








Know Your
Oscilloscope

by
Robert G. Middleton

Howard W. Sams & Co., Inc.

4300 WEST 62ND ST. INDIANAPOLIS, INDIANA 46268 USA



Copyright © 1958, 1967, 1974, and 1980 by Howard W.
Sams & Co., Inc. Indianapolis, Indiana 46268

FOURTH EDITION
FIRST PRINTING—1980

All rights reserved. No part of this book shall be

reproduced, stored in a retrieval system, or transmitted

by any means, electronic, mechanical, photocopying, recording,
or otherwise, without written permission from the publisher.
No patent liability is assumed with respect to the use

of the information contained herein. While every precaution
has been taken in the preparation of this book, the

publisher assumes no responsibility for errors or omissions.
Neither is any liability assumed for damages resulting

from the use of the information contained herein.

International Standard Book Number: 0-672-21742-2
Library of Congress Catalog Card Number: 80-52230

Printed in the United States of America



Preface

Since the previous edition of this book was written, oscilloscopes
have become more sophisticated and versatile. Today, many
service-type oscilloscopes have dual-channel design. Triggered sweeps
are provided in most scopes, and amplifier bandwidths have been
considerably increased. For example, a modern dual-trace triggered-
sweep 20-MHz oscilloscope is illustrated in Fig. 1-14. Although this
would have been regarded as a lab-type oscilloscope in former years, it
now falls in the category of service-type instruments.

With the advent of the digital revolution, specialized high-technolo-
gy oscilloscopes, such as the one shown in Fig. 11-20, tend to dominate
the lab-type category of designer’s and troubleshooter’s display
instruments. A digital data-field display is distinguished from a
conventional analog (time/frequency) waveform display, in that the
former shows sequences of digital events as 1s and Os with respect to
computer clock time, whereas, the latter shows the variation of an
electrical quantity with real time (the actual time in which physical
events occur). However, it is essential to start at the beginning, and
Chapter 1 starts with a review of the simplest possible oscilloscope.

After establishing the basic principles of a cathode-ray screen
display, the text continues with a description of simple time bases, the
essentials of waveform amplification, time-base synchronization,
sweep triggering and expansion, and the fundamentals of dual-trace
operation.

Specialized power supplies for oscilloscopes are the subject of the
second chapter, with notes on the extra-high voltage requirements of
scopes that have extremely fast writing speeds, such as those used in
digital troubleshooting procedures. Power-supply regulation is ex-
plained, and the chief types of power-supply circuitry are reviewed.

Chapter 3 is concerned with sweep systems that are used in
present-day oscilloscopes. Attention is given to the operation of
triggered-sweep time bases, whereby, a small interval of a waveform
can be selected and greatly expanded on the screen—for measurement
of rise time or fall time, examination of waveform detail, identification
of narrow transients, and so on. In Chapter 4, principles of
synchronization are covered. The origin of “‘jitter’’ is pointed out;
specific examples of the utility of external sync are cited, and triggering
by “one-shot’ transients is discussed.



Vertical-amplifier circuit action is treated in Chapter 5. The function
of vertical-channel delay lines in the display of fast transients is
explained. Vertical step-attenuator compensation is explained. Digital
memories, in vertical-amplifier channels, that are for display of data
fields are noted. Chapter 6 describes various kinds of oscilloscope
probes, including the direct, isolating, low-capacitance, demodulator,
capacitance-divider, and current-responding designs. Appropriate
areas of probe application are defined and illustrated.

Supplementary oscilloscope equipment, including semiconductor
quick checkers, audio oscillators, fm-stereo generators, square-wave
generators, and high-frequency generators, are covered in Chapter 7.
Audio-distortion, stereo-separation, music-power, alignment, and
vectorgram tests are described and illustrated.

Chapter 8 is concerned with adjusting and servicing the oscilloscope.
Procedures are explained for tracking down the source of pattern
distortion, lack of normal brightness, out-of-calibration attenuators,
and incorrect sweep speeds. Sensitivity measurement and frequency-
response determination, transient (square-wave) response, and
deflection linearity are discussed. The use of manufacturers’
troubleshooting charts is exemplified. Then, frequency and phase
measurements are detailed in the ninth chapter. The basic distinction
between measurement applications and indicator applications is
noted. The development of Lissajous figures is presented, with
examples of their frequency and phase information.

Chapter 10 covers the important topic of amplifier testing.
Frequency response, distortion, noise output, phase shifts, tone-con-
trol action, stability, equalization characteristics, and power-output
determinations are described and illustrated. Evaluation of distortion
products is discussed, and a comprehensive development of square-
wave responses is provided. Common malfunctions are noted and the
chapter concludes with a practical discussion of hum patterns. The
final chapter gives details on the servicing of digital equipment, which
is becoming increasingly important in modern electronic equipment.

In summary, this book is devoted to practical applications of the
oscilloscope, in addition to its detailed examination of the inner
workings of this versatile instrument. Although this text is primarily
directed to the needs of the practical electronics technician, it will also
be found of relevance to courses of instruction in technical institutes,
vocational schools, and junior colleges. In order for the reader to
obtain maximum value from the contents, I would stress the
importance of actually working with the equipment as various
procedures are described. This “reinforced learning,” gained at the
workbench, will prove to be much more effective than the knowledge
that you can acquire from just reading the book.

RoBert G. MIDDLETON
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CHAPTER 1

Introduction

OSCILLOSCOPE BASICS

The word “oscilloscope’ can be separated into two parts, “oscillo”
and “‘scope.’” The first is short for “oscillations” and the second means
“to view or see.” Thus, if we take the word literally, it describes an
instrument for viewing oscillations. Conventional oscilloscopes
display electrical signals that vary with time, such as sine waves. When
used with a suitable transducer, a conventional oscilloscope will
provide a visual display of any physical quantity that can be
reproduced as a voltage. For example, in a hospital, the heartbeat of a
patient can be displayed on a crt screen. This is exemplified by the
“biomedical test” waveform shown in Chart 1-1. With the advent of
the digital revolution, specialized oscilloscopes have been made that
provide displays of data fields, as exemplified in Fig. 1-1. A logic-state
analyzer oscilloscope is shown in Fig. 1-2. The basic distinction
between a digital data-field display and a sine-wave display is that the
former presents sequences of digital events with respect to clock time,
whereasthelatter presents an analog variation of an electrical quantity
with respect to real time. (The ‘“‘clock’ in a digital system is a
crystal-controlled oscillator which synchronizes system operation; on
the other hand, ‘“‘real-time’’ has to do with the actual time in which
physical events occur.)

A schematic for the simplest type of an oscilloscope is depicted in
Fig. 1-3. It consists of a cathode-ray tube, a power supply, and two RC
coupling circuits. The components are illustrated in Fig. 1-4. Although
this elementary arrangement can be used in certain applications, such
as modulation monitoring and for the display of vectorgrams in
high-level chroma circuits, it has various disadvantages. These are:

1. A directly driven crt is comparatively insensitive; a typical crt

requires approximately 300 volts peak-to-peak for full-screen
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(A) Elementary display pattern.

(B) Check af a dual-clock operation displayed on screen of a data-domain analyzer.

Courtesy Hewlett-Packard
Fig. 1-1. Data-domain displays.

deflection. Therefore, vertical and horizontal amplifiers are
required in the great majority of applications.

2. Single-ended drive to a crt results in variation of the focus
(astigmatism) from one region of the screen to another.
Accordingly, good focus requires push-pull (balanced or
double-ended) drive to the crt deflection plates.

3. Unless an external sawtooth generator is used, the arrangement
in Fig. 1-3 can display only Lissajous patterns and related
waveforms. Because most applications utilize voltage-time
displays, it is desirable or necessary to include a linear time base in
the oscilloscope arrangement.

4. Although Lissajous figures are often self-synchronized, most
voltage-time displays will not be synchronized (locked) on the crt
screen unless the time base is automatically kept in step with the

10
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Fig. 1-2. A logic-state analyzer oscilloscope used as a data-domain display.

displayed waveform. In turn, itis desirable or necessary to include
a synchronizing network in the oscilloscope arrangement.

5. In many applications, it is helpful or necessary to move the
pattern about on the crt screen, in order to adjust the height of
the pattern, or to adjust the length of the pattern. Hence, a
general-purpose oscilloscope must include vertical and horizon-
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Fig. 1-3. The schematic for a simple

type of oscilloscope. HOT%%NI.TAL
0.047uF
TO POWER -
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Fig. 1-4. The components needed for the circuit shown in Fig. 1-3.

tal-positioning controls, vertical-gain control(s), and horizontal-
gain control(s).

6. Applications in state-of-the-art electronic circuitry often require
that a selected interval of a waveform be “picked out” and
expanded on the crt screen. Therefore, modern oscilloscopes
generally have triggered sweeps.

Service data generally specify peak-to-peak voltage values of
waveforms, and some applications require time measurements
from one point on a waveform to another (for example, rise-time
measurements are sometimes required). Accordingly, modern
oscilloscopes generally provide calibrated vertical-step attenua-
tors, and calibrated time bases.

8. Some applications are facilitated by simultaneous display of
input/output waveforms, by simultaneous display of a complete
waveform and, also, an expanded portion of a selected interval,
or by simultaneous display of a reference waveform and related
waveforms within a system. In turn, it is sometimes desirable or
necessary to provide dual-trace display in an oscilloscope.
Moreover, in digital-electronic applications, multichannel dis-
plays are provided by data-domain-type oscilloscopes.
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CATHODE-RAY TUBES

Two basic types of cathode-ray tubes are used in the majority of
oscilloscopes, as depicted in Fig. 1-5. The most common type is the
single-beam tube, comprising an electron gun with a cathode, heater,
and control grid, followed by a focusing anode, an accelerating anode,
vertical-deflection plates, horizontal-deflection plates, and a fluores-
cent screen. The electron beam is electrostatically focused and
deflected in this design. Lab-type oscilloscopes may employ a
dual-beam tube, which includes two electron guns, two sets of anodes,
and two sets of deflecting plates (Fig. 1-5B). Each basic type of crt has
certain advantages in particular applications. When a dual-beam crt is
used, two patterns can be displayed on the screen just as iftwo separate
oscilloscopes were being employed. On the other hand, when a
single-beam crt is used, two patterns must be time-shared in order to
have a simultaneous display, as shown in Fig. 1-6. In alternate-channel
operation, one complete waveform is traced on the screen; then,
another complete waveform is traced; the first waveform is then
completely retraced, and so on. However, in chopped operation (Fig.
1-6B), the two waveforms are rapidly sampled, and successive samples
are displayed on the screen, as indicated.

High-frequency waveforms are displayed to their best advantage by
alternate-channel operation in the dual-trace mode; conversely,
low-frequency waveforms can be displayed with less flicker by
chopped operation in the dual-trace mode. (Fig. 1-7is a photograph of
a highly sophisticated dual-trace oscilloscope.) When precise phase
measurements are made between Channel A and Channel B displays,
a single-beam crt provides better accuracy than a dual-beam crt. In
addition, persistence is a factor that enters into consideration. As the
crt beam moves across the face of the tube in response to voltages on
the deflection plates, the corresponding spot of light also moves. If this
movement is fast enough, the spot (or succession of dots) appears as a
continuous trace or line of light. The blending of successive positions
of the spot into an apparently continuous trace is due to two factors:

1. Persistence of the phosphor used in fabrication of the screen.

2. Persistence of vision.

Persistence of vision is the ability of the human eye to see any object or
spot of light at its original position for a fraction of a second after it has
moved. Similarly, the persistence of phosphor is its brief glow after the
electron beam has left its initial spot.

In general-purpose oscilloscopes, the blending of the spotinto a line
is due almost entirely to the persistence of vision. In special-purpose
oscilloscopes, a crt with a long-persistence phosphor may be used, and
electrical phenomena of short duration and nonrepetitive form can be
displayed. (Special storage-type oscilloscopes can retain a selected

13
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Fig. 1-5. Two basic types of a crt.
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CHANNEL A

BEAM LEVEL
SWITCHING

~

CHANNEL B

(A) Alternate channel operation.

CHANNEL A

| BEAM LEVEL
SWITCHING

CHANNEL B

(B) Chopped operation.

Fig. 1-6. Dual-trace modes of operation.

pattern on-screen for an hour, or more; the stored pattern can be
erased at any desired time.) The phosphor most commonly used in the
crt of an oscilloscope is termed P1, and is rated for medium
persistence. PS5 is a phosphor of short persistence; P7 has a long
persistence. Some phosphors, such as P4 (commonly used in tv picture
tubes) and P11 (which provides a blue trace that is easily
photographed) are widely used. Other types of phosphors produce
green traces and red traces; these are utilized in color-tv picture tubes.
Colored traces also find an application in special-purpose crt’s for
particular military operations.

One of the special crt’s used in storage-type oscilloscopes uses a
metal mesh construction behind the fluorescent screen, as shown in
Fig. 1-8. The intensity of the electrostatic field in the apertures of the

15



Courtesy Hewlett-Packard

Fig. 1-7. A highly sophisticated dual-trace oscilloscope.
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Fig. 1-8. The metal mesh design of a storage-type crt.
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metal mesh determines whether the flood-gun electron emission will
penetrate to the fluorescent screen. The metal mesh is usually
operated at zero volts so that the flood-gun emission cannot go through
to the fluorescent screen. However, the radiation from the trace that
has been “written”” on the screen modifies the electrostatic field
intensity in the apertures of the metal mesh. The field intensity in the
apertures that are behind the pattern on the screen has less repelling
action on the electrons from the flood gun. In turn, the flood-gun
electrons can pass through these apertures. The aluminized coating
behind the phosphor viewing screen, in turn, accelerates the flood-gun
electrons, and these electrons maintain the pattern that is glowing on
the screen for an indefinite period. If the operator wishes to erase the
pattern, he pushes a bias control that biases off the metal mesh so that
no flood-gun electrons can pass. In turn, the glowing pattern
disappears from the screen. Note that the flood-gun electrons that do
not pass through the metal mesh are collected by the collector mesh.

Storage-type oscilloscopes provide improved displays in various
applications. Even a brief nonrepetitive transient can be captured and
“frozen” on the screen of a storage-type crt. The storage mode of
operation is advantageous for observing changes in a signal, to
compare the result of making a circuit adjustment, to compare the
performance of two or more equipment setups, to compare an
arbitrary waveform against a standard waveform, for reducing flicker
in the display of waveforms with low repetition rates, for effectively
displaying digital signals that have a low duty cycle, for reducing noise
interference on a recurrent waveform, and for monitoring intermittent
conditions.

GRAPH PATTERNS

To use a simple analogy, the electron beam can be considered as
pencil writing upon the screen of the cathode-ray tube according to the
voltage on the deflection plates. When a horizontal-deflection system
is used (and practically no oscilloscope is built without one), the trace
on the screen is really a graph. Graphs are now so commonplace that
hardly a person has not seen one. Some examples are the temperature
graphs and electrocardiographs used in hospitals, or the sales graphs of
a business office.

The reader probably has drawn graphs in school; he will remember
that they show two sets of data with the values of one set varying in
some fashion as the other set varies. One set of values is plotted along
the horizontal or X-axis on the graph paper, and the other set is plotted
along the vertical or Y-axis. The located points are then connected to
form a continuous graph. The action of the oscilloscope in tracing a
response curve is so similar to this that some oscilloscopes even have
inputs marked ‘“X-amplifier” and ‘“Y-amplifier.”

17



We believe this comparison is a good point to remember. When
confusing indications are seen on the oscilloscope screen, it may help if
the operator remembers that the oscilloscope is plotting time
horizontally and voltage vertically to produce a graphical account of
the operating conditions of the circuit. Usually it is unnecessary to
know exactly how much time is represented by the horizontal travel of
the trace, as long as the beam is uniform in its rate of travel; but, if
necessary, this time can be determined accurately and for very short
intervals.

Fig. 1-9 shows a graph of one cycle of voltage having a frequency of
60 hertz*. Instantaneous voltage is plotted above or below the X or
horizontal axis; elapsed time is plotted to the right of the vertical axis
(Y) and measured in fractions of a second. The peak voltage is taken as

*One hertz equals 1 cycle per second. Thus, 10,000 hertz (10 kilohertz) equals 10,000
cycles per second.

Y

Emax +1.0

/

+0.5 / \

0.0

~05 \ /

-10

1/240 1/120 1/80 1/60
Y Tseconos

Fig. 1-9. Graph of one cycle of power-line voltage. Frequency is 60 Hz.
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1 to simplify plotting the graph. This curve is called a sine curve
because the amplitude or Y value at any point on the curve equals the
maximum value of E (in this case, 1) times the sine of the X value at
that point. (X must be converted to degrees, with one complete cycle
equaling 360 degrees.)

Practically all oscilloscopes have a graticule mounted in front of the
face of the cathode-ray tube. The graticule is commonly ruled like a
sheet of graph paper. The vertical intervals are used to measure
voltage, and the horizontal intervals are used to measure time in
typical applications. Since the plastic graticule is mounted in front of
the fluorescent screen in most oscilloscopes, you must view the pattern
in a line exactly perpendicular to the screen to minimize parallax error.
If you view the screen obliquely, the parallax error can be appreciable
in using the graticule. To avoid this source of evaluation error, some
modern crt’s have parallax-free graticules. For example, the
oscilloscope illustrated in Fig. 1-10 has the graticule ruled on the inner
surface of the crt face.

Even when a parallax-free graticule is utilized in a crt, there remains
a practical limit to the precision with which the operator can read the
scale. Therefore, some lab-type oscilloscopes are provided with a

([ T 17228 OSCILLOSCOPE . i

7v 5 :..:i ‘
Qj .l 4431 &

G

0 .

(&
1T

CEETT T T8 [™

"
o

iz OSCilLoscaope

Courtesy Hewlett-Pockord

Fig. 1-10. Parallax error is avoided in this oscilloscope by having the graticule ruled on the
inside surface of the crt.
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digital readout. This function employs microprocessor (computer)
circuitry to “‘spell-out” highly precise waveform data automatically,
either on an LED panel located below the crt, or as numerals
“written”” on the crt screen. For example, a crt readout can tell the
operator precisely what vertical sensitivity is being used, what
time-base speed is in use, what pulse width is being displayed, what the
precise rise time may be, what repetition rate is being displayed, and so
on. In other words, a crt readout ‘““does the figuring” for the scope
operator, and displays a more precise answer. It also reduces
measurement setup time, and avoids the possibility of a calculation
error. In other words, a digital readout, as illustrated in Fig. 1-11,
combines the function of a conventional oscilloscope with that of a
digital counter for an elapsed-time indication. In this example, the
readout is 1.920 —6, indicating 1.920 microseconds (1.920 x 10-¢
second).

An oscilloscope with a crt readout features on-screen numerical
displays that are produced by scanning action under the control of
integrated-circuit character generators. To display a number on the crt
screen, the electron beam must be turned on and off during
appropriate intervals. It is standard practice to use seven-segment
digits, as shown in Fig. 1-12.

The total number of time intervals that are employed for digit
formation determines the complexity of the IC character generator(s).

\\

l
}

*—‘4

INTENSITY MARKERS

T

+
*r
4
4
+
=+
+
= 3
T
|

(ELAPSED TIME FROM t; TO t; IS INDICATED)

Fig. 1-11. An example of a digital readout for the elapsed time between two intensity
markers in an oscilloscope pattern.
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Fig. 1-12. Operation of the digital readout on an oscilloscope screen.

The seven-segment digits are produced as shown in Fig. 1-12B. Each
segment of a digit is comprised of straight lines that fall along either the
horizontal or the vertical axis. Thus, four vertical segments occupy two
time periods during the horizontal-scanning sequence; they occur at
the same time on every line. Note that the three horizontal segments
also occupy the same time periods on the horizontal scan. Observe in
Fig. 1-12B that the adjoining segments may be proportioned so that
their ends overlap, thereby avoiding “‘breaks’ in the character display.
Both the horizontal and the vertical scanning periods of each digit are
divided into eight time slots (Fig. 1-12C). Each of the vertical time slots
comprises an even number of horizontal scan lines, in a typical design.
The first two horizontal time slots and the first vertical time slot in each
digit are blank in this example. The top, center, and lower horizontal
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segments occupy the third through the eighth horizontal time slots
during the second, fifth, and eighth vertical time slots. The left and
right vertical segments occupy the third and eighth horizontal time
slots. Also, the left and right vertical segments occupy the second
through the fifth time slots, and the fifth through the eighth time slots,
with an overlap during the fifth time slot.

The more elaborate oscilloscopes often have edge-lighted graticules.
An example of this design is illustrated in Fig. 1-13. The graticule is
fabricated from lucite, and several red-light bulbs are mounted around
the edge of the graticule. A control is provided for varying the light
intensity. When the scale-illumination control is turned down, the
graticule is almost invisible, and only the green fluorescent pattern s in
evidence. On the other hand, when the scale-illumination control is
turned up, the graticule rulings are displayed as red lines over the
green waveform. The adjustable light intensity facilitates the
photography of waveforms. The distinction between lab-type and
service-type oscilloscopes has become less marked than in the past.
State-of-the art service-type scopes have display and operating
features that were formerly provided only by lab-type scopes. Also,
modern lab-type scopes are far more sophisticated and versatile than
their predecessors.

For example, a modern dual-trace triggered-sweep 20-MHz

Courtesy B&K Precision, Dynascon Corp.
Fig. 1-13. An oscilloscope with a variable-intensity edge-lighted graticule.
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oscilloscope is illustrated in Fig. 1-14. Although this would have been
regarded as a lab-type oscilloscope in former years, it now falls in the
category of a service-type instrument. A differential input permits the
display of the difference between two input waveforms (such as the
input and the output of an amplifier), thereby facilitating distortion
analysis. The sum of two input waveforms can also be displayed, and
an evaluation of propagation delay in digital systems can be
progressively effected.

WRITING SPEED

Before discussing the oscilloscope section by section, an important
characteristic of all oscilloscopes should be mentioned—the reaction
speed of the electron beam to any applied voltage. The beam possesses
very little inertia. For all practical purposes, it can be said to have no
inertia; consequently, it responds almost instantaneously to the
impulse of the deflection voltages. This is the property that enables the
trace to follow every variation of the applied signal, no matter how
suddenly the signal may change direction or amplitude.

How readily the beam changes direction while moving at high speed
can be shown by the following example. Assume an oscilloscope has a
sweep frequency of 30 kHz and a horizontal amplification capable of

Courtesy B&K Precision, Dynoscon Corp.

Fig. 1-14. A modern dual-trace triggered-sweep oscilloscope.
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expanding the trace to four times the screen width. (Many
oscilloscopes will exceed both specifications.) For a 5-inch oscillo-
scope, this means the trace is equal to 20 inches in length although only
5 inches of the center can be seen. The beam sweeps these 20 inches in
1/30,000 second—actually, in even less time since some time is lost in
retrace. Thus, the beam is sweeping the tube at a “‘writing speed” of
600,000 inches per second, or a little faster than 34,000 miles per hour.
The retrace time usually is less than trace time; accordingly, the retrace
speed would be much greater. However, the retrace is seldom used for
viewing and, therefore, is not considered when discussing writing
speed.

INPUT IMPEDANCE

Anotherimportant characteristic of the oscilloscope is its high input
impedance. This is desirable in any voltage-measuring instrument, for
it means the instrument will have a minimum loading or disturbing
effect on any circuit to which it is connected. The vertical amplifier
input impedance of a conventional oscilloscope may have any value
from 1 to 5 megohms shunted by 25 to 50 pF. If connected directly to
the deflection plates, the impedance may be as high as 10 megohms
shunted by 15 pF. The input impedance at the vertical amplifier can be
increased by the use of high-impedance probes.

A block diagram of a general-purpose oscilloscope is shown in Fig.
1-15. This is a greatly simplified diagram with several features
combined in each section. The focus, intensity, and positioning circuits

Vv o/ <y HIGHYOLTAGE
1 POWER SUPPLY
VERTICAL N
2 CRT
ATTENUATOR ARPAGHE .
3
4 SYNC T
T SIGNALS |
= ' 1 LOW-VOLTAGE
POWER SUPPLY
SAWTOOTH
HORIZONTAL
AMPLIFIER
GENERATOR

Fig. 1-15. Block diagram of a general-purpose oscilloscope.
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are not shown; they have been considered as part of the low-voltage
power supply. The step and vernier attenuators usually are associated
with the vertical and horizontal amplifiers. Triggering and synchron-
izing of the sweep oscillator are considered part of the sweep oscillator.

As noted previously, an oscilloscope could be made of a cathode-ray
tube and a power supply only. Such an oscilloscope would be
extremely limited in the ways it could be used. The signal input would
have to be made directly to the deflection plates, and a comparatively
strong signal would be necessary to deflect the electron beam a usable
amount. After adding vertical and horizontal amplifiers and a
horizontal-deflection system to provide a time base, the oscilloscope
may be used for an increased number of applications. The oscilloscope
can respond to very weak input signals, and general-purpose
oscilloscopes sometimes have a vertical-deflection sensitivity of 15
millivolts rms per inch or less.

The appearance of the front panel of a basic oscilloscope is shown in
Fig. 1-16. Although numerous controls are provided on the front
panel, the instrument is not difficult to operate. To anticipate any
subsequent discussion, a half dozen, or even more, of the controls may
remain at reference settings during a series of tests. Therefore, the
apprentice technician should not jump to the conclusion that an
oscilloscope is more difficult to operate than a tv receiver, forexample.
In fact, a service-type oscilloscope is easier to operate than a color-tv
receiver.

When the oscilloscope is properly connected and adjusted, it gives
the technician a visible indication of the amplitude, frequency, phase,
and waveform of the signal at any particular point in a circuit. An
instrument providing as much information as this to a knowledgeable
user is a powerful tool indeed. There is probably no phase of
electronics where it has not proved useful for designing, testing, or
servicing.

CATHODE-RAY TUBE OPERATION

Although a cathode-ray tube operates at a comparatively high
voltage (in the range from1kV to S kV, depending upon the particular
design), the crt draws comparatively little current from the high-voltage
supply, even with the beam-intensity control advanced substantially.
Thus, the current demand from the high-voltage power supply in a
service-type oscilloscope never exceeds 2 or 3 mA. The normal
operating voltages for a crt in a top-performance lab-type oscilloscope
are noted in Fig. 1-17.

A modern 5-inch cathode-ray tube is shown in Fig. 1-18. Externally,
it has four parts: the base, the neck, the bulb, and the face or screen.
Inside the neck, a portion of the gun structure can be seen. Fig. 1-19
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Fig. 1-16. Appearance of the front panel on a basic oscilloscope.
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Fig. 1-17. Terminal voltages for a crt in a high-performance lab-type oscilloscope.

Fig. 1-18. A modern 5-inch cathode-ray tube.

shows the gun structure removed from the tube. The gun contains all
the electrodes for forming, shaping, and directing the electron beam
that strikes the fluorescent screen of the tube.

Applying the proper voltage to the various electrodes of the gun
produces a beam that is brought to a focus in a small spot on the tube
screen. The beam intensity is controlled by the voltage on the control
grid. The theory pertaining to the focusing action of the gun is
probably less interesting to the service technician than the theory
pertaining to the action of the deflection plates; consequently, more
space will be devoted to the latter. This book will not deal with the
electromagnetic deflection systems since they are found almost
exclusively in television receivers rather than in oscilloscopes. Fig.
1-20 is a perspective drawing showing how the electron beam passes

Fig. 1-19. The electron gun of a cathode-ray tube.
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Fig. 1-20. Path of electron beam through
deflection-plate assembly.

through the space between the deflection plates on its path to the
screen. With all deflection plates at the same electrical potential, the
beam will pass along the axis of the deflection-plate assembly and
strike the center of the screen.

If one plate of a pair of deflection plates is made more positive or
negative than the other, the electron beam is attracted toward the
positive plate and repelled from the negative plate (Fig. 1-21), because
unlike electrical charges attract and like charges repel each other. The
electron beam is always negative and, therefore, is always attracted to
the positive plate. The amount of deflection varies directly with the
magnitude of the voltage on the deflection plates. For example, if a
potential difference of 50 volts between a pair of plates moves the
beam 1 inch at the screen, 100 volts will move it 2 inches (Fig 1-22).

Applying an alternating voltage to the vertical plates moves the
beam and produces a vertical line from top to bottom of the screen.
Similarly, the proper voltage applied to the horizontal plates produces
a horizontal line across the screen. With proper voltages for both sets
of plates, the beam can be made to move anywhere on the screen.

DEFLECTION SENSITIVITY

The deflection sensitivity of a cathode-ray tube, and of the entire
oscilloscope, determines the weakest signal that can be viewed
successfully with the instrument. Anyone who has consulted a tube
manual about cathode-ray tubes may have noticed that deflection
sensitivities can cover a wide range, depending on the voltages used.
The sensitivities also differ for the two pairs of deflection plates, one
sensitivity being greater than the other. For example, one tube manual
lists the following sensitivities for a SCP1-A cathode-ray tube. When
the voltage of anode No. 3 is twice that of anode No. 2, the sensitivity is

Fig. 1-21. The electron beam, being nega-
tive, is always attrocted by the positive-
charged deflection plate and repelled by
the negative-charged deflection plate.
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Fig. 1-22. The amount of deflection is directly proportional to the voltage
applied to the plates.

39 to 53 volts (dc) per inch for every thousand volts supplied to anode
No. 2. This range applies to one set of deflection plates. For the other
set under the same voltage conditions, the sensitivity is 33 to 45 volts
(dc) per inch per thousand volts supplied to anode No. 2.

The pair of deflection plates having the greater sensitivity (that is,
requiring the smaller number of volts per inch of deflection) is always
the pair nearest the base of the tube. The reason can be readily seen by
examining Fig. 1-23. In this illustration, a pair of deflection plates is
shown in two different positions, one (position A) being nearer the
tube base than the other. If the applied voltage is the same for both
positions, the electron beam will be deflected through an equal angle
each time. With equal deflection angles, the deflection plates at
position A swing a longer beam, thus giving a longer trace.

DEFLECTION
WITH PLATES
ATA

Fig. 1-23. Given equal deflection voltages,

deflection plates set nearest the base of the

cathode-ray tube will have a greater
deflection sensitivity than those

farther away. s ol a ) 1
\ DEFLECTION
\ WITH PLATES
k. AT B

Either pair of plates can be used for the vertical system; the
rotational position of the tube about its long axis determines which
pair. To obtain the highest possible deflection sensitivity for the
vertical system, the cathode-ray tube normally is so positioned that the
pair of plates closest to the base produce the vertical deflection. The
horizontal-deflection plates usually are driven by a stronger signal and
are farther from the base than the vertical-deflection plates.
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CHAPTER 2

Power Supplies

GENERAL REQUIREMENTS

Power supplies for oscilloscopes have a high-voltage section and a
low-voltage section. In some designs, a negative-output high-voltage
arrangement is used in order to simplify safety requirements. In other
designs, both negative-output and positive-output high-voltage
configurations are utilized. As noted previously, a crt high-voltage
power supply does not provide substantial current. On the other hand,
the low-voltage power supply must provide adequate current for the
operation of the amplifiers, time base, and any supplementary
subsections in the scope. The low-voltage power supply may have
positive output, negative output, or both positive and negative
outputs. The more elaborate designs of oscilloscopes employ regulated
power supplies for stability of operation. Nearly all modern
oscilloscopes have solid-state low- and high-voltage power supplies.

WARNING

Cathode-ray tubes in oscilloscopes operate at high voltage, which may cause
injury or death if accidentally contacted. Only experienced technicians should be
permitted to operate an oscilloscope with its case removed. A high-voltage power
supply in an oscilloscope can be deceptive, because the crt heater and cathode may
be operated with 1000 volts or more above ground. Note thatevenwhen the power
switch to an oscilloscope is turned off, the filter capacitors may retain a deadly
charge for a long time, if the high-voltage bleeder resistor is open-circuited.
Therefore, the high-voltage filter capacitors should always be discharged before
starting to troubleshoot oscilloscope circuitry. Keep in mind also that defective
circuits may cause dangerously high voltages to appear at unexpected points in
oscilloscope networks.
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ELECTRON PATH THROUGH A CATHODE-RAY TUBE

Fig. 2-1 shows a SUPI cathode-ray tube as it commonly appears in
the schematic diagrams of oscilloscope instruction books. The order
indicated for the elements, starting from the base of the tube, is the
same in the diagram as for the actual tube, except possibly anode No.
2. Anode No. 2 is connected internally to grid No. 2. It is also
connected to the coated interior of the bulb of the tube, although this is
not shown in the diagram. The coating extends almost to the face of the
screen and accelerates the electron beam on its way to the screen. It
also collects the electrons of the beam after they have struck the
screen.

DEFLECTION
CATHODE GRID 2  ANODE 2 PLATES

Fig. 2-1. Control elements in a SUP1
cathode-ray tube.

The path of the electrons through the cathode-ray tube is as follows.
The electrons are emitted from the heated cathode and, being
negative, are attracted toward the nearest positive element, grid No. 2.
They pass through aperturesin grid No. 2 and also inanodes No. 1 and
No. 2, and are subjected to the action of the deflection plates. Finally,
they strike the screen of the tube causing a spot or trace of light, and
they are then collected by the interior coating which forms a part of
anode No. 2. Thus, the electron path through the tube originates at the
cathode and terminates at anode No. 2.

Polarities of the Tube Elements

Proper operation of the cathode-ray tube requires anode No. 1 to be
more positive than the cathode and anode No. 2 to be more positive
than anode No. 1. Grid No. 1 is the control grid and operates at a
voltage equal to or more negative than that of the cathode. Its action is
similar to that of the control grid of a receiving tube—it controls the
number of electrons flowing between the cathode and anode. Being
negative, it repels the negative electrons, and if it becomes negative
enough, the electron beam is cut off entirely.

The intensity control of the oscilloscope is usually connected to grid
No. 1 of the cathode-ray tube, although it may be connected to the
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cathode instead. A variable intensity depends on a variable potential
difference between the cathode and the grid. This variable potential
difference can be obtained if the potential of one element is varied
while the potential of the other is held constant. The technician is
familiar with this aspect of the operation of the cathode-ray tube
through his association with television receivers. In some receivers,
the picture-tube element to which the brightness control is connected
is the control grid; in others, it is the cathode.

Range of Voltage for Normal Operation

As was stated previously, the necessary potentials for operation of
the cathode-ray tube are furnished by the high-voltage section of the
power supply. These potentials can vary over a wide range, and
satisfactory operation will still be obtained. For example, the voltage
at anode No. 2 of a SUP1 tube can be from 1000 to 2500 volts with
respect to the cathode. Operation below 1000 volts is not recom-
mended. No matter which voltage is chosen, there are some
advantages and disadvantages. The lower voltages can be attained
more easily and economically, and they make possible a higher
deflection sensitivity. These advantages are offset by less brilliance of
the spot and poorer focusing qualities.

BASIC POWER-SUPPLY CONFIGURATIONS

Various rectifier arrangements are used in oscilloscope power
supplies, as shown in Fig. 2-2. The chief distinction between half-wave
and full-wave operation is that the latter has double the ripple
frequency of the former. However, a higher ripple frequency can be
filtered with a less elaborate filter network. Oscilloscope power
supplies often use bridge rectifier configurations, as depicted in Fig.
2-3. The chiefadvantage of the basic bridge arrangement is that the full
secondary voltage is rectified, whereas, the full-wave arrangement
rectifies only half of the total secondary voltage. Note that a
full-wave/full-wave combination configuration provides both positive
and negative outputs, with a ripple frequency that is double the supply
frequency. In high-voltage supplies, it is a common design practice to
connect rectifier diodes in series, as exemplified in Fig. 2-3D. Using a
series connection increases the peak-inverse voltage that is permissible
in the high-voltage rectifier-filter system.

Some lab-type oscilloscopes may employ high-voltage power
supplies that include a 60-kHz oscillator, as shown in Fig. 2-4. In this
design, a conventional power supply is followed by an oscillator that
generates a 60-kHz sine wave which, in turn, energizes the
high-voltage power supply. The basic advantage of this type of
arrangement is that comparatively small high-voltage filter capacitors

32



+ —
117V 117V
60Hz 60Hz

(A) Half wave, positive output. (B) Half wave, negative output.
<
1V =f(= 117V
60Hz dg = 1 60Hz g“
(C) Half wave, with positive and (D) Full wave, positive output.

negative outputs.

- v
117V
117V 60Hz v
60Hz

<

(E) Full wave, negative output. (F) A half-wave voltage doubler with
negative output.

Fig. 2-2. Some basic power-supply rectifier arrangements.

can be used—Ilarge high-voltage filter capacitors are quite costly. Note
that most state-of-the-art oscilloscopes utilize an RC filter circuitry;
filter chokes are both expensive and heavy components. As explained
next, the regulated power supplies used in modern oscilloscopes also
provide an incidental filtering function, so that the elaborate LCR
filter circuitry used in earlier designs is not required.

POWER-SUPPLY SYSTEMS

A configuration for a power supply that is used in a triggered-sweep
oscilloscope is shown in Fig. 2-5. It consists of a low-voltage section
and a high-voltage section. The line voltage is connected through a
slow-blow fuse and a power switch to the primary windings of the
power transformer. The dual primary-windings of the transformer
may be either connected in parallel for 120-volt operation, or in series
for 240-volt operation. The high-voltage secondary winding of the
power transformer is connected to the voltage-doubler circuit
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peak-inverse voltage.

Fig. 2-3. Some basic bridge rectifier configurations.
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Fig. 2-4. The ripple frequency of the high-voltage power supply is 1000 times higher than
that of the 60-Hz source.

consisting of D401, D402, C403, and C404. Resistor R403 and
capacitor C402 filter this negative high voltage, which is then coupled
through resistor R502 to the grid of the crt. The intensity and focusing
voltages are also supplied to the crt, from the voltage-divider network
that consists of resistors R404, R505, R504, R503, and R402. A
separate 6.3-volt winding supplies the crt heater voltage.

Two secondary transformer windings supply graticule lighting and
calibration voltages to the front panel. One of these windings supplies
a 1-volt peak-to-peak potential to the 1-V p-p jack on the front panel.
The other winding supplies the necessary voltage to illuminate the
graticule lights, the intensity of which is varied by the graticule control
RS507. The low-voltage secondary winding is connected to the
full-wave rectifier diodes D405, D406, D407, and D408. Zener diode
ZDA404 and resistor R408 maintain a constant voltage to the base of
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Fig. 2-5. Power supply for a triggered-sweep oscilloscope.

Courtesy Heath Co.

pass transistor Q401. The output from the series pass transistor is a
regulated 36 volts. Since a regulator operates to maintain a constant
output voltage, it has considerable incidental filtering action, and it
also provides a very low internal impedance. By connecting equal
loads from each side of the supply to ground, six separate dc-output
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voltages are obtained. Deflection potentials are obtained from
another secondary winding that is connected to the full-wave
bridge-rectifier diodes D411, D412, D413, and D414. Zener diodes
ZDA417 and ZD418 provide a regulated + 150-volt dc output through
transistor Q403 and dropping resistor R416. Zener diodes ZD415 and
ZD416 provide a regulated + 180-volt dc output through transistor
Q402 and dropping resistor R417.

VOLTAGE REGULATION

The modern trend is to use regulated power supplies in
oscilloscopes. This makes for stability of operation and more accurate
measurements of voltage and time under conditions of line-voltage
fluctuation. The simplest voltage-regulating circuits employ voltage-
regulator tubes, as depicted in Fig. 2-6. When the line voltage
fluctuates, the current flow through the voltage-regulator tube
changes, but the voltage drop across the tube remains practically
constant.

UNREG.
o

+ 0 +
R1
REG. +(HIGH)
UNREG.
+ O + EROM
LA
REG.
POWER EG = A REG +(LOW)
SUPPLY
OUTPUT R VR
(A) A one-tube regulotor. (B) Two tubes in series.

Fig. 2-6. Basic configuration for voltage-regulator tubes.

Fig. 2-7 shows the basic configuration for a zener diode
voltage-regulator circuit. From a practical viewpoint, the action of a
zener diode is the same as that of a voltage-regulator tube. In other
words, when the supply voltage fluctuates, the current flow through
the zener diode changes, but the voltage drop across the diode remains
practically constant. This action results from the fact that a zener diode
does not conduct current in its reverse-biased direction until the
applied voltage rises to a critical value. At this critical value,
“breakdown’ occurs and the internal resistance of the zener diode
becomes very small. Note resistor R in Fig. 2-7; this is a
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current-limiting resistor which prevents the zener diode from drawing
so much current from the source that the diode would be damaged.
Note also that the load resistance, RL, may vary over an appreciable
range, and the voltage across the zener diode will remain practically
unchanged.

You will find transistorized regulated power supplies in many
lab-type scopes. The principle of operation is basically the same as in
tube-type regulated power supplies. In other words, the voltage
reference is provided by a voltage-regulator tube or a zener diode. If
the current demand on the power supply increases, the transistors
“sense” that the output voltage is decreasing with respect to the
reference voltage. In turn, the base-emitter bias automatically changes
to permit more current flow and thereby maintain the output voltage at
a practically constant value.

In a regulator circuit, the difference between a reference input (e.g.,
the supply voltage) and some portion of the output voltage (e.g., a
feedback signal) is used to supply an error signal to the control
elements. The amplified error signal is applied in a manner that tends
to reduce this difference to zero. Regulators are designed to provide a
constant output voltage that is very nearly equal to the desired value in
the presence of a varying input voltage and an output load.

In series regulator circuits, such as that shown in Fig. 2-8,
direct-coupled amplifiers are used to amplify an error or difference
signal that is obtained from a comparison between a portion of the
output voltage and a reference source. The reference-voltage source,
V4, is placed in the emitter circuit of the amplifier transistor Q1 so that
the error or difference signal between V; and some portion of the
output voltage, V,, is developed and amplified. The amplified error
signal forms the input to the regulating element consisting of
transistors Q2 and Q3.

In many situations, a device for a high-voltage power supply is
available with sufficient voltage capability but with insufficient current
dissipation or second-breakdown capability. The series-regulator
circuit shown in Fig. 2-9 solves this problem by reducing the dissipation
and current requirements in the high-voltage device Q1.

Shunt regulator circuits are not as efficient as series regulator
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Fig. 2-8. A basic series regulator circuit.
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Fig. 2-9. High-voltage power-supply regulation.

circuits for most applications, but they have the advantage of greater
simplicity. In the shunt voltage-regulator circuit shown in Fig. 2-10, the
current through the shunt element, consisting of transistors Q1 and
Q?2, varies with changes in the load current or the input voltage. This
current variation is reflected across resistance R1, in series with the
load, so that the output voltage, V,, is maintained nearly constant. In

R1
O—VWA—y %
e
Q2 '
INPUT REGULATED
g ouTPUT Fig. 2-10. A basic shunt regulator circuit.
Q1 R23
& : o

Courtesy RCA
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Fig. 2-10, diode Vg provides a constant voltage reference for
development of the error voltage.

NEGATIVE HV-SUPPLY FEATURES

Most oscilloscopes use the arrangement shown in Fig. 2-11B for the
high-voltage supply, often with minor variations. For example, in Fig.
2-12, the rectifiers and filter sections have been omitted; the final
stages and the positioning controls for one of the amplifier channels
are shown. R1 and R2 form the ground returnfor one pair of deflection
plates, and the ac output from Q1 and Q2 is developed across these two
resistors. This is a push-pull deflection system in which a negative-
going signal is applied to one deflection plate of a pair at the same time
that a positive-going signal is applied to the other plate.

With the circuit arrangement shown in Fig. 2-12, the dc potential of
either deflection plate will not vary greatly from ground potential. Any
variation will be due to the action of positioning controls R3A and
R3B. These controls are ganged and so wired that any rotation of the
common shaft shifts the slider of one control toward a more positive
potential and, at the same time, shifts the slider of the other control
toward a more negative potential. As a result, the deflection plates
have a push-pull action for the dc positioning voltage as well as for the
ac signal.

The following advantages result from a negative high-voltage

supply:

- —_—
l—ﬂ— FILTER ] FILTER -0
+ -_— —
. ! -
ks /\/ T Eout Es /\/ g ‘Eout
T ‘ Q +
L —0 — 0
i L
(A) Positive output voltage. (B) Negative output voltage.
—
——< FILTER 0
-+

o —
e . ADJUSTABLE
(C) Positive and negative output voltages. Es /\/ Eout ‘
o)
+

Fig. 2-11. Several variations of a half-wave rectifier circuit.
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1. The deflection plates can be operated at a dc potential close to

that of anode No. 2, thus eliminating the defocusing effect

obtained when the two potentials differ greatly.

Capacitors C1 and C2 can have a fairly low voltage rating.

The circuit can be more easily adapted to dc connection between

deflection plates and amplifiers.

4. Less insulation is needed between the positioning controls and
the chassis or the front panel.

o)

0l
1 {F
Q 0.25
B+
c2
_ | Y
0 0.25

INTENSITY 100K

—1500v

Fig. 2-12. Partial schematic showing the positioning controls and the high-voltage divider
network of an oscilloscope.

Contrast the preceding conditions with those obtained if the polarity

of the high-voltage supply were reversed.

1. Anode No. 2 would be at a high positive potential to ground,
resulting in an extreme difference in potential between the
deflection plates and anode No. 2 if dc connections are made
from the amplifier to the deflection plates. (This condition is
undesirable.)

2. If blocking capacitors C1 and C2 are used, the deflection plates
and anode No. 2 would be at nearly the same potential, but the
voltage rating of the capacitors would have to be high. Capacitors
of that value and rating would be bulky and expensive.

3. The horizontal- and vertical-positioning controls would have to
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be highly insulated from the chassis and the front panel to protect
against the high voltage.

Regardless of the polarity of the high-voltage supply, the voltage
rating of filter capacitors C403 and C404 in Fig. 2-5 must be high. In
summary, the advantages seem to lie mainly with a high-voltage supply
of negative polarity, and most oscilloscopes employ this system.

INSULATION OF FRONT PANEL CONTROLS

As can be seen in Fig. 2-12, the focus and intensity controls are at
points of fairly high potential at the negative end of the dividing
network. Consequently, the manufacturers take precautions to
insulate these controls from the chassis and the front panel. The
method used in one oscilloscope is shown in Fig. 2-13. Insulating
washers are used between each control and the mounting bracket, with
an insulating coupler between the control shaft and the long metal
shaft running to the front panel.

Fig. 2-13. One method of insulating between a control and the chassis.

BEAM INTENSIFICATION

Because it is popular with oscilloscope manufacturers, the SUP1
cathode-ray tube has been used as an example. However, other
cathode-ray tubes are also found in oscilloscopes, and some require a
power supply slightly different from those discussed so far. An
intensifier anode (called anode No. 3) in the SABP1 tube and SCP1A
tube may sometimes be operated at a potential as much as 2000 volts
positive with respect to ground; and at the same time, the control grid
may be as much as 2000 volts negative with respect to ground. The
intensifier anode greatly accelerates the electrons in the beam after
they have passed between the deflection plates. A brighter spot
results, yet the deflection sensitivity is not seriously affected. The
increased velocity of the electrons in the beam permits a higher
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scanning rate. In order to obtain the positive high voltage for the
intensifier anode, another half-wave rectifier system can be added.

With all of these high-voltage sources present within the case, the
operator should be extremely careful when examining the interior of
an oscilloscope. The instruction manuals caution against operating the
oscilloscope with the chassis outside its case. Before touching any part
of the interior of an oscilloscope, the operator should make sure that
the filter capacitors are not charged.
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CHAPTER 3

Sweep Systems

OVERVIEW OF OSCILLOSCOPE OPERATING FEATURES

In Chapter 1, it was mentioned that the oscilloscope will actually
plot a graph of voltage (‘““write’’ a pattern) with respect to time on the
crt screen. The oscilloscope operator can see the way in which this
voltage changes in amplitude and direction from one moment to the
next. The signal to be observed and/or measured is normally applied to
the vertical-deflection channel and will cause a vertical trace to be
displayed on the crt screen, provided that the signal is of sufficient
amplitude and that no acvoltage is applied to the horizontal-deflection
plates (see Fig. 3-1).

Under these conditions, a change of amplitude in the signal will
result in a change of the height of the vertical trace. In order that these
changes in amplitude may be viewed with respect to changes in time,
some type of sweep system must be incorporated in the oscilloscope.

Fig. 3-1. Application of an ac signal to the
vertical channel of an oscilloscope
produces a vertical-line display
on the crt screen.
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The signal from the sweep system is used to drive the horizontal-de-
flection plates of the cathode-ray tube. This provides a horizontal trace
as a time reference for the signal at the vertical-deflection plates.
Because of this, sweep systems are sometimes called time bases. In
addition to the sweep signals provided internally in the general-pur-
pose oscilloscope, other sweep signals can usually be applied from an
external source.

Oscilloscope sweeps may be classed as linear or nonlinear, and as
single or repetitive. Single sweeps have a great utility for viewing
signals of a nonrecurring nature. They are designed to sweep the beam
once across the screen of the oscilloscope and they must be timed
accurately so that the signal to be viewed will occur at the exact instant
of the sweep. A sweep of such short duration would result in a trace
that would fade very quickly on a screen of normal persistence;
consequently, a screen with a long persistence is used to increase the
viewing time.

The majority of the signals that a service technician will encounter
are of a recurring nature. They normally go through a complete cycle
of variations, a number of times a second. Some examples of this type
of signal are:

1. The voltage supplied by the power line.

2. The ac voltages at tube filaments in a receiver.

3. The voltages generated by the sweep circuits in a television

receiver.

The ideal sweep for viewing these signals is one in which the beam
starts at the left-hand edge of the oscilloscope screen and moves at a
uniform rate of speed in a horizontal direction to the right edge of the
screen. When it reaches the right edge, the sweep should reverse
direction and return to the starting position at the left of the screen.
This return sweep (called retrace) should be made in the least time
possible.

OSCILLOSCOPE CONTROLS

Various oscilloscope controls have been previously discussed. In a
modern triggered-sweep oscilloscope, specialized time-base (sweep)
controls are provided, as exemplified in Fig. 3-2. The function and
operation of these controls and indicators will become clear as the
reader proceeds with the following explanations. Follow the numbers
given in the illustrations of Figs. 3-2 and 3-3.

1 GrarticuLe scale. This scale provides calibration marks for
voltage measurements. Only the left (0 to 1) vertical scale or the
right (0 to 3) vertical scale is illuminated with respect to the
voltage range being used for caLI-BRAIN.

2 Vours ruLL scaLk indicator (.100, 1.00, 10.0, and 100). This
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Courtesy B&K Precision, Dynascan Corp.

Fig. 3-2. An example of triggered-sweep oscilloscope controls and functions.

indicator indicates full scale peak-to-peak voltage reading of the
graticule scale that is directly below the indicator. The indicator
is illuminated only when switch 7 isset to the .1, 1, 10, or 100 volt
range. The decimal point moves automatically with the voLts
FULL sCALE selector switch 7. The vertical variaBLE control 8 must
be set to caL for the indicated value to be correct.

3 Vorrs ruLL scaLk indicator (.300, 3.00, 30.0, and 300). Same as
indicator 2, except it is automatically illuminated when switch 7
is set to the .3, 3, 30, and 300 volt ranges.

4 yPositionPuLL TOo READ voLTs switch. Rotation of this switch
adjusts vertical position of trace. This push-pull switch activates
caLl.BRAIN when pulled out, and is in normal operation when
pushed in. With caLiBraIN activated, horizontal deflection
ceases and the resulting vertical deflection produces a thin
vertical line that is displayed adjacent to the graticule scale on
which the value is to be read. On the .1, 1, 10, and 100 volt
ranges, the line appears adjacent to the left vertical graticule
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Fig. 3-3. Sketch showing other operator's facilities for the oscilloscope
illustrated in Fig. 3-2.

scale, and on the .3, 3, 30, and 300 volt ranges, the line appears
adjacent to the right vertical graticule scale.

OfraLum control. In the full counterclockwise click-stop
position, ac power to the oscilloscope is ofF. Initial clockwise
rotation turns the unit on, and any further rotation reduces the
illumination of the graticule scale and the voLTs FULL scCALE
indicators 2 and 3.

<4PPosition control. This control adjusts horizontal position of
the trace; becomes disabled when caLi-BRAIN is operative.
VoLTs FULL SCALE selector switch (vertical attenuator). This switch
provides coarse adjustment of the vertical sensitivity. Vertical
sensitivity is calibrated in 8 steps, from .1 volt to 300 volts full
scale, when vaRriaBLE 8 is set to the caL position. The switch also
automatically selects the graticule scale and the scale indicator,
including the correct placement of the decimal point for the
caLI-BRAIN display.

V ariaBLE (vertical attenuator). This allows vernier adjustment
of the vertical sensitivity. In extreme clockwise (caL) position,
the vertical attenuator is calibrated. The control must be in the
caL position for caLiBRAIN display measurements.

Dc BaL adjustment. This is the vertical dc balance adjustment.
Sweep RANGE selector switch. This switch selects the coarse
horizontal sweep rates in 5 steps—from 5 Hz to 500 kHz plus Tv-v
and Tv-H positions. The selector positions fall between two
numbers which indicate the range of sweep rates that may be
selected with the verniEr control 11. For example, the first
position provides sweep rates of 5 Hz to 50 Hz, depending upon
the setting of the vErNIER control. The 1v.v (television vertical)
and Tv-H (television horizontal) positions provide the correct
sweep rates for viewing two full fields and two full lines of
television composite video waveforms.
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11

12

13
14

15

16
17

18

19

20
21

VERrNIER control. This control provides the fine horizontal sweep
rate adjustment. In the fully counterclockwise position, the
sweep rate equals the lowest rate of the selected sweep RANGE 10.
In the fully clockwise position, the sweep rate equals the highest
rate of the selected swEep RANGE.

Ac-onp-pc switch. This is the vertical input selector switch. In the
Ac position, it blocks the dc component of the input signal. In the
GND position, it opens the signal input path and grounds the input
to the vertical amplifier. This provides a zero-signal base line,
the position of which can be used as a reference when performing
dc measurements. In the pc position, the direct input of the ac
and dc component is allowed.

V ineuT jack. This vertical input is a uhf-type connector; it also
accepts a banana-type plug in the center terminal.

Gnp terminal. This is chassis ground; it accepts wire, pin, or
banana-type plug.

SYNC/H. AMP SELECTOR switch.

1. syNc positions are:

LINE—The power-line frequency sync (50/60 Hz).

extT—The signal at ext syNcHor jack 17 is used for sweep
synchronization.

+ InT—The positive portion of the waveform being observed is
used for sweep synchronization.

— nt—The negative portion of the waveform being observed
is used for sweep synchronization.

2. AMP positions are:

exT—The sweep generator is disabled and the external signal
applied at Ext syncHor jack 17 provides horizontal
deflection.

LINE—The line-frequency (50/60 Hz) sinusoidal wave is used
for horizontal deflection; sync/pHASE control 19 adjusts the
phase of the sweep.

H. amp caIn control. This adjusts the horizontal size of the
display.

Ext sync/HOR jack. Thisis the external sync or external horizontal
input.

Dc-ac switch. The horizontal input selector switch. In the pc
position, there is a direct input of the ac and dc component. In
the ac position, it blocks the dc component of the horizontal
input signal.

SyNc/pHASE control. This control adjusts the sync signal level for
proper waveform synchronization; it doubles as a phase control
when using line sweep.

Focus control. This control adjusts sharpness of trace.
InTENnsITY control. This control adjusts brightness of trace.
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22 CaL J L jack. This provides a calibrated 1-volt peak-to-peak
square, with fast rise-time at line frequency, for checking scope
calibration and compensating the 10:1 probe mode.

23 Astic adjustment. Used in conjunction with rocus 20, this
control adjusts the overall sharpness of the trace.

24 ProBe. This is a combination 10:1 attenuation and direct
measurement probe for the vertical input.

25 VEctor ovERLAY. A plastic overlay that may be inserted over the
screen of the cathode-ray tube for vectorscope measurements
(not illustrated).

26 Tt stanp. With stand folded up, the scope sits on rubber feet.
Unfolded, the front of the scope is elevated to a convenient
viewing height.

27 InT MoD jack. An intensity modulation (Z axis) input.

28 Fuse. A l-amp, 3-AG-type fuse.

29 Power corp. A 3-conductor grounding-type cord; it is ground-
connected directly to the chassis for maximum safety.

LINEAR SAWTOOTH SWEEP

The waveform of the voltage that is necessary to produce a linear
sawtooth sweep is shown in Fig. 3-4. Several cycles of the sawtooth
waveform are shown. The voltage applied to the horizontal deflection
plates is plotted in a vertical direction, and time is plotted in a
horizontal direction. The sweep produced by such a waveform is called
a linear sweep because the useful portion of it moves at a constant rate
of speed and can be represented by a straight line on a graph. In many
oscilloscopes, the retrace is blanked out and does not appear on the
screen.

Retrace blanking can help prevent some of the confusing indications
that might be seen without blanking. This is especially true where some
of the higher sweep frequencies are used. Usually, raising the sweep
rate higher and higher will result in sweep voltage cycles that contain a

f——1 CYCLE—

| |
s |
=S |
2 |
z l I
= | | SWEEP RETRACE
-
= | |
= l |
-
= |
—J

: TIME

Fig. 3-4. Voltage waveform used to display a pattern on an oscillosope screen.
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larger percentage of retrace time. If the retrace is permitted to appear
on the screen together with any vertical deflection caused by a signal at
that time, it may obscure some more important detail that is occurring
during the forward portion of the sweep.

Blanking can be accomplished by applying the retrace signal from
the sweep generator circuits to either the cathode or grid of the
cathode-ray tube for intensity modulation. Circuits may be inserted
between the generator and the cathode-ray tube to provide any
waveshaping, phase shifting, or amplification that may be necessary.

The waveform of Fig. 3-4 can be approximated very closely by the
voltage across a capacitor being charged and discharged in a certain
manner. Fig. 3-5 shows a simple arrangement for doing this. When the
switch is in position A, capacitor C will be shorted, and no voltage will
appear across its terminals. When the switch is moved from point A to
point B, the battery will immediately start to charge the capacitor and
will continue to charge capacitor C until the voltage across the
capacitor equals that across the battery. Theoretically, it would take an
infinite length of time for E. to reach the voltage Ez. For most practical
purposes, E. can be considered to equal Ej after a time equal to SRC
has elapsed. RC time is measured in seconds and is equal to the
product of the resistance in megohms times the capacitance in
microfarads.

Fig. 3-6 is a graph showing the ratio between the voltage E. and the
voltage E; obtained with the circuit of Fig. 3-7. It can be seen that the
voltage Eincreases rapidly at first, then more slowly as E. approaches
E;. Considered as a whole, the curve of Fig. 3-6 appears to have a large
amount of curvature. However, if only a small portion of the curve is

—\A—O+—0—
‘ A
Fig. 3-5. A simple arrangement for charg-

ing and discharging a capacitor. = Ep C= E
1.0 [
0.950 — 0.982
08 0865
w 0.6
Fig. 3-6. Graph showing the rise in %, /0632
voltage as a capacitor is charged *“ 04 //
through a resistor. 7
0.2 7
» _
0 1RC 2RC 3RC 4RC
TIME
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generator circuit.

considered at one time, it appears to be nearly straight, especially
between points 0 and 1RC. It would, therefore, be logical to use this
latter portion of the curve, or a part of it, to develop the sawtooth curve
diagrammed in Fig. 3-4.

With reference to Fig. 3-6, consider how a repetitive sawtooth
waveform is generated. The battery charges capacitor C through
resistor R, in accordance with the exponential curve shown in Fig. 3-6.
When the breakdown voltage of the zener diode is reached, the
capacitor suddenly discharges through the diode. Thereupon, the
cycle of operation is repeated. If R and C have large values, the
repetition rate is slow; on the other hand, if R and C have small values,
the repetition rate is high. Note that if the value of R or the value of Cis
adjustable, the sawtooth repetition rate will be controllable. The RC
combination has a time constant, its time constant in seconds is equal to
ohms times farads. For example, if R is 1 megohm and C is 1
microfarad, the circuit time constant is one second. This means that
the sawtooth voltage will rise to 0.632 of its maximum possible value in
1 second. Refer to Fig. 3-8 and you will see that the sawtooth output
becomes more linear if the source voltage is increased. In other words,

INCREASED SUPPLY VOLTAGE

CHARGE CURVE FOR INCREASED _ —— "~
SUPPLY VOLTAGE ~_ _ -~
>
7 INITIAL SUPPLY VOLTAGE
P e
e _—~"\_ ORIGINAL
# - CAPACITANCE CHARGE CURVE
wd // 7~
2 i SWITCHING POTENTIAL (HIGH)
2
=
///, SWITCHING POTENTIAL (LOW)
/ /
,//
TIME

Fig. 3-8. Frequency and linearity changes caused by variation in the supply voltage.
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the linearity is improved because the high and low transition points are
then farther down on the total charge curve, where the curve is more
nearly linear.

SWEEP RATE CONTROL

A wide and continuous range of sawtooth repetition rates must be
provided in a practical horizontal-sweep (time-base) system. Thus,
operating controls are provided for adjusting the time constant of the
integrating circuit that forms the ramp (sawtooth). This is usually
accomplished with a variable resistance (potentiometer) control for
fine or vernier frequency variation, and with a graduated series of fixed
capacitors connected to a switch control for coarse (step) frequency
variation. A rotary switch is usually employed for the sweep selector
(step-frequency control). At this point, it is helpful to briefly consider
basic rectangular-wave generators, such as those that are widely
utilized in time-base arrangements. One basic type isfree running, and
the other is actuated by a trigger pulse.

A basic transistor multivibrator circuit is shown in Fig. 3-9. This
free-running (astable) multivibrator is essentially a nonsinusoidal
two-stage amplifier with its output coupled back to its input. As a
result, one transistor conducts while the other is cut off, until a point is
reached at which the stages reverse their conditions. In other words,
the stage that had been conducting cuts off, and the stage that had been
cut off conducts. This oscillatory action is used, for example, to
produce a square-wave output. By suitable modification, the circuit
can be made to produce a sawtooth waveform output.

The foregoing discussion of multivibrator circuit action is sum-

Cr1 Cr,
Rey — Rcz g
Ry Rsz | } r ?____,
Q1 Q2
OUTPUT
Voo =
Rex Cg]-l- Re: Re2 Cez I Re2




marized by the waveforms depicted in Fig. 3-10 for the circuit of Fig.
3-9. Note that i,, denotes the base current of Q1, v,, denotes the base
voltage of Q1, i, denotes the collector current of Q1, v, denotes the
collector voltage of Q1, i,, denotes the base current of Q2, v,, denotes
the base voltage of Q2, i, denotes the collector current of Q2, and v,,
denotes the collector voltage of Q2. Although the collector waveforms
are semisquare and have no resemblance to a sawtooth wave, we will
find that comparatively simple circuit modifications can provide a
collector-voltage waveform that is a good approximation of a sawtooth
waveform.

TRIGGERED SWEEP

Conventional scopes use a free-running sawtooth oscillator for
horizontal deflection. Triggered-sweep scopes use a sawtooth genera-
tor that is not free running. Therefore, a sawtooth waveform is
generated only when a vertical-input signal is applied. The leading
edge of the input signal (Fig. 3-11) triggers the sawtooth generator,
and one sweep excursion occurs. The sawtooth generator then remains
inactive until the next leading edge arrives. This means that before the

Fig. 3-10. Voltage and current waveforms
in a basic transistor multivibrator circuit.
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Fig. 3-11. Leading edges in sine and pulse signal waveforms.

leading edge of a vertical-input signal arrives, you see only a spot on
the screen, as illustrated in Fig. 3-12A. When the leading edge arrives,
the beam deflects horizontally, as seen in Fig. 3-12B. In turn, a
waveform can be greatly expanded merely by advancing the horizontal
sweep-rate control (Fig. 3-13). Trigger action is obtained by biasing at
least one of the tubes or transistors in a multivibrator beyond cutoff.
For example, in a cathode-coupled multivibrator, a variable
common-cathode bias control may be provided to set the triggering
level.

Some oscilloscopes designed for industrial applications have
provision for very slow horizontal sweep. A binding post may be
provided on the front panel, marked ‘“‘external capacitor.” When a
capacitor is connected between the binding post and ground, the time
constant of sweep oscillator is increased. In turn, the horizontal-de-
flection rate slows down. The scope manufacturer often supplies a
chart that shows the sweep rate versus the external capacitance value.
A triggered sweep, or time base, uses the basic monostable (one-shot)
multivibratorcircuit shownin Fig. 3-14 A. This configuration is similar
to the multivibrator arrangement described in the preceding section,
except that the bias voltage Vg holds Q1 below cutoff, whereas, the
supply voltage V.- holds Q2 in saturation (conduction) during the time
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(A) Spot resting, not triggered. (B) Scope triggered.

Fig. 3-12. Trigger control of the cathode-ray tube beam.

that no trigger (sync) voltage is applied to Q1 via C.. The sequence of
multivibrator action is seen in Fig. 3-14C. When a negative sync
voltage (trigger pulse) is applied to the base of Q1 (see v,), the
transistor is momentarily driven into conduction. In turn, the trigger
pulse is amplified and applied to the base of Q2 in positive polarity.
Thus, Q2 is cut off (see vy,) and Q1, in turn, is held in conduction until
the charge on Cg, decays through Rg,. At this point, Q2 goes back into
saturation and Q1 goes back below cutoff. The result is a single square
output pulse (see v,,). The multivibrator then rests in its quiescent state
until another trigger pulse is applied to the base of QI.

Before this square output pulse can be used to deflect the crt beam,
it must be changed into a sawtooth form. This is the function of C,; in

Fig. 3-13. Expansion of the leading edge of a waveform.
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Fig. 3-14. Basic monostable (one-shot) multivibrator.

Fig. 3-14B. Note that during the time that Q2 is cut off, Cs; charges
through R;, and forms one sawtooth excursion. Next, when 02
suddenly goes into saturation again, Cs; discharges rapidly through
Q2. The resulting sawtooth wave, Vg, is in turn applied to the
horizontal-deflection plates in the scope, and produces one excursion
of the triggered-sweep action. It is evident that the sweep speed
depends on the value of Cs; (time constant of the charging circuit). In
practice, it is necessary to elaborate the basic time base somewhat.
First, if an arbitrary vertical-signal waveform were used to trigger the
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multivibrator, the resulting trigger action would often be erratic.
Therefore, a waveshaping section must be employed which produces a
standard trigger pulse each time that the leading edge of the
vertical-signal waveform appears. Second, control facilities must be
provided whereby this standard trigger pulse is produced when the
vertical-signal leading edge is positive-going or when it is negative-
going.

Fig. 3-15shows a basic waveshapingsection thatis used to trigger the
monostable multivibrator. This waveshaping arrangement is called a
Schmitt trigger circuit. It is essentially a bistable multivibrator. In
other words, if Q1 is cut off, Q2 will be saturated, and the circuit will
remain in this state until the base voltage on Q1 is changed to bring Q1
into conduction. Thereupon, Q2 is driven into cutoff, and the circuit
will remain in this reversed state until the base voltage on Q1 is again
changed to cut off Q1. In turn, Q2 simultaneously goes into saturation.
This circuit action is a result of the common-emitter resistor, Rg, and
the bias source, Vge. Input and output waveforms are shown in Fig.
3-15C, for the case of a sine-wave input. Observe that the outputis a
square wave. No matter what the input waveform may be, the output
will remain a square waveform. Thus, uniform triggering of the
monostable multivibrator is ensured. Note that when the leading edge
of the output waveform in Fig. 3-15B is applied to the input lead of the

V SIGNAL SAWTOOTH
SAMPLE SCHMITT MONOSTABLE SAWTOOTH OUTPUT
TRIGGER MULTIVIBRATOR MAKER '

(A) Block diagram.

V|cc
< “h—‘l
CFI =
RLl —"_' RLZ
Ry
INPUT
' INPUT 0 . !
i i | i
i T T
o LI
OUTPUT
Vee T Vccp 1 L
(B) Schmitt trigger configuration. (C) Input and output waveforms.

Fig. 3-15. Monostable multivibrator preceded by a Schmitt trigger circuit.
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multivibrator in Fig. 3-14A, the square waveform becomes differen-
tiated by C. and Rg,, thereby forming the trigger pulse, V,,, depicted in
Fig. 3-14C.

We observe that triggering of the time base can occur only on the
negative-going excursion of the input waveform in Fig. 3-13B. Of
course, this is not always desirable—we might wish to display a
positive-going waveform instead. Therefore, a triggered-sweep scope
provides facilities for either positive or negative triggering. For this
purpose, the Schmitt trigger in Fig. 3-15A is preceded by a phase
inverter. A phase inverter effectively turns the input waveform
“upside down” so that its negative-going leading edge is changed into a
positive-going leading edge Similarly, the positive- going leading edge
of the input waveform is changed into a negatwe gomg leadmg edge.
This change permits switch control of negative-going triggering or
positive-going triggering. Still other elaborations of the basic triggered
time base are provided in modern scopes. These will be explained in
greater detail in the next chapter.

COMMERCIAL DESIGN

At this point, it is instructive to consider a widely used commercial
design of a solid-state triggered time base and horizontal-amplifier
configuration, as shown in Fig. 3-16. The sweep generator circuits are
part of the circuitry on the sweep generator and horizontal-amplifier
circuit board. The Int-Ext switch (SWS503) on the front panel
determines whether the internal trigger signal or an external trigger
signal will be used to start the sweep. In either case, the selected signal
is coupled to the gate of transistor Q302. Internal triggering is
accomplished by couplinga signal from the vertical amplifier, through
transistor Q301 and dc level control R301, to trigger amplifier input
stage Q302. Level control R301 is adjusted to obtain 0 volt dc at the
gate of transistor Q302. The Level Set control varies the voltage on the
source of transistor Q302 by changing the current level through
transistor Q303. The source voltage of Q302 is set at 0 volt, when the
Auto-Norm trigger switch (SW504) is in the Auto position. When the
Auto-Norm switch is in the Norm position, the Trigger Level control
on the front panel of the set performs the function of selecting the
current through transistor Q303. In turn, it controls the point at which
the sweep generator will trigger.

Both gain and dc level control are achieved as the signal is coupled
through transistors Q304 and Q306, a differential amplifier. Capacitor
C307 is a high-frequency ac coupler connected between the emitters of
the differential amplifier. The output from this amplifier is coupled
through emitter-follower output transistors Q305 and Q307 to switch
SWS505 (the +/— switch) on the front panel. Transistor Q308 is a
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constant-current source for transistors Q304 and Q306. The collector
current of Q308 is determined by the Trig Bal control (R315) in its
emitter circuit. The Trig Bal control is adjusted to present the proper
dclevel to the input of integrated circuit IC301. This integrated circuit
is a dual Schmitt trigger. The “A” section of IC301 is used to shape the
wave of the trigger signal, while the “B” section is used as a voltage
sensor to turn the sweep off at the end of each sweep cycle.

With reference to Fig. 3-17, the output of IC301B (pin 8) is high
most of the time. This positive voltage turns on transistor Q318 which,
in turn, turns off Q317 and allows the selected sweep capacitor to
charge. The high output from IC301B also turns on transistor Q311,
which grounds one input pin (pin 4) of IC301A. This keeps other input
pulses at pin 1 (IC301A) out of the circuit so that IC301B will not
trigger before the sweep is completed. Stability control resistor RSO8B
is set to bias the input of IC301B to a voltage level slightly more
positive than the reset voltage. As the sweep capacitor charges, it
overrides this voltage (after being coupled through source-follower
and emitter-follower transistors Q314 and Q315), and continues to
increase until the output of IC301B goes low. Then, transistor Q318 is
turned off and transistor Q317 is turned on, shorting out the sweep
capacitor. Transistor Q311 is also turned off, which causes pin 4 of
IC301A to go high.

The next positive-going pulse to pin 1 drives the output low, turning
off transistor Q309. A positive pulse is then coupled through capacitor
C313 and sets the output of IC301B low. After the input pulse at
IC301A is gone, pin 1 again is low and pin 6 (IC301A) goes high and
turns on transistor Q309. The negative pulse coupled through
capacitor C313 causes the output of IC301B to go high. The output
stays high because this input is biased between the turn-on and turn-off
points of the Schmitt trigger. Then, the process repeats itself.
Transistor Q321 is the unblanking amplifier (Fig. 3-16). This amplifier
receives signals from the sweep circuits to properly bias the crt, turning
the electron beam on and off as required. Feedback from Q321,
through transistor Q319, holds the start of the trace until Q321 has
returned to its quiescent condition from the preceding sweep. This
prevents the shortening of the trace due to an insufficient rise time in
transistor Q321.

Transistors Q312 and Q313 form a Schmitt trigger circuit that is
modified by a negative-feedback signal coupled from the collector of
Q312 back to its base through resistor R320. The base of Q312 is
capacitively coupled to ground to form a free-running multivibrator.
This multivibrator operates on the three high ranges of the Time C/M
switch and is used to provide a better base line on the crt. Normally,
when a triggered sweep circuit is operating in the automatic mode, the
base line will fade as the sweep rate is increased. To prevent this
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Fig. 3-17. Schmitt trigger circuitry.

fading, the multivibrator is used to provide an increasing trigger
repetition rate as the sweep speed is increased. At the lower sweep
speeds, the generator will be automatically “retriggered’ at about 50
Hz. Should a higher frequency be available, such as that from the
multivibrator described above, the generator circuit will lock on to the
faster rate.

The Time C/M switch determines the value of the sweep capacitor,
and the amount of current flowing through transistor Q322. As the
sweep capacitor charges, a positive-going ramp voltage (sawtooth) is
generated. The speed of the horizontal sweep is determined by the
particular timing capacitor that was chosen, and by its charging
current. The effect of horizontal sweep speed on the display of a
narrow pulse is exemplified in Fig. 3-18. At a sweep speed of 0.02
ms/cm, the pulse appears to have zero rise time and zero fall time; it
appears to have sharp corners without any evidence of rounding. As
the sweep speed is increased to 0.2 ps/cm, it becomes evident that the
pulse has a finite rise time, and that it has rounded corners. When the
sweep speed is further increased to 0.04 ps/cm, it is seen that the rise
time is approximately 0.02 ws. In this high-speed display, most of the
top portion of the pulse is off-screen to the right.
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Figure 3-18. Progressive expansion of a 20-microsecond pulse on the screen of a
triggered-sweep scope.

Rise time is measured from the 10% point to the 90% point along the
leading edge, as shown in Fig. 3-19. This definition avoids the
confusion that could be caused by various modes of cornering.
Similarly, fall time is measured from the 90% point to the 10% point
along the trailing edge of the waveform. Precise measurement of rise
time (or fall time) requires that the leading or trailing edges of a
fast-rise pulse be considerably expanded by being displayed on a
high-speed sweep. Note that this type of waveform has invisible
leading and trailing edges when displayed on a slow-speed sweep. In
other words, the writing rate of the leading and trailing edges is much
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Fig. 3-19. Basic principles of a triggered-sweep display.

faster than the writing rate along the flat top when displayed on a
slow-speed sweep. On the other hand, when the leading edge is greatly
expanded on a high-speed sweep, the writing rate is more nearly
uniform over the entire pattern. Note in passing that as the sweep
speed 1s progressively increased, the intensity control of the scope
must be advanced to maintain normal pattern brightness.
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CHAPTER 4

Synchronization

PRINCIPLES OF SYNCHRONIZATION

Synchronization is defined as the precise matching of two waves or
functions. In other words, two electrical events are synchronized when
they are so timed that they occur simultaneously, or in step with each
other. In the complete absence of synchronization, a displayed
waveform will drift or “run” to the right or to the left on the crt screen.
In amarginal sync operation, a displayed waveform will be locked for a
time on the screen, but will then “break sync’’ and slide horizontally to
the left or right. As exemplified in Fig. 4-1, marginal sync lock may
result in “jitter” of the waveform. In the majority of cases, the
technician will be observing a signal that has some regularly recurring
peak or dip in its amplitude. In other words, it is made up of cycles that
repeat regularly and can, therefore, be synchronized with the trace of
the oscilloscope as the trace sweeps across the oscilloscope screen.

NORMAL

Fig. 4-1. Pattern “jitter’” may be caused by
marginal synchronization.

MARGINAL SYNC
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When an oscilloscope has been properly synchronized with a signal,
the signal will appear to be stationary on the screen, and one or more
cycles of the signal can be seen. If the oscilloscope is slightly out of
synchronization, the waveform will appear to move slowly across the
screen, either to the right or to the left. The waveform can be made to
“stand still’* even without a sync signal if the operator carefully adjusts
the fine frequency control. It will not remain stationary very long,
though, because of the tendency of the sweep oscillator to wander in
frequency. The situation is quite similar to that of a television receiver
that has lost the sync signal. The receiver operator varies the frequency
of the sweep oscillator by adjusting the hold control, and when the
oscillator frequency agrees with the sweep frequency of the tv signal,
the picture is held stationary on the screen, but only as long as the
operator is willing to keep adjusting the hold control.

Certain types of signal will be more difficult to synchronize than
others. These include signals having little information of a recurring or
repeatingnature, and signals having few pronounced peaks or dips. As
the frequencies of both the signal being viewed and the oscilloscope
sweep are increased, synchronization also becomes more difficult. The
reason for these difficulties will become more apparent later when we
consider the process of synchronization. As an example, the video
signal output from the picture detector in a tv receiver is often difficult
to synchronize when displayed on a scope with a free-running sweep.
However, if the external sync function of the scope is used to
synchronize the sweep from the vertical integrator output, the pattern
can be tightly locked on the screen. This is because the vertical
integrator removes all of the horizontal sync pulses and equalizing
pulses, leaving only the vertical sync pulse (Fig. 4-2).

If a signal does not repeat at regular intervals, it is called a transient
or nonrecurrent waveform. Even if a signal repeats at regular
intervals, it may approximate a transient in case there is a long waiting
interval between the repetitions. Sometimes there may be many
waveforms of no interest that occur between the repetitions of the
desired waveform. As an illustration, a vertical interval test signal is
transmitted in each vertical-blanking interval of the composite color-tv
signal (Fig. 4-3). The foregoing waveforms cannot be displayed with a
scope that has a free-running sweep. On the other hand, such
waveforms can be displayed with a scope that has triggered sweeps. It
is sometimes advantageous to use a long-persistence crt, particularly
when the signal is of the “one-shot” type and is not repeated at any
time. Note that highly sophisticated lab-type scopes that have a
screen-pattern storage function are also available. In other words, a
‘““one-shot’ transient can be maintained visibly on the screen for hours,
if desired.

Various general-purpose scopes provide a choice of recurrent-
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Fig. 4-2. External sync function provides a stable lock of the composite video signal.

sweep mode and trigger-sweep mode of operation. This is called a
dual-mode sweep function. A scope with this feature is pictured in Fig.
4-4. In its recurrent-sweep mode, it is a conventional continuous-
sweep type of oscilloscope. The sweep oscillator is adjustable up to
3.58 MHz, permitting lock-in of high-frequency signals. The sweep
ranges are marked not only with frequency indications, but also with
time-base references (milliseconds or microseconds per centimeter).
Preset tv V and H sweep positions are provided for convenience in tv
servicing. A 60-Hz sine-wave horizontal-deflection function is also
provided, with adjustable phase, for use in sweep-alignment
procedures. This topic is explained further in a following chapter.

Automatic sync is a simplified form of triggered sweep; the scope
illustrated in Fig. 4-4 provides automatic sync capability. This mode of
operation displays a horizontal base line on the crt screen, whether
there is a vertical input signal or not. When a vertical input signal is
applied, the pattern automatically locks in sync, as shown in the
diagram of Fig. 4-5. Although a choice of positive or negative sync is
available, there is no control of the trigger level, as provided by a
scope that has complete triggered-sweep capabilities.
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Fig. 4-3. Vertical Interval test signal. (These waveforms are transmitted by color-tv
stations on two lines of the vertical retrace interval.)
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Fig. 4-4. A tv-service oscillosope that permits an operational choice of the recurrent-sweep

mode or the trigger-sweep mode.

SYNCHRONIZATION OF FREE-RUNNING MULTIVIBRATORS

Next, it 1s helpful to consider the use of pulses to synchronize a

transistor multivibrator in a circuit. Fig. 4-6 shows the effect of positive
pulses on the multivibrator base waveform. Note that when a positive
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Fig. 4-5. Automatic sync action provides a choice of positive or negative triggering;
however, no control of trigger level is available.

pulse of insufficient amplitude to drive the base above cutoff (zero
volts) is applied to a nonconducting transistor at instant A, it does not
cause switching action. In other words, its only effect is to reduce the
negative bias slightly, as shown at A”. Note also that when a positive
pulse is applied to a transistor that is already conducting (points B or
C), the pulse serves merely to increase the base voltage momentarily.
That is, the pulse has no effect on multivibrator action at this instant.
Observe that with the exceptions of the variations in the v, waveform at
times A°, B, and C’, the multivibrator is essentially free-running.
However, if the positive pulse is applied at instant D, it has sufficient
amplitude to overcome the negative voltage on the base of Q1, and it
drives the base above zero volts. Accordingly, the period of the
multivibrator is shortened by the interval, EF.

We will recognize that for proper synchronization, the natural
period of the multivibrator in its free-running state must be greater
than the time interval between sync pulses. Under this condition, the
positive trigger pulses cause the switching action to occur earlier in the
cycle than it would occur in the free-running state. Hence, the
transistor conducts at E, G, and G” in Fig. 4-6. Otherwise, in the
absence of sync pulses, the transistor would have conducted later in
each instance. In this manner, synchronizing action forces the
multivibrator frequency to become the same as the repetition rate of
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(B) Base waveform with positive sync pulses.
Fig. 4-6. Synchronization of a transistor multivibrator.

the sync pulses. Of course, the multivibrator may be synchronized to a
submultiple of the trigger frequency, if both frequencies are such that
every second, third, fourth, etc., sync pulse occurs at the correct time
to drive the base voltage of the nonconducting transistor above cutoff.

TRIGGERED-SWEEP SYNCHRONIZATION

With reference to Fig. 4-7, synchronization of a triggered-sweep
oscilloscope occurs incidentally with adjustment of the time-base
controls. The example diagram shown provides a choice of internal,
external, line (60 Hz), TVH (7875 Hz), or TVV (30 Hz) sync. The sync
inverter permits triggering on either the leading edge or on the trailing
edge of a waveform. Regardless of the type of sync that is utilized, the
sync signal is first processed by a trigger shaper which develops a
standard sync trigger pulse. This trigger pulse is then applied to the
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Fig. 4-7. Synchronization in a triggered-sweep oscilloscope occurs incidentally with
adjustment of the time-base controls.

Courtesy Lectrotech

sweep-generator section, where it will be admitted by the gate
multivibrator, provided that the hold-off multivibrator has sensed the
completion of a sawtooth sweep waveform. In turn, the gate
multivibrator drives a Miller integrator, which generates a highly
linear ramp (sawtooth wave). The gate multivibrator may be
synchronized by the leading edge of the waveform, by its trailing edge,
or by some intermediate rising or falling interval within the waveform.

Typical high and low trigger points on the leading and trailing edges
of a trapezoidal waveform are depicted in Fig. 4-8. It is also possible to
trigger the sweep circuit at any point along the flat top of the
waveform. However, the internal-sync function of the scope cannot be
used in this case. Instead, an external-sync setting such as shown in Fig.
4-4 must be utilized. In turn, a suitable sync signal is applied to the
sync-input terminals. This sync signal is typically obtained from a pulse
generator which, in turn, is locked to the vertical-input signal.
Effectively, a delayed sync pulse is applied to the sync phase splitter in
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order to trigger the sweep circuit at some point along the flat top of the
waveform being displayed. The exact point at which the sweep circuit

is triggered depends on the repetition rate to which the pulse generator
is set (Fig. 4-9).

OVERSYNCHRONIZATION

Both types of sweep oscillators are subject to oversynchronization if
too much sync signal is applied, and the effects on the resulting
waveforms are similar. Figs. 4-10A and 4-10B show waveforms that
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were photographed at different points in a multivibrator sweep circuit
of an oscilloscope. Fig. 4-10 A shows the signal obtained at the plate of
the first section, and Fig. 4-10B, the signal at the output of the
discharge section. Fig. 4-10C illustrates the waveform that was actually
displayed on the screen of the oscilloscope. Fig. 4-10A shows that one
cycle of sweep contains parts of three cycles of sine-wave signal and
that the other cycle of sweep contains parts of two cycles of signal. Fig.
4-10B depicts that the sweeps travel at a constant rate but that
alternate cycles are of different lengths. Each cycle of sweep and
retrace can be seen to correspond to certain portions of the waveform
in Fig. 4-10C.

If oversynchronization is carried to extremes, the sawtooth
waveform of Fig. 4-10B may even degenerate into one large cycle
followed by two or three very small ones. In such a case, the waveform

(A) Signal at the plate of first section. (B) Sawtooth signal developed at
second section.

(C) Waveform seen on oscilloscope screen.

Fig. 4-10. Oversynchronization of a multivibrator sweep circuit.

73



on the screen would also be greatly distorted. Some manufacturers
have designed circuits to lessen or eliminate the possibility of
oversynchronization. One method is to use a limiter stage ahead of the
point of injection of the sync signal. In oscilloscopes that do not have
provision for limiting oversynchronization effects, it is sometimes
found that a change in the vertical amplitude setting will affect the
sweep operation, causing the waveform to fall either into or out of
sync. These are usually cases where the sync takeoff point follows the
vertical amplitude control. Therefore, when the vertical amplitude is
changed, the amplitude of the sync signal changes with it, with the
result that synchronization may be affected.

For simplicity, the sync signals shown in the preceding examples
have been sine-wave signals. In cases where the sync signal is taken as a
part of the signal in the vertical amplifiers of the oscilloscope, it can
take on any form, depending on the waveform being viewed, as shown
in Fig. 4-11. Generally, stable synchronization will be more easily
attained with signals of a peaked or sharply pulsed nature rather than
with those of a more even nature. Sometimes a signal may have more
peaks atits negative extreme than at its positive extreme, Or vice versa.
A sync polarity-reversal switch on the oscilloscope may help the
operator obtain stable synchronization in these cases (see Fig. 4-12). If
such a switch is not included, the same effect can sometimes be
obtained by taking the signal to be observed from a point where the
signal is 180 degrees out of phase with respect to the signal at the first
point. The signals between two successive stages in an amplifier
usually have this phase reversal.

Fig. 4-13 illustrates the panel of a scope showing a typical group of
trigger controls. When triggered sweep is used, oversynchronization
results if the stability control is improperly adjusted. With reference to
Fig. 4-14, a typical triggered-sweep scope displays only a horizontal
line on the screen when the stability control is set to the extreme
right-hand end of its range, even though a vertical-input signal is
applied. Next, when the stability control is set to the midpoint of its
range, the vertical-input signal is displayed on the screen. Finally,
when the stability control is set to the extreme left-hand end of its
range, the screen is blank. These extreme examples correspond to the
waveform distortion that occurs when a scope with free-running sweep
is oversynchronized. Note that oversynchronization is impossible for a
scope that has automatic sync action. However, as shown in Fig. 4-15,
although any vertical-input signal will be automatically synchronized,
the horizontal-sweep speed may need an adjustment in order to get the
desired pattern aspect. A waveform may be greatly expanded on the
screen when automatic sync is used, just as if complete triggered sweep
were being utilized—the only distinction is that the operator has no
choice of sync level when automatic sync is used.
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Fig. 4-11. The four fundamental waveforms.
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Fig. 4-12. A pulse waveform that has a very small negative excursion.
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Fig. 4-13. Panel of a scope showing a
typical group of trigger controls.

(A) Set to the extreme right-hond end (B) Set to the midpoint of its ronge.
of its ronge.

(C) Set to the extreme left-hond end
of its range.

Fig. 4-14. The stability trigger-level control.
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(C) Horizontal sweep speed may
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Fig. 4-15. Response of a scope with an automatic sync function.
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CHAPTER 5

Vertical Amplifiers

VERTICAL-AMPLIFIER CHARACTERISTICS

Almost all present-day oscilloscopes contain vertical amplifiers in
order to increase the signal amplitude before it is applied to the
deflection plates of the crt. Many scopes also have provision for
making a direct connection to the vertical (and horizontal) deflection
plates. However, a signal of comparatively high amplitude is required
to obtain a useful amount of deflection when making a direct
connection to the deflection plates. The more elaborate lab-type
scopes may offer interchangeable plug-in vertical (and horizontal)
amplifiers. Thereby, the operator can use the same mainframe with a
general-purpose vertical amplifier, a specialty measurement vertical
amplifier, or other type of amplifier. As a general rule, narrow-band
amplifiers can be designed to have high gain, whereas, wide-band
amplifiers are comparatively limited in gain. Although an extremely
wide-band amplifier can be constructed to have very high gain, noise in
the output makes the amplifier impractical. Therefore, a rule-of-
thumb gain/bandwidth product must be taken into account by scope
designers.

One model of service-type scope is rated for a deflection sensitivity
of 15 volts rms per inch at the vertical-deflection plates, and for a
deflection sensitivity of 15 mV per inch at the vertical-amplifier input.
Thus, in this example, the vertical amplifier provides a voltage gain of
1000. The crt has frequency capability up to 50 MHz, whereas, the
vertical amplifier, in this example, has frequency response to 5 MHz.
Service-type scopes are rated for vertical-amplifier sensitivity on the
basis of rms volts-per-inch, of peak-to-peak volts-per-inch, of rms
volts-per-centimeter, of peak-to-peak volts-per-centimeter, of rms
volts-per-division, or of peak-to-peak volts-per-division. In the latter
rating, the length of a screen division is established by the
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manufacturer. The relations (Fig. 5-1) of sine-wave rms, peak-to-
peak, and peak voltages are as follows:

Peak-to-peak voltage = 2 X peak voltage
Peak voltage = Y2 X peak-to-peak voltage
Rms voltage = 0.707 X peak voltage

Peak voltage = 1.414 x rms voltage
Peak-to-peak voltage = 2.83 X rms voltage

Furthermore, if you are using a dc scope, you need to know that when
you apply a 1.5-volt battery across the vertical-input terminals of a dc
scope, the trace will move the same vertical height as when a 1.5
peak-to-peak sine-wave voltage is applied.

1.414 VOLTS {
1VOLT 0.707 OF PEAK
(RMS)

REFERENCE
283VOLTS 360° LINE
PEAK-TO-PEAK '

0318
o OF PEAK
=] I S SRR S S, (NS (NN (SN P
=
L414VOLTS 8
AVERAGE VALUE
/2 CYCLE = 045 VOLT

Fig. 5-1. Voltage relations in a pure sine wave.

One inch equals 2.54 centimeters; thus, a scope having a sensitivity
0f0.01 rms volt-per-inch has an equivalent sensitivity of approximately
0.004 rms volt-per-cm. Note that all of the following ratings are exactly
equal to one another:

Rms volts per inch 0.010
Peak-to-peak (or dc) volts per inch 0.028
Rms volts per centimeter 0.004
Peak-to-peak (or dc) volts per centimeter 0.011
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SAMPLING OSCILLOSCOPES

Some lab-type oscilloscopes have vertical amplifiers, with a very
considerable effective bandwidth. For example, one design provides
response up to 3900 MHz. To obtain this extreme bandwidth, a
sampling technique is used, as pictured in Fig. 5-2A. Conventional
oscilloscopes are limited in bandwidth to frequencies in the megahertz
region. However, sampling oscilloscopes have response into the
gigahertz region. This design samples the input waveform and then
reconstructs the waveform for display from the samples taken during
many recurrences of the input waveform (Fig. 5-2B). Therefore, a
sampling oscilloscope cannot be used to display one-shot transients.
To reconstruct a waveform, the sampling pulse “turns on’ the
sampling circuit for a brief instant, and the amplitude at this point is
displayed by the electron beam in the crt. After a brief pause, the
following cycle of the input waveform is again sampled, and the
amplitude at this next point is displayed by the crt beam which has
moved slightly to the right in the meantime. As many as 1000 samples

HOLD
HOLD
: HOLD , \ /
SAMPLE SAMPLE SAMPLE
(A) Reconstructed waveform.
LOW FREQUENCY DISPLAYED
ON SCOPE SCREEN
FontRTTo
A1
& \ ' (B) Waveform being sampled.
N
VLU N
%

HIGH SOURCE FREQUENCY UNDER TEST

Fig. 5-2. Sample-and-hold process permits analysis of high-speed events.
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may be processed to reconstruct the input waveform for display on the
crt.

TYPICAL VERTICAL-AMPLIFIER ARRANGEMENTS

A vertical-amplifier configuration for a service-type scope with a
sensitivity of 30 mV p-p/cm and a frequency response to S MHz at the
—3-dB point is shown in Fig. 5-3. The input signal to the vertical
amplifier is coupled through resistor R1 and capacitor Cl1 to the gate of
FET Q1. Resistor R1 serves as a protective resistor for transistor Q1 in
the event that an excessive input signal voltage is accidentally applied.
Additional overload protection is provided by diodes D1 and D2;
these are transistors connected to simulate zener diodes in order to
limit the Q1 gate voltage to =9 volts. Capacitor C1 provides improved
high-frequency response across resistor R1. Transistor Q1 operates as
a source follower; it provides high input impedance and moderate
output impedance. Note that transistor Q2 serves as a constant-current
source for Q1 and, thereby, stabilizes its operation. Diodes D4 and D5
provide a practically constant-voltage source (total of 1.2 volts) for the
base of transistor Q2. In turn, the current through resistor R2 is
virtually constant; R2 is adjusted to set the source voltage of Q1 at zero
volt under no-signal conditions.

When an input signal is applied to the gate of transistor Q1, the
source current remains constant, and only the source voltage changes.
This signal-voltage variation is applied to the gain control R404, and
thence to the gate of the source-follower transistor Q3. Note that
transistor Q4 provides a constant-current supply for transistors Q5 and
Q6. This constant-current circuit serves as a common-emitter load for
transistors Q5 and Q6, thereby establishing a stable operating point for
the two transistors, and for the following stages. Next, the signal
output from source-follower transistor Q3 is amplified by QS. It is
evident that a portion of the signal at the base of transistor Q5 appears
also at the emitter of QS5; because transistors QS and Q6 have a
common emitter load, the signal at the emitter of QS is coupled to the
emitter of Q6. In other words, the single-ended input signal is changed
into a double-ended (push-pull) signal.

Observe that transistor Q6 in Fig. 5-3 operates as a common-base
amplifier; its base voltage is determined by the setting of potentio-
meter R406, the vertical-position control. This vertical-position
control moves the crt beam vertically by applying an adjustable
potential to the base of transistor Q6, thereby producing a certain
amount of dc unbalance in the following vertical-amplifier system.
Note that when the collector voltage of transistor Q5 decreases, its
emitter voltage increases. As a result, the forward bias on transistor
Q6 decreases and its collector voltage increases. Since the signal at the

81



—9V SOURCE

VERT INPUT

: |
1 {
1 [}
1 1
I I
| |
I '
1 L
H \
l |
) i
I I
! D4 |
]
' l
]
: D5 l
| RS i VERTICAL !
: X GAIN 3 1k !
: I
I 2Ky _______ A |
: R406 :
VERTICAL i
i | posiTioN 1002 !
! | COARSE i
i | AND FINE |
1 * 1K 1
: 06 :
1 R11 8V = R7 I
I L—M —AMA—4 |
1| 4700 562  R8 560 470Q :
i LA I
! S Al S :
1 Q8 180pF Q7 ]
V| RIS g6y RI4  RI3 8.6V RIZ | |
I —AAA— —AAA——AAA— I
1| 1000 1K 1K 1000 | !
' < < l
]
} |
i 1 e s |
: R17 | RI6 39y 100V !
: —AAA——AAA— !
M 3302 cg 3300 Lo |
¢ 4 GF v | !
N h L) I I
gl 5.6K l 5.6K |
w W i
l._< ﬁ 07k 40 D06 '
= 1 = 150V [
| = = ]
| N N N T N
Y1 Y YK H
TO CRT TO 150V SOURCE TOCRT  +9V SOURCE

*This voltage depends on operating parameters of transistor Q3.

Courtesy Heoth Co.

Fig. 5-3. A typical vertical amplifier configuration.
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collector of Q6 is 180° out of phase with the signal at the collector of
transistor QS, push-pull amplification is obtained. Note that C3 is an
emitter partial-bypass capacitor. It increases emitter degeneration at
low frequencies, or, it provides a relative increase of high- frequency
output. Therefore, the vertical-amplifier frequency response is
maintained more nearly uniform. Resistors R8 and R9 determine the dc
gain of the stage. The driver transistors Q7 and Q8 operate in the
common-emitter mode. Transistors Q7 and Q8 not only provide gain,
but also buffer transistors Q5 and Q6 from the changing current
demand of the output transistors. Capacitor C4 is an emitter
partial-bypass capacitor that provides a relative increase of high-fre-
quency output. Final amplification is provided by transistors Q9 and
Q10 for energizing the vertical-deflection plates in the crt.

Some vertical-amplifier configurations use peaking coils to assist in
obtaining an extended high-frequency response. Fig. 5-4 shows basic
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Fig. 5-4. Basic peaking-coil arrangements.
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shunt, series, and series-shunt compensation circuits for transistor
stages. The residual circuit capacitances are indicated at C, (output
capacitance) and C, (input capacitance). At high frequencies, L,
becomes parallel-resonant with C, and C, thereby increasing the
effective value of the collector load impedance and, in turn, increasing
the stage gain. Again, at high frequencies, L, becomes series-resonant
with C, and C,, resulting in a voltage magnification across L, equal to its
Q value. Fig. 5-5 shows the frequency response curves for various
values of peaking-coil inductances.

L [TTT]] OVER COMPENSATION —]
. CUSTOMARY COMPENSATION|_ /]| \
l Ll —
T 111 BN
MODERATE COMPENW\ N}
2 Wit N
[
5 NO COMPENSATION 1| | |
- 6 .
= \'
= \
3 4 \
2
0

1 2 5 10 2 50 100 200 5001000
RELATIVE FREQUENCY

Fig. 5-5. Frequency response curves.

Vertical amplifiers, in lab-type scopes with extended high-frequency
response, often utilize a distributed-amplifier configuration, such as
shown in Fig. 5-6. This arrangement uses many very small peaking
coils in up to 30 stages of amplification. The effect of the small peaking
coils is to compensate for the grid and plate capacitances of the tubes.
In effect, the amplifier operates as an artificial transmission line, with
gain provided at each section along the line. The load resistors R, have
very low values, such as 100 ohms. A distributed amplifier is complex
and costly, but it can provide uniform high-frequency response out to
50 MHz, or more. The gain of a vertical amplifier with extended
high-frequency response tends to be less than that of an amplifier with
restricted frequency response. The reason for this is that random noise
becomes more of a problem as the bandwidth is increased. Therefore,
the sensitivity of the scope must be reduced to maintain a reasonable
signal-to-noise ratio. Note, however, that this consideration does not
apply to sampling oscilloscopes because this type of scope employs
narrow-band amplification following the input sampler.
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Fig. 5-6. Basic distributed-amplifier configuration.

Delay Lines

Triggered-sweep oscilloscopes with high-speed time bases often
include a delay line in the vertical-amplifier section, as shown in the
block diagram of Fig. 5-7. The delay line permits the time base to ‘“‘get
started’” before the vertical-input signal arrives at the crt deflection
plates. Referring to Fig. 5-8, it can be seen that the leading portion of a
fast-rise pulse will be “lost” unless a delay line is used. A delay line
provides a “lead time”’ of a fraction of a microsecond to allow the time
base to respond to the sync trigger. Delay lines are essentially artificial
transmission lines, as shown in Fig. 5-9. The propagation time of an
artificial line provides the needed delay from input to output. An
elaborate delay line typically includes several dozen sections; the
capacitance values throughout the line are quite critical and are
precisely adjusted at the time of manufacture.

Cutoff Characteristic

When peakingcoils are used in a vertical-amplifier arrangement, the
cutoff characteristic is comparatively steep, as shown in Fig. 5-10. In
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Fig. 5-7. Laboratory scopes include a delay line in the vertical channel.

other words, peaking coils develop a rapid high-frequency rolloff.
Vertical amplifiers that do not employ peaking coils, such as the
configuration shown in Fig. 5-3, have a comparatively gradual cutoff
characteristic; the high-frequency rolloff is slow. Note that peaking
coils are used to obtain a uniform response out to a higher frequency
than would be obtained otherwise. The chief disadvantage of peaking
coils and their associated steep cutoff characteristic is depicted in Figs.
5-10B and 5-10C. In other words, when an input waveform has

AT i 3 B 21

- | [ S I
WITH SIGNAL DELAY, LEADING EDGE CONVENTIONAL SCOPE WITHOUT DELAY
OF HIGH SPEED PULSE IS VISIBLE FAILS TO DISPLAY LEADING EDGE OF PULSE

Courtesy B&K Precision, Dynascan Corp.

Fig. 5-8. The entire leading edge of a fast-rise pulse may be lost unless a vertical delay
line is utilized.
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Fig. 5-9. A basic delay line configuration.

harmonic frequencies past the vertical-amplifier cutoff frequency, a
steep cutoff characteristic will cause the displayed pattern to exhibit
overshoot and ringing. This distortion can be reduced by using a
vertical amplifier with a slower high-frequency rolloff. Sophisticated
oscilloscopes are generally designed to have a Gaussian response, as
shown in Fig. 5-11. This is the optimum rolloff characteristic; its rate is
10 dB per octave (from f to 2f, such as 10 MHz to 20 MHz).

VERTICAL STEP ATTENUATORS

To accommodate a wide range of vertical input-signal voltages and
to avoid vertical-amplifier overload, a vertical step attenuator is
provided, as diagrammed in Fig. 5-12. To “fill in” between steps, a
vernier or fine vertical-gain control, such as potentiometer R404 in
Fig. 5-3, is also provided. However, a vertical step attenuator must
provide a high input impedance, such as 1 megohm. Therefore, a
simple resistive-type voltage divider is inadequate; its stray capaci-
tances and associated capacitances would produce severe high-fre-
quency distortion. Therefore, frequency-compensated step attenua-
tors are utilized. An eight-step configurationis shown in Fig. 5-14B. It
provides a nominal input resistance of 1 megohm on each step. Note
that each of the input resistors (R402, R404, R406, and so on) is
shunted by a trimmer capacitor. The technical consideration for this is
that the time constant of each input section can be adjusted to equal
the time constant of the corresponding output section. When this is
done, complex waveforms will pass through the attenuator without
distortion.

The practical effect of a trimmer adjustment in a vertical step
attenuator is shown in Fig. 5-13. If a 10-kHz square wave, for example,
is applied to the scope, it will be displayed in a distorted form on the crt
screen unless the compensating trimmer adjustments are correct.
Once the trimmer capacitors have been correctly adjusted, they will
seldom require attention. A step attenuator provides a constant
vertical-input resistance, such as 1 megohm, on each step. It also
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Fig. 5-11. Sophisticated oscilloscopes generally have a high-frequency rolloff of 10 dB per
octave (Gaussian response).
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Fig. 5-12. Oscilloscope input arrangements.

provides a constant vertical-input capacitance, such as 25 pF, on each
step. In turn, the input impedance at very low frequencies and at dc
level is 1 megohm. On the other hand, the input impedance to the
attenuator at high frequencies, such as 4 MHz, is approximately 1500
ohms. This perhaps surprising decrease of input impedance at high
frequencies is due to the decreasing reactance of the 25-pF input
capacitance as the input frequency is increased.

Note that the vertical step attenuator, in Fig. 5-14B, is preceded by a
series capacitor (C403), which can be shorted out by switch S401. This
blocking capacitor changes the vertical-amplifier response from a dc to
an ac response. When the scope is operated on its ac-input function,
any dc component that might be present in the applied signal voltage is
rejected. This process is exemplified in Fig. 5-15. The output from a
half-wave rectifier is applied to the vertical-input terminal of the
scope. The zero-voltlevel on the crtscreen is determined by the resting
level of the horizontal trace when no input signal is applied. In turn,
when the waveform shown in Fig. 5-15C is applied to the vertical-input
terminal of the scope, the zero-volt level on the crt screen will cut
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(A) Undistorted input waveform.

-

(B) Undercampensated. (C) Overcompensated.

Fig 5-13. Distortion of a 10-kHz square wave by an improperly adjusted vertical
step attenuator.

through the pattern atits average value, if blocking capacitor Cisin the
circuit. On the other hand, if capacitor C is shorted out, the zero-volt
level on the crt screen will then coincide with the bottom of the pattern.
In other words, because the vertical-input signal has a dc component
(average value of the waveform), the pattern will rise or fall on the crt
screen, depending upon whether capacitor C is in the circuit or out of
the circuit.

VERTICAL
INPUT

R1 < Cl

OUTPUT
(RIC1= R2C2)  (A) A basic attentuator configuration.

R2S CZI

Fig. 5-14. A frequency-compensated vertical
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step-attenuator configuration.
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Fig. 5-15. An ac-input coupling and a dc-input coupling circuit foran oscilloscope and the
resulting waveform display.

VERTICAL AMPLIFIERS WITH MEMORIES

Specialized oscilloscopes may include digital memories in the
vertical-amplifier channel. Memories provide data-domain displays,
such as the example given in Fig. 1-1. The memory function is
supplemented by a character-generator function (Fig. 1-12). Read-
and-write random-access memories (or RAMs) are employed, as
shown in Fig. 5-16. A binary digit (either a O or a 1) is called a bit. Four
bits are termed a nibble. In the example of Fig. 5-16, a total of 16
memory registers is provided. (Each nibble occupies its own registerin
the memory. Observe that if tri-state buffers are used in the data
output lines, data will not be outputted unless the tri-state buffers are
driven “logic high.”’) Each register consists of four memory elements
or cells. Each cell can remember (store) one bit—eitheraOora 1. Each
cell is accessed for writing in or for reading out by pulsing the four
address lines and one of four data input lines. The address lines are
decoded, so that a total of four O~1 address combinations can access
one of 16 memory registers. Digital data inputs are admitted at a
desired time via aAND gates when their write-enable input terminals are
pulsed. Readout occurs through the data output buffer amplifiers
whenever a register is accessed by the address lines.

Digital memories in the vertical-amplifier channel are also used to
store digitized waveforms, and are used to reconstruct them for
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“replay” on the crt screen, as diagrammed in Fig. 5-17. A digitizeris a
digital-logic device which converts analog data, such as a sine-wave
waveform, into binary numbers that denote discrete amplitude levels.
Thesediscrete levels are apparent in Fig. 5-17. The binary numbers are
stored in a read-and-write memory, for future use. When it is desired
to “replay” the waveform, the RAM is read out automatically, and the
stored binary numbers generate pulses with amplitudes corresponding
to the numbers. These pulses then reconstruct the stored waveform, as
shown by the example given in Fig. 5-17. Note that if the pulse train is
passed through a suitable integrating circuit before it is applied to the
crt, the wave envelope is recovered and the pulses per se do not appear
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Fig. 5-16. Logic diagram for a 16-nibble RAM.
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Fig. 5-17. Reconstruction of a sine wave from pulses stored in a digital memory.
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CHAPTER 6

Oscilloscope Probes

TYPES OF PROBES

Various kinds of probes are required for particular applications of
the oscilloscope. The more basic types of probes are as follows:

1.

2.

3.

Direct probe—This includes open test leads, exposed cable, and
coaxial cable.

Isolating (resistive) probe—This consists of a resistor and a
coaxial cable.

Low-capacitance probe—This probe provides reduced input
capacitance with an incidental attenuation of signal voltage.
Demodulator probe—This type of probe permits various tests in
high-frequency circuitry.

High-voltage capacitance-divider probe—This type of probe
attenuates high-voltage ac waveforms so that the input-voltage
rating of the scope is not exceeded.

Special-purpose probes—These probes are used for displaying
current waveforms, and for various forms of signal processing,
prior to the display of the waveform.

WHY PROBES ARE NEEDED

Different kinds of oscilloscope probes are required for specific types
of tests and measurements. However, it should not be supposed that
probes are always required. For example, consider the power-supply
ripple check depicted in Fig. 6-1. The output of a power supply
represents a low-impedance circuit. In turn, the input impedance of the
oscilloscope cannot load the circuit significantly. This means that we
can use a direct probe made of a coaxial cable, or even a pair of open
test leads to feed the ripple voltage to the vertical-input terminals of
the scope. Receiver service data may specify the maximum tolerable
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NOTE: This waveform check may also be made using open test leads.

(B) Diagram of circuit being checked.
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(C) Types of waveforms displayed on
scope screen.

HEAV-LOAD  HEAVY-LOAD
RIPPLE AVERAGE DC

ZERO
Fig. 6-1. A direct probe may be used to check power-supply ripple.

peak-to-peak ripple voltage. The reason that open test leads may be
utilized to check ripple voltage is that the low impedance of the
power-supply output circuit makes the test leads immune to the pickup
of stray fields, which would otherwise interfere with the displayed
pattern.

By way of an example, suppose that we have a pair of open test leads
connected to the vertical input terminals of a scope, and that we leave
the test leads lying on the bench. In turn, a 60-Hz pattern will be
displayed on the scope screen, unless the vertical-gain controls are set
to a low value (see Fig. 6-2). In other words, a ““floating’ vertical input
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Fig. 6-2. Example of stray-field voltage being picked up by open test leads that are
connected to the vertical input terminal of a scope.

lead to a scope will pick up stray fields, because it is capacitively
coupled to the power-line wiring in the wall. Although the capacitance
between a test lead and a power wire (several feet away) is very small,
it is significant in this situation because the vertical input impedance of
the scope is very high. This small stray capacitance has a decreasing
reactance at higher frequencies, and tends to act as a high-pass filter.
In other words, the higher-frequency power-line harmonics appear
more prominent in the display than if the vertical input test lead were
directly connected to the power line.

MANAGEMENT OF VERTICAL INPUT CAPACITANCE

An oscilloscope has 20 or 30 pF of capacitance at its vertical input
terminal on the front panel, as indicated by the diagram of Fig. 6-3A.
A pair of open test leads will have a stray capacitance from S to 50 pF,
depending upon the separation of the leads. A coaxial input cable,
however, will have an input capacitance of from 50 to 80 pf, depending
upon its length and the type of cable. Cable capacitance adds to
vertical input capacitance of an oscilloscope to form the total input
capacitance. It has been noted that unshielded test leads, that are

V o- l — Vo , l
M 30pF M 100pF

GND o : T GND o + _[

(A) Capacitance present at the vertical (B) Total input capacitance present due to
input terminal on the front panel. use of a coaxial cable probe.

Fig. 6-3. Equivalent RC circuits present at the vertical input of a scope.
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open-circuited, will pick up stray 60-Hz fields. Thus, unshielded test
leads are often unsuitable for testing in high-resistance tv circuitry, or
in high-resistance (high-impedance) audio circuitry. For example,
FET circuits often have high internal impedance, with the result that
unshielded vertical input leads to the scope will pick up excessive
stray-field interference. Thus, in tv receiver circuitry, exposed test
leads often pick up strong flyback pulse interference. It is standard
practice, therefore, to make tv and audio waveform tests using a
coaxial input cable connected to the vertical input connector of the
scope.

It follows from Fig. 6-3 that the total input capacitance at the vertical
input terminal of a scope, when using a coaxial cable, will be in the
range from 75 to 100 pF. This arrangement is termed the direct-cable
input. A direct cable can be used to check the waveform across an
emitter resistor without causing any appreciable waveform distortion.
On the other hand, a direct cable can impose an excessive capacitive
loading at the gate-or drain of an FET. An example of substantial
capacitive loading on a waveform display is illustrated in Fig. 6-4.
Therefore, it is general practice to use a lo-C probe with an
oscilloscope. Note that a lo-C probe (when properly adjusted) does
not change the low-frequency response or the high-frequency response
of the scope. The probe merely reduces the effective sensitivity of the

(C) Medium distortion. (D) Heavy distortion,

Fig. 6-4. Progressive “feathering” of the horizontal sync pulse.
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scope by a factor of 10. Some lab-type lo-C probes have a 100-to-1
attenuation factor.

CONSTRUCTION AND ADJUSTMENT OF A
LOW-CAPACITANCE PROBE

A general-purpose equivalent-type of vertical input circuit for an
oscilloscope was shown in Fig. 6-3A. The circuit comprises 1 megohm
of resistance that is shunted by 30 pF of capacitance. Next, when a
coaxial input cable is connected to the scope, its equivalent
general-purpose input circuit becomes 1 megohm of resistance that is
shunted by 100 pF of capacitance, as illustrated in Fig. 6-3B. Now,
consider how this equivalent circuit “looks” to a low-frequency
voltage waveform. Since the reactance of the shunt capacitance is
extremely high at very low frequencies, the vertical input circuit will
“look™ resistive. Next, consider how the vertical input equivalent
circuit “looks’ to a high-frequency voltage waveform. Inasmuch as the
reactance of the shunt capacitance will be quite low at very high
frequencies, the vertical input circuit will “look” capacitive. With
these vertical input parameters in mind, we will consider how an RC
probe can be devised that will reduce the effective input capacitance of
the scope by a factor of 10, and without incurring any waveform
distortion.

With reference to Fig. 6-5A, for low-frequency operation, the
effective input resistance of the scope will be increased by a factor of
10, if a 9-megohm resistor is connected in series with the vertical input
lead. Next, looking at Fig. 6-5SB for high-frequency operation, the
effective input capacitance of the scope will be decreased by a factor of
10,ifan 11.11-pF capacitor is connected in series with the vertical input
lead. In turn, it is reasonable to suppose that at any frequency of
operation, the effective input impedance of the scope would be
increased by a factor of 10, if a low-capacitance probe employed a
9-megohm resistor and an 11.11-pF capacitor, as shown in Fig. 6-5C.
This is a principle that can be proven both experimentally and
mathematically. The arrangement in Fig. 6-5A is called resistive
voltage division, and the arrangement in Fig. 6-5B is termed capacitive
voltage division.

Observe that the time constant (RC product) of the low-capacitance
probe in Fig. 6-5C is 99.99 x 10-%, and that the time constant of the
scope inputcircuitis 100 X 10-¢. It is this equality of time constants for
both probe and scope that provides a distortionless display of
waveforms.

Note in Fig. 6-5C that the lo-C probe has the same attenuation factor
for dc as for ac voltages. In other words, the lo-C probe does not
disturb the normal response of a dc scope. However, a word of
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Fig. 6-5. Principles of a low-capacitance probe circuit.

caution. Not all oscilloscopes have a 1-megohm inputresistance and a
30-pF (or 100 pF with coaxial cable) input capacitance. Therefore, the
R and C values in a lo-C probe must be correctly selected for the
oscilloscope with which the probe will be used. Fig. 6-6 illustrates a
combination direct and low-capacitance probe. Virtually all lo-C
probes provide an adjustment of series capacitance, although few

<4umm mm—p <4
S — R —— [ =
PROBE COMPENSATION ADJUSTMENT 1 PULL APART CLP-18 TIP

«:cn:j"‘:c}

2. ROTATE 180°

> A
S o — | I —
s @ummm 3 PUSH BACK TOGETHER  mmp <qumma

Courtesy B&K Precision, Dynoscon Corp.

Fig. 6-6. A combination direct and low-capacitance probe.
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provide any adjustment of series resistance. Capacitance values are
comparatively critical with regard to waveform distortion. Note also
that there is a practical consideration involved in a design choice of the
1/10 attenuation factor—if a direct probe is substituted for a lo-C
probe, the operator simply moves the decimal point in his calibration
value one place to the left (see Fig. 6-7). This is a simple process,
compared with an arbitrary arithmetical calculation.

The adjustment of the trimmer in a lo-C probe can be checked as
shown in Fig. 6-8. A 10-kHz sine-wave voltage from a generator is
applied to a scope via a direct probe, and then via a lo-C probe. The
first check is made using the ““10” step of the vertical attenuator, and
the second check is made using the ““1”’ step of the vertical attenuator.
If the lo-C probe is in correct adjustment, both displays will show an
equal height on the screen. On the other hand, if a disparity is observed
in displays from the two probes, the trimmer in the lo-C probe should
be adjusted as required. Note that when the test frequency is reduced
to 100 Hz, the response of the lo-C probe should be the same as at a
10-kHz test frequency. In case that the height of the 100-Hz pattern is
different from the height of the 10-kHz pattern, it indicates that the
resistor in the lo-C probe is off value. Also, a word of caution—a good
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- MULTIPLIED BY 10)
1|1 coAXIAL !
i|l CABLE '[! COAXIAL
i '|' CABLE
i|! DIRECT 1
i | [ LOW-
i PROBE CAPACITANCE
; »—1 PROBE
r

(A) Steps to a vertical-attenuator switch (B) The effective steps to a vertical-atten-
when using a direct probe. vator switch when using a low-
copacitance probe.

Fig. 6-7. A low-capacitance probe reduces the vertical gain by a factor of 10.
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WAVEFORM PATTERN HEIGHT
WILL REMAIN THE SAME. IF
TRIMMER IN LOW-CAPACITANCE
PROBE IS CORRECTLY ADJUSTED

10 kHz

DIRECT PROBE LOW-CAPACITANCE PROBE
(OPERATED ON 10" STEP) | (OPERATED ON 1" STEP)

VERTICAL ATTENUATOR

Courtesy B&K Precision, Dynoscan Corp.

Fig. 6-8. Checking the adjustment of trimmer in a lo-C probe.

audio oscillator provides the same output voltage at 100 Hz as at 10
kHz. However, an economy-type oscillator may lack uniform output;
this possibility can be checked using the direct probe.

Construction of low-capacitance probes for use with wide-band
scopes is more critical than those used with narrow-band scopes. For
example, a low-capacitance probe that performs satisfactorily with a
4-MHz scope may produce excessive overshoot and ringing on fast-rise
waveforms when used with a 15-MHz scope. Therefore, low-capaci-
tance probes can lead to unexpected difficulties if designed for use with
comparatively low-performance oscilloscopes.

CONSTRUCTION AND OPERATION OF DEMODULATOR PROBES

Demodulator systems may employ either series detectors or shunt
detectors. Both types find application in demodulator probes.
Troubleshooting with the oscilloscope may involve tests in circuits
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operating at 20 MHz, 40 MHz, or even higher frequencies. However,
service-type scopes seldom have a vertical-amplifier frequency
response beyond 5 MHz. Therefore, to display waveforms in
high-frequency circuitry, a demodulator probe must be used (a lo-C
probe has no response in this situation). A demodulator probe is a
simple detector arrangement that operates on the same basic principle
as the picture detector in a tv receiver; a diode rectifier and its
associated circuit recover the modulation envelope from a high-fre-
quency amplitude-modulated carrier. Note that the modulation
envelope contains low frequencies which are within the response range
of the vertical amplifier of the scope. Basic series- and shunt-detector
configurations are shown in Fig. 6-9; the shunt arrangement has a
comparatively high output impedance.

PROBE i _ PR
np ~—> oY =~ : oy
J_ 10 70
‘|‘ SCOPE SCOPE
GND — oG GND - * —0
(A) A series detector. (B) A shunt detector.

Fig. 6-9. Basic detector arrangements.

Demodulation action of a series detector is shown step-by-step in
Fig. 6-10. Observe that R1 and C2 operate as a partial filter for the
rectified signal from the detector. In other words, the time constant of
R1C2 is chosen sufficiently long so that individual half-cycles of the rf
carrier cannot be “followed.” In turn, the charge on C2 effectively
“follows” the modulation envelope of the input waveform. This
voltage output waveform is not entirely smooth, but tends to have a
residual sawtooth outline. However, the modulation envelope of the
input waveform is recovered for all practical purposes. Note
particularly that when the R1C2 time constant is too long, the voltage
output waveform does not ““follow” the rise and fall of the carrier as it
should. Instead, the valleys in the modulation envelope tend to be “left
behind.” It is this factor which determines the highest modulating
frequency to which a detector can satisfactorily respond.

Simple Demodulator Probe

The simplest demodulator probe design is shown in Fig. 6-11. It
consists of a semiconductor diode connected in series with a coaxial
cable. As depicted in Fig. 6-11A, the cable capacitance serves as a
charging capacitor for the diode—it operates as a low-pass filter. The
dccharge that builds up on the capacitor proceeds to discharge through
the 1-megohm resistance of the vertical attenuator and also through
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Fig. 6-10. Step-by-step demodulation action of a series detector.
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(C) Probe with a positive-going output.
Fig. 6-11. Simplest type of demodulator probe design.

the back (reverse) resistance of the diode. This probe has limited
usefulness at very high frequencies, because the coaxial cable does not
“look” like a simple capacitor at higher frequencies. The cable
develops standing waves. In turn, it has a very high input impedance at
one resonant frequency, and has a very low input impedance at
another of its resonant frequencies. Therefore, a more elaborate
probe circuitry is preferred in practical troubleshooting procedures.
Note thatif the diode is polarized one way, a negative-going output is
obtained, and if the diode is polarized the other way, a positive-going
output is obtained. This is shown in Fig. 6-12.

Shunt-Detector Probe
A standard demodulator probe circuit is exemplified in Fig. 6-13.

NEGATIVE POLARITY

POSITIVE POLARITY I

Fig. 6-12. Demodulated output waveform is “tumed upside down” if polarity of
detector diode is reversed.
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This is a shunt-detector configuration with a two-section RC filter; the
coaxial cable provides the capacitance for the second section. Note
that the 220K resistor serves as a filter component, and also isolates the
coaxial cable from the high-frequency circuit, thereby avoiding
development of standing waves. Its response characteristics are:
Carrier frequency range—500 kHz to 200 MHz.
Output (envelope) frequency range—30 Hz to S kHz.
Probe input capacitance (approximate)—2.25 pF.
Probe input resistance (approximate) is:
25 kilohms at 500 kHz,
23 kilohms at 1 MHz,
21 kilohms at S MHz,
18 kilohms at 10 MHz,
10 kilohms at S0 MHz,
S kilohms at 100 MHz,
4.5 kilohms at 150 MHz,
2.5 kilohms at 200 MHz.

PROBE _ ¢ e oV

TP 2700F 20 T
100K X IN34A SCOPE  ENVELOPE RECOVERED

AT APPROXIMATELY
GND - © G 80 PERCENT OF
INPUT AMPLITUDE

Fig. 6-13. A standard demodulator probe circuit.

Maximum ac voltage input—20 rms volts, 28 peak volts. Since the
envelope frequency capability of the probe extends only to 5 kHz, a
horizontal sync pulse cannot be reproduced, although a vertical sync
pulse is reproduced when the demodulator probe is applied in a tv i-f
circuit. However, a vertical sync pulse is distorted to the extent that its
serrations and equalizing pulses are ‘“wiped out.” Thus, the
reproduced vertical sync pulse has a superficial similarity to a
horizontal sync pulse in this situation (see Fig. 6-14). The demodulator
probe has an input capacitance of approximately 2.25 pF and an input
resistance of about 10 kilohms at S0 MHz. Accordingly, tv i-f circuits
are substantially loaded and somewhat detuned by a probe
application. In turn, the demodulator probe serves as a signal-tracing
device, but it is not a reliable indicator of the signal-voltage level.
However, a demodulator probe is an accurate relative signal-level
indicator when used in low-impedance circuits. For example, a
demodulator probe is a reliable indicator to check the uniformity of an
output from a sweep generator (Fig. 6-15).
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WAVEFORM IN VERTICAL SYNC
IF CIRCUIT PULSE

WAVEFORM REPRODUCED
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(A) Vertical sync pulse.
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L
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ENVELOPE VARIATION DISPLAYED BY SCOPE

(B) Waveform timing diagram.

Fig. 6-14. Only the lower video frequencies are reproduced by a conventional
demodulator probe.

Medium-Impedance Demodulator Probe

A medium-impedance demodulator probe, depicted in Fig. 6-16, is
sometimes used to avoid substantial waveform distortion. For
example, the demodulator probe shown in Fig. 6-13 reproduces
vertical sync pulses in the video signal, but this probe practically
“wipes out” the horizontal sync pulses. On the other hand, the
demodulator probe shown in Fig. 6-16 reproduces both the vertical
sync pulses and a reasonable replica of the horizontal sync pulses in the
video signal. However, a medium-impedance demodulator probe
imposes more circuit loading and it attenuates the signal to a greater
extent than a higher-impedance probe, such as the one depicted in Fig.
6-13. Thus, the probe shown in Fig. 6-16 is a compromise design
between circuit loading and waveform reproduction. Both types of
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(A) Equipment setup.

SWEPT TRACE

ZERO-VOLT LINE ' ZERO-VOLT LINE

(B) An ideal screen pattern. (C) A deficient pattern.

Fig. 6-15. Demodulator probe is used to check the uniformity of an output from
a sweep generator.

demodulator probes are sometimes called traveling detectors, because
they can be used to trace a signal stage-by-stage through an i-f
amplifier section. As a practical note, signal tracing at the input (and
occasionally at the output) of the first i-f stage may be impossible
unless a scope with high sensitivity, such as 10 mV/in, is used.

RESISTIVE “ISOLATING” PROBE

A resistive “isolating” probe is a simple arrangement that consists of
a resistor connected in series with the coaxial input cable to the scope,
as shown in Fig. 6-17A. Although called an ‘“‘isolating probe,” it is
technically a low-pass RC filter section. It can be compared with an
integrating circuit. This type of probe is used only in sweep-alignment
procedures. Low-passfilteringaction serves to sharpen the beat-mark-
er (pip) indication on a response curve. It also serves to minimize noise
(fuzz) on the curve when checking the response of low-level circuits. In
most situations, a SOK resistor is suitable. However, if the resistor is
too large, the marker indication on the side of a response curve will be
displaced (due to time delay). On the other hand, if the resistor is too
small, the beat-marker indication will be broader than necessary (high
beat frequencies are passed.)
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(B) An i-f signal voltage waveform. (C) Horizontal sync pulse waveshape.

Fig. 6-16. A medium-impedance demodulator probe that can reproduce
horizontal sync pulses.

DOUBLED-ENDED DEMODULATOR PROBE

A double-ended (push-pull) demodulator probe, as depicted in Fig.
6-18, is preferred for checking the termination of a transmission line.
(If a coaxial-cable termination is to be checked, a conventional
single-ended demodulator probe is utilized.) This sweep test is based
on the development of standing waves that occur in case the line is
incorrectly terminated. Standing waves result in a change of output
voltage over the swept band. On the other hand, if the line is correctly
terminated, no standing waves occur, and the scope pattern is the same
as if the demodulator probe were applied at the output terminals of the
sweep generator. The same method can be used to check whether a
transmission line is correctly matched by an antenna, and whether
matching stubs and similar devices are in proper adjustment. If the line
is terminated by an antenna, the double-end demodulator probe may
be connected at the generator end of the line.
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Fig. 6-17. Application of a resistive “isolating” probe in sweep-alignment procedures.
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Fig. 6-18. A double-ended demodulator probe.

HIGH-VOLTAGE CAPACITANCE-DIVIDER PROBE

Although used primarily in laboratories, high-voltage capacitance-
divider probes also find an occasional application in tv troubleshooting
procedures. High peak-to-peak voltages are encountered in the
horizontal-sweep section of a tv receiver. These voltages will arc
through a lo-C probe, damaging both probe and scope. A special
probe, therefore, is required to test these high ac voltages. A typical
circuit is shown in Fig. 6-19. This is a capacitance-divider circuit
arrangement. When two capacitors are connected in series, an applied
ac voltage drops across the capacitors in inverse proportion to their
capacitance values. Thus, if one capacitor has 99 times the capacitance
of the other, 0.01 of the applied voltage is dropped across the larger
capacitor. In turn, the smaller capacitor requires a high-voltage rating.
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The standard attenuation factor of a high-voltage capacitor-divider
probe is 100 to 1, and is set by a trimmer capacitor. This 100-to-1
attenuation factor is used to tie the probe attenuation in with the
attenuation of the step attenuator of the scope. The probe attenuates
horizontal sweep-circuit waveforms to 0.01 of their source-voltage
value, thus protecting the scope against damage. Fig. 6-20 shows a
probe circuit where a spark gap provides overload protection.

The high-voltage capacitance-divider probe is uncompensated, and
is, therefore, useful only at horizontal-deflection frequencies. Thus,
vertical-frequency waveforms would be distorted. However, this is not
a drawback, because the attenuation factor of the probe restricts its
application to the horizontal-sweep circuitry. The reason that the
100-to-1 probe is unsuitable for vertical-section tests is seen in Fig.
6-21. Observe that the probe capacitors do not stand alone, but work

o———i— - —
l 15pF J_ _[_ J_
INPUT T ,].6500pF -[GSOOpF TZOOOpF OuTPUT

(A) Schematic diagram.

(B) Physical appearance.

Fig. 6-20. Another capacitor-divider probe.
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Fig. 6-21. High-voltage capacitance-divider probe and its load circuit.

into the vertical-input impedance (R;, and C,,) of the scope. The shunt
resistance R;, can be neglected at horizontal-deflection frequencies,
because this resistance value is very high compared with the low
reactance of the input capacitance. On the other hand, at
vertical-deflection frequencies, the shunt resistance R, has a value on
the same order as the reactance of the input capacitance. In turn, the
capacitance-divider probe now acts as a differentiator of the
vertical-frequency waveform, and the display is badly distorted.

CLAMP-AROUND CURRENT PROBE

Clamp-around current probes, such as pictured in Fig. 6-22, are used
chiefly in laboratory work. Of course, a current probe can be used in
electronic servicing, if desired. As an illustration, if the probe is
clamped around a lead to the horizontal-deflection coils in a tv
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Fig. 6-22. A clamp-around current probe
for displaying current waveforms.

receiver, the current sawtooth waveform will be displayed. This type
of probe is called an active device. The probe itself contains a
miniaturized current transformer, of which the lead being tested
becomes the equivalent of a one-turn primary. Next, the output from
the current transformer is stepped up by a transistor amplifier (with
self-contained batteries). The output from the amplifier is applied to
the vertical-input terminals of a scope. A typical current probe has a
sensitivity of 1 mV per mA, and a frequency range from 60 Hz to 4
MHz.
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CHAPTER 7

Supplementary Equipment

TYPES OF SUPPLEMENTARY OSCILLOSCOPE EQUIPMENT

Many types of supplementary equipment are used with oscillo-
scopes. For example, semiconductor quick checkers and curve tracers,
various signal generators, pickup devices, signal processors, transduc-
ers, and so on, are used with the oscilloscope in various kinds of tests
and measurements. Thus, a microphone is used with an oscilloscope in
tone-burst tests of hi-fi speakers. (A microphone is a transducer.) A
swept harmonic analyzer is used with an oscilloscope in the spectrum
analysis of audio waveforms. (The swept harmonic analyzer is a signal
processor.) A pickup assembly (clamp-around probe) is used with the
oscilloscope in ignition analysis. Many types of a-m and fm generators
are utilized with the oscilloscope; specialized generators are also
employed. Color-bar generators and fm stereo generators are some
familiar examples of specialized generators that are used with the
oscilloscope. Digital word generators (a specialized form of pulse
generator) may be used with the oscilloscope in design work, and in
some types of digital-equipment troubleshooting.

SEMICONDUCTOR QUICK CHECKER

A simple semiconductor quick checker circuit is shown in Fig. 7-1. It
consists of a 10-to-1 stepdown transformer and four resistors. Two test
leads are also provided. Observe that when the test leads are
short-circuited, a vertical trace is displayed on the scope screen (Fig.
7-1B). On the other hand, when the test leads are open-circuited, a
nearly horizontal line is displayed on the scope screen. (The 10-to-1
stepdown transformer, T1, supplies a secondary test voltage of 11.7 volts
rms on open circuit.) If the test leads are connected across various
values of resistance, diagonal lines with various slopes will be
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Fig. 7-1. A simple semiconductor quick check setup.

displayed, as exemplified in Fig. 7-2. However, if the test leads are
connected across a germanium diode or a silicon diode, waveforms
such as those depicted in Figs. 7-3A and 7-3B will normally be
displayed. Zener diodes will normally produce waveforms such as
those shown in Figs. 7-3C through 7-3E. The polarity identification for
different types of diodes is given in Fig. 7-4. Small-signal characteristic
curves for Ge and Si diodes are shown in Fig. 7-5. Defective diodes
produce straight or horizontal lines (or diagonal lines as shown in Fig.
7-2) on the scope screen.

TESTING TRANSISTORS

A bipolar transistor is tested as if it were two diodes connected in
series with opposing polarities. Thus, if the transistor is a pnp type, the
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Fig. 7-2. Slopes of screen traces for
corresponding values of resistances.

base material is a cathode, whereas, the emitter and collector are
anodes. Some waveforms normally produced by transistors are
depicted in Fig. 7-6. If a transistor is defective, a straight or horizontal
line will be displayed (or else, diagonal lines) as was shown in Fig. 7-2.
The terminals of most transistors and their polarity type (pnp or npn)
are checked as follows:

1. Connect the red and black test leads at random to the transistor
terminals. When a waveform is obtained as shown in Figs. 7-6A
and 7-6B, the leads will be connected across the base-emitter
junction of the transistor.

2. Next, connect the red test lead to the collector terminal.

3. Then, connect the black lead alternately to the two remaining
terminals of the transistor. A greater vertical deflection will be
obtained when the black lead is connected to the base of the
transistor.

4. With the black lead connected to the base, vertical deflection will
be downward at the right and upward at the left for most npn
transistors.

Note that most transistors show a zener-type conduction through
their base-emitter junction. However, for those transistors that do not
have zener conduction, such as germanium types, the foregoing first
step cannot be carried out, and the following procedure should be
followed instead.
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1. Connect the red and black test leads at random to the transistor
terminals. When an open circuit (horizontal line) is displayed on
the screen, the test leads are connected to the collector and
emitter (a small conduction may be observed near the voltage
crossover point).
Now, connect the black test lead to the base of the transistor.
. With the black test lead connected to the base, a pnp transistor
will produce a downward deflection at the right, and an npn
transistor will produce an upward deflection at the left of the
pattern.

W

(A) Block leod connected to cothode (B) Block leod connected to onode of diode.
of diode.

(C) Woveform of a 30-volt (D) Waveform of a 15-volt (E) Woveform of a 7-volt
zener diode. zener diode. zener diode.

Fig. 7-3. Normal waveforms that are displayed when the test leads are connected
across a diode.
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SEMICONDUCTOR CURVE TRACER

A semiconductor curve tracer, such as depicted in Fig. 7-7A, will
display a complete family of collector characteristics (Fig. 7-7B) or
base characteristics (Fig. 7-7C) on the scope screen. The horizontal-
deflection voltage is a succession of 60-Hz half-sine waves which vary
the collector potential of the transistor under test from zero to some
peak value, and then back to zero. The peak voltage is chosen by the
operator. At the end of each half-sine excursion, the base-bias voltage
is increased by a step generator; the value of step voltage is chosen by
the operator. In turn, the scope displays the collector family of
characteristics. The base family of characteristics can also be displayed
(Fig. 7-7C).

Fig. 7-8 shows how the pattern on the scope screen is developed by a
curve tracer. On the first step of the staircase waveform, a horizontal
trace occurs; this is followed by a higher horizontal trace on the second
step, and by a still higher horizontal trace on the third step. A six-step
collector-family pattern is exemplified in Fig. 7-9. Displayed patterns
can be evaluated by checking against the data sheets or manuals of the
semiconductor manufacturers. The beta value of a transistor can be
determined from its screen pattern as shown in Fig. 7-10. Beta is equal
to the output current change divided by the input current change.
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Fig. 7-5. Normal small-signal curves for semiconductor diodes.
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Fig. 7-6. Waveforms normally produced by transistors.
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Fig. 7-7. A semiconductor curve tracer.

(A) Horizontal trace on first step of (B) Horizontal traces on next two
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Fig. 7-8. Development of a screen pattern by a curve tracer.
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Fig. 7-9. A six-step display of collector characteristic curves.

Thus, in the example givenin Fig. 7-10, the transistor beta value is 180.
Observe that the output impedance of a transistor can also be
determined from its screen pattern. This is shown in Fig. 7-11. The
output impedance is equal to the output voltage change divided by the
output current change. Thus, in the example of Fig. 7-11, the output
impedance value is 31,000 ohms.

OSCILLOSCOPE TESTS USING AUDIO GENERATORS

Many oscilloscope tests are made in combination with audio
generators. For example, a frequency response test of an audio

|BTO.15H‘IA
20 ' — =
alg = 0.05mA T
2 /1 B/J alg = 9mA
] lg = 0.ImA EE |
20 =+
< l/ T
15
5 [ T
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10 r B 0.05m ~
5 =+
+ BETA = 180
0 . L
0 1 2 3 i 5 6 7 8 3 10
Veg — VOLTS

Fig. 7-10. Determination of the beta value of a transistor.
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Fig. 7-11. Determination of the output impedance of a transistor.

amplifier ismade as shown in Fig. 7-12. Note that this test also provides
a measure of the amplifier gain. In other words, the ratio of the output
voltage to the input voltage is equal to the voltage gain of the amplifier.
Note that the amplifier is terminated in its rated value of load
resistance by a power-type resistor with an adequate wattage
capability. (The resistor will get quite hot when a large audio amplifier
is under test.) The operator may also inspect the oscilloscope pattern
for any evidence of clipping or crossover distortion. A high-fidelity
amplifier normally will have a frequency response that is flat within

SINGLE-TRACE
0SCILLOSCOPE

AUDIO J AMPLIFIER R % .

GENERATOR -

y, -

Y

DUAL-TRACE
0SCILLOSCOPE

AB

O o)

Fig. 7-12. Test setup for checking amplifier frequency response.
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+ 1dB from 20 Hz to 20 kHz. A dual-trace oscilloscope will also permit
the input and output waveforms to be checked for proper layover (a
lack of distortion). The distortion is checked as exemplified in Fig.
7-13.

An fm stereo generator is a specialized type of audio generator. It
checks an fm decoder (of a stereo fm receiver) for left- and
right-channel separation. This test is made as shown in Fig. 7-14. This
is called a vectorscope display. The ‘L’ output signal is applied to the
vertical-input channel of the scope, and the “R” output signal is
applied to the horizontal-input channel of the scope. In turn, a pattern
is obtained as shown in Fig. 7-15. In case of ideal separation, there
would be a vertical trace on the scope screen. In practice, a normal fm
stereo decoder will provide approximately a 30-dB separation; this is
indicated by a diagonal vertical line that has an angle of slightly less
than 5° from the vertical. In the event that there is no separation
between the L and R signals, a diagonal line is displayed which makes a
45° angle from the vertical. Zero separation corresponds to
monophonic reproduction.

DUAL-TRACE
0SCILLOSCOPE

AUDIO 1 AUDIO @
GENERATOR AMPLIFIER

(A) Test setup.

(B) Superimposed input/output patterns.

Fig. 7-13. Checking for audio distortion with a dual-trace oscilloscope.
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Fig. 7-14. Using an oscilloscope to check stereo separation.

Square-Wave Test
An audio amplifier is checked for square-wave response with an
oscilloscope and a square-wave generator as shown in Fig. 7-16. Note
that the amplifier should be driven to maximum-rated power output on
the basis of
(Ep)*

R,

P

where,
P is the power in watts,
E, is the peak voltage of the square wave,
R, is the value of the load resistor.

IDEAL —1]— 3008
SEPARATION || ~ SEPARATION

Fig. 7-15. Slope of the Lissajous
pattern indicates the channel
separation.
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Fig. 7-16. Test setup for the square-wave testing of a hi-fi amplifier.

In other words, the peak voltage and the rms voltage of a square wave
have the same value—the peak voltage is used to calculate the
amplifier power output. Manufacturers generally rate hi-fi amplifiers
for square-wave response at a 2-kHz repetition rate (Fig. 7-17). It is
evident that the rise time and fall time are sufficiently slow so that the
leading and trailing edges of the reproduced square wave are visible.
The rise time of the amplifier is related to its high-frequency cutoff by
the equation

T, = Yaf,
where,
T, is the rise time,
f. is the —3 dB cutoff frequency of the amplifier.

Pulse Test of Audio Amplifier

Most hi-fi amplifiers have music-power ratings that are higher than
their rms power ratings. The rms power ratings are based on a
steady-state output with respect to the rms voltage of a sine wave. On
the other hand, music-power ratings denote the ability of an amplifier

Fig. 7-17. Scope pattern showing the rated
2-kHz square-wave response for a 10-watt
hi-fi amplifier.
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Courtesy General Electric Co.
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to process a sudden surge (attack) waveform without distortion. With
reference to Fig. 7-18, music-power ratings are determined by
observing the response of an amplifier to pulse voltages. The standard

SCOPE

PULSE

GENERATOR -
H AMPLIFIER
-

(A) Test setup.

PEAK
VOLTAGE

PRR = 100pps o

ZERO AXIS

(B) Undistorted output pulse.

(MUSIC-POWER CAPABILITY
OF AMPLIFIER IS EXCEEDED)

ZERO AXIS

“~CURVATURE

(C) Distorted output pulse.

Fig. 7-18. Pulse test of a hi-fi amplifier for determination of music-power capability.
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test is made with a pulse width of 1 millisecond and with a pulse
repetition rate of 100 pulses per second. The amplitude of the
generator output signal is gradually increased until the scope pattern
shows evidence of tilt and curvature in the reproduced pulse
waveform. Then, the generator output is reduced until there is no
visible indication of pulse distortion. In turn, the music-power value is

given by
(Ep)*

R,

where,
E, is the peak voltage of the pulse,
R, is the value of the load resistor.

OSCILLOSCOPE TESTS USING HIGH-FREQUENCY GENERATORS

Various types of tests are made with oscilloscopes in combination
with high-frequency generators. For example, an fmreceiver is usually
aligned using sweep and marker generators, with indication of its
frequency response being monitored by an oscilloscope. In the
example of Fig. 7-19, an i-f sweep-and-marker signal is applied at the
input of the mixer stage. Note that an rf sweep-and-marker signal
could be applied at the input of the rf amplifier to obtain an overall rf/if
frequency-response curve. When the oscilloscope is connected at the
input of the limiter, the demodulated i-f signal is displayed on the
scope screen. In other words, the limiter transistor operates
nonlinearly and develops the envelope of the i-f signal. When the
oscilloscope is suitably connected into the fm detector circuit, the “S”
curve (detector frequency response) is displayed on the scope screen.

A television receiver contains an fm receiver as a subsection. In
other words, the intercarrier sound section of the tv is basically an fm
receiver. However, the intercarrier i-f circuits are tuned to 4.5 MHz,
whereas, the i-f circuits in Fig. 7-19 were tuned to 10.7 MHz.
Alignment procedure for an intercarrier sound section is essentially
the same as for an fm receiver. The intercarrier sound section
sometimes develops trouble symptoms involving sync buzz. This is a
harsh 60-Hz rasping noise that usually results from the intermodula-
tion of the tv sound signal with the vertical sync component of the
picture signal. An oscilloscope can be used to trace and to analyze sync
buzz. The buzz waveform usually appears as shown in Fig. 7-20. Its
origin in the majority of cases is in a video-amplifier stage that is
operating nonlinearly.

Oscilloscopes are used in combination with keyed rainbow color-bar
generators to display vectorgrams, as shown in Fig. 7-21. A
vectorgram is a specialized form of Lissajous figure which shows
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(A) Test setup.

(B) An i-f sweep signal. (C) A demodulated i-f sweep signal.

Courtesy B&K Precision, Dynascon Corp.

Fig. 7-19. Sweep alignment of a fm receiver.
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Fig. 7-20. An oscilloscope can be used to trace sync-buzz interference.

chroma-signal amplitudes at various phases. Ten “petals’” appear at
30° intervals in a normal vectorgram. Vectorgrams are usually
produced by chroma signals from the R-Y and B-Y channels, although
the technique is not limited to this particular arrangement. In other
words, R-Y/G-Y vectorgrams or B-Y/G-Y vectorgrams can be
displayed, if desired. Some color-tv receivers utilize X and Z
demodulation; these phases are different from the R-Y and B-Y
phases. In turn, if the scope is connected at the outputs of the X and Z
demodulators, the pattern will be elliptical instead of circular.
However, when the scope is moved ahead to the R and G terminals of
the color picture tube, the X and Z signals will normally have been
matrixed into R-Y and B-Y signals, so that a circular vectorgram is
then displayed.

OSCILLOSCOPE TESTS USING DIGITAL WORD GENERATORS

Oscilloscopes may be used with digital word generators to check the
operation of digital equipment. A very simple example is shown in Fig.
7-22. Here, the operation of an anD gate is being tested. One input of
the AND gate is energized by a continuous train of pulses, while the
other input is energized by widely separated single pulses. If the gate is
operating normally, an output pulse will be displayed only when both
of the gate inputs are simultaneously energized by pulses. Gates are
the basic building blocks of all digital logic configurations. A typical
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Fig. 7-21. An oscilloscope is used with a color-bar generator to produce vectorgrams.

(A) Test setup.
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Courtesy B&K Precision, Dynascan Corp.

adder will contain seven gates; a four-place adder employs 28 gates.
One of the trouble conditions encountered in a complex digital system

is spurious pulses called glitches. A glitch can result from various

causes, one of which is progressive waveform deterioration through
the system. Glitch waveforms may be very narrow and may occur
intermittently. In turn, high-performance oscilloscopes are often

required in order to capture a “‘random” narrow glitch and to retain it

on screen.
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Fig. 7-22. Check of an AND gate operation using a 3-channel scope.
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CHAPTER 8

Adjusting and Servicing
the Oscilloscope

MAINTENANCE AND SERVICING REQUIREMENTS

All oscilloscopes eventually require maintenance or servicing.
Devices and components gradually deteriorate, and oscilloscope
performance drifts “out of spec.” Sometimes catastrophic failure
occurs; the oscilloscope may not respond to an input signal, the
displayed pattern may be distorted, or the screen may be dark. In such
a case, servicing procedures are required. There is no sharp dividing
line between maintenance and servicing operations. For example, if a
checkup shows that the vertical step attenuator is out of calibration, a
readjustment of the vertical-gain maintenance control (on the scope
chassis) may be all that is required. On the other hand, if the
vertical-gain maintenance control is out of range, servicing procedures
are then in order. It is good practice to periodically check the
performance of an oscilloscope to determine whether it may be ‘‘out of
spec.” Most maintenance checkups can be accomplished with ordinary
instruments and the equipment available in tv service shops.

ROUTINE MAINTENANCE CHECKS

A typical triggered-sweep oscilloscope is rated for an input
impedance of 1 megohm shunted by 30 pF of capacitance. With
reference to Fig. 5-13, the input impedance of an oscilloscope is
determined by the characteristics of the vertical step attenuator. The
value of input impedance is normally the same on each step of the
attenuator. Incorrect values of input impedance are ordinarily caused
by capacitor leakage, by defective resistors, or by deteriorated
switches. To measure the vertical-input resistance, a 60-Hz voltage

133



may be applied to the vertical-input terminal of the scope, as shown in
Fig. 8-1. The amount of vertical deflection is first noted with no
resistance in the circuit. Next, a potentiometer is used to insert
sufficient series resistance so that the amount of vertical deflection is
reduced to one-half. Then, the potentiometer is disconnected and its
resistance value is measured with an accurate ohmmeter. This value is
equal to the vertical-input resistance of the oscilloscope.

SCOPE

. _ WITHOUT R WITH R
\ T_—7'\
E /\ 112€
V l N EeS?

i
60Hz SINE WAVE VOLTAGE
POTENTIOMETER
(A) Using the front-panel voltage source.
SCOPE
POTENTIOMETER
ADJUSTABLE r
60 Hz
o oV STEP
S\/lngvll\l(\;\éE oG Q\ATTENUATOR

(B) Using an external voltage source.

Fig. 8-1. Checking the input resistance of an oscilloscope.

Next, to measure the vertical-input capacitance of the oscilloscope,
a 100-kHz voltage is applied to the vertical-input terminal of the scope,
as shown in Fig. 8-2. The amount of vertical deflection is first noted
with no series capacitance in the circuit. Then, a trimmer capacitor is
used to insert sufficient series capacitance so that the amount of
vertical deflection is reduced to one-half. Then, the trimmer capacitor
is disconnected and its capacitance value is measured with an accurate
capacitance bridge. This value is equal to the vertical-input
capacitance of the oscilloscope. Particular attention should be given to
the attenuator input resistance and capacitance on any step that does not
have a correct attenuation factor with respect to the adjacent attenuator
steps. Although it may be found that the adjustment of the compensating
capacitor is incorrect on the out-of-limits step, it is also quite possible

that capacitor leakage, an off-value resistor, or a switch defect will be
found.
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Fig. 8-2. Checking the input capacitance of an oscilloscope.

The sensitivity of an oscilloscope can be easily measured with the
arrangement shown in Fig. 8-3. Sensitivity should be measured only
after the condition of the vertical step attenuator has been verified.
The sensitivity check can be made on any step of the vertical
attenuator. With reference to Fig. 8-3, the output from the audio
oscillator is adjusted for a vertical deflection of 1 inch (or 1 cm, or 1
division), depending upon the unit rating of the oscilloscope. Then,
the vertical-input voltage is measured with a DVM or other accurate ac
voltmeter. Suppose that this measurement is made on the x 100 step of
the attenuator (with the fine vertical-gain control set to maximum).
Then, the sensitivity of the oscilloscope will be 0.01 of the measured
voltage. For example, if the DVM indicates 2 volts rms, the sensitivity
of the oscilloscope is 20 mV (per inch, cm, or division, as the case may
be). The horizontal-amplifier sensitivity can be checked in the same
way.

SCOPE .
AUDIO
OSCILLATOR 7 Og
Fig. 8-3. Measurement of the vertical
channel sensitivity of an oscilloscope.
DVM
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FREQUENCY RESPONSE

A typical vertical-amplifier configuration is shown in Fig. 5-3. To
check the frequency response of such a vertical amplifier, a test
arrangement like the one shown in Fig. 8-4 is utilized. It is
advantageous to use a calibrated lab-type signal generator. This type
of generator has a good sine-wave waveform and provides a precise
level of output voltage over its entire range. A vertical amplifier is
usually rated for a frequency response to its —3 dB point; this is 70.7%
of its maximum voltage point. Many service-type scopes have a
frequency response to 4 or 5 MHz; lab-type scopes have a frequency
response to 15 MHz, or considerably more. Note that horizontal-am-
plifier frequency response can be checked in the same way; the only
difference is that horizontal deflection is observed, instead of vertical
deflection. Horizontal amplifiers typically have less sensitivity than
vertical amplifiers, less frequency response, and a lower input
impedance. For example, a typical horizontal amplifier is rated for a
sensitivity of 0.025 V/cm, a frequency response to 500 kHz, and an
input impedance of 100,000 ohms.

-------------------- —1d8
SCOPE &g frrermr i e e —3d8
5
=]
>
CALIBRATED .
SIGNAL o
ENERATOR
. G FREQUENCY
(A) Test setup. (B) Response curve.

Fig. 8-4. Checking the frequency response of an oscilloscope.

SQUARE-WAVE RESPONSE

Oscilloscopes with triggered sweeps and calibrated time bases are
generally rated for square-wave response in terms of rise time. For
example a typical service-type scope is rated for S0 nanoseconds (ns)
rise time. With reference to Fig. 8-5, rise time is checked by applying
the output from a square-wave generator to the vertical-input
terminals of the scope. The leading edge of the displayed square wave
is then expanded horizontally until the rise time can be properly
measured. Note that subnormal rise time is usually associated with
subnormal frequency response in the vertical amplifier. This condition
is likely be caused by defective high-frequency compensating
capacitors, such as capacitors C3 and C6 that are shown in Fig. 5-3.
Subnormal rise time can also result from the replacement of transistors
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(A) Test setup. (B) Response curve.

Fig. 8-5. Checking the vertical-amplifier square-wave response of an oscillator.

with types that have less high-frequency capability than the original
transistors. As noted previously, tests of vertical-amplifier characteris-
tics are made with the assumption that the vertical step attenuator is
normal; otherwise, an attenuator malfunction would be charged to the
vertical amplifier.

CHECK OF DEFLECTION LINEARITY

Although oscilloscopes are not always rated for deflection linearity,
this is an important feature. For example, in hi-fi stereo troubleshoot-
ing, hi-fi units cannot be properly tested for distortion unless the
oscilloscope has a high deflection linearity. A preliminary check of
deflection linearity can be made as depicted in Fig. 8-6. The output
from an audio generator is applied to both the vertical-input and the
horizontal-input terminals of the scope. If the deflection linearity is
good, a straight diagonal line is displayed on the scope screen. On the
other hand, departures from linearity show up as a curvature in the
display. When nonlinearity is found, it is next necessary to determine
whether the trouble is in the vertical amplifier, in the horizontal
amplifier, or both.

To determine which amplifier is operating nonlinearly, apply a
signal from the audio generator to the vertical-input terminal, and
reduce the horizontal deflection to zero in order to obtain a
vertical-line display on the scope screen. Then, advance the step
attenuator for full-screen vertical deflection—this might occur on the
“S” step of the vertical attenuator, as exemplified in Fig. 8-7. Then,
reduce the attenuator setting to “10.” If the vertical amplifier is
operating linearly, the trace height will fall to one-half its original
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(A) Test setup. (B) Waveforms.
Fig. 8-6. Checking the deflection linearity of an oscilloscope.

height. Reduce the attenuator setting to ““20.” If the vertical amplifier
is operating linearly, the trace height will again be halved. If the
vertical amplifier is found to be operating linearly, then the trouble will
be found in the horizontal amplifier. Amplifier nonlinearity is most
likely to be caused by marginal transistors; a collector-junction
leakage is acommon culprit. However, off-value bias voltages or a low
collector-supply voltage can also be responsible.

CHECK OF TIME-BASE CALIBRATION

A check of time-base calibration can easily be made using a lab-type
signal generator, as illustrated in Fig. 8-8. In this example, the
time/divisionswitch is set to 0.5 millisecond. In turn, a 1-kHz sine wave

SCOPE

AUDIO
OSCILLATOR

VERTICAL ATTENUATOR

(A) Test setup. (B) Example of a step attenuator control.

Fig. 8-7. Checking an oscilloscope for vertical-deflection linearity.
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(A) Test setup. (B) Timel/division switch.

(C) A 1-kHz sine wave.

Fig. 8-8. Checking an oscilloscope’s time-base calibration.

is normally displayed as illustrated in the diagram of Fig. 8-8C.
(However, if the time/division switch were set to 0.5 us, a 1-MHz sine
wave would be displayed.) A schematic for a triggered time-base
configuration is shown in Fig. 3-16. The sweep speed is determined by
the values of the capacitors shown in the Q322 circuitry; note that the
base of transistor Q322 is returned to potentiometer R330, the
sweep-calibration maintenance control. In case the time-base
calibration is incorrect, a simple readjustment of the maintenance
control may be all that is required. On the other hand, if a
time-constant capacitor is leaky or otherwise defective, it will be
impossible to bring the time base into full calibration until the
defective capacitor is replaced. Note that marginal transistors can also
cause time-base calibration errors.

Oscilloscope manufacturers often provide troubleshooting charts
for their instruments. For example, a block diagram of an oscilloscope
is shown in Fig. 8-9. It is used as a troubleshooting reference. The
oscilloscope is divided into nine sections. The transistors associated
with each section are indicated. Operating controls are shown with
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Fig. 8-9. Block diagram of an oscilloscope.

their related sections. Power-supply voltages are also indicated. The
first rule in an oscilloscope troubleshooting procedure is to measure the
power-supply voltages. The second rule in oscilloscope troubleshooting
is that a good scope must be used to signaltrace the circuits in a defective
scope. Some trouble symptoms and possible areas of malfunction for
the scope diagrammed in Fig. 89 are listed in Table 8-1. When a
trouble symptom is tracked down to a particular stage, the dc voltages
should be measured at the transistor terminals in order to pinpoint the
defective device or component. Sometimes resistance measurements
must also be made. Note that a high-power/low-power ohmmeter is
most useful in such applications, because a low-power ohmmeter can
be applied as if the transistor junctions were open circuits. (This rule
does not apply to defective transistors, however.) To repeat an
important word of caution, an oscilloscope operates at high voltage.
The crt heater and cathode circuits are often 1000 volts, or more,
above ground. Also, dangerously high voltages can appear at
unexpected points in defective circuitry.

As a practical note, servicing data may not always be available for a
particular oscilloscope. In such a case, it is often possible to find a
similar oscilloscope in a nearby service shop. Comparison tests can
then be made between the defective scope and the normal scope. This
is sometimes an advisable procedure, even when servicing data are
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Table 8-1. Troubleshooting Chart

Difficulty

Possible Area of Trouble

Neither pilot lamp nor
crt filoments light.

N_.

. Fuse blown.

On-off switch.

. No ac power from outlet.

Pilot lamp lights, crt filament
does nat light.

. Power transformer.

Crt.

No spot or trace on crt.

. Positioning or intensity controls

improperly adjusted.
High-voltage power supply.
Crt.

Dot cannot be centered
vertically.

. Vertical position control and

associated circuit.

Dot cannot be centered
horizontally.

. Horizontal position control and

associated circuit.

No vertical deflection.

. Vertical amplifier.

No horizontal deflection.

. Horizontal amplifier.

Poor focus. Astigmatism.

OhON =

Crt.

Focus control.

Astigmatism control.

Resistors R412, R413, R414, and R303.
Incorrect crt anode voltages.

Trace acts erratic when the
window is touched.

p—

. Clean the window with detergent

to eliminate static charge.

Cannot synchronize input signal

with sweep generator frequency.

. Sync switch in the EXT position.

Control R103 misadjusted.

No retrace blanking or poor
retrace blanking.

. Transistor Q108.

Diode AZ101.

Pilot lamp changes intensity
from bright to dim.

. This is normal operation.

Courtesy, Heoth Co

available for the defective scope. In other words, servicing data are
seldom completely comprehensive, whereas, a comparison scope
provides ready data concerning the operating characteristics, voltage
values, resistance values, current values, and electrical changes in
response to control variations. In any case, the troubleshooter’s prime
assets are a good knowledge of electrical circuit action, the ability to
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reason logically, and experience in the use of electrical measuring
instruments.

A generalized oscilloscope troubleshooting chart is shown in Table
8-2. These possible remedies apply to almost any oscilloscope. The
chart should be used in conjunction with a circuit diagram for the
particular oscilloscope, so that the trouble area can be “tracked down”
on the scope chassis. It is good practice to start by looking for obvious

Table 8-2. Generalized Troubleshooting Chart

Trouble

Possible Remedy

Pilot light will not operate.

Check ac power coble, fuse, pilot light,
or power transformer.

No spot on cathode-roy tube.

Check horizontal or vertical positioning
control, high-voltage, vertical, and
horizontal amplifier collector load re-
sistor.

No control of focus or intensity.

Check cathode-ray tube socket, high-
voltage bleeder open, focus control,
and intensity control.

No control of vertical positioning.

Check vertical amplifier, verticol posi-
tioning control, low-voltage power
supply, and vertical amplifier transis-
tors.

No control of horizontol positioning.

Check horizontol amplifier, horizontol
positioning control, low-voltage power
supply, and horizontol omplifier tran-
sistors.

No verticol deflection.

Check verticol amplifier transistors,
low-voltage power supply, input leads,
ond verticol ottenuator switch.

Verticol deflection but poor frequen-
cy response.

Check input- and output-stage frequen-
cy compensotors.

No horizontol sweep on some set-
tings.

Check coarse-frequency range switch,
and ronge capacitors.

No horizontal sweep on any setting.

Check sweep-circuit oscillator transis-
tor.

Horizontal deflection but poor fre-
guency response.

Check horizontal amplifier tubes, at-
tenuotor switch, low-voltage power
supply, input leads, and output fre-
quency compensators.

No sync. Check sync selector switch, syncinjector
tube, and locking control.
No blanking. Check coupling capacitor.
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defects such as components or devices that have broken loose from one
end, scorched resistors or other evidence of overheating, leaking
electrolytic capacitors, abnormal power-transformer hum (evidence of
excessive current drain), sharp odors, arcs, or smoke. Sometimes
switch contacts are corroded or loose. If a chassis is dusty or grimy and
has collected lint, it should be cleaned before troubleshooting is
started. In some cases, the trouble will be found before the cleaning
job is completed. After the malfunction has been corrected, it should
not be assumed that the instrument is now working correctly on all
functions—each specification should be verified, as explained in the
first part of the chapter.

As noted in Table 8-1, astigmatism (Fig. 8-10) results from incorrect
anode voltages. Some oscilloscopes provide an astigmatism control, as
exemplified in Fig. 8-11. Note that the astigmatism control and the
focus control adjust the potential on two separate anodes. Both
adjustments are comparatively critical. If an oscilloscope does not
provide an astigmatism control, the crt potentials should be accurately
measured in case of astigmatism. The measured values should agree,
within reasonable tolerance, with the wvalues specified in the
oscilloscope manual. Note that unbalanced outputs from either the
vertical amplifier or from the horizontal amplifier can also cause

SCOPE

117V
(A) Test arrangement far display aof a 60 Hz 63V

circular pattern.

(B) Astigmatism control properly (C) Astigmatism contral improperly
adjusted. adjusted.

Fig. 8-10. Focus and astigmatism.
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Fig. 8-11. Example of crt circuitry that contains an astigmatism control.

astigmatism. Therefore, if the crt potentials check out correctly, the
output amplifiers may be at fault. The geometry control in Fig. 8-11 is
found on comparatively sophisticated scopes. It is adjusted to obtain
optimum deflection linearity at the extreme ends of the trace. Note
also that a high-voltage adjustment control is provided in this example;
it is adjusted to obtain a crt cathode potential of —1675 volts. Keep in

mind that all of the crt potentials interact to some extent.
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CHAPTER 9

Frequency and Phase
Measurements

BASIC METHODS OF FREQUENCY AND PHASE MEASUREMENT

Frequency measurement with a triggered-sweep oscilloscope that
has a calibrated time base is depicted in Fig. 9-1. If the sweep-speed
control is set to 100 s per division, and a complete cycle occupies four
divisions, the period of the waveform is 400 ws and its frequency is 2500
Hz. However, if a scope with a free-running sweep is used, a method of
frequency measurement that uses the setup depicted in Fig. 9-2 may be
utilized. This is called Z-axis or intensity modulation of the displayed
waveform. The generator is carefully adjusted to make the blanked
intervals “‘stand still”’ on the screen pattern. Each interval represents a
peak in the modulating waveform. Thus, if the generator frequency is 6
kHz in the example shown, the frequency of the displayed waveform is

TIMElcm

Fig. 9-1. Frequency measurement can be made with a triggered-sweep scope that has a
calibrated time base.
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(A) Test setup. (B) Waveform.
Fig. 9-2. Frequency measurement by Z-axis modulation.

1 kHz. (There are six blanked intervals in one cycle of the screen
pattern.) Note that if a dual-trace scope is employed, a known
frequency can be compared with an unknown frequency, as shown in
Fig. 9-3. Note also that this method indicates the phase difference
between two waveforms that have the same frequency.

Distinction should be made between measurement applications and
indicator applications. For example, the procedure shown in Fig. 9-1is
a measurement technique, inasmuch as the oscilloscope serves as a
measuring instrument. On the other hand, the procedure depicted in
Fig. 9-2 employs the scope only as an indicator—it is the lab-type
generator which serves as the measuring instrument. In the example of
Fig. 9-3, the dual-trace scope is being used as an indicator—the known
frequency provides the basis for measurement. Note, however, that if
the scope has a calibrated time base, it can be operated as a measuring
instrument in this application. The phase difference between two
waveforms that have the same frequency can be measured with a
single-trace scope, using its external-sync function, as depicted in Fig.
9-4. In this application, the scope operates as an indicator—the

-, UNKNOWN
<~ FREQUENCY

Fig. 9-3. A known frequency can be compared to an unknown frequency when using a
dual-trace scope.
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Fig. 9-4. Checking the phase difference between two waveforms using the external-sync
function of a scope.

reference waveform itself serves as the unit of phase measurement.
Note in passing that two waveforms that have different frequencies can
have a phase difference with respect to a specific time, as exemplified in
Fig. 9-5. (The phase relation at t, in Fig. 9-5B corresponds to the peak
of the modulation signal envelope in Fig. 9-5A.)

Another basic type of phase check isillustrated in Fig. 9-6. Thisisan
example of complex waveforms wherein each waveform consists of
“‘sine waves”’ and blanking pulses. The ‘“‘sine-wave” components have
the same frequency, although their relative phases are different. Phase
is defined in terms of nulls—in other words, points along the horizontal
axis at which the ‘“sine pulses” fall to zero (or practically zero)
amplitude. Ten intervals with 30° separation are observed between
successive blanking pulses. In turn, relative phases for normal
operation are defined in terms of nulls at particular intervals—the R-Y
waveform nulls on the sixth interval; the B-Y waveform nulls on the
third and ninth intervals; the G-Y waveform nulls on the first and
seventh intervals.

LISSAJOUS FIGURES

There are many types of Lissajous figures that can be displayed with
an oscilloscope. Vectorgrams, as exemplified in Fig. 9-7, are familiar
to color-tv technicians. Fig. 9-8 shows how basic Lissajous figures are
developed. The internal sweep system of the oscilloscope is turned off,
and two different sine-wave signals are fed to the inputs of the scope,
one to the vertical-input terminal and the other to the horizontal-input
terminal of the scope. The resulting display is a closed-loop waveform
named after the French scientist Lissajous, who first showed how these
closed-loop waveforms could be developed.

If the frequency of one of the generators is known, the other, or
unknown, frequency can be determined by proper interpretation of
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(B) Separate waveforms.

Fig.9-5. Two waveforms that have a phase difference that is defined with respect to time.

the Lissajous figure generated. The known frequency signal is usually
connected to the horizontal input of the scope, and the unknown signal
is connected to the vertical input. Simple frequency ratios result in
waveforms that are easy to interpret. Therefore, the known frequency
generator should be adjusted to obtain such a waveform, if possible.
When the two signals have a ratio that can be expressed by whole
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Fig. 9-6. Phase checks of R-Y, B-Y, and G-Y waveforms.
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Courtesy Sencore, Inc.

Fig. 9-7. Display of a typical vectorgram.

numbers, such as 2:3, 3:4, 4:1, etc., the waveform will appear to be
stationary on the scope screen. If one generator is adjusted to give a
signal ratio not quite expressible by two whole numbers, the pattern
will seem to rotate slowly in one direction or the other. This rotation
appears to take place in three dimensions, a fact that can sometimes be
used to advantage in counting the loops of the pattern.

SINE-WAVE HORIZ. SINE-WAVE
GENERATOR o O GENERATOR
A fe o 0 B

Fig. 9-8. A setup for generating Lissajous figures.
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Fig. 9-9 shows the pattern resulting from a 2 to 1 frequency ratio and
illustrates the method used for calculating the frequency ratios of other
patterns. Note that horizontal line AB is drawn touching the pattern at
two points, and that vertical line AC is drawn touching the pattern at
one point. The points of contact on line AB are caused by vertical
excursions of the oscilloscope beam and are therefore related to the
frequency of the signal applied to the vertical input of the scope. The
points of contact on line AC (only one in this instance) are caused by
horizontal excursions of the beam and are therefore related to the
frequency of the signal applied to the horizontal input. From the
pattern shown in Fig. 9-9, the oscilloscope beam makes two vertical
excursions while making one horizontal excursion; therefore, the
vertical input signal has twice the frequency of the horizontal input
signal. Three points of contact to line AB and one to line AC would
indicate that the vertical input-signal frequency was three times that of
the horizontal input signal. Three points of contact on line AB and two
on line AC would indicate that the vertical input-signal frequency was
3:2 that of the horizontal input signal, and so on.

Fig. 9-9. A method for calculating the
frequency ratio indicated by a
Lissajous figure.

Once the frequency ratio indicated by the Lissajous figure has been
determined, the unknown frequency can be found by multiplying the
known frequency by this ratio. A few of the simpler ratios are shown in
Fig. 9-10. At ““A,” a 3 to 2 ratio is shown. If this pattern is permitted to
rotate, it will appear as shown at B or C. The pattern at C could lead to
some error in interpretation. The point to remember is that the pattern
should consist of closed loops rather than abruptly terminated single
lines as it seems to do in Fig. 9-10C. The pattern of Fig. 9-10D indicates
a 5 to 3 frequency ratio, while that of Fig. 9-10E indicates a 4 to 5 ratio.

A continually shifting Lissajous pattern results when the phase
relationship between the two input signals is constantly changing. The
more complex the pattern (resulting from a frequency ratio having
large numbers, for example, 17:13), the harder it is to interpret. The
task is made even more difficult by a shifting pattern. It is better, then,
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) 3:2 ratio. (B) 3:2 ratio.
) 3:2 ratio. (D) 5:3 ratio.

(E) 4:5 ratic

Fig. 9-10. Patterns used to determine frequency ratios between pairs of input signals.

to simplify the ratio, if possible, by changing the known frequency. If
this is not practical, other methods of frequency determination may

work better.

PHASE COMPARISON AND MEASUREMENT

The oscilloscope can be used to make phase comparisons between
two signals of the same frequency. The two signals are fed to the
vertical and horizontal inputs in the customary manner to develop a
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Lissajous pattern. The phase relationship between the two signals can
be determined by proper interpretation of this pattern.

The following discussion and waveforms are based on these

arbitrarily chosen phase relationships.

1. The horizontal signal is considered to be leading the vertical
signal by the specified amounts.

2. The same number of phase reversals take place in the vertical as
in the horizontal amplifiers of the oscilloscope, if amplifiers are
used.

3. A positive-going signal applied to the vertical input causes an
upward deflection, and a positive-going signal applied to the
horizontal input causes deflection to the right.

Fig. 9-11 illustrates how two sine-wave signals applied to the vertical

and horizontal deflection plates develop a pattern indicative of the

180°

|
|
| 180°
|
|

360°

Y

Fig. 9-11. Graphic illustration of the manner in which two sine-wave signals of identical
frequency, but different phase, develop a phase indication on an oscilloscope.
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phase relationship between the two signals. The large circle represents
the face of the scope with X and Y axes drawn through its center.
Voltage applied to the horizontal-deflection plates moves the beam
along the X-axis, right or left of center, depending on the polarity of
the voltage. Voltages applied to the vertical-deflection plates produce
beam movement along the Y-axis.

The two smaller circles represent sine-wave generators for the
vertical and horizontal signals and are divided from zero to 360° in
steps of 22.5°. The radial arrows are vector representations of the
maximum signal voltage of each generator and are made equal to each
other for simpler illustration. The deflection factors of the vertical and
horizontal plates of the scope are assumed to be equal for the same
reason.

In the left-hand circle, a perpendicular to the X-axis from the point
of the radial arrow will represent the instantaneous magnitude of the
sine-wave voltage applied to the vertical-deflection plates. This value
can be transferred graphically to the scope diagram to locate the
vertical position of the beam trace at that instant. Other times during
the cycle are indicated by dotted arrows. In like manner, the
perpendicular to the Y-axis from the arrow point in the lower circle
represents the horizontal-deflection voltage at any particular instant.
This value is transferred graphically to the scope diagram to locate the
horizontal position of the beam trace at that instant.

For this illustration, the two sine-wave vectors have been chosen so
that the horizontal vector is 45° ahead of the vertical vector. Since the
frequencies of both signals are the same, this 45° difference is
maintained throughout the complete cycle. The beam position on the
scope is plotted for every 22.5° interval of the cycle, and the resultant
graph gives a very good indication of the scope waveform obtained for
a phase difference of 45° between signals. The waveform is an ellipse
andis the same as that obtained for a phase difference of 360° minus 45°
(315°), as will be seen if we consider the horizontal vector as zero
reference, with the vertical vector lagging the horizontal.

Any phase difference can be plotted in this manner, and a complete
series would show that the pattern is either a straight line, a circle, or an
ellipse. Straight lines occur at 0° and 180° phase difference; circles
occur at 90° and 270°. All other values of phase difference are shown by
ellipses. These ellipses become narrow and approach a straight line at
0° or 180° or become broader and approach a circle at 90° and 270°. A
number of these patterns are shown in Fig. 9-12. Phase differences are
indicated for intervals of 45°, from 0° to 360°.

Fig. 9-11 shows how the technician can plot any phase difference he
desires and get an accurate waveform like that obtained with the
oscilloscope. In practical cases, he may be interested in somewhat the
reverse effect. That is, he may have a Lissajous pattern and desire to
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0 45° 90° 135° 180°
360° 315° 210° 225° 180°

Fig. 9-12. Phase indications from 0° to 360° at intervals of 45°,

know the phase difference it represents. Fig. 9-13 shows how an
unknown phase angle can be calculated from such a pattern.

It is convenient to consider all the phase angles from 0°to 90° as basic
and to calculate all the others through them. Thus, referring to Fig.
9-12 again, at 0° we start with a straight line (a closed loop seen on
edge), and go through an infinite series of ellipses, finally arriving at a
circle for 90°. The same series of ellipses, but slanting in the opposite
direction, covers the range from 90° to 180°. The range from 180° to
360° duplicates both series, but in reverse order. Before making the
measurements of Fig. 9-13, the vertical and horizontal gains should be
adjusted to be as nearly equal as possible; otherwise, a perfect circle
will not be obtained at 90°. The accuracy of this method will not be
impaired, however, if the two gains are not exactly equal.

The ellipse should be positioned so that its center coincides with the
intersection of the graph lines of the scope calibration screen as shown
in Fig. 9-13. If the distances C and D are measured and substituted in
the formula given, we obtain the sine of the phase angle. The phase
angle can then be found by locating this value in a table of sines.

Phase angles between 90° and 180° (their ellipses slant from lower

Y

Tl D

Fig. 9-13. A method of calculating the

phase angle represented by a 1-to-1 2
Lissajous figure.

Y

= SINE PHASE ANGLE

Ole
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right to upper left) are found in the following manner. Find the value of
the sine by the preceding method. Locate this value and corresponding
angle in the sine table. An angle between 0° and 90° will be given,
which should then be subtracted from 180° for the final correct value.

Notice in Fig. 9-12 that each waveform is labeled with two values of
phase angle. When the technician views the waveform, there is no
indication to the eye which phase angle is the correct one. However,
there is a difference in how the waveform is developed. In one
instance, the beam is traveling clockwise around the waveform and, in
the other, the beam is traveling counterclockwise. Under the
conditions stated in the second paragraph of this discussion of phase
comparisons, the beam travels counterclockwise for the 45°, 90°, and
135° waveforms of Fig. 9-12, and clockwise for the 315°, 270°, and 225°
waveforms.

The direction of beam travel can be determined by at least two
methods.

1. By changing the phase of one signal in a known direction.

2. By intensity modulation of the beam with a suitable marker.

As an example of the first method, suppose we desire to know
whether an ellipse like the first, shown in Fig. 9-12, represents a 45° or
315° phase difference. We know the horizontal signal is leading the
vertical signal by one or the other of these amounts. Suppose we
increase the lead of the horizontal signal. If the waveform changes in
the direction of the circle, it originally was a 45° waveform, but if the
waveform changes toward a straight line, it was the 315° waveform.

Fig. 9-14 is one example of the type of signal that can be used to mark
a pattern so that the direction of beam travel can be determined. This
illustration shows just the positive peaks of the signal since they are
responsible for the visible indication on the waveform. This type of
signal is effective for this purpose because, as it is made more and more

Fig. 9-14. Intensity marker signal at A produces markers as at B. Beam rotation is as
indicated by arrow.
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positive, the beam trace gets brighter and has a tendency to enlarge.
The signal at A in Fig. 9-14 will then result in a marked trace like the
one at B. Thus, a trace resembling a series of arrows pointing in the
direction of beam travel is obtained. The frequency of the marking
signal is unimportant except it should be greater than the vertical input
signal and a whole number multiple of this frequency. The intensity
adjustment of the oscilloscope should be reduced to nearly minimum
intensity for a more effective marker. If a marking signal of the type
shown at A in Fig. 9-14 is not available, others may be used. A
sawtooth signal like the one developed by the scope generator will
produce a narrow wedge-shaped marker. The peak of the sawtooth
will correspond to the wide end of the wedge. Which portion of the
sawtooth signal occurs later in time must be known to determine the
direction of beam travel.
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CHAPTER 1 O

Amplifier Testing

OSCILLOSCOPE APPLICATIONS IN AMPLIFIER TESTING

Various amplifier characteristics are of concern to the technician,
such as frequency response, distortion, noise output, phase-shift,
tone-control action, stability, equalization pattern, power output, and
so on. Noise is acommon problem in hi-fi stereo system operation, and
it can have various causes. For example, worn discs and deteriorated
tapes are a source of noise apart from the amplifier system. Tuners
may have a poor signal-to-noise ratio, apart from the amplifier system.
When noise originates in a preamplifier or in a power amplifier, it is
often the result of collector-junction leakage in a transistor (Fig. 10-1).
However, noise can also originate in resistors. The resistors in a
preamplifier section are ready suspects because any noise that they
generate is then amplified by the following stages. Note that metal-film
resistors have an inherently lower noise level than composition
resistors. Noise can be signal-traced by an oscilloscope to its point of
origin.

A defective negative-feedback circuit can result in a higher noise
output level, because negative feedback reduces noise that originates
in the amplifier, as depicted in Fig. 10-2. Observe that negative
feedback operates on the principle of predistortion. In other words,

Fig. 10-1. A leaky collector junction often generates noise.
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Fig. 10-2. Negative feedback reduces noise that originates in the amplifier.
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when a noise spike appears in the output of the amplifier, this spike is
fed back in opposing phase to the input. The combining of the input
waveform and the feedback waveform produces a resultant predis-
torted waveform in which the noise spike is inverted. Therefore, the
noise spike that is generated within the amplifier becomes partially
cancelled by the inverted noise spike from the feedback loop. In turn,
the output waveform from the amplifier displays a greatly reduced
noise spike. The two principal types of negative feedback are voltage
feedback, as exemplified in Fig. 10-2, and current feedback as
produced by an unbypassed emitter resistor. Either type of negative
feedback helps to reduce noise that originates within the amplifier.

EVALUATING DISTORTION PRODUCTS

With reference to Fig. 10-3, a scope is very helpful in evaluating
distortion products. A harmonic distortion meter will measure the
percentage of total harmonic distortion, but it cannot show whether
the distortion is being caused by a second harmonic, by a third
harmonic, by a fourth harmonic, by hum voltage, or by noise voltages.
However, if a scope is connected at the output of the harmonic
distortion meter, the nature of the distortion products can be
determined. For example, the scope might show that the distortion
products consist principally of noise voltages, or that low-order or
high-order harmonics are present (harmonic frequencies can be
measured with a calibrated time base). Or, the scope might show that
the distortion consists chiefly of 60-Hz or 120-Hz hum voltage. After
the technician identifies the nature of the distortion products, he can
zero in on the defective area rapidly and with disregard of
“impossibles.”

Note that the oscilloscope in Fig. 10-3 shows the harmonics that may
be present in the output waveform because the test frequency applied
by the audio generator is filterd out by means of a notch filter in the
harmonic distortion meter. Fig. 10-4 shows how a distorted resultant
output waveform is produced by a second harmonic or by a third
harmonic. Even harmonics tend to be produced by compression or
clipping of a single peak in the output waveform, whereas odd

AUDIO SN a5
GENERATOR
AMPLIFIER > R, HARMONIC

AVAY; DISTORTION .
| METER 2
SCOPE

Fig. 10-3. Oscilloscope displays amplifier distortion products.
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(B) Scope displays third harmonic.
Fig. 10-4. Basic second- and third-harmonic distortions.

harmonics tend to be produced by symmetrical peak compression or
clipping. However, it is quite common for an amplifier todevelopboth
even and odd distortion products. For example, Fig. 10-5 shows how a
distorted resultant output is produced by a combination of second-
harmonic and third-harmonic products. Observe that second-har-
monic distortion results in an unsymmetrical output waveform,
whereas third-harmonic distortion results in a symmetrical output
waveform. When a second harmonic beats with a third harmonic, the
resultant waveform is unsymmetrical due to the effect of the even
harmonic.

SQUARE-WAVE FREQUENCY-RESPONSE TEST

The merit of the square-wave test to indicate an amplifier frequency
response is based on the fact that a square wave represents a great
many frequencies other than its own fundamental frequency. Fourier
analysis has shown that a square wave can be built up from many sine
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(B) Result of third-harmonic distortion.

(C) Result of combined second- and third-harmonic distortion.

Fig. 10-5. Second-harmonic and third-harmonic distortion.
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waves of different amplitudes and frequencies. The fundamental
frequency will have the greatest amplitude, and it is combined with
odd-numbered harmonics that decrease in amplitude as the order of
the harmonics increases. Thus, a square-wave signal of a certain
fundamental frequency applied to an amplifier is a more extensive test
of the amplifier response than is a sine-wave signal of the same
frequency. The square-wave test for frequency response consists of
applying the square-wave signals of various fundamental frequencies
to the amplifier and observing the output on an oscilloscope. Any
change in the shape of the square wave can then be interpreted in terms
of frequency response of the amplifier.

This test is not the type that will furnish information for plotting a
response curve. That is, the exact ratio between the amplification
factors at various frequencies will not be determined. Rather, a quick
overall picture of the frequency response will be gained. Before a test,
the quality of the square-wave signal put out by the square-wave
generator should be checked. The signal should be fed directly to the
oscilloscope input and checked for flatness and sharp corners. A slight
imperfection can be tolerated and allowed for when the amplifier
response is interpreted. The oscilloscope amplifiers should have
response characteristics as good as, or better than, the amplifier being
tested; otherwise, they become a limiting factor in the test. If the
output waveform from the square-wave generator appears good for
some settings of the scope attenuator switch and peaked or rounded at
another setting, the attenuator adjustment for that switch position
should be checked and readjusted if necessary.

It is customary to assume that a well-reproduced square wave of any
particular frequency indicates good response for all frequencies from
one-tenth to ten times that frequency. Since this frequency range of
100 to 1 is far short of the range of most present-day amplifiers, the
square-wave generator must be reset several times to make a complete
test. Usually the extreme low and high ends of the amplifier response
will interest the technician more than the midrange. They determine
the width of the response range and present more design difficulties to
the manufacturer.

An acceptable test is to run the square-wave frequency low enough
and high enough until the response falls off at these extremes and then
tune the generator through the entire range between, meanwhile
watching for any peculiarities.

The technician can acquaint himself with some of the square-wave
response curves obtainable if he checks the action of the bass and
treble controls during a test. Some of the following waveforms were
obtained in this manner. Fig. 10-6 resulted from applying a 1-kHz
signal directly to the vertical input of the oscilloscope. The tops and
bottoms of the square wave are straight and level, with no evidence of
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Fig. 10-6. A 1-kHz square wave
applied directly to the
oscilloscope input.

overshoot or ringing. Fig. 10-7 shows the same signal applied to the
tuner input of a preamplifier of the type that is used between a tuner or
phonograph pickup and an amplifier. The bass and treble controls
were adjusted for a response that approaches that in Fig. 10-6 as nearly
as possible. A slight peak remains at the leading edge of the square
wave, and this tendency can be noticed in some of the illustrations
which follow. A sine-wave frequency check shows the amplifier to be
flat over the audio range. The most likely explanation of the peak is
that it is due to some overshoot in the preamplifier circuits.

When the treble control is advanced, the leading edge of each cycle
becomes even more peaked, as in Fig. 10-8. The peak appears for both
positive and negative halves of the cycle. A logical conclusion from
Fig. 10-8 is that excessive highs in an amplifier are indicated by peaked
leading edges of the square-wave response, sloping back to the trailing
edge. Conversely, the leading edges should be depressed below
normal if the highs are attenuated, and this is exactly what happens.

When the treble control is kept normal and the bass control
advanced, the waveform of Fig. 10-9 results. Trailing edges of each
half cycle of the square wave are peaked, sloping gradually from the
leading edges. When the bass control is set for attenuation, the
waveform slopes in the opposite direction. It then resembles the
waveform for treble emphasis. This is about what you might expect.

Fig. 10-7. Preamplifier response to
the 1-kHz square wave. Tone con-
trols were adjusted for
flat response.
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Fig. 10-8. Treble emphasis applied

to a square-wave signal. /J

After all, it is a relative matter—reduce the bass or increase the
treble—the results are similar.

Fig. 10-10 is the result of applying a 50-Hz square wave to the
preamplifier with the tone controls set for flat response at 1 kHz.
Leading edges are elevated and trailing edges are depressed—the
marks of low-frequency attenuation and phase shift. The severity of a
square-wave test over a sine-wave test is borne out by the fact that the
preamplifier showed practically no attenuation to a 50-Hz sine-wave
signal when compared to its 1000-Hz response, yet the 1000-Hz square
wave of Fig. 10-6 was changed to that of Fig. 10-10 at 50 Hz.

When the square-wave generator is adjusted toward the high-fre-
quency extreme, a point is reached where the preamplifier response
begins to fall. This is evidenced by a gradual rounding of all corners of
the square wave, as in Fig. 10-11, which shows the response to a
10-kHz signal. As the square-wave frequency is adjusted higher and
higher, the corners are rounded more and more, and the square wave
takes on the appearance of a sine wave.

THE SQUARE WAVE AS AN INSTABILITY CHECK

We have seen how the square-wave signal provides a quick check for
the frequency-response range of an amplifier; it can also discover any

Fig. 10-9. Effect of bass boost on a
square-wave signal. ‘
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Fig. 10-10. A 50-Hz square wave
shows low-frequency attenuation
and phase shift.

tendency toward instability. The steep wavefront of the square wave
can shock borderline cases into ringing or oscillation, as shown by Figs.
10-12 and 10-13. Ringing is just a form of oscillation that dies away
quickly. In Fig. 10-12, about 3 cycles of oscillation are visible in each
half cycle of square wave. Fig. 10-13 indicates a more unstable
condition; the oscillations persist throughout the entire cycle, although
they may not show in all parts of the reproduction. When this type of
oscillation occurs in audio amplifiers, it is usually above the
audio-frequency range and, therefore, will not be heard in itself, but it
may react with the audible signal to cause distortion. It is almost
certain to cause a lowering of the maximum power output.

Although an amplifier may be shock excited to the point of
oscillation with a square-wave signal, it might not do so when a
sine-wave signal is applied. The results of the square-wave test
indicate, however, that some trouble might be expected on large audio
signals of complex waveforms.

Video amplifiers in tv receivers can be tested with a square-wave
signal in much the same manner as audio amplifiers. Interpretation of
the resultant waveforms is similar to the examples just given. The
range of frequencies is a little different with the tv receiver; it is shifted
toward the higher frequencies. That is, it is usually not expected to go
as low, but it does extend up to several megahertz. Here again, the

Fig. 10-11. High-frequency atten-
vation is shown by rounded corners
of the square wave.
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Fig. 10-12. Moderate ringing induced by
application of square waves.

operator must be certain that the oscilloscope amplifiers do not
become the limiting factor in response at these higher frequencies, ora
misleading waveform will be obtained.

Phase shift and ringing are more evident in the tv picture than in an
audio signal and will cause smearing and repeated outlines during
reception of a regular broadcast signal. Incidentally, the picture tube
can serve as a fair substitute for the scope in the square-wave test since
the signal applied to the video amplifiersis fed directly to it. By turning
the brightness up and down, the operator can get a good idea of the
condition of the square-wave signal at the picture tube. For example,
sharp corners on the waveform will result in sharp divisional edges
between the light and dark bars on the screen; rounded corners will
result in blended edges to the bars.

HUM PATTERNS

When hum voltage appears in a square-wave display, the hum
voltage may or may not be synchronized with the square-wave
frequency. Thus, the technician may observe either of the basic
displays exemplified in Fig. 10-14. If the square-wave repetition rate is
integrally related to the hum frequency, the result is to introduce a
sinusoidal curvature into the waveform envelope. On the other hand,
if the square-wave repetition rate is not integrally related to the hum
frequency, the result is to produce a ‘““‘thickening’ along the top and
bottom excursions of the square wave. In either case, the peak-to-peak
hum voltage is easily measurable on the scope screen, as shown in Fig.

Fig. 10-13. Instability shown by continuous
oscillation when square wave is applied.
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T

SQUARE-WAVE REPETITION RATE IS INTEGRALLY RELATED TO THE HUM FREQUENCY.
ELECTRON BEAM "FOLLOWS” THE HUM VOLTAGE.

(A) “Synchronous” hum voltage results in a sinusoidal envelope.

L__

PEAK-TO-PEAK
HUM VOLTAGE

SQUARE-WAVE REPETITION RATE IS NOT INTEGRALLY RELATED TO THE HUM VOLTAGE.
ELECTION BEAM DOES NOT "FOLLOW” THE HUM VOLTAGE.

(B) “Nonsynchronous” hum vouage results in a thickening of top and bottom excursions.

Fig. 10-14, Basic displays of a square wave with hum voltage.

10-14. Note that the scope can be used to trace hum interference to its
point of origin. Of course, if the hum voltage is entering via the power
supply, the hum interference will be apparent at all stages in the

amplifier system.
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CHAPTER 1 1

Servicing Digital Equipment

TYPICAL DIGITAL EQUIPMENT

A familiar example of digital equipment is a scanner-monitor radio
receiver. This type of receiver continuously samples a group of
channels for activity and when a signal output is detected from any
channel, the scanning action stops, and the receiver locks on the active
channel. At the end of station transmission, the scanning section
resumes the sampling of the channels. A simplified block diagram fora
4-channel digital-logic section of a scanner-monitor receiver is shown
in Fig. 11-1. Note that the clock generates a train of square waves or
pulses. This pulse train serves to synchronize the logic system; this is
analogous to the sync pulses in a tv signal. The output from the clock
multivibrator is applied to a flip-flop (bistable multivibrator), which in
turn energizes another flip-flop and four anp gates.

DIGITAL-LOGIC WAVEFORM RELATIONSHIPS

Digitial-logic equipment is primarily a network of gates and
flip-flops, and it will be shown later that a flip-flop is an arrangement of
cross-connected gate ICs. Digital-logic equipment operation is
synchronized by pulses (clock pulses) produced by a clock generator.
Clock generators operate at various speeds, up to many megahertz.
Therefore, oscilloscopes used in troubleshooting digital-logic equip-
ment may require an unusually high vertical-amplifier frequency
response. For example, a typical gate can be operated by 30-MHz
square waves. However, when several gates are connected into a
network, the operating speed of the system is necessarily less than that
of a single gate. The most basic forms of logic gates are the anp gate,
the NAND gate, the or gate, and the Nor gate, as shown in Fig. 11-2.
Each gate has two inputs in these examples; but, we will encounter
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Fig. 11-1. A simplified block diagram for a 4-channel digital-logic section in a
scanner-monitor radio receiver.
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Fig. 11-2. Signal responses of logic gates.

gates that have three, four, or more inputs. However, the number of
inputs to a gate does not change its basic mode of response.
Observe in Fig. 11-2 that a square-wave input and a rectangular-
wave input are applied to the anp gate. In turn, two square waves
normally appear at the output. Thus, an anp gate produces an output
only when both of its inputs are driven logic-high. In other words,
during the time that either of the inputs to the anp gate is zero (logic
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low), there is a zero output from the anxp gate. However, during the
time that both of the inputs of the anp gate are logic-high, there is a
logic-high output from the anp gate. Note next (Fig. 11-2B) that a NAND
gate operates in the same manner as an AND gate, except that its output
isinverted. That is, the output from a NaND gate is logic-high during the
time that both of its inputs are logic-low. However, when both of the
inputs of the NAND gate are driven logic-high, the output of the NanD
gate will go logic-low. Suppose that a NaND gate is provided with three
inputs; then, the output of the nanDp gate will be logic-high until all
three inputs are driven logic-high. With all three inputs simultaneously
logic-high, the output of the NanD gate will go logic-low.

Next, observe the operation of the or gate in Fig. 11-2C. Note that
an or gate produces an output if either of its inputs is driven logic-high;
the or gate also produces an output if both of its inputs are driven
logic-high. If an or gate is provided with four inputs, it will produce an
output when one or more of the inputs are driven logic-high. Note next
that a Nor gate (Fig. 11-2D) operates in the same manner as an or gate
except that its output is inverted. In other words, the output terminal
of a Nor gate is logic-high as long as both of its inputs are logic-low.
However, if one or both of the inputs of the Nor gate is driven
logic-high, its output goes logic-low. Then, when both of the inputs go
logic-low once more, the output of the Nor gate again goes logic-high.
Although single-trace and dual-trace oscilloscopes are very useful in
troubleshooting digital-logic equipment, specialized digital-logic
scopes may have up to 16 channels. An example of the use of a
3-channel scope in checking the operation of an anp gate is shown in
Fig. 11-3. Basically, the scope displays a timing diagram, as depicted in
Fig. 11-4.

FAULT PATTERNS

Consider a unit of digital-logic equipment in which an open circuit
occurs at the output of an anp gate, as shown in Fig. 11-5. Test signals
are applied at the inputs of anp gate Ul, and an output signal is
displayed at the output of the gate. However, when the scope probe is
moved ahead in the same circuit, there is only a dc “bad level”” output.
In TTL and DTL logic circuitry, the range from 1.4 to 1.5 volts
indicates a fault (in this example, an open circuit). Note that a “bad
level” will be interpreted by the following circuits as a logical high
level. A logical high level is at least 2.4 volts and a logical low level is
0.4 volt or less, as depicted in Fig. 11-6. The output waveform from a
gate must rise and fall within a sufficiently short time so that
subsequent gates in the system can be operated properly. In turn,
excessive rise time is another basic fault condition, as exemplified in
Fig. 11-7. Note that the rise time of a digital signal will always be
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Fig. 11-3. Checking the operation of an AND gate using a 3-channel scope.

slowed more or less by lines (interconnects) that are installed for the
operation of peripheral memories, or other logic units. Therefore, the
clock speed may need to be slowed if interconnects impose an
excessive rise time.
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Fig. 11-4. A timing diagram for an AND gate.
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Fig. 11-5. Example of a “bad level” output due to an open circuit.

OPERATING WAVEFORMS IN SIMPLE DIGITAL NETWORKS

A basic clock oscillator (multivibrator) circuit is exemplified in Fig.
11-8, with normal operating waveforms. In a typical system, V.. may
be 6 volts. Faulty operation in this type of circuitry can result either
fromdefective capacitors or failing transistors. Note that power failure
occurs on occasion. This may be caused by trouble in the power supply
itself, in the power distribution cabling, or in the power decoupling
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Fig. 11-6. Logic-high and logic-low thresholds in TTL and DTL circuitry.
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Fig. 11-7. Excessive rise time is a fault condition.

circuitry included on each circuit board. Another common cause of
trouble symptoms is a connecting wire that has become open or
shorted to ground. Transistors tend to fail catastrophically. Short
circuits may overheat and damage resistors in the associated circuit.

Observe the Exclusive-or (XOR) gate shown in Fig. 11-9. An XOR
gate can be formed from two aND gates, an or gate, and two inverters
(polarity inverters). A polarity inverter, such as a common-emitter
stage, inverts the input signal; a positive-going signal is outputted as a
negative-going signal, and vice versa. Thus, a logic-high input signal is
outputted as a logic-low signal by an inverter. An XOR gate functions
to produce a logic-high output when one of its inputs is logic-high, and
its other input is logic-low. On the other hand, the output of an XOR
gate remains logic-low when both of its inputs are logic-low, or when
both of its inputs are logic-high. In other words, an XOR gate produces
an output only when its inputs are at opposite logic levels; an XOR gate
produces zero output when its inputs are at the same logic level. In turn,
an XOR gate responds to input pulses as shown in Fig. 11-9D. An
XOR gate connected with an anp gate is called a half-adder because its
output is the sum of 0 and 1, of 1 and 0, or of 1 and 1 (Fig. 11-10).

A full adder consists of two half-adders and an or gate, as shown in

Fig. 11-11. A full adder provides for a carry-in (C’) as well as for a
175



R1

Q1

RS

R4

C2 C3
S ——
LOW-C
R2 R3 C5 PROBE
—AA— H——“—l:?*—o v
= [~o G
@ SCOPE
oA
Vee E OuTPUT
> Bl
R6 R7
: .
cl C4
i T .
(A) Circuit diagram.
ty ‘]1 tlz t.3 t‘4
| | |
loy Ja — | —— :
g |
| : | |
+ | L | |
e N
Vgl 0 T |
— | : NOTE: Voltage waveforms
| | | , can be displayed directly;
+ current waveforms cannot be
displayed unless indirect test
le1 techniques are used.
ol - e
| |
I
VCC + |~ T T -
Vei
)
Va2
Ic2
0 —-———- T
|
Vez
oL —— 0 L1

(B) Waveforms.

176

Fig. 11-8. A basic clock oscillator circuit and its normal waveforms.



XOR
} >
B B 3
(A) Circuit configuration. (B) Simplified symbol.
A| B )
. 0 0]0
(C) Truth table. 0 1 1
1 0 1
1 1 0
HIGH
| |
A : :
| }
LOW e’ : : | :
| 1 | :
HIGH : ! F |
}
B : : : 1
| 1 | :
LoW =—— | : | v
: ' ' :
HIGH | 1 ! !
s ! l
LOW 1 !
TIME —=
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Fig. 11-9. An Exclusive-OR gate, showing its individual gates, inverters, waveforms, and
truth table.

carry-out (C) terminal. The provision of a carry-in line permits the
connection of two full adders in series, for the simultaneous (parallel)
addition of large binary numbers. In addition to checking the timing
diagram for a unit of digital-logic equipment, the pulse widths and the
elapsed time between pulses can be measured with a triggered-sweep
scope that has a calibrated time base. Note that if an “intelligent
oscilloscope” is employed, the operator can place intensity markers at
the start and stop intervals to be timed (t, and t, in Fig. 11-12). Then,
the LED readout, in the example given in Fig. 11-12, automatically
and continuously indicates the time between the two markers (1.92 x
10-¢ second in our example). This feature provides operator
convenience, inasmuch as the calculation of time is performed
automatically.
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Fig. 11-10. A half-adder configuration.

BINARY COUNTERS

Binary counters are widely used in digital equipment. Many
counters employ J-K flip-flops, as shown in Fig. 11-13. A J-K flip-flop
has two conditioning inputs (J and K) and one clock input (T). If both
conditioning inputs are disabled prior to a clock pulse, the flip-flop
does not change condition when a clock pulse occurs. If the J input is
enabled, and the K input is disabled, the flip-flop will assume a 1
condition (Q output logic-high; Q output logic-low) upon arrival of a
clock pulse. Note that Q denotes NoT Q, or the inverse (complement)
of Q. Next, if the K input is enabled, and the J input is disabled, the
flip-flop will assume the 0 condition when a clock pulse arrives. If both
the J and K inputs are enabled prior to the arrival of a clock pulse, the
flip-flop will complement (or assume the opposite state) when the
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Fig. 11-11. A full adder configuration.

clock pulse occurs. Inother words, at the application of a clock pulse, a
1 on the J input sets the flip-flop to the 1 or “on” state; a 1 on the K
input resets the flip-flop to its 0 or “off”’ state. If a 1 is simultaneously
applied to both inputs, the flip-flop will change state, regardless of its
previous state.
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Fig. 11-12. Using an oscilloscope that
automatically indicates the elapsed time
between two operator-positioned
intensity markers.

Next, observe the 4-bit binary counter arrangement shown in Fig.
11-14. A bit denotes a binary digit, such as 1 or 0. Examples of 4-bit
binary numbers are:

0000 = Zero 1000 = Eight
0001 = One 1001 = Nine
0010 = Two 1010 = Ten
0011 = Three 1011 = Eleven
0100 = Four 1100 = Twelve
0101 = Five 1101 = Thirteen
0110 = Six 1110 = Fourteen
0111 = Seven 1111 = Fifteen

The counter depicted in Fig. 11-14 counts from 0 (0000) to 15 (1111),
and thenresets itselfto0. As seen in the timing diagramofFig. 11-14B,
flip-flop FF1 produces a logic-high output pulse for each two input
pulses; flip-flop FF2 produces a logic-high output pulse for every four
input pulses; flip-flop FF3 produces a logic-high output pulse for every
eight input pulses; flip-flop FF4 produces a logic-high output pulse for
every sixteen input pulses. Thus, this circuit diagram is also called a
divide-by-two configuration. Observe that the J and K inputs are tied
together on each flip-flop; this is called the toggle mode of operation.
In other words, flip-flop FF1 will change state on every clock pulse,
provided only that the Logic-1 input is held logic-high. Of course, if the
Logic-1 input is driven logic-low, the counter stops operation. After
the count reaches 15 (1111), the next clock pulse will reset the chain to
0000 because each flip-flop must necessarily change state from 1 to 0 at
this time. The anp gates are included in this counter design simply to
obtain a faster response (minimum propagation delay).

Another term for the 4-bit binary-counter arrangement shown in
Fig. 11-14 is a synchronous binary counter. Note that if the anp gates
are omitted, the flip-flop chain is then called a ripple-carry counter. A
ripple-carry counter requires a certain amount of time to change state.
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Fig. 11-13. Operation of a J-K flip-flop.
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Fig. 11-14. A 4-bit binary counter.

This state-change time involves more or less propagation delay. As an
illustration, suppose that all four flip-flops in Fig. 11-14 are in their 1
state. On the next clock pulse, flip-flop FF1 changes to its Ostate. After
flip-flop FF1 changes to its O state, flip-flop FF2 changes to its O state.
Then, after flip-flop FF2 changes to its O state, flip-flop FF3 changes to
its O state, and so on. This sequence is called ripple-carry action.
Observe that when the anp gates are included, the counter action is
speeded up because all flip-flops are then triggered simultaneously
from the input. Thus, the chain changes state from 1111 to 0000
simultaneously instead of sequentially, as when the synchronous
configuration is used. In turn, the clock can be operated at a
considerably higher frequency.
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DIGITAL PULSE WAVESHAPES

In theory, digital pulses have square corners; the leading edge
ideally has zero rise time, and the trailing edge has zero fall time.
However, in practice, substantial departures from the ideal often
occur. In one type of digital equipment, the pulses have an appearance
as shown in Fig. 11-15. The tops of the pulses are rounded, and the rise
time is greater than zero; the fall time is longer than the rise time. Thus,
the pulses are somewhat spike-shaped, instead of being precisely
rectangular. However, this is not a matter for practical concern, as
long as the distortion is not so serious that the gates malfunction.
Tolerable waveshape distortion is chiefly a matter for experienced
judgment; it is difficult to set down hard-and-fast rules in this regard.
Propagation delay was noted above. While not a form of pulse
distortion per se, excessive propagation delay in a digital system
inevitably leads to unreliable operation. Therefore, in troubleshooting
a digital system with the oscilloscope, the technician should be alert for
abnormal propagation delays, as well as for excessive pulse-shape
distortion.

Excessive propagation delay and waveshape distortion can give rise
to glitches in otherwise well-designed digital equipment. Glitches are
spurious pulses produced by marginal gate operation. Some examples
of glitches are given in Fig. 11-16. It is evident that glitches will cause
equipment malfunction, inasmuch as a gate or a flip-flop cannot “tell
the difference” between a glitch and a data pulse or waveform.
Glitches can also occur because of power-supply switching transients.
Sometimes glitches are induced into digital equipment by strong
external fields, as in industrial installations. In any case, the
oscilloscope is the most useful troubleshooting instrument for
analyzing and tracking down the source of glitches.

Note also that glitches are occasionally very narrow and may have a
very fast rise and fall time. In such a case, a high-performance scope is

Fig. 11-15. Digital pulses may not have ideal waveshapes.
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Fig. 11-16. Example of “glitches” in a digital data signal.

required to display a visible glitch pattern. A considerably higher
writing speed may be required than for displaying the normal
operating waveforms in the digital equipment. Troubleshooting
procedures are sometimes impeded by the transient occurrence of a
glitch. In other words, if the technician knows that a trouble symptom
is being caused by a glitch, but the glitch occurs randomly at widely
separated intervals, it may be a time-consuming task to identify the
trouble area and to close in on the defective device or component. In
such a case, it 1s often helpful to use a storage-type scope as a monitor.
Thereby, the technician can look at the screen from time to time to
determine whether a glitch has been displayed. It releases the scope
operator from the necessity of closely and continuously watching the
screen to ‘“‘catch the glitch on the fly.”” In practice, glitches as narrow as
25 nanoseconds are encountered; only the most sophisticated
oscilloscopes are capable of ‘“‘catching’” and displaying such narrow
pulses

With reference to Fig. 11-17, the exemplified rounding of the output
pulse from the MOS ratio-inverter device is normal and should not be a
matter for concern by the troubleshooter. Of course, excessive corner
rounding, accompanied by an abnormally long rise time, can cause
equipment malfunction. Permissible tolerances on waveshapes are
largely learned by experience. For example, the distorted waveforms
across Cl and C2in Fig. 11-18 might well be regarded with alarm by the
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Fig. 11-17. Normal rounding of digital pulses by an MOS ratio-inverter device.
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Fig. 11-18. Basic dynamic 2-phase gates.

apprentice technician. However, these waveforms are entirely normal
for these MOS devices, as may be determined by consulting the
manufacturer’s technical data. However, normal waveforms are less
than ideal in TTL circuitry. For example, the 4-channel display
exemplified in Fig. 11-19 for the Q outputs of a TTL decade divider
will show some departures from the ideal waveshapes. Thus, the clock
pulses will exhibit tilt along their bottom excursions; the next lower
waveform will have a visible tilt along its top excursions. All of the
pulses will show some evidence of overshoot or undershoot.
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Fig. 11-19. Normal timing diagrams for the Q outputs of a TTL decade divider.

DATA-DOMAIN DISPLAYS

With the advent of the digital revolution, specialized high-technolo-
gy oscilloscopes, such as the one shown in Fig. 11-20, tend to dominate
the lab-type category of designer’s and troubleshooter’s display
instruments. A digital data-field display is distinguished from a
conventional analog (time/frequency) waveform display by the fact
that the former shows sequences of digital events as 1s and Os with
respect to computer clock time, whereas, the latter shows the variation
of an electrical quantity with real time (the actual time in which the
physical events occurred).

Some digital-troubleshooting oscilloscopes provide a choice of
timing-diagram or data-domain displays, as shown in the correlation
example of Fig. 11-21. Thus, the troubleshooter may switch his
6-channel scope either to display timing diagrams or to display data
fields. In a preliminary analysis of equipment malfunction, it is often
quite helpful to observe the data-domain display of binary digits. This
display can be directly compared with truth tables, and requires no
“Iinterpretation” from wave trains into digital “words.” In turn, the
channel that exhibits a malfunction is directly identifiable. On the
other hand, analysis of the malfunction can generally be made to better
advantage on the basis of a timing-diagram waveform display. For
example, if the malfunction happens to be caused by a glitch, the
spurious pulse can be tracked down more confidently on the basis of a
conventional waveform display.
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Fig. 11-20. A high-technology oscilloscope for use in digital logic-state analysis.

GLITCHES CAUSED BY “RACES”

A race condition is present in a digital circuit when two or more pulse
inputs that are applied to the circuit arrive simultaneously. It is
apparent that if the order in which the two pulses are applied to a device

J10101010101L

|

Fria] TORCE VETL

Fig. 11-21. A representative correlation of timing-diagram and data-domain displays.
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Fig. 11-22. A “race” condition occurs if input B goes logic-high before input A attains the
logic-law level.

determine its output state, a critical race condition exists. Refer to Fig.
11-22. This is a two-input NanD gate which can malfunction if input B
goes logic-high before input A attains the logic-low level. In this
situation, inputs A and B are both driven logic-high momentarily, with
the result that a spurious pulse is produced at output C. Of course, the
spurious pulse ends as soon as input A reaches the logic-low threshold.
This negative pulse is a typical glitch. In digital-equipment design,
propagation delays inherent in the A and B input circuits may be
“tailored” to avoid a race condition. However, avoidance of glitches
then depends on permissible waveform tolerances. Thus, in the event
that the pulse sent to input A develops an excessive fall time, a race
condition will occur, with the development of a glitch output from the

NAND gate.



Index

A
Adjustment, low-capacitance probe, 98-
101
Amplifier(s),

characteristics, vertical, 78-79, 81-87
pulse test of audio, 126-128
testing, oscilloscope applications in,
158-160
with memories, vertical, 92-93
Anp gate, 169, 171-172, 182
Astigmatism, 143
Attenuator, vertical-step, 87-90
Audio
amplifier, pulse test of, 126-128
generators, oscilloscope tests using,
122-128

Beam intensification, 41-42
Binary
counters, 178-182
digit, 92, 180
Bit, 92
Blanking, 48-49

C

Calibration, check of time-base, 138-144

Capacitance,
-divider probe, high-voltage, 110-112
vertical input, 96-98

Cathode-ray tube, 13-17, 28, 41-42
elements, polarities of, 31-32
operation, 25-28, 31-32

Charts, troubleshooting, 139, 141-142

Check(s),

of deflection linearity, 137-138

of time-base calibration, 138-144

routine maintenance, 133-135

the square wave as an instability,

165-167

Clamp-around current probe, 112-113
Construction

low-capacitance probe, 98-101

demodulator probes, 101-107
Controls, oscilloscope, 44-48
Counters,

binary, 178

ripple-carry, 180-182
Current probe, clamp-around, 112-113
Curve tracer, semiconductor, 118-122
Cutoff characteristics, 85-87

D

Data-domain displays, 10, 186
Deflection
linearity, check of, 137-138
sensitivity, 28-29
Delay lines, 85
Demodulator probe
double-ended, 108
medium-impedance, 106-107
Design, commercial, 57-63
Digital
equipment, 169
-logic waveform relationships, 169-172
networks, operating waveforms, 174-
178
pulse waveshapes, 183-186
word generators, oscilloscope tests
using, 130-131
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Displays, data-domain, 10, 186
Distortion,
analysis, 23
harmonic, 160-161, 162
products, evaluating, 160-161

Electron gun, 25-27
Evaluating distortion products, 160-161
Exclusive-or gate, 175

F

Fall time, 62, 183
Fault patterns, 172-173
Fourier analysis, 161
Free-running multivibrators, synchroni-
zation of, 68-70
Frequency
measurement, basic methods of, 145-
147
response, 136
-response test, square-wave, 161-165
Front panel controls, insulation of, 41
Full adder, 175-177

G

Generator(s),
digital word, 130-131
lab-type signal, 138
oscilloscope tests using
audio, 122-128
. high-frequency, 128-130
Glitches, 131, 183-184
caused by ‘“‘races’”, 187-188
Graph patterns, 17-23
Graticule,
edge-lighted, 22
parallex-free, 19
scale, 44

H

Harmonic distortion, 160-161, 162
High-frequency
attenuation, 166
generators, oscilloscope tests using,
128-130
High-voltage capacitance-divider probe,
110-112
Horizontal-amplifier sensitivity, 135
Hum patterns, 167-168
Hv-supply features, negative, 39-41

Input
capacitance, vertical, 96-98
impedance, 24-25
Instability check, the square-wave as an,
165-167
“Isolating’ probe, resistive, 107

J
JK flip-flop, 178-179

L

Lab-type oscilloscopes, 13, 19, 23, 25
Linear sawtooth sweep, 48-51
Linearity, check of deflection, 137-138
Lissajous figures, 10, 147-152, 154
Low-
capacitance probe, 94, 98-101
frequency attenuation, 166

M

Maintenance
and servicing requirements, 133
checks, routine, 133-135
Medium-impedance demodulator probe,
106-107
Memories, vertical amplifier with, 92-93
Multibrator, 56, 61, 169, 174
free-running, 60
synchronization of free-running, 68-70

N

Nanp gate, 169, 172

Negative hv-supply features, 39-41
Nibble, 92

Noise, 158-160

Nor gate, 169, 172

(o]

Operation, demodulator probes, 101-107
Or gate, 169, 172
Oscilloscope(s),
applications, amplifier testing, 158-160
basics, 7-13
controls, 44-48
equipment, supplementary, 114
lab-type, 13, 19, 23, 25
operating features, overview of, 43-44
probes, 94-113
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Oscilloscope(s)—cont.
sampling, 80-81
sensitivity of an, 135
tests using
audio generators, 122-128
digital word generators, 130-131
high-frequency generators, 128-130
Oversynchronization, 72-77

P

Panel controls, insulation of front, 41
Parallax-free graticule, 19
Patterns,
fault, 172-173
graph, 17-23
hum, 167-168
Persistence, 13-15
Phase
angles, 155-156
comparison and measurement, 152-157
difference, plotting, 154
measurement, basic methods of, 145-
147
shift, 167
Phosphor, 13-15
Plotting phase difference, 154
Polarities of cathode-ray tube elements,
31-32
Power supply, 174
configurations, 32-33
systems, 33-36
Probe(s), 94-113
clamp-around current, 112-113
demodulator, 94, 101-107
double-ended demodulator, 108
high-voltage capacitance-divider, 110-
112
low-capacitance, 94, 98-101
medium-impedance demodulator, 106-
107
resistive ‘“‘isolating’, 107
shunt-detector, 104-106
types of, 94
Propagation delay, 180, 182, 183
Pulse(s), 93
test, audio amplifier, 126-128
waveshapes, digital, 183-186

“Race’” condition, 188
Rate control, sweep, 51-52
Regulation, voltage, 36-39
Regulator circuits, 36-39

191

Resistive “isolating” probe, 107
Response,
frequency, 126
square-wave, 136-137
Ripple-carry counter, 180-182
Rise time, 62, 173, 175, 183
Routine maintenance checks, 133-135

S

Sampling oscilloscopes, 80-81
Sawtooth sweep, linear, 48-51
Semiconductor
curve tracer, 118-122
quick checker, 114-115
Sensitivity,
deflection, 28-29
horizontal-amplifier, 135
oscilloscope, 135
Shunt-detector probe, 104-105
Signal generator, lab-type, 138
Square-wave
as an instability check, 165-167
frequency-response test, 161-165
response, 136-137
test, 125-126
Step attenuators, vertical, 87-90
Supplementary oscilloscope equipment,
114
Sweep,
linear sawtooth, 48-51
rate control, 51-52
triggered, 52-57
synchronization, triggered, 70-72
systems, 43-63
Synchronization,
of free-running multivibrators, 68-70
principles of, 64-67
triggered-sweep, 70-72
Synchronous binary counter, 180
Systems
power-supply, 32-36
sweep, 43-63

T

Testing transistors, 115-117

Time-base calibration, check of, 138-144

Timing diagram, 172, 186

Toggle mode of operation, 180

Transistors, testing, 115-117

Triggered sweep, 52-57
synchronization, 70-72

Troubleshooting charts, 139, 141-142



Tube
cathode-ray, 13-1. .5-27, 28, 30, 31-32
elements, polarities of the, 31-32
operation, cathode-ray, 25-28, 30, 31-
32

v

Vectorgrams, 128-130, 147-150
Vertical
amplifier(s)
arrangements, 81-87
characteristics, 78-79
with memories, 92-93

Vertical—cont.
attenuator, 46

input capacitance, 96-98
step attenuators, 87-90
Voltage regulation, 36-39

w

Waveform relationships, digital-logic,
169-172
Waveshapes, digital pulse, 183-186

z

Zener-type conduction, 116
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In electronics, the oscilloscope is the only instrument capable of
producing a continuous-signal waveform display. The profitable
use of this capability evolves from a thorough understanding of
its circuitry, function, and operation.

Although an oscilloscope is available in electronic service shops,
laboratories, and classrooms, its use is sometimes confined to
specific, narrow tasks. Oscilloscope users, whether new,
part-time, or experienced, will find useful practical data, covering
a broad range of uses, in this fourth edition of Know Your
Osci

Chapter 1 discusses oscilloscope basics, cathode-ray tubes, input
impedance, and sensitivity, while Chapter 2 covers the general
requirements of power supplies, voltage regulation, and
power-supply systems.

Sweep systems and synchronization are covered in Chapters 3
and 4. Then, Chapter 5 examines vertical amplifiers and their
characteristics.

Chapters 6 and 7 examine and discuss the different types of
oscilloscope probes and the supplementary equipment. Chapter
7 also discusses several scope tests using different types of
generators.

Finally, the adjusting and servicing of your oscilloscope, some
basic methods of taking frequency and phase measurements,
some methods of amplifier testing, and some typical digital
equipment are discussed in the last four chapters. Chapter 11 also
examines some of waveforms, digital networks, and displays that
you will encounter when servicing digital equipment.
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