CHAPTER

The Operational

8@ Amplifier

INTRODUCTION

At this point we have a good set of circuit analysis tools at our dis-
posal, but have focused primarily on somewhat general circuits
composed of only sources and resistors. In this chapter, we intro-
duce a new component which, although technically nonlinear, can
be treated effectively with linear models. This element, known as
the operational amplifier or op amp for short, finds daily usage in a
large variety of electronic applications. It also provides us a new
element to use in building circuits, and another opportunity to test
out our developing analytical skills.

6.1 , BACKGROUND

The origins of the operational amplifier date to the 1940s, when
basic circuits were constructed using vacuum tubes to perform
mathematical operations such as addition, subtraction, multiplica-
tion, division, differentiation, and integration. This enabled the con-
struction of analog (as opposed to digital) computers tasked with the
solution of complex differential equations. The first commercially
available op amp device is generally considered to be the K2-W,
manufactured by Philbrick Researches, Inc. of Boston from about
1952 through the early 1970s (Fig. 6.1a). These early vacuum
tube devices weighed 3 oz (85 g), measured 133/s4 in X 2%4 in X
47/e4 in (3.8 cm x 5.4 cm x 10.4 c¢cm), and sold for about US$22.
In contrast, integrated circuit (IC) op amps such as the Fairchild
KA741 weigh less than 500 mg, measure 5.7 mm x 4.9 mm x
1.8 mm, and sell for approximately US$0.22.

Compared to op amps based on vacuum tubes, modern IC op
amps are constructed using perhaps 25 or more transistors all on the
same silicon “chip,” as well as resistors and capacitors needed to ob-
tain the desired performance characteristics. As a result, they run at
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M FIGURE 6.2 (a) Electrical symbol for the op amp.
(b) Minimum required connections to be shown on a
circuit schematic.

B FIGURE 6.1 (a) A Philbrick K2-W op amp, based on a matched pair of 12AX7A vacuum tubes.

(b) LMV321 op amp, used in a variety of phone and game applications. (c) LMC6035 operational amplifier,
which packs 114 transistors into a package so small that it fits on the head of a pin.

(b—¢) Copyright © 2011 National Semiconductor Corporation (www.national.com). All rights reserved.
Used with permission.

much lower dc supply voltages (£18 V, for example, as opposed to £300 V
for the K2-W), are more reliable, and considerably smaller (Fig. 6.1b,c). In
some cases, the IC may contain several op amps. In addition to the output pin
and the two inputs, other pins enable power to be supplied to run the transis-
tors, and for external adjustments to be made to balance and compensate the
op amp. The symbol commonly used for an op amp is shown in Fig. 6.2a. At
this point, we are not concerned with the internal circuitry of the op amp or the
IC, but only with the voltage and current relationships that exist between the
input and output terminals. Thus, for the time being we will use a simpler elec-
trical symbol, shown in Fig. 6.2b. Two input terminals are shown on the left,
and a single output terminal appears at the right. The terminal marked by a
“+” is referred to as the noninverting input, and the “—"" marked terminal is
called the inverting input.

6.2 THE IDEAL OP AMP: A CORDIAL INTRODUCTION

In practice, we find that most op amps perform so well that we can often
make the assumption that we are dealing with an “ideal” op amp. The char-
acteristics of an ideal op amp form the basis for two fundamental rules that
at first may seem somewhat unusual:

Ideal Op Amp Rules
1. No current ever flows into either input terminal.

2. There is no voltage difference between the two input terminals.

In a real op amp, a very small leakage current will flow into the input
(sometimes as low as 40 femtoamperes). It is also possible to obtain a very
small voltage across the two input terminals. However, compared to other
voltages and currents in most circuits, such values are so small that includ-
ing them in the analysis does not typically affect our calculations.

When analyzing op amp circuits, we should keep one other point in mind.
As opposed to the circuits that we have studied so far, an op amp circuit al-
ways has an output that depends on some type of input. Therefore, we will an-
alyze op amp circuits with the goal of obtaining an expression for the output
in terms of the input quantities. We will find that it is usually a good idea to
begin the analysis of an op amp circuit at the input, and proceed from there.
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The circuit shown in Fig. 6.3 is known as an inverting amplifier. We
choose to analyze this circuit using KVL, beginning with the input voltage
source. The current labeled i flows only through the two resistors Ry and Ry,
ideal op amp rule 1 states that no current flows into the inverting input
terminal. Thus, we can write

—vin + Ryi + Rfi + Vout = 0

which can be rearranged to obtain an equation that relates the output to the
input:

Vout = Vin — (Rl + Rf)l [1]

Given vy, = 5sin3t mV, Ry = 4.7 k2, and Ry = 47 k2, we require one
additional equation that expresses i only in terms of vVou, Vin, R1, and/or Ry.

This is a good time to mention that we have not yet made use of ideal
op amp rule 2. Since the noninverting input is grounded, it is at zero volts.
By ideal op amp rule 2, the inverting input is therefore also at zero volts!
This does not mean that the two inputs are physically shorted together, and
we should be careful not to make such an assumption. Rather, the two input
voltages simply track each other: if we try to change the voltage at one pin,
the other pin will be driven by internal circuitry to the same value. Thus, we
can write one more KVL equation:

—Vin+Rii+0=0
or

. Vin
-1 2
! R, (2]

Combining Eq. [2] with Eq. [1], we obtain an expression for vqy in
terms of vj,:

Vout = — %~ Vin [3]
1

Substituting v;, = 5sin3t mV, R = 4.7 kQ, and Ry = 47 kQ,
Vout = —50 sin 3¢ mV

Since Ry > Ry, this circuit amplifies the input voltage signal v;,. If we
choose Ry < Ry, the signal will be attenuated instead. We also note that the
output voltage has the opposite sign of the input voltage,' hence the name
“inverting amplifier.” The output is sketched in Fig. 6.4, along with the in-
put waveform for comparison.

At this point, it is worth mentioning that the ideal op amp seems to be
violating KCL. Specifically, in the above circuit no current flows into or out
of either input terminal, but somehow current is able to flow into the output
pin! This would imply that the op amp is somehow able to either create elec-
trons out of nowhere or store them forever (depending on the direction of
current flow). Obviously, this is not possible. The conflict arises because we
have been treating the op amp the same way we treated passive elements

(1) Or, “the output is 180° out of phase with the input,” which sounds more impressive.

Ry i
R]
—_—
i + +

in

B 1

M FIGURE 6.3 An op amp used to construct an
inverting amplifier circuit. The current / flows to ground
through the output pin of the op amp.

A\

The fact that the inverting input terminal finds itself at
zero volts in this type of circuit configuration leads to
what is often referred to as a “virtual ground.” This does
not mean that the pin is actually grounded, which is
sometimes a source of confusion for students. The

op amp makes whatever internal adjustments are
necessary to prevent a voltage difference between the
input terminals. The input terminals are not shorted
together.

Voltage (mV)

-60 —

M FIGURE 6.4 Input and output waveforms of the
inverting amplifier circuit.
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M FIGURE 6.5 An inverting amplifier circuit with a

2.5V input.

EXAMPLE 6.1
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such as the resistor. In reality, however, the op amp cannot function unless
it is connected to external power sources. It is through those power sources
that we can direct current flow through the output terminal.

Although we have shown that the inverting amplifier circuit of Fig. 6.3
can amplify an ac signal (a sine wave in this case having a frequency of
3 rad/s and an amplitude of 5 mV), it works just as well with dc inputs. We
consider this type of situation in Fig. 6.5, where values for R; and Ry are to
be selected to obtain an output voltage of —10 V.

This is the same circuit as shown in Fig. 6.3, but with a 2.5 V dc input.
Since no other change has been made, the expression we presented as Eq. [3]
is valid for this circuit as well. To obtain the desired output, we seek a ratio
of Reto Ry of 10/2.5, or 4. Since it is only the ratio that is important here, we
simply need to pick a convenient value for one resistor, and the other resis-
tor value is then fixed at the same time. For example, we could choose
R; =100 €2 (so Ry =400 ), or even Ry =8 MQ (so R =2MQ). In
practice, other constraints (such as bias current) may limit our choices.

This circuit configuration therefore acts as a convenient type of voltage
amplifier (or attenuator, if the ratio of Ry to R; is less than 1), but does
have the sometimes inconvenient property of inverting the sign of the input.
There is an alternative, however, which is analyzed just as easily—the non-
inverting amplifier shown in Fig. 6.6. We examine such a circuit in the
following example.

M FIGURE 6.6 (a) An op amp used to construct a

(b)

Yout

i

noninverting amplifier circuit. (b) Circuit with the

current through R, and Ry defined, as well as both

input voltages labeled.

Sketch the output waveform of the noninverting amplifier circuit in
Fig. 6.6a. Use vj, = 5 sin 3t mV, Ry = 4.7 kQ, and Ry = 47 kQ.

Identify the goal of the problem.
We require an expression for vy that only depends on the known
quantities viy, Ry, and Ry.

Collect the known information.

Since values have been specified for the resistors and the input
waveform, we begin by labeling the current i and the two input
voltages as shown in Fig. 6.6b. We will assume that the op amp is
an ideal op amp.

Devise a plan.

Although mesh analysis is a favorite technique of students, it turns out
to be more practical in most op amp circuits to apply nodal analysis,
since there is no direct way to determine the current flowing out of the
Oop amp output.

Construct an appropriate set of equations.

Note that we are using ideal op amp rule 1 implicitly by defining the
same current through both resistors: no current flows into the invert-
ing input terminal. Employing nodal analysis to obtain our expression
for voy in terms of vy,, we thus find that
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At node a:
0= Va | Va — Vout [4]
R Ry
At node b:
Up = Vin [5]

Determine if additional information is required.
Our goal is to obtain a single expression that relates the input and
output voltages, although neither Eq. [4] nor Eq. [5] appears to do so.
However, we have not yet employed ideal op amp rule 2, and we will
find that in almost every op amp circuit both rules need to be invoked
in order to obtain such an expression.

Thus, we recognize that v, = v, = v, and Eq. [4] becomes

0= & Vin — Vout
R, Ry

Attempt a solution.
Rearranging, we obtain an expression for the output voltage in terms
of the input voltage vjy:

R
Vout = (1 + R—f) Vin = 11Uin = 55sin3t mV
1

Verify the solution. Is it reasonable or expected?

The output waveform is sketched in Fig. 6.7, along with the input
waveform for comparison. In contrast to the output waveform of the
inverting amplifier circuit, we note that the input and output are in
phase for the noninverting amplifier. This should not be entirely
unexpected: it is implicit in the name “noninverting amplifier.”

PRACTICE -

6.1 Derive an expression for v, in terms of v;, for the circuit shown in
Fig. 6.8.

Ans: voy = vin. The circuit is known as a “voltage follower,” since the output
voltage tracks or “follows” the input voltage.

Just like the inverting amplifier, the noninverting amplifier works with
dc as well as ac inputs, but has a voltage gain of vou/vin = 1+ (Ry/Ry).
Thus, if we set Ry =9 Q and R; = 1 2, we obtain an output vy, which is
10 times larger than the input voltage v;,. In contrast to the inverting ampli-
fier, the output and input of the noninverting amplifier always have the same
sign, and the output voltage cannot be less than the input; the minimum gain
is 1. Which amplifier we choose depends on the application we are consid-
ering. In the special case of the voltage follower circuit shown in Fig. 6.8,
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Voltage (mV)

M FIGURE 6.7 Input and output waveforms for the
noninverting amplifier circuit.

M FIGURE 6.8
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which represents a noninverting amplifier with Ry set to oo and Ry set to
zero, the output is identical to the input in both sign and magnitude. This
may seem rather pointless as a general type of circuit, but we should keep in
mind that the voltage follower draws no current from the input (in the ideal
case)—it therefore can act as a buffer between the voltage v;, and some re-
sistive load R connected to the output of the op amp.

We mentioned earlier that the name “operational amplifier” originates
from using such devices to perform arithmetical operations on analog (i.e.,
nondigitized, real-time, real-world) signals. As we see in the following two
circuits, this includes both addition and subtraction of input voltage signals.

EXAMPLE 6.2

Obtain an expression for v, in terms of v;, v, and v for the
op amp circuit in Fig. 6.9, also known as a summing amplifier.

U

M FIGURE 6.9 Basic summing amplifier circuit with three inputs.

We first note that this circuit is similar to the inverting amplifier circuit
of Fig. 6.3. Again, the goal is to obtain an expression for vy, (Which
in this case appears across a load resistor R;) in terms of the inputs
(U], U, and U3).

Since no current can flow into the inverting input terminal, we can
write

I =i +i2+i3
Therefore, we can write the following equation at the node labeled v,:

Va — Vout Vg — Vg Vg — U2 Vg — U3
0=
Ry TR TR TR

This equation contains both v, and the input voltages, but unfortu-
nately it also contains the nodal voltage v,. To remove this unknown
quantity from our expression, we need to write an additional equation
that relates v, to vou, the input voltages, Ry, and/or R. At this point, we
remember that we have not yet used ideal op amp rule 2, and that we
will almost certainly require the use of both rules when analyzing an
op amp circuit. Thus, since v, = v, = 0, we can write the following:
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Rearranging, we obtain the following expression for vgy:
Ry
Vout = _?(Ul + v + U3) [6]

In the special case where v, = v3 = 0, we see that our result agrees
with Eq. [3], which was derived for essentially the same circuit.

There are several interesting features about the result we have just de-
rived. First, if we select Ry so that it is equal to R, then the output is the (neg-
ative of the) sum of the three input signals vy, v,, and vs. Further, we can select
the ratio of Ry to R to multiply this sum by a fixed constant. So, for exam-
ple, if the three voltages represented signals from three separate scales cal-
ibrated so that —1 V = 1 1b, we could set Ry = R/2.205 to obtain a voltage
signal that represented the combined weight in kilograms (to within about
1 percent accuracy due to our conversion factor).

Also, we notice that R; did not appear in our final expression. As long as its
value is not too low, the operation of the circuit will not be affected; at present,
we have not considered a detailed enough model of an op amp to predict such
an occurrence. This resistor represents the Thévenin equivalent of whatever we
use to monitor the amplifier output. If our output device is a simple voltmeter,
then R;, represents the Thévenin equivalent resistance seen looking into the
voltmeter terminals (typically 10 M2 or more). Or, our output device might
be a speaker (typically 8 €2), in which case we hear the sum of the three sepa-
rate sources of sound; vy, v, and v3 might represent microphones in that case.

One word of caution: It is frequently tempting to assume that the current
labeled i in Fig. 6.9 flows not only through R,but through R; also. Not true!
It is very possible that current is flowing through the output terminal of the
op amp as well, so that the currents through the two resistors are not the
same. It is for this reason that we almost universally avoid writing KCL
equations at the output pin of an op amp, which leads to the preference of
nodal over mesh analysis when working with most op amp circuits.

For convenience, we summarize the most common op amp circuits in
Table 1.

PRACTICE "

6.2 Derive an expression for vy in terms of v and v, for the circuit
shown in Fig. 6.10, also known as a difference amplifier.

R 7,

a

i
R
ANN—
U
— NN
7 iy R
) R

B FIGURE 6.10

Ans: voy = v2 — v;. Hint: Use voltage division to obtain vj.
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TABLE _ 6.1 Summary of Basic Op Amp Circuits
Name Circuit Schematic Input-Output Relation
Rf ! Vout = _&vin
Ry

Inverting Amplifier «
Rl
—_—
i aF
Yout

Noninverting Amplifier

VUout = Vin

Voltage Follower
(also known as a
Unity Gain Amplifier)

1/()1“

Rf
Vout = _?(Ul + vz + v3)

Summing Amplifier

41

Vout = V2 — V]

Difference Amplifier
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( PRACTICAL APPLICATION )

A Fiber Optic Intercom

A point-to-point intercom system can be constructed
using a number of different approaches, depending on
the intended application environment. Low-power radio
frequency (RF) systems work very well and are gener-
ally cost-effective, but are subject to interference from
other RF sources and are also prone to eavesdropping.
Use of a simple wire to connect the two intercom sys-
tems instead can eliminate a great deal of the RF inter-
ference as well as increase privacy. However, wires are
subject to corrosion and short circuits when the plastic
insulation wears, and their weight can be a concern in
aircraft and related applications (Fig. 6.11).

M FIGURE 6.11 The application environment often dictates design
constraints. (© Michael Melford/Riser/Getty Images.)

An alternative design would be to convert the electri-
cal signal from the microphone to an optical signal,
which could then be transmitted through a thin (~50 um
diameter) optical fiber. The optical signal is then con-
verted back to an electrical signal, which is amplified
and delivered to a speaker. A schematic diagram of such
a system is shown in Fig. 6.12; two such systems would
be needed for two-way communication.

) Light
Microphone source /\ttodetector
Amplifier Optical fiber Amgliticr Speaker

B FIGURE 6.12 Schematic diagram of one-half of a simple fiber optic
intercom.

We can consider the design of the transmission and
reception circuits separately, since the two circuits are in
fact electrically independent. Figure 6.13 shows a simple

by
N\
R
+
LED /’_—f;
Microphone

B FIGURE 6.13 Circuit used to convert the electrical microphone signal
into an optical signal for transmission through a fiber.

signal generation circuit consisting of a microphone, a
light-emitting diode (LED), and an op amp used in a
noninverting amplifier circuit to drive the LED; not
shown are the power connections required for the op
amp itself. The light output of the LED is roughly pro-
portional to its current, although less so for very small
and very large values of current.
We know the gain of the amplifier is given by

Vin Ry

which is independent of the resistance of the LED. In or-
der to select values for Ry and R, we need to know the
input voltage from the microphone and the necessary
output voltage to power the LED. A quick measurement
indicates that the typical voltage output of the micro-
phone peaks at 40 mV when someone is using a normal
speaking voice. The LED manufacturer recommends op-
erating at approximately 1.6 V, so we design for a gain of
1.6/0.04 = 40. Arbitrarily choosing R; = 1 k<2 leads to
arequired value of 39 k<2 for Ry.

The circuit of Fig. 6.14 is the receiver part of our one-
way intercom system. It converts the optical signal from
the fiber into an electrical signal, amplifying it so that an
audible sound emanates from the speaker.

Ry

Speaker
Photodetector

M FIGURE 6.14 Receiver circuit used to convert the optical signal into
an audio signal.

(Continued on next page)




After coupling the LED output of the transmitting
circuit to the optical fiber, a signal of approximately
10 mV is measured from the photodetector. The speaker
is rated for a maximum of 100 mW and has an equivalent
resistance of 8 €2. This equates to a maximum speaker
voltage of 894 mV, so we need to select values of R, and

selection of R, = 10 k€2, we find that a value of 884 k2
completes our design.

This circuit will work in practice, although the non-
linear characteristics of the LED lead to a noticeable dis-
tortion of the audio signal. We leave improved designs
for more advanced texts.

R; to obtain a gain of 894/10 = 89.4. With the arbitrary

6.3 , CASCADED STAGES

Although the op amp is an extremely versatile device, there are numerous
applications in which a single op amp will not suffice. In such instances, it
is often possible to meet application requirements by cascading several in-
dividual op amps together in the same circuit. An example of this is shown
in Fig. 6.15, which consists of the summing amplifier circuit of Fig. 6.9 with
only two input sources, and the output fed into a simple inverting amplifier.
The result is a two-stage op amp circuit.

41

B FIGURE 6.15 A two-stage op amp circuit consisting of a summing amplifier cascaded
with an inverting amplifier circuit.

We have already analyzed each of these op amp circuits separately.
Based on our previous experience, if the two op amp circuits were discon-
nected, we would expect

B2 w0 7]
vy =——(; +v
R 1 2
and
_ B (8]
Uout = R, Ux

In fact, since the two circuits are connected at a single point and the
voltage v, is not influenced by the connection, we can combine Egs. [7] and
[8] to obtain

R> R f

RR (1 +v2) (9]

Vout =
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which describes the input-output characteristics of the circuit shown in
Fig. 6.15. We may not always be able to reduce such a circuit to familiar
stages, however, so it is worth seeing how the two-stage circuit of Fig. 6.15
can be analyzed as a whole.

When analyzing cascaded circuits, it is sometimes helpful to begin with
the last stage and work backward toward the input stage. Referring to ideal
op amp rule 1, the same current flows through R; and R,. Writing the appro-
priate nodal equation at the node labeled v, yields

Ve — Uy Ve — Vout
0= 10
R + % [10]

Applying ideal op amp rule 2, we can set v, = 0 in Eq. [10], resulting in

0= 4 Dou [11]
R R
Since our goal is an expression for v,y in terms of vy and v,, we proceed
to the first op amp in order to obtain an expression for v, in terms of the two
input quantities.
Applying ideal op amp rule 1 at the inverting input of the first op amp,

Vg — Uy Vg — V1 Vg — V2
Ry R R

[12]

Ideal op amp rule 2 allows us to replace v, in Eq. [12] with zero, since
v, = vp = 0. Thus, Eq. [12] becomes

Uy V1 1%)
O0=—+4+—+4+—= 13
Rt R [13]

We now have an equation for vqy in terms of v, (Eq. [11]), and an equa-
tion for v, in terms of v; and v, (Eq. [13]). These equations are identical to
Egs. [7] and [8], respectively, which means that cascading the two separate
circuits as in Fig. 6.15 did not affect the input-output relationship of either
stage. Combining Eqgs. [11] and [13], we find that the input-output relation-
ship for the cascaded op amp circuit is

Vout = & &(Ul +v2) [14]
Ry R

which is identical to Eq. [9].

Thus, the cascaded circuit acts as a summing amplifier, but without a
phase reversal between the input and output. By choosing the resistor val-
ues carefully, we can either amplify or attenuate the sum of the two input
voltages. If we select R, = Ry and Ry = R, we can also obtain an amplifier
circuit where vy, = v; + va, if desired.

185
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EXAMPLE 6.3

A multiple-tank gas propellant fuel system is installed in a small
lunar orbit runabout. The amount of fuel in any tank is monitored
by measuring the tank pressure (in psia).? Technical details for
tank capacity as well as sensor pressure and voltage range are
given in Table 6.2. Design a circuit which provides a positive dc
voltage signal proportional to the total fuel remaining, such that
1V = 100 percent.

TABLE 6.2 Technical Data for Tank
Pressure Monitoring System

@
Tank 1 Capacity 10,000 psia
Tank 2 Capacity 10,000 psia
Tank 3 Capacity 2000 psia
Sensor Pressure Range 0 to 12,500 psia
Sensor Voltage Output 0to5 Vde

We see from Table 6.2 that the system has three separate gas tanks,
requiring three separate sensors. Each sensor is rated up to 12,500 psia,
with a corresponding output of 5 V. Thus, when tank 1 is full, its sensor
will provide a voltage signal of 5 x (10,000/12,500) = 4 V; the

same is true for the sensor monitoring tank 2. The sensor connected

to tank 3, however, will only provide a maximum voltage signal of

5 x (2000/12,500) = 800 mV.

One possible solution is the circuit shown in Fig. 6.16a, which em-
ploys a summing amplifier stage with vy, vy, and v3 representing the
three sensor outputs, followed by an inverting amplifier to adjust the
voltage sign and magnitude. Since we are not told the output resistance
of the sensor, we employ a buffer for each one as shown in Fig. 6.16b;
the result is (in the ideal case) no current flow from the sensor.

To keep the design as simple as possible, we begin by choosing
Ry, Ry, R3, and R4 to be 1 k2; any value will do as long as all four
resistors are equal. Thus, the output of the summing stage is

vy = —(v1 +v2 +v3)

The final stage must invert this voltage and scale it such that the
output voltage is 1 V when all three tanks are full. The full condition
results in v, = —(4 + 4 + 0.8) = —8.8 V. Thus, the final stage needs
a voltage ratio of Rg/Rs = 1/8.8. Arbitrarily choosing Rg = 1 k2, we
find that a value of 8.8 k€2 for Rs completes the design.

(2) Pounds per square inch, absolute. This is a differential pressure measurement relative to a vacuum
reference.
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R, Ry Ry
Ry
AN
Ry
v ) v3
(a)
} —O
v
)

M FIGURE 6.16 (a) A proposed circuit to provide a total fuel remaining readout. (b) Buffer design
to avoid errors associated with the internal resistance of the sensor and limitations on its ability to
provide current. One such buffer is used for each sensor, providing the inputs vy, v5, and vs to
the summing amplifier stage.

PRACTICE |

6.3 An historic bridge is showing signs of deterioration. Until renova-
tions can be performed, it is decided that only cars weighing less than
1600 kg will be allowed across. To monitor this, a four-pad weighing
system is designed. There are four independent voltage signals, one from
each wheel pad, with 1 mV = 1 kg. Design a circuit to provide a positive
voltage signal to be displayed on a DMM (digital multimeter) that repre-
sents the total weight of a vehicle, such that 1 mV = 1 kg. You may as-
sume there is no need to buffer the wheel pad voltage signals.

Ans: See Fig. 6.17.

S

M FIGURE 6.17 One possible solution to Practice Problem 6.3; all resistors are 10 k2 (although
any value will do as long as they are all equal). Input voltages vy, v, vs, and v, represent the voltage
signals from the four wheel pad sensors, and Ve, is the output signal to be connected to the positive
input terminal of the DMM. All five voltages are referenced to ground, and the common terminal of
the DMM should be connected to ground as well.

187
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6.4 _ CIRCUITS FOR VOLTAGE AND CURRENT SOURCES

In this and previous chapters we have often made use of ideal current and volt-
age sources, which we assume provide the same value of current or voltage, re-
spectively, regardless of how they are connected in a circuit. Our assumption
of independence has its limits, of course, as mentioned in Sec. 5.2 when we
discussed practical sources which included a “built-in” or inherent resistance.
The effect of such a resistance was a reduction of the voltage output of a volt-
age source as more current was demanded, or a diminished current output as
more voltage was required from a current source. As discussed in this section, it
is possible to construct circuits with more reliable characteristics using op amps.

A Reliable Voltage Source

One of the most common means of providing a stable and consistent refer-
ence voltage is to make use of a nonlinear device known as a Zener diode.
Its symbol is a triangle with a Z-like line across the top of the triangle, as
shown for a IN750 in the circuit of Fig. 6.18a. Diodes are characterized by

= Iener Example (active)
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M FIGURE 6.18 (a) PSpice schematic of a simple voltage reference circuit based on the 1N750 Zener
diode. (b) Simulation of the circuit showing the diode voltage Vref as a function of the driving voltage V1.
(c) Simulation of the diode current, showing that its maximum rating is exceeded when V1 exceeds
12.3 V. (Note that performing this calculation assuming an ideal Zener diode yields 12.2 V.)
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a strongly asymmetric current-voltage relationship. For small voltages, they
either conduct essentially zero current—or experience an exponentially in-
creasing current—depending on the voltage polarity. In this way, they dis-
tinguish themselves from the simple resistor, where the magnitude of the
current is the same for either voltage polarity and hence the resistor current-
voltage relationship is symmetric. Consequently, the terminals of a diode
are not interchangeable, and have unique names: the anode (the flat part of
the triangle) and the cathode (the point of the triangle).

A Zener diode is a special type of diode designed to be used with a positive
voltage at the cathode with respect to the anode; when connected this way, the
diode is said to be reverse biased. For low voltages, the diode acts like a resis-
tor with a small linear increase in current flow as the voltage is increased. Once
acertain voltage (Vpr) is reached, however—known as the reverse breakdown
voltage or Zener voltage of the diode—the voltage does not significantly in-
crease further, but essentially any current can flow up to the maximum rating
of the diode (75 mA for a 1IN750, whose Zener voltage is 4.7 V).

Let’s consider the simulation result presented in Fig. 6.18b, which shows
the voltage V..t across the diode as the voltage source V1 is swept from 0 to
20 V. Provided V1 remains above 5V, the voltage across our diode is es-
sentially constant. Thus, we could replace V1 with a 9 V battery, and not be
too concerned with changes in our voltage reference as the battery voltage
begins to drop as it discharges. The purpose of R1 in this circuit is simply to
provide the necessary voltage drop between the battery and the diode; its
value should be chosen to ensure that the diode is operating at its Zener volt-
age but below its maximum rated current. For example, Fig. 6.18c shows
that the 75 mA rating is exceeded in our circuit if the source voltage V1 is
much greater than 12 V. Thus, the value of resistor R1 should be sized cor-
responding to the source voltage available, as we explore in Example 6.4.
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EXAMPLE 6.4

Design a circuit based on the IN750 Zener diode that runs on a
single 9 V battery and provides a reference voltage of 4.7 V.

The 1N750 has a maximum current rating of 75 mA, and a Zener volt-
age of 4.7 V. The voltage of a 9 V battery can vary slightly depending
on its state of charge, but we neglect this for the present design.

A simple circuit such as the one shown in Fig. 6.19a is adequate
for our purposes; the only issue is determining a suitable value for the
resistor Rif.

If 4.7 V is dropped across the diode, then 9 — 4.7 = 4.3 V must be
dropped across R Thus,

9 Vir 4.3

Rref =
I ref I, ref

We determine Ry; by specifying a current value. We know that /,.¢
should not be allowed to exceed 75 mA for this diode, and large currents
will discharge the battery more quickly. However, as seen in Fig. 6.19b,
we cannot simply select /¢ arbitrarily; very low currents do not allow

(Continued on next page)
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B FIGURE 6.19 (a) A voltage reference circuit based
on the TN750 Zener diode. (b) Diode /-V/ relationship.
(c) PSpice simulation of the final design.
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the diode to operate in the Zener breakdown region. In the absence of a
detailed equation for the diode’s current-voltage relationship (which is
clearly nonlinear), we design for 50 percent of the maximum rated cur-
rent as a rule of thumb. Thus,

4.3

Ruf = —— =115 Q
'~ 0.0375

Detailed “tweaking” can be obtained by performing a PSpice simu-
lation of the final circuit, although we see from Fig. 6.19¢ that our first
pass is reasonably close (within 1 percent) to our target value.

The basic Zener diode voltage reference circuit of Fig. 6.18a works very
well in many situations, but we are limited somewhat in the value of the volt-
age depending on which Zener diodes are available. Also, we often find that
the circuit shown is not well suited to applications requiring more than a few
milliamperes of current. In such instances, we may use the Zener reference
circuit in conjunction with a simple amplifier stage, as shown in Fig. 6.20.
The result is a stable voltage that can be controlled by adjusting the value of
either R; or Ry, without having to switch to a different Zener diode.

Ry

+

yOlll
M FIGURE 6.20 An op amp-based voltage source
using on a Zener voltage reference.

PRACTICE >

6.4 Design a circuit to provide a reference voltage of 6 V using a
IN750 Zener diode and a noninverting amplifier.

Ans: Using the circuit topology shown in Fig. 6.20, choose Vi =9V,
R =115 Q, Ry = 1k, and Ry = 268 Q.

A Reliable Current Source

Consider the circuit shown in Fig. 6.21a, where V¢ is provided by a regu-
lated voltage source such as the one shown in Fig. 6.19a. The reader may
recognize this circuit as a simple inverting amplifier configuration, assum-
ing we tap the output pin of the op amp. We can also use this circuit as a cur-
rent source, however, where R, represents a resistive load.

The input voltage Vi appears across reference resistor Ry, since the
noninverting input of the op amp is connected to ground. With no current



SECTION 6.4 CIRCUITS FOR VOLTAGE AND CURRENT SOURCES ® 191
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(©
M FIGURE 6.21 (a) An op amp-based current source, controlled by the reference voltage V.

(b) Circuit redrawn to highlight load. (c) Circuit model. Resistor R; represents the Norton equivalent of
an unknown passive load circuit.

flowing into the inverting input, the current flowing through the load resistor
Ry is simply

Vref
Rref

In other words, the current supplied to R; does not depend on its
resistance—the primary attribute of an ideal current source. It is also worth
noting that we are not tapping the output voltage of the op amp here as a quan-
tity of interest. Instead, we may view the load resistor R, as the Norton (or
Thévenin) equivalent of some unknown passive load circuit, which receives
power from the op amp circuit. Redrawing the circuit slightly as in Fig. 6.21b,
we see that it has a great deal in common with the more familiar circuit of
Fig. 6.21c. In other words, we may use this op amp circuit as an independent
current source with essentially ideal characteristics, up to the maximum rated
output current of the op amp selected.

I, =

EXAMPLE 6.5

Design a current source that will deliver 1 mA to an arbitrary
resistive load.

Basing our design on the circuits of Fig. 6.20 and Fig. 6.21a, we know
that the current through our load R; will be given by
Vref

. =
’ Rref

where values for Vit and R;.¢ must be selected, and a circuit to provide Vie¢
must also be designed. If we use a IN750 Zener diode in series witha 9 V

(Continued on next page)
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M FIGURE 6.22 One possible design for the desired

current source. Note the change in current direction
from Fig. 6.21b.

M FIGURE 6.24 A more detailed model for the
op amp.
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battery and a 100 € resistor, we know from Fig. 6.18b that a voltage of
4.9V will exist across the diode. Thus, Vs = 4.9V, dictating a value of
4.9/1073 = 4.9 kQ for Ryer. The complete circuit is shown in Fig. 6.22.

Note that if we had assumed a diode voltage of 4.7 V instead, the
error in our designed current would only be a few percent, well within
the typical 5 to 10 percent tolerance in resistor values we might expect.

The only issue remaining is whether 1 mA can in fact be provided to
any value of R;. For the case of R, = 0, the output of the op amp will
be 4.9 V, which is not unreasonable. As the load resistor is increased,
however, the op amp output voltage increases. Eventually we must
reach some type of limit, as discussed in Sec. 6.5.

PRACTICE _

6.5 Design a current source capable of providing 500 (A to a resistive
load.

Ans: See Fig. 6.23 for one possible solution.
Ry

9

8kQ
AN =
.
* 100 Q
9V T IN750

M FIGURE 6.23 One possible solution to Practice
Problem 6.5.

6.5  PRACTICAL CONSIDERATIONS
A More Detailed Op Amp Model

Reduced to its essentials, the op amp can be thought of as a voltage-
controlled dependent voltage source. The dependent voltage source provides
the output of the op amp, and the voltage on which it depends is applied to the
input terminals. A schematic diagram of a reasonable model for a practical
op amp is shown in Fig. 6.24; it includes a dependent voltage source with
voltage gain A, an output resistance R,, and an input resistance R;. Table 6.3
gives typical values for these parameters for several types of commercially
available op amps.

The parameter A is referred to as the open-loop voltage gain of the op amp,
and is typically in the range of 10° to 10°. We notice that all of the op amps
listed in Table 6.3 have extremely large open-loop voltage gain, especially
compared to the voltage gain of 11 that characterized the noninverting
amplifier circuit of Example 6.1. It is important to remember the distinction
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TABLE _ 6.3 Typical Parameter Values for Several Types of Op Amps

Part Number 1A741 LM324 LF411 AD549K OPA690
Description General Low-power Low-offset, low- Ultralow input Wideband video
purpose quad drift JFET input bias current frequency op amp
Open loop gain A 2 x 10° V/V 103 V/V 2 x 10° VIV 108 V/V 2800 V/V
Input resistance 2MQ & 1 TR 10 TQ 190 k2
Output resistance 75 Q < ~1Q ~15Q S
Input bias current 80 nA 45 nA 50 pA 75 fA 3 uA
Input offset voltage 1.0 mV 2.0 mV 0.8 mV 0.150 mV +1.0 mV
CMRR 90 dB 85 dB 100 dB 100 dB 65 dB
Slew rate 0.5 V/us & 15 Vius 3 Vius 1800 V/us
PSpice Model v v v

* Not provided by manufacturer.

v Indicates that a PSpice model is included in Orcad Capture CIS Lite Edition 16.3.

between the open-loop voltage gain of the op amp itself, and the closed-
loop voltage gain that characterizes a particular op amp circuit. The “loop”
in this case refers to an external path between the output pin and the invert-
ing input pin; it can be a wire, a resistor, or another type of element, de-
pending on the application.

The tA741 is a very common op amp, originally produced by Fairchild
Corporation in 1968. It is characterized by an open-loop voltage gain of
200,000, an input resistance of 2 M€2, and an output resistance of 75 €2. In
order to evaluate how well the ideal op amp model approximates the be-
havior of this particular device, let’s revisit the inverting amplifier circuit of
Fig. 6.3.

EXAMPLE 6.6

Using the appropriate values for the tA741 op amp in the model of
Fig. 6.24, reanalyze the inverting amplifier circuit of Fig. 6.3.

We begin by replacing the ideal op amp symbol of Fig. 6.3 with the
detailed model, resulting in the circuit shown in Fig. 6.25.
Note that we can no longer invoke the ideal op amp rules, since we are

not using the ideal op amp model. Thus, we write two nodal equations: A
0= —VU4 — Vin —VU4 — VUout —Vd
R, Ry R;
0= Vout + Va Vout — Avg
Ry R,

Performing some straightforward but rather lengthy algebra, we elimi-
nate vy and combine these two equations to obtain the following

(Continued on next page)
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vOLlI

Ry

B FIGURE 6.25 Inverting amplifier circuit drawn using detailed op amp model.

expression for vy in terms of vj,:

R,+Ry (1 1 1 177" i
w=l———+—+ =) - = — 15
fou [RO_ARf (R1+Rf+Ri> } ol
Substituting v, = 5sin3trmV,R; = 4.7kQ, Ry =47TkQ,R, =75 Q,
R; =2MQ,and A = 2 x 10°, we obtain

Vout = —9.999448v, = —49.99724 sin 3¢ mV

Upon comparing this to the expression found assuming an ideal op
amp (Voue = —10v;, = —50sin 3t mV), we see that the ideal op amp is
indeed a reasonably accurate model. Further, assuming an ideal op amp
leads to a significant reduction in the algebra required to perform the
circuit analysis. Note that if we allow A — oo, R, — 0, and R; — o0,
Eq. [15] reduces to

Ry

Uout = — Vin

which is what we derived earlier for the inverting amplifier when
assuming the op amp was ideal.

PRACTICE .

6.6 Assuming a finite open-loop gain (A), a finite input resistance (R)),
and zero output resistance (R,), derive an expression for vgy in terms of
iy for the op amp circuit of Fig. 6.3.

Ans: vy /Vip = —ARfRi/[(l + AR\ R; + R]Rf + R([R[].

Derivation of the Ideal Op Amp Rules

We have seen that the ideal op amp can be a reasonably accurate model for
the behavior of practical devices. However, using our more detailed model
which includes a finite open-loop gain, finite input resistance, and nonzero
output resistance, it is actually straightforward to derive the two ideal op
amp rules.

Referring to Fig. 6.24, we see that the open circuit output voltage of a
practical op amp can be expressed as

Vout = Avy [16]
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Rearranging this equation, we find that v,, sometimes referred to as the
differential input voltage, can be written as

Vout

A

Vg = [17]

As we might expect, there are practical limits to the output voltage voy
that can be obtained from a real op amp. As described in the next section, we
must connect our op amp to external dc voltage supplies in order to power the
internal circuitry. These external voltage supplies represent the maximum
value of vy, and are typically in the range of 5 to 24 V. If we divide 24 V by
the open-loop gain of the uA741 (2 x 10°), we obtain vy = 120 uV.
Although this is not the same as zero volts, such a small value compared to
the output voltage of 24 V is practically zero. Anideal op amp would have in-
finite open-loop gain, resulting in v; = Oregardless of vqy; this leads to ideal
op amp rule 2.

Ideal op amp rule 1 states that “No current ever flows into either input
terminal.” Referring to Fig. 6.23, the input current of an op amp is simply

Vd
lm - Rl

We have just determined that v, is typically a very small voltage. As we
can see from Table 6.3, the input resistance of an op amp is very large, rang-
ing from the megaohms to the teraohms! Using the value of v; = 120 uV
from above and R; = 2 M, we compute an input current of 60 pA. This is
an extremely small current, and we would require a specialized ammeter
(known as a picoammeter) to measure it. We see from Table 6.3 that the typ-
ical input current (more accurately termed the input bias current) of a
1AT41 is 80 nA, three orders of magnitude larger than our estimate. This is
a shortcoming of the op amp model we are using, which is not designed to
provide accurate values for input bias current. Compared to the other cur-
rents flowing in a typical op amp circuit, however, either value is essentially
zero. More modern op amps (such as the AD549) have even lower input
bias currents. Thus, we conclude that ideal op amp rule 1 is a fairly reason-
able assumption.

From our discussion, it is clear that an ideal op amp has infinite open-
loop voltage gain, and infinite input resistance. However, we have not yet
considered the output resistance of the op amp and its possible effects on
our circuit. Referring to Fig. 6.24, we see that

Vout = Avg — Ryioy

where i, flows from the output pin of the op amp. Thus, a nonzero value of
R, acts to reduce the output voltage, an effect which becomes more pro-
nounced as the output current increases. For this reason, an ideal op amp
has an output resistance of zero ohms. The £tA741 has a maximum output
resistance of 75 2, and more modern devices such as the AD549 have even
lower output resistance.

Common-Mode Rejection

The op amp is occasionally referred to as a difference amplifier; since the
output is proportional to the voltage difference between the two input

195
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M FIGURE 6.26 An op amp connected as a
difference amplifier.
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terminals. This means that if we apply identical voltages to both input
terminals, we expect the output voltage to be zero. This ability of the op
amp is one of its most attractive qualities, and is known as common-mode
rejection. The circuit shown in Fig. 6.26 is connected to provide an output
voltage

Uout = V2 — V]

If vy = 2 4 3sin 3¢ volts and v, = 2 volts, we would expect the output
to be —3 sin 3¢ volts; the 2 V component common to v; and v, would not
be amplified, nor does it appear in the output.

For practical op amps, we do in fact find a small contribution to the out-
put in response to common-mode signals. In order to compare one op amp
type to another, it is often helpful to express the ability of an op amp to reject
common-mode signals through a parameter known as the common-mode
rejection ratio, or CMRR. Defining v, as the output obtained when both
inputs are equal (v; = vy = vcm), We can determine Acy, the common-
mode gain of the op amp

We then define CMRR in terms of the ratio of differential-mode gain A
to the common-mode gain Acy, or

A
CMRR = [— [18]
Acm
although this is often expressed in decibels (dB), a logarithmic scale:
A
CMRRgp) = 20log,, |——| dB [19]
Acm

Typical values for several different op amps are provided in Table 6.3;
a value of 100 dB corresponds to an absolute ratio of 10° for A to Ac.

Negative Feedback

We have seen that the open-loop gain of an op amp is very large, ideally in-
finite. In practical situations, however, its exact value can vary from the
value specified by the manufacturer as typical. Temperature, for example,
can have a number of significant effects on the performance of an op amp,
so that the operating behavior in —20°C weather may be significantly dif-
ferent from the behavior observed on a warm sunny day. Also, there are
typically small variations between devices fabricated at different times. If
we design a circuit in which the output voltage is the open-loop gain times
the voltage at one of the input terminals, the output voltage could therefore
be difficult to predict with a reasonable degree of precision, and might be
expected to change depending on the ambient temperature.

A solution to such potential problems is to employ the technique of
negative feedback, which is the process of subtracting a small portion of
the output from the input. If some event changes the characteristics of the
amplifier such that the output tries to increase, the input is decreasing at the
same time. Too much negative feedback will prevent any useful amplifica-
tion, but a small amount provides stability. An example of negative
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feedback is the unpleasant sensation we feel as our hand draws near a
flame. The closer we move toward the flame, the larger the negative signal
sent from our hand. Overdoing the proportion of negative feedback, how-
ever, might cause us to abhor heat, and eventually freeze to death. Positive
Jfeedback is the process where some fraction of the output signal is added
back to the input. A common example is when a microphone is directed to-
ward a speaker—a very soft sound is rapidly amplified over and over until
the system “screams.” Positive feedback generally leads to an unstable
system.

All of the circuits considered in this chapter incorporate negative feed-
back through the presence of a resistor between the output pin and the
inverting input. The resulting loop between the output and the input reduces
the dependency of the output voltage on the actual value of the open-loop
gain (as seen in Example 6.6). This obviates the need to measure the precise
open-loop gain of each op amp we use, as small variations in A will not sig-
nificantly impact the operation of the circuit. Negative feedback also pro-
vides increased stability in situations where A is sensitive to the op amp’s
surroundings. For example, if A suddenly increases in response to a change
in the ambient temperature, a larger feedback voltage is added to the
inverting input. This acts to reduce the differential input voltage vy, and
therefore the change in output voltage Av, is smaller. We should note that the
closed-loop circuit gain is always less than the open-loop device gain;
this is the price we pay for stability and reduced sensitivity to parameter
variations.

Saturation

So far, we have treated the op amp as a purely linear device, assuming that
its characteristics are independent of the way in which it is connected in a cir-
cuit. In reality, it is necessary to supply power to an op amp in order to run
the internal circuitry, as shown in Fig. 6.27. A positive supply, typically in the
range of 5 to 24 V dc, is connected to the terminal marked V™, and a nega-
tive supply of equal magnitude is connected to the terminal marked V.
There are also a number of applications where a single voltage supply is
acceptable, as well as situations where the two voltage magnitudes may be
unequal. The op amp manufacturer will usually specify a maximum power
supply voltage, beyond which damage to the internal transistors will occur.
The power supply voltages are a critical choice when designing an op
amp circuit, because they represent the maximum possible output voltage of
the op amp.? For example, consider the op amp circuit shown in Fig. 6.26,
now connected as a noninverting amplifier having a gain of 10. As shown in
the PSpice simulation in Fig. 6.28, we do in fact observe linear behavior
from the op amp, but only in the range of £1.71 V for the input voltage.
Outside of this range, the output voltage is no longer proportional to the
input, reaching a peak magnitude of 17.6 V. This important nonlinear effect
is known as saturation, which refers to the fact that further increases in the
input voltage do not result in a change in the output voltage. This phenom-
enon refers to the fact that the output of a real op amp cannot exceed its

(3) In practice, we find the maximum output voltage is slightly less than the supply voltage by as much as
a volt or so.
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Offset null e 18V

Offset null

M FIGURE 6.27 Op amp with positive and negative
voltage supplies connected. Two 18 V supplies are used
as an example; note the polarity of each source.
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Offset null -10V

Offset null

B FIGURE 6.29 Suggested external circuitry for
obtaining a zero output voltage. The +10 V supplies
are shown as an example; the actual supply voltages
used in the final circuit would be chosen in practice.
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B FIGURE 6.28 Simulated input-output characteristics of a ;1A741 connected as a
noninverting amplifier with a gain of 10, and powered by £18 V supplies.

supply voltages. For example, if we choose to run the op amp with a +9 V
supply and a —5 V supply, then our output voltage will be limited to the
range of —5 to 49 V. The output of the op amp is a linear response bounded
by the positive and negative saturation regions, and as a general rule, we try
to design our op amp circuits so that we do not accidentally enter the satu-
ration region. This requires us to select the operating voltage carefully
based on the closed-loop gain and maximum expected input voltage.

Input Offset Voltage

As we are discovering, there are a number of practical considerations to
keep in mind when working with op amps. One particular nonideality worth
mentioning is the tendency for real op amps to have a nonzero output even
when the two input terminals are shorted together. The value of the output
under such conditions is known as the offset voltage, and the input voltage
required to reduce the output to zero is referred to as the input offset
voltage. Referring to Table 6.3, we see that typical values for the input offset
voltage are on the order of a few millivolts or less.

Most op amps are provided with two pins marked either “offset null” or
“balance.” These terminals can be used to adjust the output voltage by con-
necting them to a variable resistor. A variable resistor is a three-terminal de-
vice commonly used for such applications as volume controls on radios.
The device comes with a knob that can be rotated to select the actual value
of resistance, and has three terminals. Measured between the two extreme
terminals, its resistance is fixed regardless of the position of the knob. Us-
ing the middle terminal and one of the end terminals creates a resistor
whose value depends on the knob position. Figure 6.29 shows a typical cir-
cuit used to adjust the output voltage of an op amp; the manufacturer’s data
sheet may suggest alternative circuitry for a particular device.
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Slew Rate

Up to now, we have tacitly assumed that the op amp will respond equally
well to signals of any frequency, although perhaps we would not be sur-
prised to find that in practice there is some type of limitation in this regard.
Since we know that op amp circuits work well at dc, which is essentially
zero frequency, it is the performance as the signal frequency is increased
that we must consider. One measure of the frequency performance of an op
amp is its slew rate, which is the rate at which the output voltage can
respond to changes in the input; it is most often expressed in V/us. The
typical slew rate specification for several commercially available devices is
provided in Table 6.3, showing values on the order of a few volts per
microsecond. One notable exception is the OPA690, which is designed as a
high-speed op amp for video applications requiring operation at several
hundred MHz. As can be seen, a respectable slew rate of 1800 V/us is not
unrealistic for this device, although its other parameters, particularly input
bias current and CMRR, suffer somewhat as a result.

The PSpice simulations shown in Fig. 6.30 illustrate the degradation in
performance of an op amp due to slew rate limitations. The circuit simu-
lated is an LF411 configured as a noninverting amplifier with a gain of 2 and
powered by 15 V supplies. The input waveform is shown in green, and has
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M FIGURE 6.30 Simulated performance of an LF411 op amp connected as a noninverting amplifier having a gain of 2, with +15 V supplies and a pulsed input waveform.

2.0us 2.5us d.0us

Time

(b)

(@) Rise and fall times = 1 s, pulse width = 5 ss; (b) rise and fall times = 100 ns, pulse width = 500 ns; (c) rise and fall times = 50 ns, pulse width = 250 ns.
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a peak voltage of 1 V; the output voltage is shown in red. The simulation of
Fig. 6.30a corresponds to a rise and fall time of 1 us which, although a
short time span for humans, is easily coped with by the LF411. As the rise
and fall times are decreased by a factor of 10 to 100 ns (Fig. 6.30b), we
begin to see that the LF411 is having a small difficulty in tracking the input.
In the case of a 50 ns rise and fall time (Fig. 6.30c), we see that not only is
there a significant delay between the output and the input, but the waveform
is noticeably distorted as well—not a good feature of an amplifier. This ob-
served behavior is consistent with the typical slew rate of 15 V/us specified
in Table 6.3, which indicates that the output might be expected to require
roughly 130 ns to change from 0 to 2V (or2 Vto 0 V).

Packaging

Modern op amps are available in a number of different types of packages.
Some styles are better suited to high temperatures, and there are a variety
of different ways to mount ICs on printed-circuit boards. Figure 6.31
shows several different styles of the LM741, manufactured by National
Semiconductor. The label “NC” next to a pin means “no connection.” The
package styles shown in the figure are standard configurations, and are used
for a large number of different integrated circuits; occasionally there are
more pins available on a package than required.

Dual-In-Line or 5.0. Package

OFFSET NULL —{1 8 =HC Ceramic Flatpak
e e
INVERTING INPUT = 2 7=t LS TN — —
NI LMT4IW v
LT — ——douteur
hCN-iNVEﬁEE‘?— 3 & = OUIET: v-— il OFFSET NULL
v 4 5 F—=OFFSET NULL
) ()

M FIGURE 6.31 Several different package styles for the LM741 op amp: (@) metal can; (b) dual-in-line package; (c) ceramic flatpak.
(Copyright © 2011 National Semiconductor Corporation (www.national.com). All rights reserved. Used with permission.)

COMPUTER-AIDED ANALYSIS

N

As we have just seen, PSpice can be enormously helpful in predicting
the output of an op amp circuit, especially in the case of time-varying
inputs. We will find, however, that our ideal op amp model agrees fairly
well with PSpice simulations as a general rule.

When performing a PSpice simulation of an op amp circuit, we must
be careful to remember that positive and negative dc supplies must be
connected to the device (with the exception of the LM324, which is de-
signed to be a single-supply op amp). Although the model shows the
offset null pins used to zero the output voltage, PSpice does not build in
any offset, so these pins are typically left floating (unconnected).

Table 6.3 shows the different op amp part numbers available in the
Evaluation version of PSpice; other models are available in the com-
mercial version of the software and from some manufacturers.
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EXAMPLE 6.7

Simulate the circuit of Fig. 6.3 using PSpice. Determine the point(s)
at which saturation begins if £15 V dc supplies are used to power
the device. Compare the gain calculated by PSpice to what was
predicted using the ideal op amp model.

We begin by drawing the inverting amplifier circuit of Fig. 6.3 using
the schematic capture tool as shown in Fig. 6.32. Note that two separate
15 V dc supplies are required to power the op amp.

u1

3 [~ 5
= gt L0052+ R2
" i O A A A
Rt 0 out> WA
2 P a7k
,——"-,-"u“-,— ¥ - 308+
AT pazar ‘_I
Vs 47y
N v
) DC=-15 (7
=0 |
)

J-
B FIGURE 6.32 The inverting amplifier of Fig. 6.3 drawn using a A741 op amp.

Our previous analysis using an ideal op amp model predicted a gain
of —10. With an input of 5 sin 3t mV, this led to an output voltage of
—50 sin 3r mV. However, an implicit assumption in the analysis was
that any voltage input would be amplified by a factor of —10. Based on
practical considerations, we expect this to be true for small input volt-
ages, but the output will eventually saturate to a value comparable to
the corresponding power supply voltage.

We perform a dc sweep from —2 to 42 volts, as shown in Fig. 6.33;
this is a slightly larger range than the supply voltage divided by the
gain, so we expect our results to include the positive and negative
saturation regions.

Using the cursor tool on the simulation results shown in
Fig. 6.34a, the input-output characteristic of the amplifier is indeed
linear over a wide input range, corresponding approximately to
—1.45 < Vs < +1.45 V (Fig. 6.34b): This range is slightly less than
the range defined by dividing the positive and negative supply voltages
by the gain. Outside this range, the output of the op amp saturates, with
only a slight dependence on the input voltage. In the two saturation re-
gions, then, the circuit does not perform as a linear amplifier.

Increasing the number of cursor digits (Tools, Options, Number of
Cursor Digits) to 10, we find that at an input voltage of Vs = 1.0V, the

(Continued on next page)
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M FIGURE 6.34 (a) Output voltage of the inverting amplifer circuit, with the onset of saturation
identified with the cursor tool. (b) Close-up of the cursor window.

output voltage is —9.99548340, slightly less than the value of —10
predicted from the ideal op amp model, and slightly different from the
value of —9.999448 obtained in Example 6.6 using an analytical model.
Still, the results predicted by the PSpice tA741 model are within a few
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hundredths of a percent of either analytical model, demonstrating that
the ideal op amp model is indeed a remarkably accurate approximation
for modern operational amplifier integrated circuits.

PRACTICE .

6.7 Simulate the remaining op amp circuits described in this chapter,
and compare the results to those predicted using the ideal op amp model.

6.6 . COMPARATORS AND THE INSTRUMENTATION
AMPLIFIER

The Comparator

Every op amp circuit we have discussed up to now has featured an electri-
cal connection between the output pin and the inverting input pin. This is
known as closed-loop operation, and is used to provide negative feedback
as discussed previously. Closed loop is the preferred method of using an
op amp as an amplifier, as it serves to isolate the circuit performance from
variations in the open-loop gain that arise from changes in temperature or
manufacturing differences. There are a number of applications, however,
where it is advantageous to use an op amp in an open-loop configuration.
Devices intended for such applications are frequently referred to as
comparators, as they are designed slightly differently from regular op amps
in order to improve their speed in open-loop operation.

Figure 6.35a shows a simple comparator circuit where a 2.5 V refer-
ence voltage is connected to the noninverting input, and the voltage being
compared (vj,) is connected to the inverting input. Since the op amp has a
very large open-loop gain A (10° or greater, typically, as seen in Table 6.3),
it does not take a large voltage difference between the input terminals
to drive it into saturation. In fact, a differential input voltage as small as
the supply voltage divided by A is required—approximately £120 1V in the
case of the circuit in Fig. 6.35a and A = 10°. The distinctive output of
the comparator circuit is shown in Fig. 6.35b, where the response swings

Your (V)

%in

~a2py
L) 1.00 2.00 a.m

v (V)
(a) ()

M FIGURE 6.35 (a) An example comparator circuit with a 2.5 V reference voltage. (b) Graph of input-output characteristic.
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between positive and negative saturation, with essentially no linear
“amplification” region. Thus, a positive 12 V output from the comparator
indicates that the input voltage is less than the reference voltage, and a
negative 12 V output indicates an input voltage greater than the reference.
Opposite behavior is obtained if we connect the reference voltage to the
inverting input instead.

Usignal

M FIGURE 6.36 One possible design for the required
circuit.

Design a circuit that provides a “logic 1’ 5 V output if a certain
voltage signal drops below 3 V, and zero volts otherwise.

Since we want the output of our comparator to swing between 0 and
5V, we will use an op amp with a single-ended +5 V supply, connected
as shown in Fig. 6.36. We connect a 43 V reference voltage to the
noninverting input, which may be provided by two 1.5 V batteries in
series, or a suitable Zener diode reference circuit. The input voltage
signal (designated vgigna) is then connected to the inverting input. In
reality, the saturation voltage range of a comparator circuit will be
slightly less than that of the supply voltages, so that some adjustment
may be required in conjunction with simulation or testing.

PRACTICE .

6.8 Design a circuit that provides a 12 V output if a certain voltage
(Vsigna) exceeds 0V, and a —2 'V output otherwise.

Ans: One possible solution is shown in Fig. 6.37.

y

Usignal

M FIGURE 6.37 One possible solution to
Practice Problem 6.8.

The Instrumentation Amplifier

The basic comparator circuit acts on the voltage difference between the two
input terminals to the device, although it does not technically amplify sig-
nals as the output is not proportional to the input. The difference amplifier
of Fig. 6.10 also acts on the voltage difference between the inverting and
noninverting inputs, and as long as care is taken to avoid saturation, does
provide an output directly proportional to this difference. When dealing
with a very small input voltage, however, a better alternative is a device
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known as an instrumentation amplifier, which is actually three op amp
devices in a single package.

An example of the common instrumentation amplifier configuration is
shown in Fig. 6.38a, and its symbol is shown in Fig. 6.38b. Each input is fed
directly into a voltage follower stage, and the output of both voltage fol-
lowers is fed into a difference amplifier stage. It is particularly well suited
to applications where the input voltage signal is very small (for example, on
the order of millivolts), such as that produced by thermocouples or strain
gauges, and where a significant common-mode noise signal of several volts
may be present.

74 R¢
Z}()u‘
B NN . '\N\/—_L
I: Ry, R, =

(a) )
M FIGURE 6.38 (a) The basic instrumentation amplifier. () Commonly used symbol.

If components of the instrumentation amplifier are fabricated all on the
same silicon “chip,” then it is possible to obtain well-matched device char-
acteristics and to achieve precise ratios for the two sets of resistors. In order
to maximize the CMRR of the instrumentation amplifier, we expect
R4/R3 = R,/ Ry, so that equal amplification of common-mode components
of the input signals is obtained. To explore this further, we identify the volt-
age at the output of the top voltage follower as “v_,” and the voltage at the
output of the bottom voltage follower as “v;.” Assuming all three op amps
are ideal and naming the voltage at either input of the difference stage v,,
we may write the following nodal equations:

Uy — U Ux — Vout

=0 20
Ry + R, [20]
and
Uy — U4 Uy
— =0 21
R + R4 [21]
Solving Eq. [21] for v, we find that
U4
= 22
Ox 1 + R3/R4 [ ]

and upon substituting into Eq. [20], obtain an expression for voy in terms of
the input:

R 1+ R)/R R
4( + R,/ 1>+ 2, 23]

V, = — — — 0V
7 Ry \1 + Ry/R; R

From Eq. [23] it is clear that the general case allows amplification of
common-mode components to the two inputs. In the specific case where
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R4/ R3 = R,/ Ry = K, however, Eq. [23] reduces to K(v4 — v_) = Kvy, SO
that (asssuming ideal op amps) only the difference is amplified and the gain
is set by the resistor ratio. Since these resistors are internal to the instru-
mentation amplifier and not accessible to the user, devices such as the
ADG622 allow the gain to be set anywhere in the range of 1 to 1000 by con-
necting an external resistor between two pins (shown as R in Fig. 6.38b).

SUMMARY AND REVIEW

In this chapter we introduced a new circuit element—a three-terminal
device—called the operational amplifier (or more commonly, the op amp).
In many circuit analysis situations it is approximated as an ideal device,
which leads to two rules that are applied. We studied several op amp circuits
in detail, including the inverting amplifier with gain R/ R, the noninverting
amplifer with gain 1 + R¢/R;, and the summing amplifier. We were also
introduced to the voltage follower and the difference amplifier, although the
analysis of these two circuits was left for the reader. The concept of cas-
caded stages was found to be particularly useful, as it allows a design to be
broken down into distinct units, each of which has a specific function. We
took a slight detour and introduced briefly a two-terminal nonlinear circuit
element, the Zener diode, as it provides a practical and straightforward volt-
age reference. We then used this element to contruct practical voltage and
current sources using op amps, removing some of the mystery as to their
origins.

Modern op amps have nearly ideal characteristics, as we found when we
opted for a more detailed model based on a dependent source. Still, nonide-
alities are encountered occasionally, so we considered the role of negative
feedback in reducing the effect of temperature and manufacturing-related
variations in various parameters, common-mode rejection, and saturation.
One of the most interesting nonideal characteristics of any op amp is slew
rate. By simulating three different cases, we were able to see how the out-
put voltage can struggle to follow the form of the input voltage signal once
its frequency becomes high enough. We concluded the chapter with two
special cases: the comparator, which intentionally makes use of our ability
to saturate a practical (nonideal) op amp, and the instrumentation amplifier,
which is routinely used to amplify very small voltages.

This is a good point to pause, take a breath, and recap some of the key
points. At the same time, we will highlight relevant examples as an aid to
the reader.

Q There are two fundamental rules that must be applied when analyzing
ideal op amp circuits:

1. No current ever flows into either input terminal. (Example 6.1)
2. No voltage ever exists between the input terminals.

Q Op amp circuits are usually analyzed for an output voltage in terms of
some input quantity or quantities. (Examples 6.1, 6.2)

O Nodal analysis is typically the best choice in analyzing op amp
circuits, and it is usually better to begin at the input, and work toward
the output. (Examples 6.1, 6.2)
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Q The output current of an op amp cannot be assumed; it must be
found after the output voltage has been determined independently.
(Example 6.2)

Q The gain of an inverting op amp circuit is given by the equation
Ry

Vout = — 5 Vin

R

Q The gain of a noninverting op amp circuit is given by the equation

Ry
out — 1 = in
Vout ( + R1>v
(Example 6.1)

QO Cascaded stages may be analyzed one stage at a time to relate the
output to the input. (Example 6.3)

Q Zener diodes provide a convenient voltage reference. They are not
symmetric, however, meaning the two terminals are not
interchangeable. (Example 6.4)

@ Op amps can be used to construct current sources which are
independent of the load resistance over a specific current range.
(Example 6.5)

Q Aresistor is almost always connected from the output pin of an op amp
to its inverting input pin, which incorporates negative feedback into
the circuit for increased stability.

Q The ideal op amp model is based on the approximation of infinite
open-loop gain A, infinite input resistance R;, and zero output
resistance R,. (Example 6.6)

Q In practice, the output voltage range of an op amp is limited by the
supply voltages used to power the device. (Example 6.7)

0 Comparators are op amps designed to be driven into saturation. These
circuits operate in open loop, and hence have no external feedback
resistor. (Example 6.8)

READING FURTHER

Two very readable books which deal with a variety of op amp applications are:

R. Mancini (ed.), Op Amps Are For Everyone, 2nd ed. Amsterdam: Newnes,
2003. Also available on the Texas Instruments website (Www.ti.com).

W. G. Jung, Op Amp Cookbook, 3rd ed. Upper Saddle River, N.J.: Prentice-
Hall, 1997.

Characteristics of Zener and other types of diodes are covered in Chapter 1 of
W. H. Hayt, Jr., and G. W. Neudeck, Electronic Circuit Analysis and
Design, 2nd ed. New York: Wiley, 1995.

One of the first reports of the implementation of an “operational amplifier” can

be found in

J. R. Ragazzini, R. M. Randall, and F. A. Russell, “Analysis of problems
in dynamics by electronic circuits,” Proceedings of the IRE 35(5), 1947,
pp. 444-452.
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And an early applications guide for the op amp can be found on the Analog
Devices, Inc. website (Wwww.analog.com):

George A. Philbrick Researches, Inc., Applications Manual for Computing
Amplifiers for Modelling, Measuring, Manipulating & Much Else.
Norwood, Mass.: Analog Devices, 1998.

EXERCISES
6.2 The Ideal Op Amp

1. For the op amp circuit shown in Fig. 6.39, calculate vqy if (@) R} = Ry =
100 2 and v, =5 V; (b) R, = 200R; and vy, = 1 V; (¢) R} = 4.7 k2,
R, =47k, and v;, = 20 sin 5¢ V.

Ry

Yout

B FIGURE 6.39

2. Determine the power dissipated by a 100 €2 resistor connected between ground
R, and the output pin of the op amp of Fig. 6.39 if vj, =4 V and (a) R| = 2Ry;
(b) Ry =1k and R, =22kQ; (¢) Ry =100 2 and R, = 101 Q.
} Yout 3. Connect a 1 €2 resistor between ground and the output terminal of the op amp
of Fig. 6.39, and sketch voy(?) if (@) Ry = R, = 10 2 and v, = 5 sin 107 V;
R (b) Ry = 0.2R, = 1k, and vy, = 5 cos 10 V; (¢) Ry = 10 2, R, = 200 €2, and
Yin o L Vip = 1.5+ 5¢7' V.
4. For the circuit of Fig. 6.40, calculate vy if (a) Ry = Ry = 100 k2, R, = 100 €,
= = and v;, =5 V; (b) R = 0.1Ry, R, = 00, and v;, =2 V; (¢) R = 1 kQ, R, =0,
B FIGURE 6.40 Ry =1Q,and vy, =43.5V.

5. (a) Design a circuit which converts a voltage v(f) =9 cos 5¢ V into 9 sin 5¢ V.
(b) Verity your design by analyzing the final circuit.

6. A certain load resistor requires a constant 5 V dc supply. Unfortunately, its
resistance value changes with temperature. Design a circuit which supplies
the requisite voltage if only 9 V batteries and standard 10% tolerance resistor
values are available.

7. For the circuit of Fig. 6.40, R} = R, = 50 Q2. Calculate the value of R, required
to deliver 5 W to Ry if Vi, equals (a) 5 V; (b) 1.5 V. (¢) Repeat parts (a) and (b)
4 if Ry is reduced to 22 2.
8. Calculate vy, as labeled in the schematic of Fig. 6.41 if (a) ij, = 1 mA, R, =
= = = 2.2k, and R3 = 1 k; (b) ijn=2A, R, = 1.1 ©, and R3 = 8.5 Q. (c) For each
case, state whether the circuit is wired as a noninverting or an inverting ampli-
B FIGURE 6.41 fier. Explain your reasoning.

Vout

9. (a) Design a circuit using only a single op amp which adds two voltages v,
and v, and provides an output voltage twice their sum (i.e., Vo = 2v; + 207).
(b) Verity your design by analyzing the final circuit.

? 10. (a) Design a circuit that provides a current i which is equal in magnitude to
the sum of three input voltages vy, v,, and v3. (Compare volts to amperes.)
(b) Verity your design by analyzing the final circuit.
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# 11. (a) Design a circuit that provides a voltage vy, Which is equal to the difference
between two voltages v, and v; (i.e., Voy = V2 — V1), if you have only the
following resistors from which to choose: two 1.5 k€2 resistors, four 6 k2
resistors, or three 500 €2 resistors. (b) Verify your design by analyzing the final
circuit.

12. Analyze the circuit of Fig. 6.42 and determine a value for V;, which is refer-
enced to ground.

850 Q)

B FIGURE 6.42

13. Derive an expression for v,y as a function of v; and v, for the circuit repre-
sented in Fig. 6.43.

Ry

Yout

B FIGURE 6.43

14. Explain what is wrong with each diagram in Fig. 6.44 if the two op amps are
known to be perfectly ideal.

1kQ
! +
12
1 mA out Y 5V e 10 kQ Yout
(b)

(@)
B FIGURE 6.44

15. For the circuit depicted in Fig. 6.45, calculate vy if Iy = 2 mA, Ry = 4.7 k2,
Ry =1k, and Ry = 500 Q.

16. Consider the amplifier circuit shown in Fig. 6.45. What value of R, will yield
Vour = 2 V when I; = 10 mA and Ry = 2Ry = 500 Q?

M FIGURE 6.45
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17. With respect to the circuit shown in Fig. 6.46, calculate v, if v, equals
(a) 2 cos 100t mV; (b) 2 sin(4t + 19°) V.

3kQ

100

v
out
+ +

2 1 kQ Uy 1073, 1kQ

L

B FIGURE 6.46

6.3 Cascaded Stages
18. Calculate v,y as labeled in the circuit of Fig. 6.47 if R, = 1 kQ.

5Q 2kQ

B FIGURE 6.47

19. For the circuit of Fig. 6.47, determine the value of R, that will result in a value
of Vo = 10 V.

20. Referring to Fig. 6.48, sketch v,y as a function of (a) vi, over the range of
=2V < vy <42V, if Ry =2kQ; (b) Ry over the range of 1 k2 < Ry < 10 k€2,
if vj, = 300 mV.

15Q 5kQ

B FIGURE 6.48

21. Obtain an expression for v, as labeled in the circuit of Fig. 6.49 if v; equals
(@)0V; (b)1V;(c)—5V;(d)2sin 100z V.

1.5 kQ 5kQ

500 2
5kQ

Yout

! 5kQ

B FIGURE 6.49
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22.The 1.5 V source of Fig. 6.49 is disconnected, and the output of the circuit
shown in Fig. 6.48 is connected to the left-hand terminal of the 500 €2 resistor
instead. Calculate vy if R4 =2 kQ and (@) vi, =2V, v1 =1V, (b)) vji, =1,
v=0;)vp=1V,uy=—1V.

23. For the circuit shown in Fig. 6.50, compute voy if (@) v; = 2v, =0.5v3 =2.2V
ande =R2=R3 = SOkQ; (b) ] =0, V) = —SV, U3 =9V, ande =0.5R2=

0.4R; = 100 k<2.
200 kQ
R,
I\/\/\/ ’ o - —O Vout
R, +
Ry

B FIGURE 6.50

# 24. (a) Design a circuit which will add the voltages produced by three separate
pressure sensors, each in the range of 0 < vgepsor < 5 V, and produce a positive
voltage vy linearly correlated to the voltage sum such that ve, = 0 when all
three voltages are zero, and vy = 2 V when all three voltages are at their max-
imum. (b) Verify your design by analyzing the final circuit.

. (a) Design a circuit which produces an output voltage v, proportional to the
difference of two positive voltages v; and v, such that v, = 0 when both volt-
ages are equal, and voy = 10 V when vy — v, = 1 V. (b) Verify your design by
analyzing the final circuit.

. (a) Three pressure-sensitive sensors are used to double-check the weight read-
ings obtained from the suspension systems of a long-range jet airplane. Each
sensor is calibrated such that 10 'V corresponds to 1 kg. Design a circuit
which adds the three voltage signals to produce an output voltage calibrated
such that 10 V corresponds to 400,000 kg, the maximum takeoff weight of the
aircraft. (b) Verify your design by analyzing the final circuit.

. (a) The oxygen supply to a particular bathysphere consists of four separate
tanks, each equipped with a pressure sensor capable of measuring between
0 (corresponding to O V output) and 500 bar (corresponding to 5 V output).
Design a circuit which produces a voltage proportional to the total pressure in
all tanks, such that 1.5 V corresponds to 0 bar and 3 V corresponds to 2000 bar.
(b) Verity your design by analyzing the final circuit.

28. For the circuit shown in Fig. 6.51, let v;, = 8 V, and select values for Ry, R;,
and Rj3 to ensure an output voltage v,y = 4 V.

Ry 200 kQ

50 kQ
} —O Yout

() Ry

B FIGURE 6.51
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29. For the circuit of Fig. 6.52, derive an expression for vy in terms of vi,.

M FIGURE 6.52

6.4 Circuits for Voltage and Current Sources

@ 30. Construct a circuit based on the 1N4740 diode which provides a reference volt-
age of 10 V if only 9 V batteries are available. Note that the breakdown voltage
of this diode is equal to 10 V at a current of 25 mA.

# 31. Employ a 1N4733 Zener diode to construct a circuit which provides a 4 V ref-
erence voltage to a 1 k€2 load, if only 9 V batteries are available as sources.
Note that the Zener breakdown voltage of this diode is 5.1 V at a current of
76 mA.

g 32. (a) Design a circuit which provides a 5 V dc reference voltage to an unknown
(nonzero resistance) load, if only a 9 V battery is available as a supply.

(b) Verity your design with an appropriate simulation. As part of this, deter-

mine the acceptable range for the load resistor.

33. A particular passive network can be represented by a Thévenin equivalent re-
g sistance between 10 2 and 125 2 depending on the operating temperature.
(a) Design a circuit which provides a constant 2.2 V to this network regardless
of temperature. (b) Verify your design with an appropriate simulation (resis-
tance can be varied from within a single simulation, as described in Chap. 8).

rated at Vpyy equal to (@) 9 V; (b) 12 V. (c) Verify your solutions with appropri-

g 34. Calculate the voltage V| as labeled in the circuit of Fig. 6.53 if the battery is
ate simulations, commenting on the possible origin of any discrepancies.

1.1kQ
890 O
AA%AY -
V3
.
* 400 O
Viatt i IN750
B FIGURE 6.53

35. (a) Design a current source based on the 1N750 diode which is capable of
g providing a dc current of 750 A to aload Ry, such that 1 k2 < R, < 50 k€.
(b) Verity your design with an appropriate simulation (note that resistance can
it be varied within a single simulation, as described in Chap. 8).

36. (a) Design a current source able to provide a dc current of 50 mA to an
g unspecified load. Use a 1N4733 diode (Vi,, = 5.1 V at 76 mA). (b) Use an
appropriate simulation to determine the permissible range of load resistance
for your design.
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37. (a) Design a current source able to provide a dc current of 10 mA to an unspec-
ified load. Use a 1N4747 diode (V},, = 20 V at 12.5 mA). (b) Use an appropri-
ate simulation to determine the permissible range of load resistance for your
design.

38. The circuit depicted in Fig. 6.54 is known as a Howland current source. Derive
expressions for vy, and Iy, respectively as a function of V| and V,.

39. For the circuit depicted in Fig. 6.54, known as a Howland current source, set
V, =0, R; = R3, and R, = Ry; then solve for the current /;, when Ry = 2R, =
1 k2 and R, = 100 Q.

6.5 Practical Considerations

40. (a) Employ the parameters listed in Table 6.3 for the ;tA741 op amp to analyze
the circuit of Fig. 6.55 and compute a value for v,y (b) Compare your result to
what is predicted using the ideal op amp model.

1.4kQ

} O I/()llt

250 Q

450 mV e

M FIGURE 6.55

4

—

. (a) Employ the parameters listed in Table 6.3 for the ;tA741 op amp to analyze
the circuit of Fig. 6.10if R = 1.5k, vy =2 V, and v, = 5 V. (b) Compare
your solution to what is predicted using the ideal op amp model.

42. Define the following terms, and explain when and how each can impact the
performance of an op amp circuit: (a) common-mode rejection ratio; (b) slew
rate; (c¢) saturation; (d) feedback.

(@] 43. For the circuit of Fig. 6.56, replace the 470 Q2 resistor with a short circuit, and
= compute v,y using (a) the ideal op amp model; (b) the parameters listed in
Table 6.3 for the tA741 op amp; (¢) an appropriate PSpice simulation.
(d) Compare the values obtained in parts (a) to (¢) and comment on the possi-
ble origin of any discrepancies.

44.1f the circuit of Fig. 6.55 is analyzed using the detailed model of an op amp
(as opposed to the ideal op amp model), calculate the value of open-loop gain
A required to achieve a closed-loop gain within 2% of its ideal value.

45. Replace the 2 V source in Fig. 6.56 with a sinusoidal voltage source having a
g magnitude of 3 V and radian frequency w = 2xf. (a) Which device, a nA741
op amp or an LF411 op amp, will track the source frequency better over the
range 1 Hz < f < 10 MHz? Explain. (b) Compare the frequency performance
of the circuit over the range 1 Hz < f < 10 MHz using appropriate PSpice
simulations, and compare the results to your prediction in part (a).

46. (a) For the circuit of Fig. 6.56, if the op amp (assume LF411) is powered by
g matched 9 V supplies, estimate the maximum value to which the 470 <2 resis-
tor can be increased before saturation effects become apparent. (b) Verify your
prediction with an appropriate simulation.

47. For the circuit of Fig. 6.55, calculate the differential input voltage and the
input bias current if the op amp is a(n) (a) ©A741; (b) LF411; (c) AD549K;
(d) OPA690.

48. Calculate the common-mode gain for each device listed in Table 6.3. Express
your answer in units of V/V, not dB.

@

R, R,
V2 o—A\VN—

Z}OU]

Vi o—AAN—

Ry Ry

R, i/L
M FIGURE 6.54
470 Q)

O Vout

M FIGURE 6.56
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6.6 Comparators and the Instrumentation Amplifier

# 49. Human skin, especially when damp, is a reasonable conductor of electricity.
If we assume a resistance of less than 10 M2 for a fingertip pressed

across two terminals, design a circuit which provides a +1 V output if this
nonmechanical switch is “closed” and —1 V if it is “open.”

50. Design a circuit which provides an output voltage v, based on the behavior of
another voltage viy, such that

S +25V vin > 1V
out = 12V otherwise

Vref
Yactive 51. For the instrumentation amplifier shown in Fig. 6.38a, assume that the three
internal op amps are ideal, and determine the CMRR of the circuit if

(a) Ry = R3 and R, = Ry; (b) all four resistors have different values.

B FIGURE 6.57 52. For the circuit depicted in Fig. 6.57, sketch the expected output voltage vy
as a function of vyeiiyve for =5 V < vyciive < +5 V, if veris equal to (a) =3 V;
(b) +3 V.

5V . For the circuit depicted in Fig. 6.58, (a) sketch the expected output voltage

Voue as a function of vy for =5V < vy < 45V, if vy = +2V; (b) sketch the
Ul C’%
)

expected output voltage vy as a function of v, for =5V < vy < 45V, if
B FIGURE 6.58

vy =+4+2V.

. For the circuit depicted in Fig. 6.59, sketch the expected output voltage vou
as a function of vyciive, if =2 V < vyciive < +2 V. Verity your solution using
a nwA741 (although it is slow compared to op amps designed specifically
for use as comparators, its PSpice model works well, and as this is a dc appli-
cation speed is not an issue). Submit a properly labeled schematic with your
results.

|

Vactive

B FIGURE 6.59

. In digital logic applications, a +5 V signal represents a logic “1” state, and a
0 V signal represents a logic “0” state. In order to process real-world informa-
tion using a digital computer, some type of interface is required, which typi-
cally includes an analog-to-digital (A/D) converter—a device that converts
analog signals into digital signals. Design a circuit that acts as a simple 1-bit
A/D, with any signal less than 1.5 V resulting in a logic “0” and any signal
greater than 1.5 V resulting in a logic “1.”

. A common application for instrumentation amplifiers is to measure
voltages in resistive strain gauge circuits. These strain sensors work by
exploiting the changes in resistance that result from geometric distortions, as
in Eq. [6] of Chap. 2. They are often part of a bridge circuit, as shown in
Fig. 6.60a, where the strain gauge is identified as R¢. (a) Show that

Vour = Vin [ﬁ - ﬁ;ﬂge]. (b) Verify that Vo, = 0 when the three

fixed-value resistors Ry, R», and Rj are all chosen to be equal to the unstrained
gauge resistance Rgayge. (¢) For the intended application, the gauge selected
has an unstrained resistance of 5 k€2, and a maximum resistance increase of
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50 m€2 is expected. Only 12 V supplies are available. Using the instrumenta-
tion amplifier of Fig. 6.60b, design a circuit that will provide a voltage signal
of +1 V when the strain gauge is at its maximum loading.

ADG622 Specifications

Amplifier gain G can be varied from
2 to 1000 by connecting a resistor
between pins 1 and 8 with a value

50.5
calculated by R = re k<.

Rg II ° EI Rg
(*) N[22 7] +vs
Viet \ = + Vou - +IN Iz + EI OUTPUT

R R, ~Vs[4| Ape22  [5]REF

(a) (b)
B FIGURE 6.60 © Analog Devices.

Chapter-Integrating Exercises

# 57.(a) You’re given an electronic switch which requires 5 V at 1 mA in order to
close; it is open with no voltage present at its input. If the only microphone
available produces a peak voltage of 250 mV, design a circuit which will ener-
gize the switch when someone speaks into the microphone. Note that the audio
level of a general voice may not correspond to the peak voltage of the micro-
phone. (b) Discuss any issues that may need to be addressed if your circuit
were to be implemented.

. You’ve formed a band, despite advice to the contrary. Actually, the band is
pretty good except for the fact that the lead singer (who owns the drum set, the
microphones, and the garage where you practice) is a bit tone-deaf. Design a
circuit that takes the output from each of the five microphones your band uses,
and adds the voltages to create a single voltage signal which is fed to the am-
plifer. Except not all voltages should be equally amplified. One microphone
output should be attenuated such that its peak voltage is 10% of any other
microphone’s peak voltage.

. Cadmium sulfide (CdS) is commonly used to fabricate resistors whose value
depends on the intensity of light shining on the surface. In Fig. 6.61 a CdS
“photocell” is used as the feedback resistor Ry. In total darkness, it has a
resistance of 100 k€2, and a resistance of 10 k€2 under a light intensity of
6 candela. R, represents a circuit that is activated when a voltage of 1.5 V
or less is applied to its terminals. Choose R; and V so that the circuit
represented by R, is activated by a light of 2 candela or brighter.

B FIGURE 6.61
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i 60. A fountain outside a certain office building is designed to reach a maximum
height of 5 meters at a flow rate of 100 1/s. A variable position valve in line
with the water supply to the fountain can be controlled electrically, such that
0V applied results in the valve being fully open, and 5 V results in the valve
being closed. In adverse wind conditions the maximum height of the fountain
needs to be adjusted; if the wind velocity exceeds 50 km/h, the height cannot
exceed 2 meters. A wind velocity sensor is available which provides a voltage
calibrated such that 1 V corresponds to a wind velocity of 25 km/h. Design a
circuit which uses the velocity sensor to control the fountain according to
specifications.

61. For the circuit of Fig. 6.43, let all resistor values equal 5 k€2. Sketch vy, as a
function of time if (a) v; = 5 sin 5¢ V and v, = 5 cos 5¢ V; (b) v; = 4e~ "V and
v, =5¢"2V;(c)vy=2Vand v, =e ' V.
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