Chapter 19
Operational Amplifiers

The operational amplifier, or op-amp, isabasic building
block of modern electronics. Op-amps date back to the
early days of vacuum tubes, but they only became com-
mon with the invention of the integrated circuit.

Probably the most common op-amp — perhaps the
most common integrated circuit ever — is the 741 op-
amp. There are many other types of 1C op-amps, but the
741 is till the classic device.

The 741 circuit in Fig. 19-1 consists of some 20
transistors, eleven resistors, and one capacitor, all com-
bined together into one tiny integrated circuit that costs
just a few pennies. There are a few things worth point-
ing out about that circuit (and we will do so shortly), but
fortunately most of the time we don’t need to look at the
circuit at all. We usually just think of it as an 8-pin inte-
grated circuit, some of whose pins aren’'t even always
used, and we draw it as a triangular block as shown in
Fig. 19-2. The triangle is a generic symbol used to de-
note an amplifier, and the small numbers (such as 2, 3,
and 6) denote the pin numbers for the integrated circuit;
these pin numbers also appear in Fig. 19-1. Not al IC
op-amps use these same pin humbers, but thisis afairly
common pattern.

Notice that Fig. 19-1 shows two pins labelled Null,
pins 1 and 5. These are usually called Null Offset, but
they are seldom used. They don’t generally appear in
block diagrams such as Fig. 19-2 unless you specifically
need to connect to them.

Let's look at these op-amps from several different
viewpoints.

Power Connections

Fig. 19-1 and Fig. 19-2 both show a pair of pins called
V+ (pin 7) and V- (pin 4). These power pins are often
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Fig. 19-1. Schematic diagram of the 741 op-amp
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not shown in more advanced cir-

V+ cuit diagrams, since engineers

7 simply assume that op-amps

o need power supplies or batteries,

& and that you know enough to

3 connect them without being

shown how. Notice aso that

t there is no pin explicitly labelled
V- “ground”.

Most IC op-amps require a

Fig. 19-2. 741  tota power supply voltage some-

op-ampblock  where between about 10 and

about 40 volts, applied between
the V+ and V- pins. Fig. 19-3 shows several waysto do
that.

The most common way is to apply a positive volt-
age, such as perhaps +10 volts, to pin 7, and an equal,
but negative —10 volts to pin 4, as in the top left dia-
gram. The total voltage between the two pins is there-
fore 20 volts, which is fine for most op-amps. The
op-amp doesn’t care what the actua voltages are, as
long as the difference between the two pins is in the
right range.

But there are many other ways to achieve this. For
example, the bottom left shows pin 7 at +20 volts, while
pin 4 is grounded. The top right shows the opposite —
pin 7 is grounded, while pin 4 is at —20 volts. The bot-
tom right even shows a rather far out, but still OK, solu-
tion: +350 volts on pin 7, and +330 volts on pin 4. Each
of these circuits places 20 volts between the two pins, so
the IC is happy.
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Fig. 19-3. Various 741 op-amp power connections
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In Fig. 19-1, you can see that the V+ line is along
line along the top of the diagram, while the V—lineisa
long line at the bottom. These two lines (and the volt-
ages that go with them) are usually called the positive
rail and negative rail, respectively.

These two rails limit the other voltages we are a-
lowed to use. To prevent damage to the op-amp, we
must watch how we connect the input and output pins.

Input pins

Op-amps have two signa input pins. In the 741 circuit,

theseare pins 2 and 3.

e Pin2iscaled thelnv. or inverting input in Fig.
19-1, but is labelled with a minus sign in Figs.
19-2 and 19-3. Both of these names are used.
What they mean is that any input to this pin will
be amplified, but will come out inverted at the
output. A positive-going signal at the inverting
input will come out negative going at the output,
pin 6.

e Pin3iscaled N.I. in Fig. 19-1, which stands for
Not Inverted. It is labelled + in the remaining
figures. A signal coming in here is not inverted
at the output.

The Null pinsin Fig. 19-1 (they are actually called null

offset) are also inputs of sorts, but only used for special

purposes. We will only briefly mention them below.

In general, the voltage on the input must be some-
where between the positive and negative rail voltages.
For example, if the positiverail is at +350 volts and the
negativerail is at +330 volts (thisis a very unusual con-
nection, but possible), the input pins should not go
below +330 volts or above +350 volts. Some op-amps
do alow the inputs to go dightly above or below the
rails, but not by much.

In many cases, the input voltage will be midway be-
tween the two rails. For example, if the two rails are
+350 and +330 volts, the inputs would often be held at
+340 volts.

If the rail voltages are equal and opposite (for exam-
ple, if they are +15 volts and —15 volts) then the mid-
point voltage is 0 volts or ground. It isthen very easy to
keep the inputs near the midpoint.

Even though the rail voltages are often not shown,
you can usualy get a rough idea of what they are by
looking at the input connections. For example, at the left
of Fig. 19-4 we see aresistor connecting an input lead to
ground. If ground is the midpoint, then clearly the two
rails must be plus and minus, and are probably the same
voltages. On the other hand, the right circuit in Fig. 19-4
shows a resistor going from an input to some point la-
belled +V/2. If +V/2 is the midpoint, then most likely
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the positive rail is at

some voltage +V, 7 7

and the negative rail < :
is a 0 volts or
ground.

Looking back at
Fig. 19-1, we see ~
that the circuitry at
both inputs is identi-
cal. They both go di-
rectly into the base
of transistors Q1 and Q2. These transistors are both con-
nected as emitter followers (or common cathode ampli-
fiers), and they feed another pair of identical transistors,
Q3 and Qa. Thistells ustwo things:

1. Since emitter followers have a high input resis-
tance, the op-amp inputs have a high input resistance
also. They draw very little current from whatever feeds
them. So little, in fact, that for some calculations we can
assume that the input current is zero. (Some op-amps
are made with FET input transistor, in which case their
input current really is zero.)

2. Even if the input current is not quite zero, at least
the two inputs are symmetrical; that is, they use the
same internal circuitry. So their input currents should at
least be very close to each other, if not really zero.

+Vv/2

Fig. 19-4. Op-amp inputs

2. The voltage on the output must also be some-
where between the positive and negative rails, but it is
dlightly more limited. In most circuits, the output is
close to the midpoint voltage, and it often can’'t even get
closer than a volt or two to either rail. For example, the
output pin of a 741 op-amp connected between ground
(O volts) and +20 voltswill generally be between +2 and
+18 volts, and will probably be close to +10 volts a lot
of thetime.

Output pin

The output from the 741 op-amp is on pin 6. Fig. 19-1
shows that the output comes through a pair of fairly
small resistors from two transistors, Q14 and Qio.

Q14 can pull the output voltage up toward the posi-
tive rail (but not past it), while Q19 can pull it down to
the negative rail (but not past it). In other words, the
output voltage cannot go more positive than the positive
rail, or more negative than the negative rail. In fact,
most op-amps can’t even get al the way to the rails. For
example, the 741 output can only get within about 2
volts of therails. If, for instance, the power voltages are
110 volts, the output can only go up to about +8 or
down to -8 vaolts.

The op-amp output circuit resembles what audio or
communications people cal a push-pull circuit; digital
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people would call it a totem-pole cir-
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cuit. This means that the output transis-

tors can do a fairly decent job forcing
100000 b

the output voltage up or down. That is,

the output can provide some reason-
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able currents to a load. Some circuits 10000 i

add an external pair of transistors to

provide even more output current. -% 1000 bt
Just as the purpose of biasing in (5 EZE

transistor amplifiersisto make the out-

put voltage equal to about half of Ve, 100

so op-amps are usually biased to make

their output voltage half-way between 10 Leeeie
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the rails. As before, using a pair of

equal power voltages, one positive and

T

the other negative, makes the output sit 1
near 0 volts or ground.

Op-amp gain
Asusual, we definethe gain as
Vout = Gain x Vin

. Vout
Gan=——
Vin
but Vin and Vout are defined slightly differently from the
plain transistor amplifier circuit.
Vinisdefined as

Vin = VNI, = Vinv

where V.. is the voltage on the non-inverting input,
and Viny is the voltage on the inverting input. In other
words, the input voltage is the difference between the
two input pins. If the voltages on the two input pins are
the same — even if they are fairly large — the op-amp
sees no input. Only the difference between the two pins
isrecognized.
Vout is defined as

V++ V-
Vout = Vof output pin — +T

This is actually simpler than it looks. The last term on
theright, (V++ V-)/2, isjust the average of the positive
and negative rail voltages, so Vout is the difference be-
tween the actual voltage on the output pin (pin 6 in the
741) and the midpoint between the two rails. Thus the
equation

Vout = Gain x Vin

says that if Vin is zero (meaning that the two input pins
have the same voltage and their difference is therefore
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Fig. 19-5. 741 Op-amp freguency response

zero), the output should be midway between the two
rails (i.e., the difference between the actual output volt-
age and the midpoint is aso zero.)

(This is what the theory says. In practice, though,
thereis always alittle unbalance in the circuit — called
input offset — which causes the output voltage to be
different. If that’s a problem, then the two Null offset
pins can be used to adjust the output to be midway.)

Looking at Fig. 19-1 again, we see that there are
quite a few transistors between the input and the output.
Although the gain of a single stage might be fairly
small, gains of cascaded stages multiply, so the gain of
an op-amp is much higher.

Fig. 19-5 shows the gain vs. frequency of a typical
741 op-amp (741 op-amps made by different manufac-
turers may be dlightly different, as are other types of op-
amps). We can see that the gain at low frequencies —
below afew Hertz — is more than 100,000. But at just 5
or 6 Hz, the gain starts to drop. It gets lower and lower
as we go to higher frequencies, and by the time we get
to 1 MHz the gain is down to 1. Since the gain varies
from very big to very small, it's difficult to specify ex-
actly what the gain is. So we simply say that
e An op-amp is not very useful at the higher fre-

guencieswherethe gain is small, and
e At the lower frequencies where the op-amp is

useful, the gain is large enough that we just call

it “huge”.

This completely avoids the problem of specifying an
exact value. For those applications where the op-amp
can be used, the gain is simply called huge. And if we
need an op-amp at a frequency where the gain isn't
large enough, we have to look at some other type of op-
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amp which will have enough gain at high frequencies to
be useful.

Input and output voltages
From the gain equation

Vout = Gain x Vin

we can see that multiplying even a significant fraction
of avolt input times a huge gain could give us a huge
output voltage. But that can’t be! As mentioned earlier,
the output from an op-amp is limited; it has to lie some-
where between the positive and negative rail voltages.
In other words, the output voltage can’t be very big. The
only way to achieve that is to keep Vin tiny — so tiny
that, even after it is multiplied by a huge gain, the prod-
uct is still areasonably small number.

How tiny? Suppose we have 741 op-amp using £10-
volt power supplies; The output is thus limited to a max-
imum of about +8 volts. Assuming a gain of, say,
10,000 or so, we would then have as a maximum

Vout 8
Vin = Gain ~ 10,000 0.0008 volt
This is small enough that an ordinary voltmeter would
have trouble measuring it. So let’sjust say that the input
voltage for normal operation of an op-amp is smal
enough that we can call it zero valts.
But since Vin is defined as

Vin=VN.I. — Vinv

that means that the voltage between the inverting and
non-inverting inputs has to be zero or very close to zero
during normal operation.

Negative feedback

But, as usual, theory is just a bit different from the real
world. We earlier mentioned that there is something
called offset — when the input voltage is zero, the out-
put should theoretically also be zero, but it may not be.
In fact, the op-amp might even push the output all the
up or down to the rail voltage. While this could be cor-
rected by using the null offset pins, that doesn’t aways
work because there is some dight drift with time —
whatever adjustment you make today may not work to-
morrow or next week.

The solutionisto let the op-amp adjust its own input
voltage to bring the output voltage back to the correct
(or at least reasonable) value. Thisis done by using neg-
ative feedback.

The word feedback describes a connection where
part (or all) of the output of a system is sent back to the

Copyright © 2004 by Peter A. Stark - All Rights Reserved

input. If the feedback is such that it opposes an action or
corrects errors, then it is called negative. If it is such
that it increases errors or aids an action, then it is called
positive. If there is no feedback, then we say the system
is open loop.

Fig. 19-6 shows a simple example of negative feed-
back in an amplifier. The negative feedback is provided
by the resistor path from the output back to the inverting
(-) input. In fact, we can make agenera rule asfollows:

In an amplifier using an op-amp, there
will always be some circuit connecting the
output back to theinverting or —input.

Always.

That circuit will usually contain resistors, though in
asimple case it might just be asingle wire (which repre-
sents a zero-ohm resistance). It may also contain capaci-
tors or other components.

Thenon-inverting amplifier

Fig. 19-6 shows a basic non-inverting amplifier. Since
the input is applied to the + (N.1.) input, the output is
not inverted.

Although the gain of the op-amp itself is some huge
number (see Fig. 19-5), the gain of the complete circuit
isnot. In fact, it depends only on the resistor values. We
can find the circuit gain asfollows:

1. Assume that the circuit output is some value we
will cal V.

2. Calculate the voltage at the junction of the two re-
sistors. We would usually use the voltage divider for-
mula, but since in this particular case the two resistors
are egqual, the voltage at the midpoint of the resistorsis
Vo/ 2.

3. This voltage is sent back to the — input of the op-
amp. Since we know (!) that the two op-amp inputs
must be at the same voltage, the voltage at the + input is
aso Vo/2.

4. Hence the input voltage V; is haf of the output
voltage. This means that the output voltage is twice the
input voltage, and sothegainis 2.

Regardless of the resistor values, we can always go
through these steps using the voltage divider equation to

Vi

Fig. 19-6. Non-inverting amplifier
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calculate the input voltage. But if you prefer an actual
equation that solvesfor the gainin one step, itis
can="0-Ri*Re
Vi Ro
The gain of the entire amplifier is actually the reciprocal
of thelossin the voltage divider, which is
Ro

Ri1+ R

For example, if the voltage divider sends Y100 of the
output back to the input, then the gain is 100.

Note that the Vi and V, in the gain equation are not
the same as the Vin and Vout that we had earlier. Vin and
Vout are the voltages at the input and output of the op-
amp, whereas Vi and V, are the voltages at the input and
output of the entire circuit. The op-amp may till have a
huge gain, but the complete circuit hasagain of just 2.

Depending on the feedback circuit, we can have
higher gain or lower gain. To have a higher gain, we re-
duce the amount of signal being fed back. To have a
lower gain, we increase the amount of feedback. One
common non-inverting amplifier, caled a voltage fol-
lower, is shown in Fig. 19-7. This circuit sends 100% of
the output signal back to the input, and its gain is 1. Al-
though it therefore has no voltage gain, it is still useful
to isolate circuits, or to provide a current or power gain.

To see that the circuit provides negative feedback,
let's look at what actually happens. Suppose that we
start with input and output voltages all zero, but then the
input voltage rises dightly. As Fig. 19-7 shows, the
input voltage V; is connected to the + (non-inverting)
input. As this signal rises, the output starts to rise as
well, but much faster because of the huge gain of the
op-amp. The increased output causes
the — (inverting) input voltage to rise as

Fig. 19-7. Voltage follower hasagain of 1

plotted in Fig. 19-5 is called the open-loop gain — that
is the gain without any feedback. The open loop re-
sponseis aso shown asthelight curvein Fig. 19-7.

The heavy black curve in Fig. 19-7 shows what hap-
pens to the frequency response as soon as we add nega-
tive feedback.

This particular graph is plotted for a gain of 100.
The huge gain of the op-amp at lower frequenciesis cut
down to 100. Although this doesn’t increase the gain at
very high frequencies, it does increase the apparent fre-
guency response because the gain is now level from low
frequencies up to near 10,000 Hz, and only starts to
drop above that. The more feedback we apply, the lower
the gain, but also the better is the apparent frequency re-
sponse.

Negative feedback not only improves (flattens) the
frequency response, but it also lowers the distortion that
an amplifier produces. It also affects the input and out-
put impedances of the circuit. Negative feedback is used
in ailmost all high-quality amplifiers used for music be-
cause of its better frequency response and lower distor-
tion.
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well. As soon as the voltage on the —

input rises to the level of the + input,
100000 b

the op-amp stops raising its output

voltage and the circuit settles down

again. In other words, as soon as the

10000 s

voltage difference between the + and —

inputs rises, the signal fed back from -% 1000 L

the output rises to match, reducing the (n

voltage Vin that the op-amp sees be-

tween the two inputs. Thus the feed- 100 [errmeerrerers
back signa fights the input signal,

causing negative feedback. 10 b
Amplifier frequency response 1

Ny

As we saw in Fig. 19-5, the frequency
response of a 741 op-amp is quite poor;
only at the very lowest frequencies
does it have the full gain. The gain
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Fig. 19-8. Frequency response when the gain is 100
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Fig. 19-9. Inverting amplifier circuit

Theinverting op-amp amplifier

Fig. 19-9 shows the circuit of an inverting op-amp am-
plifier. It inverts the signal since the input signa is ap-
plied to the — (inverting) input. We figure out the circuit
gain asfollows:

1. Sincethe + input is grounded, it isat O volts.

2. Since in normal operation, the input voltage Vin to
the op-amp is zero, then the — input (and the junction of
the two resistors) isalso at 0 valts.

3. The voltage across the input resistor R is equal to
Vi, so the current through it is

Vi
Ithrough Ry = R

4. The voltage across the feedback resistor Ry is
equal toVo, so the current throughiitis

voogny = V0
through Rf = Re
We put in a minus sign, since Vj is the opposite sign of
Vi inaninverting amplifier.
5. The current into the op-amp inputs is essentialy
zero, so the currentsin the two resistors must be equal:
Vi_ Vo
R R
and therefore

The minus sign tells us that the amplifier inverts; that is,
if theinput is plus, the output is minus, and vice versa.

Notice that, as before, there is a negative feedback
path from the output back to the inverting input. Note
too that sometimes we draw the inverting input on top,
as in Fig. 19-9; other times we may draw it on the bot-
tom, as in Fig. 19-7. We use whichever makes it more
convenient to draw in the feedback path without cross-
ing other connections. Be careful when wiring or trou-
bleshooting the circuit.

The*“Whole Story”

The circuits in Figures 19-6 and 19-9 work, but they
need separate positive and negative power supplies. If
we want to run them from a single positive supply, then
the circuits become a bit more complicated. Fig. 19-10
shows an actual circuit showing two separate amplifier
stages — a non-inverting stage with a gain of 10, fol-
lowed by an inverting stage with again of 2.

RS
20k

R7
1Ko

%

— 100pF

Fig. 19-10. Two amplifier stages using a single power supply
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First of all, to run everything from a positive supply
of +V volts, we need also a voltage of half of that —
called +V/2 in the schematic. Resistors Rg and R7 are a
voltage divider that provides that voltage. In addition,
we must add capacitor C4 to filter this signal so it is
pure and contains no noise or ripple.

Next, since the inputs and outputs of the op-amps
will have a voltage on them, we must provide isolation
cap- acitors to keep these voltages from interfering with
other, adjacent circuits. This is done by capacitors Cj,
C2, and Cz. In practice, we must make sure these are
big enough that they let through all the frequencies of
interest.

In the amplifiers themselves, all the points that used
to be connected to ground in Figs. 19-6 and 19-9 are
now connected to +V/2.

Finally, we must make sure that none of the op-amp
inputs are left “floating” — that is, left unconnected
from a dc circuit of some kind, which would let them
float to some weird dc voltage. This means we must add
resistor R1 to keep the + input of the first op-amp at the
required +V/2 dc bias. None of the other inputs require
aspecia resistor, since they are aready held at +V/2 by
some other circuit — a direct connection to +V/2 on the
+ input of the second op-amp, or by being connected to
the output through a feedback circuit, as in the — inputs
of both op-amps.
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