter 1. R3 is set
equal to R2 to balance output offset due to input bias current. R1 is
used to limit the high-frequency gain of the circuit.

Differentiator circuits are often avoided in instrumentation systems
because high-frequency noise, even though it may be low in amplitude,
can have a very large derivative. Recall from Chapter 1 that dif-
ferentiators respond to changes in the input signal, and high-fre-
quency noise changes very rapidly. The purpose of R1 is to limit the
high-frequency gain of the circuit to the ratio of R2 to R1. If high-
frequency noise is a severe problem, it may be necessary to precede the
differentiator with a low-pass filter.
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The relationship between the output and the input of the differenti-
ator is:
d(INPUT)
d(TIME)
Since the high-frequency response is purposely limited by R1, this
formula is only accurate for input frequencies less than:

B 1
f(Hz) =5 S RixCI

Some values for this upper limit on the input frequency are given in
Table 5-1.

OUTPUT = —-(R2 X C1)

PRECISION HALF-WAVE RECTIFIER

Since silicon diodes must be forward-biased to about 0.7 volt and
germanium diodes to about 0.3 volt before they will conduct effec-
tively, semiconductor diodes alone are not good rectifiers for small
signals. When silicon diodes are used in the feedback loop of an op
amp, however, a circuit can be built that will precisely rectify even very
small input signals. Such a circuit is shown in Fig. 5-10A.

Notice that the output of this circuit is not taken from the output of
the op amp, but rather from the connection between R2 and D2. The
operation of this precision half-wave rectifier can be understood in
terms of the equivalent circuit of Fig. 5-10B. When the input signal is
positive, all the feedback current will flow through D1, and the out-
put voltage (of the circuit, not of the op amp) will be zero. But when
the input signal is negative, all the feedback current will flow through
D2 and R2, and an output voltage (the voltage drop across R2) will
appear at the output of the circuit. Because of the high gain of the op
amp, even a very small negative input signal is adequate to forward

D1
»l

>y
IN914
R2 2
VA e Dl
10kQ »l
1N914 Rl »l
«—o0 02 |
Input R) Output lj— ‘%A 1'<2 =l
L Input
I
Output
(A) Schematic diagram. (B) Equivalent circuit.

Fig. 5-10. Precision half-wave rectifier.
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Fig. 5-11. Precision full-wave rectifier.

bias D2, so the circuit will precisely rectify even very small input
signals.

PRECISION FULL-WAVE RECTIFIER

Figure 5-11 is the circuit diagram of a precision full-wave rectifier.
This circuit consists of a precision half-wave rectifier (Fig. 5-10A) fol-
lowed by a summing amplifier (Fig. 5-3).

<

A e N e &

Fig. 5-12. Waveforms demonstrating
operation of precision fullwave
rectifier circuit.




Regulated

DC Output
o+
Ql 5-20 Voits
R HEP-703 0-500 mA
AAAA E C
v 0 =
B
ARL
aa
= Dl HEP-102 741
3, &vu«:z' e
Zener +
Diode
>
RIZATHQ v+ v-
+0 <
Unregulated
DC In,
2530 Vars

Fig. 5-13. Voltage-regulated power supply.

The principle of operation of the precision full-wave rectifier cir-
cuit can be seen from the waveforms shown in Fig. 5-12. Since the
input resistors of the summing amplifier are selected with R3 twice
R4, the original input signal (5-12A) is added to twice the output of
the precision half-wave rectifier (5-12B). The sum of these two wave-
forms is shown in Fig. 5-12C. Because the summing amplifier is also
an inverting amplifier, the output waveform of the precision full-wave
rectifier is the inverse of the waveform of Fig. 5-12C and is shown
in Fig. 5-12D.

VOLTAGE-REGULATED POWER SUPPLY

Figure 5-13 is the circuit diagram of a voltage-regulated power
supply. The circuit uses a Type 741 op amp as a noninverting
amplifier.

The input voltage to the noninverting amplifier is held constant by
a zener diode, and the gain of the amplifier is given by the formula
derived in Chapter 1:

R1 + R2
R1

The output voltage is varied by R2. When a 3.6-volt zener diode is
used for D1, and a 470-ohm resistor is used for R1, the output voltage
is given by the formula:

GAIN =



OUTPUT VOLTAGE =3.6 + (7.7 X R2)

where,
R2 is in units of kilohms.

This output voltage will remain very stable, even with large changes in
the output load resistance. Since the output of the 741 is current
limited, a power transistor (Q1) is used to boost the allowable output
current to 0.5 ampere.

PEAK DETECTOR

Figure 5-14 is the circuit diagram of a peak detector which will note
and “remember” the peak positive excursion of the input signal over
a period of time. A voltage-follower amplifier (Fig. 5-5) is used to
isolate the peak detector proper from the output.

Reset Switch

Output

Fig. 5-14. Peak detector.

When a positive voltage is applied to the input of a recently reset
peak detector, the noninverted output of the op amp forward biases
the feedback diode. Even a very small voltage will forward bias the
diode, in spite of the diode voltage drop, due to the high gain of the
op amp. The capacitor will charge through the forward-biased diodc
until the differential inputs of the op amp are nearly at the same
potential. Whenever the voltage at the +input exceeds the voltage at
the —input, the capacitor will charge to this new peak value. Whenever
the input voltage goes below the capacitor voltage, the op amp will
swing into negative saturation, and the feedback diode will be reverse
biased. The voltage across the capacitor is always equal to the greatest
positive voltage that has been applied to the input since the circuit was
last reset.

The memory time of the peak detector is typically several minutes;
however, the capacitor will slowly discharge due to leakage currents
in the capacitor, diode leakage current, bias current required by the
op amps, and the slight loading effect of the voltage follower.
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LOGARITHMIC AMPLIFIER

Figure 5-15 is the circuit diagram of a logarithmic amplifier. The
output of a logarithmic amplifier is proportional to the logarithm of
the input. Logarithmic amplifiers are useful for converting amplitudes
to decibels, for making compressor circuitry, and for building analog
multipliers (Fig. 5-16).

The voltage across the feedback transistor in the logarithmic ampli-
fier depends logarithmically on the feedback current. A power transis-
tor is used to reduce the series feedback resistance. As discussed in
Chapter 1, the magnitude of the current flowing through the feedback
component is equal to the magnitude of the current flowing through the
input component. In the logarithmic amplifier, the input component is
a resistor, and the feedback component is a grounded-base transistor.
Since the input current is proportional to the input voltage, the feed-
back current is also proportional to the input voltage, and the output
voltage is proportional to the logarithm of the input voltage.

TIP 31A
Cr\E

Input  10kQ Tog
e x| Amolifier [T %9
Log A+ Log B - Log (AxB}
Summing Antilog
Amplifier = Amplifier [ 00,
I Log ‘
v- S Amptitier [ L9 B
Fig. 5-15. Logarithmic amplifier. Fig. 5-16. Analog multiplier.

The logarithm of one is zero. The op-amp offset null is used to
zero the output of the op amp for one unit of positive signal at the
input (the size of the unit used corresponds to the zero decibel
reference).

An amplifier that has an input voltage proportional to the logarithm
of the output voltage is called an antilogarithmic amplifier. An
antilogarithmic amplifier can be made by using a grounded-base
transistor as the input component and a resistor as the feedback com-
ponent. An antilogarithmic amplifier is shown used in the block dia-
gram of an analog multiplier (Fig. 5-16).
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SINE-WAVE OSCILLATOR

Figure 5-17 is the circuit diagram of a sine-wave oscillator using a
single operational amplifier. The frequency of oscillation is determined
by the formula:

1
t(H2) =5 re
Some standard values for this formula are tabulated in Table 5-1.

A twin-T network is used in the feedback loop of this oscillator.
When the twin-T network is slightly detuned, the phase of the feedback
is shifted 180°, and the circuit will oscillate. The potentiometer in the
circuit is used to detune the twin-T network by decreasing the re-

Table 5-1. Some Standard Component Valuves for f(Hz) = 1/(27RC)

27RC Hz) R (k) C (uF)

32 10.0 0.5

57 5.6 0.5

96 3.3 0.5
177 1.8 0.5
318 1.0 0.5
483 3.3 0.1
885 1.8 0.
1590 1.0 0.1
2840 5.6 0.01
4830 33 0.01
8850 1.8 0.01
15,900 1.0 0.01
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sistance of the potentiometer until a sine wave appears at the output;
if the resistance of the potentiometer is decreased too much, the sine
wave will become distorted. The twin-T network is also very useful
in certain active filter designs, which will be discussed later in this
chapter.

ACTIVE FILTERS: GENERAL CONSIDERATIONS

Filters can be built using only resistors, inductors, and capacitors.
These are called RLC or passive filters. But inductors can be large
and physically awkward to use, especially at low frequencies, and there
is no easy way to include an inductor in an integrated circuit. In recent
years, however, inductorless filters have been developed. These new
filters often use operational amplifiers and are called active filters.

The main advantage of active filters is that they use no inductors.
Active filters are generally preferred to passive filters for frequencies
below 1 kHz but can be used at frequencies as high as 100 kHz.

However, active filters are not without disadvantages: They require
a power supply, can generate noise, and can oscillate due to thermal
drift or component aging. Thus, the sensitivity of an active filter to
component drift is an important design consideration. Highly selective
filters are the most prone to oscillation, and so a very selective active
filter must have a very low sensitivity to drift. In spite of these disad-
vantages, active filters are very popular for low frequencies. Several
different ways an active filter can be designed will be discussed.

Gyrator

Perhaps the most obvious way to design an active filter is to start
with a classical RLC filter and use active circuits to simulate the in-
ductors. A gyrator is a circuit which is commonly used in active filters
to simulate an inductor. A gyrator can be built using two op amps,
and active filters using gyrators can have a very low sensitivity to drift.
The value of inductance simulated by the gyrator shown in Fig. 5-18
is given by the formula:

R1 x R2 X R4 X C1
R3

SIMULATED INDUCTANCE =

where,

the inductance is in henrys,
the resistances are in ohms,
the capacitance is in farads.

Notice that that one end of the inductor simulated by the gyrator
is grounded. It is difficult to use gyrators to simulate ungrounded, or
“floating,” inductors. Since most passive low-pass filters require float-
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ing inductors, gyrators are usually not used to build low-pass active
filters. Instead, the frequency dependent negative resistance circuit, or
FDNR, can be used in low-pass active filters.

FDNR

Figure 5-19 shows the circuit diagram of an FDNR filter. Active-
filter designs using the FDNR circuit are based on a classical RLC

R3

Lo
1
T

172 7147 112747
+ +

Fig. 5-19. FDNR circuit.



low-pass filter. The resistors of the classical circuit are replaced by
capacitors, the inductors are replaced by resistors, and the capacitors
are replaced by FDNRs to form the new, inductorless active filter.
The capacitances in the new circuit (in farads) equal the reciprocal
of the resistances (in ohms) which they replace; the resistances (in
ohms) are equal in value to the inductances (in henrys) which they
replace; and the capacitance replaced by the FDNR circuit of Fig. 5-19
is given by the formula:

CAPACITANCE REPLACED = R1XR3 X C1 x C2

R2

where,
the capacitances are in farads,
the resistances are in ohms.

Like the gyrator filter, the FDNR filter has a very low sensitivity to
drift.

Multiloop Feedback

Another approach to the design of active filters is to simulate the
entire filter, using analog computer techniques, rather than just simulat-
ing the components of a classical RLC filter. A filter designed in this
way is called a multiloop feedback filter or state variable filter.

High-Pass
< Output
R?::le -0
R3
1k ReA °
Vv A
75'0|(Q Bandpass
Rl Output
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- Fig. 5-20. State variable filter,
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Figure 5-20 is the circuit diagram of a state variable filter. One ad-
vantage of this filter is that it can readily be used to perform different
filtering functions by taking the output from different points; the out-
put points for a high-pass, bandpass, and low-pass filter are shown in
the diagram. Another advantage of the state variable filter is that the
frequency and selectivity can easily be tuned independently; in Fig.
5-20, R4 is used to adjust the frequency, and R6 is used to adjust the
selectivity. A third advantage is that this filter is relatively unaffected
by the source and load impedances, so input and output buffer ampli-
fiers usually are not needed. The disadvantages of the state variable
filter are that it is more sensitive to component drift than the gyrator
or FDNR filter, and more operational amplifiers are required. How-
ever, since buffer amplifiers are usually not needed, state variable filters
may require fewer op amps for some applications.

Single-Loop Feedback

The simplest active filter is the single-loop feedback filter. This is a
good general-purpose filter using just one op amp and one negative-
feedback loop. The input component and/or feedback component
have impedances that change with frequency. As the ratio of these
impedances changes, the closed-loop gain of the circuit changes, and
certain frequencies are either amplified or attenuated more than others.

The next several sections will give a variety of examples of active
filters using IC op amps.

LOW-PASS FILTERS

A low-pass filter passes low-frequency signals but tends to reject
signals above a certain cutoff frequency. Three low-pass active filters
will be described: (1) a single-loop feedback filter, (2) a multiloop
feedback filter, and (3) an FDNR filter.

Single-Loop Feedback

Figure 5-21 shows the circuit of a single-loop feedback, low-pass
active filter. This is a simple negative-feedback circuit. The impedance
of the feedback component decreases as the frequency increases, while
the impedance of the input component increases. The closed-loop gain
of this circuit is therefore greatest at lowest frequencies. The cutoff
frequency for this filter is given by the formula:

_ 1
t(H2) =526
Some values for this formula are tabulated in Table 5-1.

If a very sharp frequency cutoff is required, however, a multiloop
feedback filter or FDNR filter should be used.
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Multiloop Feedback

A low-pass multiloop feedback filter can be built using the circuit
of Fig. 5-20. The output is taken from the “low-pass output” terminal
of the filter. The cutoff frequency of this filter is given by the formula:

k
E(Hz) = 3 xRax C
In this formula, C is in farads, R4 is the total resistance of potentio-
meter R4 in ohms, and k is a number which varies between 0 and
1 as the setting of potentiometer R4 is changed (k is equal to 1
when there is maximum resistance between the potentiometer brush
and ground). Table 5-1 lists some values for this formula with k = 1.

FONR

The FDNR low-pass, active-filter design is always based on some
classical RLC passive filter. For example, the classical “T-section”
shown in Fig. 5-22A is a low-pass RLC filter with a cutoff frequency
given by:

1
t(He) =7 /7tc
Figure 5-22B shows the equivalent FDNR active filter where resistors
have replaced the inductors, a capacitor has replaced the resistor, and
an FDNR (see Fig. 5-19) has replaced the capacitor of the original
circuit.

Figure 5-23A is an example of a low-pass RLC filter circuit with a
cutoff frequency of 320 Hz. The component values shown are not
practical values for a real RLC filter, but the values do transform
nicely to make the equivalent FDNR active filter shown in Fig. 5-23B.
Figure 5-23C shows the complete schematic diagram of the final
FDNR active filter, using a 747 dual op amp.
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Fig. 522. FDNR filter design procedure.

When using the FDNR filter, it is important that the input signal
source have a low output resistance, and that the output load have a
high input resistance. The reason for this is that in the FDNR filter,
the resistors behave like the inductors of a classical circuit. Thus, the
output resistance of the signal source acts like an inductor in series
with the input lead, while the input resistance of the load acts like an
inductor shunted across the output. Voltage followers (Fig. 5-5) make
good buffer amplifiers and can be used to isolate both the input and
the output of the FDNR filter.

HIGH-PASS FILTERS

A high-pass filter tends to reject low-frequency signals while passing
signals above a certain cutoff frequency. The three high-pass filters
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(C) Complete schematic of FDNR filter.
Fig. 5-23. FDNR low-pass filter with 320-Hz cutoff frequency.
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discussed in this section are the single-loop feedback filter, the multi-
loop feedback filter, and the gyrator filter.

Single-Loop Feedback

Figure 5-24 is the circuit diagram of a single-loop feedback, high-
pass active filter. The impedance of the input component decreases
as the frequency increases, thus increasing the closed-loop gain of the
circuit at higher frequencies. A resistor is included in series with the
input lead to limit the gain at very high frequencies. This circuit tends
to attenuate signals below the cutoff frequency given by:

1
£ (Hz) = 2@RC
Some values for this formula are given in Table 5-1.

Multiloop Feedback

The multiloop feedback filter shown in Fig. 5-20 can be used as a
high-pass filter by taking the output from the ‘“high-pass output”
terminal of the filter. The cutoff frequency of this filter is determined
by the same formula as was used for the low-pass multiloop feedback
filter:

k
B (Hz) = prxRExC
Again k, the potentiometer constant, varies between 0 and 1 as
the setting of R4 is varied. This formula is evaluated for k=1 in
Table 5-1.
Gyrator

Like the FDNR filter, the gyrator filter is always based on some
classical RLC filter. Figure 5-25A shows a classical high-pass “T-sec-
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Fig. 5-25. High-pass filter using gyrator.

tion” filter, and Fig. 5-25B shows the equivalent active filter with the
gyrator of Fig. 5-18 replacing the inductor of the original circuit. The
cutoff frequency for this high-pass filter is given by:

1
2m/2LC
When R is determined by this formula:

2L
Y

Then the cutoff frequency is also given by the formula:

f (Hz) =

1
t(H2) = 77xe
Some values for this last formula are given in Table 5-1.

92



Fig. 5-26. Bandpass filter. 0_“_NW_
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BANDPASS FILTERS

Bandpass filters pass those frequencies around some center fre-
quency, while attenuating both higher- and lower-frequency signals.
Bandpass filters will be discussed that use single-loop feedback, multi-
loop feedback, a gyrator, and cascaded high-pass and low-pass filters.

Single-Loop Feedback

The twin-T bandpass filter shown in Fig. 5-26 is an active filter
using a single feedback loop. Only signals near the center frequency
of the filter will be passed by this circuit. The center frequency can
be calculated from the values of R and C:

1
t (H2) = 77re
This formula is evaluated for several standard component values in
Table 5-1.

For this circuit to work best, the capacitor in the upper “T” should
be exactly 2C, and the resistor in the lower “T” should be exactly
1 R. If standard components with this relationship are not avail-
able, two resistors of value R can be put in parallel to yield a value of
12 R. Similarly, two capacitors can be put in parallel to yield a capaci-
tance of 2C.

The operation of the twin-T bandpass filter is straightforward.
At the center frequency, the twin-T network in the feedback loop
passes no current; this is because the current in the upper “T” is
equal to and 180° out of phase with the current in the lower “T” at
the —input of the op amp. For frequencies other than the center fre-
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quency, however, current does flow through the twin-T network. This
means that the circuit will have maximum gain at the center frequency.

Multiloop Feedback

The multiloop feedback filter of Fig. 5-20 can be used as a bandpass
filter by taking the output from the “bandpass output” terminal of the
circuit. The selectivity, or “Q,” of a bandpass filter is defined as:

BANDWIDTH
CENTER FREQUENCY

The selectivity of this state variable filter is determined by the formula:

_R6
RS

Q=

Q

when RS is equal to R7. The circuit of Fig. 5-20 has a Q of 50 when
R6 is set at its maximum value. The center frequency of the filter is
determined by the formula:

k
27 X R4 x C
Again k is the potentiometer constant of R4, varying between O

and 1 as the setting of R4 is changed. Some values of this formula
are tabulated in Table 5-1 for the case of k = 1.

f (Hz) =

Gyrator

Because gyrator filters have a very low sensitivity to drift, very
selective bandpass filters can be built using the gyrator. Gyrator band-
pass filters are based on classical RLC bandpass filters, and the design
procedure is identical to that used to design the high-pass gyrator filter
of Fig. 5-25.
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Fig. 527. Cascaded bandpass filter.
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Cascaded Filters

Another way to build a bandpass filter is to cascade a low-pass and
a high-pass filter. An example, using two single-loop feedback filters,
is shown in Fig. 5-27. The advantages of realizing a bandpass filter by
the cascading method are that a very broad passband can be attained,
and the high and low cutoff frequencies of the filter can be tuned
separately. The cutoff frequency of the high-pass filter determines the
low-frequency cutoff, and the cutoff frequency of the low-pass filter
determines the high-frequency cutofl.

NOTCH FILTERS

A notch filter passes all frequencies except those near its center
frequency. The twin-T network used in the single-loop feedback band-
pass filter can also be used to build a very effective notch filter. For a
bandpass filter, the twin-T network is used in the feedback path, but
for a notch filter, the twin-T is used in the input.

Figure 5-28 is the circuit diagram of a twin-T notch filter. Since the
same twin-T network is used as in the bandpass filter (Fig. 5-26), the
same formula for center frequency obtains:

_ 1

£ GeL2yT= 27RC

This formula is evaluated for several standard component values in
Table 5-1. As for the twin-T bandpass filter, it is important that the
components be well matched for best performance.
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CHAPTER 6

Nonlinear Applications

An op amp is operating in its nonlinear range when the output of
the op amp is not directly proportional to the input. Nonlinear oper-
ation occurs when the op-amp output reaches either its maximum
possible excursion (positive saturation) or its minimum possible ex-
cursion (negative saturation).

IC op amps are used in their nonlinear range primarily for digital
applications. The great advantage of using op amps rather than digital
ICs is that op amps operating nonlinearly can be used in conjunction
with op amps operating linearly; the input and output voltages are
compatible, and the same power supply can be used for each circuit.
For example, a triangle-wave generator can be made using two op
amps, one operating nonlinearly, and one linearly. The first op amp is
used as a square-wave generator (Fig. 6-7), and the second as an
integrator (Fig. 5-8). (As pointed out in Chapter 1, the integral of a
square wave is a triangle wave.) For strictly digital applications, how-
ever, digital ICs are often preferable to op amps. Digital ICs require
less power and are able to operate at higher speeds.

COMPARATOR

The comparator circuit of Fig. 6-1 is basic to all digital applica-
tions of operational amplifiers. A comparator simply compares an
input voltage to a reference voltage. When the input signal is slightly
greater than the reference voltage, the op amp swings into positive
saturation. When the input is slightly less than the reference voltage,
the op amp swings into negative saturation. The reference voltage can
be made variable by using a potentiometer, as shown in Fig. 6-2.

If the output voltage of the comparator circuit is too large for a
particular application, it can be limited by a zener diode. Figure 6-3
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shows how the output of the comparator can be made compatible with
RTL digital IC circuitry. A 3.6-volt zener diode is used to limit the
output voltage.

When designing a comparator, two important parameters should
be noted from the specification sheet (see Appendix). First, the op
amp must have a sufficiently high maximum differential-input voltage
so that the op amp will not be damaged by the maximal excursions of
the input signal. Secondly, the op amp must have a fast slew rate if it
is required to switch from saturation of one polarity to the opposite
polarity very rapidly. Since compensation reduces the slew rate, fastest
switching times can be attained by using an uncompensated op amp.

Sine-Wave to Square-Wave Converter

In Fig. 6-4, a comparator is shown being used to convert a sine
wave to a square wave. The reference voltage is ground. When the
sine wave goes positive, the op amp swings into positive saturation,
and when the sine wave goes negative, the op amp swings into negative

V=

Fig. 63. Comparator with output limiter.
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Fig. 64. Sine-wave to square-wave converter,

saturation. In this way, the comparator converts a sine wave to a
square wave.

BISTABLE MULTIVIBRATOR

The bistable multivibrator, or “flip-flop,” is a circuit with two pos-
sible stable output voltages, or “states.” In the op-amp multivibrator,
these two stable states are negative saturation and positive saturation.
An input trigger signal is required to change the output from one state
to the other.

Two different types of flip-flops can be built, depending on how
the trigger signal is coupled to the bistable circuit. In the dc-coupled
flip-flop the trigger signal is directly coupled, and in the ac-coupled
flip-flop the trigger signal is capacitively coupled.

DC-Coupled Flip-Flop

Figure 6-5 is the circuit diagram of a dc-coupled flip-flop. Since the
feedback component (R3) is between the output and the +input,
this is a positive-feedback circuit. With positive feedback, if the output
deviates even slightly from zero (say, due to noise inherent in all
circuits), this deviation' is fed back to the +input, is amplified, and
causes further output deviation in the same direction as the initial
deviation, until the op amp saturates. This regenerative cycle assures
that the op amp with positive feedback will have only two stable
states: (1) negative saturation and (2) positive saturation.

If the flip-flop of Fig.'6-5 is initially in positive saturation, a positive
pulse applied to the input will have no effect—the output is already as
positive as it can be. When a negative trigger pulse causes the +input
of the op amp to become negative, however, the output also goes neg-
ative, and positive feedbhck drives the op amp into negative saturation.
The op amp will then remain in negative saturation until a positive
trigger pulse appears at the input.

In this dc-coupled flip-flop, two different signals are needed to
switch the circuit back and forth between its two states. A positive
pulse flips the circuit from negative to positive saturation, and a nega-
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Fig. 6-5. Dc-coupled flip-flop.

tive pulse flips it from positive to negative saturation. In the ac-coupled
flip-flop, however, the same pulse can do both jobs.

AC-Coupled Flip-Flop

Figure 6-6 is the circuit diagram of an ac-coupled flip-flop. The trig-
ger signal is capacitively coupled to the —input of the op amp, rather
than the +input, although either arrangement could be used.

Assume that the op amp is initially being held in positive saturation
by positive feedback from the voltage divider of R3 and R1. When
the leading edge of a 2-volt positive trigger pulse is capacitively
coupled to the —input through C1, the —input becomes more positive
than the +input, and the op amp swings into negative saturation. The
op amp is held in negative saturation by positive feedback until the
arrival of the next trigger pulse. When the trailing edge of the next
trigger pulse is capacitively coupled to the —input, the —input be-
comes more negative than the +input, and the op amp swings back
into positive saturation.

The purpose of C2 is to assure that when the leading edge of a
positive trigger pulse swings the op amp into negative saturation, the
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Fig. 6-6. Ac-coupled flip-flop.



trailing edge of the same pulse will not immediately swing the op amp
back into positive saturation. The value of C2 shown is effective for
pulses of less than 50-milliseconds duration, but longer trigger pulses
require a larger capacitance.

ASTABLE MULTIVIBRATOR

Figure 6-7 shows an op amp being used as an astable multivibrator,
or square-wave generator. When the op amp is in positive saturation,
the +input is held at one-half the positive saturation voltage by the
voltage divider of R1 and R2. Capacitor C1 is charging up through
R3 and R4. But as soon as the capacitor voltage exceeds half the
saturation voltage, the voltage at the —input becomes more positive
than the voltage at the +input, and the op amp swings into negative
saturation. The +input is now held at one-half the negative saturation
voltage until C1 charges to slightly less than half the negative satura-
tion voltage; when this occurs, the op amp swings back into positive
saturation, and the cycle repeats. A square wave is generated as the
multivibrator circuit switches back and forth between its two astable
states.

R2
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+
R1 10K —0 Output
JL - L Fig. 6-7. Astable multivibrator.
= Rﬁum
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1M

C1 == 0.1pF
T
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The frequency of the square wave depends on the values of C1, R3,
and R4. Very low frequencies can be attained by using a large
capacitance and large resistances. The high-frequency performance
is limited by the slew rate of the particular op amp used.

MONOSTABLE MULTIVIBRATOR

The circuit diagram of a monostable multivibrator, or “single-shot,”
is shown in Fig. 6-8. Normally, the op amp is in positive saturation due
to the negative voltage at the —input obtained from the voltage divider
of R2 and R3. When a 2-volt positive trigger pulse is applied to the
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Fig. 6-8. Monostable multivibrator.

input, the positive voltage at the —input will cause the output to
swing into negative saturation.

Unlike the bistable multivibrator, which would remain in negative
saturation until the next trigger pulse, the monostable multivibrator
automatically returns to positive saturation after a predetermined time
interval. The length of this time interval is determined by C2 and R4.
After the op amp swings into negative saturation, C2 begins to charge
up through R4. As soon as the +input becomes more positive than
the —input, the op amp returns to positive saturation.

The monostable multivibrator shown in Fig. 6-8 will remain in
negative saturation for about 1 second with R4 set at its maximum
resistance, and for shorter durations when the setting of R4 is reduced.
Longer time periods can easily be attained by using a larger capaci-
tance for C2.
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VARIATIONS

There are a great number of variations on the basic circuits pre-
sented in this chapter. With additional resistors, capacitors, and diodes,
the basic comparator/multivibrator circuits can be transformed into
a large number of special digital circuits.

To give an example of one such variation, consider the asymmetric
square-wave generator circuit shown in Fig. 6-9. The circuit is basic-
ally that of an astable multivibrator (Fig. 6-7), but the addition of
diode D1 and resistor R4 results in two different charging rates for
capacitor C1, depending on whether the op amp is in positive or nega-
tive saturation.

A great variety of op-amp circuits have been described in the last
two chapters. Although these circuits are often useful by themselves,
they are most useful when incorporated into larger electronic systems.
The next, and final, chapter describes some electronic systems that
have been developed using IC op-amp circuits.




CHAPTER 7

Op-Amp Systems

This chapter discusses the use of op-amp circuits in the design of
electronic systems. Three circuits are used to illustrate the techniques
involved. The first example, an audio EMG monitor, is an important
application of an op-amp circuit in a medical-electronics monitoring
system. The second example is an oscilloscope triggered-sweep gener-
ator, and the third example is a laboratory function generator.

AUDIO EMG MONITOR

When a muscle is contracted, a very small electrical voltage appears
on the surface of the skin over the top of the muscle. This voltage is
called the electromyogram or EMG of the muscle. As more force is
developed by the muscle, the EMG voltage becomes larger, so that it
is a good indicator of the force being generated by the muscle. The
audio EMG monitor produces an audible note which varies in pitch as
the EMG signal changes in amplitude.

Besides being an entertaining novelty, the audio EMG monitor has
important medical applications. A stroke patient, for example, can use
a portable audio EMG monitor to help him relearn to use muscle
groups that were affected by the stroke. It is the IC op amp that has
made it possible to build a small, lightweight, low-cost audio EMG
monitor.

The block diagram of Fig. 7-1 shows the audio EMG monitor in
three sections: (1) an IC op-amp differential amplifier, (2) a rectifier
and averager, and (3) a current-controlled audio oscillator.

Operation

The input signal to the EMG monitor comes from two electrodes
which are taped to the skin over the muscle of interest. A small amount
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Fig. 7-1. Block diagram of audio EMG monitor.

of electrode paste is used between the skin and the electrodes to assure
a good electrical contact. The EMG signal is usually less than 1 milli-
volt in amplitude. A differential amplifier with good common-mode
rejection must be used to amplify the EMG signal, in order to reject
any 60-Hz noise picked up by the electrodes.

In the schematic diagram of the audio EMG monitor (Fig. 7-2), a
Type 741 op amp is shown used as a very high gain differential ampli-
fier. This circuit is similar to that of Fig. 5-4, except that the feedback
signal is taken from a voltage divider (RS and R6), rather than from
the output of the op amp, in order to reduce output offset due to input
offset current. The gain of this differential amplifier can be varied from
100 to 2625 by the gain control, RS.

In order to prevent changes in the output offset of the op amp from
changing the biasing of the following stage, the output of the differen-

v+
Rigosone S RI0 RIZZ1kQ
v+ /1’ 2am @
} HEP-739_E
Cl Rl <
R8S
STy 5| \du 8SINKQ S
0.1y 10k 241 a T
Inputs a 1
r—‘—"’g. ¢ a1_ 0.1y { HEP-T20
0.1yF 10kR s ) L
rs3/ 060 cs_ro.lur
Ground v- A Coitke 54
© | Ré RIZHRR |
R3ZIMQ MR RIS 1kQ
P
R6S10KkQ
<
Bl
o
o—=i|ijt—oVv+
1
]
o—if—ov-~
51 B2
ulhr W

Courtesy Popular Electronics

Fig. 7-2. Schematic diagram of audio EMG monitor.



tial amplifier is capacitively coupled to the base of Q1 through C3.
QI acts as a half-wave rectifier by amplifying only the positive ex-
cursions of the op-amp output. R7 is used to set the bias of Q1 and
serves as a threshold control. Capacitor C4 is used to average the rec-
tified output of Q1. The averaged, rectified, amplified EMG signal then
controls the base current of Q2.

Q2, in turn, controls the charging current of CS and thus the oscil-
lation frequency of the unijunction oscillator, Q3. So the pitch of the
tone produced by the speaker, which is in series with the base of the
unijunction (Q3), is controlled by the average magnitude of the orig-
inal EMG signal.

It is important to note how the op-amp output and power supply are
made compatible with the rest of this electronic EMG monitoring
system. The output of the op amp is capacitively coupled to avoid
problems with output offset. Q1 is powered by only the V+ supply to
effectively rectify the op-amp output. The unijunction oscillator, which
requires a large supply voltage for best operation, is powered by both
the V+ and V— supplies.

OSCILLOSCOPE TRIGGERED-SWEEP GENERATOR

Figure 7-3 shows the block diagram of an oscilloscope triggered-
sweep generator. The triggered-sweep generator uses three op amps,
one linearly and two nonlinearly, and is a valuable addition to any
oscilloscope which does not already have a triggered sweep. Usually,
the signal applied to the vertical input of the oscilloscope is also con-
nected to the input of the sweep generator, although an external trig-
gering signal may also be used. The output of the triggered-sweep
generator is connected to the external horizontal input of the oscillo-
scope.

Figure 7-4 is the schematic diagram of the triggered-sweep gen-
erator. A diode network (D1-D4) is used to limit the input signal. A
FET (Ql) is used as a preamplifier to provide a high input impedance.
Three op-amp circuits comprise the rest of the unit: a comparator, a
flip-flop, and an integrator.

Ql, 01-p4
o FET Preamplitier| a 1€2 i3 Output
Input and Comparator Flip-Flop I ntegrator —0
MUt Diode Limiter

F

Fig. 7-3. Block diagram of triggered-sweep generator.
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Comparator

IC1, a Type 709 op amp, is used as a comparator. The circuit is
similar to that of Fig. 6-2. Since the 709 op amp is susceptible to
latch-up if its relatively low maximum differential-input voltage is
exceeded, two diodes (D5 and D6) are used for protection. The
threshold control (R9) is used to set the reference voltage of the
comparator. When the output of the FET preamp exceeds the refer-
ence voltage, the output of the comparator swings positive, and a posi-
tive pulse is coupled to the —input of IC2.

Flip-Flop

IC2 is a 709 op amp used in a flip-flop circuit similar to that of
Fig. 6-6. The state of the flip-flop is determined by three sources:
(1) the positive signal from IC1 coupled to the —input, (2) positive
feedback from the output of IC2 coupled by R12 and C4 to the
+input, and finally (3) the output of IC3 coupled through R15 and
D10 to the +input.

When no sweep voltage is being produced at the output of IC3,
and the oscilloscope beam is “waiting” at the left-hand side of
the screen, IC2 is in positive saturation. It is held in positive saturation
by positive feedback through R12. However, when the input signal
exceeds the threshold determined by R9, a positive pulse is coupled
to the —input of IC2, causing IC2 to swing into negative saturation.
IC2 is held in negative saturation by positive feedback through R12,
while IC3, which is integrating the output of IC2, is producing a
sweep voltage at the output.

Comparator Integrator

Fiter 3¢ | Active Filter
I nput 0—o 11
s4 1C5.16.1C4

Triangle Wave

B
Square uffer Amplifier

Wave (3]
Sine Wave °

Function

Output

Fig. 7-6. Block diagram of function generator.
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When the sweep voltage reaches a critical positive value (when the
oscilloscope beam is at the extreme right-hand edge of the screen),
feedback through R15 and D10 dominates over the feedback through
R12, and IC2 flips back into negative saturation once again. The pur-
pose of C4 is to assure that a positive pulse to the —input of IC2 will
not prematurely initiate a sweep during the retrace period.

Integrator

IC3 is a Type 741 op amp used as an integrator. The circuit is
similar to that of Fig. 1-7A, except that a diode (D11) is connected
across the input resistance of R13 and R14. The charging current of
the feedback capacitor (C5, C6, or C7) is dependent on whether D11
is forward or reverse biased. When IC2 is in negative saturation, D11
is reverse biased, and the feedback capacitor charging current is de-
termined by the setting of R14. IC3 integrates the negative output of
IC2 to produce a very linear sweep voltage with a sweep rate deter-
mined by the setting of R14 and S2.

When IC2 swings into positive saturation, D11 is forward biased,
and the feedback capacitor rapidly discharges. As the capacitor dis-
charges, the oscilloscope beam rapidly retraces from the right- to the
left-hand side of the screen, where it remains until IC2 again swings
into negative saturation to initiate another sweep cycle. If desired, the
output of IC2 may be used to provide Z-axis blanking during retrace.

FUNCTION GENERATOR

Figure 7-5 is the schematic diagram of a laboratory function gen-
erator which generates a low-distortion sine wave, square wave, and

Courtesy Cromemco

Fig. 7-7. Output waveforms of function generator.



triangle wave. This function generator can be tuned over the entire
audio spectrum, in four ranges. Six Type 748 IC op amps are the
only active components used.

Although the schematic diagram may at first appear formidable,
the block diagram of Fig. 7-6 reveals that the operation of the function
generator can be understood in terms of circuits that have already
been discussed in detail, IC1, for example, is used as a comparator to
convert a sine wave to a square wave, just as in the circuit of Fig. 6-4.
IC3 is used as an integrator to convert the square-wave output of
IC1 to a triangle wave, as discussed in Chapter 1. IC4, IC5, and IC6
are used in a state variable filter, similar to that of Fig. 5-20, to filter
out the fundamental sine-wave component of the triangle wave. IC2 is
used as a simple inverting amplifier.

S1 is used to select either the sine wave, square wave, or triangle
wave as the output waveform, and S4 is provided to select an optional
input signal if the active filter section of the function generator is de-
sired to be used for some special purpose. An oscilloscope photograph
of the actual output waveforms produced by the function generator is
shown in Fig. 7-7.

m2




APPENDIX

Typical Op-Amp
Specification Sheets

In this appendix, the various op amps are listed by their generic
numbers. The manufacturers’ numbers for these op amps are often
prefixed to identify the manufacturer. For example, the pA741,
LM741, MC1741, and SN72741 are all Type 741 op amps. In addi-
tion, these numbers are sometimes suffixed to specify the temperature
range and package style.

In these specification sheets, base diagrams of the ICs are shown
from a top view. Slew-rate specifications are given assuming unity-gain
compensation.
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Tyee: 101

Typical specifications for =15-volt supply

Gain ... 160,000 (50,000 minimum)
Input Offset Voltage . ............ 1.0 mV (5.0 mV maximum)
Input Offset Current ... .......... 40 nA (200 nA maximum)
Input Bias Current . .. ............ 120 nA (500 nA maximum)
Output Resistance .. ............. 75  ohms

Common-Mode Rejection ......... 90 dB (70 dB minimum)
Slew REte . ium o s mndn b onddras 0.5 V/us

Remarks

1. LM101 can be compensated for unity gain with a single, ex-
ternal 30-pF capacitor. LH101 is internally compensated.

2. Output short-circuit protected.

3. Differential input voltage: =30-volts maximum.

CONNECTION DIAGRAMS
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Tyee: 7009

Typical specifications for = 15-volt supply

GaliNl agps & mmonmomam 3645 Go's o T be 45,000 (15,000 minimum)
Input Offset Voltage ............. 1.0 mV (7.5 mV maximum)
Input Offset Current . . ........... 50 nA (500 nA maximum)
Input Bias Current . ............ .. 200 nA (1500 nA maximum)
Output Resistance . .............. 150 ohms

Common-Mode Rejection ... ...... 90 dB (65 dB minimum)
Slew Rate . .................... 0.25 V/us

Remarks

1. External frequency compensation required.

2. Output short-circuit duration: 5 seconds maximum. Use 50-ohm
resistor in series with output to protect op amp.

3. Differential input voltage: *5-volts maximum.

CONNECTION DIAGRAMS

DUAL IN-LINE PACKAGE TO-5STYLE PACKAGE
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FREQUENCY COMPENSATION

Pin numbers shown
for TO-5 style package.
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Tvee: 740

Typical specifications for +15-volt supply

Gain ...t e e 1,000,000 (50,000 minimum)
Input Offset Voltage . ............ 10 mV (20 mVmaximum)
Input Offset Current ............. 0.04 nA

Input Bias Current . .............. 0.1 nA (0.2 nA maximum)
Output Resistance . .............. 75 ohms

Common-Mode Rejection ......... 80 dB (64 dB minimum)
Slew Rate . ............vuu... 6.0 V/us

Remarks

1.

NooswN

Internally compensated. Requires no external frequency-com-
pensation components.

Output short-circuit protected.

Differential input voltage: *+30-volts maximum.

Provision for output offset null.

Same pin configuration as 741.

Uses FET input for very low input currents.

Unity gain bandwidth: 3.0 Mhz.

CONNECTION DIAGRAM
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Tyee: 741

Typical specifications for =15-voit supply

Gain ... 200,000 (50,000 minimum)
Input Offset Voltage . ............ 1.0 mV (5.0 mV maximum)
Input Offset Current . ............ 20 nA (200 nA maximum)
Input Bias Current . .............. 80 nA (500 nA maximum)
Output Resistance . .............. 75 ohms

Common-Mode Rejection ......... 90 dB (70 dB minimum)
Slew Rate ..................... 0.5 V/pus

Remarks

g

Internally compensated. Requires no external frequency-com-
pensation components.

2. Output short-circuit protected. Output current limited to 25 mA.
3.
4. Provision for output offset null.

Differential input voltage: +30-volts maximum.

CONNECTION DIAGRAMS
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{TOP VIEW) {TOP VIEW)

120

OPTIONAL OUTPUT OFFSET NULL CIRCUIT

Pin numbers shown for
TO-5 style package.
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Tyee: 748

Typical specifications for =15-volt supply

GRiN . e n kb fa e G 200,000 (50,000 minimum)
Input Offset Voltage . ............ 1.0 mV (5.0 mV maximum)
Input Offset Current . ............ 20 nA (200 nA maximum)
Input Bias Current .. ............. 80 nA (500 nA maximum)
Qutput Resistance . .............. 75  ohms

Common-Mode Rejection ......... 90 dB (70 dB minimum)
Slew Rate . ............. ... ..., 0.5 V/us

Remarks

1. Can be compensated for unity gain with a single, external 30-pF
capacitor.

2. Output short-circuit protected.

3. Differential input voltage: =30-volts maximum.

4. Same pin configuration as 741.

CONNECTION DIAGRAM

TO-5 STYLE PACKAGE

Frequency
Compensatlion

tnverting 1nput o o Output

Noninverting Input o ° Otfset Nutt

Note: Pin 4 Connected to Case

(TOP VIEW)
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FREQUENCY COMPENSATION AND
OPTIONAL CUTPUT OFFSET NULL CIRCUIT

Requires a single capacitor across the frequency compensation
terminals. Use the smallest capacitor, 30 pF or less, which will pro-
vide stable operation. For fully compensated frequency response,
see the 741 specification sheet.

SCHEMATIC DIAGRAM
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Tee: 147

Typical specifications for =15-volt supply

Gain ... e 200,000 (50,000 minimum)
Input Offset Voltage . ............ 1.0 mV (5.0 mV maximum)
Input Offset Current . ............ 20 nA (200 nA maximum)
input Bias Current ... ............ 80 nA (500 nA maximum)
Output Resistance . .............. 75  ohms
Common-Mode Rejection ......... 90 dB (70 dB minimum)
Slew Rate ..................... 0.5 V/us
Channel Separation . ............. 120 dB
Remarks

1. The 747 is a pair of internally compensated operational ampli-

fiers on a single silicon chip. For further specifications for the
individual op amps, see the 741 specification sheet.

CONNECTION DIAGRAM

DUAL IN-LINE PACKAGE
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Glossary

Carriers—The type of charge carrying a current. In a semiconductor, the carriers
are electrons and holes. Electrons are negatively charged, and holes act as if
they were positively charged.

Common-Mode Gain—The ratio of the output voltage of a differential amplifier
to the common-mode input voltage. The common-mode gain of an ideal dif-
ferential amplifier is zero.

Common-Mode Input—An input voltage common to the two inputs of a dif-
ferential amplifier.

Common-Mode Rejection in Decibels—Twenty times the log of the common-
mode rejection ratio.

C Mode Rejection Ratio—The ratio of differential-mode gain to common-
mode gain.

Compensation—The shaping of the op-amp frequency response in order to
achieve stable operation in a particular circuit. Some op amps are internally
compensated while others require external compensation components in
some circuits.

Current Clamping—The output-current limiting feature of some op amps.

Differential Amplifie—An amplifier that amplifies the voltage difference be-
tween its two inputs.

Differential Input Voltage—See Differential-Mode Input.

Differential-Mode Gain——The ratio of the output voltage of a differential ampli-
fier to the differential-mode input voltage.

Differential-Mode Input—The voltage difference between the two inputs of a
differen’ial amplifier.

Diffusion Current—The flow of a particular type of carrier in a semiconductor
due to a concentration difference in that type of carrier. Carriers will flow
from an area of high concentration to an area of low concentration.

Drift Current—The flow of carriers in a semiconductor due to an electric field.

In the same electric field, holes and electrons will flow in opposite directions
due to their opposite charge.
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Epitaxial Layer—A single-crystal p-type or n-type material deposited on the
surface of a substrate.

FDNR—Frequency Dependent Negative Resistance. A circuit used in some low-
pass active filters.

FET—Field-Effect Transistor.

Frequency Compensation—See Compensation.

Gyrator—A circuit used in some active filters to simulate inductance.

Input Bias Current—The current that must be supplied to each input of an IC
op amp to assure proper biasing of the differential input stage transistors. In
specification sheets, this term refers to the average of the two input bias
currents.

Input Offset Current—The difference between the input bias currents flowing
into each input of an IC op amp, when the output of the op amp is at zero

volts.

Input Offset Voltage—The voltage that must be applied across the two inputs
of an op amp in order to produce zero voltage at the output.

JFET—Junction Field-Effect Transistor.

Latch-Up—The characteristic of some op amps to remain in positive or negative
saturation after their maximum differential input voltage is exceeded.

Monolithic Integrated Circuit—An integrated circuit fabricated on a single piece
of silicon.

MOSFET—Metal-Oxide Semiconductor Field-Effect Transistor.

N-Type Semiconductor—An area of a semiconductor with more electrons than
holes.

Op Amp—See Operational Amplifier.

Operational Amplifier—A high-gain differential amplifier.

Output Offset Voltage—The output voltage of a negative-feedback op-amp cir-
cuit when the input voltage to the circuit is zero. An ideal op amp has a zero

output offset voltage.

P-Type Semiconductor—An area of a semiconductor with more holes than
electrons.

slew Rate—The maximum rate of change of the output voltage of an op amp as
it swings from positive to negative saturation, or vice versa, in response to a
square-wave differential-mode input.

Substrate—The supporting material on or within which the components of an

integrated circuit are fabricated. The substrate for a typical monolithic fabri-
cation is p-type silicon.

126



Acceptor, 18
Active filters, 85-88
Amplifier
antilogarithmic, 83
differential
definition, 8
741 op amp, 75
typical 39-42
inverting, 11-12
logarithmic, 83
noninverting, 14
summing, 75
very high gain, 76-79
Antilogarithmic amplifier, 83
Astable multivibrator, 100
Audio EMG monitor, 103-105
Avalanche multiplication, 23

Bandpass filters, 93-95
Bias-current offset, 54-56
Bipolar transistor, 24-26
Bistable multivibrator, 98-100
Bonding pads, 30

[+

Capacitance, integrated capacitors, 37

Capacitors, 1C fabrication, 32-33
Carriers, 18
Circuits, 1C op amp, 39-45
Clipping, 69
Closed-loop gain, 9
Common-mode

input signal, 40

rejection, 8, 65-68
Comparator

nonlinear, 96-98

sweep generator, 110
Components, matching, 37
Conduction band,
Constant-current sources, 42-43

Converter, sine-wave to square-wave, 97-98

Counterdoping, 19
Current
bias, offset, 54-56
clamping, definition, 69
drift, 19-20
diffusion, 19-20
input
bias, 40
offset, 55
D
Darlington configuration. 52
Design rules, IC op amp, 36-39
Differential
amplifier
definition, 8

input stage, 741 op amp, 47-51

741 op amp,
typical 39-40
input voltage, 8
-mode input signal, 40
Differentiator, 13-14

Diffusion
current, 19-20
doping, 19
Diode, semiconductor, 19-24
Donor, 18
Dopant, 19

Drift current, 19-20

Index

Electromyogram (EMG), 103
Electron current,

Energy bands, 17, 18
Epitaxial layer, 28

External compensation, inverting amplifier,

F

FDNR filter, 86-87
Feedback, 8-9
Field-effect transistor, 26-28
Filter
active, 85-88
bandpass, 93-95
high-pass, 91-92
low-gass, 88-90
notch, 95
Flip-flop, 98-100, 110-111
Follower, voltage, 76
Frequency
compensation, 60-64, 73
response, 60-6!

Full-wave rectifier, precisioré, 80-81

Function generator, 111-11

G

Gain

closed-loop, 9

linear range, 73

open-loop, 9
Generator

function, 111

oscilloscope triggered-sweep,
Gyrator filter, 85-86, 91, 94

Half-wave rectifier, precision, 79-80

High-pass filters, 91-92
Hole current, 18
[}

Inductors, integrated, 37
Input
-bias currents, 40

current, 9
differential mode, 40
inverting, 7
noninverting, 7
offset
current, 55
voltage, 56

signal, common-mode, 40
-stage overvoltage, 70
voltage, differential, 8
Integmted-circnit op amp
circuits, 39-45
common-mode rejection, 65-68
design rules, 36-39
fabrication of, 32-33
frequency response, 60-65
nonlinear _responses, 68-69
output offset, 54-60
power supplies, 68
precautions, 70-71
Integrator
definition, 12-13
sweep generator, 111
Isolation diffusion, 30
Inverting amplifier, 11-12
Inverting input, 7
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L

Latch up, definition, 69
Level shifter
and output stage, 741 op amp, 51-53
general op amp, 44
Linear op amp
design considerations, 72-73
differential amplifier, 75
differentiator, 78-79
filters, 85-95
integrator, 77
inverting amplifier, 73-75
logarithmic amplifier, 83
peak detector, 82
precision rectifier, 79-81
sine-wave oscillator, 84-85
stereo phono preamplifier, 78
summing amplifier, 75
very high gain ampllﬁer, 76-77
voltage
follower, 76
-regulated power supply, 81-82
Logarithmic amplifier, 83
Low-level injection, 25
Low-pass filters, 88-90

Mask, 30

Minority carrier lifetime, 25

Monitor, audio EMG, 103-105
Monolithic fabrication process, 28-35
Monostable multivibrator, 100-1
Multiloop feedback filter, 87-88, 91 94
Multivibrators, 98-101

Negative feedback, 8, 11-14
Noninverting ampfxﬁer 14
Noninverting input, 7

Nonlinear response, 1C op amp, 68-69
Notch filters, 95

N-type semlconductor, 19

Null adjustment, output offset, 59-60

o

Offset
bias-current, 54-56
input
current, 55
voltage, 568
output
general, 54
linear, 72-73

Op amp
basics, 7-8
equivalent circuit, 10
1C
circuits, 39-45
common-mode rejection, 65-68
design rules, 36-39
frequency response, 60-85
nonlinear response, 68-69
output offset, 54-60
power supphes, 68
precautions, 70-71
741, 48-54
ideal, ‘with negative feedback, 8-14
nonideat characteristics, 14-15
schematic symbols
Open-loop gain,
Oscillation, tendency to, 63
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Oscillator, sine-wave, 84-85
Oscillosco[ie trigglered-sweep generator,

oftset
general, 54
IC op amp, 54-80
linear, 72-73
voltage
definition, 54
example calculation, 57-59
null adjustment, 59-60
stage
overloading, 71
typical, 44-45
Overloading, output-stage, 71
Overvoltage, 70

Passive filter, 85

Peak detector, 82

Pnp transistor, lateral and substrate-
collector, 33-35

Positive feedback, definition, 8

Power-supplies, 68, 70-71, 81-82

Preamplifier, stereo phono, 76

Precautions, IC op amp, 70-71

P-type semiconductor, 19

Recombination, 25

Rectifier, precision, 79-81
References, voltage, 43-44
Resistance, integrated resistors, 37
Resistors, IC fabrication, 32-33
Reverse breakdown, 23

H

Semiconductors, 16-28
741 IC op amp, 46-54
Shifters, level, 44
Sine-wave
oscillator, 84-85
to square-wave converter, 97-98
Single-loop feedback filter, 88, 91, 93-94
Sinks, constant-current, 42
Slew rate, 64-85
State variable filter, 87-88
Substitution, transistors and diodes, 37-38
Substrate, 28
Summing amplifier, 75

T
Transistors, 24-28

v

Valence band, 18
Very high gain amplifier, 76-77
Voltage
clipping, 69
ut offset
efinition, 54
example calculation, 57-59
null adjustment, 59-60

references
built-in, 38-39
diode, 43-44
-regulated power supply, 81-82
z
Zever, 23



understanding

c operational amplifiers

by Roger Melen and Harry Garland

The term operational amplifier (abbreviated op amp) derives from the fact that it has
long been the basic tool used in electronic analog computers to perform such mathe-
matical operations as addition, subtraction, integration, and differentiation. Early
operational amplifiers were limited almost entirely to analog computer use because
of their large size and high cost. However, with the advent of semiconductor elec-
tronics more than two decades ago, and the more recent developments in micro-
miniature electronics (monolithic integrated circuits), complete operational amplifiers
can now be fabricated on a single, tiny chip of silicon. These new IC op amps have
a high degree of reliability, low power consumption, and provide high performance
at low cost. Because of their versatility, IC op amps are now being used in many new
applications that would have been deemed impractical in pre-IC days.

Much has been written concerning the digital IC, but the IC op amp, or linear IC,
has heretofore been given but brief coverage in most publications. Here at last is a
book written exclusively about the IC op amp. {t explains how IC op amps work, how
they are fabricated, how practical circuits can be designed using them, and how
complete electronic systems can be formed around op-amp circuits.

The book begins by describing the ideal op amp and then discusses the nonideal
characteristics of op amps. Basic semiconductor electronics is reviewed in Chapter 2,
and Chapter 3 discusses the internal circuitry of the IC op amp. In Chapter 4, prac-
tical design considerations are covered, while Chapters 5 and 6 provide information
about practical circuits using IC op amps: Chapter 5 discusses linear applications,
and Chapter 6 discusses nonlinear applications. In Chapter 7, some complete elec-
tronic systems built around the circuits discussed in Chapters 5 and 6 are covered.

Understanding IC Operational Amplifiers provides a thorough, in-depth study of a
new and rapidly expanding field of electronics. All who have an interest in electronics
whether as working engineers, engineering students, experimenters, technicians, or
hobbyists will find this book both valuable and instructive.
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