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Preface

The authors’ intention in all previous editions of Operational Amplifiers and Linear
Integrated Circuits has been to show that operational amplifiers and other linear integrated
circuits are easy to use and fun to work with. This sixth edition has kept that basic phi-
losophy. For the fundamental circuits, we have continued to use devices that are readily
available, easy to use, and forgiving if a wiring error 1s made. Newer devices are intro-
duced where the application requires it. We have preserved our original objective of sim-
plifying the process of learning about applications involving signal conditioning, signal
generation, filters, instrumentation, timing, and control circuits. This edition continues to
reflect the evolution of analog circuits into applications requiring transducer signals that
must be conditioned for a microcontroller’s analog-to-digital input.' We have kept circuit
simulation using OrCAD® PSpice®. A laboratory manual is now available to accompany

' A detailed procedure on how to design circuits that interface between the physical world and microcon-

trollers is presented in Data Acquisition and Process Control with the M68HC 11 Microcontroller, 2nd Edition,
by E. Driscoll, R. Coughlin, and R. Villanucci, published by Prentice Hall (2000).

XXV



XXVi Preface

this sixth edition.? It includes both detailed hardware and simulation exercises. Some ex-
ercises are step-by-step; others are design projects. The exercises follow the text material.

Chapters 1 through 6 provide the reader with a logical progression from op amp
fundamentals to a variety of practical applications without having to worry about op amp
limitations. Chapter 7 shows how op amps combined with diodes can be used to design
ideal rectifier circuits as well as clamping and clipping circuits. PSpice models and sim-
ulations are included in these chapters.

Chapter 8 shows applications that require measuring a physical variable such as
temperature, force, pressure, or weight and then having the signal conditioned by an in-
strumentation amplifier before being input into a microcontroller’s A/D converter.
Instrumentation amplifiers are required when a designer has to measure a differential sig-
nal, especially in the presence of a larger noise signal.

As previously mentioned, in order not to obscure the inherent simplicity and over-
whelming advantages of using op amps, their limitations have been left for Chapters 9
and 10. Dc limitations are studied in Chapter 9 and ac limitations are covered in Chapter
10. An expanded discussion on common-mode rejection ratio has been included in this
edition. Many limitations have been made negligible by the latest generations of op amps,
as pointed out in these chapters.

Active filters, low-pass, high-pass, band-pass, and band-reject, are covered in
Chapter 11. Butterworth-type filters were selected because they are easy to design and
produce a maximally flat response in the pass band. Chapter 11 shows the reader how to
design a variety of filters easily and quickly.

Chapter 12 introduces a linear integrated circuit known as the multiplier. The de-
vice makes analysis and design of AM communication circuits simpler than using discrete
components. Modulators, demodulators, frequency shifters, a universal AM radio receiver,
and analog divider circuits all use a multiplier IC as the system’s basic building block.
This chapter has been retained because instructors have written to say that the principles
of single-side band suppressed carrier and standard amplitude-modulation transmission
and detection are clearly explained and quite useful for their courses.

The inexpensive 555 IC timer is covered in Chapter 13. This chapter shows the ba-
sic operation of the device as well as many practical applications. The chapter also in-
cludes a timer/counter unit.

In previous editions, analog-to-digital and digital-to-analog converters have been
covered in a single chapter. This edition separates these topics into two chapters so that
more device specifications can be included as well as practical applications. Chapter 14
deals only with analog-to-digital converters, while the new Chapter 15 covers digital-to-
analog converters. A serial ADC connected to a Motorola microprocessor is shown (with
assembly language code) in Chapter 14.

Chapter 16 shows how to design a regulated linear power supply. This chapter be-
gins with the fundamentals of unregulated supplies and proceeds to regulated supplies. It
shows how IC regulators are used for building low-cost 5 V and * 15 V bench supplies.

Laboratory Manual to Accompany Operational Amplifiers and Linear Integrated Circuits, 6th Edition, by
R. Coughlin, F. Driscoll, and R. Villanucci published by Prentice Hall (2001).
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This edition has more than enough material for a single-semester course. After the
first three chapters, instructors often take chapters out of sequence depending on the class
interest, need to complement another course (such as a design course), or availability of
lab equipment or class time. Therefore, Chapters 4 through 16 have been written as stand-
alone chapters for this very reason. The circuits have been tested in the Jaboratory by the
authors and the material is presented in a form useful to students or as a reference to prac-
ticing engineers and technologists. Each chapter includes learning objectives and prob-
lems, and most chapters have PSpice simulations. The reader should refer to the accom-
panying laboratory manual for lab exercises and additional simulation exercises.
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CHAPTER 1

Introduction to Op Amps

LEARNING OBJECTIVES

Upon completing this introductory chapter on op amps, you will be able to:

+ Understand why analog circuitry using op amps is still required in computer-based
systems.

+ Draw the circuit symbol for a general-purpose op amp such as the 741 and show the
pin numbers for each terminal.

+ Name and identify at least three types of package styles that house a general-purpose
op amp.

+ Identify the manufacturer, op amp, and package style from the PIN.

+ Correctly place an order for an op amp.

- Identify the pins of an op amp from the top or bottom view.

+ Identify the power supply common on a circuit schematic, and state why you must
do so.

+ Breadboard an op amp circuit.
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1-0 INTRODUCTION

One of the most versatile and widely used electronic devices in linear applications is the
operational amplifier, most often referred to as the op amp. Op amps are popular because
they are low in cost, easy to use, and fun to work with. They allow you to build useful
circuits without needing to know about their complex internal circuitry. Op amps are usu-
ally very forgiving of wiring errors because of their self-protecting internal circuitry.

The word operational in operational amplifiers originally stood for mathematical
operations. Early op amps were used in circuits that could add, subtract, multiply, and
even solve differential equations. These operations have given way to digital computers
because of their speed, accuracy, and versatility. However, digital computers were not the
demise of the op amp.

1-1 IS THERE STILL A NEED FOR ANALOG CIRCUITRY?

1-1.1 Analog and Digital Systems

You often hear an expression similar to “It is a digital world.” This usually is followed by
a statement such as “Is there a reason for studying analog circuitry, including op amps
and other linear integrated circuits, when so many applications use a computer?” It is true
that more and more functions are being done and problems are being solved by micro-
computers, microcontrollers, or digital signal processing chips and systems today than
ever before. This trend of going digital will continue at an even faster pace because soft-
ware packages are better and easier to use, computers are faster and more accurate, and
data can be stored and transferred over networks. However, as more digital systems are
created for data acquisition and process control, more interface circuits using op amps and
other linear integrated circuits are also required. These integrated systems now require de-
signers to understand the principles of both the analog and the digital world in order to
obtain the best performance of a system at a reasonable cost.

In the past, op amps were studied as separate entities and entire analog systems
were developed using only analog circuitry. In some specialized real-time applications,
this is still true but most systems that find their way to the marketplace are a combina-
tion of analog and digital. A typical data acquisition system block diagram is shown in

Signal CPU

Sensor conditioning —— A/D and Output | _Outpul — Load
L port interface (ac or dc)
circuit memory

Converts

a physical \ ) \ v J Provides isolation Typical loads
parameter 1o Inout interface Mic roll between a are motors,
. nputinteriac ierocontrolier microcontroller heaters, pumps,
an electrical using op amps . ; . i itioni
vantit d other TC and high-voltage air conditioning
4 y and other 14 loads. SCRs triacs, units, etc.

and power transistors
are typical output
interface devices.

FIGURE 1-1 Typical data acquisition block diagram.
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Fig. 1-1. It uses a sensor to convert a physical parameter (such as temperature, pressure,
or flow) into an electrical parameter (such as voltage, current, or resistance). Unfortunately,
sensors rarely produce an output whose electrical parameter or value is suitable for direct
input into the computer through an analog-to-digital (A/D) converter. Thus an input in-
terface circuit using op amps or other linear ICs is needed to condition the signal for the
computer’s A/D. Similarly, at the computer’s output another analog circuit is needed to
interface and isolate the computer’s low voltage from a high-voltage ac or dc load. This
text is designed to show applications of op amps and other linear integrated circuits in
these combined analog and digital systems.

1-1.2 Op Amp Development

Op amps are designed using a wide variety of fabrication techniques. Originally they con-
tained only bipolar transistors, but now there are a host of devices that use field-effect
transistors within the op amp. Junction field-effect transistors at the input draw very small
currents and allow the input voltages to be varied between the power supply limits. MOS
transistors in the output circuitry allow the output terminal to go within millivolts of the
power supply limits.

Op amps designed with bipolar inputs and complementary MOS outputs, appropri-
ately named BiMOS, are faster and have a higher frequency response than the general-
purpose op amps. Manufacturers have also designed dual (2) and quad (4) op amp pack-
ages. Hence, the package that once housed a single op amp can now contain two or four
op amps. In the quad package, all four op amps share the same power supply and ground
pins.

1-1.3 Op Amps Become Specialized

Inevitably, general-purpose op amps were redesigned to optimize or add certain features.
Special function ICs that contain more than a single op amp were then developed to per-
form complex functions.

You need only to look at linear data books to appreciate their variety. Only a few
examples are

. High current and/or high voltage capability

. Sonar send/receive modules

. Multiplexed amplifiers

. Programmable gain amplifiers

. Automotive instrumentation and contro]

. Communication ICs

. Radio/audio/video 1Cs

. Electrometer ICs for very high input impedance circuits
. ICs that operate from a single supply

. ICs that operate from rail to rail

OO 01NN —

—
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General-purpose op amps will be around for a long time. However, more complex inte-
grated circuits on a single chip are being developed. These devices combine analog with
digital circuitry. In fact, with improved very large scale integrated (VLSI) technology, en-
tire systems are being fabricated on a single large chip.

A single-chip computer is today’s reality. A single-chip TV set will happen eventu-
ally. Before learning how to use op amps, it is wise to learn what they look like and how
to buy them. As previously stated, the op amp’s greatest use will be as a part in a system
that interfaces the real world of analog voltage with the digital world of the computer, as
will be shown throughout this text. If you want to understand the system, you must un-
derstand the workings of one of its most important components.

1-2 741 GENERAL-PURPOSE OP AMP

1-2.1 Circuit Symbol and Terminals

The 741 op amp has been “around” for a number of years. However, it still is a great de-
vice to begin with because it is inexpensive, rugged, and easy to obtain. The op-amp sym-
bol in Fig. 1-2 is a triangle that points in the direction of signal flow. This component has

U7(IC14) = reference designator

Pin or terminal

+V . )
number Positive supply

terminal

Inverting input 2
terminal O]
. L 3 Output terminal
Noninverting input 3
terminal Part identification number (PIN)

Negative supply
vy terminal

FIGURE 1-2  Circuit symbol for the general-purpose op amp. Pin num-
bering is for an 8-pin mini-DIP package.

a part identification number (PIN) placed within the triangular symbol. The PIN refers to
a particular op amp with specific characteristics. The 741C op amp illustrated here is a
general-purpose op amp that is used throughout the book for illustrative purposes.

The op amp may also be coded on a circuit schematic with a reference designator such
as U7, IC14, and so on. Its PIN is then placed beside the reference designator in the parts
list of the circuit schematic. All op amps have at least five terminals: (1) The positive power
supply terminal V¢ or +V at pin 7, (2) the negative power supply terminal Vgg or —V at pin
4, (3) output pin 6, (4) the inverting (—) input terminal at pin 2, and (5) the noninverting (+)
input terminal at pin 3. Some general-purpose op amps have additional specialized terminals.
(The pins above refer to the 8-pin mini-DIP case discussed in the following section.)
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1-2.2 Simplified Internal Circuitry of a General-Purpose
Op Amp

General-purpose op amps are multistage systems. As shown in Fig. 1-3(a), the basic op
amp consists of an input stage with two input terminals, an output stage with one output
terminal, and an intermediate stage that connects the output signal of the input stage to
the input terminal of the output stage.

Dc power is applied from a bipolar supply to the op amp’s external power supply
terminals and thus to each internal stage of the op amp. Depending on the application, in-
put signals, V4, and V,_, can be positive, negative, or zero. The resulting output voltage
is measured across the load resistor R;, which is connected between the op amp’s output
terminal and common. The output voltage, V,, depends on the input signals and charac-
teristics of the op amp.

Positive
Op amp power supply
terminal
\l Output stage
——
< B
Differential
input voltage 1t
\ V) ! —
V(_) E, Intermediate
stage Output
L
+
R % %
Vv CC L o
(+) e . |/
I +
V] Vz }W _.E' v,
— VEE

——

Input stage T

Negative
power supply
terminals

(a)

FIGURE 1-3 (a) Simplified block diagram of a general-purpose operational amplifier with ex-
ternal connections; (b) external connections using the op amps circuit symbol.
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Positive
power supply
terminal

Differential
input voltage

1.

Output — Vec

terminal R, —[ - Analog
ANN ground
‘ = 1
=) VO +
__‘7 Vee

Negative
power supply
V terminal

(b)
FIGURE 1-3(b)

1-2.3 Input Stage—Differential Amplifier

The input stage of the op amp in Fig. 1-3(a) is called a differential amplifier. It has very
high input impedance as well as a large voltage gain. When input signals V. and V_,
are applied, the difference voltage, E,. is amplified by this stage and appears as the out-
put voltage V. (Examples of how E is calculated are given in Chapter 2.)

1-2.4 Intermediate Stage—Level Shifter

Signal voltage V; at the output of the differential amplifier is directly coupled to the in-
put of the intermediate level shifter stage. This stage performs two functions. First, it
shifts the dc voltage level at the output of the differential amplifier to a value required to
bias the output stage. Second, this stage allows input signal V| to pass nearly unaltered
and become the input signal V, for the output stage.

1-2.5 Output Stage—Push-Pull

The signal voltage V, at the output of the intermediate stage is coupled directly into the
output stage. The most common output stage is a pap-npn push-pull transistor configura-
tion. Using a push-pull circuit as the final stage allows the op amp to have a very low out-
put resistance. As shown in Figs. 1-3(a) and (b), load resistor R, is connected between
the output terminal and common to develop output voltage V,,.

This simplitied model of the op amp in Fig. 1-3(a) presents the basic information
on its internal architecture. The actual circuitry is more complicated, but the functions are
similar.
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1-3 PACKAGING AND PINOUTS

1-3.1 Packaging

The op amp is fabricated on a tiny silicon chip and packaged in a suitable case. Fine-gage
wires connect the chip to external leads extending from a metal, plastic, or ceramic pack-
age. Common op amp packages are shown in Figs. 1-4(a) to (d).

The metal can package shown in Fig. 1-4(a) is available with 3, 5, 8, 10, and 12
leads. The silicon chip is bonded to the bottom metal sealing plane to expedite the dissi-
pation of heat. In Fig. 1-4(a) the tab identifies pin 8, and the pins are numbered counter-
clockwise when you view the metal can from the top.

The popular 14-pin and 8-pin dual-in-line packages (D1Ps) are shown in Figs. 1-4(b)
and (c). Either plastic or ceramic cases are available. As viewed from the top, a notch or
dot identifies pin 1 and terminals are numbered counterclockwise.

Complex integrated circuits involving many op amps and other ICs can now be fab-
ricated on a single large chip or by interconnecting many chips and placing them in a sin-
gle package. For ease of manufacture and assembly, pads replace the leads. The resulting

FIGURE 1-4 The three most popular op amp packages are the metal can in
(a) and the 14- and 8-pin dual-in-line packages in (b) and (c), respectively. For
systems requiring high density, surface-mounted technology (SMT) packages
are used as shown in (d).
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structure is called surface-mounted technology (SMT), shown in Fig. 1-4(d). These pack-
ages provide a higher circuit density for a package of a given size. Additionally, SMTs
have lower noise and improved frequency-response characteristics. SMT components are
available in (1) plastic lead chip carriers (PLCCs), (2) small outline integrated circuits
(SOICs), and (3) leadless ceramic chip carriers (LCCCs).

1-3.2 Combining Symbol and Pinout

Manufacturers are now combining the circuit symbol for an op amp together with the
package view into a single drawing. For example, the four most common types of pack-
ages that house a 741 chip are shown in Fig. 1-4. Compare Figs. 1-5(a) and (d) to see that

Tab locates
pin 8

Ofi

ﬁfﬁ} (1 (7) N [1] 10| NC
Offset null E 9] NC

O Output Inverting input IZ E ny

Noninverting input Iz E Output

input

Noninverting o Offset -V E E Offset null
input null
-V
(a) 8-lead metal can (b) 10-lead flatpack
(TO-99), top view. (TO-91), top view.

/
Output | [ 1] 14] Output 4
Input 1-] 2 A 13| Input 4— U/
Eﬁ g 3] Offset null [ 1] 8]NC
Input 1+ E E—I Input 4+

v IZ ]:I v Inverting input Iz zl +V

Noninverting input IZ EI Output
loput 2+ E E Input 3+ E :I
-V|4 5 | Offset null
Input 2— Ey @E‘ Input 3—
Output 2 | 7 EI Output 3
(c) 14-lead dual-in-line (d) 8-lead mini-DIP
package (DIP, TO-116), top view.

top view.

FIGURE 1-5 Connection diagrams for typical op amp packages. The abbre-
viation NC stands for “no connection.” That is, these pins have no internal con-
nection, and the op amp’s terminals can be used for spare junction terminals.
Diagram (c) shows how four op amps can be configured in a single package.
Not shown in (c) are the internal connections for +V and — V.



Introduction to Op Amps 9

the numbering schemes are identical for an 8-pin can and an §-pin DIP. A notch or dot
identifies pin 1 on the DIPs, and a tab identifies pin 8 on the TO-5 (or the similar TO-99)
package. From a top view, the pin count proceeds counterclockwise.

The final tasks in this chapter are to learn how to buy a specific type of op amp and
to present advice on basic breadboarding techniques.

1-4 HOW TO IDENTIFY OR ORDER AN OP AMP

1-4.1 The Identification Code

Each type of op amp has a letter—number identification code. This code answers four
questions:

. What type of op amp is it? (Example: 741.)

2. Who made it? (Example: Analog Devices.)

3. How good is it? (Example: the guaranteed temperature range for operation.)
. What kind of package houses the op amp chip? (Example: plastic DIP.)

N

Not all manufacturers use precisely the same code, but most use an identification code
that consists of four parts written in the following order: (1) letter prefix, (2) circuit des-
ignator, (3) letter suffix, and (4) military specification code.

Letter prefix. The letter prefix code usually consists of two or three letters that
identify the manufacturer. The following examples list some of the codes used by a man-
ufacturer. You may wish to visit their Web site to obtain data sheets and application notes
about a particular product. Their main Web site address is given.

Letter prefix Manufacturer Manufacturer’s Web Site
AD/OP Analog Devices www.analog.com
INA/OPA Burr-Brown www.burr-brown.com
CD Cirrus Logic WWW.ciITus.com
LF/LT/LTC Linear Technology www linear-tech.com
MAX Maxim Www.maxim-ic.com

MC Motorola www.motorola.com
LF/LM/LMC/LMV National Semiconductor www.national.com
TL/TLC/TH/TM Texas Instruments www.ti.com

Circuit designation. The circuit designator consists of three to seven num-
bers and letters. They identify the type of op amp and its temperature range. For
example:

324C
Part number —— \——“C” identifies commercial
temperature range
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The three temperature-range codes are as follows:

1. C: commercial, 0 to 70°C
2. I: industrial, —25 to 85°C
3. M: military, —55 to 125°C

Letter suffix. A one- or two-letter suffix identifies the package style that
houses the op amp chip. You need the package style to get the correct pin connections
from the data sheet (see Appendix 1). Three of the most common package suffix codes
are

Package code Description
D Plastic dual-in-line for surface mounting on a pc board
J Ceramic dual-in-line
N, P Plastic dual-in-line for insertion into sockets. (Leads extend through the top surface

of a pc board and are soldered to the bottom surface.)

Military specification code. The military specification code is used only when
the part is for high-reliability applications.

1-4.2 Order Number Example

A 74] general-purpose op amp would be completely identified in the following way:

Prefix Designator Suffix
LM 741C N (8-pin)
National General-purpose Plastic package

op amp, commercial
temperature range

Some op amps are so widely used that they are made by more than one manufacturer.
This is called second sourcing. The company (Fairchild) who designed and made the orig-
inal 741 contracted for licenses with other manufacturers to make 741s in exchange for a
license to make op amps or other devices.

As time went on, the original 741 design was modified and improved by all manufac-
turers. The present 741 has evolved over several generations. Thus, if you order a 741 8-pin
DIP from a supplier, it may have been built by Texas Instruments (TL741), Analog Devices
(AD741), National Semiconductor (LM741), or others. Therefore, always check the manu-
facturer’s data sheets that correspond to the device you have. You will then have information
on its exact performance and a key to the identification codes on the device.
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1-6 BREADBOARDING OP AMP CIRCUITS

1-6.1 The Power Supply

Power supplies for general-purpose op amps are bipolar. As shown in Fig. 1-6(a), the typical
commercially available power supply outputs +15 V. The common point between the +15V
supply and —15 V is called the power supply common. 1t is shown with a common symbol
for two reasons. First, all voltage measurements are made with respect to this point. Second,
the power supply common is usually wired to the third wire of the line cord that extends
ground (usually from a water pipe in the basement) to the chassis containing the supply.

The schematic drawing of a portable supply is shown in Fig. 1-6(b). This is offered
to reinforce the idea that a bipolar supply contains two separate power supplies connected
in series aiding.

1-6.2 Breadboarding Suggestions

It should be possible to breadboard and test the performance of all circuits presented in
this text. A few circuits require printed circuit board construction. Before we proceed to
learn how to use an op amp, it is prudent to give some time-tested advice on bread-
boarding a circuit:

1. Do all wiring with power off.

2. Keep wiring and component leads as short as possible.

3. Wire the +V and —V supply leads first to the op amp. It is surprising how often
this vital step is omitted.

4. Try to wire all ground leads to one tie point, the power supply common. This type
of connection is called star grounding. Do not use a ground bus, because you may
create a ground loop, thereby generating unwanted noise voltages.

5. Recheck the wiring before applying power to the op amp.

+o——> +V +Oo——» +V
15v _— 9-V battery ~—_
T Power T
supply
- common - Common
+ i % + ; %
15V — 9-V battery —
—I—» -V —I—» -V
(a) Schematic of a (b) Power supply
commercial bipolar for portable
power supply. operation.

FIGURE 1-6 Power supplies for general-purpose op amps must be bipolar.
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. Connect signal voltages to the circuit only after the op amp is powered.
. Take all measurements with respect to common. For example, if a resistor is connected

between two terminals of an IC, do not connect either a meter or an oscilloscope across
the resistor; instead, measure the voltage on one side of the resistor with respect
to common, then the voltage on the other side, and calculate the voltage across the
resistor.

. Avoid using ammeters, if possible. Measure the voltage as in step 7 and calculate

current.

Disconnect the input signal before the dc power is removed. Otherwise, the IC may

be destroyed.

These ICs will stand much abuse. But never:

a. Reverse the polarity of the power supplies,

b. Drive the op amp’s input pins above or below the potentials at the +V and —V
terminal, or

c. Leave an input signal connected with no power on the 1C.

. If unwanted oscillations appear at the output and the circuit connections seem correct:

a. Connect a 0.1-wF capacitor between the op amp’s +V pin and ground and an-
other 0.1-uF capacitor between the op amp’s —V pin and ground.

b. Shorten your leads, and

¢. Check the test instrument, signal generator, load, and power supply ground leads.
They should come together at one point.

The same principles apply to all other linear ICs.

We now proceed to our first experience with an op amp.

PROBLEMS

1-1.
1-2.

=3
1-4.
1-5.
1-6.
1-7.
1-8.
1-9.

1-10.
1-11.

In the term operational amplifier, what does the word operational stand for?

Is the LM324 op amp a single op amp housed in one package, a dual op amp in one pack-
age, or a quad op amp in one package?

With respect to an op amp, what does the abbreviation PIN stand for?

Does the letter prefix of a PIN identify the manufacturer or the package style?

Does the letter suffix of a PIN identify the manufacturer or the package style?

Which manufacturer makes the AD741CN?

Does the tab on a metal can package identify pin | or pin 8?

Which pin is identified by the dot on an 8-pin mini-DIP?

(a) How do you identify power supply common on a circuit schematic?

(b) Why do you need to do so?

When breadboarding an op amp circuit, should you use a ground bus or star grounding?
Search a manufacturer’s Web site and download a 741 data sheet.

(a) What is the manufacturer’s identification code?

(b) What package styles are available?

(c) List three applications that the 741 op amp can be used in.



CHAPTER 2

First Experiences
with an Op Amp

LEARNING OBJECTIVES

Upon completing this chapter on first experiences with an op amp, you will be able to:

+ Briefly describe the task performed by the power supply and input and output terminals
of an op amp.

+ Show how the single-ended output voltage of an op amp depends on its open-loop gain
and differential input voltage.

- Calculate the differential input voltage E,, and the resulting output voltage V,,.

+ Draw the circuit schematic for an inverting or noninverting zero-crossing detector.

+ Draw the output voltage waveshape of a zero-crossing detector if you are given the in-
put voltage waveshape.

+ Draw the output—input voltage characteristics of a zero-crossing detector.

+ Sketch the schematic of a noninverting or inverting voltage-leve] detector.

13
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+ Describe at least two practical applications of voltage-level detectors.

+ Analyze the action of a pulse-width modulator and tell how it can interface an analog
signal with a microcomputer.

+ Use voltage reference ICs to design precise voltage-level detectors.
« Use SPICE to analyze a basic comparator circuit.

2-0 INTRODUCTION

The name operational amplifier was originally given to early high-gain vacuum-tube am-
plifiers designed to perform mathematical operations of addition, subtraction, multiplica-
tion, division, differentiation, and integration. They could also be interconnected to solve
differential equations.

The modern successor of those amplifiers is the linear integrated-circuit op amp. It
inherits the name, works at lower voltages, and is available in a variety of specialized
forms. Today’s op amp is so low in cost that millions are now used annually. Their low
cost, versatility, and dependability have expanded their use far beyond applications envi-
sioned by early designers. Some present-day uses for op amps are in the fields of signal
conditioning, process control, communications, computers, power and signal sources, dis-
plays, and testing or measuring systems. The op amp is still basically a very good high-
gain dc amplifier.

One’s first experience with a linear IC op amp should concentrate on its most im-
portant and fundamental properties. Accordingly, our objectives in this chapter will be to
identify each terminal of the op amp and to learn its purpose, some of its electrical limi-
tations, and how to apply it usefully.

2-1 OP AMP TERMINALS

Remember from Fig. 1-2 that the circuit symbol for an op amp is an arrowhead that sym-
bolizes high gain and points from input to output in the direction of signal flow. Op amps
have five basic terminals: two for supply power, two for input signals, and one for out-
put. Internally they are complex, as was shown by the schematic diagram in Fig. 1-3(a).
It is not necessary to know much about the internal operation of the op amp in order
to use it. We will refer to certain internal circuitry, when appropriate. The people who

FIGURE 2-1 The ideal op amp has
infinite gain and input resistances plus
zero output resistance.




First Experiences with an Op Amp 15

design and build op amps have done such an outstanding job that external components
connected to the op amp determine what the overall system will do.

The ideal op amp of Fig. 2-1 has infinite gain and infinite frequency response. The in-
put terminals draw no signal or bias currents and exhibit infinite input resistance. Qutput im-
pedance is zero ohms, and the power supply voltages are without limit. We now examine the
function of each op amp terminal to learn something about the limitations of a real op amp.

2-1.1 Power Supply Terminals

Op amp terminals labeled +V and —V identify those op amp terminals that must be con-
nected to the power supply (see Fig. 2-2 and Appendices 1 and 2). Note that the power
supply has three terminals: positive, negative, and power supply common. The power sup-
ply common terminal may or may not be wired to earth ground via the third wire of line
cord. All voltage measurements are made with respect to power supply common.

Bipolar power supply

“(+) terminal

Y
)

Output
\  LoadR,

i
el

Power
supply common

@

=V

(=) terminal

(a) Actual wiring from power supply to op amp.

+V

Output

Power supply common symbol

(b) Typical schematic representations of supplying power to an op amp.

FIGURE 2-2 Wiring power and load to an op amp.
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The power supply in Fig. 2-2 is called a bipolar or split supply and has typical val-
ues of =15 V. Some op amps are now designed to operate from a single-polarity supply
such as +5 or +15 V and ground. Note that the common 1s not wired to the op amp in
Fig. 2-2. Currents returning to the supply from the op amp must return through external
circuit elements such as the load resistor R;. The maximum supply voltage that can be
applied between +V and —V is typically 36 V or x18 V.

2-1.2 Output Terminal

In Fig. 2-2 the op amp’s output terminal is connected to one side of the load resistor R;.
The other side of R; is wired to ground. Output voltage V, is measured with respect to
ground. Since there is only one output terminal in an op amp, it is called a single-ended
output. There is a limit to the current that can be drawn from the output terminal of an op
amp, usually on the order of 5 to 10 mA. There are also limits on the output terminal’s
voltage levels; these limits are set by the supply voltages and by the op amp’s output tran-
sistors (see also Appendix 1, “Output Voltage Swing as a Function of Supply Voltage”).
These output transistors need about 1 to 2 V from collector to emitter to ensure that they
are acting as amplifiers and not as switches. Thus the output terminal can rise approxi-
mately to within 1 V of +V and drop to within 2 V of —V. The upper limit of V,, is called
the positive saturation voltage, +V,,, and the lower limit is called the negative saturation
voltage, —V,,. For example, with a supply voltage of £15V, +V, = +14 V and —V,,
= —13 V. Therefore, V, is restricted to a symmetrical peak-to-peak swing of 13 V. Both
current and voltage limits place a minimum value on the load resistance R, of 2 k{).
However, op amps are now available especially for applications that operate from low sup-
ply voltages ( +3.3 V) and have MOS rather than bipolar output transistors. The output of
these op amps can be brought to within millivolts of either +V or — V.

Most op amps, like the 741, have internal circuitry that automatically limits current
drawn from the output terminal. Even with a short circuit for R,, output current is lim-
ited to about 25 mA, as noted in Appendix 1. This feature prevents destruction of the op
amp in the event of a short circuit.

2-1.3 Input Terminals

In Fig. 2-3 there are two input terminals, labeled — and +. They are called differential in-
put terminals because output voltage V,, depends on the difference in voltage between
them, E,, and the gain of the amplifier, Ap,. As shown in Fig. 2-3(a), the output terminal
is positive with respect to ground when the (+) input is positive with respect to, or above,
the (—) input. When E, is reversed in Fig. 2-3(b) to make the (+) input negative with re-
spect to, or below, the (—) input, V,, becomes negative with respect to ground.

We conclude from Fig. 2-3 that the polarity of the output terminal is the same as
the polarity of (+) input terminal with respect to the (—) input terminal. Moreover, the
polarity of the output terminal is opposite or inverted from the polarity of the (—) input
terminal. For these reasons, the (—) input is designated the inverting input and the (+)
input the noninverting input (see Appendix 1).

It is important to emphasize that the polarity of V, depends only on the difference in
voltage between inverting and noninverting inputs. This difference voltage can be found by
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+V

1% { }VozAOLEd:*'vsal
+input

by

(a) V, goes positive when the (+) input is more
positive than (above) the (=) input, E, = (+).

FIGURE 2-3 Polarity of single-
ended output voltage V,, depends on
the polarity of differential input volt-
age E,. If the (+) input is above the
(—) input, £, is positive and V,, is
above ground at + V. If the (+) in-
put is below the (—) input, E, is nega-

(b) V, goes negative when the (+) input js less ’ :
positive than (below) the () input, E; = (). tive and V,, is below ground at — V.

E, = voltage at the (+) input — voltage at the (—) input (2-1)

Both input voltages are measured with respect to ground. The sign of E, tells us (1) the
polarity of the (+) input with respect to the (—) input and (2) the polarity of the output
terminal with respect to ground. This equation holds if the inverting input is grounded, if
the noninverting input is grounded, and even if both inputs are above or below ground po-
tential. Thus, if the polarity of E, matches the op amp’s symbol, the output voltage goes
to +Vi,. When the polarity of E, is opposite the op amp’s symbol, the output voltage
goes to — Vg,

Review. We have chosen the words in Fig. 2-3 very carefully. They simplify
analysis of open-loop operation (no connection from output to either input). Another
memory aid is this: If the (+) input is above the (—) input, the output is above ground
and at + V. If the (+) input is below the (—) input, the output is belew ground at — V,,.

2-1.4 Input Bias Currents and Offset Voltage

The input terminals of real op amps draw tiny bias currents and signal currents to acti-
vate the internal transistors. The input terminals also have a small imbalance called input
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offset voltage, V;,. It is modeled as a voltage source V;, in series with the (+) input. In
Chapter 9, the effects of V,, are explained in detail.

We must tearn much more about op amp circuit operation, particularly involving
negative feedback, before we can measure bias currents and offset voltage. For this rea-
son, in these introductory chapters we will assume that both are negligible.

2-2 OPEN-LOOP VOLTAGE GAIN

2-2.1 Definition

Refer to Fig. 2-3. Output voltage V,, is determined by E, and the open-loop voltage gain,
AoL Aoy is called open-loop voltage gain because possible feedback connections from
output terminal to input terminals are left open. Accordingly, V, is expressed by the rela-
tionship
output voltage = differential input voltage X open-loop gain 2-2)
VO = Ed X AOL

2-2.2 Differential Input Voltage, E4

The value of Ay, is extremely large, often 200,000 or more. Recall from Section 2-1.2
that V,, can never exceed the positive or negative saturation voltages + V., and —V,,. For
a = 15-V supply, the saturation voltages are approximately *+13 V. Thus, for the op amp
to act as an amplifier, E; must be limited to a maximum voltage of =65 V. This con-
clusion is reached by rearranging Eq. (2-2).

£ AV 13V 65 LV
d max AOL - 200)000 - 2%
~Via —13V

“Eama = T4 = 200,000 = " MY
In the laboratory or shop it is difficult to measure 65 wV, because induced noise,
60-Hz hum, and leakage currents on the typical test setup can easily generate a millivolt
(1000 V). Furthermore, it is difficult and inconvenient to measure very high gains. The
op amp also has tiny internal unbalances that act as a small voltage that may exceed E,.
As mentioned in Section 2-1.4, this small voltage is called an offset voltage and is dis-
cussed in Chapter 9.

2-2.3 Conclusions

There are three conclusions to be drawn from these brief comments. First, V,, in the cir-
cuit of Fig. 2-3 either will be at one of the limits +V, or —V,, or will be oscillating be-
tween these limits. Don’t be disturbed, because this behavior is what a high-gain ampli-
fier usually does. Second, to maintain V, between these limits we must go to a feedback
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type of circuit that forces V,, to depend on stable, precision elements such as resistors and
capacitors. Feedback circuits are introduced in Chapter 3.

Without learning any more about the op amp, it is possible to understand basic com-
parator applications. In a comparator application, the op amp performs not as an ampli-
fier but as a device that tells when an unknown voltage is below, above, or just equal to
a known reference voltage. Before introducing the op amp as a comparator in the next
section, Example 2-1 is given to illustrate ideas presented thus far.

Example 2-1

In Fig. 2-3, +V =15V, - V=—15V, +V,=+ 13V, -V, = —13V, and gain Ay, =
200,000. Assuming ideal conditions, find the magnitude and polarity of V,, for each of the
following input voltages. These input voltages are given with respect to ground.

Solution The polarity of V, is the same as the polarity of the (+) input with respect to
the (—) input. The (+) input is more negative than the (—) input in (a), (d), and (e). This
is shown by Eq. (2-1), and therefore V, will go negative. From Eq. (2-2), the magnitude of
V, is Ag, times the difference, E,, between voltages at the (+) and (—) inputs, but if Ay,
X E, exceeds +V or —V, then V, must stop at +V, or —V,. Calculations are summarized

Voltage at Voltage at
(—) input (+) input
(a) =10 uv =15 Vv
(b) —10 uV +15 uV
(©) =10 wv =5V
(d) +1.000001 V +1.000000 V
(e) +5 mV oV
Q) ov +5 mV

as follows:
Polarity of
(+) input with Theoretical
E, respect to v,

[using Eq. (2-1)] (—) input [tfrom Eg. (2-2))] Actual V,,
(a) =5 pVv - =5 nV x 200,000 = -1.0V =13V
(b) 25 wWV + 25 WV X 200,000 = 5.0 V +13V
(c) SuV + 5wV X 200,000 = 1.0 V +1i3V
) -] pVv - =1 pV X 200,000 = -0.2V -3V
(e) -5 mV - —5 mV X 200,000 = — 1000 V -3V
(f) 5mV + 5 mV X 200,000 = 1000 V +13V
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2-3 ZERO-CROSSING DETECTORS

2-3.1 Noninverting Zero-Crossing Detector

The op amp in Fig. 2-4(a) operates as a comparator. Its (+) input compares voltage £; with
a reference voltage of 0 V (Vs = 0 V). When E; is above V., V, equals +V,,. This is be-
cause the voltage at the (+) input is more positive than the voltage at the (—) input. Therefore,
the sign of E, in Eq. (2-1) is positive. Consequently, V,, is positive, from Eq. (2-2).

+V, y +V,
) V,vs. E;
+VSDIA / ‘ +VSB["‘ - '
Vir=0V
V=0V f » -E; > +E;
/ ,
E;
Ve |- .
_Vr» _Vu
(a) Noninverting: When E, is above V., V, = +V,.
+v0 v +‘/(7
A ° A
+V_<£|l - / — +Vsal
Vet =0
V=0V i > -E; ‘/ » +E;
/ :
E;
—Via =V
. V,vs. E,
-V -V

0 14

(b) Inverting: When E, is above V., V, ==V,
FIGURE 2-4 Zero-crossing detectors, noninverting in (a) and inverting in (b). If the sig-

nal E; is applied to the (+) input, the circuit action is noninverting. If the signal E; is ap-
plied to the (—) input, the circuit action is inverting.

The polarity of V, “tells” if E; is above or below V. The transition of V,, tells when
E; crossed the reference and in what direction. For example, when V,, makes a positive-
going transition from —V, to +V,, it indicates that £; just crossed O in the positive di-
rection. The circuit of Fig. 2-4(a) is a noninverting zero-crossing detector.
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2-3.2 Inverting Zero-Crossing Detector

The op amp’s (—) input in Fig. 2-4(b) compares E; with a reference voltage of 0 V (V¢
= 0 V). This circuit is an inverting zero-crossing detector. The waveshapes of V, versus
time and V,, versus E; in Fig. 2-4(b) can be explained by the following summary:

[. If E; is more positive than V., then V, equals —V,,.
2. Where E; crosses the reference going positive, V,, makes a negative-going transition
from + Vg, to — Vg,

Summary. If the signal or voltage to be monitored is connected to the (+) in-
put, a noninverting comparator results. If the signal or voltage to be monitored is con-
nected to the (—) input, an inverting comparator results.

When V, = +V,,,, the signal is above (more positive than) V.. in a noninverting
comparator and below (more negative than) V¢ in an inverting comparator.

2-4 POSITIVE- AND NEGATIVE-VOLTAGE-LEVEL DETECTORS

2-4.1 Positive-Level Detectors

In Fig. 2-5 a positive reference voltage V,.r is applied to one of the op amp’s inputs. This
means that the op amp is set up as a comparator to detect a positive voltage. If the volt-
age to be sensed, F,, is applied to the op amp’s (+) input, the result is a noninverting pos-
itive-level detector. Its operation is shown by the waveshapes in Fig. 2-5(a). When E; is
above Vi, V,equals +V,,. When E; is below V., V, equals — V.

If E; is applied to the inverting input as in Fig. 2-5(b), the circuit is an inverting pos-
itive-level detector. Its operation can be summarized by the statement: When E; 1s above
Vier» V, equals —V,,,. This circuit action can be seen more clearly by observing the plot
of E; and V. versus time in Fig. 2-5(b).

2-4.2 Negative-Level Detectors

Figure 2-6(a) is a noninverting negative-level detector. This circuit detects when input signal
E; crosses the negative voltage —V,.r. When E; is above — V., V,, equals +V,,. When E; is
below —Vier, V, = —Viu. The circuit of Fig. 2-6(b) is an inverting negative-level detector.
When E; is above — V., V, equals —V,,, and when E; is below — V., V, equals + V.

2-5 TYPICAL APPLICATIONS OF VOLTAGE-LEVEL DETECTORS

2-5.1 Adjustable Reference Voltage

ICs are available to set precise voltage references. These reference chips will be intro-
duced 1in the next section. In this section a resistive divider network is used to set V..
Figure 2-7 shows how to make an adjustable reference voltage. Two 10-k{) resistors and
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+V, +V,

sat — sat |—

Vier 1S
v applied to +V o

+Vrcf (-) inpul
ol N " |

<
- v
o
y
&

E;
_vsal [l _vsm
-V, -V,
(a) Noninverting: When E is above Vi, V, = +V,..
+V, +V,
A A
+V_\.m - +Vsal
Vr.:f is
applied to TV
Vier H ¥ (+) input ref
0 / > -E, » +E;
\/ !
E;
_Vsal b _vsal [ —
V,vs. E;
v a2

o 4

(b) Inverting: When E; is above V ., V, = -V,

FIGURE 2-5 Positive-voltage-level detector, noninverting in (a) and inverting in (b). If
the signal E; is applied to the (+) input, the circuit action is noninverting. If the signal E;
is applied to the (—) input, the circuit action is inverting.

a 10-kQ) potentiometer are connected in series to make a 1-mA voltage divider. Each
kilohm of resistance corresponds to a voltage drop of 1 V. V. can be set to any value
between —5 and +5 V. Remove the —V connection to the bottom 10-k{) resistor and
substitute a ground. You now have a 0.5-mA divider, and V,.; can be adjusted from 5 to
10V.

2-5.2 Sound-Activated Switch

Figure 2-8 first shows how to make an adjustable reference voltage of 0 to 100 mV. Pick
a 10-k€) pot, 5-k€) resistor, and +15-V supply to generate a convenient large adjustable
voltage of 0 to 10 V. Next connect a 100:1 (approximately) voltage divider that divides
the 0-to-10-V adjustment down to the desired 0-to-100-mV adjustable reference voltage.
(Note: Pick the large 100-k€) divider resistor to be 10 times the potentiometer resistance;
this avoids loading down the 0-to-10-V adjustment.)
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+Vc +vn
A A
Ve 1A \
E; “Veer V, vs. E;
0
/ - > -E; » +E;
Vo !
\ Vn:l’ is
applied to
~Via - (=) input —_—
-V, -V

+V, +V,
A A
+Vsal - — VD — ]
AEi _Vn:f
0
/ > —E,- —» +E,-
_vrcf !
Vrcf lS ‘/H VS E!
applied to /
Ve (+) input
-V, v

(b) Inverting: When E; is above V¢, V, ==V,

at’

FIGURE 2-6 Negative-voltage-level detector, noninverting in (a) and inverting in (b).

A practical application that uses a positive level detector is the sound-activated
switch shown in Fig. 2-8. Signal source E; is a microphone, and an alarm circuit is con-
nected to the output. The procedure to arm the sound switch is as follows:

+I5V=+V
——— I mA ?

FIGURE 2-7 A variable reference

v voltage can be obtained by using the
op amp’s bipolar supply along with a
voltage-divider network. (Note: Any
fluctuations in the power supply result
in a change in Vi hence, the need to
use a stable or precise voltage may be
a requirement in your system.)
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Sonalert +15V
alarm or
lamp

Vv,

ref
5kQ 0to 100 mV

To strobe
contacts
of camera

Oto+I0V ©

0-10kQ
Sensitivity
control

Microphone

FIGURE 2-8 A sound-activated switch is made by connecting the output of
a noninverting voltage-level detector to an alarm circuit.

I. Open the reset switch to turn off both SCR and alarm.
2. In a quiet environment, adjust the sensitivity control until V,, just swings to — V.
3. Close the reset switch. The alarm should remain off.

Any noise signal will now generate an ac voltage and be picked up by the micro-
phone as an input. The first positive swing of E; above V; drives V,, to +V,,. The diode
now conducts a current pulse of about 1 mA into the gate, G, of the silicon-controlled
rectifier (SCR). Normally, the SCR’s anode, A, and cathode, K, terminals act like an open
switch. However, the gate current pulse makes the SCR turn on, and now the anode and
cathode terminals act like a closed switch. The audible or visual alarm is now activated.
Furthermore, the alarm stays on because once an SCR has been turned on, it stays on un-
til its anode—cathode circuit 1s opened.

The circuit of Fig. 2-8 can be modified to photograph high-speed events such as a
bullet penetrating a glass bulb. Some cameras have mechanical switch contacts that close
to activate a stroboscopic flash. To build this sound-activated flash circuit, remove the
alarm and connect anode and cathode terminals to the strobe input in place of the cam-
era switch. Turn off the room lights. Open the camera shutter and fire the rifle at the glass
bulb. The rifle’s sound activates the switch. The strobe does the work of apparently stop-
ping the bullet in midair. Close the shutter. The position of the bullet in relation to the
bulb in the picture can be adjusted experimentally by moving the microphone closer to or
farther away from the rifle.

2-5.3 Light-Column Voltmeter

A light-column voltmeter displays a column of light whose height is proportional to volt-
age. Manufacturers of audio and medical equipment may replace analog meter panels
with light-column voltmeters because they are easier to read at a distance.
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A light-column voltmeter is constructed in the circuit of Fig. 2-9. R, is adjusted
so that 1 mA flows through the equal resistor divider network R; to R,o. Ten separate ref-
erence voltages are established in 1-V steps from 1 V to 10 V.

When E; = 0 V or is less than | V, the outputs of all op amps are at — V. The sil-
icon diodes protect the light-emitting diodes against excessive reverse bias voltage. When

+15V=+V
Ry £ 0-10KQ
Vierig =10V
Rip=1KQ
+V
N /
4 - 220Q /
#9
vrr:f9:9v
+ LED9
Ry=1 k9§
-V
Ry 1o Rg
all 1 kQ \
J
Vien =2V
Ry=1 kQ§

Vr(:t'l:]V
R =1kQ

FIGURE 2-9 Light-column voltmeter. Reference voltages to each op amp are
in steps of 1 V. As E; is increased from |1 V to 10 V, LED1 through LED10 light
in sequence. R\ to Ry, are 1% resistors. The op amps are 74] 8-pin mini-DIPS.



26 Chapter 2

E; is increased to a value between | and 2 V, only the output of op amp 1 goes positive
to light LED1. Note that the op amp’s output current is automatically limited by the op
amp to its short-circuit value approximately 20 to 25 mA. The 220-Q) output resistors di-
vert heat away from the op amp.

As E; is increased, the LEDs light in numerical order. This circuit can also be built
using two-and-one-half LM324 quad op amps; some manufacturers have designed IC
packages for this particular application, such as National Semiconductor’s LM3914.

2-5.4 Smoke Detector

Another practical application of a voltage-level detector is a smoke or dust particle de-
tector, as shown in Fig. 2-10. The lamp and photoconductive cell are mounted in an en-
closed chamber that admits smoke or dust but not external light. The photoconductor is a
light-sensitive resistor. In the absence of smoke or dust, very little light strikes the pho-
toconductor and its resistance stays at some high value, typically several hundred kilo-
hms. The 10-k{) sensitivity control is adjusted until the alarm turns off.

Smoke particles

Photoconductor

/ CL5M9M

Sonalert

FIGURE 2-10 With no smoke or dust present the 10-k{) sensitivity control
is adjusted until the alarm stops. Light reflected off any smoke or dust particles
causes the alarm to sound.

Any particles entering the chamber cause light to reflect off the particles and strike
the photoconductor. This, in turn, causes the photoconductor’s resistance to decrease and
the voltage across R, to increase. As E; increases above V., V, switches from —V,, to
+ Viar causing the alarm to sound. The alarm circuit of Fig. 2-10 does not include an SCR.
Therefore, when the particles leave the chamber, the photoconductor’s resistance increases
and the alarm turns off. If you want the alarm to stay on, use the SCR alarm circuit shown
in Fig. 2-8. The lamp and photoresistor must be mounted in a flat black, lightproof box
that admits smoke. Ambient (room) light prevents proper operation. The resistive network
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at the input of the op amp forms a Wheatstone bridge. This circuit can be used to monitor
the level of dust particles in a clean room environment.

2-6 VOLTAGE REFERENCE ICs

2-6.1 Introduction

Voltage reference ICs are used to provide a precise voltage for circuit and system de-
signers, especially when setting the reference voltage for comparator circuits as well as
A/D or D/A converters. Any fluctuation on the reference pin(s) of converter devices pro-
duces an inaccuracy in the conversion. Fluctuations on the reference input to a compara-
tor can result in data being lost or erroneous data being sent to a computer system. In
Figs. 2-7 and 2-8, we needed a reference voltage, V.., and used a resistor divider network
connected between the supply voltages or the positive supply and ground. Although this
circuit may be adequate for some quick-testing or low-cost designs, a better solution is to
use a precision voltage reference chip. Many of these chips are inexpensive (less than a
dollar), set a constant output voltage independent of temperature, and can be operated
from a wide range of input power supply voltages. Variations in power supply voltages
do not affect their output reference voltage. Some of these chips use the bandgap diode
principle to produce a constant voltage of 1.2 V. This temperature-independent voltage is
followed by an amplifier and buffer (amplifiers and buffers are topics covered in Chapter
3) to provide standard output voltages such as 2.5V, 5V, or 10 V. Other reference chips
use a Zener diode as the reference followed by a buffer and amplifier to provide output
voltages such as +5 V and —10 V, as well as £5 V and =10 V tracking outputs. Some
of the most commonly used IC voltage reference chips are the REF-01 (+ 10 V), REF-02
(5 V), and REF-03 (2.5 V). We’ll use the REF-02 IC as an introduction to precision volt-
age reference devices.

2-6.2 REF-02

The REF-02 IC outputs a stable +5.0 V, which can be adjusted by =6% (£300 mV) us-
ing one external potentiometer as shown in Fig. 2-11(a). The 10-k{)} potentiometer al-
lows the actual output voltage to be adjusted from 4.7 to 5.3 V. Thus for an 8-bit A/D
converter the reference voltage can be set to 5.12 V, creating a resolution of 20 mV/bit.
(Resolution of A/D converters is discussed in detail in Chapter 14.) The REF-02 can op-
erate from an input supply voltage of from 7 to 40 V, making it an ideal voltage refer-
ence device for a wide range of applications. Two common package styles are shown in
Figs. 2-11(b) and (c).

2-6.3 REF-02/Voltage Level Detector Applications

Figure 2-11(d) shows how the REF-02 can be connected to an op amp comparator to set
the reference voltage at 5.0 V. In this circuit, the adjustment potentiometer is not used and
the REF-02 is used in its basic configuration. In this application, V. for the comparator
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Output

O— Temperature
Trim |2 3

Ground

4

\%

(a) Output adjustment circuit.

NC [1] [8]NC

Vi [ 2] 7] ne

Temperature E E‘ Vour
Ground [4] 5] Trim

Ground
(b) 8-pin mini DIP (top view). (¢) TO-99 case (top view).

+ISV +I5V

REF 6
02

(d) Versetto+5.0 V. (e) Adjustable but stable V.

FIGURE 2-11 REF-02 pin assignments, package styles, and use with an op amp
comparator.

should be within =15 mV because the manufacturer’s specification for output voltage of
the REF-02 is 0.3% of 5.0 V. If your design requires closer tolerance of V.., use the out-
put adjustment circuit shown in Fig. 2-11(a).
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If your application requires a stable but variable reference voltage of 0 to 5.0 V you
still may use the REF-02 with a potentiometer connected between the REF-02’s output
terminal and common, as shown in Fig. 2-11(e). (Note: The 5-k{} potentiometer in this
figure allows us to vary V. for the comparator.) This potentiometer is not being used to
adjust the output voltage of the REF-02 but rather the input reference to the comparator
so that Vs can be varied from 0 to 5.0 V. You still may use the circuit of Fig. 2-11(a) if
you need to set the REF-02’s maximum output voltage to 5.0 V =300 mV. The temper-
ature pin (pin 3) is used if the REF-02 is being used as a temperature sensor. For an ex-
ample, refer to Analog Devices’ Web Site, specifically the REF-02’s data sheet, to see this
device as a sensor in a temperature controller application.

2-7 SIGNAL PROCESSING WITH VOLTAGE-LEVEL DETECTORS

2-7.1 Introduction

Armed with only the knowledge gained thus far, we will make a sine-to-square wave con-
verter, an analog-to-digital converter, and a pulse-width modulator out of the versatile op
amp. These open-loop comparator (or voltage-level detector) applications are offered to
show how easy it is to use op amps.

2-7.2 Sine-to-Square Wave Converter

The zero-crossing detector of Fig. 2-4 will convert the output of a sine-wave from a func-
tion generator into a variable-frequency square wave. If E; is a sine wave, triangular wave,
or a wave of any other shape that is symmetrical around zero, the zero-crossing detector’s
output will be square. The frequency of E; should be below 100 Hz, for reasons that are
explained in Chapter 10.

2-7.3 Sawtooth-to-Pulse Wave Converter

Zener Diode Method: The voltage level detector circuits of Section 2-4 can be
used to convert a sawtooth wave to a pulse wave provided that the output of the op amp
is modified to create only a positive pulse. This modification is shown in Fig. 2.12(a) and
consists of a silicon diode, a resistor, and a zener diode in series. When the output volt-
age of the op amp is at +V,, the resistor limits the current to approximately 5 mA,
enough current to cause zener breakdown. For this condition the output voltage of the cir-
cuit, V,, equals the zener voltage. V,54.7 V in Fig. 2.12(a). When the op amp’s output
voltage is at —V,,,, diode D1 is reversed biased and the op amp’s output current is zero,
hence V, = 0 V. This circuit is a quick way of converting a sawtooth-to-pulse wave that
is TTL compatible. The input and output waveforms are shown in Figs. 2.12(b) and (c),
respectively. For this application, however, a better method is to use an integrated circuit
called a comparator because we can get V,, to swing between 0 and 5 V without the ex-
ternal diodes.
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(a) Sawtooth-to-pulse wave converter circuit
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FIGURE 2-12 A modification to a basic voltage-level detector converts a
sawtooth wave to a pulse wave.

Comparator Method: Although comparator circuits are covered in detail in
Chapter 4, comparator integrated circuit LM339 is introduced here so that a computer in-
terfacing application using voltage-level detectors may be studied in the next section.

2-7.4 Quad Voltage Comparator, LM339

The pinouts and operation of a specialized op amp, the LM339, are shown in Figs. 2-13
and 2-14. The LM339 houses four independent op amps that have been specially designed
to be flexible voltage comparators. We examine its operation by analyzing the role played
by each terminal.



First Experiences with an Op Amp 31

40— -
1 2
So—+
60— -
2 ]
To—+
go—/-
3 14
90— +
00— -
4 13
1o——m—+ FIGURE 2-13 Connection djagram
12 for the LM339 quad comparator. Four
voltage comparators are contained in
-Vorgnd one 14-pin dual-in-line package.

Power supply terminals. Pins 3 and 12 are positive and negative supply volt-
age terminals, respectively, for all four comparators. Maximum supply voltage between
pins 3 and 12 is =18 V. In most applications, the negative supply terminal, pin 12, is
grounded. Then pin 3 can be any voltage from 2 to 36 V dc. The LM339 is used primar-
ily for single-supply operation.

Output terminals. The output terminal of each op amp is an open-collector npn
transistor. Each transistor collector is connected to the respective output terminals 2, 1,
14, and 13. All emitters are connected together and then to pin 12. If pin 12 is grounded,
the output terminal acts like a switch. A closed switch extends the ground from pin 12 to
the output terminal {see Fig. 2-14(b)].

If you want the output to go high when the switch is open, you must install a pull-
up resistor and an external voltage source. As shown in Fig. 2-14(a), this feature allows
easy interfacing between a £15-V analog system and a 5-V digital system. The output
terminal should not sink more than 16 mA.

Input terminals. The input terminals are differential. Use Eq. (2-1) to determine
the sign for E,;. If E, is positive, the output switch is open, as in Fig. 2-14(a). If E, is neg-
ative, the output switch is closed, as in Fig. 2-14(b). Unlike many other op amps, the in-
put terminals can be brought down to ground potential when pin 12 is grounded.
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15V To digital +5 V

_ 4l Vo—

E =2V
+
+3 Vo——o V, =45V
» To digita) ground
(a) If (+) input is above (=) input, the output
switch is open; V, is set by the digital system.
TSV To digital +5 V
+3 Vo——r
+
E;=-2V

T 4lVo—

V, =50 mV
Sink current =2 mA

» To digital ground

(b) If (+) input is below (=) input, the output
switch is closed and sinks 2 mA of current
from pull-up resistor R, and the 5 V supply.

FIGURE 2-14  Operation of an LM339 (open collector output) comparator.
When E, is positive in (a), V,, goes high. V, is determined by an external positive
supply, pull-up resistor R, and any external load resistor. If E, is negative as in
(b), the output goes low to essentially ground potential.

Summary. If the (+) input of an LM339 is above its (—) input, the output is
pulled high by the pull-up resistor. If the (+) input is below the (—) input, the output is
pulled down to the ground potential at pin 12. We now have information to analyze a
pulse-width modulator application.

2-8 COMPUTER INTERFACING WITH VOLTAGE-LEVEL DETECTORS

2-8.1 Introduction

There are many characteristics of our environment or manufacturing processes that change
very slowly. Examples are room temperature or the temperature of a large acid bath. A
transducer can convert temperature changes to resistance or current changes. In Chapters
S and 8 we show how you can convert these resistance or current changes into voltage
changes quite easily with an op amp and a few parts.
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FIGURE 5-17 (a) The basic differentiator; (b) a practical differentiator
circuit.

however, this basic differentiator has some inherent problems, primarily, that of instabil-
ity—the circuit may oscillate. Another problem is that the gain of the circuit increases with
an increase in frequency. Thus, high frequency noise can be amplified and become the dom-
inant factor in the output signal. Although this circuit may oscillate, it is this function that we
need when designing signal generators. Hence, we will use the circuit in Fig. 5-17(a) with
positive feedback (see Chapter 4) to design a multivibrator circuit in the next chapter.

The circuit in Fig. 5-17(b) is a modified differentiator and may be more suited to
your application if you wish to design a circuit to differentiate an input signal(s). For this
circuit, make the time constants R,C; and R,Cyequal, and the time constant R,C; at least
20 times greater than the R,C; or R,C, time constants. The following procedure may be
used to design the differentiator circuit of Fig. 5-17(b).

|
2mf,

where fj, is the highest frequency to be differentiated.
2. Select Tz = RfC, =20 Tl (5-17)

|. Select Tl = R,'C,' = Rfo = (5-16)
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Design Example 5-18

(a) Design the circuit in Fig. 5-17(b) to differentiate signals in the range from 500 Hz to
1000 Hz. Choose C; = 0.1 uF. (b) If the input signal is e;, = 0.4 sin 27 (1000)¢ volts, what
is the expression of the output voltage?

Solution (a) Rearranging Eq. (5-16)

R e x 10° Hzl)(O.l x106F) 19K
Let T, = 207, and solve for R, from Eq. (5-17).
B a1 x 107 H:)?O.l X 10t F o8k
Use Eq. (5-16) to solve for Cy.
1 = 0.005 uF

C,=
T 271 X 10® Hz)(31.8 k)

(b) From Fig. 5-17(a), the output voltage is

Then,
v, = —(31.8 kQY(0.1 ,u.F)—;% [0.4 sin 2m(1000)1]

= —(31.8 k2)(0.1 uF)(0.4)(2m)(1000)cos[2(1000)t]
= —8 cos[27(1000)t] V

Note: With large values of Ry, the output of the op amp may go into saturation because it
is multiplied by the input signal’s peak value, frequency, and the constant 27r.

5-13 PSPICE SIMULATION

In this section, we will use PSpice and simulate the performance of the differential volt-
age-to-current converter with a grounded load as shown in Fig. 5-5. Use an IPROBE to
measure /. Place the following parts on the right-hand side of the work area:
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Draw => Get New Part

Part Number Library
=>uA741 | eval.slb
=>VDC 4 source.slb
=>R 5 analog.sib
=> GLOBAL 4 port.slb
=> AGND 5 port.slb
=> JPROBE 1 special.slb

Arrange the parts as shown in the schematic of Fig. 5-5 but include the IPROBE to mea-
sure ;. Set the four resistors labeled Ras R, = R, = R; =R, =10k, E, =5V, E, =
3V, and R, = | k{). Now select Analysis => Setup => DC Sweep. Open DC Sweep
and select

Swept Var. Type => Voltage Source
and

Sweep Type => Linear
Now set

Name => V1, Start Value => 5V, End Value => 5V, Increment => 1V
Select

Nested Sweep => Swept Var. Type => Voltage Source
=> Sweep Type => Linear

Now set
Name => V2, Start Value => 3V, End Value => 3V, Increment => 1V
In this simulation you do not want to run Probe. Remove Probe execution by
Analysis => Probe Setup =>
Click
Do Not Auto-Run Probe

Save the file with an .SCH extension and click Analysis = > Simulate. The completed
circuit with current value /, is shown in Fig. 5-18.
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FIGURE 5-18 PSpice model of Fig. 5-5.
PROBLEMS

5-1.

5-2.

5-3.

5-4.

5-5.

5-8.
5-9.
5-10.
5-11.

Refer to Example 5-1 and Fig. 5-1. Assume that 75 = | mA and meter winding resistance
R,=1kQ.If E;= —1.0V and R; = 1k, find (a) /,; (b) V,.

A 1-mA movement, with R,, = | k(}, is to be substituted in the circuit in Fig. 5-2. Redesign
the R; resistors for full-scale meter deflection when (a) E;= *6 V dc; (b) E; =
6Vims; (c) £, =6V p-p; (d) E; = 6V peak.

In Fig. P5-3 complete the schematic wiring between op amp, diodes, and milliammeter. The
current through the meter must be steered from right to left.

Calculate a value for Riy. in Fig. P5-3 so that the meter reads full scale when E; = 5 V and
the range switch is on the 5-V position.

Consider that the range switch is in the 5-V position in Fig. P5-3. Calculate values for the
following resistors to give a full-scale meter deflection of 5 V: (a) R, for E; = 5V rms; (b)
R; p-p for E; = 5V p-p; (¢) R; peak for E; = 5 V peak.

. With the circuit conditions shown in Problem 5-4, (a) which diodes are conducting? (b) Find

V,. Assume that diode drops are 0.6 V.

. For the constant-current source shown in Fig. P5-7, (a) draw the current direction, the emit-

ter arrow, and state if the transistor is npn or pnp; (b) find /; (¢) find V,.
If V, =11V and E; =5V in Fig. 5-3, find V,.
I, must equal 20 mA in Fig. 5-4 when E; = —10 V. Find R;.

Define a floating load.
In Fig. 5-5, £, =0V, R=10k{}, and R, =5 k). Find I, V,, and V, for (a) E; = =2 V;
(b)E, = +2 V.
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. In Fig. 5-5, E, =0V, R = 10 kQ, and R, = 1 k. Find I, V,, and V, for (a) E; = =2V,

(b) E, = +2 V.

3. InFig. 5-5,E, = E,= —-5V,and R = R, =5 k). Find /I, V,, and V,,.
4. Replace V, in Fig. 5-6 with a 900-{} resistor. Find /,.
. Sketch an op amp circuit that will draw short-circuit current from a signal source and con-

vert the short-circuit current to a voltage.

. A CL5M9M photocell has a resistance of about 10 k{) under an illumination of 2 fc. If E; =

—10 V in Fig. 5-9, calculate R, for an output V, of 0.2 V when the photoconductive cell is
illuminated by 2 fc.

. Change multiplier resistor mR in Fig. 5-10 to 49 k. Find /,.
. A solar cell that has a maximum short-circuit current of 0.1 A = /s¢ is installed in the cir-

cuit in Fig. 5-12. (a) Select Rs to give V, = 10 V when I5c = 0.1 A. (b) A 50-pnA meter
movement is to indicate full scale when Isc = 0.1 A. Find Ry, if Ryy = 5 k().

. Resistor R; is changed to 10 k{} in Example 5-14. Find the phase angle 6.
. Design a phase shifter to give a —90° shift at 1 Hz. Choose C; from 0.001, 0.01, 0.1, or 1.0

uF. R; must lie between 2 and 100 k().

. Design a —90° phase shift at 1590 Hz. Then for your design, calculate (a) 6 at 15 Hz; (b) 6 at

15 kHz.

. Calculate the net current through R, in Fig. 5-14(a) if the AD590 temperature is 100°C. Then

find V,,.

. Calculate the net current through R, in Fig. 5-14(b) when the temperature is 100°F. Find V,,.
. Calculate the value of R, in Fig. 5-14(a) to design a signal conditioning circuit that interfaces

with a microcontroller’s A/D converter. The voltage range of the converter is 0 to 5 V.

5. Use a simulation program and design an integrating circuit. The input sugnal is

e, = | sin 20007t V

. Use a simulation program and design a differentiating circuit. The input signal is (a) sine

wave of 500 Hz and a peak value of 0.2 V; (b) square wave of 500 Hz and a peak value of
0.2 V; (¢) cosine wave of 500 Hz and a peak value of 0.2 V.
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Signal Generators

LEARNING OBJECTIVES

Upon completion of this chapter on signal generators, you will be able to:

+ Explain the operation of a multivibrator circuit, sketch its output voltage waveshapes,
and calculate its frequency of oscillation.

+ Make a one-shot multivibrator and explain the purpose of this circuit.

- Show how two op amps, three resistors, and one capacitor can be connected to form an
inexpensive triangle/square-wave generator.

+ Predict the frequency of oscillation and amplitude of the voltages in a bipolar or unipo-
lar triangle-wave generator and identify its disadvantages.

+ Build a sawtooth wave generator and tell how it can be used as a voltage-to-frequency
converter, frequency modulator, or frequency shift key circuit.

« Connect an AD630 balanced modulator/demodulator to operate as a switched gain
amplifier.

151
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* Connect the AD630 to an op amp circuit to make a precision triangle-wave generator
whose output voltage amplitude can be adjusted independently of the oscillating fre-
quency, and vice versa.

* Build, test, measure, and explain the operation of an AD639 universal trigonometric
function generator when it is wired to generate sine functions.

* Connect the AD639 to the triangle-wave generator to make a superb precision sine-wave
generator. Its oscillating frequency can be adjusted over a wide frequency range by a
single resistor, without changing amplitude.

* Know about the operation of a single IC function generator.

6-0 INTRODUCTION

Up to now our main concern has been to use the op amp in circuits that process signals.
In this chapter we concentrate on op amp circuits that generate signals. Four of the most
common and useful signals are described by their shape when viewed on an oscilloscope.
They are the square wave, triangular wave, sawtooth wave, and sine wave. Accordingly,
the signal generator is classified by the shape of the wave it generates. Some circuits are
so widely used that they have been assigned a special name. For example, the first circuit
presented in Section 6-1 is a multivibrator that generates primarily square waves and ex-
ponential waves. Some ICs that generate these waveforms from a single IC are available.
However, you may need a waveform quickly and not have on hand one of these function
generator ICs.

6-1 FREE-RUNNING MULTIVIBRATOR

6-1.1 Multivibrator Action

A free-running or astable multivibrator 1s a square-wave generator. The circuit of Fig.
6-1 1s a multivibrator circuit and looks something like a comparator with hysteresis
(Chapter 4), except that the input voltage is replaced by a capacitor. Resistors R, and R,
form a voltage divider to feed back a fraction of the output to the (+) input. When V,, is
at + Vg, as shown in Fig. 6-1(a), the feedback voltage is called the upper-threshold volt-
age Vyr. Vyris given in Eq. (4-1) and repeated here for convenience:

—Ra (v, (6-1)
Ry + R,

Resistor Ry provides a feedback path to the (—) input. When V,, is at +V,,, current
I™ flows through R, to charge capacitor C toward V7 As long as the capacitor voltage
Ve is less than Vyp, the output voltage remains at + V.

When V- charges to a value slightly greater than V4, the (—) input goes positive with
respect to the (+) input. This switches the output from +Vj,, to —V,. The (+) input is now
held negative with respect to ground because the feedback voltage is negative and given by

Vur =
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Equation (6-2) is the same as Eq. (4-2). Just after V,, switches to —V,,, the capacitor has
an initial voltage equal to V7 [see Fig. 6-1(b)]. Now current /™~ discharges C to O V and
recharges C to V.. When V. becomes slightly more negative than the feedback voltage
Vi, output voltage V,, switches back to + V. The condition in Fig. 6-1(a) is reestab-

(_Vsal) (6-2)

vLT

Cis charged by It
to Vyr

(a) When V, = +V,,, V- charges toward V.

Cis charged by /I~
from Vyrto V7

Initial voltage = V7

V,=-V,

o sat

Vir R,

(a) When V, ==V,

FIGURE 6-1 Free-running multivibrator (R, = 100 kQ), R, = 86 k(). Output-
voltage waveforms shown in Fig. 6-2.

V¢ charges toward V.
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lished except that C now has an initial charge equal to V,7. The capacitor will discharge
from V,+to OV and then recharge to V4, and the process is repeating. Free-running mul-
tivibrator action is summarized as follows:

1. When V, = —V,,, C discharges from V7 to V,; and switches V, to + V,,.
2. When V, = +V,, C charges from V,; to Vyr and switches V, to —V,,.

The time needed for C to charge and discharge determines the frequency of the multivi-
brator.

6-1.2 Frequency of Oscillation

The capacitor and output-voltage waveforms for the free-running multivibrator are shown
in Fig. 6-2. Resistor R, is chosen to equal 0.86R, to simplify calculation of capacitor
charge time. Time intervals ¢, and ¢, show how V. and V, change with time for Figs.
6-1(a) and (b), respectively. Time intervals £, and ¢, are equal to the product of Rrand C.

The period of oscillation, 7, is the time needed for one complete cycle. Since T is
the sum of ¢, and ,,

T=2R.C for R, = 0.86R, (6-3a)

Vn
(volts)
A

V, =+V,

o sat

» Time

10 1 =R,C i th=R;yC———»

/

V,=-V.

sat

FIGURE 6-2 Voltage waveshapes for the multivibrator of Fig. 6-1.
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The frequency of oscillation f is the reciprocal of period T and is expressed by

1 1
=—=— 6-3b
f T 2RC ( )
where T is in seconds, f in hertz, R, in ohms, and C in farads.
Example 6-1
In Fig. 6-1, if R, = 100 kQ, R, = 86 k), +V,,, = +[5V, and -V, = =15V, find (a)

Vury (b) Vir

Solution (a) By Eq. (6-1),

86 kQ
vr =g X 15V=TV
(b) By Eq. (6-2),
_ 86kQ ~
Vir=Teg ("1 V= -7V

Example 6-2

Find the period of the multivibrator in Example 6-1 if R, = 100 k) and C = 0.1 uF.

Solution Using Eq. (6-3a), T = (2)(100 kQ)(0.1 uF) = 0.020 s = 20 ms.

Example 6-3

Find the frequency of oscillation for the multivibrator of Example 6-2.

Solution From Eq. (6-3b),
1

0x103s oHe

f:
Example 6-4
Show why T = 2 R,C when R, = 0.86R, as stated in Eq. (6-3a).

Solution The time required for a capacitor C to charge through a resistor R, from some
starting capacitor voltage toward some aiming voltage to a stop voltage is expressed gen-

erally as

aim — stop

aim — start
t=R;Cln (7)
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Applying the equation to Fig. 6-2 yields

+Vsal — VLT
t| :RfC ln( +Vsm_ VUT)
If the magnitudes of +V,, and —V,, are equal, the term in parentheses simplifies to
Ry
FV, — —2—(—V
sat R1+R2( SB() R +2R
In R2 = |n (172>
Ve — ———(+Va,
sat Rl + RQ( () RI

Since In 2.718 = 1, the In term can be reduced to | if

R, + 2R,
R—I =2718 or R, = 0.86R,

Now t; = R,C and t, = R,C if R, = 0.86R,. Therefore, T =1, + t, = 2R,C.

6-2 ONE-SHOT MULTIVIBRATOR

6-2.1 Introduction

A one-shot multivibrator generates a single output pulse in response to an input sig-
nal. The length of the output pulse depends only on external components (resistors and
capacitors) connected to the op amp. As shown in Fig. 6-3, the one-shot generates a
single output pulse on the negative-going edge of E;. The duration of the input pulse
can be longer or shorter than the expected output pulse. The duration of the output
pulse is represented by T in Fig. 6-3. Since 7 can be changed only by changing resis-
tors or capacitors, the one-shot can be considered a pulse stretcher. This is because the
width of the pulse can be longer than the input pulse. Moreover, the one-shot intro-
duces an idea of an adjustable delay, that is, the delay between the time when E; goes
negative and the time for V, to go positive again. Operation of the one-shot will be
studied in three parts: (1) the stable state, (2) transition to the timing state, and (3) the
timing state.

6-2.2 Stable State

In Fig. 6-4(a), V, is at +V,,. Voltage divider R, and R, feeds back V,r to the (+) input.
Vyr is given by Eq. (6-1). The diode D, clamps the (—) input at approximately +0.5 V.
The (+) input is positive with respect to the (—) input, and the high open-loop gain times
the differential input voltage (E, = 2.1 — 0.5 = 1.6 V) holds V, at +V,,,.
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E;
A
| |_| |_| )
_Eip | :
| 1
! I
i |
Vu ) |
(volts) ]! :
A | I
| 1
I I
Ve ' : —
0 > |
l€«— T —>] l— T —»
Ve[ FIGURE 6-3 Input signal E; and
output pulse of a one-shot multivibrator.

6-2.3 Transition to the Timing State

If input signal E; is at a steady dc potential as in Fig. 6-4(a), the (+) input remains pos-
itive with respect to the (—) input and V, stays at +V,,,. However, if E; goes negative by
a peak value E;, approximately equal to or greater than V4, the voltage at the (+) input
will be pulled below the voltage at the (—) input. Once the (+) input becomes negative
with respect to the (—) input, V, switches to — V,,.. With this change, the one-shot is now
in its timing state. For best results, the time constant R;C; should be 1/10 the time con-
stant R,C or less.

6-2.4 Timing State

The timing state is an unstable state; that is, the one-shot cannot remain very long in this
state for the following reasons. Resistors R, and R, in Fig. 6-4(b) feed back a negative
voltage (V.7 = —2.1 V) to the (+) input. The diode D, is now reverse biased by —V,
and is essentially an open circuit. Capacitor C discharges to 0 and then recharges with a
polarity opposite to that in Fig. 6-4(a) [see Fig. 6-4(b)]. As C recharges, the (—) input be-
comes more and more negative with respect to ground. When the capacitor voltage is
slightly more negative than V.5, V, switches to + V,. The one-shot has now completed
its output pulse and is back to the stable state in Fig. 6-4(a). Since the one-shot has only
one stable state, it is also called a monostable multivibrator.
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(a) Stable state of a one-shot multivibrator: R;C; < (R, C)/10.

> ]

3t A
+ ) — R;=100 kQ
V C charges 415V
toV,r

C,=00l uF

V,=-14V
0 for 2 ms
Ry, =
-E,, . for 2 ms 1.8 bQ N

§ b

(b) Timing state: When E; goes negative, V, goes negative for 2 ms.

FIGURE 6-4 Monostable or one-shot multivibrator.

Chapter 6
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6-2.5 Duration of Output Pulse

If R, is made about one-fifth of R, in Fig. 6-4, then the duration of output pulse is given

by
R.C
=E g =R (6-4a)
5 5
The exact equation is
st — 0.5V
7=R,CIn [——V — ] (6-4b)
sat UT N
1.\6'
Example 6-5
Calculate 7 for the one-shot of Fig. 6-4.
Solution By Eq. (6-4a),
(100 k)(0.1 uF)
T= 5 =2 ms

For est purposes, E; can be obtained from a square-wave or pulse generator. Diode
D, prevents the one-shot from coming out of the timing state on positive transitions of E,.
To build’a one-shot that has a positive output pulse for a positive input signal, simply re-
verse the diodes.

6-2.6 Recovery Time

After the timing state is completed, the output returns to +V,. However, the circuit 1s
not ready to be retriggered reliably until C returns to its initial staté ‘of 0.5V because it
takes time for C to be discharged from V,» = —2.1 V in Fig. 6-4(b) to 0.5 V in Fig.
6-4(a)- This time interval is called recovery time and is shown in Fig,46—5(b). Recovery
time is approximately 7. s

Normally, C is charged back to its initial state by a current through R;. By-adding
a discharge resistor R, in paralle] with Ry, as in Fig. 6-5(a), the recovery time is reduced.
Typieally, if Rp = 0.1Ry, recovery time is reduced to one-tenth. Diode D, prevents Rp
from affecting the timing-cycle interval .

e
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+15V

-15V

—E [ v
| AT
V| oo I____/_ _______ ;
| |
| |
:‘*T_': Recovery time
I : /using Dpand R,
TR .
T
|
|

i > !
| /,
|
Ve ! Recovery time FIGURE 6-5 The recovery time of a

: i using only R, one-shot multivibrator is reduced by
! ! adding discharge diode Dp and Rp. Rp
ST should be about one-tenth of R, to re-
(b) Recovery time is reduced by Dp, and R,. duce recovery time to one-tenth.

6-3 TRIANGLE-WAVE GENERATORS

6-3.1 Theory of Operation

A basic bipolar triangle-wave generator circuit is presented in Fig. 6-6. The triangle wave,
V,, is available at the output of the 741 integrator circuit. An additional square-wave sig-
nal, Vjp, is available at the output of the 301 comparator.
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C=0.05pF
Y
/1

(a) The 741 integrator circuit and 301 comparator
circuit are wired to make a triangle-wave generator.

15 Vpvs. t
+V, >

———————————————————— L~ Vyr
/\<VA vs. t

\y m \ v > ¢ (ms)

S NN -

V, and Vj (V)
(e} w
/

|
|
|
1
i
|
|
{

|
W
T

(b) Waveshapes.

FIGURE 6-6 The bipolar triangle-wave generator circuit in (a) generates tri-
angle-wave and square-wave oscillator signals as in (b). (a) Basic bipolar trian-
gle-wave generator oscillator frequency for 1000 Hz; (b) output-voltage wave-
shapes.

To understand circuit operation, refer to time interval O to 1 ms in Fig. 6-6. Assume
that Vg is high at + V. This forces a constant current (V,/R;) through C (left to right)
to drive V4 negative from V7 to V.. When V, reaches V., pin 3 of the 301 goes neg-
ative, and Vj snaps to —V,, and ¢t = | ms.
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When Vj is at —V,,, it forces a constant current (right to left) through C to drive
V4 positive from V,toward V; (see the time interval 1 to 2 ms). When V, reaches Vyr
at t = 2 ms, pin 3 of the 301 goes positive and Vp snaps to +V,,. This initiates the next

cycle of oscillation.

6-3.2 Frequency of Operation

The peak values of the triangular wave are established by the ratio of resistor pR to R and

the saturation voltages. They are given by

Vyp = ——eat (6-5a)
p
+ Vi
VLT —_ Vsal
p
where
- PR 6-5¢
P="p ( )
If the saturation voltages are reasonably equal, the frequency of oscillation, f, is
given by
=2 6-6
! 4R,C (6-6)

Example 6-6

A triangle-wave generator oscillates at a frequency of 1000 Hz with peak values of ap-
proximately +5 V. Calculate the required values for pR, R, and C in Fig. 6-6.

Solution  First we work on the calculation for the comparator resistor ratio p that controls
peak triangle-wave output voltages, V7 and V, 5. +V, is practically +14.2 V and —Vy,, is
typically —13.8 V for a =15-V supply. This observation points out one deficiency in our
low-cost triangle-wave generator. It does not have precisely equal positive and negative peak
outputs. (We will remedy this problem, at a higher cost, in Section 6-6.) From Eq. (6-5a),
solve for p:

= Ve _ _—138V
P Vor 5V

Choose R = 10 k). Then from Eq. (6-5¢) we solve for pR as
pR = 2.8(10 k) = 28 k)

=+2.76=2.8

(6-5b)
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Next we select R; and C. Begin by making a trial choice for C = 0.05 uF. Then cal-
culate a value for R; to see if R; is greater than 10 k(). From Eq. (6-6),
R =L _ 2.8
" 4fC  4(1000 Hz)(0.05 uF)

In practice it would be prudent for R; to be a 12-k(} resistor in series with a 0 to 5-k{} pot.
The 5-k() pot may then be adjusted for an oscillation frequency of precisely 1.00 kHz.

= 14 k()

6-3.3 Unipolar Triangle-Wave Generator

The bipolar triangle-wave generator circuit of Fig. 6-6 can be changed to produce a unipo-
lar triangle wave output. Simply add a diode in series with pR as shown in Fig. 6-7.
Circuit operation is studied by reference to the waveshapes in Fig. 6-7(b).

When Vjp is at +V,, the diode stops current flow through pR and sets V,,at 0 V.
When Vjp is at —V,,, the diode allows current flow through pR and sets V7 at a value of

Vyp= —— Y £ 06V (6-7a)
/]
Frequency of oscillation is then given approximately by

2R.C

Example 6-7
Find the approximate peak voltage and frequency for the unipolar triangle-wave generator
in Fig. 6-7.
Solution Calculate
_pR _28KkQ _
P~ T 10kQ
Find the peak value of V, from Eq. (6-7a):

~Veu + 0.6V _ [ —138V +06V
p 2.8

2.8

VUTz_( )247\/

From Eq. (6-7b),

p 2.8

= = = 1000 Hz
2R,C  2(28 k1)(0.05 uF)

f

Note the change in R; value from Fig. 6-6(a) to Fig. 6-7(a).
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(a) Unipolar triangle-wave generator.

15+ Vg vs. 1

0.5 1.0 1.5

V, and V5 (V)
=
\j
g

—Vear >~

-15

(b) Waveshapes.

FIGURE 6-7 Diode D in (a) converts the bipolar triangle-wave generator into
a unipolar triangle-wave generator. Waveshapes are shown in (b). (a) Basic
unipolar triangle-wave generator; oscillating frequency is 1000 Hz. (b) Output-
voltage waveshapes.
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6-4 SAWTOOTH-WAVE GENERATOR

6-4.1 Circuit Operation

A Jow-parts-count sawtooth-wave generator circuit is shown in Fig. 6-8(a). Op amp A is
a ramp generator. Since E; is negative, V,,mp can only ramp up. The rate of rise of the
ramp voltage is constant at

Vo ramp _ Ei

t R.C

The ramp voltage is monitored by the (4) input of comparator 301B. If V,, . is
below V¢, the comparator’s output 1s negative. Diodes protect the transistors against ex-
cessive reverse bias.

When V, amp rises to just exceed V., the output V,.omp £0€$ to positive saturation.
This forward biases “dump” transistor Op into saturation. The saturated transistor acts as
a short circuit across the integrating capacitor C. C discharges quickly through Q) to es-
sentially 0 V. When V,comp, goes positive, it turns on Q, to short-circuit the 10-k{) po-
tentiometer. This drops Vs to almost zero volts.

As C discharges toward 0V, it drives V,,,mp rapidly toward 0 V. V., drops be-
low Vi, causing Vicomp to g0 negative and turn off Qp. C begins charging linearly, and
generation of a new sawtooth wave begins.

(6-8)

6-4.2 Sawtooth Waveshape Analysis

The ramp voltage rises at a rate of 1 V per millisecond in Fig. 6-8(b). Meanwhile, V, comp
is shown to be negative. When the ramp crosses Vs, V,comp Snaps positive to drive the
ramp voltage quickly toward 0 V. As V.., snaps to 0 V, the comparator’s output is re-
set to negative saturation. Ramp operation is summarized in Fig. 6-8(c).

6-4.3 Design Procedure

The time for one sawtooth-wave period can be derived most efficiently by analogy with
a familiar experience.

distance (of rise)

ti f rise) = 6-9
e (of rise) speed (of rise) (6-52)
period T = Vet (6-9b)
EJ/R,.C

Since frequency is the reciprocal of the period

f= ( : ) 5 (6-9¢)

RiC ref
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Qp =2N3904 or

2N2222
Vocomp
10 kQ
E;=
100 Q
o
A
15
Veer " Vo comp I .
I il A Ramp rises to peak
!/ b I voltage set by V¢
10--=-=-F----A-———~—-—— | V= 10|————————————— === = —
I I
i i
| I
S | 51
| [ .
I I Z
0 J H 3 7 (ms) g 0 L » 1 (ms)
1ol \ 200" g 5 10
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i v I >
5k n ormp Rate of rise is set by
:J :: Ei Vo ramp
I I RC™ 1
" I
-0 i 1"
Il Il
o Yoeme L
-15
(b) Sawtooth-wave output V,, ., (c) Details for sawtooth-wave
and comparator output. design or analysis.

FIGURE 6-8 The sawtooth-wave generator circuit in (a) has the waveshapes shown in
(b) and (c). Oscillating frequency is 100 Hz or f = (VR;C)(E:/Vyer).
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Design Example 6-8

Design a sawtooth-wave generator to have a 10-V peak output and a frequency of

Design Procedure

1. Design a voltage divider to give a reference voltage Vs = +10 V for op amp B in
Fig. 6-8(a).
2. Let’s select a ramp rate rise of 1 V/ms. Pick any R;C combination to give 1.0 ms.
Therefore, let’s select R; = 10 k) and C = 0.1 uF.

. The resulting circuit is shown in Fig. 6-8(a).

4. E; may be made from a voltage divider and voltage follower to make an ideal voltage
source (see Section 3.7).

5. Alternatively, you could pick a trial value for R,C and solve for E; in Eq. (6-9b).

6. Check the design values in Eq. 6-9c.

1 [ 1V
(10 kQ)(0.1 pF)\ 10V

(O8]

f= )=100Hz

6-4.4 Voltage-to-Frequency Converter

There are two ways to change or modulate the oscillating frequency of Fig. 6-8. We see
from Eq. (6-9¢) that the frequency is directly proportional to E; and inversely propor-
tional to V. The advantages and disadvantages of each method are examined with an
example.

This type of frequency modulation by V. has two disadvantages with respect to
control of frequency by E,. First, the relationship between input voltage V¢ and output
frequency is not linear. Second, the sawtooth’s peak output voltage is not constant, since
it varies directly with V.

6-4.5 Frequency Modulation and Frequency Shift Keying

Examples 6-9 and 6-10 indicate one way of achieving frequency modulation (FM). Thus,
if the amplitude of E; varies, the frequency of the sawtooth oscillator will be changed or
modulated. If E; is keyed between two voltage levels, the sawtooth oscillator changes fre-
quencies. This type of application is called frequency shift keying (FSK) and is used for
data transmission. These two preset frequencies correspond to “0” and “1” states (com-
monly called space and mark) in binary.
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Example 6-9
If E; is doubled to —2 V in Fig. 6-8, find the new frequency of oscillation.

Solution In Eq. (6—9¢) use |E, |

fo(LVE 1 E,
RC)Vee (10X 10> Q2)(0.1 X 10°°F) 10V

_ 1 __E _(100Hz\ .

10X 107%s 10V \% !

For E; = =2V, f= (2 V)(100 Hz/V) = 200 Hz. Thus as E; changes from 0 V to — 10V, fre-
quency changes from 0 Hz to 1 kHz. The peak amplitude of the sawtooth wave remains
equal to Vs (10 V) for all frequencies.

Example 6-10
Keep E;, R, and C at their value shown in Fig. 6-8(a). Reduce V.. by one-half to 5 V. Is
the frequency doubled or halved?

Solution From Example 6-8 and Eq. (6-9¢),

LV _ (1000 Hz)/V
(ms)vref Vref

For Ver = 10V, f = 100 Hz. For V.. = S V the frequency is doubled to 200 Hz. As V, is
reduced from 10 V to 0V, the frequency is increased from 100 Hz to a very high value.

f:

6-4.6 Disadvantages

The triangle-wave generators of Section 6-3 are inexpensive and reliable. However, they
have two disadvantages. The rates of rise and fall of the triangle wave are unequal. Also,
the peak values of both triangle-wave and square-wave outputs are unequal, because the
magnitudes of +V,, and —V,, are unequal.

In the next section we substitute an AD630 for the comparator. This will give the
equivalent of precisely equal square-wave * voltages that will also be equal to the =
peak values of triangle-wave voltage. Once we have made a precision triangle-wave gen-
erator, we will use it to drive a new state-of-the-art trigonometric function generator to
make a precision sine-wave generator.
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(a) The AD630 is wired as a switch gain amplifier.
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(b) Output and input waveshapes.

FIGURE 6-9 Operation of the AD630 balanced modulator/demodulator as a
switched gain amplifier. (a) Wiring for switched gains of +1 or —1; (b) carrier
V¢ selects gains of +1 or —1 for input V.. Output V,, is equal to precisely Vier

or — vref- 1 69
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6-5 BALANCED MODULATOR/DEMODULATOR, THE AD630

6-5.1 Introduction

The AD630 is an advanced integrated circuit. It has 20 pins, which allows this versatile
switched voltage gain IC to act as a modulator, demodulator, phase detector, and multi-
plexer, as well as perform other signal conditioning tasks. We connect the AD630, as in
Fig. 6-9(a), as a controlled switched gain (+1 or —1) amplifier. This particular applica-
tion will be examined by discussing the role performed by the dominant terminals.

6-5.2 Input and Output Terminals

The input signal V¢ is connected to modulation pins 16 and 17 in Fig. 6-9, and thus to the
nputs of two amplifiers, A and B. The gain of A is programmed for —1 and B for +1 by
shorting terminals (1) 13 to 14, (2) 15 to 19 to 20, (3) 16 to 17, and (4) grounding pin 1.
The carrier input terminal, pin 9 (in this application), determines which amplifier,
A or B, is connected to the output terminal. If pin 9 is above the voltage at pin 10
(ground), amplifier B is selected. Voltage at output pin 13 then equals Vi times (+1).
If pin 9 voltage is below ground (negative), amplifier A is selected and output pin 13
equals V. times (—1). (Note that in communication circuits, Vi is called the analog data
or signal voltage, V¢ is called a chopper or carrier voltage, and V, is the modulated output.
That is, the amplitude of the low-frequency signal voltage is impressed upon the higher-
frequency carrier wave—hence the names selected for the AD630’s input and output terminals.)

6-5.3 Input-Output Waveforms

Vet 1s @ dc voltage of 5.0 V in Fig. 6-9(b). V. is a 100-Hz square wave with peak am-
plitudes that must exceed =1 mV. Output voltage V, is shown in Fig. 6-9(c) to switch
synchronously with V¢ from + Vs to — V¢ and vice versa. We are going to replace the
unpredictable * V, of the 301 comparator in Fig. 6-6 with precisely + or — V,¢. Moreover,
Vier can be adjusted easily to any required value. As shown in the next section, V.
will set the positive and negative peak values of both triangle-wave and square-wave
generators.

6-6 PRECISION TRIANGLE/SQUARE-WAVE GENERATOR

6-6.1 Circuit Operation

Only six parts plus a voltage source, V., make up the versatile precision triangle- and square-
wave generator in Fig. 6-10(a). Circuit operation is explained by referencing the waveshapes
in Fig. 6-10(b). We begin at time zero. Square-wave output V, begins at —V,;or —5 V. This
forces the triangle wave V,, to go positive from a starting point of —V,.¢ = —5 V. During this
time, pin 9 is below ground to select an AD630 gain of —1 and holds V,,; at =5 V.
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¢=001pF 10kQ, 1%
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FIGURE 6-10 The precision triangle/square-wave oscillator in (a) has the
output waveshapes in (b). V,.y should be buffered for a low-impedance source
voltage. (a) Precision triangle/square-wave oscillator (compare with Fig. 6-6).
Vet must be a low-impedance source. Vi sets the = peak values and R; adjusts
the frequency. (b) Square- and triangular-wave output waveshapes.

At time 7/2 = 0.5 ms, V,, reaches +5 V, where pin 9 is driven slightly positive to
select an AD630 gain of + 1. This snaps V,; to V. = +5 V. V, then drives V,, negative.
When V,, reaches —5 V, pin 9 goes negative at T = 1.0 ms and snaps V,; negative to —5 V.
This completes one cycle of oscillation and begins another.
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6-6.2 Frequency of Oscillation

The easiest way to find the frequency of oscillation is to begin with the rate of rise of the
triangle wave, V,, /1, in volts per second. The rate of rise of the triangle wave, from O to
0.5 ms in Fig. 6-10(b), is found from

Vot Vrcl'

—o = 6-10

t R,.C ( )

The time ¢ for a half-cycle is 7/2, and during this time, V,, changes by 2V .. Substituting
these for ¢ and V,, into Eq. (6-10), we obtain

2vref — Vrcf

7 —R,C (6-11)
and solve for both period T and frequency of oscillation f:
T =4R,C and f= L (6-12)

T  4R,C

Note that V,.; cancels out in Egs. (6-11) and (6-12). This is a very important ad-
vantage. The peak output voltages of both square- and triangle-wave signals are set by
+Vier. As Vs 1s adjusted, the frequency of oscillation does not change.

Example 6-11
Make a triangle/square-wave generator that has peak voltages of = 5 V and oscillates at a

frequency of 1.0 kHz.

Solution Choose V. = 5.0 V. For low impedance, V. should be the output of an op amp.
Arbitrarily choose C = 0.0! uF. From Eq. (6-12),

1 1
AfC ~ 4(1000)(0.01 uF)

For a fine adjustment of the output frequency, make R; from a 22-k{} resistor in series with
a 5- or 10-k() variable resistor.

R, = 25.0 k()

6-7 SINE-WAVE GENERATION SURVEY

Commercial function generators produce triangular, square, and sinusoidal signals whose
frequency and amplitude can be changed by the user. To obtain a sine-wave output, the
triangle wave is passed through a shaping network made of carefully selected resistors
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and diodes (see Fig. 7-19). The sine waves thus produced are reasonably good. However,
there is inevitably some distortion, particularly at the peaks of the sine wave. Another so-
lution is to use an IC function generator chip such as MAXIM’s MAX038, which is ca-
pable of producing sine, square, and triangle waveforms from 1 Hz to 20 MHz.

When an application requires a single-frequency sine wave, conventional oscillators
use phase-shifting techniques that usually employ (1) two RC tuning networks, and (2)
complex amplitude limiting circuitry. To minimize distortion, the limit circuit must usu-
ally be custom-adjusted for each oscillator. The frequency of this oscillator is difficult to
vary because two RC networks must be varied and their values must track within *1%.

Waveforms may also be generated by using the AD630 with a universal trigono-
metric function generator, the AD639. The AD630 has already been used to generate a
precision triangle wave whose frequency and amplitudes are precise and easy to adjust.
We will connect the triangle-wave output V,, of Fig. 6-10(a) to an AD639 universal
trigonometric function generator. The resulting circuit will have the best qualities of a pre-
cision sine-wave generator whose frequency will be easily adjustable.

6-8 UNIVERSAL TRIGONOMETRIC FUNCTION GENERATOR,
THE AD639

6-8.1 Introduction

The AD639 is a state-of-the-art trigonometric function generator. It will perform all
trigonometric functions in real time, including sin, cos, tan, cosec, sec, and cotan. When
a calculator performs a trig function, the operator punches in a number corresponding to
the number of angular degrees and punches SIN. The calculator pauses, then displays a
number indicating the sine of the angle. That is, a number for angle 6 is entered and the
calculator produces a number for sin 6.

The AD639 accepts an input voltage that represents the angle. It is called the angle
voltage, V,ne. For the AD639, the angle voltage is found from

20 mV 1V
Ve = = 0 -

Four input terminals are available. However, we shall look at only the single active
input that generates sin functions. The output voltage will equal sin'§ or 10 sin 6, de-
pending how the internal gain control is pin programmed.

6-8.2 Sine Function Operation

The AD639 is wired to output V, = 1 sin 6 in Fig. 6-11. There are four input terminals:
1, 2, 7, and 8. Wired as shown, the chip performs a sine function. Pins 3, 4, and 10 con-
trol gain. Normally, 3 and 4 are grounded so that pin 10 can activate the internal gain con-
trol. A gain of | results when pin 10 is wired to —V, or pin 9. Wire pin 10 to +V; or pin
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FIGURE 6-11 The AD639 is pin-programmed in (a) to act as a sine function genera-
tor. Each 20 mV of input angle voltage corresponds to an input angle of 6 = *1°.
Output V, equals 1 X sin 6. (a) The AD639A is pin-programmed to output the sine of the
angle voltage; (b) output voltage V,, equals the sine of 8 if 6 is represented by an angle
voltage of 20 mV per angular degree.
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16 and obtain a gain of +10. Then V, = 10 sin 6. Pin 6 is a precision 1.80-V reference
voltage that corresponds to an angle voltage of 90° (see Eq. (6-13)). We analyze sine func-
tion operation by an example.

Example 6-12

Calculate the required input angle voltage and resultant output voltage for angles of
(a) £45°; (b) =90°; (c) =225°; (d) =405°.

Solution From Eq. (6-13) and Fig. 6-11,
20 mV

(@) Vang = ( ) (£45°) = =090V, V, = 1 sin (£45°) = =0.707 V.

() Ving = )(+90° = +1.80V,V,=1sin (£90°) = =1.0 V.

(£225°) = £4.50V, V, = [ sin (%225° = £0.707 V.

ang

(£405°) = =8.10 V, V,

1 sin (£405°) = =0.707 V.

o
© V. = (20 mV)
(20 mV)

(d) Vang

Example 6-12 clearly illustrates that the AD639, remarkable as it is, cannot output
the sine of, for example, 36,000°. This would require an angle voltage of 720 V. The nor-
mal *15-V supply limits the guaranteed usable input angle to £500°, or =10.000 V. We
extend the results of Example 6-12 to summarize briefly the performance of the sine func-
tion generator in Table 6-1 and Fig. 6-11(b).

In Fig. 6-11(b), V, is plotted against both V,,, and 6. A study of this figure shows
that if V., could be varied linearly by a triangle wave, V,, would vary sinusoidally. Further,
if the frequency of the triangle wave could be varied easily, the sine-wave frequency could
easily be tuned, adjusted, or varied. We pursue this observation in the next section.

6-9 PRECISION SINE-WAVE GENERATOR

6-9.1 Circuit Operation

Connect the precision triangle-wave oscillator in Fig. 6-10 to the sine function generator
in Fig. 6-11 to construct the precision sine-wave generator in Fig. 6-12. As a bonus, we
also have precision triangle-wave and square-wave outputs. The 1.80-V reference voltage
of the AD639 is connected to modulation inputs 16 and 17 of the AD630 modulator (Fig.
6-9). Circuit operation is now examined by reference to Fig. 6-12.
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TABLE 6-1 ADG639 Sine Functions?

Input Output (V)

3} Angle V,=1sin 6 V, =10 sin 6
(angular voltage, (wire pin (wire pin
degrees) Vang (V) 10t0 9) 10 to 16)

0 0.00 0.000 0.000
*45 *0.90 +0.707 +7.07
+90 +1.80 +1.000 +10.07

*135 *2.70 +0.707 +7.07
+180 +3.60 0.000 0.000
+225 +4.50 +0.707 +7.07
+270 +5.40 +1.000 +10.00
+315 +6.30 +0.707 *7.07
+360 *7.20 0.000 0.00
+405 +8.10 +0.707 *7.07
+450 +9.00 +1.000 *10.00
*495 +9.90 *0.707 +7.07
+500 *10.00 +0.643 +6.43

“ Connect terminal 10 to 9 to pin program V,, = sin 6; or connect pin 10 to 16 to pin program V, = 10
sin 6. Input angle voltage V,,, = (20 mV/1°C) 6.

Triangle-wave rise time, 0 to T/2 in Fig. 6-12(b)

. AD630

a. Pin 13 is at — V.. = — 1.8 V, causing

b. Pin 9 to select gain = —1 to hold 13 at —1.8 V and

c. Op amp output voltage to ramp up.
2. Op amp

a. Pin 6 ramps from — Vo, = —1.8 V toward +V,.; = 1.8 V to

b. Hold pin 9 of the AD630 negative and

c. Drive input | of the AD639 with an angle voltage linearly from —1.8 to 1.8 V.
3. AD639

a. Pin I’s input angle voltage corresponds to an input angle that varies linearly

from —90° to +90°.
b. Pin 13 outputs V, = 10 sin 8 from —10 to +10 V.

When op amp pin 6 reaches +1.8 V, pin 9 of the AD630 goes positive to select a
gain of + 1. Its output, in 13, snaps to +1.8 V. This begins the fall time.

Triangle-wave fall time, T/2 to T in Fig. 6-12(b)

t. AD630: Causes the triangle wave to ramp down from +1.8 Vto —1.8§ V.At —1.8 V,
gain is switched to —1 and a new cycle begins.
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V| = square-wave output 1.8 V

R;=25kQ

C=0.01 pF

vl 10 kQ
71 AN
+15V

1 -5V

V), V,, and V5 (V)

2

OP-177 A 1%
3 |, 6 1 0kQ 16 630_T1 13 14

I 6 ) S >
17
4 07 .
V=18V
~15V +I5V f (5 20
¥ )

8
R V, = triangle-wave output %
*1.8V 9 - AD

AD639

(> T O N )

)

Sine-wave output V3
+ 10 V peak

13

12 14
\V/ 9 10 16

~15 V<—L i—lv—» +ISV

(a) Precision sine-wave generator circuit.

10V

Vy=10sin8

1.8V

-1.8V

-0V

(b) Waveshapes.

FIGURE 6-12 Frequency of the precision sine-square-triangle-wave generator in (a)
can be easily changed by adjusting R;. Output waveshapes are shown in (b). Their am-
plitudes are independent of frequency.
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2. Op amp: Applies an angle voltage to input pin 1 of the AD639 that varies linearly
from +1.8 to —1.8 V.

3. AD639: lts input angle voltage corresponds to an input angle of 6 = +90° to —90°.
Pin 13 outputs a sine wave that varies from +10 to —10 V.

6-9.2 Frequency of Oscillation
The frequency of oscillation, f; is determined by R;, C, and the op amp in Fig. 6-12(a) from

|
= — -14
f 4R.C @19
Peak amplitudes of the triangle wave and square wave are precisely equal to =1.8 V. The
sine wave has peak amplitude of =10 V and is synchronized to the triangle wave (for the
*1-V peak, change the AD639 pin 10 connection to — V).

Example 6-13

Let C = 0.025 pF in Fig. 6-12(a) (two 0.05-pF capacitors in series). How does frequency
change as R; is changed from 10 k() to 100 k€}?

Solution From Eq. (6-14),

1 1

= =1 kHz f= 4(100 k)(0.025 wF)

=100 H
4(10 k)(0.025 pF) z

Example 6-13 shows the overwhelming superiority of this multiwave generator.
Frequency is tuned easily and with precision. Although we have used the AD639 to gen-
erate a sine wave, this chip is a universal trigonometric function generator and could be
rewired to produce other trigonometric waveforms.

6-9.3 High-Frequency Waveform Generator

Maxim’s MACO038 is a 20-pin, high-frequency, precision function generator whose fre-
quency can be controlled over a wide range from 0.1 Hz to 20 MHz. It can produce sine,
triangle, or square waves at outputs that are selected by an appropriate code at two
(transistor-transistor logic) TTL-compatible select inputs. It can also produce sawtooth or
pulse outputs as well as a synchronizing output.

Applications for this versatile chip include function or FSK generation, VCOs (volt-
age controlled oscillator), frequency modulators, and synthesizers, as well as pulse-width
modulation.
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6-10 PSPICE SIMULATION OF SIGNAL GENERATOR CIRCUITS

In this section, we will use PSpice to model and simulate the performance of four signal
generator circuits studied in this chapter: the free-running multivibrator, the one-shot mul-
tivibrator, the bipolar triangle-wave generator, and the unipolar triangle-wave generator.

6-10.1 Free-Running Multivibrator

Refer to Fig. 6-1 and create the PSpice model of the circuit. Set the resistor and capacitor
values as given in Examples 6-1 and 6-2. Use the 741 op amp if you are using the evalu-
ation software package of PSpice. Obtain a plot of V- and V, versus time. For the circuit
to begin oscillating in a simulation it is necessary to provide a sudden impulse at the be-
ginning of the simulation. This stimulus can be generated by using two pulse seurces in-
stead of two dc sources to power the op amp. The pulse width will be set to a much longer
time interval than the period of oscillation and will have a fast rise time to simulate sud-
denly applying power to the circuit. To begin, place the following parts in the work area.

Draw => Get New Part

Part Number Library
=> uA741 1 eval.slb
=> VPULSE 2 source.slb
=>R 3 analog.slb
=>C 1 analog.slb
=> GLOBAL 4 port.slb
=> AGND 4 port.slb

(Note: We are using VPULSE instead of VDC for the op amp supplies.) Arrange the parts
and wire the circuit as shown in Fig. 6-1. Change the attributes of the parts as given in
Examples 6-1 and 6-2. Set up each of the VPULSE attributes by double-clicking on the
symbol. In the pop-up box, set the values for V1 (minimum input voltage), V2 (maximum
input voltage), TD (time delay), TR (rise time), TF (fall time), PW (pulse width), and
PER (period):

V1 => 0V => Save Attr

V2 => 15V => Save Attr => Change Display => Both name and value
TD => 0 => Save Attr

TR => 1ns => Save Attr

TF => 1ns => Save Attr

PW => 50s => Save Attr

PER => 51s => Save Attr

Each pulse attribute pop-up box is set up the same because the —V supply has been ro-
tated 180 degrees, as we have done with the dc supplies connected to pin 4 of other op
amps. Double-click on the lead from the capacitor and label it Ve. Double-click on the
lead from the output terminal of the op amp and label it Vo (see Fig. 6-13).



R, =
86 kQ

FIGURE 6-13 PSpice model of the
0 free-running multivibrator.

In order to obtain a plot of V. and V,, versus time, we must initialize the transient menu.

Analysis => Setup = > Select Transient
Click Transient => Print Step: => 0.2ms
=> Final Time: => 60ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis => Simulate
In the Probe window, select

Trace => Add => V[Vc]
=> V[Vo]

Label the plots and obtain a printout as shown in Fig. 6-14.

15V
1
<«— Period, T —>
10V
Vo « Vur
SV
Ve
0V
_5 vV H—
~10V Vir .
-5V I ! I ! | L FIGURE 6-14 Capacitor and output
0s 10 ms 20 ms 30 ms 40 ms 50 ms 60 ms  voltage waveforms generated from the

Time PSpice model of Fig. 6-13.

180
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6-10.2 One-Shot Multivibrator

Create the PSpice model of the one-shot multivibrator shown in Fig. 6-4. Use the 741 op
amp if you are using the evaluation software package of PSpice. Obtain a plot of E; and

V, versus time. Place the following parts in the work area.

Draw = > Get New Part

Part Number Library
=> uA741 1 eval.slb
=> DIN4002 2 eval.slb
=> VPULSE 1 source.slb
=> VYDC 2 source.slb
=>R 4 analog.slb
=>C 2 analog.slb
=> GLOBAL 4 port.slb
=> AGND 6 port.sib

Arrange the parts and wire the circuit as shown in Fig. 6-4. Change the attributes as given
in Fig. 6-4, but set R, = 2 k) [so that results closely approximate Eq. (6-4a)] and set
VPULSE for a 10-V negative pulse with a pulse width of 0.1 ms. The pulse attributes are
shown in Fig. 6-15. Double-click the VPULSE symbol and set the values accordingly.
Double-click on the lead from VPULSE and label it Ei. Label the output of the op amp
as Vo. See Fig. 6-15.

DI
¢
D IN4002
V,=0 ¢ Ry =100 kQ
V=10V ‘,_‘| AN
TD=0 |
PW = 0.1 ms vl vy
PER =4 ms 2N P =
V- 5 V I5v 0
Cz D 0Si [
E. 2 3 052
R T e Vo
0.01 UuF D1N4002 7 R, =
il ul 10kQ
Vv
Ve '
10 kQ v, =L
15V I
0 0 Ry= +
2kQ /0

FIGURE 6-15 PSpice model of a one-shot multivibrator.
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In order to obtain a plot of E; and V,, versus time, we must initialize the transient menu.

Analysis => Setup => Select Transient
Click Transient => Print Step: => 100us
=> Final Time: => 10ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis => Simulate
In the Probe window, select

Trace => Add => VJ[Ei]
=> V[Vo]

Label the plots and obtain a printout as shown in Fig. 6-16.

15V
10V — L v,
Input
5y [~ pulse,
El
ov—¥
-5V
—-10V
< Period >
-5V 1 l | l | FIGURE 6-16 Waveforms for the
0s 2 ms 4 ms 6 ms 8.ms 10 ms one-shot multivibrator modeled in

Time PSpice in Fig. 6-15.
6-10.3 Bipolar Triangle-Wave Generator

Create the PSpice model of the bipolar triangle-wave generator shown in Fig. 6-6. Use
two 741 op amps. Obtain a plot of V4 and V, versus time. Place the following parts in the
work area.

Draw => Get New Part

Part Number Library
=> uA741 2 eval.slb
=> VPULSE 2 source.slb
=>R 4 analog.slb
=>C 1 analog.slb
=> GLOBAL 6 port.slb
=> AGND 5 port.slb
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Arrange the parts, change the attributes, and wire the circuit as shown in Fig. 6-6. The
VPULSE attributes are set the same as they are in Section 6-10.1 (see Fig. 6-17).

pR
AAN—
28 kQ
U2
DYV I T
10kQ Vigsis 6 Y% |
2| y_0si
/4l Ry=
uA741 10kQ
0 0

FIGURE 6-17 Bipolar triangle-wave generator modeled in PSpice.

In order to obtain a plot of V,, and V,, versus time, set the transient menu.

Analysis => Setup => Select Transient
Click Transient => Print Step: => 0.01ms
=> Final Time: => 3ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis = > Simulate
In the Probe window, select

Trace => Add => V[VA]
=> V[Vo]

Label the plots and obtain a printout as shown in Fig. 6-18.
6-10.4 Unipolar Triangle-Wave Generator
Modify the PSpice model of Fig. 6-17 to create the unipolar triangle-wave generator

shown in Fig. 6-7. From the PSpice parts list, obtain a IN4002 diode and place it in se-
ries with pR (see Fig. 6-19). Save the circuit with the .SCH extension.
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10V H oV,

« Vur

~15V 4 ! | ey
Os 0.5 ms 1.0 ms 1.5ms 2.0ms 2.5ms 3.0ms
Time

FIGURE 6-18 Waveforms generated from the bipolar triangle-wave genera-
tor shown in Fig. 6-17.

Follow the procedure given in Section 6-10.3 to obtain a plot of V, and V, (see Fig.
6-20).

I PR D,
I vy P T
0.05 uF 28kQ DIN4002
R 4
% 2 _\ | R u2
V- 6 /R 3 [
14 kQ 0s] A s
3| v4+952 V+ 6 V
2| v-
7 —
0 Ul /4 1 R3 =
+V
- uA741 10 kQ
o
0

FIGURE 6-19 Unipolar triangle-wave generator modeled in PSpice.
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PROBLEMS
6-1.

6-2.

. In Problem 6-1, if C is changed to 0.1 uF, do you expect the output frequency to oscillate at

6-4.

6-5.

6-6.

6-8.

6-9.

IS5V !_
10V -
VA A/VD
ov
-5V
-10V
15V | | T T |
0s 0.5 ms 1.0 ms 1.5 ms 2.0 ms 2.5 ms 3.0 ms
Time

FIGURE 6-20 Waveforms V, and V,, for the unipolar triangle-wave genera-
tor of Fig. 6-19.

Make two drawings of a multivibrator circuit with R, = 100 kQ, R, = 86 k2, R, = 10 k(},
and C = 0.01 uF. Show the direction of current through C and calculate both Vyrand V,»
for@) V,=+V,=15V;(b) V,= =V, = —15V.

Calculate the frequency of oscillation for the multivibrator circuit in Problem 6-1.

500 Hz? (See Example 6-3.) What could you do to Ry to increase frequency to 1000 Hz?
The monostable multivibrator of Figs. 6-4 and 6-5 generates a negative output pulse in re-
sponse to a negative-going input signal. How would you change these circuits to get a posi-
tive output pulse for a positive-going input edge?

Explain what is meant by monostable recovery time.

Sketch a one-shot multivibrator circuit whose output will deliver a negative pulse lasting
1 ms with a recovery time of about 0.1 ms.

. Assume for simplicity that saturation voltages in the triangle-wave oscillator of Fig. 6-6 are

*I15V,R, = R= 10k, C = 0.1 uF, and pR = 50 k). Find the peak triangle-wave voltages
and oscillating frequency.

Refer to the triangular-wave oscillator circuit of Fig. 6-6. What happens to peak output volt-
ages and oscillating frequency if you (a) double pR only; (b) double R; only; (c¢) double ca-
pacitor C only?

Change pR to 14 k) and C to 0.1 wF in the unipolar triangle-wave generator of Fig. 6-7.
Find the resulting peak output voltage and frequency of oscillation. (See Example 6-7.)
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6-10. In the sawtooth-wave generator of Fig. 6-8(a), let Vo = 1V, R; = 10 kQ, and C = 0.1 pE
(a) Find an expression for frequency fin terms of E;.
(b) Calculate ffor £, =1 Vand E; =2 V.
6-11. These questions refer to the AD630 balanced modulator circuit in Fig. 6-9.
(a) Name the application for which the AD630 is wired.
(b) When pin 9 is at a positive voltage, which amplifier is selected, and what is the value of
V,?
(c) Suppose that V. is a * |-V-peak sine wave and pin 9 is at 1 V; what happens at V,, when
pin 9 is changed to —1 V?
6-12. Figure 6-10 shows a precision triangle/square-wave oscillator. Three components control
peak output voltages and oscillating frequency, R;, C, and V.
(a) Which does what?
(b) Can the oscillating frequency be adjusted independent of peak outputs, and vice versa?
(¢) What must be done to change the frequency from 100 to 500 Hz and the peak voltages
from *5V to =1 V?
6-13. V, = 0.866 V in the sine function generator circuit of Fig. 6-11.
(a) What angle does this represent?
(b) What is the value of the input angle voltage?
6-14. Calculate V, in Fig. 6-11 when the input angle is 30° and pin 10 is wired to (a) pin 9;
(b) pin 16.
6-15. Design a sine-wave oscillator whose frequency can be varied from 0.5 Hz to 50 Hz with just
a single variable resistor.
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Op Amps with Diodes

LEARNING OBJECTIVES

Upon completing this chapter on op amps with diodes, you will be able to:

« Draw the circuit for a precision (or linear) half-wave rectifier.

+ Show current flow and circuit voltages in a precision half-wave rectifier for either pos-
itive or negative inputs.

+ Do the same for precision full-wave rectifiers.
» Sketch two types of precision full-wave rectifier circuits.
+ Explain the operation of a peak detector circuit.

+ Add one capacitor to a precision half-wave rectifier to make an ac-to-dc converter
(mean-average-value) circuit.

+ Explain the operation of dead-zone circuits.
+ Draw the circuit for and explain the operation of precision clipper circuits.

187



7-0 INTRODUCTION TO PRECISION RECTIFIERS
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* Name at least five application areas for precision rectifiers.
+ Simulate op amp circuits with diodes using PSpice.

The major limitation of ordinary silicon diodes is that they cannot rectify voltages below
0.6 V. For example, Fig. 7-1(a) shows that V, does not respond to positive inputs below
0.6 V in a half-wave rectifier built with an ordinary silicon diode. Figure 7-1(b) shows the
waveforms for a half-wave rectifier built with an ideal diode. An output voltage occurs
for all positive input voltages, even those below 0.6 V. A circuit that acts like an ideal

+V, +Y,
A A
E Silicon Lof 1Oy
(volts) diode (v:ﬂs) V,vs. E;

-1.0 -1.0F

~V -V

o o

(a) Real diodes cannot rectify small ac voltages because of the diode's 0.6 V voltage drop.

ld o
A A vk
1.0 - v 1.0+
I(.jeal (Vo]”ts)
diode
0.5 =
Ly -E; L ] 1 |+£i
Re Yo 0 -1.0 1.0
—0.5 - -
-1.0F -1.0F
A -V,

(b) A linear or precision half-wave rectifier circuit precisely rectifies any ac signal regardless of amplitude
and acts as an ideal diode.

FIGURE 7-1 The ordinary silicon diode requires about 0.6 V of forward bias in order
to conduct. Therefore, it cannot rectify small ac voltages. A precision half-wave rectifier
circuit overcomes this limitation.
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diode can be designed using an op amp and two ordinary diodes. The result is a power-
ful circuit capable of rectifying input signals of only a few millivolts.

The low cost of this equivalent ideal diode circuit allows it to be used routinely for
many applications. They can be grouped loosely into the following classifications: linear
half-wave rectifiers and precision full-wave rectifiers.

I. Linear half-wave rectifiers. The linear half-wave rectifier circuit delivers an output
that depends on the magnitude and polarity of the input voltage. It will be shown
that the linear half-wave rectifier circuit can be modified to perform a variety of sig-
nal-processing applications. The linear half-wave rectifier is also called a precision
half-wave rectifier and acts as an ideal diode.

2. Precision full-wave rectifiers. The precision full-wave rectifier circuit delivers an
output proportional to the magnitude but not the polarity of the input. For example,
the output can be positive at 2 V for inputs of either +2 V or —2 V. Since the ab-
solute value of +2 V and —2 V is equal to +2 V, the precision full-wave rectifier is
also called an absolute-value circuit.

Applications for both linear half-wave and precision full-wave rectifiers includes:

. Detection of amplitude-modulated signals
. Dead-zone circuits

. Precision bound circuits or clippers
. Current switches

. Waveshapers

. Peak-value indicators

. Sample-and-hold circuits

. Absolute-value circuits

. Averaging circuits

. Signal polarity detectors

. Ac-to-dc converters

— O O 0 1O bW —

The functions listed are often necessary to condition signals before they are applied to an
input of a microcontroller.

7-1 LINEAR HALF-WAVE RECTIFIERS
7-1.1 Introduction

Linear half-wave rectifier circuits transmit only one-half cycle of a signal and eliminate
the other by bounding the output to 0 V. The input half-cycle that is transmitted can be
either inverted or noninverted. It can also experience gain or attenuation, or remain un-
changed in magnitude, depending on the choice of resistors and placement of diodes in
the op amp circuit.
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7-1.2 Inverting Linear Half-Wave Rectifier, Positive Output

The inverting amplifier is converted into an ideal (linear precision) half-wave rectifier by
adding two diodes as shown in Fig. 7-2. When E; is positive in Fig. 7-2(a), diode D,
conducts, causing the op amp’s output voltage, V4, to go negative by one diode drop
(=0.6 V). This forces diode D, to be reverse biased. The circuit’s output voltage V, equals
zero because input current / flows through D;. For all practical purposes, no current flows
through Ry and therefore V, = 0.

Note the load is modeled by a resistor R, and must always be resistive. If the load
is a capacitor, inductor, voltage, or current source, then V, will not equal zero.

(a) Output V_ is bound at 0 V for all
positive input voltages.

Vps =V, +0.6 V

(b) Output V, is positive and equal to the
magnitude of E; for all negative inputs.

FIGURE 7-2 Two diodes convert an inverting amplifier into a positive-
output, inverting, linear (ideal) half-wave rectifier. Output V,, is positive and
equal to the magnitude of E; for negative inputs, and V,, equals 0 V for all pos-
itive inputs. Diodes are IN914 or IN4154.
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In Fig. 7-2(b), negative input E; forces the op amp output Vy, to go positive. This
causes D, to conduct. The circuit then acts like an inverter, since Ry = R, and V, =
—(—E;) = +E,. Since the (—) input is at ground potential, diode D, is reverse biased.
Input current is set by E;/R; and gain by —R,/R;. Remember that this gain equation ap-
plies only for negative inputs, and V,, can only be positive or zero.

Circuit operation is summarized by the waveshapes in Fig. 7-3. V, can only go pos-
itive in a linear response to negative inputs. The most important property of this linear
half-wave rectifier will now be examined. An ordinary silicon diode or even a hot-carrier
diode requires a few tenths of volts to become forward biased. Any signal voltage below
this threshold voltage cannot be rectified. However, by connecting the diode in the feed-
back loop of an op amp, the threshold voltage of the diode is essentially eliminated. For
example, in Fig. 7-2(b) let E; be a low voltage of —0.1 V. E; and R; convert this low volt-
age to a current that is conducted through D,. V4 goes to whatever voltage is required
to supply the necessary diode drop plus the voltage drop across R, Thus millivolts of in-
put voltage can be rectified, since the diode’s forward bias is supplied automatically by
the negative feedback action of the op amp.

A " Voa
) ‘/
2V H
] “ 1.2-V jump
" v at O crossing
: 1
- g - \
: s .
2 ! ‘g 0 ! \ >/
o =° —06F—-—-—1 L__
V,vs. t
-2V |
V, and Vp,
Ay
N Voo o6V
\\ /
A F2V
A Y
«Y\ L
A Y
AN V, vs. E
V,vs. E; b l
1 1 I [ E,-
-2V 2V
-06Vfpmmm== 7 --
Vo FIGURE 7-3  Input, output, and
2V L transfer characteristics of a positive-
output, ideal, inverting half-wave
rectifier.
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Finally, observe the waveshape of op amp output Vj, in Fig. 7-3. When E; crosses
0V (going negative), Vp, jumps quickly from —0.6 V to +0.6 V as it switches from sup-
plying the drop for D, to supplying the drop for D,. This jump can be monitored by a dif-
ferentiator to indicate the zero crossing. During the jump time the op amp operates open loop.

7-1.3 Inverting Linear Half-Wave Rectifier, Negative Output
The diodes in Fig. 7-2 can be reversed as shown in Fig. 7-4. Now only positive input sig-

nals are transmitted and inverted. The output voltage V, equals O V for all negative in-
puts. Circuit operation is summarized by the plot of V, and V4 versus E; in Fig. 7-4(b).

Ry =R
AN

D,

V, =0 when E; is negative.
V,=—E; when E, is positive.

/

——>

(a) Inverting linear half-wave rectifier: negative output.

VO
A
FSV

Voa |

__...\.-__.‘ +0.6 V
-E |5 I 1 1 ] 1 ] | |5 > +E;
- +
-06VHh
‘\
AN v,
N
\
| [N
\
A Y
- \\
~ FIGURE 7-4 Reversing the diodes
A \\ in Fig. 7-2 gives an inverting linear
s half-wave rectifier. This circuit trans-
Vo mits and inverts only positive input

(b) Transfer charateristic V, vs. E;. signals.
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7-1.4 Signal Polarity Separator

The circuit of Fig. 7-5 is an expansion of the circuits in Figs. 7-2 and 7-4. When E; is
positive in Fig. 7-5(a), diode D, conducts and an output is obtained only on output V, .
V,, 1s bound at 0 V. When E; is negative, D, conducts, V,, = —(—E;) = +E, and V,, is
bound at 0 V. This circuit’s operation is summarized by the waveshapes in Fig. 7-6.

Voa=V,,~06V

=—(E;+0.6V)
R +} V01 =—FE; when E; is positive.
(a) When E, is positive, ¥, is negative and V,,,
isbound at O V.
R
ANN— * o
Vo, =—(=E)

= +E; when E; is negative.

R } V,, =0 Vwhen E; is negative.

v

(b) When E; is negative, V, =0V and V)
goes positive.

FIGURE 7-§ This circuit inverts and separates the polarities of input signal
E;. A positive output at V,,, indicates that E; is negative, and a negative output
at 'V, indicates that E; is positive. These outputs should be buffered.
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E;and V, Yo,
A A}
021 ,~~_ E. +02V |
/ \ ‘
/// \/
/ \\ %l
/ \
;)
0 ) > ! ' L—>F,
\ / -02V 02v =
\ !
\\ // -« V[,l vs. E;
\ /
\ /
\ /
02k N -02V
v, ke
A A
02 +02VH
v, -
Y, vs. E,
1 | L. L.
—»F. 0 > !
-0.2 0.2 i
-02F _o2k

FIGURE 7-6 Input and output voltages for the polarity separator of Fig. 7-5.

7-2 PRECISION RECTIFIERS: THE ABSOLUTE-VALUE CIRCUIT

7-2.1 Introduction

The precision full-wave rectifier transmits one polarity of the input signal and inverts the
other. Thus both half-cycles of an alternating voltage are transmitted but are converted to
a single polarity of the circuit’s output. The precision full-wave rectifier can rectify input
voltages with millivolt amplitudes.

This type of circuit is useful to prepare signals for multiplication, averaging, or de-
modulation. The characteristics of an ideal precision rectifier are shown in Fig. 7-7.

The precision rectifier is also called an absolute-value circuit. The absolute value of
a number (or voltage) is equal to its magnitude regardless of sign. For example, the absolute
values of |+2 | and |—2 | are +2. The symbol | | means “absolute value of” Figure 7-7 shows
that the output equals the absolute value of the input. In a precision rectifier circuit the out-
put is either negative or positive, depending on how the diodes are installed.
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+E. +V0

+1( (L

o

+F

E; 5|4 Vo

0 > 1 Circuit symbol
for a precision
full-wave rectifier

FIGURE 7-7 The precision full-wave rectifier fully rectifies input voltages,
including those with values less than a diode threshold voltage.

7-2.2 Types of Precision Full-Wave Rectifiers

Three types of precision rectifiers will be presented. The first is inexpensive because it
uses two op amps, two diodes, and five equal resistors. Unfortunately, it does not have
high input resistance, so a second type is given that does have high input resistance but
requires resistors that are precisely proportioned but not all equal. Neither type has a sum-
ming node at virtual ground potential, so a third type will be presented in Section 7-4.2
to allow averaging.

Full-wave precision rectifier with equal resistors. The first type of preci-
sion full-wave rectifier or absolute-value circuit is shown in Fig. 7-8. This circuit uses
equal resistors and has an input resistance equal to R. Figure 7-8(a) shows current direc-



196 Chapter 7

V,=E
ov
(a) For positive inputs Dp conducts; op amps
A and B act as inverting amplifiers.
El
3
=
-+
< R )l
0 V{ ]
+
R, V,=1El
2 2
-3 (—E)=+ 3 v
(b) For negative inputs, Dy conducts.
E’. vn
A A A l}
lr 1 - 1
0 > ! 0 ! L L—» [

(c) Waveshapes.

FIGUR[? 7-8 Absolute-value circuit or precision full-wave rectifier,
Vn= ,Er .
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tions and voltage polarities for positive input signals. Diode Dp conducts so that both op
amps, A and B, act as inverters, and V, = +E,.

Figure 7-8(b) shows that for negative input voltages, diode D, conducts. Input cur-
rent / divides as shown, so that op amp B acts as an inverter. Thus output voltage V,, is
positive for either polarity of input E; and V, is equal to the absolute value of E,.

E, Ei
\ Ry=R—>1=0 R3_ R4=2R—>1 0

A%
’ Dy = off
OV p
Vou=E; +06V *
Voin
1= _

E;=2V

i

——

(a) Voltage levels for positive inputs: V, = +E;
for all positive E;.

V,=1E|

(b) Voltage levels for negative inputs: V, = —(—E;) =| E; |.

FIGURE 7-9 Precision full-wave rectifier with high input impedance.
R =10 kQ, 2R = 20 kQ.
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The waveshapes in Fig. 7-8(c) show that V, is always of positive polarity and equal
to the absolute value of the input voltage. To obtain negative outputs for either polarity
of E, simply reverse the diodes.

High-impedance precision full-wave rectifier. The second type of preci-
sion rectifier is shown in Fig. 7-9. The input signal is connected to the noninverting op
amp inputs to obtain high input impedance. Figure 7-9(a) shows what happens for posi-
tive inputs. E; and R; set the current through diode Dp. The (—) inputs of both op amps
are at a potential equal to E; so that no current flows through R,, Rz, and R,. Therefore,
V, = E; for all positive input voltages.

When E; goes negative in Fig. 7-9(b), E; and R, set the current through both R, and R,
to turn on diode Dy. Since Ry = R, = R, the anode of Dy goes to 2E; or 2(—E;) = —4 V.
The (—) input of op amp B is at —E;. The voltage drop across R; is 2E; —E; or (—4 V) —
(—2) = —2 V. This voltage drop and R; establishes a current /5 through both R; and R4 equal
to the input current /. Consequently, V,, is positive when E; is negative. Thus V, is always
positive despite the polarity of E, so V, = |E,|.

The waveshapes for this circuit are the same as in Fig. 7-8(c). Note that the maxi-
mum value of E; is limited by the negative saturation voltage of the op amps.

7-3 PEAK DETECTORS

In addition to rectifying a signal precisely, diodes and op amps can be interconnected to
build a peak detector circuit. This circuit follows the voltage peaks of a signal and stores
the highest value (almost indefinitely) on a capacitor. If a higher peak signal value comes
along, this new value is stored. The highest peak voltage is stored until the capacitor is
discharged by a mechanical or electronic switch. This peak detector circuit is also called
a follow-and-hold circuit or peak follower. We shall also see that reversing two diodes
changes this circuit from a peak to a valley follower.

7-3.1 Positive Peak Follower and Hold

The peak follower-and-hold circuit is shown in Fig. 7-10. It consists of two op amps, two
diodes, a resistor, a hold capacitor, and a reset switch. Op amp A is a precision half-wave
rectifier that charges C only when input voltage E; exceeds capacitor voltage V. Op amp
B is a voltage follower whose output signal is equal to V. The follower’s high input im-
pedance does not allow the capacitor to discharge appreciably.

To analyze circuit operation, let us begin with Fig. 7-10(a). When E; exceeds V¢,
diode Dp is forward biased to charge hold capacitor C. As long as E; is greater than V,
C charges toward E;. Consequently, V. follows E; as long as E; exceeds V.. When E;
drops below V¢, diode Dy turns on as shown in Fig. 7-10(b). Diode Dp turns off and dis-
connects C from the output of op amp A. Diode Dp must be a low-leakage-type diode or
the capacitor voltage will discharge (droop). To minimize droop, op amp B should require
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10 kQ
AAA%
TLO81
BIFET
Vo=Vc=E Y Dy =Off op amps
Dp h
P
Voa=E;+0.6V 3 +
4 0A=216V (L—< V,=Ve=
: J+ _[2V=E
E >V, c ~ Ve=2V
Reset | 0.1 uF
V] v
I =-2
Ry
(a) When E; exceeds Vi, C is charged toward E; via Dp.
1=V0_Ei
R;=10 kQ I™ R,
AAA
Ei=-1V Dy=0n - _
: A1 J
A . | g +
+ T Dp = Off +
p V0=VC=
_ Voa=Ei-0.6V J+ f2v
=-1.6V gy =
E <V, LV 6 Cc ~ Ve=2V
+ Reset | 0.1 uF
v

(b) When E| is less than V-, C holds its
voltage at the highest previous value of E;.

FIGURE 7-10 Positive peak follower-and-hold or peak detector circuit. Op
amps are BiFETs (or the OP-177 can be used for most applications).

small input bias currents (see Chapter 9). For that reason op amp B should be a metal-
oxide-semiconductor (MOS) or bipolar-field-effect (BiFET) op amp.

Figure 7-11 shows an example of voltage waveshapes for a positive voltage fol-
lower-and-hold circuit. To reset the hold capacitor voltage to zero, connect a discharge
path across it with a 2-k{} resistor.
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V, and E; (volts)

4

3

2

[

0 >

E; Reset
E;and Vj, (volts) S Negative jump
Positive jump when E; drops
4 when E; rises below V-

FIGURE 7-11 Waveshapes for the positive detector of Fig. 7-10(a).

7-3.2 Negative Peak Follower and Hold

When it is desired to hold the lowest or most negative voltage of a signal, reverse both
diodes in Fig. 7-10. For bipolar or negative input signals, V, will store the most negative
voltage. It may be desired to monitor a positive voltage and catch any negative dips of
short duration. Simply connect a wire from V to the positive voltage to be monitored to
load C with an equal positive voltage. Then when the monitored voltage drops and re-
covers, V- will follow the drop and store the lowest value.

7-4 AC-TO-DC CONVERTER

7-4.1 AC-to-DC Conversion or MAV Circuit

In this section we show how to design and build an op amp circuit that computes the av-
erage value of a rectified ac voltage. This type of circuit is called an ac-to-dc converter.
Since a full-wave rectifier circuit is also known as an absolute-value circuit and since an
average value is also called a mean value, the ac-to-dc converter is also referred to as a
mean-absolute-value (MAV) circuit.

To see how the MAV circuit is useful, refer to Fig. 7-12. Sine, triangle, and square
waves are shown with equal maximum (peak) values. Therefore, a peak detector could
not distinguish between them. The positive and negative half-cycles are equal for each
particular wave. Therefore, the average value of each signal is zero, so you could not dis-
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A A A A
+E,,
MAV =2
T T T
0 00— L »
; T ! !
Average Rectified, then averaged =
-E,
(a) MAYV of a sine wave.
A A A A
+E,,
1
T T T MAV = 5 E,
0 4 S I -
t T ; ' T
Average Rectified, then averaged =
_Em
(b) MAYV of a triangle wave.
A 1} A} A
+El7l El" Em
MAV =E,,
T T T
0 > 0 Lo L L
t T 1 ! T
Average Rectified, then averaged =
_Em

(c) MAYV of a square wave.

FIGURE 7-12 Mean absolute value of alternating sine, triangular, and square
waves.

tinguish one from another with an averaging circuit or device such as a dc voltmeter.
However, the MAV of each voltage is different (see Fig. 7-12).

The MAV of a voltage wave is approximately equal to its rms value. Thus an inex-
pensive MAV circuit can be used as a substitute for a more expensive rms calculating circuit.
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7-4.2 Precision Rectifier with Grounded Summing Inputs

To construct an ac-to-dc converter, we begin with the precision rectifier or absolute-value
amplifier of Fig. 7-13. For positive inputs in Fig. 7-13(a), op amp A inverts E;. Op amp
B sums the output of A and E; to give a circuit output of V, = E,. For negative inputs as
shown in Fig. 7-13(b), op amp B inverts —FE; and the circuit output V, is +E; Thus the
circuit output V,, is positive and equal to the rectified or absolute value of the input.

+ l
il
m

(a) For positive inputs, op amp A inverts E;;
op amp B is an inverting adder, so V, = E;.

L R

Off

f

Vou=—E;+0.6V

\Y \%

(b) For negative inputs, the output of A is rectitied
to 0; op amp B inverts E;, so V, = +E;.

FIGURE 7-13 This absolute-value amplifier has both summing nodes at
ground potential during either polarity of input voltage. R = 20 k{).
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7-4.3 AC-to-DC Converter

A large-value low-leakage capacitor (10-uF tantalum) is added to the absolute-value cir-
cuit of Fig. 7-13. The resultant circuit is the MAV amplifier or ac-to-dc converter shown
in Fig. 7-14. Capacitor C does the averaging of the rectified output of op amp B. It takes
about 50 to 500 cycles of input voltage before the capacitor voltage settles down to its fi-
nal reading. If the waveshapes of Fig. 7-12 are applied to the ac-to-dc converter, its out-
put will be the MAV of each input signal.

R Y
AN Iy
10 uF
R
R R 2 R
AN AAN . AN ANA

A

V,=MAV of E;

b

FIGURE 7-14 Add one capacitor to the absolute-value amplifier of Fig. 7-13
to get this ac-to-dc converter or mean-absolute-value amplifier.

SR
Wi

7-5.1 Introduction

Comparator circuits tell if a signal is below or above a particular reference voltage. In
contrast with the comparator, a dead-zone circuit tells by how much a signal is below or
above a reference voltage.

7-56.2 Dead-Zone Circuit with Negative Output

Analysis of a dead-zone circuit begins with the circuit of Fig. 7-15. A convenient regulated
supply voltage +V and resistor mR establish a reference voltage V.. Vir is found from
the equation Vi = +V/m. As will be shown, the negative of V¢, —V,r, Will establish the
dead zone. In Fig. 7-15(a), current / is determined by +V and resistor mR at [ = +V/mR

Diode Dy will conduct for all positive values of E; clamping V4 and Vg to O V.
Therefore, all positive inputs are eliminated from affecting the output. In order to get any
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A —P— B
E, / +
i =0 VOB:()

(a) Vier = +V/m; Vjp, and V5 equal O for all positive values of E; and all
negative values of E; above (or more positive than) =V,

mR R (‘If' - .‘%_f)
AN
A 1 .
+V R p!
R Du R
1= A\~+ 5

EE— R + " Dp T + T
+
Voa=—E;= Vier Vo = Ei+ Vier
' s v
(b) When E; is negative and below — V., V5, goes positive to a value of —(E; + V)
and Vjp goes negative to E; + V.

A A A It
+10 +10 +V

\
Voa—>] ‘\
" 0 +10
0 > 0 > ' .
' )

Dead zone

-10L -10 | -V
(c) Waveshapes for (a) and (b).

FIGURE 7-15 The dead-zone circuit output Vg eliminates all portions of the signal
above —V, s where V¢ = +V/m.
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output at Vp,, E; must go negative, as shown in Fig. 7-15(b). Diode Dp will conduct when
the loop current E;/R through E; exceeds the loop current V/mR through resistor mR.

The value of E; necessary to turn on Dp in Fig. 7-15(b) is equal to ~ V... This con-
clusion 1s found by equating the currents

R mR
and solving for E;:
+
E = - Y —Vier (7-1a)
m
where
+V
Vier = —— (7-1b)
m

Thus all values of E; above — V.. will lie in a dead zone where they will not be trans-
mitted [see Fig. 7-15(c)]. Outputs Vo, and Vg will be zero.

When E; is below V., E; and V,.; are added and their sum is inverted at output Vo,.
Voa is reinverted by op amp B. Thus Vg only has an output when E; goes below V..
Vosg tells you by how many volts E; lies below V..

Circuit operation is summarized by the waveshapes of Fig. 7-15(c) and illustrated
by an example.

Example 7-1

In the circuit of Fig. 7-15, +V = +15V, mR = 30 k{2, and R = 10 k{2, so that m = 3. Find
(@) Viers (b) Vpa when E; = —10V; (¢) Vpg when E; = — 10 V.

Solution (a) From Eq. (7-1b), Vo = +15V/3 = 5 V. (b) Vy, and Vyp will equal zero for
all values of E; above —V,., = —5 V, from Eq. (7-1a). Therefore, Vo4 = —E;, — V.o =
—(—10V) =5V =+5 V. (c) Op amp B inverts the output of Vpy, so that Vpp = —5 V.
Thus, Vg indicates how much E; goes below — V... All input signals above —V, ¢ fall in a
dead zone and are eliminated from the output.

7-5.3 Dead-Zone Circuit with Positive Output

If the diodes in Fig. 7-15 are reversed, the result is a positive-output dead-zone circuit as
shown in Fig. 7-16. Reference voltage V¢ is found from Eq. (7-1b): Ve = —15 V/3 =
—35 V. Whenever E; goes above — Vs = —(—5 V) = +5V, the output Vyy tells by how
much E; exceeds — V... The dead zone exists for all values of E; below — V..
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30 kQ 10 kQ
—15 V=-Vo—AAA, AA—
mR
R
—i— ANN—
Dy
R R
E; 0—AA ~ Dp A~ -
10kQ2 A —i— B —> Vop = Ej+ Vier
‘ T .
er = =5V _Ei - Vrcf = VOA

(a) Current flows through Dp only when E; goes above —V ¢ or +5 V.

+E; Voa Vos Vos
A} A A ‘t
+10V - +10V - +I0V | +10V
Dead zone
Vog vs. E;
~ Vref
| +10
0 0 0 »>
! ! _Ei Vrcf / \\\ +E,
" Vref \\
Vs m ===~ / A
Voa
-10V UAAN -10V L -10V |
-E; ~Voa ~Vos Vo
(b) Waveshapes for the positive-output dead-zone circuit.
FIGURE 7-16 Positive-output dead-zone circuit.
+E,
A A
Fig. 7-16 Vos
Dead zone
v Voa R
il RN R L
m A%
0 0
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+V R 0B
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m S —
Voa
Fig. 7-15 —Vos
-E

FIGURE 7-17 The V4 outputs of Figs. 7-15 and 7-16 are combined by an inverting
adder to give a bipolar output dead-zone circuit.
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(a) Adding a resistor R to the dead-zone circuit of Fig. 7-17 gives a precision clipper.
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(b) Waveshapes for precision clipper.
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+V,
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______ Vrcfl
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Ver2 |~~~
-0V L
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FIGURE 7-18 A precision clipper is made from a bipolar dead-zone circuit plus an

added resistor R¢.
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7-5.4 Bipolar-Output Dead-Zone Circuit

The positive and negative output dead-zone circuits can be combined as shown in Fig.
7-17 and discussed in Fig. 7-18. The V4 outputs from Figs. 7-15 and 7-16 are connected
to an inverting adder. The adder output V5 tells how much E; goes above one positive ref-
erence voltage and also how much E; goes below a different negative reference voltage.

7-6 PRECISION CLIPPER

A clipper or amplitude limiter circuit clips off all signals above a positive reference volt-
age and all signals below a negative reference voltage. The reference voltages can be
made symmetrical or nonsymmetrical around zero. Construction of a precision clipper cir-
cuit 1s accomplished by adding a single resistor, R, to a bipolar output dead-zone circuit
as shown in Fig. 7-18. The outputs of op amps A and B are each connected to the input
of the inverting adder. Input signal E; is connected to a third input of the inverting adder,
via resistor Rq. If R is removed, the circuit would act as a dead-zone circuit. However,
when R is present, input voltage E; is subtracted from the dead-zone circuit’s output and
the result is an inverting precision clipper.

Circuit operation is summarized by the waveshapes in Fig. 7-18(b). Outputs Vg,
and Vg are inverted and added to —E,. The plot of V, versus time shows by solid lines
how the clipped output appears. The dashed lines show how the circuit acts as a dead-
zone circuit if R¢ is removed.

7-7 TRIANGULAR-TO-SINE-WAVE CONVERTER

Variable-frequency sine-wave oscillators are much harder to build than variable-frequency
triangular-wave generators. The circuit of Fig. 7-19 converts the output of a triangular-
wave generator into a sine wave that can be adjusted for less than 5% distortion. The
triangle-to-sine-wave converter is an amplifier whose gain varies inversely with amplitude
of the output voltage.

R, and Rj set the slope of V, at low amplitudes near the zero crossings. As V,, in-
creases, the voltage across Rj increases to begin forward biasing D, and D5 for positive
outputs, or D, and D, for negative outputs. When these diodes conduct, they shunt feed-
back resistance Rj, lowering the gain. This tends to shape the triangular output above about
0.4 V into a sine wave. In order to get rounded tops for the sine-wave output, R, and diodes
Ds and Dg are adjusted to make amplifier gain approach zero at the peaks of V,,.

The circuit is adjusted by comparing a 1-kHz sine wave and the output of the
triangle/sine-wave converter on a dual-trace CRO. R, R, R3, and the peak amplitude of
E; are adjusted in sequence for best sinusoidal shape. The adjustments interact, so they
should be repeated as necessary. (Note: Although the circuit of Fig. 7-19 will shape a tri-
angular wave to a sine wave, the parts count is high, but you may need to generate such
a waveform with readily available parts. A better solution is to purchase an IC chip that
generates triangle, square, and sine waves in a single package.)



Op Amps with Diodes 209

07V -~ 5kQ
0 — AAA—

E;=05¢t0
1.0 V peak

Q g——l.O
0

— Center slopes

Ry=
0kQ «—
Dy
D4

|
q p
5.6 kQ b,
R, =
D,

Crossing slope —» 10 kQ

FIGURE 7-19 Triangle-to-sine-wave shaper.

7-8 PSPICE SIMULATION OF OP AMPS WITH DIODES

In this section, we will use PSpice and simulate the performance of three circuits studied
in this chapter: the linear half-wave rectifier, precision full-wave rectifier, and mean-
absolute-value amplifier.

7-8.1 Linear Half-Wave Rectifier

Refer to Fig. 7-2 and create the PSpice model of the circuit. Set the input voltage to a
sine wave with a peak value of 2 V and a frequency of 1 kHz. Obtain a plot of E; and V,,
versus time. To begin, place the following parts in the work area.

Draw => Get New Part

Part Number Library
=> uA741 | eval.slb
=> DIN4002 2 eval.slb
=> VSIN 1 source.slb
=>VDC 2 source.slb
=>R 3 analog.slb
=> GLOBAL 4 port.sib
=> AGND 5 port.slb
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Arrange the parts as shown and change the attributes of the parts as given in Fig. 7-2. Set
up the sine-wave attributes by double-clicking the symbol. In the pop-up window change
VOFF, VAMPL, and FREQ.

VOFF => 0 => Save Attr
VAMPL => 2V => Save Attr => Change Display => Both name and value
FREQ => 1kHz => Save Attr => Change Display => Both name and value

Close the pop-up box. Double-click on the lead from the sine wave to R, and label it E,.
Double-click on the lead from the cathode terminal of diode D, and label it V, (see Fig.
7-20).

i R,
v, + 10 kQ
Vampl =2V
freq = lk

FIGURE 7-20 PSpice model of Fig. 7-2.

In order to obtain a plot of E; and V,, versus time, we must initialize the Transient menu.

Analysis => Setup => Select Transient
Click Transient => Print Step: => 1us
=> Final Time: => 2ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis => Simulate
In the Probe window, select

Trace => Add => VI[Ei]
=> V[Vo]

Label the plots and obtain a printout as shown in Fig. 7-21.
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FIGURE 7-21 Input and output waveforms, for a linear half-wave rectifier,
using PSpice.

7-8.2 Precision Full-Wave Rectifier

We will use PSpice and model the precision full-wave rectifier circuit of Fig. 7-9. The in-
put voltage will be set to a sine wave with a peak value of 2 V and a frequency of | kHz.
To compare input and output waveforms, obtain a plot of E; and V, versus time. To be-
gin, place the following parts in the work area.

Draw => Get New Part

Part Number Library
=> uA741 2 eval.slb
=> DIN4002 2 eval.slb
=> VSIN 1 source.slb
=>VDC 2 source.slb
=>R 5 analog.slb
=> GLOBAL 6 port.slb
=> AGND 5 port.slb

Arrange the parts as shown in Fig. 7-2 and set the attributes of the parts as Ry = R, = R
= 10 kQ, R, = 20 kQ, and R, = 10 k). Set the sine-wave attributes by double-clicking
the symbol. In the pop-up window change VOFF, VAMPL, and FREQ.

VOFF => (0 => Save Attr
VAMPL = > 2V =2 Save Attr => Change Display => Both name and value
FREQ => 1kHz => Save Attr => Change Display => Both name and value
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Close the pop-up box. Double-click on the lead from the positive side of the sine wave
generator and label it Ei. Double-click on the output lead of op amp B and label it Vo
(see Fig. 7-22).

R, Ry Ry
AVAYAY; > AN\ AN
10 kQ
DIN4002

v
Vampl =2V ( ~
freq = tk

IFIGURE 7-22 PSpice model of Fig. 7-9.

In order to obtain a plot of E; and V, versus time, we must initialize the Transient
menu.

Analysis => Setup => Select Transient
Click Transient => Print Step: => 1us
=> Final Time: => 2ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis => Simulate
In the Probe window, select

Trace => Add => V[Ei]
=> V[Vo]

Label the plots and obtain a printout as shown in Fig. 7-23.
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FIGURE 7-23 Input and output waveforms, for a precision full-wave recti-
fier, using PSpice.

7-8.3 Mean-Absolute-Value Amplifier
We will simulate the output of the MAV amplifier given in Fig. 7-14 using PSpice. The
input voltage will be set to a sine wave with a peak value of 2 V and a frequency of

1 kHz. We wish to obtain a plot of V,, versus time. To begin, place the following parts in
the work area.

Draw => Get New Part

Part Number Library
=> uA741 2 eval.slb
=> D1N4002 2 eval.slb
=> VSIN | source.slb
=>VDC 2 source.slb
=>R 8 analog.slb
=>C | analog.slb
=> GLOBAL 6 port.slb
=> AGND 5 port.sib

Arrange the parts as shown in Fig. 7-14 and set the attributes of the parts as Ry = R, =
Ry = Rg = 10 k), R; = 5 k€, Rg = 3.3 k), and R, = 10 k2. Set C = 10uF. Set the
sine-wave attributes by double-clicking the symbol. In the pop-up window change VOFF,
VAMPL, and FREQ.

VOFF => (0 => Save Attr
VAMPL => 2V => Save Attr => Change Display => Both name and value
FREQ => 1kHz => Save Attr => Change Display => Both name and value
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Close the pop-up box. Double-click on the lead from the positive side of the sine wave
generator and label it Ei. Double-click on the output lead of op amp B and label it Vo
(see Fig. 7-24).

R ¢
6
10kQ 10 uF
E R Ry R; Ry
AN\ A% i AAY NN
10 kQ 10 kQ 5kQ 10 kQ

D, _ DIN4002

DZ
¥ binaoo2

Vi
Vampl =2V { ~
freq= Ik

NS +

Vo

FIGURE 7-24 PSpice model of Fig. 7-14.

In order to obtain a plot of E; and V,, versus time, we must initialize the Transient menu.

Analysis => Setup => Select Transient
Click Transient => Print Step: => 100us
=> Final Time: => 500ms

Save the circuit as a file with the .SCH extension. Run the simulation
Analysis = > Simulate

In the Probe window, select
Trace => Add => V[Vo]

Label the plot and obtain a printout as shown in Fig. 7-25.
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A
15V MAV:%E,,,=1.27V\
10V [
05V
ov I I ! I .
Os 100 ms 200 ms 300 ms 400 ms 500 ms
FIGURE 7-25 Plot of V, versus time for the mean-absolute-value amplifier
in Fig. 7-24.
PROBLEMS
7-1. What is the absolute value of +3 V and —3 V?
7-2. If the peak value of E; = 0.5 V in Fig. 7-1, sketch the waveshapes of V, vs. t and V, vs. E;
for both a silicon and an ideal diode.
7-3. If E; is a sine wave with a peak value of 1 V in Figs. 7-2 and 7-3, sketch the waveshapes of
V,vs.tand V, vs. E,.
7-4. 1f diodes D, and D, are reversed in Fig. 7-2, sketch V,, vs. E; and V,, vs. ¢.
7-5. Sketch the circuit for a signal polarity separator.
7-6. Let both diodes be reversed in Fig. 7-8. What is the value of V,,if E;= +1 Vor E; = —1 V?
7-7. What js the name of a circuit that follows the voltage peaks of a signal and stores the highest
value?
7-8. How do you reset the hold capacitor’s voltage to zero in a peak follower-and-hold circuit?
7-9. How do you convert the absolute-value amplifier of Fig. 7-13 to an ac-to-dc converter?
7-10. If resistor mR is changed to 50 k) in Example 7-1, find (a) V..r; (b) Vg when E; = 10 V;
(¢) Vpg when E; = 10 V.
7-11. If resistor R¢ is removed in Fig. 7-18, sketch V, vs. E;.



CHAPTER 8

Differential,

Instrumentation, and

Bridge Amplifiers

LEARNING OBJECTIVES

When you complete this chapter on differential, instrumentation, and bridge amplifiers,
you will be able to:

* Draw the circuit for a basic differential amplifier, state its output—input equation, and ex-
plain why it is superior to a single-input amplifier.
* Define common-mode and differential input voltage.

* Draw the circuit for a differential input to differential output voltage amplifier and add
a differential amplifier to make a three-op-amp instrumentation amplifier (IA).

* Calculate the output voltage of a three-op-amp instrumentation amplifier if you are given
the input voltages and resistance values.

* Use commercially available instrumentation amplifiers.

* Explain how the sense and reference terminals of an [A allow you to (1) eliminate the
effects of connecting-wire resistance on load voltage, (2) obtain Joad current boost, or
(3) make a differential voltage-to-current converter (ac current source).

216
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* Explain how a strain gage converts tension or compression forces into a change in re-
sistance.

+ Connect strain gages into a passive bridge resistance network to convert gage resistance
change into an output voltage.

+ Amplify the strain gage bridge’s differential output with an instrumentation amplifier.
* Measure pressure, force, or weight.

* Draw the circuit for a bridge amplifier and show how it converts a change in transducer
resistance to an output voltage.

« Use the bridge amplifier to make a temperature-to-voltage converter,

8-0 INTRODUCTION

The most useful amplifier for measurement, instrumentation, or control is the instrumen-
tation amplifier. 1t is designed with several op amps and precision resistors, which make
the circuit extremely stable and useful where accuracy is important. There are now many
integrated circuits available in single packages. Although these packages are more ex-
pensive than a single op amp, when performance and precision are required, the instru-
mentation amplifier is well worth the price, because its performance cannot be matched
by the average op amp.

A first cousin and basic block within the instrumentation amplifier is the differen-
tial amplifier, also referred to as a subtractor circuit. This chapter begins with the ditfer-
ential amplifier, showing the applications in which it is superior to the ordinary inverting
or noninverting amplifier. The differential amplifier, with some additions, leads into the
instrumentation amplifier, which is discussed in the second part of this chapter. The final
sections consider bridge amplifiers, which involve both instrumentation and basic differ-
ential amplifiers.

8-1 BASIC DIFFERENTIAL AMPLIFIER

8-1.1 Introduction

The differential amplifier can measure as well as amplify small signals that are buried in
much larger signals. How the differential amplifier accomplishes this task will be studied
in Section 8-2, but first, let us build and analyze the circuit performance of the basic dit-
ferential amplifier.

Four precision (1%) resistors and an op amp make up a differential amplifier, as
shown in Fig. 8-1. There are two input terminals, labeled (—) input and () input, cor-
responding to the closest op amp terminal. If £, is replaced by a short circuit, E, sees an
inverting amplifier with a gain of —m. Therefore, the output voltage due to £, is —mkE,.
Now let E, be short-circuited; E, divides between R and mR to apply a voltage of Eym/
(1 + m) at the op amp’s (+) input. This divided voltage sees a noninverting amplifier with
a gain of (m + 1). The output voltage due to E| is the divided voltage, E,m/(] + m), times
the noninverting amplifier gain, (1 + m), which yields mE,. Therefore, E, is amplified at
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mR =100 kQ
A%

+15V

(-) Input R=1kQ

(+) Input
O

FIGURE 8-1 Basic differential amplifier (subtractor circuit).

the output by the multiplier m to mE,. When both £, and E, are present at the (+) and
(—) inputs, respectively, V, is mE, — mE,, or

V,=mE, — mE, = m(E, — E3) (8-1)
Equation (8-1) shows that the output voltage of the differential amplifier, V,,, is propor-

tional to the difference in voltage applied to the (+) and (—) inputs. Multiplier m is called
the differential gain and is set by the resistor ratios.

Example 8-1
In Fig. 8-1, the differential gain is found from

mR _ 100 k)
R 1 kQ

Find V, for £, = 10 mV and (a) £, = 10 mV, (b) E; = 0 mV, and (¢) E; = — 20 mV.

=100

Solution By Eq. (8-1), (a) V, = 100(10 — 10) mV = 0; (b) V, = 100(10 — 0) mV
1.0V, (¢) V, = 100[10 — (=20)] mV = 100(30 mV) =3 V.

As expected from Eq. (8-1) and shown from part (a) of Example 8-1, when E| =

output voltage is 0. To put it another way, when a common (same) voltage is applied to
the input terminals, V, = 0. Section 8-1.2 examines this idea of a common voltage in
more detail.
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8-1.2 Common-Mode Voltage

The output of the differential amplifier should be O when E, = E,. The simplest way to
apply equal voltages is to wire the inputs together and connect them to the voltage source
(see Fig. 8-2a). For such a connection, the input voltage is called the common-mode in-
put voltage, Ecy. Now V, will be 0 if the resistor ratios are equal (mR to R for the in-
verting amplifier gain equals mR to R of the voltage-divider network). Practically, the re-
sistor ratios are equalized by installing a potentiometer in series with one resistor, as
shown in Fig. 8-2a. The potentiometer is trimmed until V, is reduced to a negligible value.
This causes the common-mode voltage gain, V,/Ecyy, to approach 0. It is this character-
istic of a differential amplifier that allows a small signal voltage to be picked out of a

mR = 100 kQ
AVA%AY

R=
(=) Input 1 kQ
AN~ O
2
3
3
(+) Input  R=
Ecm = 1 kQ
10 V peak
mR
J Adjust for V,=0V
(a)
+10V
R,
AN\,
+V
E R,
Dot VAAV -

(®)

FIGURE 8-2 (a) The common-mode voltage gain should be zero. (b) Basic
differential amplifier connected to a Wheatstone bridge.
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larger noise voltage. It may be possible to arrange the circuit so that the larger undesired
signal is the common-mode input voltage and the small signal is the differential input
voltage. Then the differential amplifier’s output voltage will contain only an amplified
version of the differential input voltage.

Operational amplifier circuits, as well as op amps, have common mode error, and
the common mode voltage is different for the circuit and the op amp. In this section, we
will introduce common mode voltage and common mode rejection for a basic differential
amplifier circuit, which is the fundamental building block for the instrumentation ampli-
fier. In Chapter 10, common mode rejection is revisited, but for the op amp only.

Refer to the basic differential amplifier circuit in Fig. 8-2(b). The difference volt-
age, E, — E,, may be defined as input difference signal voltage, E, and the average of
the two inputs, (E| + E;)/2, is defined as the common mode voltage, E.,.. [n this circuit,
the differential amplifier is being used to measure the voltage difference between the two
output nodes of a Wheatstone bridge.

Example 8-2

For the circuit of Fig. 8-2(b), the bridge is slightly unbalanced and the input voltages with
respect to ground are £, =5V + 2 mV and E, = 5V — 2 mV. Determine (a) the input
signal voltage and (b) the common mode voltage.

Solution (a) The difference input signal voltage is
Egs=E —E,=(5V+2mV)—(5V—-2mV)=4mV

(b) The common mode voltage is

_E+E _ (5V+2mV)+(5V—2mV):5

Een = \Y%
2 2

Ideally, the circuit design is to reject the common mode voltage and amplify the input
signal voltage.

8-1.3 Common Mode Rejection

Introduction

Circuits or op amps are compared to one another by their common-mode rejection (CMR)
or common mode rejection ratio (CMRR). CMR is a measure of the change in output
voltage when both inputs are changed by an equal amount. CMRR is a ratio expression,
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while common-mode rejection is a logarithm of that ratio. For example, if CMRR is
10,000, the CMR is calculated by

CMR = 20 log,o CMRR (8-2)

For this example,
CMR = 20 log,o (10,000) = 80 dB

CMR of a Differential Amplifier Circuit
Referring to the circuit in Fig. 8-2(b) and using the superposition principle discussed in
Section 8-1, the general equation for output voltage is

R, )R3+R4 R
R +Ry)\ R R,

V, = E,( (8-3)

For this circuit to work properly all resistors have to be carefully ratio-matched to
maintain excellent common-mode rejection. For example, if all the resistors are equal,
then the output voltage is the difference of the input signals, V, = E, — E,, and if the in-
put voltages are equal, then V, is 0. This results in an infinite common-mode rejection.
However, let’s consider the situation where one resistor is mismatched and the circuit val-
ues are £, = E; = F and R, = R; = R, = R. The mismatched resistor is R, where R, =
R + 0.1%R. Applying Eq. (8.3) yields

v, = [(LOOIRN2RY  (RAT o e — 0.0005 x E
200lR/\ R R
Although this expression shows the input voltage is reduced by 2000 (1/0.0005),

the common-mode rejection of the circuit has been degraded to

CMR = 20 log,, (2000) = 66 dB

In this application, we have discussed only the common-mode rejection of the cir-
cuit and considered the op amp to be ideal. A disadvantage with the basic differential am-
plifier circuit in Fig. 8.2(b) is that a slight mismatch of the resistors causes a degradation
of the CMR. In this example, the mismatch was R,, but a more common mismatch is the
input resistors R, or Ry because of loading effect(s). A solution to this problem will be
covered in Section 8-3.

8-2 DIFFERENTIAL VERSUS SINGLE-INPUT AMPLIFIERS

8-2.1 Measurement with a Single-Input Amplifier

A simplified wiring diagram of an inverting amplifier is shown in Fig. 8-3. The power
common terminal is shown connected to earth ground. Earth ground comes from a con-
nection to a water pipe on the street side of the water meter. Ground is extended via con-
duit or a bare Romex wire to the third (green) wire of the instrument line cord and finally
to the chassis of the amplifier. This equipment or chassis ground is made to ensure the
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Amplifier
et et
| 100 kQ
Signal : %% Power
,,,,LgEiEOBTE___ 1 supply
|
|
|
|

|
|
|
|
|
|
common |
|
|
|
|
|

!
I mV

E, noise voltage Ion]
Earth in series with E; Earth
ground ground

FIGURE 8-3 Noise voltages act as if they are in series with the input signal
E;. Consequently, both are amplified equally. This arrangement is unworkable
if E, is equal or greater than E,.

safety of human operators. It also helps to drain off static charges or any capacitive cou-
pled noise currents to earth.

The signal source is also shown in Fig. 8-3 to be connected to earth ground. Even
if it were not grounded, there would be a leakage resistance or capacitance coupling to
earth, to complete a ground loop.

Inevitably, noise currents and noise voltages abound from a variety of sources that
are often not easily identifiable. The net effect of all this noise is modeled by noise volt-
age source E, in Fig. 8-3. Using the power supply common as the reference, it is evident
that E, is in series with signal voltage E;, so that both are amplified by a factor of —100
due to the inverting amplifier. £, may be much larger than E;. For example, the skin sig-
nal voltage due to heart beats is less than I mV, whereas the body’s noise voltage may be
tenths of volts or more; it would be impossible to make an EKG measurement with a sin-
gle-input amplifier. What is needed is an amplifier that can distinguish between E; and E,
and amplify only E;. Such a circuit is the differential amplifier.

8-2.2 Measurement with a Differential Amplifier

A differential amplifier is used to measure only the signal voltage (see Fig. 8-4). The signal
voltage E; is connected across the (+) and (—) inputs of the differential amplifier. Therefore,
E; is amplified by a gain of —100. Noise voltage E,, becomes the common-mode voltage in-
put voltage to the differential amplifier as shown in Fig. 8-2. (Note: Apply superposition.)
Therefore, the noise voltage is not amplified and has been effectively eliminated from hav-
ing any significant effect on the output V,, as long as the resistors are matched as shown.
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Amplifier

! |
! !
! |
: Power |
| supply |
I
| I
/ |
! I
I
I

+ common

E, noise voltage becomes the
common-mode voltage of the
ground diff. amp and is not amplified ground

FIGURE 8-4 The differential amplifier is connected so that noise voltage be-
comes the common-mode voltage and is not amplified. Only the signal voltage
E; is amplified because it has been connected as the differential input voltage.

8-3 IMPROVING THE BASIC DIFFERENTIAL AMPLIFIER

8-3.1 Increasing Input Resistance

There are two disadvantages to the basic differential amplifier studied thus far: It has low
input resistance, and changing gain is difficult because the resistor ratios must be closely
matched. The first disadvantage is eliminated by buffering or isolating the inputs with volt-
age followers. This is accomplished with two op amps connected as voltage followers in
Fig. 8-5(a). The output of op amp A, with respect to ground is £, and the output of op
amp A, with respect to ground is E,. The differential output voltage V, is developed across
the load resistor R;. V,, equals the difference between E, and E, (V, = E; — E;). Note that
the output of the basic differential amplifier of Fig. 8-1 is a single-ended output; that is,
one side of R, is connected to ground, and V, is measured from the output pin of the op
amp to ground. The buffered differential amplifier of Fig. 8-5(a) is a differential output;
that is, neither side of R, is connected to ground, and V,, is measured only across R;.

8-3.2 Adjustable Gain

The second disadvantage of the basic differential amplifier is the lack of adjustable gain.
This problem is eliminated by adding three more resistors to the buffered amplifier. The
resulting buffered, differential-input to differential-output amplifier with adjustable gain
is shown in Fig. 8-5(b). The high input resistance is preserved by the voltage followers.
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(a) Butfered differential-input to differential-output amplifier.

E,—Ez{ﬂR T RL§}\{,=(E,—E2)(1+2)
+ + a

E, —-E
OF, + ! 2

(b) Buffered differential-input to differential-output amplifier with adjustable gain.

FIGURE 8-5 TImproving the basic differential amplifier.
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Since the differential input voltage of each op amp is 0 V, the voltages at points 1
and 2 (with respect to ground) are equal to E; and E,, respectively. Therefore, the volt-
age across resistor aR is E; — E,. Resistor aR may be a fixed resistor or a potentiometer
that 1s used to adjust the gain. The current through aR is

E, - F
I=——= 8-4
aR (5-4)
When E, is above (more positive than) E,, the direction of I is as shown in Fig. 8-5(b). /
flows through both resistors labeled R, and the voltage across all three resistors estab-
lishes the value of V,. In equation form,

V, = (E, - E2>(1 + %) (8-5)
where
aR
a=22r
R
Example §8-2

In Fig. 8-5(b), E, = 10 mV and E; = 5 mV. If aR = 2 k{2 and R = 9 k{}, find V,,.

Solution Since aR = 2 k{) and R = 9 k),

aR _2kQ _ 2 _
R 9kQ

=)

From Eg. (8-5),

Finally,

V, = (10 mV — 5 mV)(10) = 50 mV

Conclusion. To change the amplifier gain, only a single resistor aR now has to be
adjusted. However, the buffered differential amplifier has one disadvantage: It can only drive
floating loads. Floating loads are loads that have neither terminal connected to ground. To
drive grounded loads, a circuit must be added that converts a differential input voltage to a
single-ended output voltage. Such a circuit is the basic differential amplifier. The resulting
circuit configuration, to be studied in Section 8-4, is called an instrumentation amplifier.
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8-4 INSTRUMENTATION AMPLIFIER

8-4.1 Circuit Operation

The instrumentation amplifier (IA) is one of the most useful, precise, and versatile am-
plifiers available today. You will find at least one in every data acquisition unit. The ba-
sic IA is made from three op amps and seven resistors, as shown in Fig. 8-6. To simplify
circuit analysis, note that the instrumentation amplifier is actually made by connecting a
buffered amplifier [Fig. 8-5(b)] to a basic differential amplifier (Fig. 8-1). Op amp A5 and
its four equal resistors, R, form a differential amplifier with a gain of 1. Only the A; re-
sistors have to be matched. The primed resistor, R’, can be made variable to balance out
any common-mode voltage, as shown in Fig. 8-2. Only one resistor, aR, is used to set the
gain according to Eq. (8-6), repeated here for convenience:
Yo 42 (8-6)
El - E2 a
where a = aR/R.
E) is applied to the (+) input and E, to the (—) input. V,, is proportional to the dif-
ference between input voltages. Characteristics of the instrumentation amplifier are sum-
marized as follows:

(=) input

R
AN
+V
Output
R terminal
A% -
R A3
+ v, 2
E-E '*a
R’ —vy %

To balance out
common-mode
voltage

FIGURE 8-6 Basic instrumentation amplifier model.
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[. The voltage gain, from differential input (E, — E,) to single-ended output, is set by
one resistor.

2. The input resistance of both inputs is very high and does not change as the gain is
varied.

3. V, does not depend on the voltage common to both E, and E, (common-mode volt-
age), only on their difference.

Example 8-3
In Fig. 8-6, R = 25 k) and aR = 50 (. Calculate the voltage gain.

Solution From Egq. (8-6),

eR _ 50 _ 1 _

R 25000 S00
% 2 2
— Yo~ +Z=]4—S"=1+ (X500 =100l
E, — E, a 1/500 ( )

Example 8-4

If aR is removed in Fig. 8-6 so that aR = o, what is the voltage gain?

Solution g = o0, so

Example 8-5

In Fig. 8-6, the following voltages are applied to the inputs. Each voltage polarity is given
with respect to ground. Assuming the gain of 1001 from Example 8-3, find V, for (a)
E; =5.001 Vand E, = 5.002V; (b) E, = 5.001 V and E, = 5.000 V; (¢) E; = —1.001 V,
E, = —-1.002 V.

Solution (a)

V, = 1001(E, — E,) = 1001(5.001 — 5.002) V
1001(—0.001) V = —1.001 V

(b) V, = 1001(5.001 — 5.000) V = 1001(0.001) V = 1.001 V
(¢) V, = 1001[—1.001 — (—1.002)] V = 1001(0.001) V = 1.001 V
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8-4.2 Referencing Output Voltage

In some signal conditioning applications, it is desirable to offset the output voltage to a
reference level other than 0 V. (For example, it would be convenient to position a pen on
a chart recorder or an oscilloscope trace at a level other than zero.) This can be done quite
easily by adding a reference voltage in series with one resistor of the basic differential
amplifier. Assume that E, and E, are set equal to O V in Fig. 8-6(a). The outputs of A,

and A, will equal 0 V. Thus, we can show the inputs of the differential amplifier, A5 as
0 V in Fig. 8-7(a).

E;=0V Vo= Vier + M(E} — Ey)
R=10kQ
2
+
B }V:V for E,=E,=0
E/=0V Vier 0~ Tref 1=

-5V

Reference

terminal R V=0 010V

(a) Op amp 3 of the [A in Fig. 8-6 has its “normally grounded” terminal brought
out; the new terminal is called “reference terminal,” R.

+V

To reference
terminal R in (a)

=15V

(b) Practically, the reference voltage in (a) must have a very low output impedance;
a buffering op amp solves the problem.

FIGURE 8-7 The output voltage of an instrumentation amplifier (JA) may be
offset by connecting the desired offset voltage (+ or —) to the reference terminal.
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An offset voltage or reference voltage Vs 1s inserted in series with reference ter-
minal R. V, is divided by 2 and applied to the A; op amp’s (+) input. Then the nonin-
verting amplifier gives a gain of 2 so that V, equals V,.r. Now V, can be set to any de-
sired offset value by adjusting V.. In practice V. is the output of a voltage-follower
circuit as shown in Fig. 8-7(b).

8-5 SENSING AND MEASURING WITH THE
INSTRUMENTATION AMPLIFIER

8-5.1 Sense Terminal

The versatility and performance of the instrumentation amplifier in Fig. 8-6 can be im-
proved by breaking the negative feedback loop around op amp Az and bringing out three
terminals. As shown in Fig. 8-8, these terminals are output terminal O, sense terminal S,
and reference terminal R. If long wires or a current-boost transistor are required between
the instrumentation amplifier and load, there will be voltage drops across the connecting
wires. To eliminate these voltage drops, the sense terminal and reference terminal are
wired directly to the load. Now, wire resistance is added equally to resistors in series with
the sense and reference terminals to minimize any mismatch. Even more important, by
sensing voltage at the load terminals and not at the amplifier’s output terminal, feedback
acts to hold load voltage constant. If only the basic differential amplifier is used, the out-

+V
-« —
Sense R,
S
Output

06 I\‘—“

Ref R,

+
S5V _—
l A%
R V J7
--——
Connecting wire
resistance

E\=

}
I
|
t
|
1
|
|
|
|
1
'
|
|
|
1
|
!
|
|
|
f
!

FIGURE 8-8 Extending the sense and reference terminals to the load termi-
nals makes V, depend on the amplifier gain and the input voltages, not on the
load current or load resistance.
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put voltage is found from Eq. (8-1) with m = 1. If the instrumentation amplifier is used,

the output voltage is determined from Eq. (8-6).

This technique is also called remote voltage sensing; that is, you sense and control
the voltage at the remote load and nor at the amplifier’s output terminals.

8-5.2 Differential Voltage Measurements

The schematic drawing of a low-cost instrumentation amplifier without a sense input ter-
minal is presented in Fig. 8-9. The AD620 requires only one external resistor to set gains
from 1 to 1000. The device can be purchased either in an 8-pin SOIC or DIP as shown

Chapter 8

in Fig. 8-9(a). The manufacturer gives the relationship between gain and Rg as

Rg[1]® 18] Rs
~In E z| +Vs
+In 3] 6] Output
~vs [4] 5] Ref

ADG20
(a) Top View.
ISV =Vee Gain Rg
1 0
10 5.489 kQ
100 499 Q
1000 495Q
N V,=(E) - Ey)
E; =Vee

R =Open
circuit for
gain = |

(b)

FIGURE 8-9 Package style in (a) and an IA are used to measure a floating

differential voltage in (b).
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(8-7)

Gain=1 + (———49’400)

Rg
For gain values of 1, 10, 100, and 1000, a table listing the R values is given in Fig. 8-9(b).
The usual way to measure Vg of a working common-emitter amplifier circuit is to

(1) measure collector voltage (with respect to ground), (2) measure emitter voltage (with
respect to ground), and (3) calculate the difference. The IA allows you to make the mea-

surement in one step, as shown in Fig. 8-9(b). Since £, = V.gjecior A0d Es = Vermivers

Vo = (1)(El - E2) = (1)(vcollector - Vemiuer) = Vee (8-8)

Example 8-6
Given V, = 5V in Fig. 8-9(b), find V.

Solution From Eq. (8-8),
SV=(E —E)=V

Example 8-7
Extend Example 8-6 as follows. Connect + In to the emitter and — In to ground, assume

V, measures 1.2 V, and calculate (a) emitter current Ix; (b) the voltage across R; or Vg,.

Solution (a) Since V, = 1.2V, E; — E, = 1.2V, and therefore Vg = 1.2 V. Use Ohm’s
law to find /.

Vee 12V
Ip=—RE = L2V 1o mA
ET R, T 1KQ m

(b)
Vettooor = Vep + Vae =5V + 12V =62V
VRL = VCC - Vcollector =15V-62V =88V

Part (a) of this example shows how to measure current in a working circuit by measuring
the voltage drop across a known resistor.

8-5.3 Differential Voltage-to-Current Converter

The AD620 instrumentation amplifier does not have a sense terminal. Therefore, if your
application requires this terminal, choose another IA such as the AD524 or AD624. Figure
8-10 shows how to make an excellent current source that can sink or source dc current
into a grounded load. It can also be an ac current source.
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+15V -15V

2
El
Wired for 3
Acp =10 13
E.
: 1
E -E
n=10—-""-2

Ver=1.R;,

re

FIGURE 8-10 A differential voltage-to-current converter is made from an [A,
op amp, and resistor.

To understand how this circuit operates, one must understand that the IA’s output
voltage at pin 9 depends on load current, /;, load resistor, R,, and current set resistor, R;.
In equation form

Vo= R; + I|R, (8-9a)
The output voltage of an IA can also be expressed generally by
Vo = Vier + gain(E, — Ey) (8-9b)

The AD547 voltage follower forces the reference voltage to equal load voltage or Vi ¢ =
I,R;. Since the [A’s gain is set for 10 in Fig. 8-10, we can rewrite Eq. (8-9b) as

Vo = 1L,R, + 10(E) — E) (8-9c)
Equate Egs. (8-9a) and (8-9c¢) to solve for /;, which yields
E,— FE
IL= IO(ITZ) (8-9d)

Equation (8-9d) indicates that load resistor, R, , does not control load current; this
is true as long as neither amplifier is forced to saturation. /, is controlled by R, and the
difference between E, and E,.

Example 8-8

In the circuit of Fig. 8-10, R, = 1 kQ, E;, = 100 mV, E, =0V, and R, = 5 k). Find (a)
I; (b) VR_\.; (©) Vier; (d) Vs
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Solution (a) From Eq. (8-9d),

0.1V -0V
1, = 10{ A=)
L (10009) mA

(b) Vg = I,R; = (1 mA)(1 kQ) =1V
(Wrer = LR, = (1 mA)S k) =5V
(d) From Eq. (8-9a) or (8-9c),

Vo= R+ R,=1V+5V=6V
or

Vo = Vier + gain(E, — E;) =5V + 10(0.1 V) =6V

8-6 THE INSTRUMENTATION AMPLIFIER AS A SIGNAL
CONDITIONING CIRCUIT

In Chapter 3, we mentioned that some sensor circuits are designed with a differential out-
put. However, the input voltage to a microcontroller is with respect to ground and hence
is single ended. Therefore we need a signal conditioning circuit (SCC) that has a differ-
ential input and a single-ended output—the instrumentation amplifier. We begin by intro-
ducing a sensor circuit with a differential output.

8-6.1 Introduction to the Strain Gage

A strain gage is a conducting wire whose resistance changes by a small amount when it
is lengthened or shortened. The change in length is small, a few millionths of an inch.
The strain gage is bonded to a structure so that the percent change in length of the strain
gage and structure are identical.

A foil-type gage is shown in Fig. 8-11(a). The active length of the gage lies along
the transverse axis. The strain gage must be mounted so that its transverse axis lies in the
same direction as the structure motion that 1s to be measured [see Figs. 8-11(b) and (¢)].
Lengthening the bar by tension lengthens the strain gage conductor and increases its re-
sistance. Compression reduces the gage’s resistance because the normal length of the
strain gage is reduced.

8-6.2 Strain-Gage Material

Strain gages are made from metal alloy such as constantan, Nichrome V, Dynaloy,
Stabiloy, or platinum alloy. For high-temperature work they are made of wire. For mod-
erate temperature, strain gages are made by forming the metal alloy into very thin sheets
by a photoetching process. The resultant product is called a foil-type strain gage and a
typical example is shown in Fig. 8-11(a).



No. 30 insulated Lateral axis

instrument wire T
— Transverse
1 axis
Active |
length ]
(a) Metal foil-type strain gage.
R+ AR -\ Metal bar
Force Force
(b) Tension lengthens bar and gage
to increase gage resistance by AR.
R—-AR x
/
Force Force

(c) Compression shortens bar and gage
to reduce gage resistance by AR.

FIGURE 8-11 Using a strain gage to measure the change in length of a
structure.

8-6.3 Using Strain-Gage Data

In the next section, we show that our instrumentation measures only the gage’s change in
resistance AR. The manufacturer specifies the unstrained gage’s resistance R. Once AR has
been measured, the ratio AR/R can be calculated. The manufacturer also furnishes a spec-
ified gage factor (GF) for each gage. The gage factor is the ratio of the percent change in
resistance of a gage to its percent change in length. These percent changes may also be ex-
pressed as decimals. If the ratio AR/R is divided by gage factor G, the result is the ratio of
the change in length of the gage AL to its original length L. Of course the structure where
the gage is mounted has the same AL/L. An example will show how gage factor is used.

Example 8-9

A 120-(} strain gage with a gage factor of 2 is affixed to a metal bar. The bar is stretched
and causes a AR of 0.001 2. Find AL/L.

234
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Solution

AL _ AR/R _ 0.001 /120 O

L GF 2

= 4.1 microinches per inch

The ratio AL/L has a name. It is called unit strain. It is the unit strain data (we have
developed from a measurement of AR) that mechanical engineers need. They can use this
unit strain data together with known characteristics of the structural material (modulus of
elasticity) to find the stress on the beam. Stress is the amount of force acting on a unit
area. The unit for stress is pounds per square inch (psi). If the bar in Example 8-9 were
made of mild steel, its stress would be about 125 psi. Strain is the deformation of a ma-
terial resulting from stress, or AL/L.

8-6.4 Strain-Gage Mounting

Before mounting a strain gage the surface of the mounting beam must be cleaned, sanded,
and rinsed with alcohol, Freon, or methyl ethyl ketone (MEK). The gage is then fastened
permanently to the cleaned surface by Eastman 910, epoxy, polymide adhesive, or ce-
ramic cement. The manufacturer’s procedures should be followed carefully.

8-6.5 Strain-Gage Resistance Changes

It is the change of resistance in a strain gage AR that must be measured and this change

is small. AR has values of a few milliohms. The technique employed to measure small re-
sistance change is discussed next.

8-7 MEASUREMENT OF SMALL RESISTANCE CHANGES

8-7.1 Need for a Resistance Bridge

To measure resistance, we must first find a technique to convert the resistance change to
a current or voltage for display on an ammeter or voltmeter. If we must measure a small
change of resistance, we will obtain a very small voltage change. For example, if we
passed 5 mA of current through a 120-() strain gage, the voltage across the gage would
be 0.600 V. If the resistance changed by 1 m{}, the voltage change would be 5 uV. To
display the 5-uV change, we would need to amplify it by a factor of, for example, 1000
to 5 mV. However, we would also amplify the 0.6 V by 1000 to obtain 600 V plus 5 mV.
It is difficult to detect a 5-mV difference in a 600-V signal. Therefore, we need a circuit
that allows us to amplify only the difference in voltage across the strain gage caused by
a change in resistance. The solution is found in the Wheatstone bridge circuit.
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8-7.2 Basic Resistance Bridge

The strain gage is placed in one arm of a resistance bridge, as shown in Fig. 8-12. Assume
that the gage is unstrained, so that its resistance = R. Also assume that R, R,, and R5 are
all precisely equal to R. (This unlikely assumption is dealt with in Section 8-8.) Under
these conditions E, = E, = E/2 and E, — E, = 0. The bridge is said to be balanced. If

the strain gage is compressed, R would decrease by AR and the differential voltage E, —
E, would be given by

E —E,=FE— -
1 2 AR (8-10)
This approximation is valid because 2 AR << 4R for strain gages.
Equation (8-10) shows that E should be made large to maximize the bridge differ-
ential output voltage, £, — E,.

Example 8-10

If AR = 0.001 ©, R =120 Q, and E = 1.0 V in Fig. 8-12, find the output of the bridge,
El -

Solution From Egq. (8-10),

E -

E,.

0.001 O
e I
@20y a2

If E is increased to 10 V, then E, — E, will be increased to 22 uV.
An instrumentation amplifier can then be used to amplify the differential voltage
E> by 1000 to give an output of about 22 mV per milliohm of AR.

E, —E, =10V X

We conclude that a voltage E and bridge circuit plus an instrumentation amplifier
can convert a change in resistance of 1 m{}) to an output voltage change of 22 mV.

E=10V

R+ AR

CE =5 p AR E FIGURE 8-12 The resistor bridge

' Working arrangement and supply voltage E con-
strain gage vert a resistance change in the strain
gage AR to a differential output volt-

AR AR age E, —E, IfR=120Q,E=10V,

E~E=E =20

4R+ 2 AR 4R andR:lmQ,El—E2=22[LV.
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8-7.3 Thermal Effects on Bridge Balance

Even if you succeed in balancing the bridge circuit of Fig. 8-12, it will not stay in bal-
ance because slight temperature changes in the strain gage cause resistance change equal
to or greater than those caused by strain. This problem is solved by mounting another
identical strain gage immediately adjacent to the working strain gage so that both share
the same thermal environment. Therefore, as temperature changes, the added gage’s re-
sistance changes exactly as the resistance of the working gage. The added gage provides
automatic temperature compensation, and is appropriately called the temperature-
compensation or dummy gage.

The temperature-compensation gage is mounted with its transverse axis perpendicu-
lar to the transverse axis of the working gage, as shown in Fig. 8-13. This type of standard
gage arrangement is available from manufacturers. The new gage is connected in place of
resistor R, in the bridge circuit of Fig. 8-12. Once the bridge has been balanced, R of the
temperature-compensation gage and working gage track one another to hold the bridge in
balance. Any unbalance is caused strictly by AR of the working gage due to strain.

To E,<—T o—> To E, (Fig. 8-14)
Temperature

Working | compensation
gage gage R =R
!”””m — Force

R+ AR
\OZ[‘0%7Fig. 8-14

FIGURE 8-13 The temperature compensation gage has the same resistance
changes as the working gage with changes in temperature. Only the working
gage changes resistance with strain. By connecting in the bridge circuit of Fig.
8-12 as shown, resistance changes due to temperature changes are automatically
balanced out. ’

Force ~m—
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8-8 BALANCING A STRAIN-GAGE BRIDGE

8-8.1 The Obvious Technique

Suppose that you had a working gage and temperature-compensation gage in Fig. 8-14
that are equal to within 1 m{). To complete the bridge, you install two 1%, 120-{} resis-
tors. One is high by [% at 121.200 () and one is low by 1% at 118.800 €. They must be
equalized to balance the bridge. To do so, a 5-€), 20-turn balancing pot is installed, as
shown in Fig. 8-14. Theoretically, the pot should be set as shown to equalize resistances
in the top branches of the bridge at 122.500 ().

Further assume that an instrumentation amplifier with a gain of 1000 is connected
to the bridge of Fig. 8-14. From Example 8-10, the output of the instrumentation ampli-
fier (IA) will be about 22 mV per milliohm of unbalance. This means that the 5-€) pot
must be adjusted to within 1 mQ of the values shown, so that E|, — E, and consequently
V, of the IA will equal 0 V = 22 mV,

Unfortunately, it is very difficult in practice to adjust for balance. This is because each
turn of the pot is worth 5 (/20 turns = 250 m{). When you adjust the pot it is normal to
expect a backlash of *3; of a turn. Therefore, your best efforts result in an unbalance at the
pot of about £5 m{). You observe this unbalance at the IA’s output, where V, changes by
#0.1 V on either side of zero as you fine-tune the 20-turn pot. It turns out there is a better
technique that uses an ordinary linear potentiometer (3 turn) and a single resistor.

E=10V

Set for Set for
3.700 Q \ / 1.300 Q@

Ry;=5Q
Ry= 20 turns

3=
118.800 121.200 Q

E, — to differential amp
(=) in

E; to differential amp (+) in

120.000 Q
temperature
compensation
gage

120.000 Q
working gage

FIGURE 8-14 Balance pot R is adjusted in an attempt to make £, — E, = 0 V.

8-8.2 The Better Technique

To analyze operation of the balance network in Fig. 8-15, assume that the R, and R;
bridge resistors are reasonably equal, to within = 1%. The strain gage’s resistance should
have equal resistances within several milliohms if the working gage is not under strain.
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Balance
network \ T

/= 1.0J R,

RB]= 10 kS pot
ﬂ{é Rg, = 100
f=0

to 1000 kQ2 R

120 Q
temperature gage

120 Q
working gage
R+ AR

v

FIGURE 8-15 Improved balance network. R and Rg, allow easy adjustment
of V,to O V.

Resistor R, is an ordinary 3/4-turn linear pot. Its resistance should be about 1/10
or less than resistor Rp, so that the voltage fE depends only on £ and the decimal frac-
tion f. Values of f vary from O to 1.0 as the pot is adjusted from one limit to the other. Rg,
should be 10 or more times the gage resistance.

Resistor Rpg, is chosen to be greater than 10 or more times Rg,. Under these conditions
Rp, does not load down the voltage-divider action of Rp,. Also, the size of Rp, determines
the maximum balancing current that can be injected into, or extracted from, the E; node. The
pot setting f determines how much of that maximum current is injected or extracted.

Balancing action is summarized by observing that if f> 0.5, a small current is in-
jected into the E, node and flows through the temperature gage to ground, this makes £,
more positive. If f < 0.5 current is extracted from the E, node, this increases current
through R, to make E, less positive.

In a real bridge setup, begin with Rg, = 100 k€ and R, = 10 k€). Monitor V, of
the IA and check the balancing action. If the variation in V, is larger than you want, in-
crease Ry, to 1000 k() and recheck the balance action. The final value of Rp, is selected
by experiment and depends on the magnitude of unbalance between R, and Rj.

8-9 INCREASING STRAIN-GAGE BRIDGE OUTPUT

A single working gage and a temperature-compensation gage were shown to give a dif-
ferential bridge output in Fig. 8-12 of
AR

E,—E2:E—E (8-11)

This bridge circuit and placement of the gages is shown again in Fig. 8-16(a).
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Yy
<>

7 315% Bi-E=Egpsag=E g
E|
% : / > E|
a /
Temperature gage R+ AR
R Working
gage
(a) Single working gage gives £, - E, = E R
Force
Rlep
AR AR
2JR+2AR"

— %7 —» E, R+AR

Workmg
gage
(b) Two working gages double the E| — E, output over that of (a).

Top side

Force
tension E Or
gages
R+ AR

3 I

— >
. i
~

4

Bottom side
compression
gages
R—-AR

(c) Four working gages quadruple the £, — E, over that of (a).

FIGURE 8-16 Comparison of sensitivity for three strain-gage bridge arrangements.
(AR is small with respect to R for foil strain gages.)
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The bridge output voltage E, — E; can be doubled by doubling the number of work-
ing gages, as in Fig. 8-16(b). Gages 1-2 and 5-6 are the working gages and will increase
resistance (tension) if force is applied as shown. By arranging the working gages in oppo-
site arms of the bridge and the temperature gages in the other arms, the bridge output is

AR AR
E'_E2:E—2R+AR2E§ (8-12)

If the structural member experiences bending as shown in Fig. 8-16(c), even greater
bridge sensitivity can be obtained. The upper side of the bar will lengthen (tension) to in-
crease the resistance of the working strain gages by +AR. The lower side of the bar will
shorten (compression) to decrease the working strain gages by —AR.

The tension gages 1-2 and 5-6 are connected in opposite arms of the bridge.
Compression gages 3—4 and 7-8 are connected in the remaining opposite arms of the
bridge. The gages also temperature-compensate one another. The output of the four-strain-
gage arrangement in Fig. 8-16(c) is quadrupled over the single-gage bridge to

AR
E —E,=E R (8-13)

Of course, each bridge arrangement in Fig. 8-16 should be connected to a balance
network (which, for clarity, was not shown) (see Fig. 8-15 and Section 8-8). Note that the
output of the four-gage bridge is linear.

8-10 A PRACTICAL STRAIN-GAGE APPLICATION

As shown in Fig. 8-17, an AD620 (Analog Devices) instrumentation amplifier (IA) is con-
nected to a bridge arrangement of four strain gages. The gages are 120-(), SR4, foil-type
strain gages. They are mounted on a steel bar in accordance with Fig. 8-16(c). Also the
balance network of Fig. 8-15 is connected to the strain-gage bridge. Rg, was selected, af-
ter experiment, as 100 kQ. Strain gages were mounted in strict accordance with the man-
ufacturer’s instructions (BLH Electronics, Inc.). From the table in Fig. 8-9(b) R 1s se-
lected for a gain of 1000.

Example 8-11

The SCC of Fig. 8-17 is used to measure the strain resulting from deflection of a steel
bar. V, is measured to be 100 mV. Calculate (a) AR; (b) AR/R; (c) AL/L. The gain is
1000. The gage factor is 2.0.

Solution (a) Find E, — E, from

1% 100 mV
°o - = 0.1 mV
gain 1000 m

E|_E2:
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From Eq. (8-13):
_RE, —E) 1200001 X107 V)

AR E 50V
= 0.0024 Q = 2.4 mQ)
(b)
AR _ 00024 Q _ _ 6
=00 = 0000020 =20 X 107° u/Q)

(c) From gage factor = (AR/R)/(AL/L), we obtain

-6
AL _ 20X1077 10 X 107% = 10 win/in.
L 2

Note: Resistor Rg, is selected to restrict gage current below 25 mA to limit self-
heating.

Since we now know the value of strain from AL/L, we can look up the modulus of
elasticiry for steel, E = 30 X 10° The stress can be calculated from

stress = E X strain = (30 X 10%)(10 X 107%) = 300 psi

RB[ =
10 kQ pot R+ AR

/ Green
g R By =

100 kQ

FIGURE 8-17 The ADG620 instrumentation amplifier is used to amplify the
output of the four working strain gages [see Fig. 8-16(c)].
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8-11 MEASUREMENT OF PRESSURE, FORCE, AND WEIGHT

Example 8-11 illustrated how pressure could be measured by a strain-gage system. The
mechanical engineers can be given AL/L by electrical personnel, who can measure AR/R
and look up the gage factor. From the value of AL/L, the mechanical engineers and tech-
nicians can calculate pressure on a structure. Since pressure is force per unit area, they
can calculate force by measuring the structure’s area.

Furthermore, the weight of an object exerts a force on any supporting structure. By
installing a strain gage on the supporting structure, you can weigh very heavy objects such
as a gravel-filled truck or a 747 aircraft.

8-12 BASIC BRIDGE AMPLIFIER

8-12.1 Introduction

Some transducers can be connected into a lower-parts-count signal conditioning circuit
called a bridge amplifier. An op amp, four resistors, and a transducer form the basic
bridge amplifier in Fig. 8-18(b). The transducer in this case is any device that converts
an environmental change to a resistance change. For example, a thermistor is a trans-
ducer whose resistance decreases as temperature increases. A photoconductive cell is a
transducer whose resistance decreases as light intensity increases. For circuit analysis,
the transducer is represented by a resistor R plus a change in resistance AR. R is the re-
sistance value at the desired reference, and AR is the amount of change in R. For exam-
ple, a UUA 41J1 thermistor has a resistance of 10,000 () at a reference of 25°C. A tem-
perature change of +1° to 26°C results in a thermistor resistance of 9573 (). AR is found
to be negative from

'Ruansducer = Rreference + AR
9573 (} = 10,000 O + AR
AR = —427 Q)

Since we have defined 25°C to be the reference temperature, we define the reference re-
sistance to be R..; = 10,000-{). Our definitions force AR to have a negative sign if the
transducer’s resistance is less than Ry
To operate the bridge, we need a stable bridge voltage E, which may be either ac
" or dc. E should have an internal resistance that is small with respect to R. The simplest
way to generate E is to use a voltage divider across the stable supply voltages as shown
in Fig. 8-18(a). Then connect a simple voltage follower to the divider. For the resistor val-
ues shown, E can be adjusted between +10 and —10 V.
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+15V

5kQ

20 kQ

E = bridge exitation

5kQ E=-10V10 10V voltage for (b)

2o v

(a) A bridge exitation voltage must have the Jow output resistance of a voltage
follower and be derived from a regulated, stable voltage source.

1
AAN
R,
R,
NN
1
Bridge 1
excitation — E
voltage _
1
\V

(b) Practical bridge amplifier.

FIGURE 8-18 This bridge amplifier outputs a voltage that is directly pro-
portional to the change in transducer resistance.

8-12.2 Basic Bridge Circuit Operation

A basic low-parts-count bridge circuit is presented in Fig. 8-18(b). Resistors R are 1%
low Tempco (metal-film) resistors. Current / is constant and set by R,, R, and E. That
is, I = E/(R, + R.y). Note that transducer current is constant and equal to / because the
voltage drops across both R, resistors are equal (E; = 0 V).

The resistor from (+) input to ground is always chosen to equal the reference re-
sistance of the transducer. We want V, to be zero volts when Ryans = Rper. This will al-
low us to calibrate or check operation of the bridge. For Fig. 8-18(b), AR is the input and
V, is the output. The output—input relation is given by
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AR

V,= —E[———
¢ E(Rref+R

) = —1AR (8-14)
where I = E/(Rres + R), AR = Ryans — Reer-
Zeroing procedure

I. Place the transducer in the reference environment: for example, 25°C.
2. Adjust Rer until V, =0 V.

Normally, it is too costly to control an environment for test or calibration of a single cir-
cuit. Therefore, (1) replace the transducer, R.ns, With a resistor equal to R..s; (2) now, AR
equals zero; (3) from Eq. (8-14), V, should also be equal to zero.

Suppose that V, is close to, but not equal to, zero. You want to adjust V, to pre-
cisely zero volts.

I. Check that the R, resistors are equal to within 1%.

. Check that the replacement transducer R equals the value of R..¢ [from (+) input
to ground in Fig. 8-18(b)] within 1%.

3. Use an op amp with a low dc offset such as the OP-177.

[

8-12.3 Temperature Measurement with a Bridge Circuit

In this section we show how to design a low-parts-count temperature-measuring system
to illustrate a design procedure.

Design Example 8-12

Design a temperature-to-voltage converter that will measure temperatures between 25°
and 50°C.

Design Procedure

I. Select any thermistor on a trial basis. The thermistor converts a temperature change to

o

. Select the reference temperature. At the reference temperature, V, must equal zero.

a resistance change. Select the Fenwal UUA41]J1 and list its corresponding tempera-
ture versus resistance as in Table 8-1. (Note the nonlinearity between temperature and
resistance.)

Select either the low limit of 25°C or the high limit of 50°C. We shall select the low
limit of 25°C for this example. We have just defined Ries. Reer 1s €qual to the trans-
ducer’s resistance at the reference temperature. Specifically, T, = 25°C; therefore,
R,.r = 10,000 ). Now calculate AR for each temperature from




avrans arrer T =

At 50°C,
3603 Q) = 10,000 Q) + AR
AR = —6397 Q

Note the negative sign for AR.

TABLE 8-1 Resistance versus Temperature of a UUA41J1 Thermistor

Temp. (°C) Rirans
25 10,000 }1983
30 8,057 Ohmic change for 5°C change
35 6,530
nonlinear
40 5,327
45 4,370 \/
50 3,603 ] 761 Ohmic change for 5°C change

3. Predict the voltage—temperature characteristics. We shall select the bridge circuit of
Fig. 8-18 because it converts a resistance change AR into an output voltage [see Eq.
(8-14)].

a. Select resistors R, to equal 10 k{2, 1%.
b. Make a trial choice for E = 1.0 V.

If you are wondering why we should make these particular choices, the answer is
that (1) 10-k() resistor sizes are readily available, and (2) a 1-V selection will give us
an idea of the size of V,. If later you want to double or triple V,, simply double or
triple E.
c¢. Calculate / from Eq. (8-14).

E__ _ 1V
Rec+ Ri 10k + 10 kQ

d. Calculate V, for each value of R and tabulate the results (see Table 8-2). From Eq.
(8-14),

= 0.050 mA

V,=—I1AR
For 50°C,
V, = —(0.050 mA)(—6397 Q) = 310 mV

4. Document performance. V, is plotted against temperature in Fig. 8-19, where the de-
sign circuit is also drawn.
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Temperature in
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O o 1 n L n
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Input temperature (°C)

FIGURE 8-19  Solution to Design Example 8-12. An input temperature change

of 25° to 50°C gives an output voltage change of 0 to 319 mV. The circu
temperature-to-voltage converter.

TABLE 8-2 Calculations for Temperature-to-Voltage Converter

itisa

247

Temp. (°C) Rirans () AR () V, (mV)
25 10000 0 0
30 8057 —1943 97
35 6530 —-3470 173
40 5327 —4673 233
45 4370 —5630 281
50 3603 —-6397 319
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Summary review and comments. Example 8-12 shows how a bridge circuit
converts the resistance change of a transducer into a voltage change. The circuit output
voltage is linear with respect to AR [see Eq. (8-14)]. However, AR is not linear with re-
spect to temperature (see Table 8-1 and Fig. 8-19). Therefore, V, is not linear with respect
to temperature. The bridge simply transmits the nonlinearity of the thermistor.

The sensitivity of the temperature-to-voltage converter can be increased easily by
increasing E. The maximum value of E is set by the maximum thermistor current to avoid
self-heating, typically | mA. Therefore, E has a maximum value of

E= IR+ R)) = (1 mAY(10 + 10) kQ = 20 V

If we want to increase the 319-mV output span (E =1 V) to a 5.0-V span for the input
to a microcontroller, simply increase E by 15.67 to 15.67 V [(5.0 V/0.319 V = 15.67)].

8-12.4 Bridge Amplifiers and Computers

Thus far, the bridge amplifier shown converts temperature changes to a voltage. In
Chapter 2 you studied the principles of how a voltage change could be converted into a
change of high time by a pulse-width modulator. Those principles can be used again to
communicate between the analog world of continuous temperature variation and the dig-
ital world of the computer. The bridge amplifier provides measurement; the PWM pro-
vides an interface. Another method is to have the output voltage of Fig. 8-19 applied to
the A/D converter of a microcontroller. Note that the nonlinearity of the thermistor can
be compensated for by a software program known as piecewise linearization. (See Data
Acquisition and Process Control with the HCIl1 Microcontroller 2nd Edition by
F. Driscoll, R. Coughlin, and R. Villanucci, published by Prentice Hall.)

8-13 ADDING VERSATILITY TO THE BRIDGE AMPLIFIER

8-13.1 Grounded Transducers

In some applications it is necessary to have one terminal of the transducer connected to
ground. The standard technique is shown in Fig. 8-20(a). Note that current / depends on
transducer resistance (in Figs. 8-18 and 8-19, the current was constant). Note also that V,,
is not linear with AR because AR appears in the denominator of the equation for V, ver-
sus AR. Finally, in contrast with Design Example 8-10, if E; is positive and T, is at the
low end of the scale, V, goes negative for negative values of AR. That is, if R, 1S a ther-
mistor, V,, goes more negative as temperature increases.

8-13.2 High-Current Transducers

If the current required by the transducer is higher than the current capability of the op
amp (5 mA), use the circuit of Fig. 8-20(b). Transducer current is furnished from E.
Resistors mR are chosen to hold their currents to about 1 to 4 mA. Transducer current and
output voltage may be found from the equation in Fig. 8-20(b). If the transducer current



249

Differential, Instrumentation, and Bridge Amplifiers

R,
.\ AR
E —__—— Ry + R+ AR
- [ Ryans= VY
chf +
v
(a) Bridge amplifier with grounded transducer.
Mchf
AA%%
1 to4 mA
_ AR
ﬂ__ } ©T TR+ Rer + AR
E pp—
v \

(b) Some transducers require currents larger than the op amp can supply. The transducer’s current is
scaled down by the multiplying factor m so that feedback current supplied by the op amp is {/m.

FIGURE 8-20 The bridge amplifier is used with a grounded transducer in (a)

and with a high current transducer in (b).

is very small (high-resistance transducers), the same circuit can be used except that the
mR resistors will be smaller than R to hold output current of the op amp at about 1 mA.
BiFET op amps such as the AD548 have small bias currents (see Chapter 9).

PROBLEMS
8-1. In Fig. 8-1, m = 20, E, = 0.2V, and E, = 0.25 V. Find V.
8-2. If V, = 10 Vin Fig. 8-1, E, = 7.5V, and E, = 7.4 V, find m.
8-3. If E.,, = 5.0 V in Fig. 8-2a, find V,.
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8-4.

8-7.
8-8.
8-9.
8-10.

8-11.
8-12,
8-13.
8-14.

Chapter 8

For the differential amplifier circuit of Fig. 8-2(b), all the resistors are equal to 10 k{} except
R, which is mismatched by 5 Q (R, = 10 kQ2 + 5 Q). What is the common mode rejection
of the circuit?

. Design the differential amplifier circuit of Fig. 8-2(b) for a gain of 4. The input resistors R,

and Rj are equal to 25 k().

. A circuit has a common-mode rejection ratio of 100,000. What is the common-mode rejec-

tion?

A circuit has a CMR of 75 dB. What is the common-mode rejection ratio?

In Fig. 8-3, E; =2 mV and E, = 50 mV. What is the output voltage due to (a) E;; (b) E,?
In Fig. 8-4, E; = 2 mV and E, = 50 mV. What is the output voltage due to (a) E; (b) E,?

What is the main advantage of a differential amplifier over an inverting amplifier with re-
spect to an input noise signal voltage?

Find V, in Fig. 8-3(b) if £, = =5V and E, = —3 V.

In Fig. 8-3(b), R=10kQ and aR =2 kQ. If £, = 1.5V and E, = 0.5V, find V,.
In Fig. 8-6 the overall gain is 21 and V, = 3 V. Determine (a) £, — E;; (b) a.

In Fig. 8-6, R = 25 k), aR = 100 O, £, = 1.01 V, and E, = 1.02 V. Find V,,.

8-15. If V,.; = 5.0 V in Fig. 8-7, find (a) V,; (b) the voltage at the (+) input with respect to ground.
8-16. Refer to the circuit of Fig. P8-16. Complete the table below for each input condition.
E, (V) E, (V) E; (V) Vo, V at (+) input
(a) -2 -2 0
(b) -2 -2 2
(¢) 2 -2 -2
d) 2 0 2
10 kQ
ANN—
+V
10 kQ
E, -
10 kQ
E, + R
L=
ks
10 kQ -V
Ey FIGURE P8-16
8-17. Refer to the voltage-to-current converter of Fig. 8-10. Assume that the AD524 is wired for a

gain of 1 [no wires on pins 13 and 3]. The load current is now I, = (E, — E;)/R,. Let R, =
1 kQ, E; =0V or ground, and E, = | V. (a) Will the direction of /, be up or down in Fig.
8-10? (b) Find /;. (¢) Find the voltage across R, if R, = 100 ). (d) Find the output voltage
of the IA (Vo) if R, = 3 k().
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8-18.

8-19.

8-20.

8-21.

8-24.

Repeat Problem 8-17 except change E, = ground and E, = 1 V. (Note that Section 8-5.3 tells
you how to make an ac voltage-controlled current source for a grounded load.)

Change £, to —1 V in Problem 8-17. (a) Would V,, be positive or negative with respect to
ground? (b) Would V, decrease or increase in magnitude as temperature increased?

In Fig. 8-16, the value for R = 120.00 &}, AR = 1.2 m{}, and E = 10.0 V. Find (E, — E;) for
the strain-gage arrangement of (a) Fig. 8-16(a); (b) Fig. 8-16(b); (¢) Fig. 8-16(c).

Assume that an IA with a gain of 1000 is wired to the bridges of Problem 8-20. Find V,, for
each of the three bridge arrangements.

. Consider a gage factor of 2 in Problems 8-20 and 8-21 and calculate AL/L for each bridge

arrangement.

. Refer to Section 8-12.3. To gain experience with this type of bridge circuit, repeat Design

Example 8-13 (except change only your reference temperature to 50°C. R, remains at 10 k)
and £ = | V). Present your solution in the same format as shown in Table 8-2 and Fig. 8-19.
Redraw the new design schematic like that of Fig. 8-19. [Remember that R.; will now be
3603 Q so that I = 1 V/(10,000 + 3603) Q = 73.51 pA.]

You want a circuit that has an increasing magnitude of output voltage as temperature of a
thermistor increases. You put the thermistor in the feedback loop [see Fig. 8-18(b)]. Would
you choose R at the low or the high end of the temperature scale? (Hint: Compare V,, vs.
Vr of Design Example 8-13 with the solution of Problem 8-23.) This problem forces you to
face briefly the issue of “human engineering.” People want to see an increasing voltage as
temperature increases.



CHAPTER 9

DC Performance: Bias,

Offsets, and Drift

LEARNING OBJECTIVES

Upon completion of this chapter on dc performance, you will be able to:

Name the op amp characteristics that add de error components to the output voltage.

* Show how an op amp requires a small bias current at both (—) and (+) inputs to acti-
vate its internal transistors.

Give the definition for input offset voltage and show how it is modeled in an op amp
circuit.

o

Write the equation for input offset current in terms of the bias currents.

¢ Calculate the effect of input offset voltage on the output voltage of either an inverting
or noninverting amplifier.

.

Calculate the effects of bias currents on the output voltage of an inverting or nonin-
verting amplifier.

¢ Calculate the value of and install a compensating resistor to minimize the errors in out-
put voltage caused by bias currents.

252
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» Connect a nulling circuit to null out any errors due to bias currents and input offset
voltage.

o Measure offset voltage and bias currents.

Understand the dc characteristics of present-day op amps versus earlier versions.

Understand the difference between CMRR of an op amp and an op amp circuit.
« Calculate power supply rejection ratio.

9-0 INTRODUCTION

The op amp is widely used in amplifier circuits to amplify dc or ac signals or combina-
tions of them. In dc amplifier applications, certain electrical characicristics of the op amp
can cause large errors in the output voltage. The ideal output voltage should be equal to
the product of the dc input signal and the amplifier’s closed-loop voltage gain. However,
the output voltage may have an added error component. This error is due to differences
between an ideal op amp and a real op amp. If the ideal value of output voltage is large
with respect to the error component, then we can usually ignore the op amp characteris-
tic that causes it, but if the error component is comparable to or even larger than the ideal
value, we must try to minimize the error. Op amp characteristics that add error compo-
nents to the dc output voltage are

1. Input bias currents
2. Input offset current
3. Input offset voltage
4. Drift

When the op amp is used in an ac amplifier, coupling capacitors eliminate dc
output-voltage error. Therefore, characteristics 1 to 4 are often umimportant in ac appli-
cations. However, there are new problems for ac amplifiers:

5. Frequency response
6. Slew rate

Frequency response refers to how voltage gain varies as frequency changes. The most
convenient way to display such data is by a plot of voltage gain versus frequency. Op amp
manufacturers give such a plot for open-loop gain versus frequency. A glance at the plot
quickly shows how much gain is obtainable at a particular frequency.

If the op amp has sufficient gain at a particular frequency, there is still a possi-
bility of an error being introduced in V,. This is because there is a fundamental limit
imposed by the op amp (and certain circuit capacitors) on how fast the output voltage
can change. If the input signal “tells” the op amp output to change faster than it can,
distortion is introduced in the output voltage. The op amp characteristic responsible
for this type of error is its internal capacitance. This type of error is called slew-raze
limiting.
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Op amp characteristics and the circuit applications that each type of error may at-
fect are summarized in Table 9-1. The first four characteristics can limit dc performance;
the last two can limit ac performance.

Op amp characteristics that cause errors primarily in dc performance are studied in
this chapter. Those that cause errors in ac performance are studied in Chapter 10. We be-
gin with input bias currents and ways in which they cause errors in the dc output voltage
of an op amp circuit.

TABLE 9-1 OP AMP Applications and Characteristics That Affect Operation

Op amp application

Dc amplifier Ac amplifier

Op amp characteristic

that may affect Srall Large Small Large
performance output output output output
1. Input bias current Yes Maybe No No
2. Offset current Yes Maybe No No
3. Input oftset voltage Yes Maybe No No
4. Drift Yes No No No
5. Frequency response No No Yes Yes
6. Slew rate No Yes No Yes

In addition to these characteristics the user may need to consider common-mode
and power supply rejection ratios. These values may be specified under static test but vary
dynamically.

9-1 INPUT BIAS CURRENTS

Transistors within the op amp must be biased correctly before any signal voltage is ap-
plied. Biasing correctly means that the transistor has the right value of base and collector
current as well as collector-to-emitter voltage. Until now, we have considered that the in-
put terminals of the op amp conduct no signal or bias current. This is the ideal condition.
Practically, however, the input terminals do conduct a small value of dc current to bias
the op amps’ transistors (see Appendix 1). A simplified diagram of the op amp is shown
in Fig. 9-1(a). To discuss the effect of input bias currents, it is convenient to model them
as current sources in series with each input terminal, as shown in Fig. 9-1(b).

The (—) input’s bias current, /z—, will usually not be ciacily equal to the (+) in-
put’s bias current, /5. Manufacturers specify an average iput bias current Iz, which is
found by adding the magnitudes of Iz, and I5_ and dividing this sum by 2. In equation
form,

_ |IB+| + |13—[

Iy 5

(9-1)

where |13+ l is the magnitude of /5, and IIB_ | is the magnitude of /z_. The range of
Iz 1s from [ pA or more for general-purpose op amps to 1 pA or less for op amps that
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Simplified
op amp

| +

|
|
|
|
|
1

() +Upy) —>

v o\ =

I
I
I
|
|
I
Closed PRLEB Y 'r
I
I
i
|
|

ﬂ_ circuit for de (+)
———  bias-current §
- return

(b) Model for bias currents.

FIGURE 9-1 Origin and model of dc input bias currents.

have field-effect transistors at the input. There are op amps referred to as electrometer op-
erational amplifiers that have ultralow input bias currents less than 60 fA (fA—femto
amperes—10~'3A). These devices are used in special signal conditioning circuits such as
those required for pH measurements. They require careful attention to circuit board de-
sign and input signal connections.

9-2 INPUT OFFSET CURRENT

The difference in magnitudes between Iz, and Ig_ is called the input offset current I,;:
]os: |]B+| - |IB—| (9-2)

Manufacturers specify I, for a circuit condition where the output is at 0 V and the tem-
perature is 25°C. The typical I, is less than 25% of I for the average input bias current
(see Appendix 1).
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Example 9-1

Consider a 741 op amp that has Iz, = 0.4 pA and /3 = 0.3 nA. Find (a) the average
bias current I; (b) the offset current /.

Solution (a) By Eq. (9-1),

(0.4 +0.3) uA

Ig 5

=035 pA

(b) By Eq. (9-2),
I, = (0.4 —0.3) uA = 0.1 pA

A general-purpose op amp such as the OP-177 has typical values of Iz = 2.4 nA
and /,; = 0.5 nA. Newer versions of the 741 op amp have typical values lower than those
given in Example 9-1.

9-3 EFFECT OF BIAS CURRENTS ON OUTPUT VOLTAGE

9-3.1 Simplification

In this section it is assumed that bias currents are the only op amp characteristic that will
cause an undesired component in the output voltage. The effects of other op amp charac-
teristics on V, will be dealt with individually.

9-3.2 Effect of (—) Input Bias Current

Output voltage should ideally equal O V in each circuit of Fig. 9-2, because input voltage
E; is 0 V. The fact that a voltage component will be measured is due strictly to /.
(Assume for simplicity that V,,, input offset voltage, is zero. V,, is discussed in Section
9-5.) In Fig. 9-2(a), the bias current is furnished from the output terminal. Since negative
feedback forces the differential input voltage to 0 V, V,, must rise to supply the voltage
drop across Ry Thus, the output voltage error due to /g is found from V, = Rylg . I,
flows through 0 €2, so it causes no voltage error. Signal source E; must contain a dc path
to ground.

The circuit of Fig. 9-2(b) has the same output-voltage error expression, V, = Rplg_.
No current flows through R;, because there is O V on each side of R;. Thus all of I _ flows
through R;. [Recall that an ideal amplifier with negative feedback has 0 voltage between
the (+) and (—) inputs.]
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Rp=1MQ

AN

Ig_
+V
-V

ov{
+

E-ov 47
(a) Basic follower circuit.
Ry
Iy = * Ri=R;=1MQ
E v
[=0—>
AVAVAY =
R.
) “ov { ’ 70
E=0V + }VozRfIB—

r 4

(b) Basic inverting circuit.

- + Rp=1MQ
Ry =10kQ
,=1kQ

‘ +V
R, - Tg
i
A -
& Ry ov{ —°
E;=0V * _ . Ru
i J77+ Vo= (1+ ) Relg + Ry Ug_)
i

(¢) The multiplier resistor Ry increases the effect of /z_on V.

FIGURE 9-2 Effects of (—) input bias current on output voltages.

Example 9-2
In Fig. 9-2(a), V, = 0.4 V. Find I _.
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Solution

V, 04V

Placing a multiplying resistor Ry, in series with the (—) input in Fig. 9-2(c) multiplies the
effect of Iz_on V,. Iz_ sets up a voltage drop across Ry, that establishes an equal drop
across R,

Now both the R; current and /;_ must be furnished through Ry. Thus the error in V,,
will be much larger. Ry, would be undesirable in a normal circuit; however, if we want to
measure low values of the bias current, Fig. 9-2(c) shows a way of doing it. For the re-
sistor values shown, V, = 11R,/g_; Ig_ acts to drive the output positive.

9-3.3 Effect of (+) Input Bias Current

Since E; = 0 V in Fig. 9-3, V,, should ideally equal 0 V. However, the positive input bias
current /5, flows through the internal resistance of the signal generator. Internal genera-
tor resistance is modeled by resistor Rg in Fig. 9-3. Iz, sets up a voltage drop of Rg/p+
across Rg and applies it to the (+) input. The differential input voltage is O V, so the (—)
input is also at Rglz+ in Fig. 9-3. Since there is no resistance in the feedback loop, V,,
equals Rg/p+. (The return path for /5. is through the —V supply and back to ground.) /g
acts to drive the output negative.

oV

Py

«— g
+V

Rg=1MQ OV { ——
TV +
Iy,—> - V,=Rgl
B B+ }RGIE+ [¢ GiB+

E;=0 -V

E Y

FIGURE 9-3  Effect of (+) input bias current on output voltages.

Example 9-3

In Fig. 9-3, V, = —0.3 V. Find /..
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Solution

v, —03V

be= "%~ TMn T4

9-4 EFFECT OF OFFSET CURRENT ON OUTPUT VOLTAGE

9-4.1 Current Compensating the Volitage Follower

If Ip, and Ip_ were always equal, it would be possible to compensate for their effects on
V,. For example, in the voltage follower of Fig. 9-4(a), Iz flows through the signal gen-
erator resistance Rg. If we insert Ry = R in the feedback loop, Iz will develop a volt-

R =Rg

A

Vo=—Rg(lg.| = 1Ip_)

“RGlos
=0 for |, ] =l5_|

v

Ry
A= .
P SUREI/S
+V !
. 5
R I AN -
R; %" J7 R v { ——o
+
_| 5+ V, =Ry (15,1~ D)
-V =—Relo
R, R=R,IR =0 for |Ig,|=1I;_|
ill Ry
+

+J7
(b) Compensation for inverting or noninverting amplifiers.

FIGURE 9-4 Balancing-out effects of bias current in V,,.
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age drop across Ry of Relg_. If Ry= R and Iz, = I, their voltage drops will cancel
each other and V, will equal 0 V when E; = 0 V. Unfortunately, /5, is seldom equal to
Iz _. V, will then be equal to R times the difference between I, and Ip_ (Iz — Ig— =
1,,;). Therefore, by making R, = R, we have reduced the error in V,, from Rglg+ in Fig.
9-3 to —Rgl,; in Fig. 9-4(a). Recall that I, is typically 25% of Ip. If the value of I, is
too large, an op amp with a smaller value of I, is needed.

9-4.2 Current Compensating Other Amplifiers

To minimize errors in V, due to bias currents for either inverting or noninverting ampli-
fiers, resistor R as shown in Fig. 9-4(b) must be added to the circuit. With no input sig-
nal applied, V, depends on R, times I, [where I, is given by Eq. (9-2)]. Resistor R is
called the current-compensating resistor and is equal to the parallel combination of R; and
Ry, or

RiR;
R, + R,

R; and R should include any signal generator resistance. By inserting resistor R, the error
voltage in V,, will be reduced more than 25%, from RsIz_ in Fig. 9-2(b) to —R/,, in Fig.
9-4(b). In the event that Iz = Iz, then I, = 0 and V,, = 0.

9-4.3 Summary of Bias-Current Compensation

Always add a bias-current compensating resistor R in series with the (+) input terminal
(except for FET input op amps). The value of R should equal the paralle] combination of
all resistance branches connected to the (—) terminal. Any internal resistance in the sig-
nal source should also be included in the calculations.

In circuits where more than a single resistor is connected to the (+) input, bias-
current compensation is accomplished by observing the following principle. The dc resis-
tance seen from the (+) input to ground should equal the dc resistance seen from the (—) in-
put to ground. In applying this principle, signal sources are replaced by their internal dc re-
sistance and the op amp output terminal is considered to be at ground potential.

Example 9-4

(a) In Fig. 9-4(b), R, = 100 kQ and R; = 10 k(). Find R. (b) If R,= 100 k() and
R; = 100 k{, find R.

Solution (a) By Eq. (9-3),

(100 k)(10 k()
R=T00ka+10k0 =21 kO
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(b) By Eq. (9-3),
(100 k)(100 k)
~ 100 kQ + 100 k€

= 50 kQ2

9-5 INPUT OFFSET VOLTAGE

9-5.1 Definition and Model

In Fig. 9-5(a), the output voltage V, should equal 0 V. However, there will be a small er-
ror-voltage component present in V,,. Its value can range from microvolts to millivolts and
is caused by very small but unavoidable imbalances inside the op amp. The easiest way
to study the net effect of all these internal imbalances is to visualize a small dc voltage in
series with one of the input terminals. This dc voltage is modeled by a battery in Fig.
9-5(b) and is called input offset voltage, V;, (see Appendix 1 for typical values). Note that

+V
=) =
Real
Input op amp ’ °q+
terminals V,=2mV

s

(a) V, should be 0 V, since £;,=0V

(=) Input +V
terminal
Ideal
oV op amp ———O  +
+ + V,=V,=2mV
2mV 3 -
+ L =¥ 47
—_ V,=2mV
(+) Input

tcrminali

(b) Error in V, is modeled by dc voltage V,, in series with (+) input.

FIGURE 9-5 Effect of input offset voltage in the real op amp of (a) is mod-
eled by an ideal op amp plus battery V;, in (b).
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V., is shown in series with the (+) input terminal of the op amp. It makes no difference
whether V;, is modeled in series with the (—) input or the (+) input. But it is easier to
determine the polarity of V,, if it is placed in series with the (+) input. For example, if
the output terminal is positive (with respect to ground) in Fig. 9-5(b), V,, should be drawn
with its (+) battery terminal connected to the ideal op amp’s (+) input.

9-5.2 Effect of Input Offset Voltage on Output Voltage

Fig. 9-6(a) shows that V;, and the large value of the open-loop gain of the op amp act to
drive V,, to negative saturation. Contrast the polarity of V;, in Figs. 9-5(b) and 9-6(a). If
you buy several op amps and plug them into the test circuit of Fig. 9-6(a), some will drive
V, to +V, and the remainder will drive V,, to —V,,,. Therefore, the magnitude and po-
larity of V;, varies from op amp to op amp. To learn how V;, affects amplifiers with neg-
ative feedback, we study how to measure Vi,.

9-5.3 Measurement of Input Offset Voltage

For simplicity, the effects of bias currents are neglected in the following discussion.
Figure 9-6(b) shows how to measure V;,. It also shows how to predict the magnitude of
error that V;, will cause in the output voltage. Since E; = 0V, V,, should equal 0 V, but
V., acts exactly as would a signal in series with the noninverting input. Therefore, V,, is
amplified exactly as any signal applied to the (+) input of a noninverting amplifier (see
Section 3-5). The error in V,, due to V,, is given by

. Ry
v, = error voltage due to V,, =V, (l + E) (9-4)
The output error voltage in Fig. 9-6(b) is given by Eq. (9-4) whether the circuit is used
as an inverting or as a noninverting amplifier. That is, £; could be inserted in series with R;
(inverting amplifier) for a gain of —(R//R;) or in series with the (+) input (noninverting am-
plifier) for a gain of 1 + (R,/R,). A bias-current compensating resistor (a resistor in series
with the (+) input) has no effect on this type of error in the output voltage due to V.

Conclusion. To measure V,,, set up the circuit of Fig. 9-6(b). The capacitor is
installed across Ry to minimize noise in V,. Measure V,, R, and R;. Calculate V;, from

Vo

—_— ()_‘-
I+ RJR, )

Vi

Note that Ry is made small to minimize the effect of input bias current.

Example 9-5

Vo 1s specified to be 1 mV for a 741-type op amp. Predict the value of V,, that would be
measured in Fig. 9-6(b).
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Solution From Eq. (9-5),

1000

'/":<1+T

)(l mV) = 101 mV

Note: Today you can purchase general-purpose op amps, such as the OP-177, with
a typical input offset voltage of 10 uV.

v }}
F- [ ‘J7 0 d sat

(a) V.

io

drives V, to =V,.

0.01 uF

Y
1

Rp=1kQ
AA%

+V
R;=10Q
AN -
" R
E=0V By }%=(1+,Tf’_>v,-o
5 &

(+) Input

[+

(b) V,, is amplified, causing a large error in V,,.

FIGURE 9-6 V, should be 0 V in (a) and (b) but contains a dc error voltage
due to V;,. (The error component due to bias current is neglected.)
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9-6 INPUT OFFSET VOLTAGE FOR THE ADDER CIRCUIT

Chapter 9

9-6.1 Comparison of Signal Gain and Offset Voltage Gain

In both inverting and noninverting amplifier applications, the input offset voltage V;, is
multiplied by (1 + R//R;). The input signal in either circuit is multiplied by a different
gain. R//R; is the gain for the inverter and (1 + R¢/R;) for the noninverter. In the invert-
ing adder circuit of Fig. 9-7(a) (neglecting bias currents), V;, is multiplied by a larger

number than the signal at each input.

(a) V, has a—10-mV component due to £, and E, plus a 10-mV error component due to V,

!

Ry
%%
+V
Ri=R,=R3=R;=10kQ
+
_ J-10mV, dueto £} and E,
6= 1+10mV, dueto V,,
-V =0mV
+.__
T Ye=25mV

io*

R =10k
A
+v
Ri=Ry IRyl Ry
A~ ~
333KQ
+
+ (., 10k
"'(” 333k0) Y
v V,=4x25mV=10mV
+ - —_
= V,=25mV

(b) V,, is multiplied by a gain of 4 to generate a 10-mV error component in V.

FIGURE 9-7 Each input voltage of the inverting adder in (a) is multiplied by
a gain of —1. V,, is multiplied by a gain of +4.
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For example, in Fig. 9-7(a) signals E and E, are each larger than V;, but £, is mul-
tiplied by —Ry/R; = —1 and develops a component of —5 mV in V,,. E, is likewise mul-
tiplied by —1 and adds a —5-mV component to V,. Thus the correct value of V, should
be —10 mV. Since Ej; is 0 its contribution to V,, is O (see Section 3-2).

If we temporarily let E| and E, = 0 V in Fig. 9-7(a), the (—) input sees three equal
resistors forming parallel paths to ground. The single equivalent series resistance, R,, is
shown in Fig. 9-7(b). For three equal 10-k{) resistors in parallel, the equivalent resistance
R; is found by 10 k€)/3 = 3.33 k(). V,, is amplified just as in Fig. 9-6(b) to give an output
error of +10 mV. Therefore, the total output voltage in Fig. 9-7(a) is 0 instead of —10 mV.

Conclusions. In an adder circuit, the input offset voltage has a gain of / plus
the number of inputs. The more inputs, the greater the error component in the output volt-
age. Since the gain for the inputs is — 1, the offset voltage gain always exceeds the signal
voltage gain.

9-6.2 How Not to Eliminate the Effects of Offset Voltage

One might be tempted to add an adder input such as E; in Fig. 9-7(a) to balance out the
effect of V;,. For example, if E; is made equal to 10 mV, then Ej, R;, and R, will add a
—10 mV component to V,, and balance out the +10 mV due to V,,. There are two disad-
vantages to this approach. First, such a small value of E; would have to be obtained from
a resistor-divider network between the power supply terminals of +V and —V. The second
disadvantage is that any resistance added between the (—) input and ground raises the noise
gain, This situation is treated in Sections 10-4.3 and 10-4.4. In Section 9-7 we show how
to minimize the output voltage errors caused by both bias currents and input offset voltage.

9-7 NULLING-OUT EFFECT OF OFFSET VOLTAGE AND BIAS
CURRENTS

9-7.1 Design or Analysis Sequence
To minimize dc error voltages in the output voltage, follow this sequence:

|. Select a bias-current compensating resistor in accordance with the principles set
forth in Section 9-4.3.

2. Get a circuit for minimizing effects of the input offset voltage from the op amp man-
ufacturer’s data sheet. This principle is treated in more detail in Section 9-7.2 and in
Appendix 1.

. Go through the output-voltage nulling procedure given in Section 9-7.3.

o

Data sheets published by op amp manufacturers usually show an offset nulling circuit. In
most of your applications this circuit is not necessary because you can purchase an op
amp with an input offset voltage small enough to cause negligible effects. However, let
us study the operation of these nulling circuits.



v
(a) OP-177 oftset nulling circuit. (b) 741 offset voltage adjustment (minidip).

(c) 301 or 748 offset voltage (d) 537 offset voltage adjustment.
adjustment (TO-99 case).

FIGURE 9-8 Typical circuits to minimize errors in output voltage due to in-
put offset voltage and offset current (see also Appendix 1).

9-7.2 Null Circuits for Offset Voltage

It is possible to imagine a fairly complex resistor-divider network that would inject a
small variable voltage into the (+) or (—) input terminal. This would compensate for the
effects of both input offset voltage and offset current. However, the extra components are
more costly and bulky than necessary. It is far better to go to the op amp manufacturer
for guidance. The data sheet for your op amp will have a voltage offset null circuit rec-
ommended by the manufacturer. The op amp will have null terminals brought out for con-
nection to the null circuit. Experts have designed the null circuit to minimize offset errors
at the lowest cost to the user (see Appendix 1).

Some typical output-voltage null circuits are shown in Fig. 9-8. In Fig. 9-8(a), one
variable resistor is connected between the +V supply and a trim terminal. For an expen-
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sive op amp, the manufacturer may furnish a metal-film resistor selected especially for
that op amp. In Fig. 9-8(b), a 10-k{) pot is connected between terminals called offset null.
More complicated null circuits are shown in Figs. 9-8(c) and (d). Note that only the
offset-voltage compensating resistors are shown by the manufacturer. They assume that a
current-compensating resistor will be installed in series with the (+) input.

9-7.3 Nulling Procedure for Output Voltage (If Necessary)

I. Build the circuit. Include (a) the current-compensating resistor (see Section 9-4.3)
and (b) the voltage offset null circuit (see Section 9-7.2).

2. Reduce all generator signals to 0. If their output cannot be set to 0, replace them
with resistors equal to their internal resistance. This step is unnecessary if their in-
ternal resistance is negligible with respect to (more than about 1% of) any series re-
sistor R; connected to the generator.

. Connect the load to the output terminal.

. Turn on the power and wait a few minutes for things to settle down.

. Connect a dc voltmeter or an oscilloscope (dc coupled) across the load to measure V,,.
(The voltage sensitivity should be capable of reading down to less than a few millivolts.)

6. Vary the offset voltage adjustment resistor until V, reads 0 V. Note that output volt-

age errors due to both input offset voltage and input offset current are now minimized.

7. Install the signal sources and do not touch the offset-voltage adjustment resistor again.

ho= e

9-8 DRIFT

It has been shown in this chapter that dc error components in V,, can be minimized by in-
stalling a current-compensating resistor in series with the (+) input and by trimming the
offset-voltage adjustment resistor. It must also be emphasized that the zeroing procedure
holds only at one temperature and at one time.

The offset current and offset voltage change with time because of aging of compo-
nents. The offsets will also be changed by temperature changes in the op amp. In addition,
if the supply voltage changes, bias currents, and consequently the offset current, change. By
use of a well-regulated power supply, the output changes that depend on supply voltage can
be eliminated. However, the offset changes with temperature can only be minimized by (1)
holding the temperature surrounding the circuit constant, or (2) selecting op amps with off-
set current and offset voltage ratings that change very little with temperature changes.

The changes in offset current and offset voltage due to temperature are described
by the term drift. Drift is specified for offset current in nA/°C (nanoamperes per degree
Celsius). For offset voltage, drift is specified in wV/°C (microvolts per degree Celsius).
Drift rates may differ at different temperatures and may even reverse; that is, at low tem-
peratures V,, may drift by +20 uV/°C (increase), and at high temperatures V;, may
change by —10 pV/°C (decrease). For this reason, manufacturers may specify either an
average or maximum drift between two temperature limits. Even better is to have a plot
of drift vs. temperature. An example is shown to calculate the effects of drift.



Example 9-6

A 741 op amp in the circuit of Fig. 9-9 has the following drift specifications. As tempera-
ture changes from 25°C to 75°C, I,,; changes by a maximum of 0.1 nA/°C and V;, changes
by a maximum of 20 uV/°C. Assume that V, has been zeroed at 25°C and then the sur-
rounding temperature is raised to 75°C. Find the maximum error in output voltage due to

drift in (a) V., (b) I,,.

Ry =1MQ
AAA-

+I5V

Ri=10kQ

-V FIGURE 9-9 Circuit for Example 9-6.

Solution (a) V;, will change by
20 Vv
iT X (75 — 25)°C = #1.0 mV
From Eq. (9-4), the change in V, due to the change in V;, is

R,
1.0 mV(l f: ﬁ) = 1.0 mV(101) = * 101 mV
(b) 1, will change by

0.1 nA
°C

*

X 50°C = £5 nA

From Section 9-4, the change in V, due to the change in /,; is =5 nA X R, = *£5 nA

(1 MQ) = =5 mV.

The changes in V,, due to both V;, and /,,, can either add or subtract from one another.
Therefore, the worst possible change in V,, is either +106 mV or —106 mV from the 0 value

at 25°C.

As a contrast to the 741, the OP-177 op amp has typical drift values of 1.5 pA/°C for

1., and 0.1 wV/°C for V.
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9-9 MEASUREMENT OF OFFSET VOLTAGE AND BIAS CURRENTS

The effects of offset voltage and bias currents have been discussed separately to simplify
the problem of understanding how error voltage components appear in the dc output volt-
age of an op amp. However, their effects are a/lways present simultaneously.

In order to measure V;,, Iz, and Iz _ of general-purpose op amps as inexpensively
as possible, the following procedure is recommended.

I. As shown in Fig. 9-10(a), measure V, with a digital voltmeter and calculate input
offset voltage V;,:
Vs Vo

_ _ 9.6
(R, + RY/R;, _ 101 i

Vi

Note that R; and Ry are small. Therefore, by adding the 50-{) current-compensation
resistor, we force the output voltage error component due to /,, to be negligible.

R, =5.0kQ Ry =1MQ
A%
“«—1,
+V +V
R;=50%Q
Rr + R,’ |
K== R. Vio Vo=V RY,"[B—
i
50 Q _v ‘/ll) _v
(a) Circuit to measure V,; effect of I, is minimized. (b) Circuit to measure /g_.

— v, = Vio—1p+R;

o i

Vo
-V

(¢) Circuit to measure /., .

FIGURE 9-10  Procedure to measure offset voltage, then bias currents for a
general-purpose op amp.
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2. To measure Iz, set up the circuit of Fig. 9-10(b). Measure V,,. Using the value of
V., found in step 1, calculate Iz from

V, = Vi,
Ipe = T (9-7)
3. To measure /g, measure V,, in Fig. 9-10(c) and calculate /5, from
V, =V,
=25 2)

Example 9-7

The circuits of Fig. 9-10 are used with the resistance values shown for a 741 op amp.
Results are V, = +0.421 V for Fig. 9-10(a), V, = 0.097 V for Fig. 9-10(b), and V, =
—0.082 V for Fig. 9-10(c). Find (a) V,,: (b) Iz_; (c) Ip.

Solution (a) From Eq. (9-6),

71
o 101 =4.1m
(b) From Eq. (9-7),
(97 -4hHmV _
]B—- - WQ— =93 nA

(c) From Eq. (9-8),

_ (-82—-4)mV _
Ipi = T = 86 nA

Note that 7, is found to be Ig, — Iz = —7 nA.

9-10 COMMON-MODE REJECTION RATIO

Chapter 8 introduced common-mode rejection ratio (CMRR) as it applied to an op amp
subtractor circuit (also referred to as the basic differential amplifier circuit). For that cir-
cuit, the op amp was considered to be ideal and we saw the effects of a mismatch of a
single resistor. A mismatch of only 0.1% in one of four resistors caused the CMRR of the
circuit to be degraded to 66 dB. However, the common-mode rejection ratio of the oper-
ational amplifier is different than that of the op amp circuit. For example, the CMRR of
an operational amplifier is usually greater than 100 dB and for the OP-177 a typical value
is 130 dB. In this section, we shall consider only an operational amplifier’s common-
mode rejection ratio specification and not the circuit’s CMRR.
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First remember that an ideal op amp is a pure differential amplifier and is insensi-
tive to the absolute voltages on the inputs with respect to ground. The feedback connec-
tion for inverting and noninverting amplifiers maintains the differential voltage, £, near
0 V. In some applications, such as comparators or in amplifier circuits where the input
voltages exceed the level required to saturate the output, the differential voltage may ex-
ceed a maximum value. In order not to cause permanent damage to the device, this dif-
ferential voltage must be within the range bounded by the supply voltages.

For differential amplifiers, the voltage at both inputs can be greater than or less than
ground potential but must be within the supply voltage limits. Common-mode voltage.
E.,.. is defined as the same voltage being applied to both inputs simultaneously. An ideal
operational amplifier responds only to the difference between the inputs (E' — E ) and
produces zero output for a common-mode voltage—both inputs at the same potential.
However, due to slight differences between the input transistors that make up the input
differential pair of an operational amplifier, the common-mode voltage is not subtracted
entirely. Hence a common-mode output voltage exists.

The common-mode rejection ratio (CMRR) is defined as the ratio of the change in
common-mode voltage to the resulting change in input offset voltage. It is often conve-
nient to specify this parameter logarithmically in dB:

CMR = 20 log,, (CMRR) (9-9)

For example, consider a common-mode voltage of 10 V results in a 10 wV change
in input offset voltage. For this application, the CMRR is 10 V/10 wV = 10°1 or 120 dB.
This expression means that a 10 V common-mode voltage passes through the device as it
it were a 10 .V differential input signal.

CMRR is specified at dc but it is frequency dependent. Therefore, some manutac-
turers will supply curves of CMRR vs. frequency and you will see that it is a nonlinear
curve.

Note: Common-mode rejection is sometimes defined as the ratio of the open loop
gain to the common-mode gain, where common-mode gain is the ratio of the output volt-
age to the common-mode voltage. In equation form,

Ao,

CMR = 20 logm (9-10)

on
where Ay, is the op amp’s open loop gain and A,,,, is the common-mode gain and equals
the ratio of the output voltage due to the input common-mode voltage.

9-11 POWER SUPPLY REJECTION RATIO

Power supplies connected to the op amp should have low noise and be well regulated be-
cause all of the op amp’s internal circuitry is sensitive to changes in supply voltages. The
maximum offset versus supply value is a measure of this sensitivity. The reciprocal of the
sensitivity is the power supply rejection ratio (PSRR). This parameter is conveniently ex-
pressed logarithmically as

PSR = 20 log,, (PSRR) (9-11)
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Consider that an op amp has an offset change of 10 wV per volt. This results in a
PSRR of 100,000 (1 V/10 wV) and a power supply rejection of 100 dB. As a compari-
son, the typical value of power supply rejection for the OP-177 op amp is 125 dB, and
for the 741 the sensitivity is only 30 wV/V or a PSR of 90.5 dB.

PROBLEMS

9-1. Which op amp characteristics normally have the most effect on (a) dc amplifier performance;
(b) ac amplifier performance?
9-2. If Ip+ = 0.2 pA and Iy_ = 0.1 pA, find (a) the average bias current Z; (b) the offset cur-
rent I,,,.
9-3. In Example 9-2, V, = 0.2 V. Find I5_.
9-4. In Example 9-3, V, = —0.2 V. Find I5.
9-5. Iz is 0.2 pA in Fig. 9-2(c). Find V,,.
9-6. In Fig. 9-4(a), R= Rg = 100 k(). Iz, = 0.3 pA and Ip_ = 0.2 pA. Find V.
9-7. In Fig. 9-4(b), Rr= R; = 25 k) and R = 12.5 k). If I,, = 0.1 pA, find V,,
9-8. In Fig. 9-4(b), R; = R;= 25 k) and R = 12.5 kQ. If I,, = —0.1 pA, find V,,
9-9. In Fig. 9-6(b), V, = 200 mV. Find V,,.
9-10. Resistors Ry, R,, Rs, and Rrall equal 20 k() in Fig. 9-7(a). E, = E; = E; = V;, = 2 mV. Find
(a) the actual value of V,; (b) V, assuming that V;, = 0.
9-11. What value of current-compensating resistor should be added in Problem 9-10?
9-12. What is the general procedure to null the dc output voltage of an op amp to 0 V?
9-13. In Fig. 9-9, V,, changes by =0.5 mV when the temperature changes by 50°C. What is the
change in V, due to the change in V;,?
9-14. I,, changes by =2 nA in Fig. 9-9 for a temperature change of 50°C. What is the resulting
change in V,?
9-15. V, = 101 mV in the circuit in Fig. 9-10(a), V, = 201 mV in Fig. 9-10(b), and V, = —99 mV
in Fig. 9-10(c). Find (a) V;,; (b) Iz—; (¢) Ip.
9-16. Refer to Fig. P9-16. V;, = 3mV, Iz_ = 0.4 pA, and Iz, = 0.1 uA. (a) What is the best value
for resistor R? Calculate the individual error in the output voltage, V,, due to (b) V;, only;
(c) Iz only; (d) Iz only; (e) I,; only. The ideal value of V, should be 1.00 V because of E;.

(f) What is the actual value of V,, when both input offset voltage and current are present along

N

FIGURE P9-16






CHAPTER 10

LEARNING OBJECTIVES

AC Performance:;
Bandwidth, Slew Rate,
and Noise

Upon completion of this chapter on ac performance of an op amp, you will be able to:

Recognize an op amp’s frequency response graph in the manufacturer’s data sheet,
determine (1) the dc open-loop gain Ay, (2) the small-signal unity-gain bandwidth B
from it, and (3) read the magnitude of Ay, at any frequency.

Calculate the unity-gain bandwidth if rise time is given, and vice versa.

Predict the open-loop gain of an op amp at any frequency if you know the unity-gain
bandwidth.

Measure the rise time.

Show how closed-loop gain, Acy, of either an inverting or noninverting amplifier de-
pends on open-loop gain, Ag;.

* Measure the frequency response of an inverting or noninverting amplifier.
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+ Predict the bandwidth or upper cutoff frequency for an inverting amplifier if you know
the external resistor values and the op amp’s small-signal unity.

+ Calculate the maximum sinusoidal frequency that can be obtained from an op amp at a
given peak output voltage if you know its slew rate.

+ Calculate the maximum peak output voltage at any given sine frequency if the op amp’s
slew rate is known.

» Calculate noise gain.
» Understand the difference between open loop, closed loop, and loop gain.

10-0 INTRODUCTION

When the op amp is used in a circuit that amplifies only ac signals, we must consider
whether ac output voltages will be small signals (below about 1 V peak) or large signals
(above 1 V peak). If only small ac output signals are present, the important op amp char-
acteristics that limit performance are noise and frequency response. If large ac output sig-
nals are expected, then an op amp characteristic called slew-rate limiting determines
whether distortion will be introduced by the op amp, and may further limit frequency re-
sponse.

Bias currents and offset voltages affect dc performance and usually do not have to
be considered with respect to ac performance. This is especially true if a coupling ca-
pacitor is in the circuit to pass ac signals and block dc currents and voltages. We begin
with an introduction to the frequency response of an op amp.

10-1 FREQUENCY RESPONSE OF THE OP AMP

10-1.1 Internal Frequency Compensation

General-purpose op amps and specialized op amps are internally compensated; that is,
the manufacturer has installed within such op amps a small capacitor, usually 30 pF. This
internal frequency compensation capacitor prevents the op amp from oscillating at high
frequencies. Oscillations are prevented by decreasing the op amp’s gain as frequency in-
creases. Otherwise, there would be sufficient gain and phase shift at some high frequency
where enough output signal could be fed back to the input and cause oscillations (see
Appendix 1).

From basic circuit theory it is known that the reactance of a capacitor goes down
as frequency goes up: X = 1/(27fC). For example, if the frequency is increased by 10,
the capacitor reactance decreases by 10. Thus, it is no accident that the voltage gain of
an op amp goes down by 10 as the frequency of the input signal is increased by 10. A
change in frequency of 10 is called a decade. Manufacturers show how the open-loop gain
of the op amp is related to the frequency of the differential input signal by a curve called
open-loop voltage gain versus frequency. The curve may also be called small-signal
response.
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10-1.2 Frequency-Response Curve

A typical curve is shown in Fig. 10-1 for internally compensated op amps such as the 741.
At low frequencies (below 0.1 Hz), the open-loop voltage gain is very high. A typical
value is 200,000 (106 dB), and it is this value that is specified on data sheets where a
curve is not given. See “Large-Signal Voltage Gain” equals 200,000 in Appendix 1. In
comparison, the open-loop gain for the OP-177 is greater than 140 dB or 10,000,000.

Point A in Fig. 10-1 locates the break frequency at which the open-loop voltage
gain of the op amp is 0.707 times its value at very low frequencies. Therefore, the volt-
age gain at point A (where the frequency of E; is 5 Hz) is about 140,000, or 0.707 X
200,000.

Points C and D show how gain drops by a factor of 10 as frequency rises by a fac-
tor of 10. Changing frequency or gain by a factor of 10 is expressed more efficiently by
the term per decade (“decade” signifies 10). The right-hand vertical axis of Fig. 10-1 is
a plot of voltage gain in decibels (dB). The voltage gain decreases by 20 dB for an in-
crease in frequency of 1 decade. This explains why the frequency-response curve from A

A A
1M - 120
Open-loop voltage gain,
Apy vs. frequency v
200k
100 k | - 100
I
I
|
I
3 :
2 10k : - 80
g ! )
(=¥
o | =
| =)
2 | 5
= 1k : 160
S0 ! =
o I
a0
& | Gain ®
2 { decreases
100 | i by 10 140
: as
| frequency
[ increases
| by 10
10 |- ! - 20
I
I
I
i B
I
1 ] | | I 1 b0
1 5 10 100 1k 10k 100 k 1M

Frequency (Hz)

FIGURE 10-1 Open-loop voltage gain of a 741 op amp versus frequency.
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to B is described as rolling off at 20 dB/decade. An alternative description is 6 dB/octave
roll-off (“octave” signifies a frequency change of 2). Therefore, each time the frequency
doubles, the voltage gain decreases by 6 dB.

10-1.3 Unity-Gain Bandwidth

When an amplifier is made from an op amp and a few resistors, the frequency response
of the amplifier depends on the frequency response of the op amp. The key op amp char-
acteristic is defined as that frequency where the op amp’s gain equals unity. We will use
the symbol B for this op amp characteristic, which is called small-signal unity-gain band-
width. Later in this chapter we will need a value for B of the op amp to predict the high-
frequency response of an amplifier constructed with this op amp.

Three ways to obtain B from a manufacturer’s data sheet are presented in this sec-
tion. First, if you have the manufacturer’s plot of Ao, versus frequency, look for that fre-
quency where Ap; = 1 (see point B in Fig. 10-1, B = 1 MHz). Second, some data sheets
may not give a specification called unity-gain bandwidth or a curve like Fig. 10-1. Instead,
they give a specification called transient response rise time (unity gain). For a 741 op amp
it is typically 0.25 ws and 0.8 ps at maximum. The bandwidth B is calculated from the
rise-time specification by

B= —& (10-1)
rise time
where B is in hertz and rise time is in seconds. Rise time is defined in Section 10-1.4.
(See the “Electrical Characteristics” tables in Appendix 1, “Transient Response (Unity
Gain)” = 0.3 ws typical.)

Example 10-1
A 741 op amp has a rise time of 0.35 us. Find the small-signal or unity-gain bandwidth.

Solution From Eq. (10-1),

_ 035

= = 1 MHz
0.35 ps

Example 10-2
What is the open-loop voltage gain for the op amp of Example 10-1 at 1 MHz?

Solution From the definition of B, the voltage gain is 1.

Example 10-3
What is the open-loop voltage gain at 100 kHz for the op amp in Examples 10-1 and 10-2?
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Solution By inspection of Fig. 10-1, if the frequency goes down by 10, the gain goes up
by 10. Therefore, since the frequency goes down by a decade (from 1 MHz to 100 kHz),
the gain must go up by a decade from 1 at 1 MHz to 10 at 100 kHz.

Example 10-3 leads to the conclusion that if you divide the frequency of the signal,
/, into the unity-gain bandwidth, B, the result is the op amp’s gain at the signal frequency.
Expressed mathematically,

bandwidth at unity gain
input signal frequency, f

open-loop gain at f = (10-2)

Example 10-4

What is the open-loop gain of an op amp that has a unity-gain bandwidth of 1.5 MHz for
a signal of 1 kHz?

Solution From Eq. (10-2), the open-loop gain at 1 kHz is

1.5 MHz

= 1500
1 kHz

Equation (10-2) gives a third way to find B. If you know the op amp’s open-loop
gain at one frequency (in the roll-off region), simply multiply the two values to obtain B.
Let’s consider Example 104 again. If Ap; = 1000 at a frequency of 1500 Hz, then B =
1500 X 1000 = 1.5 MHz.

The data shown in Fig. 10-1 are useful for learning but probably do not apply to
your op amp. For example, while 200,000 is a specified typical open-loop gain for the
741, the manufacturer guarantees only a minimum gain of 20,000 for general-purpose
op amps. Still, 20,000 may be enough to do the job. Section 10-2 deals with this ques-
tion.

10-1.4 Rise Time

Assume that the input voltage E; of a unity-gain amplifier is changed very rapidly by a
square wave or pulse signal. Ideally, E; should be changed from 0 V + 20 mV in 0 time;
practically, a few nanoseconds are required to make this change (see Appendix 1,
“Transient Response” in the “Typical Performance Curves”). At unity gain, the output
should change from 0 to +20 mV in the same few nanoseconds. However, it takes time
for the signal to propagate through all the transistors in the op amp. It also takes time for
the output voltage to rise to its final value. Rise time is defined as the time required for
the output voltage to rise from 10% of its final value to 90% of its final value. From
Section 10-1.3, the rise time of a 741 is 0.35 us. Therefore, it would take 0.35 us for the
output voltage to change from 2 mV to 18 mV.
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Small-signal bandwidth is the difference between f and f;. Often f; is very small
with respect to fy, or f; is 0 for a dc amplifier. Therefore, the small-signal bandwidth ap-
proximately equals the high-frequency limit fy. From point A of Fig. 10-1, we see that
the small-signal bandwidth of an op amp is 5 Hz.

10-2.3 Measuring Frequency Response

You can learn a lot about frequency response by learning how to measure frequency re-
sponse at a test bench.

Laboratory procedure. The frequency—response curve of Fig. 10-3 would have
been obtained in the following manner:

1. Adjust the input voltage E; of an op amp to some convenient value, let’s say
30 mV rms.

2. Set the sinusoidal frequency of E; to some convenient midband value, let’s say
1000 Hz.

3. Measure the midband output voltage; assume that it equals 3.0 V.

4, Calculate the midband voltage gain A, = 3 V/0.030 V = 100.

5. Calculate the expected value of V, at f; and f, V, = (0.707) (V, midband). Thus V, =
(0.707) 3 V = 2.1 V rms where A, = 70.7.

6. Hold E; constant in magnitude at 30 mV. Reduce the oscillator frequency until
V, = 2.1 V. Read the oscillator dial frequency to obtain the lower cutoff fre-
quency f.

7. Hold E; constant in amplitude at 30 mV. Increase the oscillator frequency (beyond 1
kHz) until V, again drops to 2.1 V. Read fy from the oscillator dial.

8. Calculate bandwidth B from B = fy — f;.

Note: For dc amplifiers, f = 0; therefore, B = fy.

The low and high cutoff frequencies are also called the corner frequencies, the
3-dB frequencies, the 0.707 frequencies, or simply the cutoff frequencies.

10-2.4 Bandwidth of Inverting and Noninverting Amplifiers

In this section let’s stipulate that all amplifiers are direct coupled. Next, observe that both
inverting and noninverting amplifiers are made from exactly the same structure. They
have an op amp, a feedback resistor Ry, and an input resistor R;. An amplifier only as-
sumes an identity when you choose which input will experience the input signal. If you
connect E; via R; to the (—) input and ground the (+) input, you define the amplifier to
be inverting. If E; is wired to (+) input and ground to R;, the same structure becomes a
noninverting amplifier.

In view of the observation above, it is perhaps not surprising that the upper cutoff
Jrequency fy for both inverting and noninverting amplifiers is given by
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B

o= ®+ RyR,

(10-4)
where B = op amp small-signal bandwidth

Ry = feedback resistance

R; = input resistor

Example 10-6

Given that R, = R; = 10 k() for an inverting amplifier and also for a noninverting amplifier,
find the gain and bandwidth of (a) the inverting amplifier; (b) the noninverting amplifier. (c)
What are the gain and bandwidth of a voltage follower? The op amp is a 741 with a small-
signal gain-bandwidth product of B = 1 MHz.

Solution (a) From Eq. (3-2b) or (10-3d), Ac, = —R¢/R; = —1. From Eq. (10-4),
P 1 X 10° Hz
™ (10 xQ + 10 kQ)/10 kO

= 500 kHz

(b) From Eq. (3-11b) or (10-3b), Acy = (Re+ R))/R; = 2. fy is the same as in part (a). The
noninverting amplifier has a higher gain—bandwidth product than the inverting amplifier.
(c) The voltage follower has a gain of 1 [see Eq. (3-9b)]. In Eq. (3-11b), Ry = 0 and R; is
an open circuit approaching an infinite resistance for a voltage follower. Therefore, (R +
R)/R; = 1. Hence the upper cutoff frequency f is calculated from Eq. (10-4) as

e 1 X 10° Hz _ 10° Hz
" (Re+ RYIR; 1

=1 MHz

10-2.5 Finding Bandwidth by a Graphical Method

There is a graphical technique for obtaining the frequency response of a noninverting am-
plifier. An example is shown in Fig. 10-4. Let the amplifier gain equal 1000 at low and
middle frequencies. From Eq. (10-4), fy = 999 Hz = 1 kHz. At fy, the amplifier gain is ap-
proximately 700 (0.707 X 1000 = 700). For all frequencies above fy, the frequency re-
sponse of the amplifier and op amp coincide. For another example, use Fig. 10-4 and draw
a horizontal line starting at Ac; = 100. The ending point where it intercepts the curve of
Aoy versus f shows the amplifier’s bandwidth. For this case, fi = 10 kHz. The conclusion
is that the gain-bandwidth product of a noninverting amplifier is equal to B of the op amp.
There is a direct trade-off. If you want more closed-loop gain, you must sacrifice band-
width.
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1M |-

100 k Vo = EEACL

10k

e
=

Voltage gain A; and Agy

10oF AcL=Agforf>fy
ACL = 700
10 - Closed-loop B, unity-gain
—— small-signal ———» band width
band width l
1 phed i | | 4 N
1 10 100 1k 10k 100 k 1M
Sy = bandwidth of amplifier
Frequency (Hz)
FIGURE 10-4 Op amp small-signal bandwidth and amplified closed-loop
bandwidth.

10-3 SLEW RATE AND OUTPUT VOLTAGE

10-3.1 Definition of Slew Rate

The slew rate of an op amp tells how fast its output voltage can change. For a general-
purpose op amp such as the 741, the maximum slew rate is 0.5 V/us. This means that the
output voltage can change a maximum of ; V in 1 us. Slew rate depends on many fac-
tors: the amplifier gain, compensating capacitors, and even whether the output voltage is
going positive or negative. The worst case, or slowest slew rate, occurs at unity gain.
Therefore, slew rate is usually specified at unity gain (see Appendix 1).
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10-3.2 Cause of Slew-Rate Limiting

Within general-purpose op amps at least one capacitor is required to prevent oscillation
(see Section 10-1.1). Connected to this capacitor is a portion of the op amp’s internal cir-
cuitry that can furnish a maximum current that is limited by op amp design. The ratio of
this maximum current / to the compensating capacitor C is the slew rate. For example, a
741 can furnish a maximum of 15 pA to its internal 30-pF compensating capacitor (see
Appendix 1). Therefore,

slew rate = ouiput vo!tage change = L = 15 uA =0.5 i (10-5)
time C 30pF S

From Eq. (10-5), a faster slew rate requires the op amp to have either a higher
maximum current or a smaller compensating capacitor. Op amps with slew rates greater
than 100 V/us are referred to as high-speed operational amplifiers. For special appli-
cations such as video systems, op amps with slew rates greater than 1000 V/us are
available.

Example 10-7

An instantaneous input change of 10 V is applied to a unity-gain inverting amplifier. If the
op amp is a 741, how long will it take for the output voltage to change by 10 V?

Solution By Eq. (10-5),

slew rate — Qutput voltage change
time
85V _10V time = 20V X g8 _ g 1
A 05V

10-3.3 Slew-Rate Limiting of Sine Waves

In the voltage follower of Fig. 10-5, E; is a sine wave with peak amplitude E,. The
maximum rate of change of E;, depends on both its frequency f and the peak ampli-
tude. It is given by 27fE,,. If this rate of change is larger than the op amp’s slew rate,
the output V, will be distorted. That is, output V, tries to follow E; but cannot do so
because of slew-rate limiting. The result is distortion, as shown by the triangular shape
of V, in Fig. 10-5. The maximum frequency fnax at which we can obtain an undistorted
output voltage with a peak value of V,, is determined by the slew rate in accordance
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(b) From Eq. (10-6a),

Jmax = 80 kHz

In the next example, we learn that the slew rate and bandwidth must both be con-
sidered before we can predict the highest frequency at which we can obtain an undistorted
output voltage.

Example 10-9

(10-6b),

In Example 10-6, the small-signal bandwidth was 500 kHz for both an inverting amplifier
with a gain of —1 and a noninverting amplifier with a gain of 2. Find (a) the maximum peak
and undistorted sine wave output voltage at fr; = 500 kHz; (b) the maximum frequency at
which you can obtain a peak output voltage of 10 V.

Solution Since the op amp is a 741, its maximum slew rate is 0.5 V/us. (a) From Eq.

& 3 0.5 V/ps
M 6.28(500 X 10°) Hz

(b) From Eq. (10-6a),

= 160 mV

__05Vips _
Jmax = e ogyio vy - © KHz

Jinax is defined as full-power output frequency at full-power output. The meaning of
these new terms will become clear after a brief introduction.

A prudent amplifier design would restrict V, to limits of =10 V. Then you have a safety
margin of +20% if the amplifier is overdriven at =12 V (almost into * V,). Manufacturers
of op amps specify the =10 V output voltage level as full-power output. Note that a full-
power output frequency specification is often supplied by the manufacturer (see Appendix 1,
“Output Voltage Swing as a Function of Frequency” in the “Typical Performance Curves”).
Examples 10-8 and 10-9 showed that the op amp’s slew rate limits the upper frequency of
large-amplitude output voltages. As the peak output voltage required from the op amp is re-
duced, the upper-frequency limitation imposed by the slew rate increases.

Recall that the upper-frequency limitation imposed by small-signal response
increases as the closed-loop gain decreases. For each amplifier application, the upper-
frequency limit imposed by slew-rate limiting (Section 10-3.3) and small-signal bandwidth
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(Section 10-2.3) must be calculated. The smaller value determines the actual upper-
frequency limit. In general, the slew rate is a large-signal frequency limitation and small-
signal frequency response is a small-signal frequency limitation.

10-3.4 Slew Rate Made Easy

Figure 10-6 simplifies the problem of finding f;,., at any peak output voltage for slew
rates between 0.5 and 5 V/us. For example, to do part (b) of Example 10-8, locate where

the horizontal line V,, = 10 V intersects the slew-rate line 0.5 V/us. Below the intersec-
tion, read f;,,x = 8 kHz.

20

15 L Full power output

—
w A =2 OO

Peak output voltage Vop (volts)

25

1 1 1
1 2 4 5 6810 20 50 100 200 500 1000
Maximum sine frequency (kHz)

FIGURE 10-6 Slew rate made easy. Any point on a slew-rate line shows the

maximum sinusoidal frequency allowed for the corresponding peak output
voltage.
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10-4 NOISE IN THE OUTPUT VOLTAGE

10-4.1 Introduction

Undesired electrical signals present in the output voltage are classified as noise. Drift (see
Chapter 9) and offsets can be considered as very-low-frequency noise. If you view the
output voltage of an op amp amplifier with a sensitive oscilloscope setting (1 mV/cm),
you will see a random display of noise voltages called hash. The frequencies of these
noise voltages range from 0.01 Hz to megahertz.

Noise is generated in any material that is above absolute zero (—273°C). Noise is
also generated by all electrical devices and their controls. For example, in an automobile
the spark plugs, voltage regulator, fan motor, air conditioner, and generator all generate
noise. Even when headlights are switched on (or off), there is a sudden change in current
that generates noise. This type of noise is external to the op amp. Effects of external noise
can be minimized by proper construction techniques and circuit selection (see Sections
10-4.3 to 10-4.5).

10-4.2 Noise in Op Amp Circuits

Even if there was no external noise, there would still be noise in the output voltage caused
by the op amp. This internal op amp noise is modeled most simply by a noise voltage
source E,,. As shown in Fig. 10-7, E, is placed in series with the (1) input. On data sheets,
noise voltage is specified in microvolts or nanovolts (rms) for different values of source
resistance over a particular frequency range. For example, the 741 op amp has 2 pV of to-
tal noise over a frequency of 10 Hz to 10 kHz. This noise voltage is valid for source

FIGURE 10-7 Op amp noise is
modeled by a noise voltage in series
with the (+) input.
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resistors (R;) between 100 () and 20 k(). The noise voltage goes up directly with R; once
R; exceeds 20 k(). Thus R; should be kept below 20 k() to minimize noise in the output
(see Appendix 1). Data sheets may also specify an input current value over the same fre-
quency range.

10-4.3 Noise Gain

Noise voltage is amplified just as offset voltage is. That is, noise voltage gain is the same
as the gain of a noninverting amplifier:

w42 R,
noise gain = 1 + = (10-7)

What can you do about minimizing output voltage errors due to noise? First, avoid, if pos-
sible, large values of R; and Ry. Install a small capacitor (3-pF) across Ry to shunt it at
high noise frequencies. Then the higher noise frequencies will not be amplified as much.
Next, do not shunt R; with a capacitor; otherwise, the R;C combination will have a smaller
impedance at higher noise frequencies than R; alone, and gain will increase with fre-
quency and aggravate the situation. Finally, try to keep R; at about 10 k() or below.

Noise currents, like bias currents, are also present at each op amp input terminal. If
a bias-current compensation resistor is installed (see Chapter 9), the effect of noise cur-
rents on output voltage will be reduced. As with offset current, the effects of noise cur-
rents also depend on the feedback resistor. So if possible, reduce the size of Ry to mini-
mize the effects of noise currents.

10-4.4 Noise in the Inverting Adder

In the inverting adder (see Section 3-2), each signal input voltage has a gain of 1. However,
the noise gain will be 1 plus the number of inputs; for example, a four-input adder would
have a noise gain of 5. Thus noise voltage has five times as much gain as each input signal.
Therefore, low-amplitude signals should be preamplified before connecting them to an adder.

10-4.5 Summary

To reduce the effects of op amp noise:

1. Never connect a capacitor across the input resistor or from (—) input to ground.
There will always be a few picofarads of stray capacitance from (—) input to ground
due to wiring, so

2. Always connect a small capacitor (3 pF) across the feedback resistor. This reduces
the noise gain at high frequencies.

3. If possible, avoid large resistor values.
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PROBLEMS

10-1.
10-2.

10-3.
10-4.
10-5.
10-6.
10-7.
10-8.
10-9.

10-10.

10-11.

10-12.

Chapter 10

i Open loop gain

0dB

N ;f
\4— Signal gain

FIGURE 10-9 Noise gain.

What is the typical open-loop gain of a 741 op amp at very low frequencies?

The dc open-loop gain of an op amp is 100,000. Find the open-loop gain at its break fre-
quency. \

The transient response rise time (unity gain) of an op amp is 0.07 us. Find the small-signal
bandwidth.

An op amp has a small signal unity-gain bandwidth of 2 MHz. Find its open-loop gain at
200 kHz.

What is the difference between the open-loop and closed-loop gain of an op amp?

What is the open-loop gain for the op amp of Problem 10-4 at 2 MHz?

What is rise time?

An op amp has a dc open-loop gain of 100,000. It is used in an inverting amplifier circuit
with R, = 100 k), R; = 10 k(). Find the actual dc closed-loop gain.

The op amp of Problem 10-8 is used in a noninverting amplifier with the same Ry and R;.
Find the amplifier’s actual dc closed-loop gain.

What is the small-signal bandwidth of the op amp whose frequency response is given in Fig.
10-1?

The unity-gain bandwidth of an op amp is 10 MHz. It is used to make a noninverting am-
plifier with an ideal closed-loop gain of 100. Find the amplifier’s (a) small-signal band-
width; (b) Ac; at f.

How fast can the output of an op amp change by 10 V if its slew rate is 1 V/us?
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Active Filters

LEARNING OBJECTIVES

Upon completion of this chapter on active filters, you will be able to:

+ Name the four general classifications of filters and sketch a frequency-response curve
that shows the band of frequencies that they pass and stop. “

& Des1gn or analyze circuits for three types of low-pass filters: —20 dB/decade, —40 dB/
decade, or —60 dB/decade roll-off.

* Design or analyze circuits for three types of high-pass filters: +20 dB, +40 dB, and
+60 dB per decade of roll-off.

* Cascade a low-pass filter with a high-pass filter to make a wide bandpass filter.

* Calculate the lower and upper cutoff frequencies of either a bandpass or a notch filter
if you are given (1) bandwidth and resonant frequency, (2) bandwidth and quality fac-
tor, or (3) resonant frequency and quality factor.
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response plots for the four types of filters. A low-pass filter is a circuit that has a constant
output voltage from dc up to a cutoff frequency f.. As the frequency increases above f,
the output voltage is attenuated (decreases). Figure 11-1(a) is a plot of the magnitude of
the output voltage of a low-pass filter versus frequency. The solid line is a plot for the
ideal low-pass filter, while the dashed lines indicate the curves for practical low-pass fil-
ters. The range of frequencies that are transmitted is known as the passband. The range
of frequencies that are attenuated is known as the stop band. The cutoff frequency, f,, is
also called the 0.707 frequency, the —3-dB frequency, the corner frequency, or the break
frequency.

High-pass filters attenuate the output voltage for all frequencies below the cutoff
frequency f.. Above f,, the magnitude of the output voltage is constant. Figure 11-1(b) is
the plot for ideal and practical high-pass filters. The solid line is the ideal curve, the
dashed curves show how practical high-pass filters deviate from the ideal.

Bandpass filters pass only a band of frequencies while ‘attenuating all frequencies
outside the band. Band-elimination filters perform in an exactly opposite way; that is,
band-elimination filters reject a specified band of frequencies while passing all frequen-
cies outside the band. Typical frequency-response plots for bandpass and band-elimina-
tion filters are shown in Figs. 11-1(c) and (d). Once again, the solid line represents the
ideal plot, while dashed lines show the practical curves.

Filters are an integral part of electronic networks and are used in applications from
audio circuits to digital signal processing systems.

11-1 BASIC LOW-PASS FILTER

11-1.1 Introduction

The circuit of Fig. 11-2(a) is a commonly used low-pass active filter. The filtering is done
by the RC network, and the op amp is used as a unity-gain amplifier. The resistor Ry is
- equal to R and is included for dc offset. [At dc, the capacitive reactance is infinite and the
dc resistance path to ground for both input terminals should be equal (see Section 9-4).]
The differential voltage between pins 2 and 3 is essentially 0 V. Therefore, the volt-
age across capacitor C equals output voltage V,, because this circuit is a voltage follower.
E; divides between R and C. The capacitor voltage equals V, and is

__1jeC _
V, R+1/ijXE‘ (11-1a)
where o is the frequency of E; in radians per second (w = 27f) and j is equal to V —1.
Rewriting Eq. (11-1a) to obtain the closed-loop voltage gain Ac;, we have

Vo 1
LR RS T ¥ 1-1b
4™ B = TerjaRC S
To show that the circuit of Fig, 11-2(a) is a low-pass filter, consider how A, in Eq. (11-1b)
varies as frequency is varied. At very low frequencies, that is, as @ approaches 0, ACLI =
1, and at very high frequencies, as o approaches infinity, |Ac,_| = (0. (The absolute value
sign, |- |, indicates magnitude.)
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where o, is the cutoff frequency in radians per second, f. is the cutoff frequency in hertz,
R is in ohms, and C is in farads. Equation (11-2a) may be rearranged to solve for R:

Tl =l
0.C 2uf.C

(11-2b)

Example 11-1
Let R = 10 k) and C = 0.001 uF in Fig. 11-2(a); what is the cutoff frequency?

Solution By Eq. (11-2a),
1

@ = 10 X 1090.001 X 10-6) _ 100 krad/s
or
_ @ _ 100X10° _
s 6.28 s 15.9 kHz

Example 11-2

For the low-pass filter in Fig. 11-2(a), calculate R for a cutoff frequency of 2 kHz and
C = 0.005 pF.

Solution From Eq. (11-2b),

1 1
w, C  (6.28)2 X 10°)(5 X 107%)

R= =159 k(2

Example 11-3
Calculate R in Fig. 11-2(a) for a cutoff frequency of 30 krad/s and C = 0.01 uF.

Solution From Eq. (11-2b),

1 1
R = — = 3,
0. C (30 X 10%(1 X 107%) L
Design Procedure The design of a low-pass filter similar to Fig. 11-2(a) is accom-
plished in three steps:

1. Choose the cutoff frequency—either @, or f.
2. Choose the capacitance C, usually between 0.001 and 0.1 uF.
3. Calculate R from Eq. (11-2b).
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11-1.3 Filter Response

The value of A, at @, is found by letting wRC = 1 in Eq. (11-1b):

LT+ j1 T V2 450

Therefore, the magnitude of Ac,, at w, is

= 0.707 £ —45°

1
Al =—==0707=-34dB
e | V2

and the phase angle is —45°.

The solid curve in Fig. 11-2(b) shows how the magnitude of the actual frequency
response deviates from the straight dashed-line approximation in the vicinity of .. At
0.1w,, |Acz| =1 (0 dB), and at 10w,, |Ac,| = 0.1 (=20 dB). Table 11-1 gives both
the magnitude and the phase angle for different values of w between 0.1, and 10w..

Many applications require steeper roll-offs after the cutoff frequency. One common
filter configuration that gives steeper roll-offs is the Butterworth filter.

TABLE 11-1 MAGNITUDE AND
PHASE ANGLE FOR THE LOW-PASS
FILTER OF FIG. 11-2(a)

© [Ace Phase angle (deg)
0.1e, 1.0 -6
025w, 097 -14
0.50, 0.89 -27
@ 0.707 —45
20, 0.445 -63
4w, 0.25 -76
10w, 0.i -84

11-2 INTRODUCTION TO THE BUTTERWORTH FILTER

In many low-pass filter applications, it is necessary for the closed-loop gain to be as close
to 1 as possible within the passband. The Butterworth filter is best suited for this type of
application. The Butterworth filter is also called a maximally flat or flat-flat filter, and all
filters in this chapter will be of the Butterworth type. Figure 11-3 shows the ideal (solid
line) and the practical (dashed lines) frequency response for three types of Butterworth
filters. As the roll-offs become steeper, they approach the ideal filter more closely.

Two active filters similar to Fig. 11-2(a) couid be coupled together to give a roll-
off of —40 dB/decade. This would not be the most economical design, because it would
require two op amps. In Section 11-3.1, it is shown how one op amp can be used to build
a Butterworth filter with a single op amp to give a —40-dB/decade roll-off. Then in
Section 11-4, a —40-dB/decade filter is cascaded with a —20-dB/decade filter to produce
a —60-dB/decade filter. '
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Butterworth filters are not designed to keep a constant phase angle at the cutoff fre-
quency. A basic low-pass filter of —20 dB/decade has a phase angle of —45° at w,. A
—40-dB/decade Butterworth filter has a phase angle of —90° at w,, and a —60-dB/decade
filter has a phase angle of —135° at w,. Therefore, for each increase of —20 dB/decade,

the phase angle will increase by —45° at .. We now proceed to a Butterworth filter that
has a roll-off steeper than —20 dB/decade.

0.707 point

W\
l«—— Passband ——> § s, —20dB/decade

20dB 0.1 —40 dB/decade

| -60 dB/decade —-/'\\
0.01T—n ! !
0.1w,

a, 10w,

> 0

FIGURE 11-3 Frequency-response plots for three types of low-pass
Butterworth filters.

11-3 —40-DB/DECADE LOW-PASS BUTTERWORTH FILTER

11-3.1 Simplified Design Procedure

The circuit of Fig. 11-4(a) is one of the most commonly used low-pass filters. It produces
a roll-off of —40 dB/decade; that is, after the cutoff frequency, the magnitude of A, de-
creases by 40 dB as o increases to 10w,. The solid line in Fig. 11-4(b) shows the actual
frequency-response plot, which is explained in more detail in Section 11-3.2. The op amp
is connected for dc unity gain. Resistor Ryis included for dc offset, as explained in Section
9-4. Since the op amp circuit is basically a voltage follower (unity-gain amplifier), the
voltage across C; equals output voltage, V,.

The design of the low-pass filter of Fig. 11-4(a) is greatly simplified by making re-
sistors Ry = R, = R. Then there are only five steps in the design procedure.

Design procedure

1. Choose the cutoff frequency, w, or f..
2. Pick C;; choose a convenient value between 100 pF and 0.1 uF.
3. Make C, = 2C;. :
4. Calculate
0.707

R= 11-3
e (11-3)

5. Choose R, = 2R.
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11-3.2 Filter Response

The solid curve in Fig. 11-4(b) shows that the filter of Fig. 11-4(a) not only has a steeper
roll-off after w, than does Fig. 11-2(a), but also remains at 0 dB almost up to about
0.25 w,. The phase angles for the circuit of Fig. 11-4(a) range from 0° at @ = 0 rad/s (dc
condition) to —180° as w approaches  (infinity). Table 11-2 compares magnitude and
phase angle for the low-pass filters of Figs. 11-2(a) and 11-4(a) from 0.1w, to 10w,.

The next low-pass filter cascades the filter of Fig. 11-2(a) with the filter of Fig. 11-
4(a) to form a roll-off of —60 dB/decade. As will be shown, the resistors are the only val-
ues that have to be calculated.

TABLE 11-2 MAGNITUDE AND PHASE ANGLE FOR FIGS. 11-2(a) AND 11-4(a)

lac| Phase angle (deg)
~20 dB/decade; —40 dB/decade;

® Fig. 11-2(a) Fig. 11-4(a) Fig. 11-2(a) Fig. 11-4(a)
0.1w, 1.0 1.0 -6 -8
0.250, 0.97 0.998 —14 =21
0.5w, 0.89 0.97 =27 —43
W, 0.707 0.707 —45 —-90
2w, 0.445 0.24 -63 —137
4w, 0.25 0.053 -76 —143
10w, 0.1 0.01 -84 =172

11-4 —60-DB/DECADE LOW-PASS BUTTERWORTH FILTER

11-4.1 Simplified Design Procedure

The low-pass filter of Fig. 11-5(a) is built using one low-pass filter of —40 dB/decade
cascaded with another of —20 dB/decade to give an overall roll-off of —60 dB/decade.
The overall closed-loop gain Ay is the gain of the first filter times the gain of the sec-
ond filter, or

\% Vo \%
Ary = —2 = —L . —2 1-4
G T S g iEsy, i

For a Butterworth filter, the magnitude of A, must be 0.707 at w,. To guarantee that the
frequency response is flat in the passband, use the following design steps.

Design procedure

1. Choose the cutoff frequency, w, or f..
2. Pick Cs; choose a convenient value between 0.001 and 0.1 uF.
3. Make

Ci=1C; and Cp=2Cs (11-5)






304 Chapter 11

Example 11-5
For the — 60-dB/decade low-pass filter of Fig. 11-5(a), determine the values of C;, C,,
and R for a cutoff frequency of 1 kHz. Let C3 = 0.01 uF.
Selution From Eq. (11-5),
C, = 3C3 = (0.01 uF) = 0.005 uF
and
C, = 2C3 = 2(0.01 uF) = 0.02 uF
From Egq. (11-6),

A 1 .

Example 11-5 shows that the value of R in Fig. 11-5(a) is different from those of
Fig. 11-4(a), although the cutoff frequency is the same. This is necessary so that |A ,_|
remains at 0 dB in the passband until the cutoff frequency is nearly reached; then IACLr =
0.707 at w,.

11-4.2 Filter Response

The solid line in Fig. 11-5(b) is the actual plot of the frequency response for Fig. 11-5(a).
The dashed curve in the vicinity shows the straight-line approximation. Table 11-3 com-
pares the magnitudes of Ay for the three low-pass filters presented in this chapter. Note
that the IACL | for Fig. 11-5(a) remains quite close to 1 (0 dB) until the cutoff frequency,
w,; then the steep roll-off occurs.

TABLE 11-3 |Ac.| FOR THE LOW-PASS FILTERS OF FIGS. 11-2(a),
11-4(a), AND 11-5(a)

—20 dB/decade; —40 dB/decade; —60 dB/decade;

© Fig. 11-2(a) Fig. 11-4(a) Fig. 11-5(a)
0.1w, 1.0 1.0 1.0
0.25w, 0.97 0.998 0.999
0.5w, 0.89 0.97 0.992

o, 0.707 0.707 0.707
20, 0.445 0.24 0.124
4o, 0.25 0.053 0.022

10w, 0.1 0.01 0.001
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Phase angles at w, increase by +45° for each increase of 20 dB/decade. The phase an-
gles for these three types of high-pass filters are compared in Section 11-5.5.

In this book the design of high-pass filters will be similar to that of the low-pass fil-
ters. In fact, the only difference will be the position of the filtering capacitors and resistors.

11-5.2 20-dB/Decade Filter

Compare the high-pass filter of Fig. 11-7(a) with the low-pass filter of Fig. 11-2(a) and
note that C and R are interchanged. The feedback resistor Ry is included to minimize dc
offset. Since the op amp is connected as a unity-gain follower in Fig. 11-7(a), the output
voltage V, equals the voltage across R and is expressed by

1
° 1 —j(1/oRC) 2

11-7)

+ X E;
E;
Y. v,
Ig ! 12!
3 10 — ; B
B 0707 [ ———————m T e -3 B
g Slope = g
%0 20 dB/decade :<—Passband—> %
S o1 : 120 &
-g I %
o | S
g :
! —-40
0.01 L ) " o
0.01, 0.1a, o, 100,
(b) Frequency response for (a).

FIGURE 11-7 Basic high-pass filter, 20 dB/decade.



when o approaches O rad/s m kq. (11-7), V,, approaches 0 V. At high frequencies,
as w approaches infinity, V, equals E;. Since the circuit is not an ideal filter, the frequency
response is not ideal, as shown by Fig. 11-7(b). The solid line is the actual response; the
dashed lines show the straight-line approximation. The magnitude of the closed-loop gain
equals 0.707 when wRC = 1. Therefore, the cutoff frequency o, is given by

A (e _
W = pc = 27 (11-8a)
or 5
1 1
== = 11-8b
. C 2af.C (11:8b)

The reason for solving for R and not C in Eq (11-8b) s that it is easier to adjust R
than it is C. The steps needed in designing Fig. 11-7(a) are as follows:

Design procedure for 20-dB/decade high-pass

1. Choose the cutoff frequency, w, or f..
2. Choose a convenient value of C, usually between 0.001 and 0.1 uF.

3. Calculate R from Eq. (11-8b).
4. Choose Ry = R.

Example 11-6
Calculate R in Fig. 11-7(a) if C = 0.002 uF and f, = 10 kHz.
Solution From Eq. (11-8b),

R= - =8k
(6.28)(10 X 10°)(0.002 X 10~9)

Example 11-7
In Fig 11-7(a) if R = 22 k) and C = 0.01 uF, calculate (a) w,; (b) f..

Solution (a) From Eq. (11-8a),

0, = = —— = 4,54 krad/s
€ (22 X 10%)(0.01 X 107°)
(b)
‘ 3
e s 454 % 10° _ 1oy o
¢ 2 6.28




11-5.3 40-dB/Decade Filter

The circuit of Fig. 11-8(a) is to be designed as a high-pass Butterworth filter with a roll-
off of 40 dB/decade below the cutoff frequency, w,. To satisfy the Butterworth criteria,
the frequency response must be 0.707 at w, and be 0 dB in the pass band. These condi-
tions will be met if the following design procedure is followed:

Design procedure for 40-dB/decade high-pass

1. Choose a cutoff frequency, w, or f,.
2. Let C, = C, = C and choose a convenient value.

+
Ei
v, 2
%! IE!
A A
° 1.0 0 i~
8 0307 [ -~=————=——— W= e
g a
o Qo
% 01 1-20 2
3 °
s =
' -40
0.01 L —Ll

0.1m, @, 0o,

(b) Frequency response for circuit of part (a).

FIGURE 11-8 Circuit and frequency response for a 40-dB/decade high-pass
Butterworth filter.
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5. Select
R2=%R3 (11—13)

6. To minimize dc offset current, let R, = R, and R, = R;.

Example 11-10

For Fig. 11-9(a), let C, = C, = C3 = C = 0.1 uF Determine (a) Rs, (b) R, and (¢) R, for
w, = 1 krad/s. ( f. = 159 Hz.)

Solution (a) By Eq. (11-11),

1
R, = =10 kQ
2T (1 X 10%)(0.1 X 1076) k

(b) R, = 2R3 = 2(10 kQ) = 20 k.
(©) Ry = 1Ry = 110 kQ) = 5 kQ.

Example 11-11

Determine (a) R;, (b) R), and (¢) R, in Fig. 11-9(a) for a cutoff frequency of 60 kHz. Let
C|:C2:C3:C:22OPF

Solution (a) From Eq. (11-11),

Ry = ! = 12KQ
(6.28)(60 X 107)(220 X 107 %)
(b) Ry = 2Ry = 2(12 kQ)) = 24 k().
(©) R, = 3Ry = (12 k)) = 6 k().
If desired, the 20-dB/decade section can come before the 40-dB/decade section, be-
cause the op amps provide isolation and do not load one another.

11-5.5 Comparison of Magnitudes and Phase Angles

Table 11-5 compares the magnitudes of the closed-loop gain for the three high-pass fil-
ters. For each increase of 20 dB/decade, the circuit not only has a steeper roll-off below
w, but also remains closer to 0 dB or a gain of 1 above w..

The phase angle for a 20-dB/decade Butterworth high-pass filter is 45° at w,. For a
40-dB/decade filter it is 90°, and for a 60-dB/decade filter it is 135°. Other phase angles
in the vicinity of w, for the three filters are given in Table 11-6.
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TABLE 11-5 COMPARISON OF | Ac, | FOR FIGS. 11-7(a), 11-8(a),

AND 11-9(a)
20 dB/decade; 40 dB/decade; 60 dB/decade;
w Fig. 11-7(a) Fig. 11-8(a) Fig. 11-9(a)

0.1lw, 0.1 0.01 0.001
0.25m, 0.25 0.053 0.022
0.5w, 0.445 0.24 0.124

W, 0.707 0.707 0.707
20, 0.89 0.97 0.992
4o, 0.97 0.998 0.999
10w, 1.0 1.0 1.0

TABLE 11-6 COMPARISON OF PHASE ANGLES FOR FIGS. 11-7(a),
11-8(a), AND 11-9(a)

20 dB/decade; 40 dB/decade; 60 dB/decade;

w Fig. 11-7(a) Fig. 11-8(a) Fig. 11-9(a)
0.lw, 84° 172° 256°
0.25w, 76° 143° 226°
0.5w, 63° 137° 210°
%) 45° 90° 135°
2w, 27° 43° 60°
4w, 14° 21° 29°
10w, 6° 8° 12°

11-6 INTRODUCTION TO BANDPASS FILTERS

11-6.1 Frequency Response

A bandpass filter is a frequency selector. 1t allows one to select or pass only one partic-
ular band of frequencies from all other frequencies that may be present in a circuit. Its
normalized frequency response is shown in Fig. 11-10. This type of filter has a maximum
gain at a resonant frequency f;. In this chapter all bandpass filters will have a gain of |
or 0 dB at f,. There is one frequency below f, where the gain falls to 0.707. It is the lower
cutoff frequency, f,. At the higher cutoff frequency, fy, the gain also equals 0.707, as in Fig.
11-10.
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FIGURE 11-10 A bandpass filter has a maximum gain at resonant frequency
f-. The band of frequencies transmitted lies between f; and f},.

11-6.2 Bandwidth

The range of frequencies between f; and f;, is called bandwidth B, or
B=f,—f (11-14)

The bandwidth is not exactly centered on the resonant frequency. (It is for this reason that
we use the historical name “resonant frequency” rather than “center frequency” to de-
scribe f,.)

If you know the values for f; and f;, the resonant frequency can be found from

fr =Nt (11-15)

If you know the resonant frequency, f,, and bandwidth, B, cutotf frequencies can be found

from
| B? , B
= [=—4 2= [1-16a
Ji 4 I 2 ( 1)

fh=f+B8B ([1-16b)

Example 11-12

A bandpass voice filter has lower and upper cutoff frequencies of 300 and 3000 Hz. Find
(a) the bandwidth; (b) the resonant frequency.
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Solution (a) From Eq. (11-14),
B = f, — f; = (3000 — 300) = 2700 Hz
(b) From Eq. (11-15),
fr="Vfifa = V(300)(3000) = 948.7 Hz
Note: f. is always below the center frequency of (3000 + 300)/2 = 1650 Hz.

Example 11-13

A bandpass filter has a resonant frequency of 950 Hz and a bandwidth of 2700 Hz. Find its
lower and upper cutoff frequencies.

Solution From Eq. (11-16a),

B> ., B (2700)? , 2700
= — 4 —_——_— = - 4 _———
fi=_| 1 I 2 \/ 2 (950) >

= 1650 — 1350 = 300 Hz
From Eq. (11-16b), f, = 300 + 2700 = 3000 Hz.

11-6.3 Quality Factor
The quality factor Q is defined as the ratio of resonant frequency to bandwidth, or
fr
== (L1-17
Q B )

Q is a measure of the bandpass filter’s selectivity. A high Q indicates that a filter selects
a smaller band of frequencies (more selective).

11-6.4 Narrowband and Wideband Filters

A wideband filter has a bandwidth that is two or more times the resonant frequency. That
is, Q = 0.5 for wideband filters. In general, wideband filters are made by cascading a low-
pass filter circuit with a high-pass filter circuit. This topic is covered in the next section.
A narrowband filter (Q > 0.5) can usually be made with a single stage. This type of fil-
ter is presented in Section 11-8.

Example 11-14

Find the quality factor of a voice filter that has a bandwidth of 2700 Hz and a resonant fre-
quency of 950 Hz (see Examples 11-12 and 11-13).
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Solution From Eq. (11-7),

Lo 950 _
Q B 2700 035

This filter is classified as wideband because O < 0.5.

11-7 BASIC WIDEBAND FILTER

11-7.1 Cascading

When the output of one circuit is connected in series with the input of a second circuit,
the process is called cascading gain stages. In Fig. 11-11, the first stage is a 3000-Hz low-
pass filter (Section 11-3). Its output is connected to the input of a 300-Hz high-pass fil-
ter (Section 11-5.3). The cascaded pair of active filters now form a bandpass filter from
input E; to output V,. Note that it makes no difference if the high-pass is connected to the
low-pass, or vice versa. Note: Each op amp circuit in Fig. 11-11 has unity gain.

11-7.2 Wideband Filter Circuit

In general, a wideband filter (Q = 0.5) is made by cascading a low- and a high-pass fil-
ter (see Fig. 11-11). Cutoff frequencies of the low- and high-pass sections must not over-
lap, and each must have the same passband gain. Furthermore, the low-pass filter’s cut-
off frequency must be 10 or more times the high-pass filter’s cutoff frequency.

For cascaded low- and high-pass filters, the resulting wideband filter will have the
following characteristics:

1. The lower cutoff frequency, f, will be determined only by the high-pass filter.

2. The high cutoff frequency, f,, will be set only by the low-pass filter.

3. Gain will be maximum at resonant frequency, f,, and equal to the passband gain of
either filter.

These principles are illustrated next.
11-7.3 Frequency Response

In Fig. 11-11 the frequency response of a basic —40-dB/decade 3000-Hz low-pass filter
is plotted as a dashed line. The frequency response of a 300-Hz high-pass filter is plotted
as a solid line. The 40-dB/decade roll-off of the high-pass filter is seen to determine f.
The —40-dB/decade roll-off of the low-pass sets fj,. Both roll-off curves make up the fre-
quency response of the bandpass filter, V, versus f. Observe that the resonant, low, and
high cutoff frequencies plus bandwidth agree exactly with the values calculated in
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FIGURE 11-11 A 3000-Hz second-order Jow-pass filter is cascaded with a 300-Hz
high-pass filter to form a 300- to 3000-Hz bandpass voice filter.

Examples 11-12 and 11-13. Narrow bandpass filters will be introduced in Section 11-8.
Discussion of notch filters is deferred until Sections 11-9 and 11-10.

11-8 NARROWBAND BANDPASS FILTERS

Narrowband filters exhibit the typical frequency response shown in Fig. 11-12(a). The
analysis and construction of narrowband filters is considerably simplified if we stipulate
that the narrowband filter will have a maximum gain of 1 or O dB at the resonant fre-
quency f,. Equations (11-14) through (11-17) and bandpass terms were presented in
Section 11-6. They gave an introduction to (cascaded pair) wideband filters. These equa-
tions and terms also apply to the narrowband filters that follow.
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0.1

E; 0—AA—4—

Bandwidth

I
B=0
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(a) Typical frequency response curve of a narrowband filter,

C=0015puF
|{
[N
2R =42.42kQ
AN
C=
= +I1SV
0.015 pF 7

(b) Narrowband filter.

FIGURE 11-12 Narrow bandpass filter circuit and its frequency response for
the component values shown; f, = 100 Hz, B = 500 Hz, Q = 2, f; = 780 Hz,
and f, = 1280 Hz. (a) Typical frequency response of a bandpass filter; (b) nar-
row bandpass filter circuit.

11-8.1 Narrowband Filter Circuit

317

A narrowband filter circuit uses only one op amp, as shown in Fig. 11-12. (Compare with
the two-op-amp wideband filters in Fig. 11-11.) The filter’s input resistance is established
approximately by resistor R. If the feedback resistor (2R) is made two times the input re-
sistor R, the filter’s maximum gain will be 1 or O dB at resonant frequency f,. By adjust-
ing R, one can change (or exactly trim) the resonant frequency without changing the

bandwidth or gain.

11-8.2 Performance

The performance of the unity-gain narrowband filter in Fig. 11-12 is determined by only
a few simple equations. The bandwidth B in hertz is determined by resistor R and the two
(matched) capacitors C by
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_ 0.1591

[1-18:
B RC ( a)
where
_ I
B =< (11-18b)
0

Gain is a maximum of | at f, provided that feedback resistor 2R is twice the value of in-
put resistor R.
The resonant frequency f, is determined by resistor R, according to

R
R, =——— 11-19
20— 1 ( )
If you are given component values for the circuit, its resonant frequency can be calculated
from
=012 R (11-20)
RC R,

11-8.3 Stereo-Equalizer Octave Filter

A stereo equalizer has 10 bandpass filters per channel. They separate the audio spectrum
from approximately 30 Hz to 16 kHz into 10 separate octaves of frequency. Each octave
can then be cut or boosted with respect to the other to achieve special sound effects, equal-
ize room response, or equalize an automotive compartment to make the radio sound like
it is playing in a large hall. The construction of one such equalizer will be analyzed by
an example.

Example 11-15

Octave equalizers have resonant frequencies at approximately 32, 64, 128, 250, 500,

1000, 2000, 4000, 8000, and 16,000 Hz. Q of each filter is chosen io have values between
1.4 and 2. Let’s make a unity-gain narrowband filter to select the sixth octave.
Specifically, make a filter with f, = 1000 Hz and Q = 2.

Solution From Eq. (11-18b),

p =1 = 1990 _ 500 1

[0} 2
[Note: From Eq. (11-16), f, = 80 and f,, = 1280 Hz.] Choose C = 0.015 uF. Find R from
Eq. (11-18a).
_ 0.1591 0.1591

= =21.21 kQ2

R
BC (500)(0.015 X 107° F)
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The feedback resistor will be 2R = 42.42 k(). Find R, from Eq. (11-19).

___ R _2121kQ _ 21.21kQ
200 -1 202)°%-1 7

R, = 3.03 k2

Example 11-16

Given a bandpass filter circuit with the component values in Fig. 11-12, find (a) the reso-
nant frequency; (b) the bandwidth.

Solution (a) From Eq. (11-12),

_01125 [ R _ 0.1125 - 21.21 kQ
RC R, (21.21 X 10*)(0.015 X 1079 3.03 kQ)

= (353.6 Hz) V1 + 7 = 353.6 Hz X 2.83 = 1000 Hz
(b) From Eq. (11-18a),

_ 01591 _ 0.1591

B = =500 H
RC (21.21 X 10%)(0.015 X 107%) ‘

»

11-9 NOTCH FILTERS

11-9.1 Introduction

The notch or band-reject filter is named for the characteristic shape of its frequency-

response curve in Fig. 11-13. Unwanted frequencies are attenuated in the stopband B. The

desired frequencies are transmitted in the passband that lies on either side of the notch.
Notch filters usually have a passband gain of unity or O dB. The equations for Q,

B, f), f». and f, are identical to those of its associated bandpass filter. The reasons for this
last statement are presented next.

FIGURE 11-13 A notch filter trans-
mits frequencies in the passband and
rejects undesired frequencies in the
stopband.
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11-9.2 Notch Filter Theory

As shown in Fig. 11-14, a notch filter is made by subtracting the output of a bandpass fil-
ter from the original signal. For frequencies in the notch filter’s passband, the output of
the bandpass filter section approaches zero. Therefore, input E; is transmitted via adder
input resistor R, to drive V, to a value equal to —E;. Thus V, = —F, in both Jower and
upper passbands of the notch filter.

Suppose that the frequency of E; is adjusted to resonant frequency f, of the narrow
bandpass filter component. (Note: f, of the bandpass sets the notch frequency.) E; will exit
from the bandpass as — E; and then is inverted by R, and R to drive V, to +E;. However,
E; is transmitted via R, to drive V, to —E,. Thus V, responds to both inputs of the adder
and becomes V, = E; — E; =0V at f,.

In practice, V, approaches zero only at f,. The depth of the notch depends on how
closely the resistors and capacitors are matched in the bandpass filter and judicious fine
adjustment of resistor R, at the inverting adder’s onput. This procedure is explained in
Section 11-10.3.

R
—E; at AN
Fig. 11-12 sy
bNalrjrow /Rl -R
andpass
E; filter MWV -
fn QA =1 Adder —oV,
+

Ry=R

FIGURE 11-14 A notch filter is made by a circuit that subtracts the output
of a bandpass filter from the original signal.

11-10 120-HZ NOTCH FILTER

11-10.1 Need for a Notch Filter

In applications where low-level signals must be amplified, there may be present one or
more of an assortment of unwanted noise signals. Examples are 50-, 60-, or 400-Hz fre-
quencies from power lines, 120-Hz ripple from full-wave rectifiers, or even higher fre-
quencies from regulated switching-type power supplies or clock oscillators. If both sig-
nals and a signal-frequency noise component are passed through a notch filter, only the
desired signals will exit from the filter. The noise frequency is “notched out.”” As an ex-
ample, let us make a notch filter to eliminate 120-Hz hum.
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11-10.2 Statement of the Problem

The problem is to make a notch filter with a notch (resonant) frequency of f, =
120 Hz. Let us select a stopband of B = 12 Hz. The gain of the notch filter in the pass-
band will be unity (0 dB) so that the desired signals will be transmitted without at-
tenuations. We use Eq. (11-17) to determine a value for Q that is required by the notch
filter:
_f_ 120 _
0=~ 10

This high value of Q means that (1) the notch and component bandpass filter will have
narrow bands with very sharp frequency—response curves, and (2) the bandwidth is es-
sentially centered on the resonant frequency. Accordingly, this filter will transmit all fre-
quencies from O to (120 — 6) = 114 Hz and all frequencies above (120 + 6) = 126 Hz.
The notch filter will stop all frequencies between 114 and 126 Hz.

11-10.3 Procedure to Make a Notch Filte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>