CHAPTER]| 5

OPERATIONAL AMPLIFIERS

If A issuccessin life, then A equals X plus Y plus Z. Workis X, Y is
play and Z is keeping your mouth shut.
—Albert Einstein

Enhancing Your Career

Career in Electronic Instrumentation Engineering in-
volves applying physical principles to design devices for
the benefit of humanity. But physical principles cannot be
understood without measurement. In fact, physicists ofte
say that physics is the science that measures reality. Ju
as measurements are a tool for understanding the physic
world, instruments are tools for measurement. The opera
tional amplifier introduced in this chapter is a building block
of modern electronic instrumentation. Therefore, master
of operational amplifier fundamentals is paramount to an
practical application of electronic circuits.

Electronic instruments are used in all fields of sci-
ence and engineering. They have proliferated in science an
technology to the extent that it would be ridiculous to have
a scientific or technical education without exposure to elec
tronic instruments. For example, physicists, physiologists
chemists, and biologists must learn to use electronic instru s
ments. For electrical engineering students in particular, theElectronic Instrumentation used in medical research.
skill in operating digital and analog electronic instruments Source: Geoff Tompkinson/Science Photo Library.
is crucial. Such instruments include ammeters, voltmeters,
ohmmeters, oscilloscopes, spectrum analyzers, and signal
generators. invent and patent their inventions. Specialists in electrgnic

Beyond developing the skill for operating the instru- instruments find employment in medical schools, hospitals,
ments, some electrical engineers specialize in designing antesearch laboratories, aircraft industries, and thousands of
constructing electronic instruments. These engineers derivether industries where electronic instruments are routinely
pleasure in building their own instruments. Most of them used.

165

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



166

The term operational amplifier was introduced
in 1947 by John Ragazzini and his colleagues, in
their work on analog computers for the National
Defense Research Council during World War |l.
The first op amps used vacuum tubes rather than
transistors.

An op amp may also be regarded as a voltage
amplifier with very high gain.

Figure 50 A typical operational amplifier.

(Courtesy of Tech America.)

The pin diagram in Fig. 5.2(a) corresponds to the
741 general-purpose op amp made by Fairchild
Semiconductor.

PART | DC Circuits

5.1 INTRODUCTION

Having learned the basic laws and theorems for circuit analysis, we are
now ready to study an active circuit element of paramount importance:
the operational amplifier, or op amp for short. The op amp is a versatile
circuit building block.

The op amp is an electronic unit that behaves like a
voltage-controlled voltage source.

It can also be used in making a voltage- or current-controlled current
source. An op amp can sum signals, amplify a signal, integrate it, or
differentiate it. The ability of the op amp to perform these mathematical
operations is the reason it is called ewerational amplifier. It is also

the reason for the widespread use of op amps in analog design. Op
amps are popular in practical circuit designs because they are versatile,
inexpensive, easy to use, and fun to work with.

We begin by discussing the ideal op amp and later consider the
nonideal op amp. Using nodal analysis as a tool, we consider ideal op
amp circuits such as the inverter, voltage follower, summer, and difference
amplifier. We will analyze op amp circuits witPSpice. Finally, we learn
how an op amp is used in digital-to-analog converters and instrumentation
amplifiers.

5.2 OPERATIONAL AMPLIFIERS

An operational amplifier is designed so that it performs some mathemat-
ical operations when external components, such as resistors and capaci-
tors, are connected to its terminals. Thus,

An op amp is an active circuit element designed to perform mathematical operations
of addition, subtraction, multiplication, division, differentiation, and integration.

The op ampis an electronic device consisting of a complex arrange-
ment of resistors, transistors, capacitors, and diodes. A full discussion
of what is inside the op amp is beyond the scope of this book. It will
suffice to treat the op amp as a circuit building block and simply study
what takes place at its terminals.

Op amps are commercially available in integrated circuit packages
in several forms. Figure 5.1 shows a typical op amp package. A typical
one is the eight-pin dual in-line package (or DIP), shown in Fig. 5.2(a).
Pin or terminal 8 is unused, and terminals 1 and 5 are of little concern to
us. The five important terminals are:

1. The inverting input, pin 2.
2. The noninverting input, pin 3.
3. The output, pin 6.
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CHAPTER 5 Operational Amplifiers 167

4. The positive power supply ™, pin 7.
5. The negative power supply—, pin 4.

The circuit symbol for the op amp is the triangle in Fig. 5.2(b); as shown,
the op amp has two inputs and one output. The inputs are marked with
minus (—) and plus(+) to specifyinverting and noninverting inputs,
respectively. An input applied to the noninverting terminal will appear
with the same polarity at the output, while an input applied to the inverting
terminal will appear inverted at the output.

V+
T !
Balance 0 1 8 0 No connection Inverting input 2 o——=
. . 6 Output
Inverting input o 2 70 Vvt Noninverting input 3 O————+
Noninverting input 0 3 6 p Output
- 415
vV g4 5 b Baance V- N
Offset Null
@ (b)
Figure 52 A typical op amp: (a) pin configuration, (b) circuit symbol.

As an active element, the op amp must be powered by a voltage _ l .
supply as typicaly shown in Fig. 5.3. Although the power supplies are i ¢'+_ v
often ignored in op amp circuit diagrams for the sake of simplicity, the 20— ! o -
power supply currents must not be overlooked. By KCL, 3 } 6

. . . . . - 4 + =
lp =11+ 12+ 1i4+1i_ (5.1 i fi_ T Ve

Theequivalent circuit model of anopampisshowninFig. 5.4. The -

output section consists of a voltage-controlled source in series with the
output resistance R,. It isevident from Fig. 5.4 that the input resistance
R; isthe Thevenin equival ent resistance seen at theinput terminals, while
the output resistance R, isthe Thevenin equivalent resistance seen at the
output. The differential input voltage vy, is given by

Figure 5.3 Powering the op amp.

Vg =V — V1 (5.2

where v; isthe voltage between the inverting terminal and ground and v, - R,

isthe voltage between the noninverting terminal and ground. Theop amp Vg % R Vo
senses the difference between the two inputs, multipliesit by thegain A, + Avg

and causes the resulting voltage to appear at the output. Thus, the output

v, isgiven by Vy 0

v, = Avg = A(va — vy) (5.3)

A iscalled the open-loop voltage gain becauseit isthe gain of the op amp Figure 54 The equivalent circuit of the non-
without any external feedback from output to input. Table 5.1 shows ideal op amp.

typical values of voltage gain A, input resistance R;, output resistance
R,, and supply voltage V¢c.

The concept of feedback is crucial to our understanding of op amp Sometimes, voltage gain is expressed in decibels
circuits. A negative feedback is achieved when the output is fed back to (dB), as discussed in Chapter |4,
the inverting terminal of the op amp. As Example 5.1 shows, when there AdB =20logjo A
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168 PART | DC Circuits

TABLES.I  Typical ranges for op amp

parameters.

Parameter Typical range ldea values
Open-loop gain, A 10° to 108 00

Input resistance, R; 108 to 1012 @ oo Q
Output resistance, R, 10t0 100 0Q

Supply voltage, V.. 5t024V

isafeedback path from output to input, the ratio of the output voltage to
theinput voltageiscalled the closed-loop gain. Asaresult of the negative
feedback, it can be shown that the closed-loop gain is amost insensitive
to the open-loop gain A of the op amp. For thisreason, op amps are used
in circuits with feedback paths.
A practical limitation of the op amp is that the magnitude of its
output voltage cannot exceed |Vcc|. In other words, the output voltage
Vo A is dependent on and is limited by the power supply voltage. Figure 5.5
illustrates that the op amp can operate in three modes, depending on the

differential input voltage v,:
Positive saturation

Ve 1. Positive saturation, v, = V.

2. Linear region, —Vee < v, = Avg < Vee.
0 Vg 3. Negative saturation, v, = —V¢c.
~ ~Vec If we attempt to increase v, beyond thelinear range, the op amp becomes
saturated and yields v, = Ve or v, = —Vece. Throughout this book,
we will assume that our op amps operate in the linear mode. This means
that the output voltage is restricted by

Negative saturation

Figure 55 Op amp output voltage v, as a —Vee v, < Vee (54)

function of the differential input volt . . . .
unction ot the diterential inpt voTiage va Although we shall always operate the op amp in the linear region, the

possibility of saturation must be borne in mind when one designs with
op amps, to avoid designing op amp circuits that will not work in the
|aboratory.

MS.I

A 741 op amp has an open-loop voltage gain of 2 x 10°, input resistance
of 2 M, and output resistance of 50 2. Theop amp isusedinthecircuit
of Fig. 5.6(a). Findtheclosed-loopgainv, /v,. Determinecurrent i when
vy =2 V.
Solution:

Using the op amp model in Fig. 5.4, we obtain the equivalent circuit of
Fig. 5.6(a) asshowninFig. 5.6(b). We now solvethecircuitin Fig. 5.6(b)
by using nodal analysis. At node 1, KCL gives

Vg — V1 _ U1 + V1 — Uy
10 x 108~ 2000 x 108 ~ 20 x 103
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CHAPTER 5 Operational Amplifiers 169

20kQ
AMA,
20kQ Vi
1oka |5 bi 10kQ _, |y, R,=50Q o
> 1 * - 0
740>———0 -
y 2 o + Ve Vg S R=2MQ Avg
s Vo +
T ° T °
@ (b)
Figure 56  For Example 5.1: (a) origina circuit, (b) the equivalent circuit.
Multiplying through by 2000 x 103, we obtain
200v, = 301v; — 100v,
or
2 A o
2vs, >~ 3v1 — v, - vy = UTH (5.1.2)
At node O,
V1 — UV, v, — Avy
20x 103 50
But v; = —v; and A = 200,000. Then
v1 — v, = 400(v, + 200,000v,) (5.1.2)
Substituting v; from Eq. (5.1.1) into Eq. (5.1.2) gives
0 =~ 26,667,067v, + 53,333,333, Yo _ 19999699
Vs
Thisis closed-loop gain, because the 20-k2 feedback resistor closes the
loop between the output and input terminals. When vy, = 2V, v, =
—3.9999398 V. From Eq. (5.1.1), we obtain v; = 20.066667 V. Thus,
. V1 — Yy
= ——— =0.1999 mA
L= 108 0.1999
It is evident that working with a nonideal op amp is tedious, as we are
dealing with very large numbers.
PRACTICE PROBLEMEM
If the same 741 op amp in Example 5.1 is used in the circuit of Fig. 5.7, J’»
calculate the closed-loop gain v, /v,. Find i, whenv, = 1V. ﬁ
Answer: 9.0041, —362 mA.
AWV
Vs C:) 40kQ +

5kQ 20kQ < v,

Figure 5.7 For Practice Prob. 5.1.
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170 PART | DC Circuits

5.3 IDEAL OP AMP

To facilitate the understanding of op amp circuits, we will assume ideal
op amps. Anop amp isided if it has the following characteristics:

1. Infinite open-loop gain, A ~ oc.
2. Infiniteinput resistance, R; >~ oco.
3. Zero output resistance, R, >~ 0.

An ideal op amp is an amplifier with infinite open-loop gain, infinite input
resistance, and zero output resistance.

Although assuming an ideal op amp provides only an approxi-
mate analysis, most modern amplifiers have such large gains and input
impedances that the approximate analysis is a good one. Unless stated
otherwise, we will assume from now on that every op amp isideal.

i1=0 For circuit analysis, theideal opampisillustratedin Fig. 5.8, which
° —- isderived from the nonideal model in Fig. 5.4. Two important character-
i,=0 Vg istics of theideal op amp are:
v = *h * 1. The currentsinto both input terminals are zero:
1+
— VO
_ \iz—Vl _ i1 =0, ir=0 (5.5)
O i O

= Thisisdueto infinite input resistance. An infinite resistance

between the input terminals implies that an open circuit exists
Figure 5.8 1deal op amp modl. there and current cannot enter the op amp. But the output
current is not necessarily zero according to Eqg. (5.1).

2. Thevoltage across the input terminalsis negligibly small; i.e.,

vg=vp—v1 >0 (5.6)

or

v =12 (5.7)

The two characteristics can be exploited by Thus, an ideal op amp has zero current into its two input

noting that for voltage calculations the input terminals and negligibly small voltage between the two input
port behaves as a short circuit, while for current terminals. Equations (5.5) and (5.7) are extremely important
calculations the input port behaves as an open and should be regarded as the key handles to analyzing op amp
circuit. circuits.

MS.Z

Rework Practice Prob. 5.1 using the ideal op amp model.
Solution:

We may replace the op amp in Fig. 5.7 by its equivalent model in Fig.
5.9 aswe did in Example 5.1. But we do not really need to do this. We
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CHAPTER 5 Operational Amplifiers 171

just need to keep Egs. (5.5) and (5.7) in mind aswe analyze the circuit in

Fig. 5.7. Thus, theFig. 5.7 circuit is presented asin Fig. 5.9. Notice that Vo i2_=3
Vo = v, (5.2.1) V1 — + * io
=
Sincei; = 0, the40-k2 and 5-kS2 resistors are in series because the same - -
current flows through them. v, is the voltage across the 5-k<2 resistor. y <+> MW o *
Hence, using the voltage division principle, ° & 40ka .
5kQ
5 Vo 6522) % Vo % 20kQ
Ul = ‘UU = — 2. -
5+ 40 9
* T

According to Eq. (5.7), -

Vo = vy (523) Figure 5.9 For Example 5.2.

Substituting Egs. (5.2.1) and (5.2.2) into Eq. (5.2.3) yieldsthe closed-loop
gain,

Yoo %
9 Vg
whichisvery closeto the value of 8.99955796 obtai ned with the nonideal
model in Practice Prob. 5.1. Thisshowsthat negligibly small error results

from assuming ideal op amp characteristics.
At node O,

vy = =9 (5.2.4)

v() vO
= — MA 525
“=204+5 " 20 (525

From Eg. (5.2.4), when vy, = 1V, v, = 9 V. Substituting for v, =9V
in Eq. (5.2.5) produces

ip, =0.24 0.45=0.65mA

This, again, is close to the value of 0.649 mA obtained in Practice Prob.
5.1 with the nonideal model.

PRACTICE PROBLEMEE

Repeat Example 5.1 using the ideal op amp model.
Answer: —2,0.2mA.

5.4 INVERTING AMPLIFIER

Inthisandthefollowing sections, we consider someuseful opamp circuits
that often serve asmodulesfor designing more complex circuits. Thefirst
of suchopamp circuitsistheinvertingamplifier showninFig. 5.10. Inthis Throughout tis book, we assume thatan op arp
circuit, the noninvertinginput isgrounded, v; isconnected to theinverting operates in the linear range. Keep in mind the
input through R, and the feedback resistor R, is connected between the voltage constraint on the op amp in this mode.

inverting input and output. Our goal isto obtain the relationship between
the input voltage v; and the output voltage v,. Applying KCL at node 1,

A key feature of the inverting amplifier is that
) ' Vi—Uv1 U1 — U, both the input signal and the feedback are applied
i1=12 = = (58) at the inverting terminal of the op amp.

R R,
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172 PART | DC Circuits

But v; = v, = 0 for an ideal op amp, since the noninverting terminal is
grounded. Hence,

V; _ Vo
R1 Ry
or
Ry
Vy = ——V; 5.9
o Ri (59
Note there are two types of gains: the one here The voltage gain is A, = v,/v; = —Ry/R1. The designation of the
is the closed-loop voltage gain A,, while the op circuit in Fig. 5.10 as an inverter arises from the negative sign. Thus,

amp itself has an open-loop voltage gain A.

{ An inverting amplifier reverses the polarity of the input signal while amplifying it.

Notice that the gain is the feedback resistance divided by the input
resistance which means that the gain depends only on the externa ele-
ments connected to the op amp. Inview of Eq. (5.9), an equivalent circuit
for the inverting amplifier is shown in Fig. 5.11. The inverting amplifier
isused, for example, in a current-to-voltage converter.

i1
—_— Rl Vl

Figure 5.1 An equivalent circuit
for the inverter in Fig. 5.10.

Figure 5.10  The inverting amplifier.

25kQ Refer to the op amp in Fig. 5.12. If v; = 0.5V, calculate: (a) the output
VW voltage v,, and (b) the current in the 10 kS2 resistor.

MM > Solution:
>+ (a) Using Eq. (5.9),

ol & +4)

Vo _ &_ 25

= =-—=-25
V; Rl 10

v, = —2.5v;, = —2.5(0.5) = -1.25V

(b) The current through the 10-kS2 resistor is
v, -0 05-0
Ry 10x 108

Figure 5.12 For Example 5.3.

=50 uA

I =
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PRACTICE PROBLEMEIE

Find the output of the op amp circuit shown in Fig. 5.13. Calculate the 15kQ
current through the feedback resistor. . MWW
Answer: —120mV, 8 uA. ;> o
40 mv Y
o

Figure .13 For Practice Prob. 5.3.

e L B

Determine v, in the op amp circuit shown in Fig. 5.14.
Solution:
Applying KCL at node a,

Vo —Vp 6 — v,

40 20

v, — v, =12 — 2vu, == v, = 3v, — 12

But v, = v, = 2V for anidea op amp, because of the zero voltage drop
across the input terminals of the op amp. Hence,

v,=6—-12=-6V
Noticethat if v, = 0 = v,, then v, = —12, as expected from Eq. (5.9).

PRACTICE PROBLEMEBEE

Two kindsof current-to-voltage converters(al so known astransresistance
amplifiers) are shown in Fig. 5.15.
(a) Show that for the converter in Fig. 5.15(a),
Y~ R
Is
(b) Show that for the converter in Fig. 5.15(b),

Vo R3 Ra
Yoo Ryf1+22 458
I 1( Ry R2>

Figure 514 For Example 5.4.

Answer: Proof.

R
A%
p—
Is Vo
o
= @ = (b)

Figure 5.5 For Practice Prob. 5.4.
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5.5 NONINVERTING AMPLIFIER

Another important application of the op amp isthe noninverting amplifier
showninFig. 5.16. Inthis case, the input voltage v; isapplied directly at

i

- vﬁm the noninverting input terminal, and resistor R; is connected between the
R, _|1> v ground and theinv_erting ter_mi r_1al. We areinteres;ed in_the outpl_Jt vol'gage
A >\_O and the voltage gain. Application of KCL at the inverting terminal gives
V2 * . O—vi  vi—v,
y " 11 =12 — R1 = R; (5.10)
- But vy = vy = v;. Equation (5.10) becomes
é ° —V; Vi — Vo
= % - 7
Figure 5.16  The noninverting amplifier. or
v, = (1 + ﬁ) v; (5.12)
Ry

The voltage gainis A, = v,/v; = 1+ Ry/R1, which does not have a
negative sign. Thus, the output has the same polarity as the input.

A noninverting amplifier is an op amp circuit designed
to provide a positive voltage gain.

Again we notice that the gain depends only on the external resistors.

Notice that if feedback resistor Ry = 0 (short circuit) or Ry = oo
(open circuit) or both, the gain becomes 1. Under these conditions (R =
Oand R; = o0), thecircuit in Fig. 5.16 becomesthat shownin Fig. 5.17,
which is called a voltage follower (or unity gain amplifier) because the
output follows the input. Thus, for a voltage follower

Vy = V; (5.12)

Suchacircuit hasavery highinputimpedanceandistherefore useful asan
intermediate-stage (or buffer) amplifier toisolate onecircuit from another,
as portrayed in Fig. 5.18. The voltage follower minimizes interaction
between the two stages and eliminates interstage loading.

D>——o +
+ First + * | Second
v

stage stage

=
o

Vi Vo = Vj

== Figure 5.18 A voltage follower used to
isolate two cascaded stages of a circuit.

Figure 5.17  The voltage
follower.
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e L B

For the op amp circuit in Fig. 5.19, calculate the output voltage v,,. 10kQ
Solution:

4kQ

We may solve this in two ways: using superposition and using nodal a
analysis. b
Using superposition, we let oV av @F
Vo = Vo1 + VU2 L —°
wherev,; isduetothe6-V voltage source, and v, isdueto the4-V input. Figure 5.19 For Example 5.9,

To get v,1, we set the 4-V source equal to zero. Under this condition, the
circuit becomes an inverter. Hence Eq. (5.9) gives

10
Vo1 = _Z(G) =-15V

To get v,2, we set the 6-V source equal to zero. The circuit becomes a
noninverting amplifier so that Eq. (5.11) applies.

10
vz =(1+5)4=14V

Thus,

Vo = Vo1 4+ Vo2 = —15+ 14 = —1V

METHOD §4 Applying KCL at nodea,

6_Ua Vg — Vo

4 10
But v, = v, = 4, and so
6-4 4-v,
— = 5=4—v,
4 10 - v
orv, = —1V, as before.

PRACTICE PROBLEMENS

Calculate v, inthe circuit in Fig. 5.20.
Answer: 7V.

Figure 5.20  For Practice Prob. 5.5.
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i
R L R
Vi 0—ANAA
[ i
R 2| | 2%
V2 0—AM - =
i +
R, _3 . +
V3 O—AMA—— 0 Vo
o o

Figure 5.21  The summing amplifier.

PART | DC Circuits

5.6 SUMMING AMPLIFIER

Besides amplification, the op amp can perform addition and subtraction.
The addition is performed by the summing amplifier covered in this sec-
tion; the subtraction is performed by the difference amplifier covered in
the next section.

A summing amplifier is an op amp circuit that combines several inputs and produces
an output that is the weighted sum of the inputs.

The summing amplifier, shown in Fig. 5.21, is a variation of the
inverting amplifier. It takes advantage of the fact that the inverting con-
figuration can handle many inputs at the sametime. We keep in mind that
the current entering each op amp input is zero. Applying KCL at node a
gives

I =1i1+ir+ i3 (5.13)
But
V1 — Vg V2 — Vg
1= s 2=
R1 R>
(5.19)
. U3 — Vg . Vg — Vo
13 = , 1 =
R3 Ry

We note that v, = 0 and substitute Eq. (5.14) into Eq. (5.13). We get

R Ry R3

R R R
Vyp = — (—fvl + —fvg + —fv3> (5.15)

indicating that the output voltage is a weighted sum of the inputs. For
this reason, the circuit in Fig. 5.21 is called a summer. Needless to say,
the summer can have more than three inputs.

Cdlculate v, and i, in the op amp circuit in Fig. 5.22.

5kQ 10kQ
AV
a i
- o]
25kQ p
2V (f) . b +

2kQ SV
1Vv -

Figure 522 For Example 5.6.
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Solution:
Thisisasummer with two inputs. Using Eq. (5.15),
10 10
v=—|—@+—=1)|=-@4+4 =-8V
v, [5()+2‘5()} (4+4)

The current i, is the sum of the currents through the 10-k2 and 2-k2

resistors. Both of these resistors have voltage v, = —8 V across them,
since v, = v, = 0. Hence,
, — 0 , — 0
=2 T A= _08-04=-12mA

10 2

PRACTICE PROBLEMEI

Find v, and i,, in the op amp circuit shown in Fig. 5.23.

20kQ 8kQ
AMA,
10kQ i
> O
6kQ »
15v @ ® .
2v (+ §
- 4kQ 2 v,
12V _°

Figure 5.23  For Practice Prob. 5.6.

Answer: —3.8V, —1.425mA.

5.1 DIFFERENCE AMPLIFIER

Difference (or differential) amplifiers are used in various applications The difference amplifier is lso known as the sub-
where there is need to amplify the difference between two input signals. tractor, for reasons to be shown later,

They are first cousins of the instrumentation amplifier, the most useful

and popular amplifier, which we will discussin Section 5.10.

A difference amplifier is a device that amplifies the difference between two inputs
but rejects any signals common to the two inputs.

Consider the op amp circuit shown in Fig. 5.24. Keep in mind that

zero currents enter the op amp terminals. Applying KCL to node «,
V1 — Vg Vg — VU,

R Ry

R, R
v, = (R_ + 1> Vg — R—vl (5.16)

or
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Ry
AA
R vl 9
AW =
R3 Vp —» —©
AN + +
@ .
V2 R, °
T o
Figure 524 Difference amplifier.
Applying KCL to node b,
V2 — Vp N vp — 0
Rs  Ra
or
Ra (517)
Vp = () .
b Rs+ Ra 2

But v, = v,. Substituting Eq. (5.17) into Eq. (5.16) yields
R, R4 R,
o=\5+1)—Fv2— —
’ <R1+ >R3-|-R4v2 Rlvl
or

R2 (1+ R1/R») R>
=S S, — iy, (5.18)
R1 (14 Ra/Ras) R1

o

Sinceadifferenceamplifier must reject asignal common to thetwo inputs,
the amplifier must have the property that v, = 0 when v; = v,. This
property exists when
R4 R3
R: R
Thus, when the op amp circuit is a difference amplifier, Eq. (5.18) be-
comes

(5.19)

Vo — (v v 5.20
R 2 1

If R, = Ry and R3 = Ry, the difference amplifier becomes a subtractor,
with the output

V, = VU2 — V1 (5.22)
Design an op amp circuit with inputsv; and v, suchthat v, = —5v1+ 3vs.
Solution:
The circuit requires that
v, = 3va — 5ug (5.7.1)

This circuit can be realized in two ways.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER 5 Operational Amplifiers 179

DESIGN | If we desire to use only one op amp, we can use the op
amp circuit of Fig. 5.24. Comparing Eq. (5.7.1) with Eq. (5.18),
R>
— =5 — R, =5R, (5.7.2)
Ry
Also,
(1+ Ri/Rp) N e _ 3
(1+ R3/Ry) 14+ R3/R4 5
or
R3
2=1+— = R3 = R4 (5.7.3)
R4
If we choose R; = 10 k2 and R3; = 20 k<2, then R, = 50 k2 and
R4 = 20KkQ2.

DESIGN 2 If wedesireto use morethan one op amp, we may cascade
aninverting amplifier and atwo-input inverting summer, asshownin Fig.
5.25. For the summer,

v, = —v, — by (5.7.4)
and for the inverter,

v, = —3u, (5.7.5)

Combining Egs. (5.7.4) and (5.7.5) gives

Figure 525 For Example 5.7.

v, = 3vy — Svug

which isthe desired result. In Fig. 5.25, we may select R; = 10 k2 and
Ry = 20k orRi =Ry = 10 k2.

PRACTICE PROBLEMEEN

Design adifference amplifier with gain 4.
Answer: Typical: Ry = R3 = 10k, R, = R4 = 40kQ2.

£ X AP LE I

An instrumentation amplifier shown in Fig. 5.26 is an amplifier of low-
level signals used in process control or measurement applications and
commercialy available in single-package units. Show that

Ry 2R3
=—1(1 R —
Vo Ri ( + Ra ) (v2 —v1)

Solution:

We recognize that the amplifier Az in Fig. 5.26 is a difference amplifier.
Thus, from Eq. (5.20),

Vo = — (Vo2 — Vp1) (5.8.1)
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Figure 526  Instrumentation amplifier; for Example 5.8.

Since the op amps A; and A, draw no current, current i flows through
the three resistors as though they were in series. Hence,
Vo1 — Vo2 = i(R3 + R4+ R3) = i(2R3 + R4) (582

But
Vg — Up

R4

I =

and v, = vy, v, = vo. Therefore,
. V1= V2
= 583
l Rs (58.3)
Inserting Egs. (5.8.2) and (5.8.3) into Eq. (5.8.1) gives
Ry 2R3
o=—(1+=") (v2—
i R1< " R4>(v2 v

as required. We will discuss the instrumentation amplifier in detail in
Section 5.10.

PRACTICE PROBLEM IR

Obtain i, in the instrumentation amplifier circuit of Fig. 5.27.

8.00v 40kQ

20kQ
AWV

WY
20 kQ

801V 40kQ % 10kQ

-
e

Figure 527 Instrumentation amplifier; for Practice Prob. 5.8.

Answer: 2 uA.
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5.8 CASCADED OP AMP CIRCUITS

Asweknow, op amp circuitsaremodulesor building blocksfor designing
complex circuits. Itisoften necessary in practical applicationsto connect
op amp circuits in cascade (i.e., head to tail) to achieve a large overal
gain. In general, two circuits are cascaded when they are connected in
tandem, one behind another in asinglefile.

A cascade connection is a head-to-tail arrangement of two or more op amp circuits
such that the output of one is the input of the next.

When op amp circuits are cascaded, each circuit in the string is
caled a stage; the original input signal is increased by the gain of the
individual stage. Op amp circuits have the advantage that they can be
cascaded without changing their input-output relationships. Thisis due
tothefact that each (ideal) op amp circuit hasinfinite input resi stance and
zero output resistance. Figure 5.28 displays ablock diagram representa-
tion of three op amp circuitsin cascade. Since the output of one stageis
the input to the next stage, the overall gain of the cascade connection is
the product of the gains of the individual op amp circuits, or

A = A1A5A3 (5.22)

Although the cascade connection does not affect the op amp input-output
relationships, care must be exercised in the design of an actual op amp
circuit to ensure that the load due to the next stage in the cascade does
not saturate the op amp.

o— —o
+ + + +

Stage 1 Stage 2 Stage 3
vy A Vo= Agvy Ay V3= Ay Aq Vo= AgVs
o— —o

Figure 5.28 A three-stage cascaded connection.

81

M5.9

Find v, and i,, in the circuit in Fig. 5.29.
Solution:

This circuit consists of two noninverting amplifiers cascaded. At the
output of the first op amp,

12
v, = <1+ ?) (20) = 100 mV
At the output of the second op amp,

10
v, = (1+ Z) Ve = (1+ 2.5)100 = 350 mV

20mv @)

Figure 5.29

For Example 5.9.
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The required current i, isthe current through the 10-k<2 resistor.
. Vo — Up
=10

But v, = v, = 100 mV. Hence,

) (350 — 100) x 103
T T 0% 108

mA

PRACTICE PROBLEMEEE

Determine v, and i, in the op amp circuit in Fig. 5.30.
[; + Answer: 10V, 1mA.

4v (’:) 6kQ Yo

Figure 5.30  For Practice Prob. 5.9.

WS.IO

Ifv; =1V andvy, =2V, find v, in the op amp circuit of Fig. 5.31.

10kQ

Figure 531 For Example 5.10.

Solution:

The circuit consists of two inverters A and B and asummer C as shown
in Fig. 5.31. Wefirst find the outputs of theinverters.

v = —g(vl) =-31)=-3V, = —S(z}z) = 22) = -4V
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These become the inputs to the summer so that the output is obtained as

10 10 2
Vo ( c v, + 15vb> |: (=3)+ 3( ):| 8.333

PRACTICE PROBLEMEBEEK

If vy =2V andv, = 1.5V, find v, in the op amp circuit of Fig. 5.32.

60 kQ

Figure 532 Practice Prob. 5.10.

Answer: 9V.

5.9 OP AMP CIRCUIT ANALYSIS WITH PSPICE

PSpice for Windows does not have amodel for an ideal op amp, although
one may create one as a subcircuit using the Create Subcircuit linein the
Tools menu. Rather than creating an ideal op amp, wewill use one of the
four nonideal, commercially available op amps supplied in the PSpice
library eval .slb. The op amp modelshavethe part namesLF411, LM111,
LM324, and uA471, asshownin Fig. 5.33. Each of them can be obtained
from Draw/Get New Part/libraries - - -/feval.lib or by simply selecting
Draw/Get New Part and typing the part name in the PartName dialog
box, asusual. Notethat each of them requires dc supplies, without which
the op amp will not work. The dc supplies should be connected as shown
inFig. 5.3.

LF411 LML11 LMB24 uA741

(@) JFET—input opamp  (b) Op amp subcircuit (c) Five-connection (d) Five—connection
subcircuit op amp subcircuit op amp subcircuit

Figure 533 Nonidea op amp model available in PSpice.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



184 PART | DC Circuits

Use PSpice to solve the op amp circuit for Example 5.1.
Solution:

Using Schematics, we draw the circuit in Fig. 5.6(a) as shown in Fig.
5.34. Notice that the positive termina of the voltage source v; is con-
nected to the inverting terminal (pin 2) viathe 10-k<2 resistor, while the
noninverting terminal (pin 3) isgrounded asrequired in Fig. 5.6(a). Also,
notice how the op amp is powered; the positive power supply terminal
V+ (pin 7) is connected to a 15-V dc voltage source, while the negative
power supply terminal V— (pin4) isconnectedto —15V. Pins1and5are
|eft floating because they are used for offset null adjustment, which does
not concern us in this chapter. Besides adding the dc power supplies to
the original circuitin Fig. 5.6(a), we have al so added pseudocomponents
VIEWPOINT and IPROBE to respectively measure the output voltage v,
at pin 6 and the required current i through the 20-k<2 resistor.

%

[
vs@z2v 3P 7 =15V
‘NS -3.9983 -
L

— )
Rl _051
2| V2X - Q7O
. 9o = _15 V
10 K > T

> +

&) 1. 999E-04
R2

20 K

Figure 5,34 Schematic for Example 5.11.

After saving the schematic, we simulate the circuit by selecting
Analysis/Simulate and have the results displayed on VIEWPOINT and
IPROBE. From the results, the closed-loop gainis

Yo _3‘2983 — —1.99015

Us

and i = 0.1999 mA, in agreement with the results obtained analytically
in Example 5.1.

PRACTICE PROBLEMBEEIN

Rework Practice Prob. 5.1 using PSpice.
Answer: 9.0027, 0.6502 mA.
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5,10  APPLICATIONS

The op amp isafundamental building block in modern electronic instru-
mentation. It is used extensively in many devices, along with resistors
and other passive elements. Its numerous practical applications include
instrumentation amplifiers, digital-to-analog converters, analog comput-
ers, level shifters, filters, calibration circuits, inverters, summers, inte-
grators, differentiators, subtractors, logarithmic amplifiers, comparators,
gyrators, oscillators, rectifiers, regulators, voltage-to-current converters,
current-to-voltage converters, and clippers. Some of these we have al-

ready considered. We will consider two more applications here: the Digitl  o—— . Andlog
- : : s input 0 ——o0
digital-to-analog converter and the instrumentation amplifier. o—— DAC output
(0000-1111) 5o—|

5.10.1 Digital-to-Analog Converter @
Thedigital-to-anal og converter (DAC) transformsdigital signalsinto ana-
logform. A typical exampleof afour-bit DACisillustratedinFig. 5.35(a).
The four-bit DAC can berealized in many ways. A simplerealizationis

the binary weighted ladder, shown in Fig. 5.35(b). The hits are weights RRSR SR SR R
according to the magnitude of their place value, by descending value of
R¢ /R, sothat each lesser bit has half the weight of the next higher. This MSB = E’SL v,
is obviously an inverting summing amplifier. The output isrelated to the
inputs as shown in Eq. (5.15). Thus, o B
v, = Ry, +ﬁv +&v +ﬁv 523)  Figure 5.35 i : i
°= R 1 R 2 Rs 3 R 4 (523)  Figure . Four-bit DAC: (a) block diagram,

(b) binary weighted ladder type.

Input V; is called the most significant bit (MSB), while input V4 is the

least significant bit (LSB). Each of the four binary inputs Vi, ..., V4 can

assume only two voltage levels: 0 or 1 V. By using the proper input In practie, the voltage levels may be typically 0
and feedback resistor values, the DAC provides a single output that is and 5V

proportional to the inputs.

ms.m

In the op amp circuit of Fig. 5.35(b), let Ry = 10 k2, R1 = 10 k2,
R, = 20k, Rz = 40 k2, and R4 = 80 k2. Obtain the analog output
for binary inputs [0000], [0001], [0010], ..., [1111].

Solution:

Substituting the given values of the input and feedback resistors in Eq.
(5.23) gives

_ Ry
= Ry
=V;+ 05V, +0.25V53 + 0.125V,

% Vit Koy, Rry oy Rry,
0 1 R22 R33 R44

Using this equation, a digital input [V,V,>V3V,] = [0000] produces an
analog output of —V, = 0 V; [V1V,V3V,] = [0001] gives —V, =
0.125V. Similarly,
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[V1V2V3V4] = [0010] - -V, =025V

[ViVaVaVy] =[0011] =  —V,=025+0.125=0375V

[V1VLV3V,] = [0100] — -V, =05V

[V1VaV3V,] = [1117] = -V,=1+05+4+0.25+0.125
=1.875V

Table 5.2 summarizestheresult of the digital-to-anal og conversion. Note
that we have assumed that each bit has a value of 0.125 V. Thus, in
this system, we cannot represent a voltage between 1.000 and 1.125,
for example. This lack of resolution is a major limitation of digital-to-
analog conversions. For greater accuracy, a word representation with a
greater number of bitsis required. Even then a digital representation of
an analog voltage is never exact. In spite of this inexact representation,
digital representati on has been used to accomplish remarkablethingssuch
asaudio CDs and digital photography.

TABLES.2  Input and output values
of the four-bit DAC.

Binary input Output

[ViV,V3V,]  Decima value -V,
0000 0 0
0001 1 0.125
0010 2 0.25
0011 3 0.375
0100 4 0.5
0101 5 0.625
0110 6 0.75
0111 7 0.875
1000 8 10
1001 9 0.125
1010 10 0.25
1011 11 1.375
1011 12 15
1100 13 1.625
1101 14 1.75
1111 15 1.875

PRACTICE PROBLEMEEIN

A three-bit DAC isshownin Fig. 5.36.
(a) Determine |V, | for [ V1V, V3] = [010].
(b) Find |V, | if [V1V,V3] = [11Q].
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() If [V,| = 1.25V is desired, what should be [V V,V3] ? vy ok 1ok
(d) Toget |V,| = 1.75V, what should be [V V, V3] ? 20kO
Answer: 05V, 15V, [101], [111]. v oMW - .
40kQ L

V3 o——A——

Figure 5.36  Three-bit DAC; for Practice
Prob. 5.12.

5.10.2 Instrumentation Amplifiers

One of the most useful and versatile op amp circuits for precision mea-
surement and process control is the instrumentation amplifier (1A), so
called because of its widespread use in measurement systems. Typical
applications of IAsincludeisolation amplifiers, thermocouple amplifiers,
and data acquisition systems.

Theinstrumentation amplifier isan extension of the difference am-
plifier in that it amplifies the difference between its input signals. As
shown in Fig. 5.26 (see Example 5.8), an instrumentation amplifier typ-
ically consists of three op amps and seven resistors. For convenience,
the amplifier is shown againin Fig. 5.37(a), where the resistors are made
equal except for the external gain-setting resistor R, connected between
the gain set terminals. Figure 5.37(b) shows its schematic symbol. Ex-
ample 5.8 showed that

Vo = AU(UZ - 1)1) (524
where the voltage gain is

A —1 2R
, =14+ R (5.25)
Asshown in Fig. 5.38, the instrumentation amplifier amplifies small dif-
ferential signal voltages superimposed on larger common-mode voltages.
Since the common-mode voltages are equal, they cancel each other.
The |A has three major characteristics:

Inverted input » R

Gain set
? P VWW—
Re ! R

Gain set : > R
Noninverting input V2 ©=—]

Vo, Output

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

@ (b)

Figure 537 (8) The instrumentation amplifier with an external resistance to adjust the gain, (b) schematic diagram.
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L
I i% I

Small differential signalsriding on larger Instrumentation amplifier Amplified differential signal,
common—mode signals No common-mode signal

Figure 538  Thela rejects common voltages but amplifies small signal voltages.
(Source: T. L. Floyd, Electronic Devices, 2nd ed., Englewood Cliffs, NJ: Prentice Hall, 1996, p. 795.)

1. Thevoltage gain is adjusted by one external resistor Rg.

2. Theinput impedance of both inputsis very high and does not
vary asthe gain is adjusted.

3. Theoutput v, depends on the difference between the inputs v,
and v,, not on the voltage common to them (common-mode
voltage).

Due to the widespread use of IAs, manufacturers have devel oped
these amplifiers on single-package units. A typical example is the
LHO036, developed by National Semiconductor. The gain can be var-
ied from 1 to 1,000 by an external resistor whose value may vary from
100 2 to 10 kS2.

InFig.5.37,let R = 10k, v; = 2.011V, and v, = 2.017 V. If R; isad-
justed to 500 €2, determine: (@) the voltage gain, (b) the output voltage v,,.

Solution:
(a) Thevoltage gainis
2R 2 x 10,000
4+ =

A,=1+" =1
* &e 500

4

(b) The output voltage is
v, = Ay(v2 — v1) = 41(2.017 — 2.011) = 41(6) mV = 246 mV

PRACTICE PROBLEMENIE

Determine the value of the external gain-setting resistor R required for
thelA in Fig. 5.37 to produce a gain of 142 when R = 25 k2.

Answer: 354.6 Q.

5.11  SUMMARY

1. The op ampisahigh-gain amplifier that has high input resistance
and low output resistance.
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2. Table 5.3 summarizes the op amp circuits considered in this
chapter. The expression for the gain of each amplifier circuit holds
whether the inputs are dc, ac, or time-varying in general.

TABLES3  Summary of basic op amp circuits.

Op amp circuit Name/output-input relationship
R, Inverting amplifier
R>
Vo = ——V;
v, ke Ry
, >
+ O Vo

Voltage follower
Vi —oO0 Vo Vo =0

R R Summer
" v, = — &Ui-l-&vz-i-&m
¢ R, R, R

Ry R, Difference amplifier
V1 0—AMA— R,
v, = R*(vz —v1)
1

V2 0—AWN—

i

3. Anideal op amp has an infinite input resistance, a zero output
resistance, and an infinite gain.

4. For anideal op amp, the current into each of itstwo input terminals
is zero, and the voltage across its input terminalsis negligibly small.

5. Inaninverting amplifier, the output voltage is a negative multiple of
the input.

6. Inanoninverting amplifier, the output is a positive multiple of the
input.
7. Inavoltage follower, the output follows the input.

8. Inasumming amplifier, the output is the weighted sum of the
inputs.
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9. In adifference amplifier, the output is proportional to the difference
of the two inputs.

10. Op amp circuits may be cascaded without changing their
input-output relationships.
11. PSpice can be used to analyze an op amp circuit.

12. Typica applications of the op amp considered in this chapter
include the digital-to-analog converter and the instrumentation

amplifier.
REVIEW QUESTIONS
5.1 Thetwo input terminals of an op amp arelabeled as: 8kQ
(a) high and low. 4KO
(b) positive and negative. A >
(c) inverting and noninverting. a } * i
(d) differential and nondifferential. +
v @ ve @F 2kQ 2 Vo
52 For an ideal op amp, which of the following -
statements are not true? -

(a) Thedifferential voltage across the input
terminalsis zero.

(b) The current into the input terminalsis zero. Figure 5,40 For Review Questions55t05.7.
(c) The current from the output terminal is zero.
(d) Theinput resistanceis zero.

(6) The output resistance is zero 5.6 If v, = 8V inthecircuit of Fig. 5.40, the output

voltageis:
53  Forthecircuit in Fig. 5.39, voltage v, is. 8 ;34 v Eg; 7_ 3\/
(@ -6V (b) -5V
(o) —1.2V (d -0.2Vv 5.7 Refer to Fig. 5.40. If v, = 8V, voltage v, is:
(@ -8V (b) OV
. (c) 10/3V (d) 8V
10kQ "X o
— AMAM—— 5.8 The power absorbed by the 4-k<2 resistor in Fig.
2kO 541is:
———o (@ 9mw (b) 4 mw
:I>/ * © 2mw () 1 mw
1v 3kQ Vo
1 ° 4kQ
> :
Figure 539 For Reivew Questions 5.3 and 5.4. sv @ 2k 3 v,
o
54 For the circuit in Fig. 5.39, current i, is:
(@ 0.6A (b) 05A Figure 541 For Review Question 5.8.
(c) 0.2A (d) 1/12 A
5.9 Which of these amplifiersisused in a
55 If v, = Ointhecircuit of Fig. 5.40, current i,, is: digital-to-analog converter?
(& —10A (b) —25A (& noninverter (b) voltage follower
(c) 10/12A (d) 10/14 A (c) summer (d) difference amplifier
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5.10 Difference amplifiersare used in:
(8 instrumentation amplifiers
(b) voltage followers
(c) voltage regulators
(d) buffers

Operational Amplifiers 191

(e) summing amplifiers
(f) subtracting amplifiers

Answers: 5.1¢c, 5.2¢,d, 5.3b, 5.4b, 5.5a, 5.6¢, 5.7d, 5.8b, 5.9¢c, 5.10a,f.

PROBLEMS

Section 5.2 Operational Amplifiers

51 The equivalent model of a certain op amp is shown
in Fig. 5.42. Determine:

(a) theinput resistance
(b) the output resistance
(c) thevoltage gainin dB.

60 Q

Vd 15MQ 8 x 10vq

Figure 542 For Prob. 5.1.

5.2 The open-loop gain of an op amp is 100,000.
Calculate the output voltage when there are inputs of
+10 wV ontheinverting terminal and + 20 1V on
the noninverting terminal .

5.3 Determine the output voltage when —20 1V is
applied to the inverting terminal of an op amp and
430 wV toits noninverting terminal. Assume that
the op amp has an open-loop gain of 200,000.

54 The output voltage of an op amp is —4 V when the
noninverting input is 1 mV. If the open-loop gain of
the op amp is 2 x 10°, what is the inverting input?

55 For the op amp circuit of Fig. 5.43, the op amp has
an open-loop gain of 100,000, an input resistance of
10 k€2, and an output resistance of 100 2. Find the
voltage gain v, /v; using the nonideal model of the
op amp.

-

Figure 5.43  For Prob. 5.5.

5.6 Using the same parameters for the 741 op amp in
Example 5.1, find v, in the op amp circuit of Fig.
5.44.

_o .
G2
O
1mv

Figure 5,44 For Prob. 5.6.

5.7 Theop ampin Fig. 5.45 has R; = 100 k2,
R, =100 2, A = 100,000. Find the differential
voltage v, and the output voltage v,,.

=y
+
10kQ 100 kQ
ANV

O
+
1mv Vo
o
Figure 545 For Prob. 5.7.
Section 5.3 Ideal Op Amp

5.8 Obtain v, for each of the op amp circuitsin Fig. 5.46.

10kQ

+

1mA

=
[N
<
9
N
5
|

@ (b)

Figure 5,46 For Prob. 5.8.

59 Determine v, for each of the op amp circuitsin Fig.
5.47.
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2kQ
AN
Lo
+
1mA av Vo
+ o

v @ v 2kQ Y

Figure 547 For Prob. 5.9.
510 Findthegainv,/v, of thecircuitin Fig. 5.48.

20kQ

- ©

Figure 548 For Prob. 5.10.
511 Findv, andi, inthecircuit in Fig. 5.49.

8kQ

2kQ

5kQ +
3V 10kQ

Figure 549 For Prob. 5.11.

5.12  Refer to the op amp circuit in Fig. 5.50. Determine
the power supplied by the voltage source.

DC Circuits

4kQ
1kQ
——o0 VO
12V VW
2kQ
4kQ %
O
Figure 5.50  For Prob. 5.12.

513 Findv, and i, inthecircuit of Fig. 5.51.

%10 kQ

Figure 5.5 For Prob. 5.13.

5.14  Determine the output voltage v, in the circuit of Fig.

5.52.
10kQ
10kQ
20kQ
AW *_O
+
2mA 5kQ v,
o
Figure 5.52  For Prob. 5.14.
Section 5.4 Inverting Amplifier

5.15 (@) For thecircuit shown in Fig. 5.53, show that the

ganis
Vo _ 1 R + R + R1R2
V; - R ! 2 R3

(b) Evaluate the gain when R = 10 k€2,
R, = 100kS2, R, = 50kS2, R3 = 25 kS2.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



Figure 553 For Prob. 5.15.

5.16  Calculatethe gain v,/v; when the switch in Fig.

5.54isin:
@ (a) position1l (b) position2

12 kQ

5kQ

CHAPTER 5

(c) position 3

Figure 5.54  For Prob. 5.16.

5.17 Cdculatethegain v,/v; of the op amp circuit in Fig.

1MQ

5.55.
10kQ 50 kQ
A
vi 20kQ

Figure 5.55  For Prob. 5.17.

5.18 Determinei, inthecircuit of Fig. 5.56.

519

5.20
521

Operational Amplifiers 193

2kQ 4kQ 10kQ

1v 4kQ
5kQ

Figure 5.56  For Prob. 5.18.

Inthecircuit in Fig. 5.57, calculate v, if v, = 0.

8kQ
2kQ
4kQ 4kQ
AW L .
+
oV Vs Vo
o

Figure 5.57  For Prob. 5.19.

Repeat the previous problem if v, = 3 V.

Design an inverting amplifier with again of —15.

Section 5.5 Noninverting Amplifier

522

523

Find v, and v, in the op amp circuit of Fig. 5.58.

Va
2V o—4>_‘7—0 Yo

3V

Figure 558 For Prob. 5.22.

Refer to Fig. 5.59.
(a) Determine the overal gain v, /v; of the circuit.

(b) What value of v; will result in
v, = 15¢c0s1207¢?

20kQ 1MQ
A aA%%Y
8kQ
Lo
+
Vi 2kQ Vo
O

Figure 559 For Prob. 5.23.
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524  Findi, inthe op amp circuit of Fig. 5.60. 528 Refer tothe op amp circuit in Fig. 5.64. Calculate i,
and the power dissipated by the 3-k<2 resistor.
50 kQ
A 1kQ
| i
Jio
10k 04V 20kQ
1mA 4kQ 2kQ 3kQ
5.25 Inthecircuit showninFig. 5.61, find i, and the 529  Design anoninverting amplifier with again of 10.

power absorbed by the 20-2 resistor. ) _ -
Section 5.6 Summing Amplifier

5.30 Determine the output of the summing amplifier in

60kQ Fig. 5.65.
¥ix
12V 30kQ 20kQ Vo joka
T‘—WW— 30kQ

20kQ

2v
Figure 5.6/ For Prob. 5.25. ‘ AW

5.26  Forthecircuitin Fig. 5.62, find i,.

+

3V 30k - Yo
12kQ ‘ VYV
AW = i
6kQ .
AV : Figure 5.65  For Prob. 5.30.
G S
531 Cadlculate the output voltage due to the summin
4mA § 3kQ - put voltag g
‘ 6kQ Vo @ amplifier shown in Fig. 5.66.
© 0mMY g
Figure 5.62  For Prob. 5.26. T‘—WW—
527 Calculatei, and v, inthecircuit of Fig. 5.63. Find 20mV - 5510
the power dissipated by the 60-kS2 resistor. f‘_wv\’_ +
% 20ka 0mV 1oka -
i’ MAN —@—w— soka ]
w N 100mMV oo

amv @ S0k 60k9§ 30kQ§vo @& —w—
§10k9 - -

Figure 5.66  For Prob. 5.31.

) 5.32  Anaveraging amplifier isasummer that provides an
Figure 5.63  For Prob. 5.27. output equal to the average of theinputs. By using
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CHAPTER 5 Operational Amplifiers 195

proper input and feedback resistor values, one can
get
—Vout = ;11(1)1 + v2 + v3 4 va)

Using afeedback resistor of 10 k<2, design an
averaging amplifier with four inputs.

5.33 A four-input summing amplifier has
Ri = R, = R3 = R4 = 12kQ. What value of
feedback resistor is needed to make it an averaging

amplifier?
5.34  Show that the output voltage v, of thecircuit in Fig.
5.67is
(Rs+ R4)
o = = R R
v RaRs + Ro) (Rav1 + Ryv2)
Ry
Rs
L : Ve
_ Rl —O Yo
Vi 0—WW +
R,

Figure 5.67  For Prob. 5.34.

5.35 Design an op amp circuit to perform the following
operation:

v, = 3v; — 202
All resistances must be < 100 k2.

5.36  Using only two op amps, design acircuit to solve

V1 — V2 U3

—Vout = 3 >

Section 5.7 Difference Amplifier

5.37 Findv, andi, in the differential amplifier of Fig.
5.68.

v @

Figure 5.68  For Prob. 5.37.

*An asterisk indicates a challenging problem.

538 Thecircuitin Fig. 5.69 isadifferential amplifier
@ driven by abridge. Find v,.

20 kQ 80 kQ

30kQ

+5mV

Figure 5.69  For Prob. 5.38.

5.39  Design adifference amplifier to have again of 2 and
acommon mode input resistance of 10 k2 at each
input.

540 Designacircuit to amplify the difference between
two inputs by 2.

(@) Useonly one op amp.
(b) Usetwo op amps.
541  Using two op amps, design a subtractor.

*5.42  Theordinary difference amplifier for fixed-gain
operation is shown in Fig. 5.70(a). It issimple and
reliable unless gain is made variable. One way of
providing gain adjustment without losing simplicity
and accuracy isto usethe circuit in Fig. 5.70(b).
Another way isto use the circuit in Fig. 5.70(c).

Show that:
(a) forthecircuitinFig. 5.70(a),
W _ R
v Ry
@ (b) for thecircuit in Fig. 5.70(b),
Fg5_70b vo_fo L
- v Ry, R
2R;
@ (c) for thecircuit in Fig. 5.70(c),
Vo R2 R2
-2 l1+ =
Fg5_70c v; R, ( + 2R6>
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©
Figure 5.70  For Prob. 5.42.
Section 5.8 Cascaded Op Amp Circuits

543 Theindividua gains of the stagesin a multistage

amplifier are shownin Fig. 5.71.

(a) Calculatethe overal voltage gain v, /v;.

(b) Find the voltage gain that would be needed in a
fourth stage which would make the overall gain
to be 60 dB when added.

Vi O—’—’—’—ovo

Figure 5.7 For Prob. 5.43.

DC Circuits

544

5.45

5.46

0.6V

547

5.48

In acertain electronic device, athree-stage amplifier
is desired, whose overall voltage gain is42 dB. The
individual voltage gains of the first two stages are to
be equal, while the gain of the third isto be
one-fourth of each of the first two. Calculate the
voltage gain of each.

Refer to the circuit in Fig. 5.72. Calculate i, if:
@ v, =12mv (b) vy =10c0s377t mV.

12kQ 12kQ

6kQ 4kQ

Figure 5.7 For Prob. 5.45.

Calculate i, in the op amp circuit of Fig. 5.73.

10kQ
1kQ 2kQ

5kQ Tio

3kQ 4kQ

-
Figure 5.73  For Prob. 5.46.

Find thevoltage gain v, /v, of thecircuitin Fig. 5.74.

20kQ
AW
10kQ
5kQ
—o
Q
V,
S VO
T o
Figure 5.74  For Prob. 5.47.

Calculate the current gain i, / i of the op amp circuit
inFig. 5.75.
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5.50

551

CHAPTER 5

4kQ

10kQ

i @ %5kQ o

3kQ 3ka 2kQ

=

Figure 575 For Prob. 5.48.

Find v, interms of v; and v, inthecircuitin Fig.

5.76.
Rs Ry
V2 —VWWA—
R,
R
v Y Rs
o o

Figure 5.76  For Prob. 5.49.

Obtain the closed-loop voltage gain v, /v; of the
circuitin Fig. 5.77.

&
5 +(5

ol

Figure 5.77  For Prob. 5.50.

Determine the gain v, /v; of the circuit in Fig. 5.78.

Operational Amplifiers 197
Rs
MW
R2 R4
Ry
—AWA— Rs

Vi Rs +

P—WW Yo

O

Figure 578 For Prob. 5.51.
5,52  ForthecircuitinFig. 5.79, find v,.
25kQ
MWV
40kQ 100kQ

20kQ

v @

10kQ
av MY Vo
o

Figure 5.79  For Prob. 5.52.

5,53  Obtain the output v, in the circuit of Fig. 5.80.
80 kQ 80 kQ

0.4V
0.2V

Figure 580  For Prob. 5.53.
554  Find v, inthecircuit in Fig. 5.81, assuming that

R, = oo (open circuit).
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558  Determine the load voltage v, in the circuit of Fig.
E‘, o 54
15kQ
5kQ 50 kQ
+
10mv 6kQ Y § 1kQ
2kQ -
L
Figure 58] For Probs. 554 and 5.55. Figure 584 For Prob. 5.58,
555  Repeat the previous problem if R, = 10 k. . . o )
5,59  Findi, inthe op amp circuit of Fig. 5.85.
556  Determine v, in the op amp circuit of Fig. 5.82.
30KkQ 10K 100 kQ 32kQ
10kQ A 10 kQ
20kQ
VO
v 06V 04V
= 60 kQ
= 10kQ 10kQ
20kQ == '
2v AAAA - Figure 585  For Prob. 5.50.
= 10kQ B
Section 5.9 Op Amp Circuit Analysiswith
3V PSpi ce
1 - 5,60 Rework Example5.11 using the nonideal op amp
- 10ka LM324 instead of UA74L1.
5,61  Solve Prob. 5.18 using PSpice and op amp uA741.
av 5.62  Solve Prob. 5.38 using PSpice and op amp LM 324.
- 5.63 UsePSpiceto obtain v, in the circuit of Fig. 5.86.
Figure 582 For Prob. 5.56.
10kQ 20kQ  30kQ  40kQ
5,57  Find theload voltage v, in thecircuit of Fig. 5.83. MW MWv
100kQ 250 kQ +
AA%%Y v
1V 2V °
20kQ -
O
+ -
04V 2kQ = Vi
- Figure 586 For Prob. 5.63.
_ 5.64  Determine v, in the op amp circuit of Fig. 5.87
Figure 583 For Prob. 557. using PSpice.
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20kQ 10kQ 570 If Rz =100 and R = 20 k2, calculate the
—wwi voltage gain of the A in Fig. 5.37.
5V <§ q = 571  Assuming again of 200 for an |A, find its output
1 :‘J, voltage for:

(8 vy =0.402V and v, = 0.386 V

100 kQ2 (b) v1 = 1.002V and v, = 1.011 V.

20kQ 10kQ 40kQ

\\}—o 1 &S +0

5.72  Figure 5.89 displays a two-op-amp instrumentation
amplifier. Derive an expression for v, in terms of vy
and v,. How can this amplifier be used asa
subtractor?

1V

Figure 5.87  For Prob. 5.64.

5.65 UsePSpiceto solve Prob. 5.56, assuming that the op
amps are UA741.

5,66 UsePSpiceto verify theresultsin Example 5.9.
Assume nonideal op amps LM 324.

Section 5.10 Applications

5.67 A five-bit DAC coversavoltagerangeof 0to 7.75 V.
Calculate how much voltage each bit is worth.

Figure 5,89 For Prob. 5.72.

] S *5.73  Figure 5.90 shows an instrumentation amplifier
5.68  Design asix-bit digital-to-analog converter. driven by abridge. Obtain the gain v, /v; of the
(& If |V,| = 1.1875V isdesired, what should amplifier.
[V1V2V3V4V5V6] be?
(b) Calculate [V,| if [Vl VoVs V4V5V6] = [011011]
(c) What isthe maximum value |V, | can assume? 20kQ
*5.69 A four-bit R-2R ladder DAC is presented in Fig. 5.88.
L v
@ (@) Show that the output voltage is given by
Vi Vo V3 Va 40kQ
—V,=R;| —+ — + — + —
v f(2R+4R+8R+16R>
(b) If Ry =12kQ and R = 10 k<2, find |V,| for
[ViV,V3V,] = [1011] and [V, V,V3V,] = [0101].

R

25kQ  500kQ

2R

Vi 500 kQ
R
2R = L

V2 O— \WW—

<

Figure 5.90  For Prob. 5.73.

2R
V3 O— \WW—

R
2R

!

Figure 5.88  For Prob. 5.69.

v,
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COMPREHENSIVE PROBLEMS

574

5.75

5.76

A gain of 6 (4 or —, it does not matter) is required
in an audio system. Design an op amp circuit to
provide the gain with an input resistance of 2 k<2.

The op amp circuit in Fig. 5.91 isacurrent amplifier.

Find the current gain i,/ i, of the amplifier.

20kQ
—AW—

§4kQ
flo
éZkQ

i. @ § 5kQ

Figure 5,91 For Prob. 5.75.

A noninverting current amplifier is portrayed in Fig.
5.92. Caculatethegaini,/i,. Take Ry = 8 k2 and
R, =1kQ.

R, §R2
"

IO
i § R,

Figure 5,92 For Prob. 5.76.

577

*5.78

Refer to the bridge amplifier shown in Fig. 5.93.
Determine the voltage gain v, /v;.

60 kQ

20kQ B

&

Figure 5.93

For Prob. 5.77.

A voltage-to-current converter is shown in Fig. 5.94,
which meansthat i; = Av; if Ri{R> = R3R4. Find
the constant term A.

Rs

x %RL

Figure 5.94  For Prob. 5.78.

Go to the Student OLC
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