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Preface

Scope application in transistor circuits is similar in various
respects to application in vacuum-tube circuits. However, there
are many unexpected situations encountered in transistor cir-
cuits because a transistor is a solid-state current-operated de-
vice, whereas a tube is an evacuated, voltage-operated device.
A tube conducts current only by means of electrons, whereas a
transistor conducts current by means of two charge carriers
called electrons and holes. The electrons in a tube flow from
cathode to plate because of electric field forces. In a transistor,
electrons and holes flow partially because of electric fields
(drift fields), and partially because of the diffusion effect. The
diffusion effect can be compared with the expansion of hy-
drogen gas injected at the neck of a balloon. Because of mutual
repulsion of the hydrogen molecules, the injected gas diffuses
throughout the balloon.

In the base of a transistor, electrons or holes cannot be re-
moved by a drift field. Charge carriers stored in the base region
can be removed only by diffusion. Therefore, because of storage
time, we encounter waveform distortions that are not found in
vacuum-tube circuits. Furthermore, because a transistor is a
current-operated device, we will discover that the input-current
waveform to a transistor is distorted by an unexpected polarity
reversal at the termination of the input drive pulse. In turn,
waveform analysis in fast-acting transistor circuits is quite
different from that in corresponding tube circuits. We will find
that even semiconductor diodes produce unexpected output
waveforms in high-speed switching circuits.

If we intend to use scopes intelligently in transistor circuits,
we need to have a good understanding of transistor circuit
action. Therefore, transistor circuit action is explained in this
book wherever it has a direct bearing on waveform analysis.
A wide range of technology has been covered, with emphasis on
those configurations that are of key importance in the operation
of most transistor equipment. Although the book has been
written chiefly from the standpoint of the electronic technician,



the depth of treatment is adequate to meet the needs of students
in junior colleges and technical institutes. Mathematics has
been held to a practical minimum, but some equations have
been included at points where they contribute substantially to
understanding of circuit action.

Many diagrams and waveforms are presented to show clearly
the developments and conclusions of the text discussion. Review
questions have been added at the end of each chapter so that the
reader may check his progress. It is assumed that the reader
is familiar with operation of service-type scopes, and that he
has a basic knowledge of the principles involved in triggered-
sweep scope operation. If the reader lacks this knowledge, he is
advised to refer to basic scope-operation books. Whenever
possible, it is advisable to check out the scope tests in practice.
Facility in scope operation and waveform analysis can be ob-
tained only by a combination of study and practical experience.

ROBERT G. MIDDLETON
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Semiconductor Principles
and Waveform Analysis

Semiconductor devices are used for amplification, oscillation,
modulation, demodulation, and other applications such as
waveshaping. Fig. 1-1 shows the physical construction of pnp
and npn junction transistors. Fig. 1-2 shows the general types
of waveforms associated with amplification, oscillation, ampli-
tude modulation, amplitude demodulation, frequency modula-
tion, and frequency demodulation. A transistor may be used in
a current, voltage, or power amplifier configuration. A signal
of 1mA fed into the input of a transistor may appear at a
20-mA level in the output circuit.

As an oscillator, a transistor converts de voltage into ac volt-
age. In suitable circuit arrangements, a transistor can provide
amplitude modulation (variation in amplitude of an rf signal),
or frequency modulation (variation in frequency of an rf sig-
nal). Demodulation of a-m and fm signals can be accomplished

N-TYPE P-TYPE
P-TYPE SEMICONDUCTOR  p_yypg N-TYPE SEMICONDUCTOR pn.yyp
SEMICONDUCTOR SEMICONDUCTOR SEMICONDUCTOR SEMICONDUCTOR
EMITTER COLLECTOR EMITTER COLLECTOR
LEAD LEAD LEAD LEAD

| S

BASE BASE
LEAD LEAD
(A) Pnp junction transistor. (B) Npn junction transistor.

Fig. 1-1, Transistor construction.
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Fig. 1-2, Transistor applications.

by transistors in associated circuit configurations. A transistor
may also be used to shape one waveform into another wave-
form. Fig. 1-3 illustrates the application of a transistor as a
waveshaper to change a sine wave into a square wave. The
operation of a transistor as a clipper is also shown. Basically,
a transistor is an electronic valve that permits collector supply
current in step with an input waveform. With a suitably chosen
bias, collector current will be permitted only over a certain
portion of the input signal eycle.

A transistor has two junctions, which can be operated as
rectifiers. Whether a transistor amplifies, modulates, demod-
ulates, or clips, depends on the emitter-junction bias. Fig. 1-4
shows the voltage-current characteristic of a pn junction.
Diodes cannot amplify, unless they are of the tunnel-diode con-
struction. This function of a diode is discussed subsequently.
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SQUARE WAVE

SINE WAVE
(A) Squaring action. (B) Clipping action.

Fig. 1-3. Transistor used to modify waveforms.

However, any diode operates as a modulator or demodulator
if it is biased to a nonlinear interval of its voltage-current
characteristic. The advantage of a transistor in modulation
and demodulation action is the amplification, and consequently
the stronger output signal, that is provided by the collector
circuit. Diodes cannot oscillate, unless they are of the tunnel-
diode construction. Both diodes and transistors can give squar-
ing and clipping action, although a transistor provides a
stronger output signal.
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Fig. 1-4. Current-voltage curve for pn

. . FORWARD BIAS —»
junction.
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BASIC WAVEFORM ANALYSIS

There are certain principles of waveform analysis that we
should understand at this point. Signal processing, in theory,
could be described with reference to any fundamental wave-
form that we might choose. For example, we could choose a
square wave as our fundamental waveform; however, this
would be a poor choice, because it becomes very complicated to
build up a sine wave, or pulse, or sawtooth wave, from a mix-
ture of square waves. In practice we find only two waveforms
that are suitable for use as fundamental waveforms. These are
the sine wave and the exponential wave. The utility of these
two fundamental waveforms stems from mathematical prin-
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ciples that we can neglect at this point. Instead, we will simply
state that all waveforms can be regarded as built up from com-
binations of sine waves and/or exponential waves.

Let us consider the build-up of a square wave from sine
waves, as shown in Fig. 1-5. In theory, an infinite number of
harmonics would have to be combined with the fundamental
sine wave to produce a perfect square wave. In practice, how-
ever, we find that about 20 harmonics suffice to give a reason-
able facsimile of a square wave. This idea of square-wave com-
position is very useful because it can be used to explain how a
square wave is modified when it passes through various kinds
of circuits. For example, if a good square wave is applied to
an amplifier that has limited bandwidth, we perceive that the
higher-frequency harmonics cannot get through to the output
of the amplifier. In turn, the rise time of the square wave is
slowed down, in accordance with the highest harmonic that is
passed by the amplifier.

This is such an important and basic consideration that it is
advisable to explain some of the details that are involved. It is
evident that wave C rises faster than wave A in Fig. 1-5. Simi-
larly, wave E rises faster than wave C, and wave G rises faster

A c

= - SN
’ 7 )
B\\_ A J \‘.
SQUARE WAVE—
E

Fig. 1-5. Synthesis of square wave from
sine waves.

TN I 4T ‘. TN sy ey
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: 7TH HARMONIC

FUNDAMENTAL PLUS 3D, 5TH, AND 7FH HARMONICS
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Fig. 1-6. Rise time (T;) of square wave.

than wave E. In practice, we need to know how the rise time
of an output square wave is related to the high-frequency cut-
off point of an amplifier. This is a simple formula that is
written:

1

T’=§—f:

(1.1)

where,

T, is the rise time of the output square wave,
f. is the frequency at which the amplifier response is down
3 dB.

Fig. 1-6 illustrates the meaning of rise time. Rise time is
measured between the 10-percent and 90-percent points on the
leading edge of a square wave. Accurate measurement requires
the use of a scope with calibrated and triggered sweeps. The
waveform is greatly expanded on the triggered-sweep function
so that its leading edge occupies a substantial portion of the
horizontal interval. In turn, the 10-percent and 90-percent
points are noted, and the rise time is read from the settings of
the calibrated sweeps. The —3-dB point of an amplifier response
curve occurs at the point where the output voltage falls to 0.707
of its maximum value. This is shown in Fig. 1-7. Since the out-

1



Fig. 1.7. High-frequency cutoff
point f..

VOLTAGE

0,707
OF MAXIMUM

FREQUENCY ————

put power is reduced one half at the —3-dB point, the high-
frequency cutoff point is also called the half-pewer point.

In spite of the utility of Fig. 1-5 in giving a general descrip-
tion of what causes reduced rise time, we must be on our guard
to avoid absurd conclusions. In other words, the relations in
Fig. 1-5 are not completely descriptive of amplifier action. For
example, we might suppose from inspection of Fig. 1-5 that if
a square wave is passed through an amplifier that has a narrow
bandwidth, and that all harmonics above the 7th harmonic are
removed, the reproduced waveform would have a “wavy” top.
However, this is not so—the waveform will have a flat top.
This example of square-wave analysis has given us an unex-
pected test result. Let us analyze the situation to see why our
conclusion was incorrect.

When a square wave is applied to an amplifier, we do not
actually apply a combination of sine waves. That is, we have
merely stated thus far that a square wave could be built up or
synthesized from a large number of sine waves. The fact of
the matter is that a square wave is generated by switching a
dc voltage on and off. There is more than one way of looking
at a switched dec voltage. We can state that the waveform could
be built up from a large number of sine waves. This is quite
a different situation from what the generator actually does—it
merely switches a de voltage on and off. Therefore, we must
ask what the amplifier response will be to a dc voltage that is
suddenly applied and then as suddenly removed. This gets us
into the relation between square waves and exponential wave-
forms; details must be reserved for subsequent discussion.

Fig. 1-7 shows the relation between a voltage value and a
dB value. A tabulation of these relations is given in Table 1-1.
Amplifier bandwidth is measured in two different ways. In the
case of a radio receiver, the bandwidth is defined as the num-
ber of hertz between the —3-dB points on the frequency-re-
sponse curve. On the other hand, in the case of a TV receiver,
the bandwidth is defined as the number of hertz between the
—6-dB or 50 percent-of-maximum voltage points. Examples

12



Table 1-1. DB expressed as power and voltage (or current) ratios

d8

Power Voltage - + Voltage Power
Ratio Ratio «— d Ratio Ratio
1.000 1.0000 0 1.000 1.000
9772 ,9886 J 1,012 1.023
9550 9772 2 1.023 1.047
9333 9661 3 1.035 1.072
9120 9550 4 1.047 1.096
8913 9441 5 1.059 ¥.122
.8710 9333 6 1.072 1.148
8511 9226 7 1.084 1.175
8318 9120 8 1.096 1.202
8128 9016 9 1,009 1.230
.7943 8913 1.0 1122 1.259
6310 7943 2.0 1.259 1.585
.5012 7079 3.0 1.413 1.995
.3981 6310 4.0 1.585 2.512
3162 .5623 50 1.778 3.162
2512 5012 6.0 1.995 3.981
1995 4467 7.0 2.239 5.012
1585 .3981 8.0 2512 6.310
.1259 .3548 9.0 2.818 7.943
.10000 3162 10,0 3.162 10.00
07943 .2818 1.0 3.548 12.59
.06310 2512 12.0 3.98) 15.85
05012 .2293 13.0 4.467 19.95
03981 1995 14.0 5.012 25.12
.03162 1778 15.0 5.623 31.62
02512 1585 16.0 6.310 39.81
01995 1413 17.0 7.079 50.12
01585 1259 18.0 7.943 63.10
01259 1122 19.0 8.913 79.43
01000 .1000 20.0 10.000 100.00
107 3.162 X 1072 300 3.162X 10 10°
1074 1072 40.0 10? 104
1075 3.162 X 1072 50.0 3.162 X 102 10°
107 1073 60.0 10° 10%
1077 3.162X% 107 70.0 3.162 X10° 107
107 1074 80.0 104 108
107? 3.162 X 1073 90.0 3.162 X 10* 10°
10°'° 10°% 100.0 108 10'°

13



3.41MH2 3 SI:AHz

{A) In radio-receiver circuit. (B} In TV-receiver circuit.

Fig. 1-8. Bandwidth concepts.

are shown in Fig. 1-8. In many cases, lab-type scopes have
graticules with dB scales. To locate a —3-dB or a —6-dB point
on a response curve, we adjust the waveform as depicted in
Fig. 1-9. Then, dB points can be read directly from the scope
screen.

Next, let us review the basic voltage of a sine wave, as shown
in Fig. 1-10. Service-type VOM’s read the rms value of a sine
wave. The rms value is equal to 0.707 of the peak voltage (either
positive or negative peak). In turn, the peak-to-peak voltage of
a sine wave is equal to twice the peak voltage. It follows that the
peak voltage is equal to 1.414 times the rms voltage, and that
the rms voltage is equal to the peak voltage divided by 1.414.
Again, the rms voltage of a sine wave is equal to its peak-to-
peak voltage divided by 2.83. These are important voltage
relations that are not always clearly understood by beginners.

PEAK OF RESPONSE CURVE

100% ~—

——_ |
N y4AANRNIN
N —

—-6dB

10% —

n— X2 < 7 ™

—-ocodB
BASE OF RESPONSE CURVE

g. 1-9. Scope graticule calibrated in dB values.

Fi
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1VOLT (RMS) POSITIVE PEAK 707 OF PEAK
REFERENCE
2.8 vours - 09 o REFEREN
PEAK-TO-PEAK 00 %0
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- TIME

Fig. 1-10. Fundamental sine wave,

It is evident that the voltage of a sine wave is not related to
its frequency. They are independent parameters. This fact is
illustrated in Fig. 1-11. It must be emphasized that the rela-
tions among rms, peak, and peak-to-peak values that have been
cited for a sine wave are not true for other waveforms, such as

il VA )V

ORIGINAL FREQUENCY HIGHER FREQUENCY LOWER FREQUENCY

(A) Sine waveforms with same amplitude.

1

Ui

ORIG INAL AMPLITUDE GREATER AMPLITUDE LESS AMPLITUDE
(B) Sine waveforms with same frequency.
Courtesy Allied Radio Corp.
Fig. 1-11. Distinction between amplitude and frequency.
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square waves., Therefore, it is customary to compare various
waveform amplitudes only in terms of their peak-to-peak
values. The peak-to-peak voltage is of chief concern in analysis
of transistor circuit action, and we seldom investigate the rms
voltage of a complex waveform. It follows that when we cali-
brate a scope with a VOM, we must use a sine-wave source,
multiply the VOM reading by 2.83 to obtain its peak-to-peak
value, and then calibrate the scope in terms of this peak-to-
peak voltage. For example, if we start with a 6.3-volt sine-wave
source, its peak-to-peak voltage is equal to nearly 18 volts.
Therefore, the vertical deflection on the scope screen repre-
sents approximately 18 volts pk-pk.

After a scope has been calibrated in peak-to-peak voltage
values, the peak-to-peak voltage of any complex waveform can
be read directly from the screen. Fig. 1-12 illustrates this prin-
ciple. Note that peak-to-peak values are equivalent to de val-
ues; that is, we can calibrate a dc scope from a de voltage
source, and employ this calibration for measurement of peak-
to-peak voltages. The sine wave depicted in Fig. 1-10 has a
positive half-cycle and a negative half-cycle; similarly, the
square wave has a positive half-cycle and a negative half-cycle.
On the other hand, the 4+ pulse” has a positive excursion only.
Similarly, the “— pulse” has a negative excursion only. These
terms are related to the de¢ component of a pulse, as explained
subsequently. The complex wave has a positive half-cycle and a
negative half-cycle.

In summary, an ac waveform (a waveform with both posi-
tive and negative excursions) has no polarity indication. For
example, the sine wave, square wave, and complex wave de-
picted in Fig. 1-12 have no polarity indications. On the other
hand, a de waveform has a polarity indication; thus, the two
pulse waveforms in Fig. 1-12 are marked positive and negative,
respectively. These are called dec pulses because their total
excursion is a single polarity. We will find that an ac pulse can
be changed into a de pulse, or vice versa, by suitable variation

S INE WAVE SQUARE WAVE + PULSE - PULSE COMPLEX WAVE

RMS VALUE
SINE WAVE

P

Courtesy Allied Radio Corp.
Fig. 1-12. Different waveforms having same pesk-to-peak voltage.
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of the de component. Accordingly, let us observe the distinction
between an ac voltage, a pulsating dc voltage, and an ac volt-
age with a de component, as depicted in Fig. 1-13.

An ac waveform has an average value of zero. This simply
means that the area of the positive half-cycle is equal to the
area of the negative half-cycle. In other words, if we apply an
ac waveform to a dc voltmeter, the pointer does not deflect.
However, a pulsating de waveform has a dc component; this
dec component exceeds the peak value of the ac component, and
therefore, the waveform does not cross the 0-volt axis. In the
example shown in Fig. 1-13, the pulsating dc waveform has a
positive excursion only. The average value of a pulsating dc
waveform is not zero; if we apply a pulsating de waveform to
a dc voltmeter, the pointer indicates the value of the de compo-
nent in the waveform. Finally, an ac waveform with a de com-
ponent crosses the 0-volt axis, because the dc component has a
value that is less than the peak value of the ac component. An

+
E >
AC D @ ?
AC SOURCE ONLY
E)
= 1lils
DC LEVEL — i)}
3
£
PULSATING DC  + b3
<
0 AC SOURCE WITH DC

SOURCE GREATER
THAN PEAK AC VALUE

WA £

VoV VY

ACWITH
DC COMPONENT

+

o

AC SOURCE WITH DC
SOQURCE LESS THAN
PEAK AC VALUE

Fig. 1-13. Three basic combinations of ac and dc values.
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ac waveform with a de component has both positive and nega-
tive excursions. Its average value is not zero; if we apply an ac
waveform with a de component to a dc voltmeter, the pointer
indicates the value of the dc component in the waveform.

With this understanding of the distinctions among ac wave-
forms, pulsating dc¢ waveforms, and ac waveforms with de
components, let us consider the positive square wave depicted
in Fig. 1-14. The bottom of the square wave touches the 0-volt
axis, but does not cross the axis. Therefore, this is a pulsating
dc waveform. We note that this positive square wave is formed
by combining an ac square wave with a dc component that has
a value equal to the peak voltage of the ac square wave. Note
that when an ac square wave is changed into a de square wave,
the peak voltage of the waveform is doubled. That is, peak
voltage is measured from the 0-volt axis. If we add a positive
dc voltage to an ac waveform, the positive-peak voltage of the
ac waveform is increased by the value of the de component. Of
course, this process decreases the negative peak voltage of the
ac waveform by an amount equal to the value of the de compo-
nent.

AMPLITUDE

________ DC COMPONENT Fig. 1-14. Square wave with positive ex-

12E .
cursion only.

_ovors_

WAVEFORMS IN TRANSISTOR AMPLIFIER CIRCUITS

Most waveforms processed by transistor amplifiers are pul-
sating dc waveforms, as shown in Fig. 1-15. The reason for
this occurrence is that de bias voltages are applied to the base
and collector of the transistor. Moreover, a transistor cuts off
if it is reverse-biased. With reference to Fig. 1-15A, a negative
dc bias is applied to the base of the transistor, and a negative
dc voltage is applied to the collector. An ac signal voltage is
coupled into the base of the transistor; here, the ac waveform
combines with the de bias voltage to produce a pulsating dc
waveform. As seen in the inset, this waveform has a negative
excursion only.

Next, in Fig. 1-15A, the pulsating de signal that flows into
the base diffuses into the collector circuit. Since the collector
operates at a higher de¢ voltage than the base, the drop across
R, is much greater than the drop between base and emitter.

18



In other words, voltage amplification is obtained in the collec-
tor circuit. Of course, the collector output waveform is also a
pulsating de¢ waveform; the output waveform has a negative
excursion only. Note that the ac component of the output wave-
form is reversed in phase, compared with the ac component of
the input waveform.

Ao

‘._

AA
V

INPUT <

(8) Npn grounded emitter.

Fig. 1-15. Pulsating dc waveforms in transistor amplifier circuits.

Next, if we use an npn transistor, as shown in Fig. 1-15B,
the polarity of the pulsating dc waveforms is reversed. That is,
the base of the transistor is biased positively, and a positive
voltage is applied to the collector. An ac signal is coupled into
the base of the transistor; here, the ac signal combines with
the positive bias voltage to form a pulsating dc voltage. This
waveform has a positive excursion only. The pulsating dc
waveform diffuses through the base into the collector circuit,
where it appears as an amplified pulsating dc waveform. Its
ac component is reversed in phase, but the output waveform
nevertheless has a positive excursion only.

It is important for us to note that a coupling capacitor re-
moves the dc component of a pulsating dc waveform, as shown

19



in Fig. 1-16. We observe that the input waveform has both an
ac component and a de component. However, the capacitor
blocks the dc component; therefore, only the ac component
appears on the output end of the capacitor. A transformer has
the same action on a pulsating dc waveform; the transformer
blocks the flow of dc, and when a pulsating de¢ waveform is
applied to the primary, only the ac component appears at the
secondary.

+ +

: AAAﬂﬂ
|7

i
[ e

PULSATING DC
{DC+AD)

Fig. 1-16. Capacitor does not pass de component.

Pulsating dc waveforms in the CB (common base) and CC
(common collector) transistor amplifier circuits are seen in
Fig. 1-17. Observe in Fig. 1-17A that the CB configuration does
not reverse the sighal phase from input to output. However,
the emitter of the pnp transistor is biased positively, and a
negative dc voltage is applied to the collector. In turn, the input
waveform has negative polarity, but the output has positive
polarity. Both are pulsating de waveforms, but their polarities
are reversed from input to output. If an npn transistor is used,
as shown in Fig. 1-17B, the input waveform has positive polar-
ity, but the output waveform has negative polarity. Both are
pulsating de waveforms.

In the CC transistor amplifier configuration shown in Fig.
1-17C, the output waveform has the same phase as the input
waveform. The base is biased negatively, and the emitter is
biased positively with respect to the base. Note carefully that
current flow through the emitter load resistor produces a volt-
age drop that is negative with respect to ground. Therefore,
the output waveform has negative polarity. In this arrange-
ment, the input waveform is a negative pulsating dc voltage,
and the output waveform is also a negative pulsating dc volt-
age, Next, with reference to Fig. 1-17D, the polarities are re-
versed because an npn transistor is used in the circuit. The
input waveform is a positive pulsating dec voltage, and the out-
put waveform is also a positive pulsating de voltage.

20



If we use a de scope to check the waveforms at the input and
output terminals of a transistor amplifier, we observe a pat-
tern such as illustrated in Fig. 1-18. Note that when no signal
is applied to the vertical-input terminals of the scope, the beam
rests at the 0-volt level. Next, when a pulsating dc signal is
applied to the scope, the ac component of the waveform is dis-
placed above the 0-volt level (assuming that the de component
is positive). The average value of the ac waveform rests at the
dc component level in the pattern. If the scope has been cali-
brated, we can read the de component voltage and the ac com-
ponent pk-pk voltage directly from the screen.

The beginner should carefully note that the pattern shown
in Fig. 1-18 is obtained only if a dec scope is utilized. If we
employ an ac scope, the sine wave will not be displaced above
the 0-volt level. Instead, the sine wave will appear centered
on the 0-volt level. This is just another way of saying that an
ac scope removes the de component from a pulsating de wave-
form. In turn, the de component level coincides with the 0-volt
level when an ac scope is used. Therefore, an ac scope cannot
be used to measure the value of the de component in a pulsating
de waveform.

\
8l AS Ho  ourer

NPUT

(B) Common-base npn transistor.

(C) Common-collector pnp transistor. (D) Common-collector npn transistor.

Fig. 1-17. Waveforms in common-base and common-collector configurations.
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DC COMPONENT LEVEL

ZERO-VOLT LEVEL

Fig. 1-18. Response of dc scope to ac voltage having dc
component.

PULSE VOLTAGES

Some of the circuits in transistor TV receivers process pulse
waveforms. Therefore, it is important for us to clearly under-
stand the voltages that are specified in a pulse waveform. Fig.
1-19 shows the voltages in an ac pulse waveform. The positive-
peak voltage is not equal to the negative-peak voltage. To find
the peak-to-peak voltage of the pulse, we add the positive-peak
and the negative-peak voltages. If this waveform is displayed
on the screen of either a dc or an ac scope, the 0-volt axis of
the pulse waveform coincides with the 0-volt level on the scope
screen. In turn, if the scope is calibrated, we can read the val-
ues of the positive-peak voltage and of the negative-peak volt-
age directly from the screen.

Note carefully that the average of the ac pulse pictured in
Fig. 1-19 is zero. This means that if the ac pulse is applied to
a dec voltmeter, the pointer will not deflect. An average value
of zero stems from the fact that the area enclosed by the posi-
tive excursion of the pulse waveform is exactly the same as the
area enclosed by the negative excursion. Coulomb’s law for
quantity of electricity, or charge flow, is formulated:

(1.2)

where,

Q is charge in coulombs,
t is time in seconds,

I is current in amperes,
E is potential in volts,
R is resistance in ohms.

22



Since the load resistance has a fixed value in a transistor
amplifier circuit, the current value is proportional to the volt-
age value. Therefore, we recognize that voltage in Fig. 1-19 is
proportional to current. In turn, the area enclosed by the posi-
tive excursion of the pulse waveform is proportional to the
product of current and time. Similarly, the area enclosed by
the negative excursion of the pulse waveform is proportional
to the product of current and time. Formula (1.2) states that
the product of current and time is equal to the quantity of elec-
tricity, or value of charge flow. In an ac pulse waveform, the
positive and negative areas are always exactly equal. Conse-
quently, there is just as much positive electricity in a pulse
waveform as there is negative electricity, and the average
value of the ac pulse waveform is necessarily zero.

T _ -
AVERAGE
.l POSITIVE At EQU IVALENT
PEAK-TO-PEAK [+ PEAK Yok - ---{oLiE POS ITIVE
VOLTAGE VOLTAGE DCVALUE peak VOLTAGE
| | 0-voLT + Un o+
i - I axss / 0 voLTs

NEGATIVE PEAK VOLTAGE l—1 evete—

Fig. 1-19. Voltages in ac pulse waveform  Fig. 1-20, Average valve of dc pulse is
(positive and negative areas equal). equal to its dec component value,

Next, let us change the ac pulse shown in Fig. 1-19 into a
dc pulse. This can be done by combining the ac pulse with a
positive de voltage that has a value equal to the negative peak
voltage of the pulse waveform, thus obtaining a positive pulsat-
ing de waveform. This waveform will have a positive peak
voltage equal to the peak-to-peak voltage of the ac pulse. With
reference to Fig. 1-20, it can be seen that the average value
of a positive pulse is equal to its dc component value. That is,
if we put the unshaded area A into the space indicated by the
shaded area A, we have converted the dc pulse into a steady
dec voltage. This means that if a dc pulse is applied to a dc volt-
meter, the voltmeter will read the value of the de component
in the pulse.

Fig. 1-21 shows the meaning of the rise time of a pulse. Of
course, a pulse has the same rise time, whether it is checked
on a dc scope or an ac scope. In other words, the presence of a
dc component in a pulse does not affect its rise time. If the
pulse happens to have a de component, the only difference be-
tween an ac scope display and a dc scope display is that the de
component will shift the waveform vertically on the screen of
a dc scope. This results from the fact that application of a dc
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Fig. 1-21. Graphical definition of rise time.

voltage to a dc scope shifts the trace vertically, as shown in
Fig. 1-22.

 ——]
(A) Test setup.
o b-¢
~o SCOPE
o
(B) Zero volts applied. (C) Positive volts applied. (D) Negative volts applied.

Courtesy Allied Radio Corp.
Fig. 1-22. Application of dc voltages to dc scope.

RISE-TIME MEASUREMENT

Measurement of the rise time of an output pulse or square
wave is a basie procedure in the analysis of various transistor
amplifiers and various other transistor configurations. There-
fore, we must know how to measure rise time. This is accom-
plished best by use of a triggered-sweep scope with calibrated
time bases. A scope of this type used in pulse work is called
a synchroscope. Fig. 1-23 is a block diagram for a typical syn-
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Fig. 1-23. Block diagram of typical synchroscope.

chroscope. Its central feature is a start-stop sweep generator;
that is, the forward deflection interval does not start until the
leading edge of a pulse (or other waveform) arrives via the
sync amplifier. This feature facilitates the measurement of
elapsed time.

Another important feature of the synchroscope depicted in
Fig. 1-23 is the provision of a delay line in the vertical-ampli-
fier channel. In this example, the delay line holds the incoming
waveform for 1/2 microsecond before it is passed through to
the vertical-deflecting plates. This provision is necessary in
order that the entire leading edge of the waveform may be
displayed on the scope screen—it takes almost 1/2 microsec-
ond for the start-stop sweep circuit to ‘“‘get started.” Fig. 1-24
shows the effect of the delay line on an applied pulse. The input
pulse is depicted at A; if no delay line is employed, the sweep
circuit is slow in getting started, with the result that part of
the leading edge is missing in the displayed waveform, as
shown at B. However, when a delay line is used, the pulse
waveform is held back for 1/2 microsecond in the vertical

12 us
] [}
)
|
1
I

(A) Input puise. (8) Without delay. (C) With delay.
Fig. 1:24, Effect of delay on synchroscope trace.
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channel, and the sweep circuit is given ample time to start.
In turn, the complete leading edge of the pulse is displayed on
the scope screen, as seen at C.

ACTION OF TRIGGERED-SWEEP CONTROLS

The time-base controls for a typical triggered-sweep scope
are illustrated in Fig. 1-25. In usual operation, the Horizontal-
Display switch is set to its Internal position; the horizontal
amplifier is then driven by the sawtooth time base. Note that
the Time-Base control is calibrated in microsecond, millisec-
ond, and second intervals. A Variable control is also provided;
the time base is uncalibrated when operating on the Variable
function. In general, we operate the time base on one of its
calibrated settings, so that we ean measure rise time, or other
elapsed-time interval in a waveform.

;@3

HOR DlSPLAY

Fig. 1-25. Time-base controls of triggered-
sweep scope.

Let us see how a waveform can be expanded for analysis of
detail by operating the time base at high speed. In Fig. 1-26A,
a combination sawtooth and stairstep waveform is shown as it
appears when displayed at slow sweep speed. The steps in the
waveform are invisible. However, when the vertical gain is
advanced 500 times, and the sweep speed is likewise increased
500 times, the waveform detail appears clearly, as illustrated
in Fig. 1-26B and C. Similarly, a pulse, square wave, or video
signal can be expanded for analysis of detail.
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The trigger controls of a typical triggered-sweep scope are
shown in Fig. 1-27. Switch settings permit triggering to occur
on either the positive or negative excursion of a waveform.
Most waveforms are displayed in the ac trigger position. To
the beginner, the de¢ trigger position might be misleading.

VERTICAL EXPANS ION

S00 TIMES
HORIZONTAL EXPANSION
500 TIMES

VERTICAL HORIZONTAL
50 My/CM 10u SEC/ICM

VERTICAL | HORIZONTAL

BVICM SMS/CM
(A) -
VERTICAL HORIZONTAL
S0 MV/CM 10p SEC/CM
(W]
(A) Unexpanded (B) Expanded waveform, (C) Expanded waveform,
waveform. upper portion, lower portion.

Fig. 1-26. “Stairstep”’ voltage waveform expanded 500 times,

Actually, the term “dc” in this case denotes that only the low
frequencies of the signal are permitted to pass into the trigger
section. This is a useful function for providing stable display
and expansion of the color burst, for example. In the Auto-
matic position, triggering occurs in a manner similar to the
operation of a free-running scope. However, there is a basic
difference in that synchronization is essentially automatic, and
no sync-amplitude control is used.

When the trigger section is set to its Normal position, the
Stability and Trigger-Level controls are operative. The Sta-
bility control must be operated over a suitable portion of its
range, as depicted in Fig. 1-28. Typical response of the Sta-
bility control is as follows: At one extreme end of its range,
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we will usually obtain only a horizontal trace on the scope
screen, as shown at A. Over the appropriate interval of control
range, the desired pattern is displayed, as seen at B. At the

STABILITY
TRIGGER LEVEL

N

- +

TRIGGER MODE

+
b

Auto Fig. 1-27. Trigger controls of triggered-

AC
g g sweep scope.

DC NORM.

o
TRIGGER SOURCE m'
|h{T. qT

other extreme end of the control range, the screen often be-
comes blank, as shown at C. Suppose that we are using positive
triggering. Then, the displayed waveform starts on its rising
interval, as shown in Fig. 1-29A. By setting the Trigger-Level

(A) Horizontal trace. (B) Desired pattern. (C) Blank screen.

Fig. 1-28. Stability-control action.

control suitably, we can trigger at any point along the rising
interval. On the other hand, suppose that we are using negative
triggering. Then, the displayed waveform starts on its falling
interval, as shown in Fig. 1-29B. By setting the Trigger-Level
control suitably, we can trigger at any point along the falling
interval.
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(A) Positive slope triggered (rising interval).
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(B) Negative slope triggered (falling interval).

Fig. 1-29. Triggered scope waveforms.

REVIEW QUESTIONS

. Name several common applications for transistors.

What fundamental waveforms are used for analysis of
complex waveforms?

Distinguish between analysis and synthesis of a square
wave,

How is rise time measured?

Define frequency-cutoff points for radio and TV receiver
response curves.

Explain the relations of rms, peak, and peak-to-peak volt-
ages in a sine wave.

How can dB values be measured directly on a scope screen?
Why is the average value of a sine wave equal to zero?
Describe a dc pulse.

Distinguish between ac, pulsating dc, and ac with a dc
component,

Explain why transistors process pulsating de waveforms.

transistor configurations?
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13.
14.
15.
16.

17.
18.

19.
20.

21.
22,
23.
24.

28.

30

What is the effect of a coupling capacitor on a pulsating
de waveform?

Describe the display of a pulsating dc waveform on the
sereen of a dc scope.

How are positive-peak, negative-peak, and peak-to-peak
values related in an ac pulse waveform?

Why is the average value of an ac pulse waveform equal to
zero?

How can an ac pulse be changed into a de¢ pulse?

How is the average value of a dc pulse related to its de
component?

Briefly describe the plan of a triggered-sweep scope.
What is the function of a delay line in a triggered-sweep
scope?

Name the controls associated with a calibrated time base.
Explain the action of a level control.

What is the effect of turning the stability eontrol?

Give an example of an application in which dc triggering
might be used.

In what units is a calibrated sweep control marked?
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Waveforms in Transistor
Oscillators

Many types of oscillators are utilized in transistor circuits.
In the first analysis, these can be classified as sinusoidal and
nonsinusoidal types. For examples, the local oscillator in a
TV receiver is a sinusoidal oscillator. On the other hand, the
vertical blocking oscillator is a nonsinusoidal oscillator. Sub-
divisions include free-running and triggered oscillators, mono-
stable and bistable oscillators, stabilized oscillators, and other
subdivisions relating to frequency characteristics. Some oscil-
lators develop continuous-wave signals; others develop ampli-
tude- or frequency-modulated signals. Sweep generators use
fm oscillators, for example, to develop frequency-response
curves as shown in Fig. 2-1. Let us consider the operating
characteristics and waveforms of some basic transistor oscil-
lators.

OUTPUT S IGNAL FROM FM SWEEP GENERATOR PEAK OF RESPONSE CURVE

100%— —0d8

B N

—-6d8
BASE OF RESPONSE CURVE\k/ \/\ /
10%— I—-2008

0%— [——codB

TUNED
CIRCUITS
UNDER TEST

FREQUENCY RESPONSE CURVE
DISPLAYED ON S COPE S CREEN

Fig. 2-1. Fm waveform used to develop a frequency response curve.
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BLOCKING OSCILLATORS

A transistor blocking oscillator conducts for a short period
of time and then is cut off (blocked) for a much longer period
of time. A basic circuit for a transistor blocking oscillator
using a pnp transistor is shown in Fig. 2-2. If an npn transistor
were used in the circuit, the polarities of the collector supply
battery Ve would have to be reversed to maintain reverse bias
across the collector-base junction. We will begin our analysis
with the instant that the circuit is first energized. Current rises
rapidly in the base circuit, due to the forward bias established
across the base-emitter junction by the dec power supply Vee.
Simultaneously, the collector current I, increases. This in-
creasing collector current induces a negative voltage in the
secondary winding of transformer T1.

.||}—-

CHARGE OF C1——>
DISCHARGE OF Cl—— —=~

(A) Schematic. (B) Waveform.

Fig. 2-2. Transistor blocking oscillator with waveform.

The negative voltage that is induced in the secondary of T1
in Fig. 2-2A is applied at the base of the transistor, and in-
creases the forward bias across the base-emitter junction.
Meanwhile, capacitor C1 charges through the small forward
resistance of the base-emitter junction; the transistor is
quickly driven into collector saturation, whereupon this rapid
regenerative action stops. At saturation, the collector current
I becomes constant, and the collector voltage V. falls to almost
zero. Since no more voltage is induced in the secondary wind-
ing of T1, C1 stops charging, and starts to discharge through
R1. Just before time T1 in Fig. 2B, the magnetic field in the
secondary collapses, thereby inducing a voltage of opposite
polarity that drives the base of Q1 positive. This reverse bias
cuts the transistor off.
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Cutoff corresponds to zero base and collector current in Fig.
2-2. At this time, the collector voltage V. rises and makes the
collector more negative than the V.. supply for a short time
following T1. This negative pulse is caused by the same collapse
of the magnetic field that drives the base of Q1 positive. The
transistor now remains cut off until the stored charge on C1
decays through R1. This occurs at time T2. As soon as there is
base current it is amplified by Q1 and fed back regeneratively
through T1 to the base. Therefore, Q1 is quickly driven into
saturation, and the waveform cycle is repeated.

OSCILLATOR
WAVEFORM

Fig. 2-3. Vertical sync pulse in TV receiver
with slowly rolling picture,

Next, let us consider how the blocking oscillator in Fig, 2-2
can be synchronized. If negative-going sync pulses are coupled
into the base circuit, they will ride on the Vg, waveform, and
will extend downward toward the 0-volt level. It is evident that
as a negative-going synec pulse approaches the 0-volt level in
the time interval from T1 to T2, Ql will be triggered into
conduction somewhat sooner than if the sync pulse were
absent. (See Fig. 2-3). Therefore, the blocking oscillator can
be locked in frequency by the sync pulse. In normal operation,
we adjust the value of R1 so that the oscillator runs a little
slower than the repetition rate of the sync pulses. Accordingly,
the incoming sync pulses speed up the repetition rate of the
oscillator, compared with its free-running frequency.

Next, let us consider the free-running frequency of the
blocking oscillator shown in Fig. 2-2. A capacitor charges and
discharges through resistance according to an exponential
waveform, as shown in Fig. 2-4. We measure charge and dis-
charge intervals in time constants. One time constant is equal
to the product, in seconds, of the capacitance and the resist-
ance.

T =RC (2.1)
where,

T denotes the time constant of the RC circuit in seconds,
R denotes the resistance in ohms,
C denotes the capacitance in farads.
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Observe in Fig. 2-4 that a capacitor discharges to 37 percent
of its initial voltage in one time constant. At the end of four or
five time constants, the capacitor charge has decayed to nearly
zero. Therefore, the free-running blocking oscillator in Fig, 2-2
has a repetition rate that is equal to approximately four or five
time constants. Its exact repetition rate depends on the partic-
ular transistor, and how close its base voltage must approach
zero to start a base-current. Next, with respect to the charging
interval of C1, we recognize that as soon as there is base cur-
rent, R1 is shunted by the low value of base-emitter resistance
in Q1. This base-emitter resistance has a very low value, in
the order of 35 ohms. Therefore, the charging time constant is
very short, and C1 can be charged very rapidly.

10
90 ]
w
g e
: \ /“~CAPACITOR VOLTAGE ON CHARGE
8 N\ v/
2 6 1A
g /
> 50
2 N
= © [ [ore)
5 1/
= - CAPACITOR VOLTAGE ON DISCHARGE
S 2
g 10 AN
\
° RC RC ®C aRC RC

TIME IN RC UNITS

Fig. 2-4. Universal RC time-constant chart.

The exponential waveform chart shown in Fig. 2-4 is basic
in analysis of nonsinusoidal oscillators. In other words, a block-
ing oscillator is basically an exponential waveform generator,
as seen in the Vy, waveform of Fig. 2-2B. Therefore, it would
be impractical to analyze the operation of the circuit on the
basis of sine waves. To understand the circuit action, we must
use exponential waveforms as our basic reference. Of course,
the Vg, waveform in Fig. 2-2B is not a pure exponential; it
begins and ends with pulses. That is, the base waveform is a
combination exponential and pulse waveform. Combination
waveforms are the rule, rather than the exception in transis-
tor circuits.

Let us now compare the waveforms for transistor Q14 in
Fig. 2-5 with the Vg, and V. waveforms in Fig. 2-2B. At first
glance, the waveforms seem to be different. However, the differ-
ence is chiefly in the scaling, rather than the waveshapes. Be-
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cause of the additional circuit components, the base waveform
of transistor Q14 has a large pulse component, and a less
steeply sloping exponential component. Although there are
superficial differences, the basic waveform is the same as that
of Vy;. The collector waveform for Q14 is also basically similar
to that of V.. However, the positive peak of the waveform for
Q14 is modified somewhat, due chiefly to the presence of diode
X8.

Diodes are used in blocking-oscillator circuits to limit the
peak voltage that is applied to the transistor by the collector
waveform, and also to clip the sync pulses for stable triggering
action. With reference to Fig. 2-6, resistor R5, in series with
R4, operates as a damping control to set the amplitude of the
output positive pulse. Diode X2 is connected across the primary
of T'1 to protect the transistor. That is, the collapsing magnetic
field of T1 might exceed the breakdown voltage of the transis-
tor used in the circuit. However, X2 is driven into forward
conduction as the magnetic field collapses, and thereby limits
the pulse amplitude across the primary. Additional reduction
of amplitude can be obtained by adjustment of R5.

Resistor R3 serves two functions in this circuit. First, it pro-
vides emitter bias due to emitter current. As a transistor heats
up, the emitter current tends to inerease. If this tendency were
not counteracted, the repetition rate would change. Since in-
creased emitter current produces greater bias voltage across
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Fig. 2-6. Synchronized transistor blocking oscillator.
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R3, the oscillator is self-stabilizing. Secondly, a pulse output
signal can be taken from across R3. We often find a capacitor
C4 used to bypass the emitter resistor. Since the capacitor
tends to hold its charge between pulses, it improves stabilizing
action. An emitter bypass capacitor also decreases the free-
running frequency of the blocking oscillator, although this
circuit action is merely incidental.

If C4 in Fig. 2-6 is chosen in a suitable value so that R3 is
partially bypassed, another useful function can be served. That
is, the capacitor partially discharges between pulses, with the
result that an exponential waveform is produced by the emitter
in accordance with the discharge waveform depicted in Fig.
2-4. Thereby, the emitter circuit operates as a waveshaping
circuit, and produces a semisawtooth wave. Of course, this is
not a true sawtooth waveform because it has an exponential
curvature. However, additional waveshaping circuitry can be
used to obtain a true sawtooth waveform.

The free-running frequency of the blocking oscillator in
Fig. 2-6 is determined chiefly by capacitors C2 and C3, and re-
sistors R1 and R2. That is, these capacitors and resistors have
a certain time constant that determines when Q1 will come out
of cutoff. Note also that R1 is not returned to ground as in
Fig. 2-2, but, instead, to the voltage source V.. The reason for
this connection is that V¢ causes Q1 to come to output cutoff
earlier than if R1 were grounded. In turn, the exponential
waveform at the base is not so greatly curved, and the trigger
point is less affected by random noise voltages that might gain
entry to the circuit.

Sync pulses are capacitively coupled to the base of Q1 in
Fig. 2-6. Negative-going syne pulses are used, as previously
explained. It is undesirable to have any positive noise pulses,
or positive excursions of sync pulse applied to the base, because
they would affect the time constant of the discharge circuit.
Therefore, diode X1 is connected between base and emitter of
Q1 to short-circuit any positive excursions that might be cou-
pled into the oscillator circuit. Control R1 is adjusted to make
the free-running frequency of the oscillator slightly lower than
that of the incoming syne pulses. Output waveforms may be
taken either from the tertiary winding on T1, or from the
emitter of Q1, or both.

TRANSISTOR MULTIVIBRATORS

Transistor multivibrators are widely used in electronics
technology. For example, many thousand multivibrators may

37



be included in an electronic computer system. The free-running
(astable) multivibrator is basically a two-stage amplifier with
its output fed back to its input. RC circuitry is employed that
has uniform response out to high frequencies. In turn, complex
waveforms related to the basic square wave are produced.
Fig. 2-7TA shows a typical configuration for an astable transis-
tor multivibrator. While one stage conducts, the other stage is
cut off. At a certain point that depends on RC time constants,
the stages reverse their conditions—the conducting stage sud-
denly cuts off, while the nonconducting stage suddenly starts
to conduct. Thus, a form of square wave is generated. The
emitter-coupled transistor multivibrator configuration employs
feedback via its common-emitter resistor. On the other hand,
a collector-coupled multivibrator employs coupling capacitors
as shown in Fig. 2-TA.

The waveforms for the collector-coupled multivibrator ar-
rangement are shown in Fig. 2-7B. The circuit comprises a
two-stage, RC-coupled, common-emitter amplifier that uses
npn transistors in this example. If pnp transistors were used,
the collector supply battery Vo would be reversed in polarity.
Output from the first stage is coupled to the input of the sec-
ond stage; also, output from the second stage is coupled to the
input of the first stage. We recall that there is a 180-degree
phase shift (polarity reversal) between the input and output
of a CE configuration. This means that the output of each stage
is in phase with the input to the other stage. Regenerative feed-
back provides the signals required for sustained oscillation.

Let us assume in Fig. 2-7TA that Q1 conducts more heavily
than Q2 when operating voltages are applied. From time TO
to time T1 in Fig. 2-7B, collector current I, and collector volt-
age V; remain constant; capacitor C2 discharges through re-
sistor R7 in accordance with the exponential waveform depicted
in Fig. 2-4. As C2 discharges through R7, the voltage drop
across R7, which is also the base voltage of Q2 (Vg-), decreases;
this effectively decreases the reverse bias on Q2. This action
continues until time T1, whereupon forward bias is re-estab-
lished across the emitter-base junction of Q2, and Q2 starts to
conduct.

As the collector current I.. through Q2 increases, collector
voltage Ve, becomes less positive from T1 to T2. This voltage,
coupled through capacitor C3 to the base of Q1, drives the base
more negative and causes a decrease in collector current I¢,
through Q1.

Increased positive voltage at the collector of Q1 in Fig. 2-TA
is coupled through C2 and appears across R7. Collector current
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I.. through Q2 therefore increases. This process continues
rapidly until Q1 is cut off. Transistor Q1 remains cut off and
transistor Q2 conducts until C3 discharges sufficiently through
R6 to decrease the reverse bias Vy,;, on the base of Q1 so that the
operating cycle repeats following time T2. When checking
waveforms with a scope, beginners are sometimes confused
by the aspect of a waveform. That is, if the scope controls are
varied, a square wave may appear in different scaling, as dem-
onstrated by Fig. 2-8. Note that the second aspect is not a
pulse, but is still a square wave, because the duty cycle is equal
to 1.
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Fig. 2-8. Two aspects of square wave.

Resistors R1 and R4 in Fig. 2-TA are the collector load re-
sistors for Q1 and Q2, respectively. Suitable bias for the base
of Q1 is provided by a voltage-divider network comprising R3
and R6. Base bias voltage for Q2 is provided by R2 and R7.
Resistors R5 and R8 are temperature stabilization resistors
for Q1 and Q2. C1 and C4 are emitter bypass capacitors. The
repetition rate of the multivibrator depends on the time con-
stants of the RC-coupling networks, modified by the bias volt-
ages which determine the point on the exponential decay curve
that a transistor comes out of cutoff. The output signal is cou-
pled through capacitor C5 to the load. The signal is basically a
square wave, although it must be passed through a subsequent
waveshaping circuit to obtain a good approximation to an ideal
square wave. Output could also be taken from the collector of
Q1.

Electronic switches are designed around astable multivibra-
tors. A typical configuration is shown in Fig. 2-9. The multivi-
brator transistors are Q8 and Q9. Three repetition rates can be
obtained by setting S1 to switech different values of coupling
capacitors into the circuit. Amplifiers A and B pass input signal
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alternately because the square wave causes Q5 and Q6 to con-
duct alternately. To obtain good switching action the output
from the multivibrator is passed through the waveshaper com-
prising Q10 and Q11. In addition, the rise time of the square
wave is improved. Signals at input A and input B are switched
alternately into Q7, which operates in the common-emitter con-
figuration and provides isolation between the mixer section
and the scope input circuit. Details of waveshaping circuits are
discussed subsequently.

Another important type of multivibrator is called the mono-
stable, one-shot, single-shot, or single-swing configuration, as
shown in Fig. 2-10A. When this configuration is triggered, it
goes through a complete cycle of operation, and then returns
to its original quiescent state. An external trigger pulse moves
the operating point from the initial stable region. The time
constant of the RC components holds the operating point in
its new stable region for a determined period of time. Then,
the operating point moves back into the original stable region.
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Fig. 2-10. Transistor one-shot {monostable) multivibrator.
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When in its initial stable region, or quiescent condition, tran-
sistor Q2 is in saturation and Q1 is cut off. A positive trigger
pulse of short duration applied to the base of Q1 causes the
multivibrator to go through its active cycle. Then, the circuit
rests in its quiescent condition until another trigger pulse
arrives.

Battery V. supplies the necessary collector voltages for the
transistors in Fig. 2-10A, and also supplies the forward bias
for the emitter-base junction of Q2. Transistor Q2 is in satu-
ration during the quiescent period; therefore, the collector
voltage is practically zero. Fig. 2-10B shows the collector wave-
form V. during this time from TO to T1. Reverse bias across
the emitter-base junction provided by battery V. maintains
Q1 at cutoff. Collector voltage V., is positive and equal to bat-
tery voltage V.. The collector waveform C,, during this same
time is shown in Fig. 2-10B. Capacitor C2 is charged to the
value of battery voltage V. through the essentially short-cir-
cuited base-emitter junction of forward-biased Q2 and the
collector load resistor R2.

If a positive input trigger pulse is applied at time T1 to the
base of Q1 via C1, Q1 is driven into conduction. Collector volt-
age V., at time T1 decreases, or becomes less positive. C2 im-
mediately starts to discharge through R3. Regenerative signal
action from the collector of Q1 occurs via C2 to the base of Q2.
A maximum negative voltage V. is applied to the base of Q2
at time T1. This places reverse bias across the emitter-base
junction, and drives Q2 toward cutoff. As collector current
through Q2 decreases, the collector voltage rises. This rise is
coupled via R1 to the base of Q1, and increases its positive volt-
age. This regenerative action causes a rapid change of state
in both transistors. It drives Q1 toward saturation and drives
Q2 toward cutoff. When collector current ceases to flow at time
T1, T¢. rises to equal V.

From time T1 to T2 in Fig. 2-10B, C2 is discharging via R3
and the low saturation resistance of Q1. Capacitor C2 reaches
0 volts at T2, and Q2 then has the necessary reverse bias to
keep the collector current cut off. Hence, at time T2, collector
current starts to rise, drives Q2 into saturation, and brings V.
to 0 volts. At this time, regenerative voltage from the collector
of Q2 is coupled to the base of Q1 through R1 and falls to 0
volts, and V. once again provides reverse bias driving Q2 back
into cutoff.

The collector voltage V¢, in Fig. 2-10 again equals V. at
time T2, and capacitor C2 recharges through the emitter-base
junction of Q2 and resistor R2. C2 continues to charge up to
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the collector supply voltage, when further circuit action ceases.
If another trigger pulse is applied at the base of Q1, another
cycle of operation ensues. Qutput is taken from the collector of
transistor Q2. The collector waveform V. is basically a square
wave, although its rise time can be improved by processing the
waveform through suitable waveshaping circuitry. The dura-
tion of the output pulse from T1 to T2 is primarily determined
by the time constant of R3 and C2 during discharge. Of course,
the repetition rate of the output waveform is determined by
the input trigger pulses.
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Fig. 2-11. Pulse width measurement.

Waveform V. in Fig. 2-10B is a semisawtooth, and may
also be regarded as a pulse waveform. Its decay is essentially
exponential. We measure pulse width between the 50 percent
of maximum points on the leading and trailing edges, as indi-
cated in Fig. 2-11. Waveform Vy, is usually called a pulse be-
cause it is not immediately followed by another cycle. In other
words, a pulse is a waveform that occurs at separated time in-
tervals. On the other hand, if the same waveform is immedi-
ately followed by another excursion, it is usually called a semi-
sawtooth waveform. Fig, 2-12 illustrates sawtooth waveforms
that have the same amplitude, but different frequencies, and
sawtooth waveforms that have the same frequency, but differ-
ent amplitudes.

Basically, frequency and repetition rate have the same mean-
ing. However, we usually speak of the frequency of sine waves
and the repetition rate of complex waves. Frequency is
measured in hertz, and repetition rate can also be denoted in
hertz. However, it is customary to speak of repetition rates in
terms of pulses per second (pps). The term ‘“‘pulses” in this
connotation is very broad, and applies to almost any complex
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(A} Sawtooth waveforms with same amplitude.
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(B) Sawtooth waveforms with same frequency.

Courtesy Allied Radio Corp.
Fig. 2-12. Distinction between amplitude and frequency.

waveform. We will find that the distinction between pulses and
square waves, for example, is not sharply drawn. Fig. 2-13
depicts a waveform that is called an unsymmetrical square
wave, or a rectangular pulse. If the RC time constants are
made unequal in Fig. 2-7A, the output waveform is not a
square wave, but a rectangular waveform.

Exponential pulses are related to square waves as shown in
Fig. 2-14. The voltage drop across the resistor is an exponential
pulse, and is called a differentiated square wave. The complex
waveform that is dropped across the capacitor is called an in-
tegrated waveform. These terms follow from mathematical
analyses that are beyond the limits of our format. The RC
circuit obeys Kirchhoff’s voltage law:

El = E2 -+ E3 (2.2)

The lower diagram in Fig. 2-14 shows how the addition of
waveforms E, and E; results in a sum equal to waveform E,.
In this example, the time constant of the RC circuit is suffi-
ciently short with respect to the repetition rate of the square-
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Fig. 2-13. Rectangular waveform. UNSYMMETR I CAL
SQUARE WAVE OR

|RECTANGULAR PULSE
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wave input that E. falls practically to zero before the next
excursion starts. The peak-to-peak voltage of E. is practically
double the peak-to-peak voltage of E,; E; has the same peak-
to-peak voltage as E,. With reference to Fig. 2-4, we recognize
that waveform E; has the same basic curvature as waveform
E. “turned upside down.” This fact follows from Formula
(2.2).

E, = E, + E,
l ' !
2 i
SQUARE-WAVE © MV 1
GENERATOR
g >

/

Fig. 2-14. Kirchhoff's voltage law applied to square-wave response of RC cirevit.

Pulses can be synthesized, or built up, from sine waves, just
as in the case of square waves. Fig. 2-15 depicts the build-up
of a symmetrical ac pulse from a fundamental and its har-
monics. Of course, a very large number of harmonics must be
included to obtain a pulse waveform that has smooth leading
and trailing edges. We will find that the harmonic frequencies
in waveforms E. and E; in Fig. 2-14 are the same as the har-
monic frequencies in a square wave. This is necessarily so
because the square-wave harmonics flow into the RC circuit,
and none of these harmonics are removed; neither are other
harmonics added or generated by the linear RC circuit. There-
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Fig. 2-15. Build-up of positive pulse fol-
lowed by negative pulse.
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7 TH HARMONIC
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7 TH HARMDNICS
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fore, the only distinction between the harmonies in E; and in
E. or E; consists in their comparative amplitudes. That is, the
capacitor has decreased reactance for the higher harmonic
frequencies and passes these frequencies at comparatively high
amplitude.

This is just another way of saying that the drop across the
resistor in Fig. 2-14 is a waveform that has harmonics with
large amplitudes, compared to the input square wave—the
capacitor reduces the amplitude of the fundamental current,
and also the amplitudes of the lower harmonic currents. There-
fore, the differentiated waveform contains comparatively
large-amplitude harmonics. The opposite condition is found
across the capacitor——the fundamental and low harmonic fre-
quencies produce a comparatively large voltage drop across the
capacitor.

The effect of varying the time constant of an RC circuit on
the differentiated and integrated waveforms for an applied
square wave is shown in Fig. 2-16. An RC coupling circuit is
the same as a differentiating circuit except that it has a very
long time constant—in excess of 5RC. Therefore, a coupling
circuit does not noticeably differentiate a square wave. Fig. 2-16
also shows the effects of differentiation and integration of an
applied sawtooth waveform, when the RC circuit has various
time constants. When the time constant is in excess of 5RC,
we can regard the configuration as a coupling circuit.
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2-16. Square-wave and sawtooth reproduction in series RC circuits with differing
time constants,

REVIEW QUESTIONS

Name two basic classifications of transistor oscillators.
Define a blocking oscillator.

Describe the general nature of the waveforms produced in
a blocking-oscillator circuit.

. What determines the polarity chosen for a sync pulse in

a blocking oscillator?

Explain the units of time used in a universal RC time-con-
stant chart.

How much does an exponential waveform decay in one
time constant?

Discuss the function of diodes utilized in a blocking-oscil-
lator circuit.

Define a free-running (astable) multivibrator.

Describe the general nature of the waveforms produced
in a multivibrator circuit.

Explain what is meant by the aspect of a square wave.

. How does an electronic switch operate?
. Define a one-shot multivibrator.
. Describe the general nature of the waveforms produced

in a one-shot multivibrator circuit.

. How is pulse width measured?
. Distinguish between a semi-square wave and an ideal

square wave.



16.
17.

18.
19.
20.
21.
22,
23.

24.
25.

How can the shape of a semi-square wave be improved?
Explain the distinction between symmetrical and unsym-
metrical square waves.

Describe the application of Kirchhoff’s voltage law to a
series RC circuit that is energized by a square wave.

How are the harmonics in a differentiated pulse related to
the harmonics of a square wave?

Distinguish between a differentiating circuit and an RC
coupling circuit.

How does the time constant of a differentiating circuit
affect the output waveform?

Describe the effects of differentiation and integration on a
sawtooth waveform.

Why is an exponential waveform sometimes called a semi-
sawtooth waveform?

Describe a frequency-modulated wave.

State an application for a frequency-modulated waveform.
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3

Other Transistor Oscillators
and Waveforms

The distinction between oscillators and waveshapers is not
sharply drawn. For example, a one-shot multivibrator is often
called a monostable oscillator; it is also called a pulse regener-
ator. A pulse regenerator is used to produce a standard pulse
waveform. For example, in an electronic computer, a pulse
must pass through many circuits; as it progresses through
various circuits, the pulse waveform becomes distorted. Since
excessive distortion can result in erratic operation, a pulse that
has undergone a certain amount of distortion may be fed to a
one-shot multivibrator that restores the standard pulse shape
and width. In this application, the one-shot multivibrator oper-
ates solely as a waveshaper. That is, whether we regard a con-
figuration as an oscillator or as a waveshaper depends on its
application.

Thus, the bistable (Eccles-Jordan) multivibrator shown in
Fig. 3-1 may be regarded either as an oscillator or as a wave-
shaper. When bistable multivibrators are connected in cascade,
they function as memory systems in electronic computers (see
Fig. 3-2); in this application the bistable multivibrator is
called a flip-flop (FF). If neon bulbs or other visual indicators
are connected into the cascade circuit, binary readout of stored
numbers is provided. Details on this are reserved for subse-
quent discussion. As a waveshaper, a bistable multivibrator
may be triggered by the output from an audio oscillator. In
turn, a square-wave output is provided that has the same repe-
tition rate as that of the audio oscillator.

Let us consider the circuit action of the bistable multivibra-
tor in Fig. 3-1A. It differs from a one-shot multivibrator pri-
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marily in that it requires two input triggers to complete one
cycle of output. A flip-flop is in a stable state when either
transistor is conducting while the other transistor is cut off.
The transistor states are switched by application of a trigger
pulse. When de power is first applied, one transistor conducts,
whereas the other transistor is cut off. The conducting tran-
sistor quickly saturates; the collector current of the other
transistor is practically zero. Each transistor remains in this
stable state each being steadily biased by the other, until a
trigger pulse is applied. A negative pulse applied to the base
of a pnp transistor in its conducting state has no switching
action. In other words, the transistor is already conducting.
On the other hand, the same negative trigger pulse applied to
the base of the cut-off pnp transistor will change the state of
the circuit.

The transistor that was cut off is driven briefly into conduc-
tion by the trigger pulse and feedback causes the other tran-
sistor to be driven into cutoff. Thus, the states are reversed,
and the transistors remain in this stable state, each being
steadily biased by the other. Note that a positive trigger pulse
applied to the base of the conducting transistor will also
change the state of the circuit. Basically, the method used to
trigger an FF is determined by the polarity and magnitude of
the available trigger pulse, and the desired repetition rate of
the output waveform. Although the FF depicted in Fig. 3-1A
uses a trigger pulse applied to the bases of both transistors, a
trigger pulse of sufficient amplitude and proper polarity could
also be applied to the collector of either transistor.

Let us assume that Q1 is conducting and Q2 is cut off in Fig.
3-1A. A negative trigger pulse applied to the base of each tran-

1 R e 2
3 ‘_ %VCC'_I RS
R2 1 R6 - TN T OB W
1 — TRIGGER |1
al 2 'm0
c3“ l ca“ ouTPUT 0
TRIGGER Ver v |
1 R
= | I !
r € > 82 0| : J
|
R3 R4 R7 0
Ver
= = = =~ CC
(A) Schematic. (B) Waveforms.

Fig. 3-1. Transistor Eccles-Jordan multivibrator.
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sistor at time TO in Fig. 3-1B causes Q2 to conduct. The in-
creasing collector current causes the collector voltage Vo of
Q2 to decrease (become less negative). This voltage change is
coupled to the base of Ql, and reduces its forward bias. Col-
lector current through Q1 begins to decrease, and collector
voltage V; changes from zero to a negative value that ap-
proaches the battery voltage V¢c. This voltage change is cou-

iy &-r‘ o~
° QO A 0'

-

Courtesy Computer Control Co., Inc.
Fig. 3-2, Transistor module for digital computer.
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pled to the base of Q2, making the base more negative, and
increasing the conduction of the transistor. Regenerative feed-
back continues until Q2 is saturated and Q1 is cut off.

Transistor Q2 in Fig. 3-1A continues conducting, and Q1
remains cut off. The transistors remain in this state until the
next trigger pulse is applied at time T1; then Q1 conducts and
Q2 is cut off. This completes one full cycle of the output square
wave. The time constant of C1 and R2 and C2 and R6 basically
determines the time from conduction to cutoff of Q1 and Q2.
The capacitors provide rapid coupling of voltage changes, and
the switching action is therefore rapid. The output waveform
is coupled via C5 to the load. Note that output could be taken
from Q2. Since an FF requires two input triggers to produce
a complete output cycle, it operates as a frequency divider with
a ratio of 2 to 1.

+

ouTPUY
FROM QL

Fig. 3-3. Push-pull square-wave outputs.

OUTPUT
FROM Q2

Resistors R1 and R5 in Fig. 3-1A provide the dc collector
loads for the transistors. The necessary forward bias for Q1
and Q2 is provided by a voltage-divider network comprising
R3 and R6 for Q1, and R7 and R2 for Q2. R4 provides emitter
temperature stabilization, and provides operating stability. C3
and C4 couple the input trigger pulse to the base of each tran-
sistor. Note that if outputs are taken from both Q1 and Q2,
we obtain a push-pull output, as shown in Fig. 3-3. The rise
time of the output waveform depends on the ratio of collector-
load resistance to the stray capacitance in the load circuit.
Therefore, faster rise time can be obtained by using low values
of collector load resistance. However, the output amplitude
tends to decrease with low values of collector load resistance
because the transistor’s internal resistance is not zero during
collector saturation.

When a transistor is saturated, its internal resistance may
be in the order of 35 ohms. If a 2,000-ohm collector-load resist-
ance is used, the collector voltage drops to nearly zero during
saturation. On the other hand, if we use a 75-ohm collector-
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load resistance, the collector voltage will be about one third of
the supply voltage during saturation. In either case, the collec-
tor voltage will be practically equal to the supply voltage when
the transistor is cut off, because its internal resistance is very
high in this state.

—
SQUARE WAVE
INPUT
4 ppV

DIFFERENTIATED
ouTPUT
8 ppv

Fig. 3-4. Effect of differentiation on square wave.

RC CIRCUIT DIFFERENTIATION VERSUS
MATHEMATICAL DIFFERENTIATION

Consider the case in which C5 in Fig. 3-1A feeds into a
comparatively low value of resistance. Then, the square-wave
output becomes differentiated into a narrow exponential pulse,
as depicted in Fig. 3-4. If a very short time constant is used,
the pulse becomes very narrow, and approaches an impulse.
An impulse has zero width, as shown in Fig. 3-5, and repre-
sents the mathematical differentiation of a square wave. If an
ideal square wave is applied to an ideal integrator, an output
waveform is obtained that is called a back-to-back sawtooth
wave. An approximate back-to-back sawtooth wave is obtained
by RC integration of a square waveform.

Note in Fig. 3-5 that ideal differentiation of a sawtooth
waveform produces an impulse waveform. Ideal integration of
an ideal back-to-back sawtooth wave produces a parabolic
waveform. In color-TV receivers, sawtooth waveforms are in-
tegrated by RC circuits to produce approximate parabolic
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Fig. 3-5. True differentials and integrals of ideal square and sawtooth waveforms.

waveforms. This circuit action is employed in convergence
circuitry. We know that when a square wave is differentiated,
the fundamental and low-frequency harmonics are reduced in
amplitude, compared with the high-frequency harmonies.
Therefore, the harmonics are stronger in a pulse than in a
square wave. Fig. 3-6 shows the comparative harmonic am-
plitudes for a square wave and a rectangular pulse. The nar-
rower the pulse, the stronger the comparative amplitudes of
the high-frequency harmonics.

[ ]
!
<
2
§ o © o SQUARE WAVE
5 g = =
2 = = =
[ o oz o
© =< < <€
= T == = -4
fa =} = -
g & = £
FREQUENCY —
[
[
[
-
=
E PULSE
] e e = e o =) e
= g = = = =z
=) [=]
2| g 3 g g g g1 &
&8 < % % % = = <
2 I £ z ES £ ES T
—t [=] o = - = < X x
gl =2 g & g & £ !
FREQUENCY —=

Fig. 3-6. Harmonic content of square waves and pulses.
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In an impulse wave, we have a theoretical limiting situation
in which the pulse width is zero, the pulse amplitude is infinite,
and all the harmonics in the impulse have the same amplitude
as the fundamental. Of course, a true impulse waveform can-
not be produced in practice, although exponential pulses that
approach an impulse waveform can be produced by using a
differentiating circuit with a very short time constant. With
reference to the ideal sawtooth waveform in Fig. 3-5, we note
that a sawtooth waveform can be synthesized or built up from
sine waves, as shown in Fig. 3-7. Mathematically speaking, this
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Fig. 3-7. Composition of sawtooth waveform.
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synthesis represents the Fourier series for a sawtooth wave-
form. Although useful conclusions can be drawn from the syn-
thesis viewpoint, we must be on guard to avoid misapplication
of this concept. For example, if an ideal sawtooth waveform is
integrated, the higher-frequency harmonics are removed. In
turn, we might expect the output waveform to be “wavy”;
however, the integrated output is a smoothly curved waveform.

Let us see- why misapplication of the synthesis concept leads
us to a false conclusion in the foregoing example. If an ideal
sawtooth waveform were to be built up from sine waves, as
depicted in Fig. 3-7, an infinite number of harmonics would be
required. This corresponds to a circuit that has infinite band-
width. In practice, however, we know that it is impossible for
a circuit to have infinite bandwidth. Therefore, conclusions
drawn from the synthesis concept may be in error. In an RC
integrating circuit, exact analysis requires that we abandon
the synthesis concept, and describe the circuit action on the
basis of exponential waveforms. An ideal exponential wave-
form can exist in a circuit that has limited bandwidth. On the
other hand, an infinite number of harmonics cannot exist in a
circuit that has limited bandwidth.

EXPANSION OF RECTANGULAR WAVEFORMS

Although the output from a square-wave or pulse generator,
or from the circuit in Fig, 3-1, might seem to have straight
lines, sharp corners, and vertical sides, it is easy to show that
such waveforms are actually combinations of various exponen-
tial waveforms. For example, if we expand any pulse wave-
form on the screen of a triggered-sweep scope, we observe the
development illustrated in Fig. 3-8. At high sweep speeds, it
becomes evident that the corners are not sharp, but instead
are rounded; the leading edge of the waveform is not vertical,
it slopes—the pulse has a certain rise time. In summary, the
waveform actually consists of a certain combination of expo-
nential waveforms.

A square wave or pulse produced by a generator has a cer-
tain rise time; a scope also has a certain rise time. If the rise
time of the scope is very fast, compared to the rise time of the
generator, we regard the rise time displayed on the scope
screen as the rise time of the generator. On the other hand, if
the rise time of the generator is very fast, compared with the
rise time of the scope, we regard the rise time displayed on the
scope screen as the rise time of the scope. Again, when the rise
times of the generator and of the scope are in the same order
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Fig. 3-8. Expansion of 20-microsecond pulse with increasing sweep speed.

of magnitude, the rise time displayed on the scope screen de-
pends on both the generator rise time and the scope rise time.
It can be shown that the rise time in this situation is formu-

lated:
Rise Time =/ T;2 + T5? (3.1)
where,

T. denotes the rise time of the scope’s vertical amplifier,
and T, denotes the rise time of the generator.

Fig. 3-9 illustrates the meaning of Formula (3.1). The rise
time of the input square wave is T, ; the rise time of the scope’s
vertical amplifier is Ts. In turn, the displayed waveform has a
slower rise time that is given by Formula (3.1). Practical

ﬂ —  awpLIFIR  —e /_\\

RISE TlME-Tl RISE TIME = T, R1SE TIME -hlz*lzz

Fig. 3-9. How rise times combine.
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square waves and pulses often have various distortions, as
depicted in Fig. 3-10. We may observe preshoot, overshoot,
ringing, tilt, and corner rounding. In measuring rise time, pre-
swing and/or overshoot are disregarded in locating the 10-per-
cent and 90-percent points on the leading edge. That is, we
assign a zero value to the base line, and a 100-percent value to
the flat top. For example, consider the points depicted in Fig.
3-11; the flat top is preceded by overshoot and ringing. We
regard the flat top as the 100-percent level, and locate the 10-
percent and 90-percent points accordingly for measurement
of rise time.

Let us briefly consider the circuit actions that produce the
distortions pictured in Fig. 3-10. Preswing is not observed in
simple circuits; however, it can be produced in delay lines, and
also in certain types of video amplifiers, such as used in color-
TV receivers. Corner rounding occurs because all circuits have
residual inductance and capacitance, which prevent current
from flowing instantaneously when a voltage is suddenly ap-
plied. Therefore, a small elapsed time is required for the cir-
cuit to change from its resting state and to enter the rise in-
terval of the waveform. The relation of rise time to bandwidth
was given in Formula (1.1), which we repeat here:

1
T, = 3t (3.2)

Note that Formula (3.2) is not absolutely exact, but is suffi-
ciently accurate for practical work. Overshoot is caused by
leakage inductance and stray capacitance in a circuit or am-
plifier. That is, the leakage inductance of peaking coils in a
video amplifier can be tuned by shunt stray capacitance to
form a resonant circuit that “rings” when a square wave or
pulse is applied. The first half-cycle of the ringing waveform
appears as overshoot in the reproduced square-wave or pulse
pattern. Subsequent excursions appear as a ringing interval
that has the form of a damped sine wave. This means that the
sine wave decays exponentially. Tilt is produced by a small
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amount of differentiation through RC-coupling circuit. Under-
shoot and ringing following the trailing edge of a waveform
are produced by leakage inductance and stray capacitance.

Preshoot or undershoot, and overshoot are sometimes en-
countered also in transistor waveshaping circuits. In such a
case, the “pips” result from a strong drive waveform applied
to an RC-coupling circuit; the coupling circuit is associated
with a semiconductor device that starts to differentiate the
applied drive waveform, and then quickly settles down to a
“flat top” response. In turn, the differentiated ‘‘pip” appears
in the output waveform as an overshoot, undershoot, or pre-
shoot, depending on the circuit configuration. Well-designed
waveshaping circuits are free from “pips” in the output wave-
form. The damping time of a ringing waveform is measured
as shown in Fig. 3-12. Damping time is measured in miecro-
seconds or milliseconds with a triggered-sweep scope that has
calibrated sweeps.

W~ H—DAMPING
! 1 TIME
5
Fig. 3-11. Measurement of rise time t. Fig. 3-12. Damping time of ringing
waveform.

SINUSOIDAL TRANSISTOR OSCILLATORS

Sinusoidal transistor oscillators normally generate output
waveforms that approach a sine waveshape. A well-designed
oscillator of this type generates an almost ideal sine wave. A
pnp transistor oscillator using a tickler coil for inductive feed-
back is shown in Fig. 3-13. The base is common to the input
and output circuits. E; biases the emitter-base input circuit for
forward-current flow. V. biases the collector-base junction in
the reverse direction. Waveforms of emitter current i and
collector current i are shown in Fig. 3-13B. Oscillation starts
when switch S is closed. Emitter current ig, and collector cur-
rent ic, both increase from O to Y, because of regenerative
feedback in T1 from the 3-4 winding to the 1-2 winding.

At point Y in Fig. 3-13B, the transistor is saturated and no
further increase in current flow can occur. Therefore, feed-
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(A) Schematic. (B) Waveforms.

Fig. 3-13. Tickler feedback oscillator.

back ceases and i starts to decrease. In turn, collector current
ic starts to decrease. Feedback via T1 reverses the signal po-
larity and causes iz to decrease to zero. At point Z, feedback
again ceases. When the feedback voltage has driven the tran-
sistor to cutoff, the bias voltages return to their original values,
and the oscillation cycle is repeated. The time between cutoff
and saturation of the transistor is determined chiefly by the
resonant frequency of the tank circuit. The frequency of the
generated sine wave is stated approximately by the familiar
resonant-frequency formula:

f=_ L (3.3)

2m/LC

The higher the Q value of the tank circuit, the more nearly
does the osecillating frequency approach the value given by
Formula (3.3). Also, the higher the Q value of the tank, the
more nearly does the output waveform approach a true sine-
wave shape. If the Q value is quite low, the output waveform
will be a badly distorted sine wave. The Q value of the tank
cirecuit is formulated :

p:<

Q R (3.4)
where,
X is the inductive reactance of the tank coil,
and R is its effective series resistance.
Inductive reactance, we recall, is formulated:
X, = 2#fL (3.5)

where,

X, denotes reactance in ohms,
f denotes frequency in hertz,
and L denotes inductance in henrys.
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Note that the effective resistance of L is not simply its wind-
ing resistance. That is, the coil has a high-frequency (rf) re-
sistance that is greater than its dc resistance. Moreover, the
effective resistance of the tank coil is increased by the shunt
resistance of the transistor and the resistance that is coupled
into the tank coil by the tickler coil. Therefore, calculation of
the effective resistance of the tank coil is comparatively diffi-
cult, and is not developed in detail here.

In Fig. 3-14, an npn transistor is employed in a Hartley os-
cillator circuit. The tapped coil is returned to the common-
emitter point. The collector circuit may be either shunt-fed, as
in Fig. 3-14A, or series-fed, as in Fig. 3-14B. Resistor Ry limits
the base-emitter bias current to a suitable value. L and C values
of the tank circuit determine the frequency of oscillation. C;,
prevents the tank coil from short-circuiting the base-emitter
junction of the transistor. R;; limits the collector current to a
safe value, and C; eliminates negative feedback. V provides
bias current for the input, and collector voltage for the output
circuit.

E
b s B
o T
| TANK 4

1+
1
(A} Shunt-fed collector. (B) Series-fed collector.

Fig. 3-14. Npn junction-transistor Hartley oscillator.

We observe that the tapped tank coil produces regenerative
feedback in the same basic manner as a tickler coil. The oscilla-
tion frequency is somewhat lower than the value given by
Formula (3.3) because of the loading that the transistor im-
poses on the tank circuit. If the Q value of the tank circuit is
high, the output waveform approximates a true sine wave. On
the other hand, low Q values are associated with a distorted
sinewave output. It is also necessary to locate the tap point on
the tank coil properly, to obtain a good sine waveform. When
the shunt-fed version is used, the value of the rf choke must
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be suitably chosen; otherwise, the circuit may refuse to oscil-
late, or the output waveform may be badly distorted.

Fig. 3-15 shows a pnp transistor connected in a CE configu-
ration as a Colpitts oscillator circuit. The capacitive voltage
divider C1-C2 takes the place of a tapped coil in a Hartley ar-
rangement. When switch S is closed, C1 and C2 charge with
the indicated polarities. Base current iy flows on the initial
charge of C2; collector current flows through R2, and the col-
lector voltage e, decreases from X to Y, due to the voltage
drop across R2. Capacitor C2 charges to about 3/4 of the bat-
tery voltage through R2; during this time, iz and i increase.
After this period of time, C2 starts to discharge through L into
C1. The voltage across C1 is initially low at point Y; as the
voltage across C2 falls, iz and i both decrease to cutoff. Mean-
while e increases with the charge of C1 from Y to Z.

Next, C1 (Fig. 3-15) discharges into C2 through L. During
the next portion of the cycle, from Z to Y, C2 acquires charge,
ip increases, and ic starts to flow again. The collector voltage
ec drops, due to increasing voltage drop across R2. During this
part of the cycle, the battery supplies current to C2 to meet the
tank-circuit losses. Capacitor C2 then stops charging; ey and
ip stop their increase at point Y’. The base-emitter bias reverts
to its normal value; ic decreases as C2 begins to discharge into
C1 through L (points Y’ to Z’). The voltage e. across C2 de-
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(A) Schematic, (B) Waveforms.

Fig. 3-15. Colpitts transistor oscillator.
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creases; ey, iy, and ic decrease from Y’ to Z’. Meanwhile, e, and
e- increase. As iy decreases to cutoff, i decreases to zero, and
C1 starts to discharge again into C2, thereby repeating the
cycle at point Z’.

To develop a good sine waveform, the Q value of the tank
must be high. That is, the transistor represents a nonlinear
resistance in shunt with the tank coil, and a good sine wave
(voltage waveform) can be dropped across the tank only if it
has a dominant flywheel effect on the circuit action. In other
words, the ratio of stored energy to dissipated energy in the
tank circuit must be large. When the Q value is high, the en-
ergy that is withdrawn and dissipated in the nonlinear circuit
resistance represents only a small fraction of the available
energy surging back and forth between L and C1-C2 in Fig.
3-15. The optimum sine waveform also depends on the ratio
of C1 to C2, which must be suitably chosen.

Output is commonly taken by coupling a load coil to L in
Fig. 3-15. Tight coupling results in high output, at the expense
of good waveform. That is, a load coil couples effective resist-
ance into the tank circuit when it extracts energy from the
oscillator. Therefore, light loading results in an improved
waveform at reduced output power. Note also that a load coil
couples reactance into the tank circuit, and changes its un-
loaded resonant frequency. A changing load results in fre-
quency shift. An oscillator has maximum frequency stability
when its loading is minimum. To isolate an oscillator from its
load circuit, a buffer stage, such as a CE stage, can be inserted
between the oscillator circuit and the load.

REVIEW QUESTIONS

Describe a pulse regenerator.

Explain the circuit action of a bistable multivibrator.
Give a typical application for a flip-flop circuit.

What is meant by the term “frequency-divider” circuit?
Distinguish between RC circuit differentiation and mathe-
matical differentiation.

How does an impulse differ from a rectangular pulse?
What is the result of ideal integration of a square wave?
What is the result of ideal integration of a back-to-back
sawtooth wave?

Why cannot a true impulse waveform be generated in
practice?

10. How can an impulse waveform be approximated by a dif-
ferentiating circuit?

Cus o=

% = o

©
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11.
12.

13.
14.

15.
16.

17.
18.

19.
20.
21.
22.
23.

24.

25.
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Compare the number and amplitudes of harmonics in a
pulse waveform with those in a square wave.

Explain how the rise time of an input square wave com-
bines with the rise time of the vertical amplifier in a scope.
Define preswing, overshoot, ringing, and tilt.

What cireunit actions can you describe that cause overshoot
and/or ringing?

Describe the damping time of a ringing waveform.

Name three common types of sinusoidal transistor oscilla-
tors.

What is a tickler coil?

Why is a Hartley oscillator basically similar to a tickler
feedback oscillator?

Define the Q value of a coil.

Define the inductive reactance of a coil.

What are the two basic types of Hartley oscillators?
Explain the basic configuration of a Colpitts oscillator.
How is oscillatory energy commonly extracted from the
foregoing oscillators?

State the factors that can contribute to distortion of an
oscillator waveform.

How can the frequency stability of an oscillator be maxi-
mized?



Transistor Amplifiers
and Waveforms

Many types of transistor amplifiers are used in various ap-
plications. This chapter explains only the simpler types of am-
plifiers, and the waveforms associated with amplifier circuit
action. RC coupling is used extensively with junction transis-
tors. In Fig. 4-1A, R1, C1, and R2 form the RC network be-
tween the two transistor stages. C1 blocks dc and couples the
ac signal; R2, the de return resistor for the input element of
the second stage, develops the signal applied to the input of the
second stage. C1 prevents the dc voltage on the collector of the
first stage from appearing at the input terminal of the second
stage.

Note that the reactance of the coupling capacitor (which is
in series with the low-valued input resistance of the following
stage), must be small compared with the input resistance.
Otherwise, an excessive amount of signal voltage will be
dropped across the capacitor. A high value of capacitance is
used because the input resistance of the following stage is low
—usually lower than 1000 ohms. However, the physical size
of the capacitor is comparatively small because of the low volt-
ages in the circuit. The ohmic value of the dc return resistor is
usually 7 to 15 times the value of the transistor’s base input
resistance of the second stage. This fairly high ratio of resist-
ance is necessary to prevent shunting an objectionable amount
of signal current around the input circuit of the second stage.

Since the reactance of the coupling capacitor increases as
the signal frequency decreases, the very low frequencies are
attenuated. The shunting effect of the collector-emitter capaci-
tance of the first stage, and the base-emitter capacitance of the
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second stage limit the high-frequency response of the ampli-
fier (assuming that the transistor is of a type that is capable of
amplifying the high frequencies). Any transistor is rated for
a beta cutoff frequency by the manufacturer, and may also be
rated for an alpha cutoff frequency. In either case, the cutoff
frequency of the transistor is determined by the frequency at
which the response is down 3 dB, in an amplifier circuit that is
capable of processing frequencies past the cutoff point of the
transistor. It is found that the alpha cutoff frequency of a tran-
sistor is often higher than its beta cutoff frequency. Therefore,
a transistor may be used in the CB configuration when very
high frequencies are to be processed.

OUTPUT

ouTPUT

(C) Impedance coupling. (D) Direct coupling.

Fig. 4-1. Interstage coupling networks.

The efficiency of an RC-coupled amplifier is equal to the ratio
of ac power output to de power supplied to the stage. This effi-
ciency value is rather low, due to the I2R power loss in the col-
lector load resistor. Other amplifier configurations provide
considerably greater efficiency. RC coupling is used to a large
extent in audio amplifiers, as in low-level low-noise preampli-
fiers, in driver amplifiers, and in high-level power amplifiers.
The chief advantages of RC amplification are high gain, pro-
duction economy, and compact construction. Because batteries
such as are used in portable equipment have limited current
capability, this type of equipment is generally limited to low-
power operation. Fig. 4-2 shows a summary of the principal
parameters of single-stage transistor amplifiers.
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VOLTAGE GAIN: 270 TIMES
CURRENT GAIN: 35 TIMES
POWER GAIN: 40 dB
INPUT RES ISTANCE: 1.3K
OUTPUT RESISTANCE: 50K
AC 'NPUT AMPLIFIER OUTPUT (FOR GENERATOR INTERNAL
o RESISTANCE OF 1K}

(A) Common emitter.

VOLTAGE GAIN: 380 TIMES
CURRENT GAIN: 0.98

— POWER GA IN: 26 dB
INPUT RES ISTANCE: 35 OHMS
OUTPUT RES ISTANCE: 1 MEGOHM
{FOR GENERATOR INTERNAL

ACINPUT ] RES ISTANCE OF 1K)
o AMPLIFIER OUTPUT

VOLTAGE

(B) Common base.

° VOLTAGE GAIN. 1
CURRENT GAIN: 36 TINMES
{ , POER GAIN: 15 4B
b3 l\/ INPUT RES ISTANCE: 350K
QUTPUT RES ISTANCE: 500 OHMS

OUTPUT VOLTAGE  {FOR GENERATOR INTERNAL
b0 RES ISTANCE OF 1K)

AC INPUT

(C) Common collector.

Fig. 4-2. Transistor circuit parameters.

FREQUENCY RESPONSE OF RC-COUPLED AMPLIFIERS

Simple RC-coupled amplifiers have maximum gain over their
midband region, with reduced gain at the low- and high-fre-
quency ends of their response range. Low-frequency gain is
limited chiefly by the increasing reactance of coupling capaci-
tors at low frequencies. High-frequency gain is limited by the
bypassing effects of stray circuit capacitance and junction
capacitances of the transistors. Therefore, regardless of the
particular R and C values, the frequency response of any RC-
coupled amplifier is the same with reference to a universal RC
frequency-response curve. For example, Fig. 4-3 shows the
low-frequency response curve for a single RC-coupling circuit.
The percent of maximum amplitude is directly proportional
to frequency, resistance, and capacitance.

Note that the frequency-response curve in Fig. 4-3 is shown
in semilog coordinates. The reason for this is that low-fre-
quency sweep generators commonly have a semilog time base;
therefore, the curve that is displayed on the scope screen has
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the aspect shown in Fig. 4-3. The only difference between a
semilog time base and a linear time base is that the left-hand
region of the pattern is expanded, or “stretched out.” This is
desirable when the cutoff characteristic of an amplifier is
comparatively steep, because the operator can read voltage
values more accurately. Of course, the same data are displayed,
whether a scope employs a linear time base or a semilog time
base.
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0.0 0.02 0.03 0ol 0.2 0.3 1.0 2.0 3.0 10
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Fig. 4-3. Universal frequency-response curve for RC-coupling unit,

When two RC-coupled stages are connected in cascade, the
output from the first stage is multiplied by the amplification
of the second stage. In other words, the amplitude values de-
picted in Fig. 4-3 are squared by the second stage; this rule
assumes that the same RC values are used in both the first and
the second stages. Fig. 4-4 shows the low-frequency response
curve for a two-stage RC-coupled amplifier. Note that Figs.
4-3 and 4-4 depict the low-frequency end of the frequency-
responge curves., The output rises to 100 percent through the
midband region. At the high-frequency end of the frequency
response, the output drops, due to stray capacitance and junc-
tion capacitance that shunts the collector load resistor. To
measure the total output capacitance, we must use an imped-
ance bridge.

If we know the value of the total output capacitance, and the
output resistance (value of the collector load resistance in
shunt with the transistor’s collector-output resistance), we
can find the frequency response at the high-frequency end of
the range from the universal RC frequency-response curve
given in Fig. 4-5. This is the high-frequency response curve for
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Fig. 4-4. Universal frequency-response curve for two-stage RC-coupled amplifier.

a single-stage amplifier. In most cases, we will not know the
exact values of Ry and C;. Therefore, we simply check the fre-
quency response with a sweep generator and scope instead of
calculating the frequency response. Nevertheless, it is instruc-
tive to know how the frequency response can be calculated.
When two stages are connected in cascade, with the same type
of transistors, and the same values of collector load resistance
in each stage, the output from the first stage is multiplied by the
amplification of the second stage. In other words, the output
from a two-stage amplifier is equal to the square of the ampli-
tudes depicted in Fig. 4-5. In turn, the two-stage output is

100

90 N
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=]
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30 EQUIVALENT CIRCUIT \
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-

P ‘ N

|
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wRCUNITS NOTE: Ry~ TOTAL OUTPUT RESISTANCE
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Fig. 4-5. Universal RC frequency-response curve for single-stage amplifier.
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Fig. 4-6. Universal frequency-response curve for two-stage amplifier.

shown by the universal frequency-response curve given in
Fig. 4-6.

Note in Fig. 4-6 that the R value in wRC can be taken as
equal to Ry, provided that the collector-output resistance and
the base-input resistance of the transistor are comparatively
high. In most amplifiers, the value of Ry is sufficiently high
that we must calculate the value of R; in this case, the value of
R is equal to the parallel combination of R;, the base-input
resistance of Q, and the collector-output resistance of Q. Of
course, the total base-input resistance is equal to the parallel
combination of the base return resistance and the input resist-
ance looking into the base of the transistor. As before, Cr (Fig.
4-T7) is the total shunt capacitance in the collector circuit, and
is equal to the sum of the stray circuit capacitance, the collec-
tor junction capacitance, and the base junction capacitance.
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II Fig. 4-7. Internal capacitances of a junc-
=T tion transistor.
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Fig. 4-8 shows the frequency response of a typical audio
amplifier from 20 Hz to 20 kHz. A low-frequency rise is present
in this example, due to misadjustment of the low-frequency
boost circuit.

The beginner should note carefully that the high-frequency
response of an RC-coupled amplifier does not depend on the
value of the coupling capacitor. In other words, a coupling
capacitor is essentially a short-circuit at high frequencies of
operation. Therefore, we could replace the coupling capacitors
with short-circuits in Fig. 4-6, and the shape of the frequency-
response curve would not be changed. On the other hand, the
low-frequency response of an RC-.coupled amplifier depends
directly on the value of the coupling capacitor. That is, in
Fig. 4-4, the low-frequency response is directly proportional
to the time constant of C and Ry, where Ry is equal to the paral-
lel combination of the base-return resistance and the input
resistance looking into the base of the transistor.

i 1, /'/\
AUDIO s
05 CILLATOR AMPLIFIER =
© ° R VIVM
ouTPUT o 1

(A) Test setup using audio oscillator and VIVM.

?2 Q
AUDIO SWEEP °"J
GENERATOR o AMPLIFIER %R >_‘_I—-OVSCOPE .

2 5.T.0- T

oG o
1 sl

(B) Test setup using audio sweep generator and oscilloscope.

(C) Scope display of typical frequency-
response pattern.

Fig. 4-8 Checking frequency response of audio amplifier,
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SQUARE-WAVE RESPONSE OF RC-COUPLED AMPLIFIERS

The square-wave reproduction of a transistor amplifier is
very informative. We can determine the frequency response,
some phase-response characteristics, and the transient re-
sponse by means of square-wave tests. For example, let us con-
sider the measurement of high-frequency response. Fig. 4-9A
depicts the test setup that is used. In any amplifier test proce-
dure, it is essential to provide a load resistor R, that has a re-
sistance value equal to the rated speaker-load impedance, This

1~ O

Lo
SQUARE-WAVE -
GENERATOR :<Po AMPLIFIER R =3

(S
Mo G o

(A) Test setup.

(B) Waveform.

— T 1 1

\\J_,J//

Ay
N 7
|

Fig. 4-9. Rise-time measurement.

load resistor must generally be of the power type, and should
have a rating somewhat in excess of the maximum rated power
output of the amplifier. The square-wave generator should
have a rise time that is considerably faster than the rise time
of the amplifier. Similarly, the scope should have a comparable
rise time, plus a triggered-sweep function and calibrated time
base.

As in frequency-response tests, it is desirable to check the
square-wave response at maximum rated power output. If a
calibrated scope is used, we check the power output in Fig. 4-9
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as follows : Measure the peak voltage of the display square wave
on the scope screen. Then, the output power is formulated :

P,= watts (4.1)

Rx

Note that the peak voltage is equivalent to a dc voltage.
Since the power dissipated in R, is equal to E2/R, with
respect to de, it follows that Formula (4.1) gives the output
power supplied by the amplifier. Next, the scope controls are
set to expand the leading edge of the reproduced square wave,
as depicted in Fig. 4-9B. The high-frequency cutoff point is
related to the rise time from A to B according to the formula:

0.35
T,
If the rise time T, is measured in milliseconds, f., will be
given in kHz. Although Formula (4.2) is approximate, it will
be found to check quite closely with a measurement of f., with
an audio-oscillator or an audio sweep-generator test. A square-
wave test is much faster than an audio-oscillator test; it is also
more practical than an audio sweep-generator test, since this
type of instrument is usually available only in laboratories.
Next, let us see how the low-frequency response of an am-
plifier is measured in a square-wave test. The test setup is
shown in Fig. 4-10A. The square-wave generator need not have
particularly fast rise, and an ordinary scope can be used, pro-
vided that its vertical amplifier has good 60-Hz square-wave
response. We reduce the repetition rate of the square-wave sig-
nal until the reproduced square wave displays appreciable tilt,
as illustrated in Fig. 4-10B. Then, we calculate the percentage
of tilt according to the formula:
% Tilt = 22— Es B Ei 100 (4.3)
The terms E. and E, in Formula (4.83) are determined sim-
ply by counting squares on the scope screen, to measure
the relative ampiitudes depicted in Fig. 4-10C. It is often suffi-
cient merely to measure the percentage of tilt and to note the
corresponding repetition rate (frequency) of the square wave.
Amplifier manufacturers often rate their products for maxi-
mum tilt at a reference square-wave frequency, such as 20 Hz.
If we wish to calculate the cutoff frequency, we employ the
following formula:

foo = (4.2)

2f(E: - E;)

fw=3wE, 75

(4.4)
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(A) Test setup.

(B) Waveform.

T

] E) (C) Measurement of tilt.

Fig. 4-10. Square-wave tilt at low repetition rates.

The low-frequency cutoff point f,, is, of course, the frequency
at which the amplifier response is down 3 dB. In Formula
(4.4), f denotes the frequency of the square-wave signal, and
E. and E, are the amplitudes depicted in Fig. 4-10C. Again,
this is an approximate formula, but it will be found to check
quite well with an audio-oscillator test of an audio sweep-gen-
erator test. Formula (4.4) is based on the relation of frequency
response to phase shift. In other words, at the center frequency
of an amplifier, the output is maximum, and the phase shift is
zero. On the other hand, at low frequencies, the amplifier out-
put decreases and a leading signal current is drawn, as de-
picted in Fig. 4-11. Note that f denotes the center frequency,
and £, denotes any lower frequency that we might choose. We
observe that when f, is 0.01 of f, the phase shift is 85 degrees.
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Phase shift at low frequencies produces tilt in a reproduced
square wave. If the phase shift is not too great, no curvature
is visible in the tilted top of the displayed square wave. How-
ever, when a large amount of phase shift is present, the accom-
panying low-frequency attenuation produces noticeable curva-
ture in the tilted top, and we say that the amplifier is differen-
tiating the square wave. In tilt tests, we usually work with per-
centages of tilt in the order of 10 to 15 percent. We will find
that an amplifier develops appreciable phase shift before the
frequency-response curve has dropped off substantially. There-
fore, tilt tests provide easily made measurements of amplifier
characteristics.

<

DEGREES OF LEADING PHASE SHIFT

0.01 0.1 1.0 10
FREQUENCY IN - UNITS
1

Fig. 4-11. Universal phase-shift chart for RC-coupled amplifier at low frequencies.

When the repetition rate of the square-wave generator is
slowed down to the point that a large amount of tilt is devel-
oped, the response of a single-stage transistor amplifier is the
same as that of an RC differentiating circuit. In the case of a
two-stage amplifier, the square-wave response is as illustrated
in Fig. 4-12. As previously explained for frequency-response
curves, the time constant of the coupling circuit is equal to RC,
wherein C is the value of the coupling capacitor, and R is equal
to the equivalent resistance of R1 and the base input resistance
of the transistor in Fig, 4-12A. Since the resistance calculation
is not always easy, it is more practical to make a test of the
low-frequency square-wave response.

At high square-wave frequencies, the leading edge of the re-
produced square wave can be expanded as shown in Fig. 4-13.
If the scope has a calibrated time base, we can measure the
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(A) Test setup.

(B) Low-frequency square-wave response.

Fig. 4-12. Square-wave test of two-stage RC-coupled amplifier.

rise time of the amplifier. In turn, the high-frequency cutoff
point of the amplifier is formulated:

_ 035
fou = T, (4.5)
where,

f., denotes the frequency at which the response is down 3 dB,
and T, is the rise time of the amplifier.

Formula (4.5) can be applied to an amplifier with any num-
ber of stages. Of course, the shape of the reproduced square
wave changes somewhat when stages are cascaded. That is, a
single-stage transistor amplifier has the same high-frequency
square-wave response as that of an RC-integrating circuit. In
the case of a two-stage amplifier, the leading edge has a some-
what different shape, as seen in Fig. 4-13. As a greater number
of stages are cascaded, the delay time of the amplifier in-
creases. The delay time is defined as the time required for the
reproduced square wave to rise to 50 percent of its maximum
value, as depicted in Fig. 4-14. A single-stage amplifier has a
delay time that is equal to 0.7 of an RC unit. On the other hand,
a two-stage amplifier has a delay time of 2 RC units. A three-
stage amplifier has a delay time of approximately 4.5 RC
units. These figures are for symmetrical amplifiers (amplifiers
with identical stages).
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(A) Universal RC time-constant chart.
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(B) High-frequency square-wave response.

Fig. 4-13. High-frequency response of a two-stage RC-coupled amplifier.

A transistor provides considerable isolation between its in-
put and output circuits. As previously explained, this isolation
is not perfect because there is a certain amount of transfer
impedance from input to output, and vice versa. Some transis-
tors, such as FET types, have negligible transfer impedance.
However, regardless of the transistor type, the universal RC
time-constant charts that have been discussed are sufficiently
accurate for all practical purposes. Note in Fig. 4-13 that the
values of R and C in the time constant are not easy to calculate.
The value of R is equal to the equivalent resistance of the col-
lector load resistance, the collector output resistance, the base

L
8
Fig. 4-14, Measurement of delay time. -
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2 |
)
)
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resistanee, and the base input resistance. Similarly, the value
of C is equal to the equivalent capacitance of the stray circuit
capacitance, the collector output capacitance, and the base
input capacitance.

The delay time of an audio amplifier is of no consequence,
because it does not affect the quality of sound reproduction
noticeably. However, when we consider video amplifiers we
will find that delay times are of great importance in obtaining
good color picture reproduction. Therefore, it is helpful to
know the meaning of delay time and how to measure it. When
delay times must be equalized in an amplifier system, a suitable
delay line is connected in series with the amplifier that has the
shortest delay time.

LOW-FREQUENCY BOOST CIRCUIT

A transistor amplifier contains coupling capacitors, bypass
capacitors, and decoupling capacitors. In turn, the system
tends to differentiate low-frequency square waves. When good
low-frequency square-wave response is desired, a low-fre-
quency boost circuit is often used, as shown in Fig. 4-15A. The
boost circuit comprises a boost resistor R1 connected in series
with a load resistor, and a boost capacitor C1 shunted across
R1. If the values of R1 and C1 are properly selected, the low-
frequency square-wave response of the amplifier can be greatly
improved. However, perfect compensation cannot be obtained,
and there is a practical limit to the amount that the low-fre-
quency response can be extended.

With reference to Fig. 4-15B, the photographs illustrate re-
produced 60-Hz square waves. We observe that when no low-
frequency boost circuit is used, the square wave is considerably
differentiated. When various values of R1 and C1 are connected
into the boost circuit, both the curvature and tilt of the repro-
duced square wave are changed. The top of the square wave
may be either convex or concave, and the tilt may be either
uphill or downhill. In this example, the best 60-Hz square-wave
response is obtained when R1 is 15k and C1 is 2uF. Note that
the compensation is not perfect, and there is a small amount
of overshoot.

Some basic square-wave distortions are depicted in Fig. 4-16.
Let us consider the circuit characteristics that are associated
with these distortions:

1. Downhill tilt; phase is leading at low frequencies. This
means that the low-frequency components of the square
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wave lead the high-frequency components. A correspond-
ing phase characteristic is depicted in Fig. 4-14.

2. Concave top; fundamental frequency attenuated. This
means that there is low-frequency attenuation without
phase shift. Certain R and C values in a low-frequency
boost circuit can produce this type of distortion.

LOW-C PROBE
SQUARE -WAVE . . Vibto
GENERATOR AMPLIFER
T 1
LOW-FREQUENCY

BOOST CIRCUIT

(A) Test setup.

\\ ey A ——— o~ WP —
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Uncompensated 9K and 2 f SK and 1pF 10K and 14F
T T -~ e
~ N ~ N
10K and 2 uf 15K and 1uf 15K and 2 uF 20K and 1uF

(B) Waveforms obtained with various values of R1 and C1.

Fig. 4-15. Square wave test with low-frequency boost circuit.

3. Concave top with downhill tilt; low-frequency attenuation
with leading phase shift. This situation is very common,
and is encountered in familiar RC differentiating circuits.

4, Convex top; fundamental frequency boosted. This means
that there is low-frequency boost without phase shift. An
example is seen in Fig. 4-15, when R1 is 5k and C1 is 1uF.

5. Rounded corners. This means that there is high-frequency
attenuation present without phase shift. We observe this
type of square-wave distortion in an RC-coupled amplifier
that has a slow drop-off at high frequencies.

6. Diagonal corner rounding. This means that high-fre-
quency attenuation is present with significant phase shift.
This type of distortion is observed in RC-coupled ampli-
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fiers that have a rather abrupt drop-oftf at high frequen-
cies.

7. Overshoot (may be accompanied by ringing). This means
that the amplifier has a rising response at high-frequen-
cies, a very abrupt drop-off at high frequencies, or both.
Both conditions are associated with a rapidly changing
phase characteristic.

INPUT SQUARE WAVE PHASE 15 LEADING AT FUNDAMENTAL FREQUENCY
LOW FREQUENCIES ATTENUATED
A COMBINATION OF LOW-FREQUENCY  FUNDAMENTAL FREQUENCY AN EXAMPLE OF CORNER
ATTENUAT ION AND LEADING BOOSTED ROUND-OFF
PHASE SHIFT
— FLAT-TOP AMPLITUDE
Vo f

v
—V—°L X 100+% OVERSHOOT
A

BASE LINE

AN EXAMPLE OF DIAGONAL CORNER DEFINITION OF OVERSHOOT
ROUNDING IN SQUARE WAVE

Fig. 4-16. Some basic square-wave distortions.

APPROXIMATE MEASUREMENT OF RISE TIME

Sometimes we need to make a measurement of rise time, al-
though a scope with calibrated sweeps is unavailable. An ap-
proximate measurement of rise time can be made with a simple
differentiating circuit, as described in Fig. 4-17. The scope
must have ample bandwidth, but this is the only requirement.
In this example, the rise time of the output waveform from a
square-wave generator is being checked. To make the rise-time
measurement, we vary the value of R or C in the differentiat-
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ing circuit to obtain a differentiated pulse that has 65 percent
of the amplitude of the undifferentiated square wave. Then, the
time constant of the differentiating circuit is approximately
equal to the rise time of the square wave.

This method of rise-time measurement is based on the fact
that since the square wave has a certain rise time, capacitor
C starts to discharge through R before it is fully charged.
Therefore, when the RC time constant is short, the applied
square wave cannot charge C to the peak voltage of the square
wave. It can be shown that when the RC time constant of the
differentiating circuit is equal to the rise time of the square
wave, the pulse output will have approximately 65 percent of
the square-wave amplitude, For accurate measurements, it is
necessary to minimize the effect of stray circuit capacitance.
If R has a comparatively low value, such as 75 ohms, the effect
of stray capacitance will be negligible.

LOW-C O

SCOPE
SQUARE-WAVE @ PROBE oV o
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= SQUAREWAVE  DIFFERENTIATED
TIME CONSTANY = RC PULSE

Fig. 4-17. Rise-time measurement with differentiating circuit.

REVIEW QUESTIONS

1. Describe the chief features of an RC-coupled amplifier.

2. Explain why the total base-input resistance of a transistor
is less than the value of the base-return resistor.

3. Define the efficiency of an RC-coupled amplifier.

4. Why does the response curve drop off at low frequencies?
At high frequencies?
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12.
13.

14.

16.
17.
18.
19.
20.
21.
22,
23.

24.

25.
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How is the low-frequency cutoff point related to square-
wave tilt?

. How is the high-frequency cutoff point related to square-

wave rise time?
State two ways of checking the frequency-response curve
of an amplifier.

. Explain how amplifier output power is calculated with re-

spect to a square-wave signal.

. Why does phase shift produce square-wave tilt?
10.
11.

Define delay time.

What is the delay time of a single-stage RC-coupled ampli-
fier?

What is the delay time of a two-stage symmetrical RC-
coupled amplifier?

What is the approximate delay time of a three-stage sym-
metrical RC-coupled amplifier?

Describe the function of a low-frequency boost circuit.
State the cause of downhill tilt in a reproduced square
wave.

When a concave top is observed in a reproduced square
wave, what circuit condition could be the cause?

Name a simple circuit that produces a concave top and
downhill tilt in a square wave.

What circuit condition could produce a convex top in a
square wave?

State an amplifier characteristic that produces rounded
corners in a square wave.

Discuss the cause of diagonal corner rounding in a square
wave,

Describe an amplifier characteristic that can produce over-
shoot in a square wave.

What basic square-wave distortions may be produced by
misadjustment of a low-frequency boost circuit? Explain.
How can rise time be approximately measured with a dif-
ferentiating circuit?

Why is the peak voltage of a square wave attenuated by a
differentiating circuit that has a sufficiently short time
constant?

How can stray capacitance effects be minimized in Prob-
lem 237



Transformer-Coupled,
Impedance-Coupled,
and Direct-Coupled
Amplifiers

Interstage coupling with a transformer is depicted in Fig.
5-1B. The primary winding of T1 (including the reflected ac
load from the secondary) is the collector load impedance of
the first stage. The secondary winding applies the ac signal to
the base and also serves as the base dc return path. This very
low resistance in the base path aids in temperature stabiliza-
tion of the dc operating point. If an emitter bias resistor is
included, the current stability factor will be very good. Be-
cause there is no collector load resistor to dissipate I2R power,
the power efficiency of a transformer-coupled amplifier ap-
proaches the theoretical maximum available gain (MAG) of
50 percent. For this reason, transformer-coupled amplifiers are
used extensively in portable radio receivers and other elec-
tronic devices that employ battery power.

Transformers facilitate the matching of the output imped-
ance of the driver transistor to the base-input impedance of
the driven transistor. Matched impedances are required to
realize the maximum available gain of the amplifier. The fre-
quency response of a transformer-coupled stage is not as good
as that of a well-designed RC-coupled stage. That is, the shunt
reactance of the primary winding at low frequencies drops
off, and causes the low-frequency response to drop off. At high
frequencies, the response is reduced by the collector junction
capacitance, stray capacitance, and leakage reactance between
primary and secondary windings.
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(C) Impedance coupling. (D) Direct coupling.

Fig. 5-1. Interstage coupling networks.

Fig. 5-2 shows the basic equivalent circuit for an untuned
transformer, such as an audio-frequency transformer. In an
ideal transformer, the entire magnetic field of the primary
would pass through the secondary; that is, all of the trans-
former inductance would be in the form of mutual inductance.
However, it is impossible to design a transformer that has 100
percent coupling between primary and secondary. Inevitably,
some lines of magnetic flux from the primary escape into sur-
rounding space and do not cut the secondary turns. Again,
some of the primary flux lines cut only a fraction of the sec-
ondary turns. Because of this lack of perfect coupling, leakage
reactances L, — L, and L,— L, are effectively connected in
series with the mutual inductance. There is, in turn, an 1X
drop across these leakage reactances, which reduces the output
voltage from the transformer when it is loaded by the base of
a transistor.

We will find that a practical transformer also has distrib-
uted capacitance. In other words, L, —L,,, L, and L. — L,, in
Fig. 5-2 are shunted by distributed capacitance. This capaci-
tance consists of the sum of the capacitances from each turn

o IE111120 N E]11]112 o

l.p- Lm Ls-Lm

Fig. 5-2. Basic equivalent circuit for un-
L tuned transformer.
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to the next. The result is that although the transformer is de-
signed as an untuned transformer, it turns out in practice that
it is a broadly tuned transformer. The result of resonance in
an “untuned” transformer produces characteristic frequency-
response curves that may have a rising response at high fre-
quencies, as illustrated in Fig. 5-3. This rising response is
often helpful in obtaining the required bandwidth—from 60
to 7500 Hz in this example. On the other hand, nonuniform
frequency response produces distortion. Therefore, audio
transformer design is generally a compromise between wide-
band response and tolerable frequency distortion.
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Fig. 5-3. Voltage gain curve for transformer-coupled voltage amplifier.

Beginners should note that rising frequency response can be
controlled by resistance loading. To put it another way, if a
sufficiently low resistance is connected across the secondary,
the effects of distributed capacitance are “swamped out,” and
a comparatively flat frequency response can be obtained. How-
ever, this expedient also causes bandwidth reduction. We will
find that an output transformer does not have a rising fre-
quency response because a speaker has a sufficiently low im-
pedance that the secondary is loaded heavily and the effects of
distributed capacitance are swamped out.

TRANSIENT RESPONSE OF UNTUNED TRANSFORMER

The square-wave response of an audio transformer depends
greatly on the loading of primary and secondary. Shunt capaci-
tance shifts the resonant frequency of the leakage reactance
and distributed capacitance. Shunt resistance tends to damp
out ringing, and reduces overshoot. A typical test setup is
shown in Fig. 5-4A., The primary is damped by a resistance of
approximately 10,000 ochms; the secondary is shunted by a
capacitance of 10 pF. Considerable square-wave distortion is
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(B) Response to 2.5-kHz square wave.

Fig. 5-4. Square-wave test of audio transformer.

produced, as illustrated in Fig. 5-4B. If resistance is shunted
across the secondary, the top of the square wave can be flat-
tened. For example, a 100,000-ohm resistor connected across
the secondary makes the reproduced square wave essentially
flat in this example. However, a ripple then appears along the
top, due to residual ringing at a comparatively high frequency.

If the primary in Fig. 5-4A is damped by a higher value of
resistance, the reproduced square wave becomes noticeably
integrated. On the other hand, small values of primary damp-
ing resistance correspond to increased ringing amplitude. If
another type of transformer is used in the same test setup,
quite different transient response is observed. Therefore, a
coupling transformer should be designed for the particular
circuit impedances present in the amplifier. A transformer
that provides good frequency and transient response in one
amplifier may produce excessive frequency and transient dis-
tortion in another amplifier.

Fig. 5-5 shows a single-ended driver transistor transformer-
coupled to a pair of push-pull output transistors. Trans-
former coupling is also used from the push-pull stage to the
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speaker. A step-down interstage transformer is used to match
the comparatively high collector impedance of Q6 to the low
base impedances of Q7 and Q8. Each transistor is forward-
biased; Q6 operates essentially in class A, while Q7 and Q8
operate in class AB, due to increased signal-current drive to
the push-pull stage. It is impractical to bias Q7 and Q8 to col-
lector-current cutoff, and thereby operate the transistors in
class B. Crossover distortion would be excessive, due to the
highly nonlinear base characteristic in the vicinity of cutoff.
Fig. 5-6 illustrates the waveform that results from crossover
distortion.

Another difficulty in operating transistors in class B with
transformer coupling is the large change in base impedance
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Fig. 5-5. Transformer-coupled audio amplifier.
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from small-signal to large-signal conditions. If the secondary
of T1 in Fig. 5-5 is unloaded for very small signal levels,
lightly loaded for medium signal levels, and heavily loaded for
strong signal levels, it becomes very difficult to design the
transformer for reasonable fidelity. Because of the foregoing
problems, it is more practical to sacrifice some efficiency for
improved fidelity by operating the push-pull stage in class AB.
Although class-AB operation produces second-harmonic dis-
tortion from each of the push-pull transistors, this harmonic
distortion is cancelled out. Third-harmonic distortion is mini-
mized by use of negative feedback via eapacitors C17 and C18.
Capacitor C19 provides capacitive loading for the primary of
T2 to optimize fidelity.

OUTPUT COLLECTOR CURRENT

Fig. 5-6. Dynamic fransfer characteristic
curve of class-B, push-pull amplifier.

INPUT BASE CURRENT

In the example of Fig. 5-5, negative feedback increases at
higher audio frequencies, due to decreasing capacitive reac-
tance. Thereby, rising high-frequency response is eliminated,
and improved bandwidth is obtained. Of course, this improved
frequency response is obtained at the expense of gain. R26 is
a common-emitter resistor that provides temperature stabili-
zation. If the output transistors should heat up, their collector
currents would increase. This increased current flow would
return through R26, and would produce a corresponding voit-
age drop that would reduce the base-emitter bias voltages on
Q7 and Q8. In this manner the operating point is stabilized.

A scope is the most useful instrument for tracing a signal
through an audio amplifier, and for localizing objectionable
distortion. For example, if one of the transistors in the push-
pull stage of Fig. 5-5 has excessive collector leakage, its gain
is reduced. In turn, the waveform across one half of the pri-
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mary winding on T2 has less amplitude than the waveform
across the other half of the winding. That is, the stage develops
second-harmonic distortion under this condition. An audio os-
cillator should be used in troubleshooting an amplifier because
it provides a steady signal with a true sine waveform.
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(B) Response curves.

Fig. 5-7. Testing response of LCR series-resonant circuit,

TUNED TRANSFORMER

Tuned transformers are used in all transistor radio and TV
receivers, and in many other types of electronic equipment.
Tuned-transformer action is based on the resonant response
of series and parallel LCR circuits that have mutual inductance.
A series-resonant circuit has frequency-response curves such
as those in Fig. 5-7. In this test setup, the scope displays the
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current variation vs. frequency. The resonant frequency of the
circuit is formulated :

1
fo = o/ 10 (6.1)
Since capacitive and inductive reactance cancel at resonance,
the current flow is given by:
_E
1= ® (5.2)
In turn, the bandwidth is given by the number of hertz be-
tween the —3-dB, or half-power points:
BW=1,-f, (5.3)

where,

f, denotes the frequency at the higher half-power point
(70.7 percent of maximum voltage point),
f, denotes the frequency at the lower half-power point,

The Q value of the series-resonant circuit is equal to the in-
ductive reactance divided by the resistance of the circuit:

X
Q=3 (5.4)

Note that the Q value varies with frequency; at resonance,
we write:

XLo = 27TfoL (506)
. XLo
Qo— R (5.7)

The bandwidth of a series-resonant LCR circuit is given to a

practical approximation by:
f,
BW Q (5.8)

Observe, also, that R is usually greater than the dc resist-
ance in the circuit, being equal to the rf resistance; R,. in-
creases with frequency. Therefore, a coil in a series-resonant
circuit usually has a maximum Q value at some particular
operating frequency.

A parallel-resonant circuit has frequency-response curves
such as those in Fig. 5-8. The resonant frequency is given ap-
proximately by Formula (5.1). The impedance of a parallel-
resonant circuit is approximately equal to:
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L

Z.=Rrc

(5.9)
where,

Z, denotes the impedance at resonance in ohms,

L denotes the inductance in henrys,

C denotes the capacitance in farads,

and R denotes the effective ac resistance of the circuit.

Response curves for inductor current, capacitor current, and
capacitor voltage are approximately the same. The generator
current has an “upside-down’ response curve that is basically
similar to the other response curves. In Fig. 5-8, the 20,000-
ohm resistor represents the source resistance, such as the col-
lector output resistance of a transistor. At resonance, the cir-
culating current between L and C is equal to Q times the gen-
erator current I,. That is:

Ic=1.=Ql, (5.10)

This is called the current amplification of the LCR circuit.
It is analogous to the voltage amplification of a series-resonant
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Fig. 5-8. Testing response of LCR parallel-resonant circvit.
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circuit; in a series LCR circuit, the generator voltage is stepped
up Q times by the inductor and by the capacitor (Fig. 5-7):

E. = E. = QE, (5.11)

In other words, resonant circuits, in the absence of transis-
tors, can produce either voltage amplification or current am-
plification, but not both. A transistor can provide voltage am-
plification and current amplification simultaneously. This is
because a transistor is an active device, whereas a resonant
circuit is a passive device. There can be no power gain in a
passive device.
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Fig. 5-9. Bandwidth in two tuned, coupled circuits.

Tuned transformers (Fig. 5-9) comprise a parallel-resonant
circuit and a series-resonant circuit with mutual inductance.
The primary operates as a parallel-resonant circuit; the sec-
ondary operates as a series-resonant circuit. Since the primary
and secondary are coupled, the series-resonant circuit reflects
an impedance into the parallel-resonant circuit that varies
with frequency. A preliminary equivalent circuit for a tuned
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transformer is shown in Fig. 5-9B. If the primary and second-
ary have the same Q values (as is usually the case), and are
tuned to the same center frequency, the output voltage from
the secondary displays frequency-response curves such as
shown in Fig. 5-9C. The primary or secondary alone has a
ringing waveform in a square-wave test as shown in Fig. 5-10.
A tuned transformer has a ringing waveform such as that
illustrated in Fig. 5-11.

Note in Fig. 5-9 that the bandwidth of the frequency-re-
sponse curve depends on the coefficient of coupling. In ordinary
tuned transformers, the primary and secondary have the same
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Fig. 5-10. Ringing test of primary or secondary of transformer.
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inductance and the same Q values, and are tuned to the same
center frequency. In turn, the maximum possible value of mu-
tual inductance L,, is formulated:

Lmlumx) = L]) = Ls (5.12)

The coefficient of coupling is the ratio of actual mutual in-
ductance L,, to the value of Ly, uax) :
Llll Lll)

k:L_,,: L (5.13)

At critical coupling, the frequency-response curve has a
single peak. At any greater value of coupling, the response
curve has two peaks. The value of critical coupling is formu-
lated:

1 1
K. ==~ = = 5.14
Q" a (5.14)

Critical coupling depends on the value of ac resistance. At

critical coupling, it can be shown that:

wL,, = R, = R, (5.15)

It follows from Fig. 5-9B that a tuned transformer has two
resonant frequencies, which correspond to the double humps
in Fig. 5-9C. That is, the signal current branches in Fig. 5-9B,
and the branch currents have different resonant frequencies.
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Fig. 5-11, Ringing test of tuned transformer.
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The hump frequencies are formulated :

f.
f,. = T/ﬁ (5.16)
where,

f, denotes the hump frequencies,

f. denotes the center frequency,

and k denotes the coefficient of coupling. (The = signs for k
give the two answers.)

Since there are two hump frequencies present, these fre-
quencies beat in a square-wave test, as depicted in Fig. 5-12.
If the primary and secondary are tuned to the same center fre-
quency, the beat waveform goes periodically through zero beat,
as illustrated in Fig. 5-11. The beat waveform decays expo-
nentially because of the I?R losses in the primary and second-
ary. The frequency of the beat envelope is given by Formula
(5.16). Therefore, a high-Q tuned transformer has a large
number of cycles between zero-beat intervals. The ringing os-
cillation in Fig. 5-11 is equal to the average of the hump fre-
quencies (it is the center frequency) :

_fhi+1
T2

Since a tuned transformer always has two hump frequen-
cies, the question arises concerning the display of a single peak
at critical coupling in Fig. 5-9. The answer is that the two
hump frequencies are so close together in this situation that
they seem to merge and form a single peak on the scope screen.

AR ARAARAARAAARY

(A) Rf input frequency, fi. (8) Rf input frequency, f..

(C) Beat waveform. “ U U AL U “ “ “ “ b Y d“\’

Fig. 5-12. Formation of beat waveform,

f, (5.17)

IMPEDANCE-COUPLED AMPLIFIERS

Transistor impedance-coupled amplifiers are widely used in
TV receivers and other electronic equipment. A simple imped-
ance-coupled amplifier is diagrammed in Fig. 5-1C. The collec-
tor load is an impedance, because the inductor has winding
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resistance; the inductor is also shunted by R1 and the base-
input resistance of the second transistor. Analysis of this am-
plifier is basically the same as that of an RC-coupled amplifier,
except that the collector load impedance is formulated:

Z=~/R*+ X2 (5.18)
where,

Z is the load impedance in ohms,
R is the effective resistance in ohms,
and X, is the inductive reactance in ohms.

X, = 2nfL (5.5)

Fig. 5-13 shows the configuration for a typical transistor
video amplifier. This is an impedance-coupled amplifier. The
impedance loads comprise inductors (peaking coils) L211,
L212, 1.214, and L213. We call L211 and L212 shunt peaking
coils. L213 and L214 are called series peaking coils. These
peaking coils provide high-frequency compensation, and flat
frequency response from 60 Hz to approximately 3.5 MHz. A
video-frequency response curve is illustrated in Fig. 5-14.

Fig. 5-15A shows a simple resistance load, as used in a con-
ventional RC-coupled amplifier. In B, L1 provides shunt peak-
ing. In C, L2 provides series peaking. Of course, series peaking
can be used with shunt peaking as in D. It is impractical to
design a wide-band amplifier that does not have some form of
peaking, because the resistive load must be so small that little
gain is obtained. On the other hand, if a shunt peaking coil is
used, the load resistor can have a fairly high value, and good
gain is obtained over a wide frequency range. If we use series
peaking instead of shunt peaking, 50 percent more gain can
be obtained. Again, if we use both series and shunt peaking,
we can obtain about 80 percent more gain than with shunt
peaking alone. In Fig, 5-14, the amplifier is slightly over-com-
pensated, since the response tends to rise at high frequencies.

Fig. 5-16 shows frequency-response curves for various val-
ues of shunt peaking. The gain at low frequencies is deter-
mined by the value of the load resistor. High-frequency gain
is determined by the peaking inductance. Note that when the
load is resistive only, the frequency response in this example
starts to drop off at 700 kHz, but the use of a suitable shunt
peaking coil maintains flat response out to 4 MHz. A slight
rise occurs at high frequencies. If a peaking coil is used that
overcompensates the load, the response is 100 percent at 5.5
MHz, but there is almost 20 percent rise at 4 MHz. This is an
excessive amount of frequency distortion.
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Fig. 5-14. Video-frequency response
curve,

7 \
ZERQ FREQUENCY 4.5MHz TRAP

When both series and shunt peaking are used, flat response
can be obtained out to 4 MHz with a larger value of load re-
gistor. In turn, higher gain is obtained. When both series and
shunt peaking are used, the dropoff is much more abrupt past
4 MHz. This results in poorer square-wave response, because
abrupt dropoff is associated with a very nonlinear phase char-

o {¢ o o |t o
L
1
R >
3
R
O~ < O O
(A) Resistance load—no peaking. (B) Shunt-peaked load.
—— ., 22717 ) IR
L L
L
1
>
RL :
B
o ) o o
(C) Series-peaked load. (D) Series- and shuni-peaked load.

Fig. 5-15. Peaking circuits in RC-coupled amplifier.

acteristic. In scopes with transistor vertical amplifiers, series
peaking only may be utilized, since series peaking produces
less overshoot than shunt peaking in square-wave reproduc-
tion. A scope that employs both series and shunt peaking has
higher gain for a given number of transistors, but in turn has
poorer square-wave response. Fig. 5-17 illustrates the 100-kHz
square-wave response of a series- and shunt-peaked video am-
plifier in a color-TV receiver that has a phase-equalizing cir-
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Fig. 5-16. Frequency-response curves with shunt peaking.

cuit to develop symmetrical square-wave response. Overshoot
and preshoot are approximately equal in this arrangement.

Fig. 5-17. Preshoot and overshoot in the
100-kHz square-wave response of a color-
TV video amplifier,

DIRECT-COUPLED AMPLIFIERS

Direct-coupled amplifiers are extensively used in transistor
equipment. A basic direct-coupled amplifier is shown in Fig.
5-1D. This type of amplifier is used for amplification of dc
signals and very-low-frequency signals, as well as high-
frequency signals. Direct-coupled amplifiers are attractive be-
cause they dispense with coupling capacitors or transformers.
On the other hand, temperature stabilization is a greater prob-
lem than in ac coupled amplifiers. Various circuit means are
utilized to avoid de drift. In the foregoing circuit, an npn tran-
sistor is connected directly to a pnp transistor. Thereby, bias
polarities are correctly provided. If the collector current in the
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first stage is greater than the base current in the second stage,
a collector load resistor R1 must be included.

Fig. 5-18 depicts a three-stage direct-coupled amplifier. Npn
transistors are used, and are forward-biased for class-A oper-
ation by means of a voltage-divider network. To provide good
bias stabilization, R7 operates as a negative-feedback emitter
resistor in the output stage. In addition, dc feedback is pro-
vided from the emitter of Q3 to the base of Q1 via R6. Suppose
that the base bias on Q1 tends to drift more positive; in turn,
the base bias on Q2 becomes less positive, as does the base bias
on Q3. Therefore less emitter current is drawn by Q3, and its
emitter voltage becomes less positive. Accordingly, the base
bias on Q1 is prevented from drifting via feedback through R6.

ov

A-F AMP DRIVER OuTPUT
2N1983 R5§ 2N1973 2N1893
T-59276 3K T-59277 T-59235A

Fig. 5-18. Three-stage direct-coupled amplifier.

Q1 in Fig. 5-18 operates in the CE configuration, as does
Q3. Q2 operates as an emitter follower. Additional bias stabili-
zation is provided in the emitter circuit of Q2; R7 and the
base-emitter junction resistance of Q3 serve as a current-
feedback emitter resistance for Q2. Q2 also serves as an elec-
tronic impedance-matching device between Q1 and Q3, since
the collector-output resistance of Q1 is high, and the base-
input resistance of Q3 is comparatively low. Transformer cou-
pling is used between Q3 and the speakers to obtain a good
impedance match. Since the frequency response of a direct-
coupled amplifier is very good, the system in Fig. 5-18 has a
frequency response that is basically the response of TI1.
Square-wave response also is chiefly determined by the char-
acteristics of T1.
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REVIEW QUESTIONS

What is the theoretical maximum available gain of a trans-
former-coupled amplifier?

. State an advantage and a disadvantage of transformer

coupling.

Define leakage reactance.

Why does an output transformer not have a rising fre-
quency response?

. How does a rising frequency response affect square-wave

reproduction?
Describe crossover distortion as displayed on a scope
screen.

. How is crossover distortion minimized in a push-pull am-

plifier?

. Explain how the Q of a coil affects the bandwidth of an

LCR resonant circuit.

. Define the voltage amplification of a series-resonant LCR

circuit.

Define the current amplification of a parallel-resonant
LCR circuit.

Describe what is meant by the coupling coefficient of a
tuned transformer.

Define critical coupling.

Explain how the hump frequencies of an overcoupled
transformer are calculated.

Discuss the characteristics of an impedance-coupled ampli-
fier,

How is series peaking distinguished from shunt peaking?
With other things being equal, does series or shunt peak-
ing provide higher gain?

Compare the gain provided by series-shunt peaking with
that of shunt peaking alone.

How do peaking coils affect the square-wave response of
an amplifier ?

Why is a slight rise at high frequencies often tolerated in
a video amplifier ?

What is the disadvantage of substantial overpeaking?
Describe the general features of a direct-coupled amplifier.
What is the basic problem that must be contended with in
direct-coupled configurations?

Name an advantage of a direct-coupled amplifier.

How can bias stabilization be obtained in a direct-coupled
amplifier?

103



6

Waveforms in Transistor
Waveshaping Circuits

A very wide range of waveshaping circuits is used in tran-
sistor equipment. Only the more basic and common types of
waveshapers can be covered in this chapter. The most funda-
mental arrangement is called the limiter circuit. Limiter cir-
cuits are classified either as cutoff limiters, saturation limiters,
or combination saturation-and-cutoff limiters. These circuits
are related to the transistor amplifier circuits that have been
previously discussed. Fig. 6-1A shows a typical transistor lim-
iter configuration. To simplify the explanation of circuit ac-
tion, the flow of minority carriers across the reverse-biased
base-collector junction may be ignored.

Let us consider the first alternation of the input signal volt-
age in Fig. 6-1, which opposes the forward bias produced by
the base-emitter battery B1. This effectively decreases the bias
voltage, and therefore decreases the emitter current. Both the
collector and base currents are decreased by corresponding
amounts. The decreased collector current flowing through the
load resistor decreases the voltage drop across the resistor. As
the current and voltage drop across the load resistor continue
to decrease, the collector voltage V. approaches the collector-
emitter bias voltage (—20 volts in this example). Since the
operating point of the circuit has been placed on the load line
at a point that will cause the collector current to reach zero
with the input signal amplitude as shown, the transistor will
be cut off during a portion of the alternation. This circuit ac-
tion is called cutoff limiting. When the amplitude of the input
signal is AB, the signal drives the circuit beyond cutoff and no
current flows. The output in this example is at —20 volts.
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Next, let us consider the second alternation in Fig. 6-1. The
input voltage aids the forward bias produced by the base-emit-
ter battery B1l. As a result, the forward voltage is increased,
thereby increasing the emitter current. Both the collector and
base currents are increased by corresponding amounts. In-
creased collector current flowing through the load resistor in-
creases the voltage drop across the resistor. Thus, the collector
voltage V. rises (becomes less negative) to —12.1 volts. This
effect is seen in the output waveform at B. As the input signal
starts to decrease (CD), the output waveform begins to go
more negative. During the entire negative alternation, the in-
put signal aids the forward bias. The output signal is positive-
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Fig. 6-1. Cutoff limiting using pnp transistor.
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going, although, as shown, the entire output signal is negative
due to the applied —20 volts.

The extent of cutoff limiting in the signal is determined
chiefly by the forward-bias value. However, the type of tran-
sistor, as well as the input circuit resistance and input-signal
amplitude are also determining factors that affect the amount
of cutoff limiting. A decrease in the forward-bias voltage shifts
the operating point to a lower value of quiescent base current,
thereby increasing the amount of cutoff limiting. Increasing
the forward bias shifts the operating point to a higher value
of quiescent base current, thereby decreasing the amount of
cutoff limiting. If the input signal in Fig. 6-1 should be reduced
to a very small amplitude, the limiter would operate as a CE
amplifier.

SATURATION LIMITING

The circuit in Fig. 6-2 uses a pnp transistor connected in a
CE amplifier configuration, and biased for saturation limiting.
During the first (positive) alternation, the input signal voltage
opposes the forward bias supplied by the base-emitter battery
B1. The resultant forward voltage is decreased, thereby de-
creasing the emitter current. Both the collector and base cur-
rents are decreased by corresponding amounts. The decreased
collector current flowing through load resistor R produces a
smaller voltage drop across Rp. Collector voltage V. changes
from a no-signal value of —1 volt to —6 volts as shown in Fig.
6-2B. This may be determined from the characteristic curve of
the limiter circuit shown in Fig. 6-2C. For the entire half-cycle
that the input goes positive, the output is negative-going. No
limiting action occurs over this half-cycle.

During the second alternation in Fig. 6-2, the input signal
voltage aids the forward bias produced by the emitter-base
battery. The resultant forward voltage is increased, thereby
increasing the emitter current. Both the collector and base
currents are increased by corresponding amounts. The operat-
ing point of the circuit in Fig. 6-2C has been established on the
load line above the point for class-A operation. The increase in
amplitude of the input signal between X and Y does not in-
crease the collector current, which is at saturation. Increased
collector current flowing through load resistor R; increases
the voltage drop across Ry. At saturation, a steady voltage of
about 15.9 volts opposes the battery voltage B2.

Note that the output voltage levels off at —0.1 volt in Fig.
6-2. This may be determined from the characteristic curve of
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the limiter circuit shown in Fig. 6-2C. Its effect, seen on the out-
put waveform, is called saturation limiting. Increasing the for-
ward bias shifts the operating point to a higher value of quies-
cent base current, thereby increasing the amount of satura-
tion limiting. Decreasing the forward bias shifts the operating

OUTPUT S IGNAL

(A) Schematic. (B) Output signal.
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Fig. 6-2. Saturation limiting using pnp transistor.

point to a lower value of base current, thereby decreasing the
amount of saturation limiting. Other factors determining the
amount of saturation limiting are the type of transistor, the
input circuit resistance, and the amplitude of the input signal.
Saturation limiting is employed less commonly than cutoff lim-
iting because the transistor is operated near its maximum
rated power dissipation, which complicates the design problem.
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Fig. 6-3. Transistor triode limiter.

CUTOFF AND SATURATION LIMITING

Fig. 6-3 depicts a conventional CE amplifier circuit that can
be adjusted for either cutoff or saturation limiting. When R2
is adjusted for minimum forward bias, the circuit operates as
a cutoff limiter; if R2 is adjusted for maximum forward bias,
the circuit operates as a saturation limiter. Again, if R2 is set
to the midpoint of its range, conventional amplifier action is
obtained with a small or moderate input signal amplitude. A
large input signal amplitude produces both cutoff and satura-
tion limiting, as shown in Fig. 6-4. The saturation level is indi-
cated at (1), the quiescent level at (2), and the cutoff level at
(3). Thus, a sine wave is shaped into a semisquare wave. This
arrangement has the same disadvantage as noted previously
for a simple saturation limiter. Therefore, it is more common
practice to use a pair of cutoff limiters connected in cascade to
provide both positive and negative peak limiting.

When a square wave is to be formed by limiting a sine wave,
successive amplification and clipping must be utilized to obtain
fast rise. Because numerous transistors and associated compo-
nents are required, it is usually preferred to generate square

Fig. 6-4. Clipping of both positive and negative peaks.
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waves directly by means of multivibrators, as explained pre-
viously. However, limiters serve a unique purpose, for exam-
ple, in fm radio receivers, and in the sound sections of TV
receivers. Fig. 6-5 shows a limiter arrangement for a TV
receiver. This is a diode-transistor cascade limiter. Diode X8
conducts on negative peaks, and thereby limits the negative
excursion of the signal by short-circuiting the input circuit of
the transistor. Positive peaks are applied to the base of tran-
sistor Q10, thereby providing cutoff limiting. Subsequent lim-
iting action is provided by the ratio detector.

TRANSISTOR CLIPPER CIRCUITS

We have seen that a limiter rejects the positive peak, nega-
tive peak, or both positive and negative peaks of a waveform.
On the other hand, a clipper passes either the positive peak
or the negative peak, and rejects the remaining portion of the
waveform. For example, Fig. 6-6 depicts a negative-peak clip-
per. The base-emitter junction of the transistor is normally
zero-biased. However, when an input signal is applied, the
base draws current on negative half-cycles. This causes the
coupling capacitor to charge and produce positive signal-devel-
oped bias on the base. Therefore, the transistor is reverse-
biased with signal present. Between negative input-signal
peaks, some of this bias leaks to ground. The amount of decay
depends on the RC time constant of the base circuit.

It follows that the input signal in Fig. 6-6 will produce suffi-
cient base conduction on each negative peak to replace the
charge decay. In turn, the amount of clipped-peak waveform
that appears in the collector circuit depends on the RC time
constant of the base circuit. The extent of clipping also de-
pends on the input signal level. At very small input levels, al-
most one-half cycle is passed into the collector circuit; how-
ever, at high signal levels, only a small portion of the peak

NEGATIVE-PEAK CLIPPER

Fig. 6-6. Negative-peak clippar.
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drive waveform passes into the collector. This basic arrange-
ment is widely used in sync-separator configurations, as shown
in Fig. 6-7. Note that the negative sync tips are stripped from
the video signal, amplified, and passed into the collector load.

The normal dc voltages in the absence of signal in Fig. 6-7
provide forward bias of 0.2 volt on Q13. An average video
signal applies 1 volt pk-pk drive to the base of the transistor.
Signal-developed bias reverse-biases the base-emitter junction,
and only the negative sync tips can drive the transistor into
conduction. Because the video-signal level varies from one
channel to another, it is desirable to have bias regulation to
maintain the clipping point at the black level of the video
signal. This is the funetion of diode X38. When the signal level
is high, the diode conducts more, or its internal resistance
decreases. In turn, the emitter bias voltage becomes less nega-
tive, and part of the signal-developed bias is effectively can-
celled, Thereby, the clipping point of the transistor tends to
“follow” the black level in the video signal.
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Fig. 6-7. Peak clipper used as sync separator.

TRANSISTOR SWITCH WAVESHAPERS

Pulse and switching waveshapers are used in television,
radar, telemetering, pulse-code, and computer equipment. In
this chapter, we are concerned chiefly with the basic features
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of transistor switch waveshapers. Pulse and switching circuits
are normally characterized by large-signal, or nonlinear oper-
ation of a transistor. Circuit operation usually entails a driv-
ing pulse, which might be generated by a blocking oscillator,
for example. The circuit develops a discontinuous change in
voltage level or current level. That is, the input waveform
(trigger pulses) produces output signals that have large and
sudden changes in voltage or current. We will find that the
output waveform may differ considerably from the input wave-
form. A switching circuit has two states: the transistor is
either cut off, or it is in collector saturation.

Trigger-pulse waveforms are illustrated in Fig. 6-8. For
simplicity, these are shown as ideal waveforms with zero rise
and fall times. A voltage that undergoes a sudden change in
amplitude from one level to another is called a unit step volt-
age. In pulse and switching-circuit application, when the unit
step voltage is the applied signal, it is commonly of sufficient
amplitude to cause the circuit to change from a conduction
state to a cutoff state, or vice versa. In turn, a unit step voltage
in the output section of the circuit results from the change of
state.

In Fig. 6-8, a positive unit step voltage waveform is shown
at A. At time t,, the voltage level is increased positively by an
amplitude V. This voltage level does not necessarily have to
increase from zero to its maximum value. If the initial voltage
was at a negative potential, and then changed to zero, note that
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a positive unit step voltage would be produced. Fig. 6-8B de-
picts a negative unit step voltage. At time t., the voltage level
is decreased by an amplitude V. In this example, the change in
level could be from a high positive potential to a lower positive
potential. Fig. 6-8C depicts a square or rectangular pulse
waveform. At time t,, the voltage level is increased by an am-
plitude V. Between t; and t,, a new constant voltage level is
established. At time t., the voltage level is decreased by an
amplitude V. Thus, a square pulse can be described as formed
by two unit step voltages, one of which is positive and the other
negative,

When a transistor is operated in the switching mode by a
pulse-input waveform, it may be regarded basically as an over-
driven amplifier, being driven alternately from cutoff into
collector saturation, and vice versa. A transistor switeh is
analogous to a relay. Various circuit configurations have asso-
ciated advantages and disadvantages. The CE output charac-
teristics of a typical pnp transistor are shown in Fig. 6-9A.
These characteristics are arranged in three regions: cutoff,
active, and saturation. An arbitrarily chosen load line and the
maximum permissible power dissipation curve are also shown.
We consider the cutoff and saturation regions to be the stable
or quiescent regions of operation. A transistor is considered
to be in the off (nonconducting) or on (conducting) state
when it is operated in the cutoff or saturation regions, respec-
tively. The third region of operation, called the active region,
is the unstable (transient) region through which operation of
the transistor passes while changing from the off state to the
on state.
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Fig. 6-9. Transistor characteristic curves, switching application.
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Fig. 6-10. Transistor switching circuits,

The effect of base-bias voltage V;; on collector current I
in the cutoff and active regions is shown in Fig. 6-9B. A typi-
cal transistor switching circuit is shown in Fig. 6-10A. Switch
S1 represents a pulse waveform source, such as a blocking os-
cillator. It controls the polarity and amount of base current
from battery Vi, or V.. Resistors Ry and Ry are current-
limiting resistors. The emitter-base and collector-base diode
and switch equivalent circuits representing the off and on (dc)
conditions of the transistor switching circuit are shown in
Fig. 6-10B and C. Note that although a CE configuration is
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depicted in Fig. 6-10, we may employ any of the three basic
configurations shown in Fig. 6-11. These various circuits have
advantages and disadvantages in switching applications, as
explained subsequently.

- . ' .
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(A) Common base (CB).
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(C) Common collector (CC).

Fig. 6-11. Basic amplifier configurations.

The cutoff region in Fig. 6-9A includes the area above the
zero base-current curve (Iz = 0). Ideally, with no base current
flow, there would be zero collector current. That is, the collec-
tor voltage would equal the battery voltage Ve in Fig. 6-10A.
However, at point X on the load line in Fig. 6-9A, a small
amount of collector current flows. (See the horizontal projec-
tion to the collector-current axis.) This is more clearly indi-
cated in Fig. 6-9B, where, at zero base-bias voltage (point X),
the collector current Ic equals approximately 0.05 ma. This is
the reverse-bias collector current for the CE configuration.
Note that the application of a small reverse base-bias voltage
Ve (approximately 0.075 volt), reduces the value of reverse-
bias collector to the value of Icgo. We recall that the significance
of Icpo is as shown in Fig. 6-12.
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Fig. 6-12. Icro measurement.

OPEN T

MEASUREMENT

Ieeo

Collector voltage V¢ in Fig. 6-9A is indicated by the verti-
cal projection from point Y to the collector-voltage axis. This
value is equal to the difference in magnitude between the bat-
tery voltage (12 volts in this example) and the voltage drop
produced by reverse-bias collector-current flow through load
resistor Ry, in Fig. 6-10A. Normal quiescent conditions for a
transistor switch in this region require that both the emitter-
base junction and collector-base junction be reverse-biased.
With S1 in its off position, the emitter-base junction is biased
by Vi. via Rgs. This is comparable to application of a positive
unit-step voltage. The collector-base junction is reverse-biased
by V¢ via Ry ; the transistor is in its off state. We will find that
a switching circuit is designed to produce very fast transition
between its off and on states.

Both limiting and switching circuits are commonly used in
cascade for horizontal deflection of a picture tube. For exam-
ple, Fig. 6-13 shows a limiter stage that is driven by the output
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from a blocking oscillator. The output waveform is limited to
form a rectangular pulse. This pulse drives a power-output
transistor connected in a switching arrangement. Note that
the output transistor Q22 is reverse-biased; this is a signal-
developed bias produced by base-current flow on drive peaks
that charge C33. The chief requirement is that Q22 be driven
with great rapidity from its off state to its on state, and vice
versa.

In the diode equivalent circuit of the transistor in Fig.
6-10B, diodes X and X represent the emitter-base and collec-
tor-base junctions, respectively. Diode X;; is reverse-biased by
Vi diode X is reverse-biased by V. Ideally, there is no cur-
rent flow through Ry, and V¢ equals Ve, The circuit thus rep-
resents an open switch, as depicted in Fig. 6-10C. That is, the
initially applied bias causes S1 and S2 to open the output cir-
cuit. The active linear region shown in Fig. 6-9A is the only
region that provides conventional amplifier action. In the lin-
ear region, the collector-base junction is reverse-biased, and
the emitter-base junction is forward-biased. Transient re-
sponse of the output signal is essentially determined by the
transistor characteristics in this region. In a switching circuit,
this is called the transition region.

Operation of S1in Fig. 6-10A to its or position is comparable
to the application of a negative unit-step voltage. Forward bias
is established by Vg, via Ryy, and I; and I, become transitory,
moving from point X in Fig. 6-9A along the load line to point
Y. Here, collector current reaches saturation; the signal passes
through this region rapidly. Note that load line A passes
through the maximum power-dissipation curve. This is permis-
sible because the excursion of collector current through the
“forbidden region” is very rapid, so that the average power
dissipation is low through the forbidden region and does not
damage the transistor.

Some horizontal-deflection systems include an emitter fol-
lower that serves as an impedance-matching device, as shown
in Fig. 6-14. It provides improved power-transfer efficiency,
although an extra transistor is required. Good efficiency is de-
sirable to minimize battery drain. Note that in the saturation
region shown in Fig. 6-9A, an increase in base current does
not cause an appreciable increase in collector current I.. At
point Y on the load line, the transistor is in its saturation re-
gion. I, measured by the horizontal projection from Y, is at a
maximum, and Vg, which is measured by vertical projection
from Y, is at its minimum value. This value of collector voltage
is called Vg Excessive or “deep” saturation is undesirable,
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because it tends to distort the output waveform, as explained
subsequently in greater detail. The saturation region is also
called the bottomed region of the transistor.

In Fig. 6-10A, when I reaches its limited value, the transis-
tor saturates and is in its on state. In the diode equivalent cir-
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cuit of Fig. 6-10B, X and X are forward-biased. X is for-
ward-biased by Vge. The saturation voltage V¢, drops to a
smaller negative value than Vi ; the difference of these volt-
ages produces the forward bias Vg on X¢. That is, the equiva-
lent switch circuit is closed. S1and S2close the circuit for Ve
via Ry. The circuit is switched from the on state to the off state
in a similar manner. Small input voltage or current pulses can
control large output voltage or current pulses. If greater
power output is required than can be provided by a single tran-
sistor, two transistors are often paralleled, as depicted in Fig.
6-15.

Another method of obtaining greater output power is to use
a silicon controlled rectifier instead of a horizontal-output
transistor, as shown at X28 in Fig. 6-16. An SCR is analogous
to a thyratron, as a transistor is analogous to a triode tube.
That is, an SCR can be gated into conduction, but will not
thereafter cease conduction until the output voltage swings to
zero. That is, the input gating pulse cannot bring the SCR out
of conduction. It is often more economical to use an SCR as
a gated control switch than two or more transistors connected
in parallel.

We also find horizontal-output transistors connected in the
CC configuration, as shown in Fig, 6-17. All three of the basic
configurations shown in Fig. 6-11 may be operated in the
switching mode. The CB configuration operates as a series
switch. The collector output current is a large percentage of
the emitter input current. For practical purposes, we may con-
sider these two currents to be equal. The transient response of
the CB arrangement is better than that of the other basic cir-
cuits. However, impedance matching may present a problem
because the input resistance is low and the output resistance
is high.

The CE configuration operates as a shunt switch. That is,
the base input current merely controls the collector output
current. Transient response is poorer than that of the CB ar-
rangement. However, it has high power gain, and impedance
matching usually imposes fewer problems. Next, the CC con-
figuration also operates as a shunt switch. Its voltage gain is
practically unity. The CC switch is easily driven because of its
high input resistance. Its low output impedance is well adapted
to loads that draw heavy ac currents. A CC switeh is usually
driven near, but not into its saturation region because both
input and output resistances change greatly in the saturation
region, which causes difficulties in avoiding output waveform
distortion.
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REVIEW QUESTIONS

Name the three basic types of limiters.
How is cutoff limiting accomplished ?

. Explain how saturation limiting is provided by a tran-

sistor.

Describe combination cutoff and saturation limiting action.
How can a semiconductor diode and a transistor provide
limiting of both signal peaks?

Discuss the operation of a negative-peak clipper that uses
signal-developed bias.

Distinguish between a limiter circuit and a clipper circuit.
Define a unit step voltage waveform.

What is the basic characteristic of a transistor switch
waveshaper?

Explain the action of trigger pulses in a switching circuit.
Define the cutoff, active, and saturation regions of a tran-
sistor.

Which are the stable regions of operation?

Identify the unstable region of a switching transistor.
Describe the basic Icgo measurement.

Define the on and off states of a switching transistor.



16.
17.

18.

19.
20.

21.
22.
23.

24.

Why is a limiter often used to drive a switching transistor?
What is the advantage of driving a switching transistor
with an emitter follower?

Explain why a pair of switching transistors may be oper-
ated in parallel.

Describe the function of a silicon controlled rectifier.
What advantage does an SCR offer in a horizontal-output
system?

Name the three basic transistor switching configurations.
State the chief features of a CB switching circuit.

What are the basic characteristics of a CC switching con-
figuration?

Compare a CE switch with a CC switch arrangement.
Why is a CC switch ordinarily driven short of saturation?
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Transistor Black-and-White
TV Circuits and Waveforms

Several types of waveforms come into analysis in transistor
black-and-white TV circuits. The most prominent type is the
self-generated waveform; with reference to Fig. 7-1, such
waveforms are found in the uhf tuner, vhf tuner, vertical-
oscillator, and horizontal-oscillator sections. These are the
source sections of self-generated waveforms, from which the
waveforms branch out through waveshaping circuits into
many driven sections. In other words, we are concerned with
the ac voltage distribution of the receiver in the same way that
we are concerned with the de voltage distribution. Many of the
source waveforms, such as those generated by the vertical and
horizontal oscillators and processed by waveshapers, can be
observed directly with the aid of a scope. On the other hand,
waveforms generated by the uhf and vhf oscillators have fre-
quencies that are beyond the capabilities of ordinary service
scopes, and these waveforms must be analyzed indirectly.
Therefore, we subclassify self-generated waveforms into the
directly observable types, and the indirectly observable types.

Next, let us note another basic type of waveform that is al-
most as prominent as the self-generated waveform. This class
of waveform is the applied type, which is subclassified into
the signal and power types. With reference to Fig. 7-1, such
waveforms are found throughout the signal channels and the
sync channel, and in the low-voltage power supply (provided
the transistor receiver is operated from a 60-Hz line). Applied
waveforms are, in turn, subclassified into normal-operation
and test-signal types. For example, the composite modulated-rf
video signal supplied by an antenna is a normal-operation
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waveform. Signals supplied by signal generators, audio oscil-
lators, sweep-and-marker generators, square-wave generators,
and TV analyzers are test-signal types of waveforms.

Waveforms are also classified into generic and derived types
of waveforms. For example, the output from a vhf oscillator
is a generic waveform, which means that it is the actual wave-
form generated by the transistor circuit. On the other hand,
the beat waveform that is produced by mixing the vhf oscilla-
tor output with the output from a signal generator is a derived
waveform. This means that we invoke a process that operates
on the generic waveform and develops a new waveform that is
related to the generic waveform, but is not the same. For ex-
ample, if we apply an fm sweep signal to the input terminals of
a vhf tuner, the signal beats with the vhf-oscillator waveform
and develops a new waveform called a frequency-response
curve. A frequency-response curve is a derived waveform.

Generic waveforms are illustrated in Fig. 7-2A and B. Two
generic waveforms are also shown in Fig. 7-2C. On the other
hand, the waveform to Q22 is a shaped waveform. In the first
analysis, we merely note the waveform amplitude by measur-
ing its peak-to-peak voltage. Preliminary signal-tracing pro-
cedures involve only a check for presence or absence of various
waveforms. More detailed analyses include measurement of
frequency or repetition rate, and observation of waveform dis-
tortions. There are many classifications of waveform distor-
tion, the more basic types of which are explained subsequently.
Every effect has its cause, and if you know how to analyze the
effect, you can proceed without hesitation to its cause. Note
that waveform displays can be completely misleading unless
good practices are observed. For example, circuit loading can
be a problem in some situations.

Fig. 7-8 illustrates normal and distorted waveforms of the
applied test-signal type. Note that the antenna supplies a com-
posite modulated-rf video signal, which is a normal-operation
waveform. This waveform is immediately converted into a
derived waveform by beating against the local-oscillator out-
put. In turn, the derived waveform is a composite modulated-rf
video signal with a beat envelope. This derived waveform is
then heterodyned by the mixer transistor which operates as a
nonlinear device to produce the i-f signal. This i-f signal is a
composite modulated-i-f video waveform which has a lower
carrier frequency than the input waveform. Next, the i-f wave-
form is processed by a semiconductor diode that operates as a
nonlinear device to develop the envelope waveform as depicted
in Fig. 7-4.
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(B) Presence of 60-Hz hum voltage.

Fig. 7-3. Normal and distorted signal waveforms.
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Fig. 7-4. Processing of video i-f signal to develop envelope waveform.
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SIGNAL-TRACING PROCEDURES

Signal tracing generally refers to checking the course of an
applied composite video signal through the picture, sound, and
sync channels. On the other hand, waveform checking gener-
ally refers to the analysis of self-generated waveforms. These
two areas of troubleshooting overlap because a horizontal-afe
waveform, for example, comprises both applied and self-gen-
erated components. Nevertheless, the general distinction is a
useful one. In the i-f amplifier, a demodulator probe must be
used with the scope to check the progress of an i-f signal. A
typical demodulator probe is depicted in Fig. 7-5. Note that
the probe has an input resistance of about 15,000 ohms and an
input capacitance of approximately 2.5 pF when an i-f signal
is applied. This is a comparatively high input impedance, com-
pared with the internal impedance and the load impedances of
the i-f transistor (see Fig. 7-6). Therefore, signal tracing in
the i-f amplifier usually involves no serious loading problem.

Waveforms processed by a demodulator probe are usually
distorted, due to the limited envelope response of the probe.
Therefore, it is helpful to operate the scope on 30-Hz deflec-
tion, so that the vertical interval and low-frequency compo-

PROBETIP i ¢ AMA—SZZzesscooaoooroo o VERTICAL
270 pF 220K INPUT TO S COPE
120K
.
INMA R
o GROUND
L

(A) Schematic of probe.

FREQUENCY RESPONSE CHARACTERIS [TCS:

RF CARRIFR RANGE < +=vrsrrrareascrsetscsancocancnsss 500 kHz to 250 MHz
MODULATED-SIGNAL RANGE «»«seeesesnsresnneeesssasiesansens 30 to 5000 Hz
INPUT CAPACITANCE (APPROX.) 2.25pF
EQUIVALENT INPUT RES ISTANCE {APPROX. ):
AT SO0 KHZ »ooevrsesersoerrartoosensocrsrrassenissscisrassons 25, 000 OHMS
1MHZ --e .

23, 000 OHMS

5 MHZ - -+ 21, 000 OHMS

10 MHz -+ -+ 18, 000 OHMS

S0 MHZ »+ e+ ++++ 10, 000 OHMS

JOO MHZ cvvooererocrseraresiorerssesnnscssonsecennanes o+ 5000 OHMS

150 MHZ oo veeneseanenenceestcsectenrenaranuamsnnnstecessenns 4500 OHMS

20D MHZ s eveteerieiinanie i iaam s ae e a e 2500 OHMS
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Ac VOLTAGE ----------------------------------------------- 20 RMS VOLTS

28 PEAK VOLTS
(B) Specifications.
Fig. 7-5. Typical demodulator probe and specifications.
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nents of the video waveform are displayed. We are chiefly in-
terested in the presence or absence of signal. Peak-to-peak
voltage measurements are unreliable because the input capaci-
tance of a demodulator probe tends to detune the circuit across
which it is applied. This detuning effect will occasionally throw
an i-f amplifier into oscillation, if the amplifier is substantially
regenerative. For example, if one of the neutralizing capaci-
tors in Fig. 7-6 were open, there is a possibility of oscillation
when the probe is applied at associated terminals. Oscillation
in an i-f amplifier blocks signal passage, and can be confused
with other defects such as short-circuits. Note that if oscilla-
tion occurs, the dc voltage output from the picture detector
increases greatly.

A demodulator probe is also used to signal-trace the inter-
carrier sound i-f signal from the sound-takeoff point in the
video amplifier to the fm detector. Fig. 7-7 shows the configu-
ration of a typical intercarrier sound i-f system. Since the
bandwidth of a sound i-f amplifier is comparatively narrow,
the collector load impedances are comparatively high. There-
fore, a demodulator probe loads the tuned circuits and detunes
them from their 4.5-MHz center frequency ; however, the pres-
ence or absence of signal at each stage is clearly indicated in
the test. Note that an intercarrier sound signal must be pres-
ent. A TV station signal is suitable, or a TV analyzer signal
that has a 4.5-MHz tone signal included with the video signal.
The tone signal is displayed as a sine wave on the scope screen.

An rf sweep generator provides a suitable test for signal
tracing through the picture channel to the output of the video
amplifier. However, an rf sweep signal applied to the antenna-
input terminals of the receiver will not provide an intercar-
rier-sound signal. If a sweep generator or an a-m generator is
to be used for signal-tracing the intercarrier-sound channel,
the signal must be applied at the output of the picture detector,
and the generator must be tuned to a center frequency of 4.5
MHz. Note in passing that service-type a-m generators usually
have more or less incidental fm. This means that if the genera-
tor is tuned to 4.5 MHz, and is amplitude-modulated, the out-
put signal will eontain incidental fm in addition to amplitude
modulation. Greater percentages of amplitude modulation tend
to produce greater deviation of the carrier.

In the video-amplifier section of the receiver, a low-capaci-
tance probe is used with the scope in signal-tracing procedures.
Fig. 7-8 depicts the configuration of a typical video amplifier.
The first stage operates as an emitter follower, and produces
no voltage gain. However, it provides the needed current gain
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for driving the video-output transistor. The total voltage gain
of the system is 125 times in this example. A signal-tracing test
not only shows the stage gain, but also shows distortion that
may be occurring. For example, if a transistor is clipping the
camera signal, the scope display appears as illustrated in Fig.
7-9. Poor high-frequency response produces rounding of the
sync pulses. However, analysis of frequency response can be
made to better advantage with a video-frequency sweep gen-
erator, or a square-wave generator.

A low-capacitance probe is also used to trace signals through
the audio amplifier and the syne system. A TV station signal
can be used, although generator signals are preferable because
they are steady. If a TV analyzer is available that provides a

Fig. 7-9. Clipping of camera signal.

4.5-MHz tone signal, a sine waveform will normally be ob-
served in the audio section. Otherwise, the audio output from
an a-m generator, or from an audio oscillator, can be applied
at the input of the audio section. To check the sync system, any
pattern generator can be used. For example, a test-pattern
generator, white-dot or crosshatch generator, or even a color-
bar generator is suitable. It is desirable to use a generator that
provides well-shaped sync pulses, so that a meaningful com-
parison can be made with the waveforms specified in receiver
service data.

Fig. 7-10 shows a typical horizontal and vertical syne sys-
tem. The syne-separator transistor Q12 is reverse-biased, and
clips the sync tips from the composite video signal. This stage
provides a voltage gain, and drives synec-phase inverter Q13,
which provides double-ended output. R71 and C67 form an in-
tegrating circuit that accepts the vertical-sync pulses and re-
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jects the horizontal-sync pulses. To avoid confusion due to
kickback from the vertical oscillator, the oscillator transistor
is removed from its socket during the waveform check. The
integrator normally introduces an insertion loss of 37 percent.
Diode X12 is used to minimize reverse coupling from the verti-
cal oscillator into the sync phase-inverter stage.

The foregoing waveforms are signal waveforms. However,
the waveforms associated with M8 are combination wave-
forms; they comprise horizontal sync pulses and comparison
pulses from the flyback section that have been shaped in saw-
tooth waves. Both the amplitudes and the shapes of these wave-
forms are of practical concern. In case of sync trouble, signal-
tracing procedures are very helpful to localize the defective
stage. Then, dc voltage and resistance measurements are gen-
erally utilized to close in on the defective component. Due to
circuit interaction, trouble symptoms are not always clear. For
example, if one diode in the sync phase-comparison circuit has
a poor front-to-back ratio, all three waveforms will be dis-
torted. Therefore, it is usually necessary to check the front-to-
back ratios of both diodes.

WAVEFORM ANALYSIS

The waveforms in a TV receiver system are not sharply dis-
tinguished from signals, as noted previously. However, it is
helpful to classify those ac voltages that are self-generated as
waveforms. From this practical viewpoint, we find waveforms
in the rf tuner, vertical and horizontal sections, and in a re-
lated way in the power supply system. The 117-volt 60-Hz line
applies a sine waveform to the power supply, and this sine
waveform is not classified as a signal. Instead, it is an applied
power waveform. Again, with reference to Fig. 7-2B, the three
ac voltages that are illustrated are called waveforms, and are
not described as signals.

Analysis of the drive waveform to Q22 in Fig. 7-2C entails
a measurement of its peak-to-peak voltage, repetition rate,
pulse width, waveshape, and its rise and fall times. A scope
calibrated in peak-to-peak voltage values is utilized to measure
the amplitude of the waveform. Its repetition rate can usually
be taken for granted because the symptoms of horizontal syne
loss are generally prominent. However, in the case of a dark
screen, measurement of repetition rate is necessary. That is,
the amplitude and shape of the waveform might be normal, but
if its repetition rate is greatly abnormal or subnormal, the
horizontal-output system develops deteriorated circuit action.
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If we know that the repetition rate of the drive waveform
to Q22 in Fig. 7-2C is normal, we need not measure the pulse
width directly. Instead, we can merely note the duty cycle and
compare it with the duty cycle specified in the receiver service
data. Direct measurement of pulse width requires a scope that
has a calibrated time base. The waveshape can be evaluated
with an ordinary service-type scope, provided that the scope
has ample bandwidth to accommodate the higher harmonics in
the waveform. The horizontal-output system will not operate
normally if the rise and fall times of the drive waveform are
too slow. Measurement of rise or fall time requires a scope that
has triggered and calibrated sweeps. Since only a minority of
service shops have this type of scope available, rise and fall
times are generally omitted from receiver service data. That is,
routine service work does not provide for this aspect of wave-
form analysis.

Key waveforms for a vertical-sweep system are illustrated
in Fig. 7-11. Waveform analysis entails a measurement of
peak-to-peak voltage, repetition rate, and waveshape. Rise and
fall times are of comparatively little significance in this case,
and are considered only under the classification of waveshape.
The amplitude of a vertical-system waveform is of basic con-
cern. Repetition rate has an important effect on amplitude, but
we need not measure the waveform repetition rate unless the
screen is dark. As long as the pattern is in vertical sync lock,
the repetition rate will be correct. Waveshape is also of basic
significance. Distortion of any type indicates a circuit defect
that should be localized and identified. In the analysis of wave-
shape, the linearity of the drive waveform to Q18 is of basic
concern. It is closely associated with vertical linearity in the
picture. If the specified waveshape cannot be matched by ad-
justment of the vertical-linearity control, we know that a com-
ponent defect is present.

Of course, there is a possibility of reflected trouble in the
system of Fig. 7-11. For example, if there is an open damping
resistor, a ringing interval will be generated in the output
waveform. Due to feedback via T3, this ringing interval will
also appear in the drive waveform to Q18. Therefore, wave-
form analysis necessitates the consideration of reflected trou-
ble possibilities; otherwise, we can waste time looking for the
defective component in the wrong places. Interpretation of dis-
torted waveforms requires both study and practical experience.
If we have a good understanding of circuit action, waveform
analysis becomes much less mysterious than it seems to the
beginner.
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Circuit interaction is also encountered in the horizontal-out-
put system. For example, with reference to Fig. 7-12, a few
shorted turns in T6 can change the amplitudes and shapes of
many of the waveforms. The horizontal-hold control should
first be adjusted so that the horizontal oscillator free-wheels
at approximately 15,750 Hz. This permits us to determine
whether the drive waveform to Q17 is correct. Since the tran-
sistor operates as a buffer, component defects in the output
system will not affect the drive waveform under this condition
of test. Leaky or open capacitors can produce waveform distor-
tions that are easily confused with transformer defects. Since
capacitors are the more common troublemakers, we check out
the capacitors first in case of doubt.

Next, let us briefly consider a keyed-agc circuit, such as the
one depicted in Fig. 7-13. We normally find a video waveform
at the base of the transistor, such as that illustrated in Fig.
7-3A. A flyback pulse is introduced from the sweep section,
which becomes shaped into a sawtooth waveform. This pulse is
the collector-supply voltage, and the pulse is normally coin-
cident with the horizontal-syne pulse applied to the base. Since
the emitter is reverse-biased, Q7 can conduct only when the
flyback pulse is present. The amount of pulse conduction de-
pends on the amplitude of the horizontal-syne pulse. Since the
syne pulse is amplified during the conduction interval, the col-
lector waveform displays a combination of the shaped compar-
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SECTION -1V

Fig. 7-13. Keyed-agc circuit.
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ison pulse and the horizontal-sync pulse. Therefore, the picture
must be in horizontal sync in order to make a valid waveform
check.

Fig. 7-14 depicts a transistor power supply. The waveform
of interest in this case is the ripple waveform on the —11.8-
volt line. Its amplitude should not exceed the specified value—
0.5-volt pk-pk in this example. An excessive amplitude points to
a defective filter capacitor in most cases, although a leaky feed-
back-amplifier or current-regulator transistor can also cause
excessive ripple amplitude. Rectifier bridge defects show up as
subnormal dc voltage output. It is difficult to analyze the wave-
forms in the bridge-rectifier circuit unless a scope with bal-
anced vertical input is available. Few service shops utilize this
type of scope. Therefore, most component defects are localized
by means of voltage and resistance measurements. It is usually
necessary to disconnect one end of a rectifier for test.

FREQUENCY-RESPONSE CURVES

A comprehensive coverage of sweep- and marker-generator
application cannot be included in this book. Instead, only the
basic principles of response-curve analysis will be covered. In-
terested readers may refer to specialized alignment handbooks
for procedure information and data. Of course, because of cir-
cuit variations, the receiver service data should always be con-
sulted when a particular receiver is under test. Fig. 7-15 shows
the configuration of a typical transistor tuner. A normal
frequency-response curve is illustrated in Fig. 7-16A. We are
concerned with the hump frequencies and the waveform ampli-
tude. The hump frequencies are measured with a marker gen-
erator. Waveform amplitude can be evaluated only on the basis
of experience with the sweep generator and scope that are used
in the alignment procedure.

Fig. 7-16B shows how the picture-carrier and sound-carrier
frequencies normally fall on the humps of the rf response
curve. The humps may not be at exactly the same amplitude,
but large discrepancies should be avoided. That is, a reasonably
uniform 4-MHz band should be provided for the video-fre-
quency spectrum, and the audio-frequency spectrum should not
be excessively attenuated or boosted. Excessive tilt in the top
of the rf response curve is associated with impaired picture
quality. Because there are various active channels to contend
with, compromise alignment is often necessary, but we try to
approximate the specified frequency-response curve for each
active channel.
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A typical i-f amplifier strip is depicted in Fig. 7-6. Most of
the receiver gain and selectivity is developed in the i-f system.
Therefore, i-f alignment is a critical consideration in regard to
picture quality. Alignment procedure and the specified i-f re-
sponse curve for a typical transistor TV receiver are shown in
Fig. 7-17. The chief points in curve analysis are the frequen-
cies at the 50 percent-of-peak points, and the trap frequency.
These are 26.75, 23.75, and 22.25 MHz, respectively, in this ex-
ample. A specified curve also depicts the permissible sag at the
midband frequency (25 MHz). The bandwidth in this example
is 3 MHz. Reduced bandwidth is objectionable because it re-
sults in loss of picture detail. Increased bandwidth is desirable,
if it can be obtained without developing objectionable sag.

PICTURE SQUND
CARIRIER CARRIER
|

S
010 15kHz !
(A) Waveform. (B) Signal distribution,

Fig. 7-16. Rf frequency response curve.

Careful attention should be directed to the sound traps.
Unless the traps are adjusted correctly, sound interference is
likely to be visible in the picture. Then, if the fine-tuning con-
trol is misadjusted to minimize sound interference, the picture
quality will be impaired. Note that if a sound trap is mistuned
and falls in the video-signal passband, either the bandwidth of
the response curve will be reduced, or a “suck-out” will appear
in the curve. Both distortions are objectionable from the stand-
point of picture quality. If the specified response curve cannot
be reasonably approximated, a defect will be found in the i-f
system. Capacitors are the most common culprits.

A transistor video-amplifier configuration is shown in Fig.
7-8. The video-amplifier response curve can be checked with a
video-frequency sweep generator and a scope. Fig. 7-18 illus-
trates a typical video-frequency response curve. Curve analysis
concerns chiefly the bandwidth and the setting of the 4.5-MHz
trap. Bandwidth between the 50 percent-of-peak points should
be at least as great as that of the i-f amplifier; otherwise, the
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Fig. 7-18. Typical video-amplifier
response curve,

ZERO FREQUENCY 4.5-MHz TRAP

picture detail will be attenuated. Absorption markers are gen-
erally preferred to beat markers in this procedure, because
spurious markers are often produced by beat harmonics, and
can be very troublesome. Absorption markers do not produce
spurious markers.

SQUARE-WAVE TESTS

Since many service shops do not have video-frequency sweep
generators available, a square-wave test is often preferred. A
square-wave test is made as shown in Fig. 7-19. It is standard
practice to use a 100-kHz square wave, although other repeti-
tion rates are also useful in waveform analysis. The shape of
the reproduced square wave is chiefly dependent on the peak-
ing-coil inductances and damping-resistor values. However,
the values of the load resistors also affect square-wave re-
sponse. The square-wave response shown in Fig. 7-19B is typi-
cal of economy-type receivers. Deluxe receivers have somewhat
better transient response.

Objectionable waveform distortions include excessive over-
shoot, which may be accompanied by ringing. An overshoot of
10 percent can be tolerated. Diagonal corner rounding is seen
in Fig. 7-19B; excessive corner rounding points to out-of-tol-
erance peaking coils, and should be corrected. Overshoot and
ringing are associated with excessive gain at high frequencies,
which in turn is associated with load resistors that are too
small in value. Open damping resistors can also cause over-
shoot and ringing. If a scope is available that has a triggered
and calibrated time base, the rise time of the reproduced
square wave can be measured. A video amplifier that has a
bandwidth of 4 MHz has a rise time of approximately 0.08us.
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Fig. 7-19. Checking square-wave response of a video amplifier.

In any square-wave test, it should be remembered that the
scope must have better response than the video amplifier under
test. Otherwise, distortions introduced by the scope will be
falsely charged to the video amplifier. On the other hand, in
frequency-response tests, it is necessary that the scope merely
have good 60-Hz square-wave response. This is because the
sweep signal that is used in a frequency-response test is de-
modulated, and the wave envelope has a 60-Hz repetition rate.

REVIEW QUESTIONS

1. Name the sections in a TV receiver that generate wave-
forms.

2. Why is it impractical to display the output waveform from
a uhf oscillator on a scope screen?

3. How is the video i-f signal processed by the picture de-
tector?

4. Describe a signal-tracing procedure.

5. Why must a demodulator probe be used in signal-tracing
an i-f amplifier?

6. Explain how a video amplifier may clip the camera signal.
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10.
11.
12,
13.
14.

15.
16.

17.
18.

19.
20.

21.
22,

23.
24.

25.
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What is meant by an intercarrier sound signal?
Describe incidental frequency modulation.

. Why must a low-capacitance probe be used in checking

various waveforms?

Give an example of circuit interaction.

Explain the operation of a signal-biased sync clipper.
State some characteristics that are entailed in waveform
analysis.

Give an example in which rise time is a critical character-
istic.

When would the repetition rate of a waveform be of con-
cern?

Discuss a requirement for waveform linearity.

Why are waveforms with excessively high voltages avoided
in scope tests?

Describe the key waveform in an age cireuit.

What is the chief waveform of interest in a power-supply
system?

Explain what is meant by a frequency-response curve.
Which sections of a TV receiver are checked for frequency
response ?

What characteristics do we look for in an rf response
curve?

What characteristics do we look for in an i-f response
curve?

Name two ways in which a video amplifier can be checked.
Discuss the requirements in adjusting a video amplifier
for good frequency response.

Explain how component defects affect the square-wave re-
sponse of a video amplifier.
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Transistor Color-TV
Circuits and Waveforms

A color-TV receiver contains all the circuit sections found in
a black-and-white receiver, plus the chroma processing, color
sync, and convergence circuitry. Fig. 8-1 shows the block dia-
gram for a typical color-TV receiver. As far as the duplicated
black-and-white sections are concerned, there are certain
minor distinctions to be noted, as follows:

1. Tuner frequency-response curves are generally held to
somewhat tighter specifications than in monechrome re-
ceivers.

2. Similarly, i-f response curves are held to comparatively
tight specifications.

3. A delay line is included between the video-amplifier and
video-output stages. This delay line normally introduces
negligible waveform distortion, and delays the video sig-
nal for approximately .9us.

4. The video-amplifier system often provides phase compen-
sation and provides better square-wave response than its
monochrome counterpart.

5. A 3.58-MHz color-subcarrier trap is included in the video
amplifier (trap is not shown in Fig. 8-1).

6. Separate intercarrier-sound and picture detectors may be
employed.

Since waveform analysis is basically the same in the mono-
chrome sections of both color and black-and-white receivers,
the reader is referred to receiver service data for these sec-
tions. This chapter explains waveform analysis in the chroma
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processing and color-sync sections of transistor color-TV re-
ceivers. We will find that the basic chroma waveforms are
quite different from those that have been discussed previously,
although the general principles of scope application are the
same. It is essential to understand the circuit actions in the
chroma sections to interpret the waveforms effectively.

GENERAL SURVEY OF THE COLOR CIRCUITRY

Fig. 8-2 shows a typical chroma signal-processing and color-
sync configuration. The color signal is first applied to a chroma
bandpass amplifier, which is also called a color i-f amplifier.
This chroma section has the function of effectively separating
the chroma signal from the black-and-white signal, as ex-
plained in greater detail later. From the color i-f amplifier,
the chroma signal is fed to the three chroma demodulators.
These are combination phase and amplitude demodulators,
which operate as product detectors; note that a 3.58-MHz
color-subcarrier signal is fed into the chroma demodulators
from the color oscillator. The chroma demodulators also func-
tion as matrices in this example, by mixing the demodulated
chroma signal with the monochrome signal.

Other subsections include the color killer, which operates as
an electronic switch. In the absence of a chroma signal (during
reception of a monochrome signal), the color killer disables the
chroma circuitry, so that colored snow (confetti) cannot be
displayed on the picture-tube screen. Another subsection is an
automatic chroma-control (ACC) circuit that operates as an
age system for the chroma signal. Still another subsection is
the 3.58-MHz color oscillator, which contains an associated
color-sync function. Its purpose is to reconstitute the color sub-
carrier signal, and to maintain its frequency and phase in step
with the color subcarrier that is suppressed at the color-TV
transmitter.

CHROMA WAVEFORM FUNDAMENTALS

The complete color signal is a multiplexed waveform in
which the chroma information is encoded on a 3.58-MHz color
subcarrier. This subcarrier itself is suppressed at the color-TV
transmitter, and only the chroma sidebands are transmitted.
This is done to minimize crosstalk between the chroma infor-
mation and the monochrome information. As noted previously,
this color subcarrier (a 3.58-MHz sine wave) is reinserted by
the color receiver. A complete color signal with its encoded
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Fig. 8-2. Chroma signal processing
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(A) Y signal.

(B) Chroma signal.

(C) Saturated color-bar signal.

Fig. 8-3. Elements of NTSC color bars.

chroma components is depicted in Fig. 8-3. In this example, the
chroma information comprises color bars, consisting of the
primary colors, complementary colors, and white. Color sync
is accomplished by means of the color burst, which appears on
the back porch of the horizontal sync pulse.

Note that the chroma signal is characterized by phase and
amplitude variations, as depicted in Fig. 8-4. A color bar dis-
played on the picture-tube screen has the properties of bright-
ness, hue, and saturation. Brightness is determined by the
amplitude of the Y signal (Fig. 8-3). Hue is determined by
the phase of the chroma signal; saturation is determined by
the amplitude of the chroma signal. The Y signal is the same
as the monochrome camera signal. It appears at the output of
the picture detector in a color receiver, and is commonly fed
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through the video and Y amplifiers to the cathodes of the color
picture tube, as shown in Fig. 8-1. In some receivers, the Y
amplifier may be fed to the center tap on the secondary of the
chroma-demodulator transformer, as depicted in Fig. 8-2. The
result is the same in either case.

The chroma signal also appears at the output of the picture
detector; however, it is trapped out and does not pass through
the Y amplifier. Instead, the chroma signal is fed to the chroma
bandpass amplifier, and then to the chroma demodulators.
Although terminology differs, we often call the video-amplifier
section past the delay line the Y amplifier, and the section
prior to the delay line the video amplifier. Thus, the video sec-

(A) Screen pattern.
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(B) Vector relationships.

Fig. 8-4. NTSC generator output.
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tion carries both Y and chroma signals, while the Y section
carries the Y signal only. Chroma phases are measured with
respect to the burst phase. Color-TV transmission is a quadra-
ture system in which two phases, I and Q, of the subcarrier are
modulated as shown in Fig. 8-5.

Although I and Q demodulation is possible, it is compara-
tively complicated, and practically all modern color receivers
demodulate the chroma signal on axes other than the I and Q
phases. This is possible because the I and Q signals have com-
ponents on any axis that might be selected. Regardless of the
demodulation axes that are used, every chroma demodulation
system must produce output signals that havethe R—Y,B—-Y
and G — Y phases, as depicted in Fig. 8-6A. These three signals
are required for operation of the color picture tube. The R — Y
signal is fed to the red grid, the B — Y signal to the blue grid,
and the G — Y signal to the green grid.

; By W0E, +. g MEy PHASE OF |
R 7 SUBCARRIER PHASE 0F Q
coor | %g MATRIX /| eanDPASS casfab»339) SUBCARRIER
camERs [ uNIT FILTER sin (t+33%)
| —E-.60F,- .28~ 32 BURST PHASE /
PR stttz /5 2\
Ejcos twt+33% PHASE
'/ REFERENCE
BANDPASS 1
FILTER MODULATOR
— EM-EY0(Elcns(wl+33°)*iqsin(mh33oll
BANDPASS 0 R ADDER ADDER 50“23{’3;“
fg" bg-is2tge ey | FUTER MODULATOR[ . SECTION SsecTion [ oo
Tsin(wl'Bui Egsintwt 339
3.58 MHz 570 90° BURST
GENERATOR DELAY DELAY GATE
sintet+180%
SYNC &
L FREI“’/‘IJE“E‘EV BLANK ING
0 SECTION

Fig. 8-5. Partial block diagram of color-TV transmitter.

CHROMA SIGNAL PROCESSING

In a basic chroma demodulation system, R — Y and B — Y de-
modulators are used, and a chroma matrix is utilized to form
the G — Y signal. The chroma matrix mixes the R —Y and
B — Y signals in suitable polarities and amplitudes. Note in Fig.
8-2 that the chroma demodulators also operate as matrices;
however, these are not chroma matrices, but RGB matrices.
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This simply means that the demodulators outputs are red, blue,
and green signals, as depicted in Fig. 8-4. We also find X and Z
demodulation axes in common use, as shown in Fig. 8-6B.
After the X and Z demodulators, R, G, and B amplifiers are
used; these amplifiers operate as matrices, and their outputs
are R—Y, B—-Y, and G — Y signals. Thus, the RGB termi-
nology might be misleading in this case, and the beginner
should carefully note the circuit action.

Some color receivers use an R — Y demodulator, a B — Y de-
modulator, and a G — Y demodulator. Fig. 8-2 is a typical ex-
ample. It follows from Fig. 8-5 that an analogous color receiver

T
ian
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A
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R-Y X
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Z
{ B-Y
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Fig. 8-6. Standard demodulation axes.
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will have a chroma demodulator with an input consisting of an I
signal and a Q signal. There is a phase separation of 90 degrees
between these two signals. The receiver will also have another
chroma demodulator with the same I and Q signal input. The
3.68-MHz color subcarrier is also fed from the subcarrier os-
cillator into each of the chroma demodulators. However, the 1
demodulator operates with an injected subcarrier that has the
I phase, and the Q demodulator operates with an injected sub-
carrier that has the Q phase. The I and Q signals are separated
in the process of demodulation.

Waveform checks will show that injected 3.58-MHz subcar-
rier sine waves have comparatively large amplitudes; thus, the
peak of the injected waveform drives the demodulator tran-
gistor (or semiconductor diodes) into conduction for a small
interval of time. Thus, the demodulator transistor or diode is
cut off most of the time, and conducts briefly at the peak of the
subcarrier waveform. This is just another way of saying that
the I and Q signals are sampled by the chroma demodulators.
Sampling serves to separate one of the chroma signals from
its companion quadrature signal. With reference to Fig. 8-7,
a summary of the principal chroma demodulator arrangements
is presented. All of these systems employ the same circuit ac-
tions in various ways, and the result is the same for all.

The basic principle of chroma demodulation is seen in Fig.
8-8. There is a 90-degree phase difference between the I and Q
signals. Therefore, when the I signal reaches its peak value,
the Q signal is going through zero. Since the I demodulator is
driven into conduction on the peak of the I signal, as shown at
A by the heavy bar, only the I signal produces an output volt-
age during the conduction interval. Conversely, since the Q
demodulator is driven into conduction on the peak of the Q
signal, as shown. at A by the light bar, only the Q signal pro-
duces an output during the conduction interval. Thereby, the
two chroma signals separate the I and Q signals by a sampling
process. Note that the I signal might be positive during the
sampling interval (B), or it might be negative during the sam-
pling interval (D). Similarly, the Q signal might be positive
(C), or it might be negative (E).

This is called quadrature, or two-phase demodulation. It fol-
lows from Fig. 8-6A thatif R — Y and B — Y demodulators are
used, they operate as quadrature demodulators. However, X
and Z demodulators are modified quadrature demodulators; as
seen in Fig. 8-6B, the X and Z phases are separated by only
63.9 degrees. Complete separation of the X and Z phases is
accomplished by sampling the X signal as the Z signal goes
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through zero, and sampling the Z signal as the X signal goes
through zero. Normal operation of a chroma demodulator de-
pends on adjusting the phase of the injected 3.58-MHz oscil-
lator signal correctly, so that the desired signal is separated
cleanly. This is done on the basis of waveform checks, as will
be explained.

Let us consider the “phasing” of an R — Y and B — Y demod-
ulator system. We apply simultaneous R—Y and B— Y test
signals from a color-bar generator to the receiver; a scope is
connected in turn at the demodulator outputs to check the wave-
form of the demodulated signal. Fig. 8-9 shows results of these
tests. The demodulators should separate the R—Yand B—-Y
signals almost completely. If the demodulators are phased cor-
rectly, a single-bar (square-wave) signal is observed at each
output. Incorrect adjustment results in the display of two bars

CHROMA INPUT
R-Y
DETECTOR
CHROMA INPUT
oy oy R-Y OUTPUT
DETECTOR DETECTOR
6y |c-yourpyt
L MATRIX
G-Y 8-y
DETECTOR DETECTOR B-Y OUTPUT
(A) Triple demodulator. (B) R—Y/B—Y.
CHROMA INPUT
R-YOUTPUT_ CHROMA R-Y OUTPUT
R~ INPUT
DETECTOR l -
By [B-¥ourpuy t £55. oureLy
MATRIX
; > TRIODE1 | TRIODE 2
. G-Y QUTPUT
6-¥ OUTPUT
(C) R—=Y/G—Y. (D) Bootstrap.

CHROMA INPUT

j—————— R-Y OUTP!
R-Y AMP Latii

X
DETECTOR

G-Y OUTPUT

G-¥ AMP

— &
DETECTOR —‘—— i

B-Y AMP

—————+ B-¥ QUTPUT

(E) X/Z.

Fig. 8-7, Common demodulator systems.
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Fig. 8-8. Sampling 1 and Q signals.

(square waves), which may have various relative amplitudes,
at the output of each demodulator. If we are checkingan R — Y
demodulator, the desired output waveform appears as shown
in Fig. 8-9B. The waveforms in A and C represent incorrect
phase adjustments.

A chroma matrix (Fig. 8-7) is checked in the same basic way
as a chroma demodulator. That is, we apply a quadrature sig-
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nal to the matrix, and check to see if a null pattern is displayed
on the scope screen. Chroma demodulators and chroma matri-
ces can also be checked by means of a keyed-rainbow signal.
A keyed-rainbow signal provides 10 chroma bars, and an
eleventh bar that serves as a color burst. Each bar has a phase
advance of 30 degrees. A keyed-rainbow waveform, and its
corresponding bar pattern is shown in Fig. 8-10. An R — Y de-
modulator normally nulls on the sixth bar; a B — Y demodula-
tor on the third and ninth bars; a G — Y demodulator or matrix
normally nulls on the first and tenth bars. An I demodulator
would normally null on the fifth bar, and a Q demodulator on
the second and eighth bars.

BURST
B-Y
Y

(A) Incorrect; B — Y too positive.

N

(B) Correct; B — Y nulled, (C) Incorrect; B — Y too negative.

Fig. 8-9. Nulling B — Y output.

In other words, if we apply a keyed-rainbow signal to a color
receiver, the waveforms at the outputs of the various chroma
channels normally display the nulls depicted in Fig. 8-11. Note
that the chroma demodulators in Fig. 8-2 also operate as RGB
matrices. Therefore, a definitive test is made by applying an
NTSC color-bar signal to the receiver (Fig. 8-12). If there is
no component defect present, the red bar is displayed on a
scope at the output of the red demodulator with full amplitude.
The blue, green, and cyan bars are nulled. The yellow, ma-
genta, and white bars also appear in the “square wave” with
the red bar, as seen in Fig. 8-13. Next, if the scope is connected
at the output of the green demodulator, we normally observe
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two “square waves,” as shown in Fig. 8-13. When the scope is
connected at the output of the blue demodulator, we normally
see the broad ‘“square wave” depicted in Fig. 8-13.

(A) Keyed rainbow signal.

~enl® sryv g R L.
0 | ey

_YELLOW-ORANGE

90° | 150° I 200 ’ 21°
60° 120° 180° 240° 3000
(B) Chroma phases or bar display.
Fig. B-10. Rainbow signal generator,

Some color bar generators provide one signal at a time, as
illustrated in Fig. 8-14. It makes no difference whether we test
with one gignal at a time, or with a simultaneous multibar sig-
nal. In the case of a multibar signal, we merely count the bar
intervals to locate a given chroma phase, or a given color sig-
nal. A keyed-rainbow generator supplies a multibar signal, as
shown in Fig, 8-10A. Similarly, a simultaneous NTSC genera-
tor supplies a multibar signal, as depicted in Fig. 8-12. An
NTSC generator commonly supplies color-difference signals in
pairs, as shown in Fig. 8-15.
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Fig. 8-11, Nulls of keyed rainbow signal.

1234 +oNuLL

| DEMOD. 5
OUTPUT p
7 10
89
+1NULL
Q DEMOD. W
OUTPUT 5
-1 NULL
+(B-Y) NULL

6
R-Y DEMOD. /
OouTPUT
HR-YINULL  -IR-Y) NULL
\s
B-Y DEMOD.
OouTPUT 9

H6-Y190%  -(G-Y) 90%
NULL NULL

G-Y DEmoD, 1 / /
OUTPUT 7

Fig. 8-12. The color signal from color-bar generator.

165



GREEN =, 59

[
I
!
|
[
|
|
!
|
\
I
I

|
!
l I
! |
J_M=.3o
|

|y I {BLUE =, 11
T
|
L0
{ |

|
|
!
!
|
|
i
|
[
|
[
|
|
|
|

%IGNAL
!

[en)
=1
=
@

YELLOW
MAGENTA

w
o
o9
-3
w
S
&
—
Y -4
—

GREEN

=
<
o

WHITE

=1
vl
=
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The basic distinetion between a keyed-rainbow generator
and an NTSC generator is seen in Figs. 8-10 and 8-12. In a
keyed-rainbow generator, the chroma signals are all lined up
at black level. That is, the keyed-rainbow generator provides
color-difference signals only. On the other hand, in an NTSC
generator, the chroma signals are placed on their respective
monochrome (Y) levels to provide true and fully saturated
primary and complementary colors. When an NTSC genera-
tor is set to supply color-difference signals (Fig. 8-15), the

(A) Y signal only. (B) Complete signal (Y and chroma).
Fig. 8-14. Single-bar NTSC output.

166



BURST

m v"n’ “I) il m.h

U]‘ H‘ L i ) ;::; w

Fig. 8-15. R-Y/B-Y waveform supplied by NTSC generator.

waveform is basically the same as provided by a keyed-rain-
bow generator. Most NTSC generators provide R—Y,B—-Y, 1,
and Q signals. Some NTSC generators also provide quadrature
G — Y signals.

A keyed-rainbow generator does not supply pure and satu-
rated color signals. However, this is of no concern in practical
servicing procedures, because we are concerned only with re-
produced waveforms such as those depicted in Fig. 8-11. These
waveforms have been somewhat idealized for the sake of clar-
ity. In actual practice, we analyze waveforms such as illus-
trated in Fig. 8-16. If you compare these waveforms with the
diagrammatic representation in Fig. 8-11, you will observe
that the same nulls are indicated. We analyze the foregoing

(A) R—Y signal.

(C) G —Y signal.

Fig. 8-16. Normal keyed-rainbow signals from R — Y, B— Y, and G — Y circvits.
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waveforms in terms of their nulls, rather than their peaks, be-
cause a null is sharply defined in a scope pattern. On the other
hand, the determination of maximum peak amplitude is usu-
ally less definite. As the receiver’s chroma-phasing control is
varied, the peak and null points shift in the waveforms of Fig.
8-16. At any control setting, we will find that the null indica-
tions are always quite definite.

The long pulse that extends downward in Fig. 8-16 is the
retrace blanking pulse. In some receivers, the blanking pulse
is comparatively wide, and tends to merge more or less with
the first or the last chroma pulse. Sometimes, this can make it
a bit difficult to “count bars.” That is, we might not be certain
where to start counting bars in the pattern. In such case, we
can temporarily disable the blanking pulse at the input of the
chroma section. Then, all 10 chroma pulses will be clearly dis-
played on the scope screen. Subcarrier phases in the chroma-
demodulator circuits are determined by R, C, and L compo-
nents, as seen at the right-hand edge in Fig. 8-2. If incorrect
nulls are observed, a defective component is indicated. Capaci-
tors are the most common troublemakers.

CHROMA SYNC WAVEFORMS

Chroma sync action starts with the color burst. With refer-
ence to Fig. 8-2, the complete chroma signal is applied to the
gated color-sync amplifier. This stage is also called a burst am-
plifier. Note that Q7 is gated by a pulse developed from the
flyback pulse and the horizontal-synec pulse. In turn, this gating
pulse is timed to coincide with the color burst (see Fig. 8-15).
Therefore, Q7 in Fig. 8-2 conduets during the burst interval,
and passes the color burst to the 3.58-MHz quartz crystal. The
crystal is shock-excited by the burst, and rings continuously
in phase with the burst signal. Since the crystal has a very
high Q value, its ringing waveform decays very little from one
burst to the next. Thereby, the color subcarrier is reconsti-
tuted.

However, since the output waveform from the crystal is not
perfectly uniform, the crystal output is used to synchronize
the locked oscillator Q8. The output from this color oscillator
has a completely uniform amplitude. Next, to obtain a wide
range for the chroma-phasing (hue) control, the output from
the color oscillator is fed to phase splitter Q11. In turn, Q12
amplifies the color-subcarrier signal and feeds it to the R, G,
and B demodulators. The color burst from a generator appears
as seen in Fig. 8-14. If a triggered-sweep scope is used, the
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(A) Ideal waveform.

(B) Practical waveform.

Fig. 8-17. Color burst waveforms.

burst can be expanded as illustrated in Fig. 8-17. This is not
necessary in ordinary service procedures, and is done chiefly
when adjusting a color-bar generator for optimum output
waveforms.

The output waveform from the burst amplifier normally ap-
pears as illustrated in Fig. 8-18. We are concerned chiefly with

Fig. 8-18. Normal burst-amplifier output
waveform.
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the peak-to-peak voltage of the burst waveform when a nor-
mal signal input is applied to the color receiver. This value is
specified in the receiver service data. Subnormal amplitude
can be caused by a defect in the burst-gating circuit, such as a
leaky capacitor; misalignment of tuned circuits in the signal
channel can also be responsible. Misalignment is generally as-
sociated with poor picture quality, whereas defects in the
burst-gating circuit impair color sync only.

FREQUENCY-RESPONSE CURVES

Details of chroma alignment procedure cannot be covered in
this book ; however, interested readers may refer to alignment
handbooks for procedural details. Receiver service data also
provide the essential instructions. Frequency-response curves
for chroma bandpass amplifiers vary considerably from one
receiver to another. Therefore, alignment should not be at-
tempted without guidance from the receiver service data. A
typical bandpass response curve is illustrated in Fig. 8-19. We
are concerned with the frequencies at the ends of the top, the
tilt of the top. (if specified as uphill, downhill, or flat), and the
shape of the skirts. When a tilt is specified, it is employed to
compensate for rising or falling frequency response in a previ-
ous section of the signal channel.

The purpose of the bandpass specified for the curve is to ac-
cept most of the chroma sidebands, and to reject the low-fre-
quency components of the Y signal. Of course, the high-fre-
quency components of the Y signal are passed with the chroma
sidebands. However, these Y signal components cancel out be-
cause the chroma signal is frequency-interleaved with the Y
signal. Details of this signal action are explained in books on
the theory of color television. The Y amplifier has a frequency
response that is approximately the inverse of the bandpass-
amplifier response. Fig. 8-20 shows a typical frequency-re-
sponse curve for a Y amplifier. Note that the lower-frequency
components of the Y signal are passed at high amplitude, while
frequencies in the vicinity of the color subcarrier are attenu-
ated. A subcarrier trap is provided at 3.58 MHz.

Y-amplifier response curves vary considerably from one re-
ceiver to another. In some cases, the subearrier trap merely
places a fairly deep notech in the curve, and does not reduce the
response to zero at 3.58 MHz. Greater response is provided
between the subcarrier trap and the sound trap than is seen
in Fig. 8-20, in some cases. The amount of subearrier trapping
and high-frequency attenuation that is provided depends con-
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siderably on the amount of linearity developed by particular
color picture tubes. If a tube is comparatively linear, more re-
sponse at high video frequencies is permissible. In any case,
beat interference between the chroma sidebands and the Y sig-
nal is held below a visible level. Beat interference has the form
of color-picture “crawl.” It also has the aspect of 920-kHz
bars; that is, the difference between 3.58 MHz and 4.5 MHz
(chroma and sound signals) is 920 kHz. Therefore, the sound
signal must be extensively trapped.

t

4, lMﬁZ' 3.1MHz SUBCARRIER TRAP/ SOUND TRAP

Fig. 8-19. Frequency-response curve for  Fig. 8-20. Frequency-response curve for
bandpass amplifier. Y amplifier.

The waviness seen along the top of the Y-amplifier response
curve in Fig. 8-20 is caused by residual resonances in the delay
line. On a square-wave test, residual resonances tend to cause
ringing. Delay lines vary considerably, and high-quality delay
lines have very small residual resonances. In such cases, the
top of the Y-amplifier response curve is practically as smooth
as the top of the video-amplifier response curve. Since the ma-
jority of service shops do not have video-frequency sweep gen-
erators available, the Y-amplifier response curve is not usually
checked. However, most sweep generators can sweep a band-
pass amplifier over the 2.5 to 4.5 MHz range, and alignment of
bandpass amplifiers is commonly checked.

OTHER COLOR RECEIVER WAVEFORMS

Transistor color-TV receivers also have dynamic conver-
gence waveforms that are absent in monochrome receivers.
These convergence waveforms are merely noted here and are
specified for particular receivers in the pertinent service data.
These waveforms are analyzed in case the dynamic conver-
gence controls lack sufficient range, or are otherwise ineffective
in obtaining satisfactory convergence of the color picture tube.
Convergence procedure is somewhat involved, and requires
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both study and experience. Interested readers may consult spe-
cialized color-TV servicing books for detailed explanations.
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REVIEW QUESTIONS

Name the principal sections in a transistor color-TV re-
ceiver that are not present in a monochrome receiver.
What is the function of the chroma bandpass amplifier?
Describe the funetion of a chroma demodulator.

How does a color-killer operate?

Explain the purpose of an automatic chroma-control
circuit.

Discuss the composition of an NTSC color-bar signal.
Why is a color burst required in the complete color signal?
State the electrical characteristics that correspond to
brightness, hue, and saturation.

Define the Y gignal.

Give an example of quadrature chroma signals.

Name the three color-difference signals that are applied to
the color picture tube.

What is the function of a chroma matrix?

. Describe the sampling process in chroma demodulation.

Define a null in a chroma waveform.

Explain the characteristics of a keyed-rainbow signal.
What is the distinction between an NTSC signal and a
keyed-rainbow signal?

Why is a burst amplifier gated?

How does misalignment affect the output waveform from
the burst amplifier?

State the approximate passband of a chroma bandpass
amplifier.

Describe the function of a chroma bandpass amplifier.
What are the chief characteristics of a Y-amplifier re-
sponse curve?

How is the color subcarrier reconstituted in a color re-
ceiver?

Explain how a quartz crystal is activated by a succession
of color bursts.

Discuss the phasing of the injected subcarrier in the
chroma demodulators.

What type of scope is required to expand a color burst?
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Transistor Electronic
Computers and Waveforms

In the first analysis, the basic principles of scope application
and waveform evaluation developed in preceding chapters
apply to transistor electronic computers. However, we will find
that more sophisticated concepts are involved, because com-
puters are designed to operate at maximum practical speeds.
We are concerned with the fastest possible rise and fall times,
the maximum practical repetition rates, and the minimum
practical pulse widths. We work with circuits that have the
greatest practical bandwidth, and semiconductor devices that
have the fastest response time attainable. We are concerned
with problems of deterioration in pulse waveshape, and proc-
esses for pulse regeneration. Moreover, reliability of circuit
action must approach 100 percent, even if speed of operation
is sacrificed. Let us consider some of the problems of pulse-
circuit action encountered in transistor computers.

Fig. 9-1 illustrates a simple transistor switching circuit.
When S1 is thrown from off to on, and then back to off, an in-
put current pulse waveform Iy is generated, as shown in Fig.
9-2A. In this large-signal operation, the input waveform Iy
drives the transistor from cutoff to saturation, and back to
cutoff. The output current pulse I in Fig. 9-2B is formed, dif-
fering from I; because a transistor cannot respond instantly
to a change in signal level, This waveform indicates the tran-
sient response of the switching circuit. It is evident that the
transient response of a transistor basically determines the
maximum repetition rate (switching speed) at which the cir-
cuit may be operated. That is, the transistor is generally the
bottleneck in limitations of switching speed. The output pulse
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Fig. 9-1. Analysis of transistor switching circuit.

characteristics are governed basically by the ac characteristics
of the fransistor.

RISE-TWIME CONSIDERATIONS

We know that rise time is measured between the 10-percent
and 90-percent points on the leading edge of a waveform. Fac-
tors affecting rise time are the nonlinear characteristies of the
transistor, the energy storage in the semiconductor substance,
and, in some cases, the characteristics of the external circuit.
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Fig. 9-2. Current pulse characteristics.

Charge carriers (holes or electrons) moving from emitter to
collector in the transistor do not have completely free flow
paths. The charge carriers collide occasionally with semicon-
ductor atoms, and become dispersed and diffused. Therefore,
all charge carriers that start out do not reach the collector
output terminal at exactly the same time. We will find that
overdriving a transistor results in decreased rise time. There-
fore, overdrive is minimized in practical switching circuits.
Rise time is denoted by t, in Fig. 9-2B.

Following the rise interval, the pulse waveform attains a
maximum value for the so-called pulse time, t,, as depicted in
Fig. 9-2B. The pulse time is also called the duration time of the
waveform, and denotes the length of time that the pulse re-
mains at or near its maximum value. Pulse-time duration is
measured from the point on the leading edge where the pulse
has attained 90 percent of its maximum value, to the point on
the trailing edge at which the amplitude has fallen to 90 per-
cent of its maximum value.

STORAGE TIME

The storage time is denoted by t, in Fig. 9-2B. This is also
called the minority carrier storage time. When the input cur-
rent Iy is cut off, the output current I; does not fall to zero in-
stantaneously, but remains at almost maximum value for a
certain length of time before decaying to zero. This storage
time is also referred to as saturation delay time. It results
from injected minority charge carriers that are present in the
base region of the transistor at the moment when the input
current is cut off. We recall that electrons are minority car-
riers in p material, and that holes are minority carriers in n
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material. These charge carriers have a certain mobility, and
require a certain length of time to be collected. Transistors
with specialized internal construction are used to minimize
switching time.

Holes have a mobility of 1700 cm/sec per volt/em; electrons
have a mobility of 3000 em/sec per volt/em. Therefore, it is
advantageous to use npn transistors in switching applications,
because electrons are then minority carriers in the base region,
and electrons have a comparatively high mobility. The length
of the storage time depends on the degree of saturation into
which the transistor is driven, and the time that the charge
carriers spend in saturation. The base-current Iy reversal that
occurs between points X and Y in Fig. 9-2A at the end of the
input pulse, is the result of the stored carriers contributed by
the current gain of the transistor, multiplied by the initial in-
put current Ig.

When this current value decays to a value equal to the maxi-
mum current value at saturation, the collector-base junction
becomes reverse-biased, and both Iz and I. thereafter decay
exponentially to zero. We recognize that for high-speed switch-
ing, storage time is undesirable. Minority carrier storage can
be avoided by switching a transistor from its off state to a
point in the active region, thereby avoiding collector saturation.
We will find that a technique called collector clamping can be
used to prevent operation of a transistor in its saturation
region.

FALL TIME

In the fall time, or decay time, of a pulse we know that the
amplitude decreases from 90 percent to 10 percent of its maxi-
mum value. The fall time of a pulse is determined by essenti-
ally the same factors that determine its rise time. We will find
that fall time can be reduced slightly by application of a re-
verse current at the end of the input pulse. Fig. 9-3 shows a
superimposed display of rise and fall times by a triggered-
sweep scope. The turnoff time of a switching transistor is the
sum of its storage time and fall time. Decreased turnoff time
results from decreasing either the storage time or the fall time.
If the turnoff time is decreased, the maximum permissible
switch rate (repetition rate) is thereby increased.

In transistor switching applications, the output current
should be zero when the transistor is cut off. However, zero
output current cannot be realized in practice. In the CB con-
figuration of Fig. 9-4A, with the emitter current equal to zero
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(I = 0), a small reverse-bias collector current flows. This
current is produced by minority carriers in the collector and
base regions. Reverse-bias collector current Icp, results from
thermal generation of electron-hole pairs, and this current in-
creases with temperature. In the CB configuration, the value
of Icro, also called leakage current, is normaliy quite small and
is measured in microamperes. Consequently, it can be tolerated
in most applications.

In the CE configuration of Fig. 9-4B, leakage current I¢x,
from emitter to collector is much larger than in the CB config-
uration. Icgo is measured from collector to emitter with the
base terminal open (Iz =0). Note that Icgo stems from Iepo.
That is, reverse-bias minority carriers (electrons, solid-line
arrow) in the collector region enter the base region and com-
bine with holes (dashed-line arrow) from the emitter region.
Before combining, however, the electrons cause a heavy hole
current to flow from emitter to collector. In other words, the
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(A) Icro. (B) Iceo.
Fig. 9-4. Leakage current.
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electrons from the collector region act as a base-bias current
to cause an amplified collector-current flow. The magnitude of
this current is approximately the product of beta and Iiu.
Since beta ranges from 25 to 50 for typical switching transis-
tors, leakage current is of major concern.

(Lopata, 1)
CBO “fe'B

-—
I
B
V.. =
t1 Rl cC+
(A) Using an inductor. (B) Using a resistor.

(C) Using a resistor and reverse-bias
source.

Fig. 9-5. Circuits for reduction of leakage current lcro.

REDUCTION OF ;o

The value of I, can be reduced by means of several circuit
arrangements. However, we cannot reduce I, below the value
of Iiy,. As shown in Fig. 9-5A, an inductor, L1, may be used
instead of a base-return resistor. In turn, there is negligible
dc voltage drop between base and emitter, and when Iz =0,
Lego = Lego. It is not always possible to use an inductor in a
switching circuit; accordingly, a low-valued resistor, R1, may
be used instead, as depicted in Fig. 9-56B. Flow of Iy, through
R1 produces a small forward bias, resulting in a small flow of
base-emitter current I;. In turn, L.y, is approximately equal
to beta times Iz. To minimize I, the value of R1 is made as
small as is practical. When a high base-input resistance is re-
quired, Iczo can be minimized by means of a reverse-bias
source Vgu, as shown in Fig. 9-5C. This reduces I to zero, so
that only the leakage current Iy, flows.

In a properly designed switching circuit, and with a tran-
sistor in normal operating condition, the rise and fall times are
comparatively rapid. A collector load resistance of 500 ohms is
typical (not shown in Fig. 9-5). The drive waveform may have
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an amplitude of 0.5 volt pk-pk, with a source resistance of 50
ohms in a typical switching circuit. A collector supply voltage
of 3.5 volts may be utilized. The output pulse waveform will
have a typical amplitude of 7 mA pk-pk and a peak-to-peak volt-
age of 3.5 volts. This drive condition switches the transistor
from cutoff to collector saturation. Corresponding rise and fall
times are illustrated in Fig. 9-6; the time base of the scope is
set for 0.5us per horizontal division.
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(A) Rise time. (B) Fall time.

Fig. 9-6. Rise time and fall time in switching transistor,

CUTOFF AND SATURATION CLAMPING

When a transistor is driven to saturation and cutoff, the out-
put waveform may be distorted. Variations in collector poten-
tial occur when either the temperature-dependent cutoff cur-
rent drifts, or the load impedance varies. The resulting change
in collector potential can cause unreliable operation of follow-
ing stages. We know that when a transistor is driven into sat-
uration, minority-carrier storage delay occurs. This widens
the pulse waveform and reduces the permissible repetition rate
of the switching circuit. Junction diodes are commonly em-
ployed to avoid transistor operation in saturation, or at cutoff.
Other methods are also used to avoid objectionable saturation.

In Fig. 9-7, a pnp transistor is used in the CE configuration
for a simple switching circuit. Drive current Iy is sufficiently
great to drive the transistor from cutoff to saturation without
the clamping diodes X1 and X2, and bias batteries V., and
Ves. Fig, 9-7B shows the transistor output characteristics with
load line Ry. V¢ is 12 volts in this example. X1 and bias bat-
tery V¢, are used for cutoff clamping. X2 and Vs are used for
saturation clamping. Clamping of the upper and lower levels
in the output waveform facilitates substitution of one transis-
tor for another. Since operation with clamping diodes usually
provides operation over the linear portion of the output char-
acteristics, low cutoff current and low saturation voltage are
eliminated. The average power dissipation is increased, and

179



the load line must be selected so that transistor operation falls
within the permissible power-dissipation region, under the
maximum power-dissipation curve noted previously.

COLLECTOR VOLTAGE V... (VOLTS)

| CE
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{A) Schematic, (B) Characteristic curves.

Fig. 9-7. Cutoff and saturation clamping.

Let us consider cutoff clamping action. In Fig. 9-7B, we may
assume that Iy has started to fall from 150uA at point Y. The
collector voltage increases negatively from 2 volts at this point.
Battery V., applies 8 volts to X1. As the collector potential
increases from 2 volts toward 8 volts, X1 remains reverse-
biased and nonconducting. When the collector potential reaches
point X (I = 504A) on the load line (8 volts), X1 becomes

=18 =
gle g ¢
[ =4 o
o 1 o ~
2 A/
= x
= =
[-4 -4
2 e
REVERSE VOLTAGE FORWARD VOLTAGE REVERSE VOLTAGE FORWARD VOLTAGE
TO ~—— 0 TO 60 — 0
(A) Ideal characteristic. (B) Approximate practical characteristic.

fig. 9-8. Clamp characteristics.

forward-biased and starts to conduct. Fig. 9-8 depicts ideal
and approximate practical clamp characteristics. Further de-
crease in Iz toward zero has no effect on the collector potential,
which remains fixed at 8 volts, even though I decreases (Vo
holds V¢i at 8 volts).

Current flow through R, in Fig. 9-7 is maintained at X
(about 1 mA); it consists of I and the current through for-
ward-biased X1 and V¢, The voltage drop across Ry, is equal

180



to the difference (approximately 4 volts) between V¢ and
Veo- Any change in I that does not cause it to exceed the value
at point X is compensated by current from V¢e. Thus, equilib-
rium is established and the output potential is fixed at 8 volts.
Note that X2 is reverse-biased and is effectively an open circuit
in the foregoing clamping process. In high-speed switching
circuits, the transient response of diodes becomes a matter for
consideration.

T«
|
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||N IB e
e}
R, h X2 |
R RS 1'[
ouTRUT B LS
INPUT oUTPUT
VccT VBBT Ve
(A) Single diode. (B) Double diode.

Fig. 9-9. Collector-to-base saturation clamping.

Next, let us follow the circuit action in saturation clamping.
Disregarding X1 and V¢, in Fig. 9-7, we may assume that I
is increased to 150uA at point Y. The collector voltage, indi-
cated by the vertical projection to the collector-voltage axis,
falls to 2 volts. The voltage drop, produced by increasing I
through R,, causes the collector voltage to fall. Bias voltage
from Vg is 2 volts. A slight further increase in I, due to in-
crease in Iy, further decreases the negative potential on the
collector, and forward-biases X2, which starts to conduct.
When X2 conducts, its resistance is very small, and Vg is effec-
tively applied between collector and ground. This voltage can-
not change and since it is in parallel with V.. and R;, the volt-
age across this branch cannot change. Current through R,, is
fixed to provide the necessary voltage drop so that the collec-
tor-to-ground potential is equal to V¢s. In this example, the
load current is approximately 3 mA.

Although the collector current may increase further, because
of an increase in base current, the collector potential remains
fixed at 2 volts. Additional collector current is drawn from Vg
through X2. The vertical extension of the load line from Y rep-
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resents the zero-resistance load line for forward-biased X2.
The normal load line, on the other hand, extending from Y to
the collector-current axis (dashed line) would enter the satu-
ration region, which falls beyond the knee of the curve of I, =
200nA. The collector-base diode would be forward-biased in
this region. When the drive current is reduced to zero, I falls
rapidly from its maximum value to point Y, and then follows
the normal load line toward point X. However, any minority-
carrier storage introduced by the clamping diode (Fig. 9-7)
would affect the width of the output pulse. To the left of point
Y on the load line, the collector potential is more negative than
2 volts. Diode X2 is reverse-biased, and is therefore in a non-
conducting state.
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OVERSHOOT
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Thus, the foregoing switech circuit provides combination
clamping. The effect of cutoff and saturation clamping is to
keep the collector potential in the range of —2 to —8 volts,
thereby preventing waveform distortion due to cutoff and sat-
uration conditions in the transistor. More efficient switching
action can be obtained by means of collector-base saturation
clamping with a single diode or a duo-diode. Single-diode
clamping is depicted in Fig. 9-9A. In the cutoff condition of the
transistor, X1 and the emitter-base junction are reverse-biased
by R1, R2, and Ry in series with V. and Vur. When Ve and
Vg are equal, R1 + R2 is made slightly greater than Ry. This
provides the required initial reverse bias for the emitter-base
junction. R1 is much larger than R2, the ratio being determined
by the desired clamping voltage when the transistor is conduet-
ing.

It is assumed that the drive pulse to the switching circuit
has a more nearly ideal waveshape than can be reproduced in
the collector circuit. Pulses become progressively deteriorated,
as shown in Fig. 9-10. Therefore, computer systems employ
waveform regenerators when necessary, to reconstitute ap-
proximately ideal drive waveforms. Details of pulse regenera-
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tion are explained subsequently. Let us assume that I;y in Fig.
9-11A forward-biases the emitter-base junction, and drives the
transistor into saturation. The potential at the junction of R1
and R2 is negative, and is effectively fixed near the very low
saturation voltage of the transistor. The collector voltage falls
from V¢ to this fixed potential. X1 is nonconducting and Iy
= Iix. I, = 1, and is the amplified drive potential I;x. When the
collector potential falls just below the fixed potential, X1
conducts.

As X1 conducts and I,y increases further, I; remains essen-
tially constant, and the excess current is shunted through R2
and X1. I increases by the small value of excess current input,
rather than by the amplifier input current prior to clamping
action. Since relatively small currents are passed through X1,
the minority-carrier storage delay contributed by the clamping
diode is smaller than that contributed by the clamping diode
in Fig. 9-7. Battery power dissipated in R1 and R2 is avoided
by using double-diode clamping, as shown in Fig. 9-9B. X1
functions as a clamping diode, in the same manner as previ-
ously explained, while X2 substitutes for R2 in Fig. 9-9A.

The emitter-base junction is reverse-biased by Vy; in Fig.
9-9B through R;. Collector reverse bias is provided by V¢
through L. X2 remains forward-biased throughout the circuit
action. A germanium diode is generally used for X1 because it
has a low forward-voltage drop. A silicon diode, with a slightly
higher forward-voltage drop, is used for X2. (See Fig. 9-11).
In a typical application, X1 in Fig. 9-9B provides a forward-
voltage drop of 1 volt, and X2 provides a forward-voltage drop
of 1.2 volts. This essentially maintains a reverse bias of 0.2
volt between collector and base after clamping action ensues.

Circuit action in the duodiode arrangement is similar to
that of the single-diode clamping circuit. All of the input cur-
rent I;x is applied to the base, while X1 remains reverse-biased.
This eondition continues until I, drops the collector potential
just below the potential at the junction of diodes X1 and X2.
The base potential is more positive than the potential at this
point by the value of voltage drop across X2. X1 becomes for-
ward-biased and shunts excessive input current of the collec-
tor. The smaller drop across X1 maintains the reverse collec-
tor-base bias at the difference between the drops across X1 and
X2. During the clamped condition, I, is equal approximately
to beta times I, and I is equal to the sum of I, and the shunted
portion of I;x. The latter is small and contributes little to output
pulse widening. Therefore, the repetition rate of the switching
circuit is increased.
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Fig. 9-11. Static characteristics of solid-state diodes.
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PULSE REGENERATION

A basic pulse-regenerator circuit is shown in Fig. 9-12. This
is a one-shot multivibrator configuration; the output pulse
shape is independent of the input pulse shape. Also, the width
of the output pulse is independent of the width of the input
pulse. Therefore, if a deteriorated pulse waveform is used to
trigger the pulse regenerator, a standard pulse is obtained at
the output. The common-emitter resistor contributes to fast
rise and fall of the output waveform. The diode is called a steer-
ing diode, and is a one-way device that permits only a negative-
going leading edge to trigger the circuit. By choosing a suitable
time constant, the output pulse can be made to have as narrow
a width as desired, consistent with the transient response of

the transistor.
+15v OUTPUT ‘ ‘
j (TO SCOPE}

%%'%

\ 3300Q 20001 33K
@ =
Lk} 3
© 0.1
TRIGGER '
INPUT
{FROM PULSE L
GENERATOR)
200Q 2000

Fig. 9-12, Basic pulse-regenerator circuit.

MACHINE-LOGIC CIRCUITS

Machine logic is an extensive topic, and can only be briefly
discussed here. Logic circuits are used in combination with
counter circuits to perform operations in arithmetic. Basic
transistor OR circuits are depicted in Fig. 9-13. An oR gate pro-
vides an output when a positive pulse is applied at either of
the input resistors. That is, an output pulse is obtained by
applying an input to R1 or to R2. Pulses can be applied to both
resistors, and an output pulse is again obtained, although the
increased input current tends to produce a wider output pulse
due to storage effects.

185



R1

Vcc?‘—
L

VccT
. RS
(A) OR gate. (B) NOR gate.

Fig. 9-13. Single transistor OR gates with multiple inputs.

The configuration in Fig. 9-13B is similar to that in A, ex-
cept that it is driven by a negative input pulse, and is called a
NOR gate. Note that positive input pulses produce no output.
No output is obtained, whether a positive pulse is applied to
R1, R2, or to both R1 and R2. However, an output pulse is
obtained if a negative pulse is applied to either R1, R2, or to
both R1 and R2. Fig. 9-14 depicts AND gates. The AND gate is
similar to the or gate, but the transistor is biased to collector
saturation. An input pulse at R1 is insufficient to bring the
transistor out of saturation. However, if an input pulse is also
applied to R2, the sum of input 1 and input 2 then drives the
transistor from saturation and into cutoff. Thus, inputs 1 and
2 together produce an output pulse. The NOT AND gate provides
a negative output pulse when positive pulses are applied simul-
taneously to the inputs. However, no output is obtained with
negative applied pulses.

A Aflip-flop circuit is shown in Fig. 9-15. This is the basic
element in a counter section, and is used for information stor-
age in electronic computers. It is basically a bistable multivi-
brator, and requires two input trigger pulses in succession to

v
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(A) AND gate. (8) NOT AND gate.

Vcc?[
1

Fig. 9-14. Single transistor AND gates with multiple inputs.
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Fig. 9-15. Flip-flop configuration with trigger circuit.

produce an output pulse. Therefore, the repetition rate of the
output pulse is one-half the repetition rate of the input pulses.
It is evident that if we connect two flip-flops in series, one out-
put pulse will be obtained for four input pulses. Three flip-flops
connected in series provide one output pulse for six input
pulses, and so on. If neon bulbs are connected in the collector
circuits of a flip-flop chain, we obtain readout of stored binary
numbers. Interested readers may refer to computer arithmetic
books for discussion of binary numbers and their relation to
ordinary decimal numbers,

The diodes in Fig. 9-15 are steering diodes that direct input
pulses antomatically to the transistor that should be triggered
for proper flip-flop action. The transistors conduct alternately
from one input pulse to the next, and the diodes are alternately
reverse-biased by the circuit voltages, so that each pulse flows
into the correct transistor. C1 and C2 are speedup capacitors,
used to obtain maximum speed of response. They overcome the
integrating effects of R4 and R5. C3 is a conventional emitter
bypass capacitor. R7 serves as a temperature-stabilizing re-
sistor. Direct coupling is used in computer flip-flops to mini-
mize the number of components that are required.

REVIEW QUESTIONS

1. Explain the distinction between a switching circuit and
an amplifier circuit.

2. What is the cause of input pulse distortion in a switching
circuit?
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What are the causes of output pulse distortion in a switch-
ing circuit?

Why is overdrive minimized in pulse switching circuits?
Discuss the meaning of storage time in a switching tran-
sistor.

Do electrons or holes have greater mobility?

How is leakage current I¢py minimized in a switching
circuit?

State typical voltage and current amplitudes in a switch-
ing circuit.

. What rise and fall times might we find in a switching

circuit?

. Define cutoff and saturation clamping.
. Discuss the effect of storage time in a clamping diode.
. Why are two diodes often used in a saturation clamping

circuit?

. Describe deterioration of a pulse waveform in a computer

system.

. Briefly explain the differences in forward characteristics

of semiconductor diodes.

. How is a one-shot multivibrator used as a pulse regenera-

tor?

. Explain the configuration of an OR gate.

. How is a NOR gate distinguished from an OR gate?

. Desecribe the configuration of an AND gate.

. How does a NOT AND gate differ from an AND gate?

. What is the function of machine logic?

. Discuss the operation of a flip-flop counter section.

. Why are flip-flops connected in cascade?

. How is information stored in a counter chain?

. Explain how readout can be obtained from a counter chain.
. Is readout obtained in the binary system or in the decimal

system?
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Ac and dc square waves, 18
Ac pulse, average value, 23
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delay time, 78-80
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AND gate, 186
Astable multivibrator, 38, 40
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ac pulse, 23
de pulse, 23
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Bias, transistor, 8, 18
Binary number readout, 187
Bistable multivibrator, 51
Blocking oscillator, 32-37

synchronization of, 33
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C

Calibration, scope, 16
Capacitor, de blocking, 19, 20
Cascaded amplifiers, 71
Chroma

matrix, 158, 162

signal, 153-158

sync waveform, 168
Chroma and Y signal, frequency

interleaf, 170

Circuit

common base, 20

common collector, 20

switching, 115, 117, 173

Clamping
cutoff, 179, 180
diode, 182, 183
saturation, 179, 181
Class AB, push-pull operation, 90
Classes of oscillator, 31
Clipper, 111, 112
Coefficient of coupling, 96
Collector-coupled multivibrator, 38
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164, 166, 167
bars, NTSC, 156
burst amplifier output, 169
killer, 1563
picture crawl, 171
subecarrier, 153
Colpitts oscillator, 64, 65
Common base circuit, 20
Common collector circuit, 20
Corner rounding, in waveform, 60
Coulomb’s law, 22
Coupling
circuit, RC, 47
coefficient of, 96
critical, 96
direct, 101, 102
impedance, 97, 98
transformer, 85
Crawl, color picture, 171
Critical coupling, 96
Current, leakage, 178
Curves
frequency-response, 143
i-f response, 146
Cutoff
clamping, 179,180
high frequency, 11, 12, 68, 75,
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limiter, 105-107, 109

DB scales, 14
Dec
blocked by capacitor, 19, 20
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De—cont’d
pulse, average value of, 23
scope, waveforms on, 21
Deflection systems, horizontal,
118-121
Delay line
color TV receiver, 151
in synchroscope, 25
Delay time
in amplifier, 78-80
saturation, 175
Demodulation
I and Q, 158
phase, 160
quadrature, 160
X and Z, 159
Demodulators, R — Y,B — Y, 158
Derived waveform, 127
Differentiated square wave, 45
Differentiation, 55
Diode
clamping, 182, 183
steering, 185, 187
tunnel, 8
Diodes, in blocking oscillator
circuits, 36
Direct coupling, 101, 102
Distortion
square-wave, 80-82
waveform, 60
Dynamic convergence waveform,
171

Efficiency, of amplifier, 68
Electronic switch, 40
Electron, mobility, 176
Emitter-coupled multivibrator, 38
Exponential

pulse, 45

waveform, 34, 37, 58

Fall time, 176
Flip-flop multivibrator, 51, 52
Flip-flops, in series, 187
Frequency interleaf, chroma and
Y signal, 170

Free-running oscillator, 33, 34, 37
Frequency

hump, 97

resonant, 62
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Frequency response
amplifier, 69-73
curves, 143
Fundamental waveform, 9

G
Gate
AND, 186
NOT AND, 186
OR, 185

Generator rise time, 58, 59
Generic waveform, 127

H

Half-power point, 12

Hartley oscillator, 63

High frequency cutoff, 11, 12, 68,
75, 78

Holes, mobility of, 176

Horizontal deflection systems,
118-121

Hump frequencies, 97

I and Q demodulation, 158
I-f response curves, 146
Impedance

coupling, 97, 98

matching, 118
Impulse waveform, 55
Inductive reactance, 62
Integration, 55
Internal capacitances, junction

transistor, 72

J

Junction transistor internal
capacitances, 72

K

Keyed-rainbow color bar signal,
163, 164, 166, 167

L

Leakage current, 178
Limiter
cutoftf, 105-107, 109
saturation, 105, 107-109
Logie, machine, 185
Low-frequency boost, 80



M

Machine logic, 185
Measurement, rise time, 82, 83
Minority carrier storage time,
175, 176
Mobility
of electrons, 176
of holes, 176
Multivibrator
astable, 38, 40
bistable, 51
collector-coupled, 38
emitter-coupled, 38
flip-flop, 51, 52
one-shot, 42, 43, 51
waveforms, 38, 39
Multivibrators, 37-42

N

Negative triggering, 28
NOT AND gate, 186
NTSC color bars, 156, 166, 167
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One-shot multivibrator, 42, 43, 51
OR gate, 185
Oscillator
blocking, 32-37
classes of, 31
Colpitts, 64, 65
free-running, 33, 34, 37
Hartley, 63
sinusoidal, 61-65
Overshoot, 60, 61

P

Peaking
series, 98-100
shunt, 98-100
Preshoot, 60, 61
Pulse
exponential, 45
rectangular, 45
regenerator, 51
waveform, defined, 44
Peak-to-peak value of sine wave,
14, 16
Peak value of sine wave, 14
Phase demodulation, 160
Positive
sync pulses, undesirability of, 37
triggering, 28

Power supply ripple, 143
Pulsating dc¢ waveforms, 17, 18, 20
Pulse
regeneration, 185
rise time, 23, 24, 174, 175
waveforms, 22
Push-pull operation, class AB, 90

Q

Q
in tank circuit, 62, 63, 65
series-resonant circuit, 92
Quadrature demodulation, 160

RC coupling circuit, 47
Reactance, inductive, 62
Readout, binary number, 187
Rectangular pulse, 45
Rectifier, silicon controlled, 121
Regeneration, pulse, 185
Regenerator

pulse, 51

waveform, 182
Resonant frequency, 62
Ringing, 60, 61

test of transformer, 95
Ripple, power supply, 143
Rise time

defined, 11

generator, 58, 59

in square waves, 10-12

measurement, 82, 83

pulse, 23, 24, 174, 175

scope, 58, 59
Rms value of sine wave, 14
R — Y, B— Y demodulators, 1568

Saturation

clamping, 179, 181

delay time, 175

limiter, 105, 107-109
Sawtooth waveform, 44, 45, 57, 58
Scope

calibration, 16

rise time, 58, 59
Self-generated waveforms, 125, 128
Series

flip-flops, 187

peaking, 98-100
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Series-resonant circuit
bandwidth, 92
Q of, 92
Shunt peaking, 98-100
Signal tracing, 130, 131, 136
Signal, Y, 156-158, 170, 171
Silicon controlled rectifier, 121
Sine wave, 9, 10
peak-to-peak value, 14, 16
peak value, 14
rms value, 14
Sinusoidal oscillator, 61-65
Square wave
ac and dc, 18
differentiated, 45
distortion, 80-82
response, transformer, 87, 88
synthesis, 10
test, 74, 75
video amplifier, 148, 149
unsymmetrical, 45
Steering diode, 185, 187
Storage time, minority carrier,
175, 176
Subcarrier, color, 153
Switch, electronie, 40
Switching circuit, 115, 117
Synchronization of blocking oscil-
lator, 33
Synchroscope, 24, 25
Sync pulses, positive,
bility of, 37
Synthesis of square wave, 10

undesira-

T

Tank circuit, Q of, 62, 63, 65
Test, square-wave, 74, 75
Tilt, in waveform, 60, 75, 77
Time constant, 34
Transformer

coupling, 85

ringing test, 95

square-wave response, 87, 88

tuned, 91-97

untuned, 86-91
Transistor

applications, 7, 8

as waveshaper, 8

bias, 8, 18

construction of, 7

switching circuit, 173

switeh waveshaper, 112, 113
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Transition region, 118
Triggered sweep, 26-28
Triggering

negative, 28

positive, 28
Tuned transformer, 91-97
Tunnel diode, 8

[V}

Unit step voltage, 113, 114
Unsymmetrical square wave, 45
Untuned transformer, 86-91

v

Video amplifier square-wave test,
148, 149
Voltage, unit step, 113, 114

w

Waveform
analysis, 9-14, 138, 139
chroma sync, 168
common base, 21
common collector, 21
derived, 127
distortion, 60
dynamic convergence, 171
exponential, 34, 37, 58
fundamental, 9
generic, 127
impulse, 55
multivibrator, 38, 39
on dc scope, 21
pulsating de, 17, 18, 20
pulse, 22

defined, 44

regenerators, 182
sawtooth, 44, 45, 57, 58
self-generated, 125, 128
tilt, 60, 75, 77

Waveshaper, 8, 9
transistor switch, 112, 113

X
X and Z demodulation, 159

Y
Y signal, 156-158, 170, 171



