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Preface

This book attempts to explain the operation, design, and analysis of all the
basic semiconductor pulse circuits. The design approach is a simple step-
by-step procedure in which the designer knows exactly why each compo-
nent value is selected. Many design examples are included in the text,
device data sheets in Appendix 1 are referred to when appropriate, and
standard value components are selected. The mathematics employed does
not go beyond algebraic equations and logarithms.

As well as discrete component circuits, the design procedure for using

_ IC operational amplifiers in the various pulse circuits is covered. Digital
integrated circuit families are also studied. However, this is a text on pulse
circuits, not a book on computer logic.

The text progresses through: pulse waveforms; RC circuits; diode switch-
ing; transistor switching; transistor and IC inverter circuits. Then it treats:
Schmitt trigger circuits; voltage comparators; ramp generators; timers, mono-
stable, astable, and bistable multivibrators; logic gates; sampling gates. After
the individual circuits are fully explained, they are used as building blocks
to describe: digital counting, digital frequency meters, digital voltmeters,
pulse modulation, and time division multiplexing. The various seven-segment
numerical display devices are covered as are IC flip-flops and counting
circuits,

It is believed that this book shows that pulse circuits are easy to
understand, and that their design is fairly simple.

I wish to express my sincere appreciation to all those who made
suggestions for improvement to the first edition. Special thanks go to
Richard Furbacher of Niagara College of Applied Arts and Technology in
Welland, Ontario; and to Jack L. Waintraub of Middlesex County College
in-Edison, New Jersey.

David A. Bell
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CHAPTER 1

Waveforms

INTRODUCTION

The term pulse waveform normally is applied only to approximately
rectangular waveshapes. However, many different types of waveforms are
involved in the study of pulse circuits. Waveforms are defined in terms of
amplitude and time interval measurements. Each of the various waveforms
can be shown to contain many higher frequency sinusoidal components,
known as harmonics. A study of the harmonics shows a definite relationship
between the bandwidth of a circuit and the distortion produced in a square
wave output from the circuit.

1-1 TYPES OF WAVEFORM

1-1.1 Repetitive Waveforms and Transients

When one quantity varies in relation to another quantity, the relationship
can be represented by plotting a graph. Thus, for a semiconductor diode,
I plotted against V. gives the forward characteristics of the device [Figure
1-1(a)}. Similarly, graphs may be plotted to show Lhow certain quantities
vary with respect to time. A plot of dc voltage or current versus time
normally produces a straight line graph, as in Figure 1-1(b). An alternating
voltage, as its name implies, increases and decreases with respect to time.
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value of ac voltage voltage
plotted versus time

FIGURE 1-1. Various graphs showing relationships between two-quontities.

When the instantaneous voltage levels v are plotted against time ¢, the
graph that results is called the waveform of the voltage. In Figure 1-1(c)
the instantaneous values of a sinusoidal alternating voltage are plotted to a
base of time. It is seen that the voltage increases positively to a peak value,
decreases through zero to a negative peak value, then returns to zero; then
the cycle recommences. The sine wave is a repeating cycle of voltage (or
current) with a sinusoidal relationship to time. All waveforms which are
composed of identical cycles that keep repeating are termed repetitive
waveforms or periodic waveforms. It is necessary to study only one cycle of
such a waveform to gain an understanding of the behavior of the voltage
or current involved. When successive cycles of an alternating voltage are
not identical, the waveform is described as aperiodic.

Sometimes a direct voltage suddenly decreases (or increases) for a
brief instant and then returns to its normal level [Figure 1-1(d)]. This may
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happen, for example, when a load is suddenly switched onto a power
supply. Such brief nonrepetitive waveforms are termed transients.

1-1.2 Display Methods

Since electrical waveforms (repetitive and nonrepetitive) usually occur
during a period of milliseconds or microseconds, manual measurements
cannot be taken of such instantaneous levels for plotting on a graph.
Instead, instruments are employed to do the actual plotting of voltage or
current to a base of time. One such instrument is the strip chart recorder
(Figure 1-2) in which a pen or another marking device traces the waveform
on a moving strip of paper. The vertical movement of the pen is directly
proportional to the instantaneous value of the applied voltage and, since
the paper moves at a constant speed, the horizontal trace is directly
proportional to time. Similar instruments replace the moving arm and pen
with a beam of light reflected from a moving mirror onto photographically
treated paper.

Although the chart recorder provides a permanent record of the
waveform under study, its major drawback is that it is essentially a
low-frequency instrument. The cathode-ray oscilloscope, which can display
much higher frequencies, is widely used in the study of electrical waveforms.
In the oscilloscope, an electron beam striking a fluorescent screen produces
a tiny spot of light. The light spot becomes a line when the electron beam
is deflected vertically by the voltage to be displayed and horizontally in
proportion to time (Figure 1-3). The light spot starts at the left-hand side
of the screen and moves to the right. At the end of one (or more) cycles of

Paper

Movement Py
of paper
-

Waveform
of V. 1

Y — ?
T Applied

R voltage

Moving
arm

Detlection
syslem

Pen

FIGURE 1-2. Waveform display by strip chart recorder.
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FIGURE 1-3. Waveform display by cathode ray oscilloscope.

the waveform, the light spot returns almost instantaneously to the left-hand
side of the screen. Thus, a repetitive waveform is traced on the screen
again and again. When a permanent record of the waveform is required, a
camera is used to photograph the display on the oscilloscope. A camera
can be employed also to obtain photographs of any transient waveform
that might be displayed briefly on the oscilloscope screen.

1-1.3 Miscellaneous Waveforms

Sinusocidal. The most common electrical waveform is the sine wave,
shown in Figure 1-3. Half-wave rectification removes the negative (or
positive) half-cycles of a sine wave [Figure 1-4(a)], while full-wave
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FIGURE 1-4. Rectified sine waves.
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FGURE 1-5, Rectangulor waveforms.
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rectification produces a train of unidirectional half-sine waves, as shown in
Figure 1-4(b).

Rectangular, When a dc voltage suddenly changes from one level to
another, the change is referred to as a step change. The change might be
positive or negative, as shown in Figure 1-5(a). A rectangular waveform
consists simply of successive cycles of positive step changes followed by
negative step changes. Where the time duration ¢, for the upper dc level is
equal to the time duration 7, for the lower level, the waveform is termed a
square wave [Figure 1-5(b)]. When ¢, and ¢, are unequal, as illustrated in
Figure 1-5(c), the wave is usually referred to as a pulse waveform.

Ramp. A voltage that increases or decreases at a constant rate with
respect to time, has a graph that is a positive or negative ramp [Figure 1-6
(a)]. A repetitive cycle of positive ramp followed by negative ramp is
known as a triangular waveform [Figure 1-6(b)]. When one ramp is much

* ? (a) Ramp voltage
l|) v changes
|

-t —

Positive-going ramp Negative-going ramp

(b) Triangular wave

(c) Sawtooth waveforms

VAN
AN
ANANVAN

FIGURE 1-6. Ramp waveforms.
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FIGURE 1-7. Exponential waveforms.

steeper than the other, as illustrated in Figure 1-6(c), the waveform is
usually termed a sawtooth waveform.

Exponential. In this case the voltage varies with respect to time
according to the equation V=e€*' or V'=¢"**, where ¢ is time, k is a
constant, and ¢ is the exponential constant (e=2.718). The resultant graphs
of voltage versus time are of the form shown in Figure 1-7(a). Repetitive
cycles of positive and negative exponentials produce an exponentia
waveform, [Figure 1-7(b)]. An exponential change followed by a ster
change gives the waveforms shown in Figure 1-7(c). Introduction of a gar
results in the spike waveforms of Figure 1-7(d). Obviously a great variety of
waveforms. can be produced by combining two or more of the various
voltage changes discussed above.
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FIGURE 1-8. [deal pulse waveform.

1-2 CHARACTERISTICS OF PULSE WAVEFORMS

Consider the ideal pulse waveform shown in Figure 1-8. In this particular
case the pulses are positive with respect to ground. The pulse amplitude is
simply the voltage level of the top of the pulse measured from ground. The
first edge of the pulse (at 1=0) is referred to as the leading edge, and the
second edge is termed the trailing edge or lagging edge.

The time period T is the time measured from the leading edge of one
pulse to the leading edge of the next pulse. If T=1 sec, then the pulse
‘repetition frequency (PRF) is 1 cycle/sec, or .1 pulse per sec (pps), or
PRF=1/T pps. Instead of pulse repetition frequency, the term puise
repetition xate (PRR) is sometimes used.

The time measured from the leading edge to the trailing edge of one
pulse is known as the pulse width (PW), the pulse duration (PD), or
sometimes as the mark length. The time between pulses is simply referred
to as the space width. The proportion of the time period occupied by the
pulse is defined as the duty cycle, or as the mark-to-space (M /S) ratio:

Duty cycle=(PW/T)x 100% (1-1)
and ' '
"M/S ratio=PW /(space width) (1-2)

The duty cycle usually is expressed as a percentage, while the mark-to-space
ratio is expressed simply as a ratio.

EXAMPLE 1-1

For the pulse waveform displayed in Figure 1-9, determine the pulse
amplitude, PRF, PW, duty cycle, and M/S ratio. The vertical scale is 1 V
per division, and the horizontal scale is 0.1 ms per division.
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FIGURE 1-9. Pulse waveform on oscilloscope.

solution

Pulse amplitude =(3.5 divisions) X (1V /division)
=35V
T'=(6 divisions) X (0.1 ms/division)-
=0.6 ms ' :
PRF=1/T=1/0.6 ms= 1666 pps
PW=(2.5 divisions) X (0.1 ms/division)
=0.25 ms
Space width=3.5x0.1 ms=0.35 ms

Duty cycle= —I:T—,W— X 100%

=9025m5 0% =41.6%
0.6 ms
. PW  025ms
M/ ratio= o e width ~ 0.35 ms
=0.71

The pulse displayed in Figure 1-9 appears to have a perfectly flat top
and perfectly vertical sides. When pulses are examined very carefully,
however, it is found that the top is never perfectly flat, The amplitude of
the lagging edge normally is less than that of the leading edge. In many
cases the slope at the top of the pulse may be so small that it cannot be
easily measured. In other cases, as in Figure 1-10, the slope may be very
obvious. The pulse voltage does not go from zero to its maximum level
instantaneously, and from maximum to zero instantaneously. In fact, there
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FIGURE 1-10. Waveforms with rise and fall times and tilt.

is a definite rise time t, and fall time t; at the leading and lagging edges of
the pulse. This is illustrated in Figure 1-10(a).

If the pulse width (PW) is measured near the top of the pulse in Figure
1-10(a), it would be quite different from the PW as measured close to the
bottom of the pulse. Therefore, the PW is defined as the average pulse
width, and is normally measured at half the average amplitude, [see Figure
1-10(a).]. The space width (SW) is measured at the same amplitude as the
pulse width. The sum of pulse width and space width is always equal to the
time period (T):

PW+SW=T
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In Figure 1-10(a), E, is the maximum pulse amplitude, E, is the
minimum amplitude, and E is the average pulse amplitude:

E\+E
E=.__1___2.
2

The rise time is defined as the time required for the voltage to go from
10% to 90% of the average amplitude. Similarly, the fall time is the time
required for the pulse to fall from 90% to 10% of the average amplitude.
The slope or tilt at the top of the waveform is defined in terms of the
average amplitude:

E
Tilt= —Ei X 100% (1-3)

= _El_—& X 100%
E
In Figure 1-10(b) the wave is symmetrical above and below ground
level. Although there is obvious tilt, the leading and trailing edges are equal
in amplitude. Thus if E, was measured as the whole leading edge and E; as
the whole trailing edge, Equation (1-3) would give zero tilt. Instead E, and
E, are each measured with respect to ground, as shown. Then,

Tilt =£1—£2 » 100%
, 2E
EXAMPLE 1-2

For the waveform displayed in Figure 1-10(a), determine pulse amplitude,
tilt, ¢,, ¢,, PW, PRF, mark-to-space ratio, and duty cycle. For the square
waveform in figure 1-10(b), determine tilt. The vertical scale is 100 mV/
division, and the horizontal scale is 100 ps/division in each case.

solution (a)

E,\+E, _ 380 mV+330 mV

Pulse amplitude, E= 3 5 =355mV
mit=2162 1009,
E
V_
= 380mV=330mV 000 =14.1%

355 mV
t,=(0.3 divisions) X (100 pus/division) =30 us
t,=(0.4 divisions) X (100 ps/division) =40 pus
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T=(6.1 divisions) X (100 us/division) =610 us
PRF=1/T=1/610 us=1639 pps

PW =(2.2 divisions) X (100 us/division) =220 us

Space width=(3.9 divisions) X (100 us/division) =390 us

220 us
M/S ratio= 390 1 —0 564

220 ps
duty cycle 610 us X 100%=36.1%

solution (b)
=(2.5 divisions) X (100 mV /division) = 250 mV
=(2 divisions) X (100 mV /division) =200 mV
E,+E, 250 mV+200mV

Average voltage=E=

2 2
=225 mV
Tilp= 2200V —200mV oo 1110

2x225mV

The square waveform shown in Figure 1-11(a) is symmetrical above
and below ground level. The positive and negative peaks are of equal
amplitudes and equal widths (i.e, 7,=¢,). This means that the average
value of the waveform is zero. If this waveform were applied to a dc
voltmeter, the instrument would indicate zero. The average value of the

waveform is found simply by summing the positive and negative areas

enclosed by one cycle and dividing by the time period.

(V. xt)+(V_xt,)
T

Average voltage=V, = (1-4)

For Figure 1-11(a):

(6 VX1 ms)+(—6 VX1ms)

2ms =0V

Average voltagé =

The waveform of Figure 1-11(b), has no negative portion, and the
average value is

(12Vx1 ms) — (0)
Ve =
2 ms
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EXAMPLE 1-3

Determine the average values of the pulse waveforms shown in Flgures

VIIZGﬁ,O»,andﬁﬂ . .
solution (a)
- nxu)+(xt)
av T ‘

(12 V1 ms)+(0X3 ms)
4 ms

=3V
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solution (b)

Vo= (10 VX 1 ms)+(—2 VX3 ms)

av

=1V

4 ms

solution (c)

(14 VX1 ms)+(2 VX3 ms)
Vv =
4 ms

=5V’

1-3 HARMONIC CONTENT OF WAVEFORMS

In Figure 1-13(a) two signal generators are shown connected in series.
Generator A is producing a sinusoidal output waveform as shown. The
output of generator B is also a sine wave, but its frequency is three times
the frequency from signal generator A. The amplitude of the output from
B is also less than that from A. The waveform produced by the two
generators in series is the larger amplitude (and lower frequency) signal,
with the smaller amplitude signal superimposed. It is seen that the combi-
nation approximately resembles a square wave with its peaks dented.
Figure 1-13(b) shows a third generator connected in series with A and B.
The output from generator C is smaller in amplitude than that from B, and
the frequency of this third signal is five times the frequency of the output
of generator A. The waveform produced by the three gererators in series
now more closely resembles a square wave. It is important to note that the
resultant waveforms shown in Figures 1-13(a) and (b) are produced only
when the generators are synchronized; i.e., all component waves must
commence exactly at the same instant.

The building up of the approximate square waveform is easily seen by
referring to Figure 1-14 where the instantaneous amplitudes of waveforms
A and B are added. At time ¢,, for example,.the amplitude of waveform A
is 6.5 V, and that of B is approximately 2.5 V. Therefore, the amplitude of
the resultant waveform at time ¢, is 9 V (point 1). At time ¢,, the amplitude
of B is zero, so the resultant amplitude is 8.5 V, that is, the amplitude of A
at 1, (point 2). At ¢5, the amplitudes of B, -3V, and of A, 10V, are added
together to produce an amplitude of 7 V. When this process is continued, it
is seen how the final waveform is constructed.



(a) Fundamental and
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FIGURE 1-13. Combindtion of fundamental and harmonics to form approximate
square wave. (Note that the signal generators must be synchronized.)
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FIGURE 1-14. Addition of the instantaneous levels of a fundamental and third

harmonic.

The process of building up a particular waveform by combining
several sine waves of different frequencies and amplitudes is referred to as
Jrequency synthesis. If the process were continued and appropriate higher
frequency waveforms were added, the resuitant each time would more
closely resemble a square wave.

The converse of frequency synthesis is harmonic analysis. In this
process a waveform is analyzed to- discover the sine wave frequencies it
contains. By harmonic analysis, it can be shown that periodic non-
sinusoidal waveforms are composed of combinations of pure sine waves.
Some waveforms can also have dc components. One major component, a
_ large amplitude sine wave of the same frequency as the periodic wave

under consideration, is termed the fundamental. The other components of a
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periodic waveform are sine waves with frequencies which are exact multi-
ples of the frequency of the fundamental. These waves, referred to as
harmonics, are numbered according to the ratio between their frequencies
and that of the fundamental. For example, a harmonic with a: frequency
exactly double that of the fundamental is called the second harmonic. The
frequency of the third harmonic, obviously, is three times the fundamental
frequency.

By the mathematical operation known as Fourier analysis waveforms
can be analyzed to determine their harmonic content. The amplitude of
each harmonic and its phase relationship to the fundamental can be found.
Also, the amplitude of any dc component can be calculated. A perfect
square wave which is symmetrical above and below ground can be shown,
by Fourier analysis, to have a fundamental component and odd-numbered
harmonics, but no even-numbered harmonics and no dc component. A
pulse waveform is found to. contain’ both odd- and even-numbered
harmonics and (usually) a dc component. Sawtooth waveforms, triangular
waveforms, and rectified sine waves are made up of more complicated
combinations of odd- and even-numbered harmonics. In all cases, the
harmonic content actually goes to infinity, but the amplitudes of the
harmonics decrease as their frequencies increase. Thus the higher frequency
components are the least important.

Information which can be derived by harmonic analysis becomes very
important when considering the circuitry through which various wave-
forms are processed. Suppose a square wave with a frequency of 1 kHz is
applied to an amplifier with an upper frequency limit of 15 kHz. In this
case, the amplifier will not reproduce waveforms with frequencies greater
than 15 kHz. Thus the amplifier will not pass harmonics of 1 kHz greater
than the fifteenth. If the square wave applied to the same amplifier had a
frequency of 5 kHz, only the first, second, and third harmonics would be
passed. If a 5 kHz square wave were to be amplified, and if all harmonics
up to the thirty-third were to be reproduced, then the amplifier must have
an upper frequency limit greater than 33 X5 kHz. Fifteen to twenty
harmonics are usually required to reproduce a waveform approximately in
its original shape. For accurate reproduction, however, many more
harmonics may be required.

If a square wave is applied to circuitry that does not pass all the
necessary frequency components, the resultant output is a distorted square
wave. The type of-distortion depends upon whether the circuitry has poor
low-frequency response or poor high-frequency response. In Figure 1-15(a)
the long rise and fall times of the square wave show that the high-frequency
harmonics are attenuated and thus the circuit has poor high-frequency
response. Figure 1-15(b) shows the output from a circuit which has good
high-frequency response but poor low-frequency response. The tilt on the
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(a) High-frequency |
distortion

X
: Long rise time I
|
’ Tile |
(b) Low-frequency
distortion
|
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(¢) Low-and high-freqi.lency |
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! |
14
! ! l
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(d) Overemphasis of high
frequencies

-

FIGURE 1-15. Distortion on square waves due to poor frequency response of
cirevitry.

top and bottom of the square wave results because the low-frequency
components were not passed by the circuit. The waveform in 1-15(c) shows
both long rise times and tilt. This result is obtained when the involved
circuitry has neither a low enough nor a high enough frequency response
for the applied square wave. When circuits. overemphasize some of the
high-frequency harmonics, overshoots are preduced, as shown in" Figure
1-15(d). '

When a square wave is applied to an amplifier the rise time of the
output waveform is limited by the time taken for the highest harmonic
frequency to go from zero to its peak value (Figure 1-16). Of course, the
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Shape of input wave
Jy = High cutoff frequency

-

Qutput square wave

FIGURE 1-16.  Origin of rise time on square wave output from an amplifier.

highest harmonic frequency that can be reproduced is the upper cutoff
frequency fy. It is found that:

t,=0.35 x (Time period of f;)

0.35
trf I (1-5)

By Equation (1-5) the output rise time can be predicted when the
upper cutoff frequency of the circuitry is known. Equation (1-5) also
affords a fast means of pulse testing to determine the cutoff frequency of
any circuit or device.

EXAMPLE 1-4

The voutpui waveform from an amplifier under pulse test has a rise time of
1 us. Determine the upper 3 dB frequency of the amplifier.
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solution

From Equation (1-5)
' 035 0.35
fH= {

=350 kHz

~

It is possible, to decide the upper cutoff frequency for a circuit that -
must pass pulse waveforms with an acceptable amount of high frequency
distortion. The question that arises, of course, is just what is an acceptable
amount of distortion. Refer to Fig. 1-15(a). The rise time shown (and the
fall time) is approximately one tenth of the pulse width. If the rise and fall
times were much greater than PW /10, the pulse would be severely distorted.
Therefore, in many cases t,=~PW /10 might be used as a guide for
acceptable high frequency distortion. In some other circumstance there
may be a requirement for less distortion.

EXAMPLE 1-5

A pulse waveform has a PRF of 1.5 kHz and a duty cycle of 3%. (a)
Determine the frequency of the highest harmonic required for accurate
reconstruction of the waveform. (b) If the 1.5 kHz pulse is to be amplified
by equipment with a high frequency limit of 1 MHz, calculate the minimum

pulse width and duty cycle that can be reproduced accurately.

solution (a)
For a duty cycle of 3%:
PW=0.03x1/f
=0.03x1/1.5 kHz
=20 pus

For a t,=10% of PW:
t,=0.1X20 pus
=2 us
From Egq. (1-5),
Ju=035/1¢,
=0.35/2 ps
=175 kHz
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solution (b)
Eq. (1-5),
1,=0.35/fy
=0.35/1 MHz
=0.35 us

For t,=10% of PW:

Minimum PW =10X¢,
=10x0.35 us
=3.5us
Duty cycle= PT}N— % 100%
=PW X f x 100%
=3.5 usx 1.5 kHz X 100%

~0.5%

If a square wave is applied as input to an amplifier with a lower cutoff
frequency of f, =0, then the top of the output square wave is perfectly flat.
When f, is greater than zero, however, tilt is present on the output
waveform. As illustrated in Figure 1-17, the tilt is proportional to the ratio
of the square wave time period 7 to the time period T, of the lower cutoff
frequency.

It is found that:

. . T
Fractional tilt=7 X —
TL

or

Fractional tilt=x o (1-6)

f

EXAMPLE 1-6

An amplifier with a low cutoff frequency of 10 Hz is to be employed for
amplification of square waves. For the tilt on the output waveform to not
exceed 2%, calculate the lowest input frequency that can be amplified.
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f; = Low cutoff frequency

-
7
7
7
7
Output
square
wave
i TL >
FIGURE 1-17. Origin of tilt on square wave output from an amplifier.
solution

From Equation (1-6):

™
" Fractional tilt
_ w7X10Hz

T 0.02
=1.57 kHz

S

EXAMPLE 1-7

Determine the bandwidth required to amplify a 1-kHz square wave, if the
rise time of the output is not to exceed 200 ns and 3% tilt is acceptable.

solution

From Equation (1-5):
035 035

fH= _T— = m =1.75 MHz

From Equation (1-6):

- fxFractional tilt _ 1kHzx0.03
T w

/3

=9.5Hz
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EXAMPLE 1-8

Determine the upper and lower 3 dB frequencies of the circuitry which
produced the output waveform shown in Figure 1-10(a).

solution

From Example 1-2:

t,=30ps PRF=1639pps  Tilt=14.1%
From Equation (1-5):
035  0.35

f”=’_’-='3—0—”~; =ll.7kHZ

From Equation (1-6):

=73.6 Hz

SfX(Fractional tilt) 1639 x0.141
fi= - = p

REVIEW QUESTIONS AND PROBLEMS

1-1  Define: repetitive waveforms, ‘periodic waveforms, aperiodic
waveforms, transients.

12 Draw sketches to show the shapes of the following waveforms:
square, pulse, triangular, sawtooth, exponential.

1-3  For a pulse waveform, define: leading edge, lagging edge, trailing
edge, 7, PRF, PRR, PW, PD, M/S ratio, duty cycle.

1-4  For the pulse waveform illustrated in Figure 1-18, determine: pulse
amplitude, PRF, PW, duty cycle, and M /8 ratio. The vertical scale
is 0.1 V per division, and the horizontal scale is 1 ms per division.

1-5  (a) Define rise time, fall time, and tilt. (b) Determine the percentage
tilt on the square wave shown in Figure 1-19.

16 For the waveform displayed in Figure 1-20, determine: pulse
amplitude, tilt, #,, 1;,, PW, PRF, M/S ratio, and duty cycle. The
vertical scale is 1 V/division, and the horizontal scale is 10
ps/division.
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FIGURE 1-20. Problem 1-6.
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Chap.1  WAVEFORMS
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FIGURE 1-21. Problem 1-7.

If the pulse waveforms shown in Figure 1-21 were applied to a dc
voltmeter, determine the voltages that would be indicated in each
case.

(a) Define the following terms: fundamental, harmonic, frequency
synthesis, harmonic analysis. (b) What harmonics will be passed by
an amplifier which has an upper cutoff frequency of 1 MHz: (i)
when a 10 kHz square wave is applied to it? and (ii) when the input
is a 150 kHz square wave? ’

(a) A 12 kHz pulse waveform is amplified by a circuit having a
high-frequency limit of 1 MHz. Determine the minimum pulse width
that can be reproduced accurately. (b) If the duty cycle of the
12 kHz pulse waveform becomes 0.5%, determine the approximate
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1-10

1-11

1-12

1-13

1-14

upper cutoff frequency of a circuit that will reproduce the waveform
accurately.

Sketch a square wave that is amplified by equipment which: (a) has
poor low-frequency response; (b) has poor high-frequency response;
(c) overemphasizes high frequencies; (d) has a combination of poor

low-frequency and poor high-frequency responses.

A 1 kHz square wave output from an amplifier has ¢,=350 ns and
tilt=5%. Determine the upper and lower 3 dB frequencies of the
amplifier.

Calculate the rise time and tilt that may be expected on the square
wave output of an amplifier with a bandwidth extending from 10 Hz

to 500 kHz. The applied square wave has a frequency of 5§ kHz.

Determine the bandwidth of the circuitry that produced the output
waveform shown in Figure 1-20 (Problem 1-6).

Construct the waveform that results when the fundamental and
harmonics shown in Figure 1-22 are added together.

5V !

ST TN /N
15V ' \/ i\/

Soad
-

C>
D

<>

C

A<

|00

FAGURE 1-22. Problem 1-14.



CHAPTER

‘Capacitive
Resistive
(CR) Circuits

INTRQDUCTION

When a capacitor is charged from a dc voltage source via a resistor, the
instantaneous level of capacitor voltage may be calculated at any given
time. There is a definite relationship between the time constant of a CR
circuit, and the times required for the capacitor to charge to approximately
63% and 99% of the input voltage. Also, an important relationship exists
between the time constant of a circuit and the rise time of the output voltage
from the circuit. Depending upon the arrangement of the CR circuit, it may
be employed as an integrator or a differentiator. In each case, the circuit
time constant must be related to the time period of the input waveform.

2-1 CR CIRCUIT OPERATION

Consider the circuit and graph shown in Figure 2-1. If the charge on
capacitor C is zero at the instant that switch S is closed, then the voltage

28
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FIGURE 2-1. Circuit for charging capacitor via resistor, and graph of capacitor
voltage variation with respect to time.

across R at t=0is
Ve=E—e,

where E is the supply voltage and e, is the capacitor voltage. The current
through R at r=0is
VR

i =

<R

E—e,
_10v-0
T 1k
=10 mA

This current causes capacitor C to charge with the polarity shown, so
that at some time ¢, the capacitor voltage e, might be 3 V [see Figure
2-1(b)]. This alters Vp:

Ve=E—e,
=10V-3V=7V

Now,
i.=(10V-3V)/1kQ=7mA

Because C accumulates some charge, e, is increased and the voltage
across R is reduced; thus the charging current through R is reduced. Since
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the current is reduced, C is being charged at a slower rate than before.
After some longer time period, e, increases to 6 V (¢, on the graph). Now,

Ve=10V—-6V=4V

and
4V

=-——=4 mA

=Tk

The charging current has now been reduced more. Consequently, even
a longer time period is required to charge C by another 3 V.

The capacitor does not receive its charge at a constant rate. Instead, e,
is continuously increasing, so the voltage across R is continuously decreas-
ing, and the charging current is decreasing. This means that C is charged at
a rapid rate initially, and then the rate decreases as the capacitor voltage
grows.

It can be shown that the capacitor voltage follows an exponential law:

e,=E—(E—E,)e"/CR (2-2)
where
e, = capacitor voltage at instant ¢
E=charging voltage
E_=initial charge on the capacitor
e=exponential constant=2.718
t=time from commencement of charge

C=capacitance being charged
R =charging resistance

When there is no initial charge on the capacitor,
E,=0
e.~E—| E—-O]e"/CR
or
e,=E(1—¢*/CR) (2-3)

and, since

. _E-E(1-¢/°R)
1.~ R




Sec. 2-1  CR CIRCUIT OPERATION 31

then
ic = %E—I/CR
and
i =le/<K (2-4)

where I=E/R is the initial level of charging current when ¢=0.

EXAMPLE 2-1

Calculate the levels of e,, the capacitor voltage across C in the circuit of
Figure 2-1(a), at 2 ms intervals from the instant when switch S is closed.
Plot a graph of e, versus time. ‘

solution

Since E,=0, Equation (2-3) may be used to calculate e_.
At =0,

e.=E(1—€%)=0V point 1
At =2 ms, (in Fig. 2-2)
e, =10 V(1 — ¢ 2me/@rFx1kD) =393 V point 2
At t=4 ms,
e, =10 V(1 - 4m/@rrx1k) =632 V point 3
At t=6 ms, |
e,=171V point 4
At t=8 ms,
- e, =865V point 5
At =10 ms,
e,=9.18V point 6
At t=12 ms,

e, =95V point 7
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At t=14 ms,
e.=9.7V point 8
At t=16 ms,
e, =982V point 9
10 @11 o
, '/07—"‘8 9
o— 6
\ 5
8\ .<
\ 4
\ / ¢, = Capacitor voltage
\ [4
6 L el2 o
i,(mA) e,(V) \//
\
4 b o \\.1 3 i, = Charging current
< \
~g 14
2+ N o 15 6
To~l 17
il DS 18 19
1 L i L 1 - ?5' ------ @
0 2 4 6 8 10 12 14 16 ms
——

FIGURE 2-2. Capacitor current and voltage plotted versus time.

EXAMPLE 2-2

Determine the instantaneous levels of charging current, in the circuit of

Figure 2-1(a) at 2 ms time intervals from the instant that switch S is closed.

Plot a graph showing i_ versus time.

solution

By Equation (2-1);

_E-—e,
i.= R
At =0,
. 10V—0_
IC—W—IOma,
t=2 ms,

e,=3.93 V (from Example 2-1)

. 10V—-393V

i ) =6.07 mA

point 11
(in Fig. 2-2)

point 12

L)
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t=4 ms,
. _10V-6.32V

i.= —1ka =3.68 ma point 13

t=6 ms,
. _10V-771V

i,= TkQ =2.23 mA point 14

t=8 ms,

. _10V-8.65V

i Tk0 =135mA . point 15

t=10 ms,
. _10V—9.18V

i.= ) =0.82 mA point 16

t=12 ms,

. _10V-95V

i Tko =0.5mA point 17

t=14 ms,
. _10V-97YV

i.= Tko =0.3mA point 18

t=16 ms,

. 10V-982V

Ic——“(9—=0.18mA point 19

Refer again to Figure 2-1(a). Suppose the capacitor becomes completely
charged to the level of the supply voltage. Now assume that the input
voltage is reduced to zero, while the switch § is still closed. The result is
that the capacitor discharges through resistor R,. Equation (2-2) can be
used to calculate the capacitor voltage at any time during discharge. The
initial charge on the capacitor is E (i.e., the level of E before it went to
zero). But during discharge E becomes zero. Therefore, Equation (2-2) can
be simplified:

e,=0—(0—E)e */CR

or e,=Ee /R (2-5)
When a capacitor discharge curve is plotted [using Equation (2-5)] it is
found to be similar in shape to the charging current graph in Figure 2-2.

In Figure 2-3 normalized charge and discharge curves are presented.
These can be employed to graphically solve many problems. The
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normalized curves are plotted for the case of: E=1YV, C=1F, and R
=1 Q. For these values, the capacitor voltage can be determined at any
given time ¢ after commencement of charge or discharge.

When the supply voltage is not 1 V, the capacitor voltage at any given
time can be found simply by multiplying the voltage from the graph by the
value of E. For example, when E=5 V and r=0.7 s on the charge curve:

e, =05VX5V=25V

Similarly, when C and R are other than 1 F and 1 @, the time at any
instant is multiplied by CX R. As an example of this take the case of C=1
pF and R=1k{ when e, =05 V.

The time for e, to reach 0.5 V is~

t=0.7sx1pFX1kQ
=0.7 ms

EXAMPLE 2-3

Using the normalized charge and discharge curves in Figure 2-3, determine:

(a) e, at 1.5 ms starting from e, =0 V, when R=1 k@, C=1 pF, and
E=10V.

(b) e, at 6 ms from full charge when R=20kQ, C=0.1 pF, and E=12 V.

solution (a) -
Each second on the time scale becomes
1sX1uFX1kQ=1ms
At t=1.5 ms (point a on the charge curve):
e, =10V x0.78
=78V

solution (b)
Each second on the time scale becomes

15%0.1 pFx20kQ=2 ms

At t=06 ms (point b on the discharge curve):

e,=12 Vx0.05
=06V*
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FE (volts)

1.0
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0.6 |- Charge

04— )
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————— CR (seconds)

FIGURE 2-3. Normalized charge and discharge curves for a CR circuit,

2-2 CR CIRCUIT EQUATIONS

Refer to the graphs in Figure 2-4, where charging current and capacitor
voltage are plotted versus time for the circuit of Fig. 2-1(a). It is seen that
when t=4 ms, e, is 6.32 V. In this case 4 ms is equal to the product of
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capacitance and resistance. That is,

t=CXR=4pFx1kQ=4x10"3

Initial
charging
rate

}

99.3%E

—_—
o
A

F——63.2% E

04 2 4 6 8 £, 10 12 14 16 18 20 ms

[

{a) CR and ¢ relationships to e,

mA
1=104¢ E—

63.2% 1

o
S
T

t=CR

0.7% 1

J I ! | Il L ——— e

0 2 4 6 8 10 12 14 16 18 20
t—

(b) CR and ¢ relationships to i,

FIGURE 2-4. CR and ¢ relationships to e_and i..
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Therefore, when 1= CR, e, is 6.32 V or 63.2% of E.
Consider Equation (2-3) once again:

e.=E(1 —e/CR)
When t=CR,

e.= E(1—e~CR/<R)
=E(1-¢"")
= EX0.632 (2-6)

Thus, when t=CR, e,=63.2% of E, no matter what the value of E, C,
or R.

The product CR is termed the time constant of a circuit. As will be
seen, the time constant is a very important quantity. It can be used to
classify a circuit, and it can be related to the rise time of an output pulse.
The Greek letter 7 is frequently employed as the symbol for the time

constant. For a resistive capacitive circuit, 7=CR.
Now consider the equation for instantaneous charging current
[Equation (2-4)):

i =I€-t/CR
c

and again let r=CR.

ij=leCR/CR= [~ ! -7
= ]x%0.368
or, when t=CR,

i, =I(1-0.632)

Thus, after time = CR, the charging current is reduced by 63.2% of its
initial value [see Figure 2-4(b)].

If the charging current were to remain constant at its initial level, the
quantity of charge contained in the capacitor would be

Q=1IXt coulombs

Also,
Q= CXV coulombs

where C is the capacitance (in farads), and V is the capacitor voltage (in
volts).
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Therefore,
It=CV
or »
It
V=— 2-8
- @9

It is important to note that Equation (2-8) applies only to circuits in
which the charging current is held at a constant level. It does not apply to
the circuit of Figure 2-1(a). However, this equation- can be employed to
learn a little more about the time constant CR.

The initial level of charging current in an ordinary resistive capacitive
circuit [as in Figure 2-1(a)] is /=E/R. If this were to remain constant then
the time for the capacitor to become completely charged could be calculated
from Equation (2-8). '

for V=E, and I=E/R,

_CXE _

"=E/R"

CR

As illustrated by the broken line Figure 2-4(a), with the initial charging
current constant, the capacitor would be completely charged in a time
period of r=CR. Again, note that the time constant is involved.

Once again refer to Figure 2-4(a). It is seen that even after 16 ms, the
capacitor is not completely charged to the level of the supply voltage.
Theoretically, because the charging current continuously decreases, the
capacitor cannot become completely charged to the supply voltage level.
However, after a period of five time constants, that is, z=5XCR, the
capacitor is more than 99% charged and, for all practical purposes, can be
regarded as completely charged. For the circuit of Figure 2-1(a), after
t=25X CR the capacitor voltage is

e.=10V(1—€e 3CR/CR)=9 93V

Similarly, it ean be shown that i_ reduces to less than 1% of its initial
level (I) after a time period of 5 CR [see Figure 2-4(b)].

It was pointed out in Chapter 1 that the rise time of a pulse output
from a circuit is determined as the time it takes for the output to go from
10% to 90% of maximum output level. The CR circuit shown in Figure
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2-1(a) has a step input of 10 V applied to it when switch S is closed. It has
been shown that the output eventually approaches the maximum level of
the step input. The rise time of the output can then be calculated as

(tate,=90% E)—(tate,=10% E)

An expression for ¢ at a given level of e, can be derived from Equation
(2-2):

e,=E—(E—E,)e /K
(E-E,)e "/ R=E—e,

E—t/CR=( E-e, )
E-E,

Et/CR=(E_->EO)

E—e,
t E-E,
_C_R—ln( E—ec)
E-E
t=CRln( E_e") (29

For e,=90% of E [¢, on Figure 2-4(a)]:

E—E,
E—09 E)
=23CR (2.10)

t2=CRln(

For e,=10% of E [¢, on Figure 2-4(a)}:

t,=CR]n( E—0 )

E-0.1E
=0.1 CR (2-11)

Therefore, the rise time of the output is
t,=(1,—1,)=CR(2.3-0.1)
t,=22CR (2-12)
Equation (2-12) can be applied to any resistive capacitive circuit when
~ the time constant CR is known. Sometimes a time constant is calculated

for an amplifier or for a single transistor. Then Equation (2-12) can be
used to determine the rise time of an output pulse. It can also be shown
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that the upper cutoff frequency ( fy) of a circuit is related to CR by the
equation:
1
Ju= 3aCR

To summarize the relationships between CR and e, and time:
when t=CR,

(2-13)
y

e,=0.632E
i, =1(1-0.632)

when t=5 CR,
e, =0.993E
i =1I(1—0.993)
and,
1,=22 CR
1
Ju= 27#CR
EXAMPLE 2-4

A 1 pF capacitor is charged from a 6 V source through a 10 k2 resistor. If
the capacitor has an initial charge of —3 V, calculate its voltage after
8 ms. ‘

solution

By Equation (2-2),
e,~E—(E—E,)e /R
At 1=8 ms,
e,=6 V—[6V—(—3 V)] 8m/( uFx10ka)

=6V-[9V]e *¥=196V
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EXAMPLE 2-5

A 5 V step is switched on to a 39 k{ resistor in series with a 500 pF
capacitor. Calculate the rise time of the capacitor voltage, the time for the
capacitor to charge to 63.2% of its maximum voltage, and the time for the
capacitor to become competely charged.

solution
Rise time:
t,=22CR
=2.2x500 pFx39kQ
=429 us

e,=0632 E, at t=CR:
¢=500 pF X 39 k€
=19.5pus

Capacitor is 99.3% charged at r=5 CR:
t=97.5ps

2-3 CR CIRCUIT RESPONSE TO SQUARE WAVES

A resistive capacitive circuit with an input square wave is shown in Figure
2-5(a). The capacitor voltage first increases from zero to a level e, at time
t, {see Figure 2-5(b)]. Between ¢, and ¢, the applied voltage is zero, so the
capacitor discharges to e, volts. Then the capacitor charges to a new level
e; at time 5. To determine the level of ¢, at any time greater than ¢, it is
necessary first to calculate e, at time ¢,. Then e, must be calculated by
-using e, as the initial voltage on the capacitor, and noting that the input
voltage is zero from ¢, to t,. Between ¢, and ¢,, the initial voltage is e,
volts, and the input voltage is again greater than zero.

EXAMPLE 2-6

Calculate the capacitor voltage in the circuit of Figure 2-5(a) at 14 ms from
t=0.

solution

e,=E—(E—E,)e /R
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At t=4 ms,
|, =20V—(20 V—0)e 4/ 1nFx33ka
=14.05V [ ¢, in Figure 2-5(b)]
From t=4 ms to t=8 ms, E=0 V and E,=14.05 V.
At t=8 ms,
e, =0—(0—14.05 V)¢ #m/1 pP>33k
=4.18 V [ e, in Figure 2-5(b) ]

From t=8 ms to t=12 ms, E=20V and E,=4.18 V.
At t=12 ms,

e, =20 V—(20 V—4.18 V)¢ ~¢ms/1 sFx331d
=15.29 V [ e; in Figure 2-5(b) ]

From r=12 ms to t=16 ms, E=0 and E,=1529 V.
At =14 ms,

ec=0__(0_ 15-29 V)€°2 ms/1 puFx3.3kQ
=8.34 V [e, in Figure 2-5(b)]

After several intervals of charging, partially discharging, and recharg-
ing, the capacitor voltage will eventually arrive at a settled condition.
When this occurs, the capacitor always charges to a maximum voltage
level, E_,,, and discharges to a minimum level, E_; , as shown in Figure
2-5(c). These final levels occur when the charging and discharging voltages
are equal. Thus, in Figure 2-5(c) E,=FE,. Also E_,,=E,, and E_;, =(E—
E_..) '

Calculating E_,, starting from E,=E,_, and E=0V,

Emin=ec=0_ (O—Emax)ccl/CR

=F 5—’/CR

max
and since E_; =(E—E_,,)

E- Emax=Emnx€_’/CR
E=Emnx£_’/CR+Emax
=Epax(e7/F+1)

and

E

max= T (2-14)
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EXAMPLE 2-7

For the circuit of Figure 2-5(a) determine the maximum and minimum
levels at which the capacitor voltage will settle.

solution

Refer to Equation (2-14):
_ E
max | e !/CR

_ 20V
- 1 + ¢4 ms/(1 kF X33 kD)

=1541V'
Emin=E*Emax
=20—-1541=4.59V

The charging current for the circuit of Figure 2-5(a) may be fnosg
easily calculated at any instant as: A

Note that during the time intervals when E=0, i_ is a negative quantity.
Because the capacitor is discharging, the current through R is reversed.
The charging current is also discussed in Section 2-5.

2-4 INTEGRATING CIRCUITS

Figure 2-6 shows a CR circuit with a square wave input and the output
voltage taken across the capacitor. The shape of the output (capacitor)
voltage waveform is dependent upon the relationship between the time
constant (CR) and the pulse with (PW).

Consider the case where CR is much smaller than PW [waveform (a)
in Figure 2-6]. In Sec. 2-1, it was demonstrated that the capacitor is
charged to 99.3% of the input voltage after time r=5 CR:

Let :
CR= L PW,

10
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a

(@) e forCR=tPW |
t=5CR

PW
(b) e, forCR=PW

PW -

€1 ¥
(c) e, for CR=10PW 2 o Tmmee

0 4 t,

FIGURE 2-6. Integrating circuit and output waveforms.
Then,
e.=99.3% of E at t=5(5 PW)

That is,
e.~Eatt=3PW

In this case the output roughly approximates the square wave input. If
CR is made smaller than .5 PW, then the output even more closely
resembles the square wave input.

For the waveform (b) in Figure 2-6, CR is equal to the pulse width. In

Sec. 2-1 it was shown that the capacitor is charged to 63.2% of the input
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voltage after time = CR. However, the settled waveform has an amplitude
which is less than 63.2% of E. Under these conditions the waveform of
capacitor voltage begins to approach a triangular shape.

When CR is made equal to ten times the pulse width, waveform of
Figure 2-6(c) results. In this case the CR circuit, as arranged, is referred to
as an integrator. To understand how the circuit integrates, it is necessary to
calculate the output voltage levels in relation to time. At CR=10XPW,
use Equation (2-2) to obtain:

eC2=E_(E— Eo)e—PW/lOPW
~E—~Ee "' for E,=0
~E(1-0.9)
~0.1 E
To calculate e, at 3 PW:
e, =E—Ee™1/2PW/10PW
[
=E—-Ee /%
~E(1-0.95)
~0.05E
This- result shows that after time #,, e,,=0.05 E and after ¢,=2¢,,
e.,=0.1 E. That is, e.,~2e, when t,=2¢, [see Figure 2-6(c)]. Thus the
capacitor voltage is growing almost linearly. To further examine the output

waveform when CR is 10 (or more) times the pulse width, consider
Example 2-8.

EXAMPLE 2-8

The circuit'shown in Figure 2-7 has the following pulse inputs applied: (a;
E=10V,PW=1ms; (b) E=10 V, PW=2 ms; (c) E=20 V, PW=1 ms
Calculate the level of e, at the end of each pulse. The initial voltage on C it
assumed to be zero.

solution

From Equation (2-2),

e,=E—(E—E,)e /R
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Integration of pulses having different widths and amplitudes.
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For input (a):
ec(.) =10V~ (10 V-0 V)E— 1 ms/(20 uF < 10kQ)
=50 mV
For input (b):
€oey=10 V— (10 V= 0 V)2 ms/@0Fx10k0)
~100 mV
For input (c):
Coiey=20 V—(20 V=0 V)¢~ ! m/@0kFx10k0)
~100 mV

Since the charging current remains substantially constant during the input
PW, this problem can also be solved by using Equation (2-8):

y=1

X O

x L
C
For input (a):

10 VX1 ms

@~ T0kAx205F ~ 0 1Y

For input (b):

10 VX2 ms
€= T0kax20 gF 100 ™V
For input (c):

20V X1 ms
€= T0kQx20 uF 100V

Example 2-8 shows that when the pulse width is doubled, the output
voltage is doubled. Because the charging rate is (almost) linear, the output
amplitude is proportional to the pulse width. Also, when the pulse ampli-
tude is doubled, the output voltage is doubled. In this case, the charging
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rate is increased in proportion to the input voltage. Thus, the output
voltage is proportional to the pulse area, that is, to the product of the pulse
width (PW) and the pulse amplitude (PA).

e, xPAXPW

Figure 2-7 and example 2-8 show that the output voltage from an
integrating circuit is proportional to the area of the pulse expressed as

C VVVY
i R et

Input -—Av— C= 7%Output

Y Y

Sine wave input

Time O &, t, t3 ty ts tg by tg tg tigly by,

1 ae, — Cosine wave output

N,
s

" 4 A .

FIGURE 2-8. Integration of a sine wave.
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(volts X time). An integrating circuit is an CR circuit with the output taken
across the capacitor, and CR > (10X PW). In other integrator circuits to be
discussed in Chapter 7, the capacitor charging current is held constant by
the use of additional components.

Figure 2-8 illustrates the integration of a sine wave. From time zero at
the peak of the sine wave, the wave is divided into sections of equal widths.
The height of each section corresponds approximately to the instantaneous
sine wave amplitude. Thus the sine wave is represented by a series of
pulses of varying amplitudes. The first pulse causes a linear increase in
capacitor voltage from time 0 to ¢,. This produces output voltage Ae,. The
second pulse, from ¢, to ¢,, also produces a linear increase in the capacitor
voltage. However, the pulse amplitude is now smaller, so the rate of
increase in capacitor voltage is reduced. Thus Ae, is less than Ae,.
Similarly, the third and fourth pulses produce linear voltage increases, at
decreasing rates. Since pulse 5 is negative, it causes the capacitor voltage to
decrease by a small amount. Pulse 5 and pulse 4 are equal in amplitude, so
the decrease in e, due to pulse 5 is equal to the increase (Ae,) produced by
pulse 4. Also, negative pulses 6, 7, and 8 linearly decrease the output
(capacitor) voltage. Extending the waveforms (broken lines), we see that
integration of the sine wave input produces a negative cosine wave output.

2-5 DIFFERENTIATING CIRCUITS

When the output from a CR circuit is taken across R, the output voltage is
the differential of the input. As in the case of the integrating circuit, the
relationship between CR and the pulse width is important. Figure 2-9
shows the various output waveforms that can occur, depending upon PW
and CR.

The voltage across R is the product of the charging current and the
resistance; that is e =i_,X R. When the time constant CR is 10 times the
pulse width (or greater), the capacitor charges very little during the pulse
time. The charging current falls only a small amount from its initial level
[see waveform (a) in Figure 2-9]. Thus, e, remains almost constant during
the PW. During the space width the capacitor is discharged, and i, is a
negative quantity. The resistor voltage is now negative and, again, remains
nearly constant for the discharge time.

If CR is made equal to the pulse width, the capacitor is charged to
approximately 60% of the input voltage during the pulse time. Conse-
quently the charging current falls by about 60% of its initial value, giving
an output waveform with a very pronounced tilt [see the waveform in
Figure 2-9(b)].
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FIGURE 2-9. Differentiating circuit and output waveform.

When CR is less than one-tenth of the pulse width, the capacitor is
charged very rapidly. Only a brief pulse of current is necessary to charge
and discharge the capacitor at the beginning and end of the pulse. The
resultant waveform of resistor voltage is a series of positive and negative
spikes at the pulse leading and lagging edges, respectively [see Figure
2-9(c)]. The differential of a quantity is a measure of the rate of change of
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the quantity. At the leading edge of the pulse, the input voltage is changing
rapidly in a- positive direction. At the lagging edge of the pulse, the input
voltage is changing rapidly in a negative direction. During both the pulse
width and the space width, the input voltage does not change at all. Thus,
it is seen that the positive and negative spikes with intervening spaces [Fig.
2-9 (¢)] do indeéd represent a differentiated square wave.

When a ramp voltage is applied to the input of a differentiating circuit,
the resultant output is a constant dc voltage level (Figure 2-10). While the
input voltage continuously increases, the capacitor cannot become com-

i
n
‘; 1 uF T
E S
. 1kQ3R pI—}\—
e 12 f
$

Input (a) ——

100 ms

Output (a)—> I - |

———
0.1V
Slope = 2[slope of (a)]

E(max)

Input (b) —> =20V
100 ms
i ‘ Output = 2[output of (a)}

Output (b)— a

02V

FIGURE 2-10. Differentiation of ramp voltage.
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pletely charged. Hence, the instantaneous capacitor voltage is always
slightly less than the instantaneous input voltage. This small difference in
E and e, is developed across R, giving a constant level of charging current,
and thus a constant level of e;. While the ramp increases positively, the
capacitor is charged with the polarity shown and i, produces a positive
level of ez. When the ramp goes negative, i, is reversed and, consequently,
eg is negative. '

EXAMPLE 2-9

For inputs (a) and (b), calculate the level of the outputs from the differen-
tiating circuit shown in Figure 2-10.

solution

At the end of input ramp e,~E,, . Since the charging current is constant,
Equation (2-8), ¥=1It/C, may be applied.
(a) For the 10 V ramp:

CE..x 1uFXI10V

= = =0.1 mA
I t 100 ms

and

eg=IXR=0.1 mAX1k2=0.1V

(b) For the 20 V ramp:

CE
I= max _ lp,F><2OV___0.2mA
t 100 ms

and

ex=IXR=02mAX1kQ2=02V

In Example 2-9, the rate of change of the 10 V ramp is 10 V /100 ms,
that is, 0.1 V/ms. For the 20 V ramp, the rate of change is 0.2 V/ms. Thus,
as shown in the example, the differentiated output doubles when the rate
of change of input voltage is doubled.

From Example 2-9 an equation for the output from a differentiating
circuit is :

Emnx
exg=CRX —t— (2-15)
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Input waveform
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Output . ; * \ l

€R2

o

FIGURE 2-11. Differentiation of pulse wave.

That is, eg = CR X (rate of change of input). This equation may be applied
in the case of pulse waveforms with known rise and fall times, as illustrated
in Figure 2-11.

EXAMPLE 2-10

Calculate the amplitude of the differentiated output waveform for the
circuit and input pulse shown in Figure 2-11.
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solution

eg = CR X(slope)

E
egy= CR X =2 =100 pF X 1 K@X 10 V/ps

r

=1V

E
exy= CR X —‘;;‘-5 =100 pF X 1 k2X(—10 V/3 ps)
=-03V

Sometimes the input waveform to a differentiator has very fast rise
and fall times, and it is intended to use the differentiator only as a means
of generating positive and negative spikes. In this case the circuit time
constant is simply made much smaller than the input pulse width (i.e,
instead of smaller than ¢, and 7;). The spike waveform that results usually
has a peak-to-peak amplitude which is twice the peak-to-peak amplitude of
the input wave.

Consider Figure 2-12. When the input is positive at +E volts, the
capacitor charges to E volts with the polarity shown. When the input goes
to — E, the output spike amplitude is (briefly) the sum of the input voltage
and the capacitor voltage, i.e., —2 E volts. Similarly, while the input is
negative, the capacitor charges with the opposite polarity and the (positive)
output spike amplitude is again 2 E, the sum of the input and capacitor
voltages.

The process by which a sine wave is differentiated is illustrated in
Figure 2-13. At the peak of the sine wave (1=0), the rate of change of the

Tﬂ o__j'_“_—___ 2F
E c
[ S B i:"”l

AAAA
VVVV

O————aerd
|

-

¥ i
E
aa 2F

1

FIGURE 2-12. Differentiafing circuit with an input which has very fast t, and ¢,.
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FIGURE 2-13. Differentiation of a sine wave.

voltage is zero. Thus the differentiated output voltage is zero. At time t
the sine wave amplitude decreases, producing a negative rate of change.
Consequently, the differentiated output voltage is —e,. At 7, and t; the
negative rate of change increases and becomes maximum at ¢,. The
differentiated output, therefore, increases negatively through —e, and —e,
to —e,. Beyond ¢,, the negative rate of change decreases to zero at tg.

Extending the waveform (broken lines) shows the differential of a sine
wave to be a cosine wave.
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2.6 LOADING EFFECTS ON DIFFERENTIATING
AND INTEGRATING CIRCUITS

If a circuit connected to the output of a differentiator has an input
resistance of (say) 1 k@, then that 1 k@ might be used as R in the
differentiator (see Figure 2-9). If the input resistance of the circuit is too
small to be used as R in the differentiator, an emitter follower or a voltage
follower circuit (see Section 7-7) must be used to increase the circuit input

' ¢ O
Input « k
| RiZ

Output l
I

VBE“*T“——lr—

(a) Positive spike clipped by transistor

\Ad

a

Ip
e

j fJ)Q
Input Rp j

-

X
ANAAA
VVV

AN

1

Output

(b) Ry €Rp, waveform not clipped

FIGURE 2-14. Transistor loading effect on a differentiating circuit.
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resistance. When the input resistance is very high compared to likely values
for R, R is selected at any convenient (much lower) value. In this event,
the connected circuit has no significant effect on the operation of the
differentiator.

One-loading problem that occurs frequently is the case of a transistor
which is to be switched on by the output of a differentiating circuit. Figure
2-14(a) illustrates the situation. When the transistor is not connected, the
differentiated waveform developed across R, is positive and negative
spikes. With 0, connected, the voltage across R, cannot exceed the ¥y, of
the transistor. (This is typically 0.7 V for a silicon transistor, 0.2 V for a
germanium device). Of course, this affects only the positive spikes when an
npn transistor is used. During the negative spikes the device is off and the
spike amplitude is unaltered. Whenever a pnp transistor is involved, the
reverse is true: negative spikes clipped, positive spikes unaltered.

If it is intended that the transistor should be triggered on at the edge of
the input pulse, then the spike-clipping may not be important. However,
when the spikes are not to be clipped the circuit must be modified slightly.
Figure 2-14(b) illustrates the necessary modification. Resistor R limits the
transistor base current to any desired level, and allows the voltage across
R, to climb to the required amplitude.

R is calculated as explained in Chapters 4 and 5, and the total input
resistance offered by the transistor and R, is

1%
R,=R +-2£
IB

The differentiating circuit resistance (during positive pulses when an
npn transistor is used) now becomes

R=R,|R;

During negative-going spikes Q, is biased off, I, ceases to flow, and R
becomes equal to R,. If R, is made much smaller than R;, R is always
approximately equal to R,, and the transistor has a negligible effect on the
performance of the differentiating circuit.

The same kind of loading effect may present a problem with integrating
circuit. If the transistor is directly connected, then, as before, the output
waveform is clipped [see Figure 2-15(a)]. Again, the solution is to employ a
base resistor with the transistor; R in Figure 2-15(b). In this case the
capacitor current / must be made very much larger than I, if the transistor
is to have a negligible effect on the performance of the integrating circuit.
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REVIEW QUESTIONS AND PROBLEMS
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FIGURE 2-15. Transistor loading effect on an integrating circuit.

(b) I» Ig, waveform not clipped

Alternatively, an emitter follower or a voltage follower may be used to
minimize the loading effect on the integrator. '

REVIEW QUESTIONS AND PROBLEMS

A capacitor C is charged from a voltage source E, via a resistance

2-1
R. The general formula for the capacitor voltage is

e,=E—(E—E,)e "/}
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(a) Derive an expression for the time required for the capacitor
voltage to go from 10% to 90% of its maximum level. (b) Derive
expressions for e, when =CR and when t=5 CR.

The CR circuit shown in Figure 2-7 has a 20 V dc voltage input. Plot
the graphs of e, and e, versus time.

A 10 uF capacitor is charged via a 10 k€ resistance from a 5 V
source. If the capacitor has an initial charge of —2 V, calculate its
charge after 50 ms.

For Problem 2-3, determine the level of charging current after 35
ms.

For Problem 2-3, calculate the time required for the capacitor to
charge to 4.5 V.

A 10V step is switched on to a 22 k{2 resistor in series with a 300 pF
capacitor. Calculate the rise time of the capacitor voltage, the time
for the capacitor to charge to 63.2% of its maximum voltage, and the
time for the capacitor to become completely charged.

If the square wave input to the circuit shown in Figure 2-5(a) has a
frequency of 250 Hz, and an amplitude of 15 V, determine the
capacitor voltage at t=7 ms.

For Problem 2-7, determine the maximum and minimum levels of
capacitor voltage when the waveform has settled. Sketch the
waveform of e_ to show its relationship to the input square wave.

For Problem. 2-7, determine the maximum and minimum levels of
charging current when the waveform has settled. Sketch the
waveform of i, to show its relationship to the e, waveform.

A 1,000 pF capacitor is charged from a 5 V source via a 4.7 kQ
resistor. Using the normalized charge and discharge graphs in Figure
2-3, determine: (a) the time required for the capacitor to charge to
3.5V, (b) the capacitor voltage 15 us after commencing to discharge
from its fully charged level.

For the circuit described in Problem 2-6, use the. normalized charge
and discharge graphs in Figure 2-3 to determine (a) the capacitor
voltage 10 pus after e, =0 V, (b) the time required for the capacitor to
charge toe,=9 V.

For the circuit and input shown in Figure 2-16; (a) determine the
level of e, and i, at =2.5 ms. (b) Sketch the settled waveform of e_.
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FIGURE 2-16. Problem 2-12,

Sketch an integrating circuit with a square wave input. Show the
output waveforms for (a) CR=10XPW, (b) CR=3 PW, (¢
CR=~=PW.

Explain why the output of an integrating circuit represents the
integration of the input waveform.

Sketch the shape of the output waveform from an integrator when
the input is a cosine wave.

A pulse having an amplitude of 5 V and a PW of 100 us is applied
to the CR circuit shown in Figure 2-16. Determine the amplitude of
e. at the end of the pulse. If the input PW goes to 150 us and the
amplitude goes to 7.5 V, calculate the new level of e, at the end of
the pulse time,

Sketch a differentiating circuit with a square wave input. Show the
waveforms for (a) CR~; PW, (b) CR=~10XPW, (c) CR~PW.

Explain why the output of a differentiating circuit represents the
differential of the input waveform.

Sketch the shape of the output waveform from a differentiator when
the input is a cosine wave.

A 100 Hz triangular wave with a peak-to-peak amplitude of 9 V is
applied to a differentiating circuit. R=1 MQ and C=100 pF.
Calculate the output amplitude and sketch the waveform of the
output.

A pulse with a rise time of 7,=500 ns, a fall time of ¢,=1 us, PA=12
V, and PW =10 ps is applied to a differentiating circuit with C=200
pF and R=470 Q. Determine the amplitude of the differentiated
outputs, and sketch the output waveform.

Discuss the loading problems that occur with differentiating and
integrating circuits, and explain how they may be overcome.



CHAPTER

Diode
Switching

INTRODUCTION

Because it passes a large current when forward-biased and an extremely
small current when reverse-biased, a semiconductor diode can be employed
as a switch. The speed with which a diode can be switched is determined by
the reverse recovery time of the device. Diodes are widely applied to clip
unwanted portions from a waveform, or to clamp the peak of a waveform to
a desired dc level. Zener diodes may be used as reference voltage sources in
clipping and clamping circuits.

3-1 THE DIODE AS A SWITCH

Typical characteristics for a low-current silicon diode are shown in Figure
3-1. It is seen that when the forward bias voltage Vi is approximately 0.7 V
the forward current I is approximately 10 mA. Above the 10 mA level, I
increases substantially with very small increases in. V. The reverse char-
acteristics show an approximately constant reverse saturation current 15 of
0.05 pA for reversé voltages ranging up to reverse breakdown at 75 V.
(Some diodes can survive reverse biases much greater than 75 V.) Since the
typical reverse current is on the order of 1/200,000 of the forward current,

62
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FIGURE 3-1. Forward and reverse characteristics for a typical low current silicon
diode.

the reverse current can be neglected for many purposes. The diode is then
thought of as a one-way device. It simulates a switch, which is closed when
~ the device is forward-biased and open when it is reverse-biased.

A switch is characterized by zero voltage drop when closed and zero
current when open. This is also true of an ideal diode. Figure 3-2(a)
illustrates the characteristics of a switch, and Figures 3-2(b) and (c) show
similar approximate diode characteristics. The silicon device has a typical
forward voltage drop of 0.7 V, while ¥ for the germanium diode is
approximately 0.3 V. For both silicon and germanium, the reverse current
is normally very small.

In a great many applications diode characteristics can be ignored. The
device is assumed to have a constant forward voltage drop ¥V when
forward-biased, and a constant (temperature dependent) reverse leakage
current I when reverse-biased. To select a diode for a particular applica-
tion, it is necessary to determine the forward current that must be passed,
the power dissipation, the reverse voltage, and the maximum leakage
current that can be tolerated. Another item that must be considered is the
required operating frequency of the diode.

The effect of a sudden change from forward bias to reverse bias is
illustrated in Figure 3-3(a). Instead of switching off sharply when the input
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(c) Approximate characteristics —<e——— 0.7V

for a silicon diode

FIGURE 3-2. Switch characteristics and approximate diode characteristics.

becomes negative, the diode initially conducts in reverse. The reverse
current I, is at first equal to I; then it gradually falls off to the reverse
saturation level I;. At the instant of reverse bias there are charge carriers
crossing the junction depletion region, and these must be removed. This
removal of charge carriers constitutes the reverse current I. The reverse
recovery time t,, is the time required for the reverse current to go to /.
Typical values of ¢,, range from 4 ns to 50 ns.

If the diode forward current is reduced to a very small value before the
device is reverse-biased, then the reverse current will also be very small.
Even when a large forward current is flowing, the reverse current can be
kept small if the forward current is reduced slowly. This means that for
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FIGURE 3-3. - Effect of diode reverse recovery time.

minimum reverse current, the fall time of forward current should be much
longer than the diode reverse recovery time [see Figure 3-3(b)].

3-2 THE ZENER DIODE

The symbol for and characteristics of a Zener diode are shown in Figure
3-4. This device is a semiconductor diode designed to operate in the reverse

breakdown region of its characteristics. If the reverse current is maintained



66 Chap. 3 DIODE SWITCHING

(a) Zener diode symbol Vy
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FIGURE 3-4. Zener diode characteristic.

within certain limits, the voltage drop across the diode is maintained at a
reliable constant level. Thus the Zener diode (also known as an avalanche
diode or breakdown diode) is useful as a voltage reference source.

From Figure 3-4(b), V is the Zener voltage measured at test current
I;;. The knee current, I,y, is the minimum current that should pass
through the device to maintain a constant ¥V,. The maximum Zener
current that may be passed for the device not to exceed maximum
permissible power dissipation is designated as I,,,.

For correct operation a Zener diode must be positively biased on the
cathode and negatively biased on the anode; that is, it must be
reverse-biased. When the reverse voltage is smaller than ¥, only the
normal diode reverse saturation current Ig flows. When the Zener diode is
forward-biased it behaves as an ordinary diode. Thus a large forward current
flows, and the diode voltage is typically Vy=0.7 V.
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(b) Positive series clipper

FIGURE 3-5. Negative and positive series clipping circuits.

3-3 DIODE CLIPPER CIRCUITS

3-3.1 Series Clipper

A clipper (or limiter) circuit is one that clips off a portion of an input
waveform. Two clipping circuits are shown in Figure 3-5. In the negative
series clipper, the diode is forward-biased when the input becomes positive.
Thus, the output voltage at this time is the peak input voltage minus the -
diode voltage drop. When the input becomes negative, the diode is
reverse-biased and the reverse saturation current /g flows through resistor
R,. The output then is a very small negative voltage —(IgXR;). The
resultant output waveform from the circuit is essentially the input, with the
negative portion clipped off.

The positive series clipper operates in the same way as the negative
clipper except that, in this case, the diode is turned around, and the positive
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portion of the input waveform is clipped off. The input waveform may be
square, sinusoidal, or any other shape.

EXAMPLE 3-1

The negative series clipping circuit in Figure 3-5(a) is to have an input of
E=+50 V. The output current from the circuit is to be 7, =20 mA, and
the negative output voltage — ¥, is not to exceed 0.5 V. Calculate the value
of R,. Specify the diode in terms of ferward current, power dissipation,
and peak reverse voltage.

solution

For a negative input:

I=5 puA (maximum likely; see Appendix 1-1)

—V,=I¢XR,
Vo 05V
Ri=72=5 A =100k2

Use a 100-k {2 standard value (see Appendix 2).
Diode peak reverse voltage:

~-E=-50V

‘For a positive input:

Power dissipation in R;:

=1-:_2_(SOV)2
RI™"R T 100kQ
=25 mW

Diode forward current:
Ie=1,+1g,

=20mA+0.5mA
=20.5 mA
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Diode power dissipation:

Pp=VeXIg
=0.7 VX20.5 mA (for a silicon diode)
=14.35mW

EXAMPLE 3-2

From the diode data sheets in Appendix 1 select a suitable device for the
circuit designed in Example 3-1. )

solution

From Example 3-1:

Reverse saturation current Ig<5 pA

Peak reverse voltage E> 50V
Forward current I > 20.5 mA

Therefore, the diode selected must have a reverse current I not greater
than 5 pA, a maximum reverse voltage Vy not less than 50 V, and a
maximum forward current not less than 20.5 mA. The 1N914, IN915, and
IN916 diodes fulfill all of the required conditions. The 1N917 can take a
maximum reverse voltage of only 30 V; therefore it is not suitable.

3-3.2 Series Noise Clipper

Frequently a signa! has unwanted voltage fluctuations (called noise) which
can trigger sensitive circuits. To eliminate noise, a series noise clipping
circuit may be employed. If the noise is considerably smaller than the
normal forward voltage drop of a diode and the signal voltages are larger
than ¥, then the diode noise clipper shown in Figure 3-6(a) may be
employed. Since the peaks of noise voltage are not large enough to
forward-bias either D, or D,, the output during the time between signals is
zero. The wanted signals readily forward-bias the diodes, and the output
peak voltage is (E— V). A dead zone of + Vj exists around ground level at
the output. This simply indicates that for signals to be passed to the
output, they must exceed * V.
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(a) Diode noise clipper

ey ’ HE-Vp - V)
D, I D, —° Output
« 12 -f— —————— +Vep+V,
l<V—>i > 3R, Dead _
“Vzr Vet €71 sone 1
S —=—=Vr-V,
) ~(E~-Vp = V)

(b) Zener noise clipper

FIGURE 3-6. Series noise clipping circuits.

When noise is too large for ordinary diodes, Zener diodes can be used,
as shown in Figure 3-6(b). In this case, when the signal input goes positive,
D, behaves as an ordinary forward-biased diode, while D, goes into
breakdown. Similarly, when the signal is negative, D, is forward-biased
and D, is in breakdown. The dead zone is now *(Vp+V¥,), and only
signals greater than this will be passed to the output. That is, the signals
must be large enough to drive one diode into breakdown and to
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forward-bias the other diode. The voltage drop across the two diodes is
subtracted from the input signal, so the output peak is (E— Vy— V3).

EXAMPLE 3-3

The Zener diode noise clipper in Figure 3-6(b) has input signals of E=+6
V. The input noise has an amplitude of +2 V. Specify the Zener diodes
required and calculate the resistance of R;. Also calculate the amplitude of
the output signals.

solution
Va>2V
From the Zener diode data sheet in Appendix 1-3, the IN746 with V,=3.3
V is a suitable device. The output signal amplitude is
Vo=*(E-Vp—V,)
=+(6V-07V-33V)
=+2V

In the absence of a load current, R, must pass enough current to keep
the diode conducting when the signal is present. From the data sheet,

I,7=20 mA. To ensure that Ip, is greater than I,,, make
Iy =31z7=5mA

and

Use a standard value resistor (R, =390 Q). See Appendix 2.
Power dissipation in R, is

V2
PR1=_O‘
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3-3.3 Shunt Clipper

Negative and positive shunt clipping circuits are shown in Figure 3-7. In
each case the clipping circuit is applied to protect the base-emitter junction
of a transistor from excessive reverse bias. Most transistors will not survive
more than 5 V applied in reverse across the base-emitter junction. Conse-
quently, when input signals are greater than 5 V, some sort of protective
circuitry is needed.

In the circuit of Figure 3-7(a), the negative portion of the input signal
is clipped off to protect the npn transistor. When the signal becomes
positive, D, is reverse-biased and all of the current I, flows through the

Clipper circuit

|
- | '/‘
Lo |
O_Wv

+E R Output Y(E-LR)) <
(I i
Input D, 1_|
r + = +|
- E |
L

]
|
|

(a) Negative shunt clipper

Clipper circuit

|
- 1 -
- 1
E o——AM ] o
. R, | ‘\\
Input ks D, Output Y v |
= - = | <
—E = ——(E-»/O'R]) %
. | L

(b) Positive shunt clipper !

FIGURE 3-7. Negative and positive shunt clipping circuits.
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transistor base. The ;oltage at the transistor base, i.e., the clipper output, is
(Input voltage) — (Voltage drop across R,)=E—I,R,

When the input becomes negative, the transistor base-emitter junction
is reverse-biased, and the diode is forward-biased. Since the diode is in
parallel with the transistor input, the maximum reverse base-emitter volt-
age is limited to the diode forward voltage drop V5.

Diode D, in Figure 3-7(b) is forward-biased when the input is positive.
Thus, the transistor base-emitter voltage is limited to ¥, positive on the
base and negative on the emitter, which is reverse-biased for the pnp
transistor. When the input becomes negative, D, is reverse-biased and 7,
flows through the transistor base.

As in the case of the series clippers, shunt clipping circuits can be
employed with sine or other input waveforms, as well as with square
waves."

EXAMPLE 3-4

The negative shunt clipper circuit in Figure 3-7(a) is to have an output
voltage of 9 V, and output current of approximately 1 mA. If the input
voltage is + 10V, calculate the value of R; and the diode forward current.

solution

When the input is +10 V:

Output=9 V=E—I, R,
I,R,=E-9V=10V-9V=1V

When the input is —10 V, D, is forward-biased and

Ve~07V

Ve=E—I.R,

I = E—VF= 10V-07V
F R, 1 k§

=9.3mA
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3-3.4 Biased Shunt Clipper

All the shunt clipping circuits discussed so far clip off either the positive or
the negative portion of an input waveform. The unwanted output is limited
to a maximum of ¥, above or below ground. In the circuit of Figure
3-8(a), diode D, has its cathode connected to a bias of +2 V, and D, has
its anode connected to —2 V. In this case the diode D, will not be
forward-biased while the output of the clipping circuit is below 2 V. The
presence of D, then limits the positive output to a maximum of 2V + V).
Similarly, D, will be reverse-biased until the output is more negative than
—2 V. This limits the negative output to a maximum of —(2 V+ V).

—oVy =42V
I ¥
D
1 io
——
—0
Output N
N 4
- L vV +Y)
r 3 N I
p, [
vy - (2V+V)
o Ns
Vpg=—-2V
(a) Biased diode shunt clipper =
& ‘VAVAVAV 4 : H
+ F
R, Output + (Ve + Vyp)
Input 3 ] D,
- D,
_F
o-

(b) Zener shunt clipper

FIGURE 3-8. Biased diode shunt clipper circuit and Zener shunt clipper circuit.
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The biased shunt clipper normally is used to protect a device or circuit
which has both positive and negative input signals. The bias voltage is
selected to prevent the input (either positive or negative) from exceeding a
maximum safe level.

The Zener clipper shown in Figure 3-8(b) performs a function similar
to that of the circuit of Figure 3-8(a). In this case, however, no separate
bias voltage supplies are necessary. When the input signal becomes positive,
D, operates like an ordinary forward-biased diode while D, goes into
Zener breakdown. The output voltage at this time is (Vg + Vz,). When the
input is negative, D, is in Zener breakdown and D, is forward-biased. The
output voltage now is — (Vg + V7).

EXAMPLE 3-5

A biased shunt clipper circuit [as shown in Figure 3-8(a)] is to be designed
to protect a circuit which cannot accept voltages exceeding V,= £2.7 V.
The input to the clipper is a +8 V square wave, and the output current is
to be a maximum of 1 mA. Calculate the value of R, and specify the
diodes to be used.

solution

To ensure that the diodes become properly forward-biased, take the
minimum forward current I as 10 mA (see the typical diode characteris-
tics in Figure 3-1).

V,,=bias voltage ¥+ diode voltage drop V¢

CVg=Vo—Vp
=2.7V—0.7V (using a silicon diode)
=2V

Voltage across R, =(Iz+1,)X R,
(Ip+1p)XR\=E—Vg— Vg

E-Vy— Vg

I+1,
_8V-2V-07V
10 mA+1mA
[ use 470 § standard value
resistor (see Appendix 2)]

R,=
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The diodes selected should be low current devices with V,~0.7 V at
I-=10 mA, and should have a peak reverse voltage greater than 10 V.

EXAMPLE 3-6

Design a Zener diode shunt clipper circuit [as shown in Figure 3-8(b)] to
be connected between a +25 V square wave signal and a circuit which
cannot accept inputs greater than *11 V. The output current is to be a
maximum of 1 mA. '

solution

Clipper circuit output is V,=+11V

Vo=Ve+V,
Vz=Vo— Vg
=11V-0.7V=103V

Refer to the breakdown diode data sheet in Appendix 1-3;

V=10V for the IN758 device

Use IN758 breakdown diodes.

Vai=E-V, .
=E—(Ve+Vy,)
=25V-10V—-07V=143V

To ensure that I,> I, make

Iz=3lpr
=:X20mA=5mA
I =1,+1,
=5mA+1 mA=6mA
vV, . use a 2.2 k€2 standard value
R,=A=M=z.38ksz [

Iy  6mA resistor (see Appendix 2)]
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3-4 DIODE CLAMPER CIRCUITS

3-4.1 Negative and Positive Clamping Circuits

The clamper circuit (also known as a dc restorer circuit) changes the dc
level but does not affect the shape of a waveform. When the input is
positive, in the negative voltage clamper circuit of Figure 3-9(a), diode D, is
forward-biased, and capacitor C, charges with the polarity shown. During
the positive input peak, the output cannot exceed the diode forward-bias
voltage V. At this time, therefore, the voltage on the right-hand side
(RHS) of the capacitor is + V5, while on the left-hand side (LHS) of the
capacitor the voltage is +E. Thus, the capacitor is charged to E—Vp,
positive on the LHS, negative on the RHS, as shown.

When the input becomes negative, the diode is reverse-biased and it
has no further effect on the capacitor voltage. Also, resistor R, has a very
large value and cannot discharge the capacitor significantly during the
negative (or positive) portion of the waveform. While the input is negative,

(a) Negative voltage clamper

E-Ve +QE - V)
g = Output

Input o = o ‘LFv
npu
tE G ¢_ R 2F
1

CTr1r1 i %& °r- —iVF }

- ¢+Dl =
—F —

[e

1

(b) Positive voltage clamper

FIGURE 3-9. Negative and positive clamping circuits.
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the output voltage is the sum of the input voltage and the capacitor
voltage. Since the polarity of the capacitor voltage is the same as the
(negative) input, the result is a negative output larger than the input
voltage.

Thus

Negative output=—E—(E— V)
=—(Q2E-Vy)

The peak-to-peak ( p-to-p) output is the difference between the nega-
tive and positive peak volfages.

p-to-p output=(positive peak) — (negative peak)
=Vy— [ -QE- VF)]
=2E

It is seen that the amplitude of the output waveform from the negative
voltage clamper is exactly the same as that of the input. Instead of being
symmetrical above and below ground, however, the output positive peak is
clamped to a level of V. above ground. The difference between clipping
and clamping circuits is that while the clipper clips off an unwanted portion
of the input waveform, the clamper simply c/amps the maximum positive or
negative peak to a desired dc level.

The function of R, is to discharge C, over several cycles of the input
waveform. This would not be necessary if the input signal never changed.
However, if the input is made smaller, C, must be partially discharged for
the positive output peak to rise to ¥ once again.

The positive voltage clamping circuit [Figure 3-9(b)] functions in exactly
the same way as the negative voltage clamper. The diode, connected as
shown, clamps the negative output peak at — V. Capacitor C, charges to
E — V. positive on the RHS, negative on the LHS. The positive output then
becomes 2 E— V5.

To design a clamping circuit, C, should be selected so that it becomes
completely charged during about five cycles of the input waveform. Since a
capacitor takes approximately five time constants to become fully charged,

5 CR=5XPW,
or CR=PW

where PW is the width of the pulse which forward-biases the diode. In this
case, R is the total resistance in series with the capacitor when it is being
charged. This is the sum of the source resistance Rg and the diode forward
resistance R [see Figure 3-10(a)).
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FIGURE 3-10. Capacitor charge and discharge circuits for clamping circuit.
C(R,+R)=PW

Since usually R>> R,
CRg=PW (3-1)

When the capacitor partially discharges during the negative input peak
(for a negative voltage clamper), some tilt appears on the output, as shown
in Figure 3-10(b). The acceptable amount of tilt determines the value of
the discharge resistor R,. The voltage across R, during this time is
approximately 2 E. Therefore, the discharge current is
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The diode reverse resistance is also involved but, since it is in parallel with
R, and is very much larger than R,, it may be neglected. The current I
remains approximately constant during the discharge time so Equation
(2-7), V=11/C, may be applied. In this case, a change in capacitor voltage
AV is involved. Replacing 7 with (2E)/R, in the equation gives

2E ¢
AV= —R—l‘ X E
or
2E:
Ri=Zve (3-2)
EXAMPLE 3-7

A negative voltage clamper has a 1 kH, square wave input with an
amplitude of +10 V. The signal source resistance R s 15 500 ©, and the tilt
on the output waveform is not to exceed 1%. Design a suitable circuit.

solution

For the input,

1
T=—-= m =1 ms
and PW=%T=500 us.
From Equation (3-1),
PW
C= 7{:
500 ps
=S L AF

For 1% tilt on the output,
AV=0.01 2F)
From Equation (3-2),

_ 2 Et
' 001 QE)xC

001C
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and t=PW =500 pus,

500 us

R,= m =50k§ (use 47 k standard value)

3-4.2 Biased Clamping Circuits

In the biased clamping circuit shown in Figure 3-11(a), the cathode of
diode D, is connected to a 2-V bias level. When the input becomes
positive, the output level is clamped to the bias level plus the diode voltage
drop, that is, 2 V+ V. At this time the voltage on the RHS of C, is 2
V+ Vg, and on the LHS is E. Therefore, C, charges to E—(2 V+V;),
positive on the LHS and negative on the RHS. When the input goes to

Ve=(E-2V -~ V)

—>{ Ve '4—
+., -
o————¢
+E G
Input — RS R S R
L !
N
[o;
(a) Circuit to clamp output at approximately + 2 V maximum
Ve=~(E+2V-Vp) 5 ‘
utpu
""VC'*_ +QRE+2V -V
o— — .¢* ——4 —0 2E
+E — G
D,
[nput _[—-— — 41— R, +2V J: __________ 2V-V;,
—E = =

(b) Circuit to clamp output at approximately + 2 V minimum

FAGURE 3-11. Biased clamping circuits.
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— E, the output becomes — E plus the capacitor voltage. That is,

Negative output=—[ E+{E—-2V-V;)]
=~QE-2V-V;)

and the peak-to-peak output .is equal to (positive peak)—(negative peak),
or

p-topoutput=2 V+Ve)-[-(QE-2V-V;)]
=2E

It is seen that, although the output is clamped to a maximum dc level of
2 V+Vj, the wave shape and amplitude is unchanged. As before, the
function of R, is to partially discharge C, over several cycles of the input.
The clamper circuit on Figure 3-11(b) is similar to that in Figure 3-11(a)
except that the diode is inverted. Since the capacitor charges with a
different polarity, C, also is inverted from 1ts condition in Figure 3-11(a).
The anode is the diode is always at the bias voltage level, which is 2 V in
this case. When the diode is forward-biased, its cathode voltage is
2 V— Vg, and cathode cannot go below this level. Therefore, the lowest
level of output voltage is 2 V— V.

The diode is forward-biased during the time that the input voltage is
— E. Capacitor C, charges, during this time, to —E on the LHS, and to
2 V-V, on the RHS.

V,=Capacitor voltage=(—E )~ (2 V—Vy)
=—(E+2V-Vg)

This is positive on the RHS and negative on the LHS. When the input
becomes + E, the capacitor voltage and the input have the same polarities
and add together to give

Output=E+E+2 V-V,
=2E+2V—-V,

The peak-to-peak value of the output waveform is again 2 E, and its lower
level is clamped to 2 V— V..

The Zener diode clamping circuits in Figure 3-12 perform the same
function as biaged clamping circuits. In Figure 3-12(a), the Zener diode
behaves like a bias source with a voltage of ¥,. When it is thought of in
this way, its operation is seen to be exactly the same as the biased clamper
in Figure 3-11(a). The Zener diode circuit in Figure 3-12(b) clamps the
negative output at —(¥,+ V). The capacitor charge then causes the
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(b) Circuit to clamp output at approximately — ¥, minimum

FIGURE 3-12. Zener diode clamping circuits.

positive output to be 2E—V,— V. As always, the peak-to-peak -output
voltage is 2 E.

EXAMPLE 3-8

Design the biased positive voltage clamper circuit shown in Figure 3-11(b).
The input waveform is +20 V with a frequency of 2 kHz, and the tilt on
the output is not to exceed 2%. The signal source resistance is 600 €.



84 Chap. 3 DIODE SWITCHING

solution

For the input waveform, T=1/f=1/2 kHz=0.5 ms.
PW=1T=250ps
From Equation (3-1),

use a 0.5 uF standard value capacitor
c=BW 2048 g4, p [W00205k P

R, 600% ¥ (see Appendix 2)]

For 2% tilt, AV =0.02X2E.
From Equation (3-2),

R.= 2EXPW
1" 0.02x2EXC

__ 2EX250ps
0.02X2EX0.5 uF

=25kQ (use 27 kQ standard value)

The bias voltage should be +2 V as shown in the figure, or any other
desired level. The capacitor voltage should be rated at ¥;+ V5; i.e., for the
circuit designed the capacitor selected should survive at least 22 V.

EXAMPLE 3-9

A square wave having an amplitude of %15 V and a source resistance R,
of 1 k& is to be clamped to a maximum positive level of approximately 9
V. The square wave frequency ranges from 500 Hz to 5 kHz, and the
output tilt-is not to exceed 1%. Design a suitable Zener diode clamping
circuit. '

solution

Maximum tilt occurs when the PW is longest, i.e., when f is'a minimum.
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From Equations (3-1),

PW 1ms
R, 1k&

s

C=

=1uF [standard value (see Appendix 2)]

For 1% tilt, V=001 X2E.
~ From Equation (3-2),

2EXPW
0.01X2EXC

- 2EX1 ms
0.01X2EX1 uF

Vo=V, + V=9V
V,=V,—V;
=9V-07V=83V

R,=

=100 kQ [standard value (see Appendix 2)]

From the regular diode data sheet (Appendix 1-3), the IN756 has V,=8.2
V; therefore, use a IN756 Zener diode and a low current diode such as a
IN914. The capacitor voltage should be at least V,+V,; i.e., minimum
capacitor voltage is 23.2 V for this circuit.

3-43 Loading Effects on Clamping Circuits

The discussion of loading effects on differentiating and integrating circuits
is also relevant to clamping circuits. A known load resistance may be used
directly as the capacitor discharge resistance (R, ) if its value is neither too
large nor too small. A very large value of load resistance can be ignored if
R, is much smaller. A very small value of load resistance requires an
emitter follower or voltage follower to minimize (or buffer) its effect on the
clamping circuit.

In the situation where a clamping circuit feeds directly into the base of
a transistor, the transistor might be used in place of the diode when the
clamped level is to be 0.7 V above or below ground level. When this is not
suitable, a resistor R; must be used (as explained in Section 2-6) to
minimize the loading effect and permit the clamper circuit to function
correctly. The current flow through the clamper resistance Rl must be
much larger than that into the transistor base.
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3-5 VOLTAGE MULTIPLYING CIRCUITS

The voltage doubling circuit is simply a two-stage clamper circuit connected
as illustrated in Figure 3-13(a). During the positive half-cycle of the input,
capacitor C,; charges to approximately the peak level (E volts) with the
polarity illustrated. When the input goes negative, a voltage with a peak
value of approximately —2FE volts appears at the output of the first stage
(i.e., across D,), as already explained in Section 3-4.1. During the time that
—2E is present across D,, diode D, is forward-biased and capacitor C, is
charged to 2 E with the polarity illustrated. The dc (output) voltage from
the terminals of C, is now double the peak value of the input voltage to the
circuit.

If further diode-capacitor clamper stages are cascaded, as illustrated in
Figure 3-13(b), each capacitor is charged to 2 E volts. The voltage across C,
and C, is now 4E volts. When a large number of stages are employed, high
dc voltage levels can be obtained from very low-level supplies.

+E_
o—=
G
D1 {Z D, %s
&)
o- ru o
2F
(a) Voltage doubling circuit
E 2F
T o
\} LAY
C1 Cs
D, Dy Dy Dy
(&) Gy
o Lo e Lo
2F 2F
T 4E >

(b) Voltage multiplier circuit

FIGURE 3-13. Voltage doubling and voltage multiplying circuits.
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3-1

34

35

3-6
37

39

3-10

3-11
3-12

REVIEW QUESTIONS AND PROBLEMS

Sketch typical characteristics for a low-current silicon diode. Briefly
explain why the diode can be thought of as a one-way device.

Sketch ideal diode characteristics, and approximate characteristics
for silicon and germanium diodes. Briefly discuss the parameters
that should be considered when selecting a diode.

Explain the origin of reverse recovery time for a semiconductor
diode. By means of sketches, explain why a large reverse current
flows when a very fast reverse bias is applied to a diode. Also show
how the reverse current can be minimized.

Sketch typical characteristics for a Zener diode. Indicate all im-
portant quantities related to the characteristics, and define each
quantity.

Sketch the circuit of a positive series clipper, showing the input and
output waveforms. Briefly explain its operation.

Repeat Problem 3-5 for a negative series clipper.

A negative series clipping circuit employs a diode with V=03 V
and Ig=10 p A. The input voltage is =9 V, and the output current is
to be a maximum of 10 mA. Calculate the value of the resistance R,.
Specify the diode in terms of forward current, power dissipation,
and peak reverse voltage. The negative output voltage is to be
maximum at 0.2 V.

Design a circuit to clip the positive peaks off a +20 V square wave.
A silicon diode is available with a maximum reverse leakage current
of 10 pA. The positive output voltage is not to exceed 0.5 V.
Calculate the amplitude of the negative output peak.

From the diode data sheets in Appendix 1 select a suitable device
for the circuit designed in Problem 3-8.

Sketch the circuit of a diode noise clipper, showing typical input and
output waveforms. Briefly explain how the circuit operates.

Repeat Problem 3-10 for a Zener diode noise clipper.

A Zener diode noise clipper has an input pulse signal with an
amplitude of =7 V and with noise amplitude of +3 V. Design a
circuit and select suitable Zener diodes and resistance value. Also
calculate the amplitude of the output signal.
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3-14
3-15

3-16

3-17

3-18

3-19
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3-22
3-23

3-24
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A pnp transistor which can take a maximum of 5 V in reverse at its
base-emitter junction is to be protected from excessive input signal
amplitude. Identify the required circuit and sketch the input and
output waveforms. Briefly explain the operation of the circuit.

Repeat Problem 3-13 for an npn fransistor.

A negative shunt clipper circuit has a square wave input of +15 V.
The output voltage is to be 13 V and —0.7 V, and the output current
is to be 250 pA. Calculate the required resistance value, and the
diode forward current.

Sketch the circuit of a biased diode shunt clipper that has an output
limited to a maximum of approximately +4 V. Explain the opera-
tion of the circuit.

The input to the circuit of Problem 3-16 is =16 V, and the output
current is to be 500 uA. Determine the required resistance value,
allowing the diode forward currents to be 10 mA.

Sketch a Zener diode shunt clipper circuit, and select suitable diodes
which will clip off input peaks greater than approximately 6 V.
Explain the operation of the circuit.

A +14 V square wave is applied to the circuit of Problem 3-18. The
output current is to be 2 mA maximum. Design a suitable circuit.

Define the difference between clipping and clamping circuits. A
%10 V square wave is applied to the input terminals of a negative
voltage clamping circuit, and to the input of a negative shunt
clipper. Sketch the output waveform that will result in each case.

Sketch a negative voltage clamping gircuit, showing input and
output waveforms. Briefly explain the operation of the circuit.

Repeat Problem 3-21 for a positive voltage clamper.

A negative voltage clamper has a 5 kHz square wave input with an
amplitude of +6 V. The signal source resistance is 1 k2, and the tilt
on the output waveform is not to exceed 1%. Design a suitable
circuit.

Sketch the output waveforms you would expect from each of the
circuits shown in Figure 3-14. Assume that the input to each circuit
is a +12 V square wave.

Sketch the output waveforms you would expect from each of the
circuits shown in Figure 3-15. Assume that the input to each circuit
is a +9 V square wave.
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FIGURE 3-14. Circuits for Problem 3-24.
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FIGURE 3-15. Circuits for Problem 3-25.
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3-26 Design a biased clamper circuit to clamp a *12 V square wave to a
minimum level of +3 V. The input waveform has a frequency which
ranges from 1 kHz to 10 kHz, and the signal source resistance is 500
Q. The tilt on the output is not to exceed 1%.

3.27 A square wave having an amplitude of +18 V and a source
resistance of 700 Q is to be clamped to a maximum positive level of
approximately 10 V. The square wave frequency is 800 Hz, and the
output tilt is not to exceed 0.5%. Design a suitable Zener diode
clamping circuit. .

3-28 Sketch a diode-capacitor voltage rhultiplier circuit, and explain how
it operates.



CHAPTER

Transistor
Switching

_ INTRODUCTION

A bipolar transistor can be made to approximate an ideal switch. When the
transistor is off, a small collector-base leakage current? flows through the
load. When it is on, there is a small collector-emitter saturation voltage
across the device. A transistor will not switch on or off instantaneously.
Turn-on and furn-off times depend upon the device and the circuit condi-

tions. Field effect transistors have several advantages over bipolar transistor
switches.

4-1 IDEAL TRANSISTOP. SWITCH

Figure 4-1(a) shows a common emitter transistor circuit arranged to
function as a switch. A load resistance R, is connected from the transistor
collector to the supply voltage V... The emitter terminal of the device is
grounded. For the transistor to simulate a switch, the terminals of the
switch are the transistor collector and emitter. The input voltage, or
controlling voltage, for the transistor switch is the base-emitter voltage

1
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Yeg = Vee —IcR,,

4__

(a) Common emitter
circuit

Switch
off

(b) Ideal transistor switch (c) Ideal transistor switch
in off condition in on condition

FIGURE 4-1. Ideal transistor switch.

Ve The collector-emitter voltage V. is equal to the supply voltage minus
the voltage drop across R, :

Vee=Vec— IR, ' 4-1)

When the transistor base-emitter voltage is zero, or reverse-biased, as
in Figure 4-1(b), the base current I g is zero and the collector current I.1s
also zero. The transistor switch is now in its off condition. Since there is no
collector current, there can be no voltage drop across the load resistor.
When I.=0, Equation (4-1) gives

Vee= CC_(OXRL)

=Vee
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Thus, when the ideal transistor is off, its collector-emitter voltage equals
the supply voltage.

When the transistor base is made positive with respect to the emitter
[Figure 4-1(c)], a base current I, flows. The collector current /. is equal to
I; multiplied by the transistor common emitter dc current gain hz; that is,
Io=hggX1Ig. If I is made large enough, /X R, can become equal to the

supply voltage V... Then by Equation (4-1).

Vee=Vee—Vee
Veg=0

When the ideal transistor is on, its collector-emitter voltage equals
zero.

The transistor can also simulate a switch in that, ideally, it dissipates
zero powder both when on and off. The only time power is dissipated in
the device is when it is switching between on and off. Transistor power
dissipation is given by

When off,

I.=0, Py=0XV.=0
When on,

Vee=0, Py=1-x0=0

As described above, the transistor can be operated as a switch which is
off when V. is zero or negative, and which is on when ¥V, is positive.
Ideally, V.gz=V;c when the transistor is off, and V.,=0 V when the
device is on. With a practical transistor these conditions.are not achieved;
however, they can be approximated.

4-2 PRACTICAL TRANSISTOR SWITCH

To understand how a practical transistor switch differs from the ideal case,
it is necessary to consider the common emitter characteristics. In Figure
4-2, the dc load line for the circuit of Figure 4-1(a) is drawn on the
transistor common emitter characteristics. Using Equation (4-1), the proce-
dure for drawing the load line is as follows: When I.=0, V z=V-—0.
For the circuit shown, V.-=10 V. Plot point 4 on the charact:ristics at
I.=0,and V=10 V.
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Saturation region

v

lpp—= =
b= i 2 |3 4 5 6 7 8 9| 104
VCE(SEOZ_._] ’ : F_Volts
gt
Veggan | Vep—> Ieo xRy
fe—2.5 v—>i
FIGURE 4-2. Characteristics and dc load line for transistor switch.
When V=0,
0= Vee—IcR,
1 VCC
C RL
0V
=——=]10mA
1k

[ for the circuit of Figure 4-1(a)]

Plot point B on the characteristics at V=0, Io=10 mA. Draw the dc
load line for R; =1 k& by joining points 4 and B together.

The dc load line defines all corresponding current and voltage
conditions that can exist in the circuit. For any given level of I, a
particular V. is dictated by Equation (4-1) and is illustrated by the load
line.

The common emitter characteristics are divided into three regions, as
shown in Figure 4-2. The active region of the characteristics usually is
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employed only in amplifier circuits. Here a linear change in base current
produces a nearly linear collector-emitter voltage change. When the
collector current is so large that ¥ is less than approximately 0.7 V, the
device is said to be operating in the saturation region of the characteristics.
The cutoff region exists below the level of I,=0.

Again, with reference to the load line, it is seen that when J 5=0, I is
not zero. Instead, a small current I, flows. This is the collector-base
reverse saturation current, or collector cutoff current, sometimes designated
Icpo- This current is the sum of the minority charge carriers which are
crossing the reverse-biased collector-base junction, and leaking along the
junction surface. I, is a very temperature-sensitive quantity. For the most
recent transistors, /o, at 25° C is in the nA range, however, at high
temperatures this may go into the microamps range.

Refer to the data sheet for 2N3903 and 2N3904 transistors in Appen-
dix 1. The collector cutoff current is designated by I.ry. This is the
collector-base leakage current measured under particular conditions speci-
fied by the manufacturer. Iz, can be regarded as essentially equal to I¢,.
From the data sheet, the collector cutoff current for 2N3903 and 2N3904
transistorsds 50 nA. The presence of I, makes V. slightly less than V.
when the transistor is cut off [see Figure 4-3(a)].

Vee=Vee—IcoRyL (4-2)
For V=10V, R, =1k, and Io=1pA:
Veg=10V—(1 pAX1k2)
=999V

>Vee

When the transistor is in saturation, a small collector-emitter saturation
voltage, Vepiary eXists. Typically about 0.2 V, Vg, largely depends
upon I and the resistance of the semiconductor material that forms the
transistor collector. The load line for R, =2 k§ (broken line in Figure 4-2)
reveals that when saturation occurs with smaller levels of I, then Vg,
is reduced. The 2N3903 and 2N3904 data sheet in Appendix 1 specifies
Veeean 28 03 V at Io=50 mA and 0.2 V at [-= 10 mA.

The saturated transistor circuit in Figure 4-3(b) has typical voltages of
Vp£=0.7V and ¥ ;=02 V. Thus the base terminal is 0.5 V positive with
respect to the collector terminal, and the normally reverse-biased collector-
base junction is actually forward-biased. As will be seen later, this forward
bias at the collector-base junction limits the switching speed of the transis-
tor.

The forward bias at the collector-base junction when a transistor is
saturated reduces the dc current again (h.g). This happens because, to
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draw the maximum number of charge carriers from emitter to collector,
the collector-base junction must be reverse-biased. For saturation to occur,
the transistor current gain must have a minimum value, A ;g ), depend-
ing upon the circuit conditions. Suppose a transistor has a base current of
I;=50 pA and requires a collector current I of 1 mA for saturation.
Then, Apgminy=Ic/Ip=1 mA /50 pA=20. If hgg is less than 20 in this
case, I will be less than 1 mA and saturation will not occur. If h g is
greater than 20, /. will tend to be greater than the required 1 mA, and
saturation will occur.

EXAMPLE 4-1

L]
For the circuit of Figure 4-1(a), /=02 mA. (a) Determine the value of
h pE(miny fOT saturation to occur. (b) If R, in Figure 4-1(a) is changed to 220
2 and a 2N3904 transistor is employed, will the transistor be saturated?

solution (a)
For saturation: ,

solution (b)
For saturation:

hFE(min)= I,

_ 45 mA
T 02mA
=225
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From the 2N3904 data sheef in Appendix 1, at Io =50 mA, h gz piny = 60.
Therefore, the transistor will not be saturated.

‘Suppose a 2N3904 transistor is employed in the case of Example
4-1(a). From the 2N3904 data sheet in Appendix 1, at I.=10 mA,
h pE@miny= 100 and Ay, =300. Thisesuggests that for I;=02 mA, I,
could be any value between 100x0.2 mA and 300<0.2 mA, that is, from
20 mA to 60 mA. In fact, the maximum collector’ current that can flow is
Ic=V,c/R,=10 mA, as calculated in the example. Thus, with an Az,
value greater than 50, more base current flows than is needed to drive the
transistor into saturation. The extra base current flows out through the
emitter terminal, and in this situation the transistor is said to be overdriven.

T+°* Vee
’Cl R I xR,

<

0.5V ¢4
+
Ip l+ =
—
+ H
Veggan = 0.2V

V=07V l
— - é—
(a) Transistor in cutoff . (b) Transistor in saturation

Vee =+ 10V

R
L 1o xR =75V
1kQ ! -

(c) Transistor in active region of characteristics

FIGURE 4-3. Transistors operated in cutoff, saturation, and acfive region of their
characteristics.
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Although transistors in switching circuits usually are switched from
cutoff to saturation, and vice versa, they can also be switched between
cutoff and the active region. For example, if the base current is limited to
70 u A for the load line shown in Figure 4-2 (point D), then Vg is 2.5 V.
In this case the transistor is referred to as a nonsaturated switch [Figure
4-3(c)).

The power dissipation is very small with a practical transistor in
saturation or cutoff. For a nonsaturated transistor switch, the power
dissipation is much larger than for either the cutoff or saturated cases.

- EXAMPLE 4-2

If the circuit of Figure 4-1(a) employs a 2N3904 transistor, calculate the
transistor power dissipation (a) at cut-off, (b) at saturation, and (c) when

solution (a)
For cutoff:
From the 2N3904 data sheet, Io~I.;x=50 nA,

Pp~=I-XVcc
=50nAX10V
=0.5 pW

solution (b)
For saturation,

V,
I z_C_C
C RL

0V
=Tka kQ—IOmA

from the 2N3904 data sheet; at Io=10 mA, Vepeay =02V
Pp=IcXVcE(sar

=10mAX0.2V
=2 mW
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solution (¢c)
At Veg=2V:
From Equation (4-1),
Vee=Vec—IcRL

_ Vee— Vee

C RL

- 10V-2V
1kQ

=8 mA
Pp=I-XVcg

=8 mAX2V

=16 mW

4-3 TRANSISTOR SWITCHING TIMES

One most important characteristic of a switching transistor is the speed
with which it can be switched on and off. Consider Figure 4-4, where the
time relationship between collector current and base current is shown.
When the input current I, is applied, the transistor does not switch on
immediately. The time between application of base current and
commencement of collector current is termed the delay time t, (see Figure
4-4). The delay time is defined as the time required for I to reach 10% of
its final level, after I; has commenced. Even when the transistor begins to
switch on, a finite time elapses before I reaches its maximum level. The
rise time 1, is defined as the time it takes for I to go from 10% to 90% of
its maximum level. The turn-on time (t,,) for the transistor is the sum of ¢,
and ¢, (see Figure 4-4).

Similarly, a transistor cannot be switched off instantaneously. The
turn-off time t g is composed of a storage time t, and a fall time i, (Figure
4-4). The storage time results from the fact that the collector-base junction
is forward-biased when the transistor is in saturation. Charge carriers
crossing a forward-biased junction are trapped (or stored) in the depletion
region when the junction is reversed. These charge carriers must be
withdrawn or made to recombine with charge carriers of an opposite type
before the collector current begins to fall. The storage: time £, is defined as
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Base current Ip

+ Ve . fe——PW——

R, T 90% —~X—00%
IC

l 1, Collector current

i 10% —x_10%

ta |2, [ 193

t

on Lotf

— Time —e

Decay time

FIGURE 4-4. Time relationships between base current and collector current in a
transistor switching circuit.

the time between I, switch off and I, falling to 90% of its maximum level.
The fall time ¢, is the time required for I to fall from 90% to 10% of its
maximum. A further quantity, the decay time is sometimes included in the
turn-off time. This is the time required for 1 to go from its 10% level to
Ico. Usually, this is not an important quantity since the transistor is
regarded as being off when I. falls to the 10% level.

Refer to the data sheet for th. 2N3904 transistor in Appendix 1-4. The
turn-on and turn-off times given are '

Turn-on time=1,+1¢,=35 ns+35 ns =70 ns
Turn-off time=1,+¢,=200 ns+ 50 ns =250 ns

In the case of a nonsaturated transistor switch, the collector-base
voltage is reverse-biased when the transistor is on. Therefore, no storage
time is involved, and the turn-off time is not much larger than the fall time.
This faster turn-off time is the major advantage of the nonsaturated switch.

Figure 4-5 shows the time relationship of the input and output voltages
as well as the I, and I waveforms for the circuit in Figure 4-4. I 8
commences almost immed_ately when V; is applied. The approximate level
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of Iy is input voltage V, divided by base resistor R p> that is, V/R,
(assuming V. is initially zero). The output voltage at any instant depends
upon the instantaneous level of /.. Thus, Veg 1s initially (Voc—IooR,)
and falls to 90% of ¥ when I, becomes 10% of I (max) 2after 1, (see Figure
4-5). When I is 90% of Icmaxy Veg is 10% of Vi and finally falls to
Vee@y When I reaches its maximum level. When I goes to zero, the
storage time elapses before I. commences.to fall. Then Vce again becomes
approximately 0.1 V.. when I is 90% of its maximum level, and Ver
becomes 0.9 V.. when I. is 10% of maximum. Finally, V., returns to
Vec—1co R, when I falls to the level of the reverse saturation current.

#’_ Input ,
voltage '/
-— ¥
A
I =~ VJ/R Base
4 i/Re current '8
—_ Y
ﬁ 0.9 I, i )
(o Vee = Very
R
Vec/Ry Collector
Ico Ico current /.
i j 0.1 Teimaxy L ]L
I ty (1, t [
[ e Pt
Y \
r 4
IcoR, lcoRy
Collector
0.9 V¢ Vee voltage Vp
0.1 Vee )
\ * VCE (sat)
T T
<"on"‘ e~

FIGURE 4-5. Time relationships between voltages and currents in a transistor
switching circuit.
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EXAMPLE 4-3

The circuit in Figure 4-4 has Voc=12 V and R, =3.3 k{. The transistor
employed is a 2N3904, and the input voltage has a PW of 5 us. Calculate
the level of ¥ (a) before the input pulse is applied, (b) at the end of the
delay time, () at the end of the turn-on time. Also determine the time
from commencement of the input pulse until the transistor switches off.

solution

In the 2N3904 data sheet (Appendix 1-4) the collector cutoff current is
defined as I.z5x=>50 nA. Before the transistor switches on,

Vee= Vee—IcexRe
=12V-(50 nAx3.3 kQ)
% 11.9998 V

At the end of the delay time,

Vee=Vec™ (O‘IIC(max)RL)

1Z
= VCC—(O.I X —1-(29 xR,_)

L

=12V-(0.1x12V)
=108V

At the end of the turn-on time,

x 1Z
Veg=Vee— (0.9x 705 xRL)
L

=12 V—-(09%12V)
=12V

For the 2N3904, f,,=250 ns. Time from commencement of input to
transistor switching off is PW +7,4. . :

PW+1,4=5 us+250 ns
=5.25ps
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4-4 IMPROVING THE SWITCHING TIMES

If the base-emitter of the transistor is reverse-biased before switch-on, the
delay time is longer than in the case when Vg is initially zero. This is
because the transistor input capacitance is charged to the reverse bias
voltage, and must be discharged before Vj; can become positive. There-
fore, to minimize the turn-on time, ¥, should be zero or have a very small
reverse bias before switch-on. Both the delay time and the rise time can be
reduced if the transistor is overdriven, i.e., if I is made larger than the
minimum required for saturation. With a larger I,, the junction capaci-
tances are charged faster, thus reducing the turn-on time.

A major disadvantage of overdriving is that the storage time is ex-
tended, by the larger current flow across the forward-biased collector-base
junction, when the transistor is in saturation. Therefore, although an
overdriven transistor will turn on faster, it has a longer turn-off time than a

transistor which has just enough base current for saturation. One way to-
shorten the turn-off time is to provide a large negative input voltage at
switch-off. This produces a reverse base current flow which causes the
junction capacitance to discharge rapidly. Again, this has a disadvantage
in that the turn-on time is increased because of the initial large reverse bias
of the base-emitter junction.

Ideally, for fast switching ¥, should start at zero volts, and 7, should
initially be large at switch-on but should rapidly settle down to the
minimum required for saturation. Also, switch-off should be accomplished
by a large reverse bias voltage which quickly returns to zero. Exactly these
conditions are achieved when a capacitor is connected in parallel with R g,
as shown in Figure 4-6. This capacitor, termed a speed-up capacitor, is
initially uncharged before the input voltage pulse is applied. When the
input voltage rises, the capacitor commences to charge to (V,—V,g)
[Figure 4-6(a)]. The capacitor charging current flows into the transistor .
base terminal. Thus 7, is initially large, but quickly settles down to its
minimum dc level as the capacitor becomes charged. At switch-off [Figure
4-6(b)], the capacitor discharge produces a reverse base current which
rapidly returns to zero.

The speed-up capacitor tends to reduce 7, and 7, as well as ¢, and ¢,.
However, if C, is so small that it becomes completely charged within the
delay time, then it will not have a significant effect upon the rise time.
Similarly, if C, is completely discharged during the storage time, it will not
produce a marked improvement in the fall time.

Consider the circuit of Figure 4-7. The settled base current level (i.e.,

after the capacitor is completely charged) can be calculated by using V},
Ry, and R.
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(b) Effect of C; discharge at switch-off

FIGURE 4-6. Effect of C, charge and discharge when the transistor is switched on

and off.
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+ Ve

Charging R,
current
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FIGURE 4-7. Circuit for calculation of initial charging current level.

_ I/i—VBE

" R,+R,

_ 5V-07V
1k2+8.2kQ

Ig
~0.5 mA

The initial level of capacitor charging current is approximately the
signal voltage divided by the signal source resistance.

Vi—Vae
=R

5
5V-0.7V
= T(—Q_— =43 mA
This is considerably greater than the dc level of ;. Therefore, «n
improvement in switching speed may be expected. For the best possible
improvement in switching speed, a speed-up capacitor should be selected
that is large enough to maintain the charging current (i.e., base current)
nearly constant at its maximum level during the transistor turn-on time.
The charging current will drop by only 10% from its maximum level, if the
capacitor is allowed to charge by 10% during the turn-on time. C, charges
by 10% during a time of 0.1 C, R (Chapter 2). Therefore,

t,,=0.1 C,R,
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and
C, = ton (4_3
1= DR, )
For ¢,,=300 ns, and R,=1 kQ:
300 ns
“=0ixikg C0PF

A larger capacitor than this is not likely to offer any greater
improvement in switching time. Also, if a ten times improvement in
switching time is achieved, then a capacicor of 300 pF might be almost as
effective as one with a value of 3000 pF. This is because ¢, in the above
calculation would be reduced from 300 ns to 30 ns and, consequently, C, is
calculated as 300 pF. To achieve such an improvement in switching time,
however, the transistor must initially operate well below its maximum
switching speed. Also, the input pulse must have a rise time very much less
than the minimum switching time sought.’

The upper limit to the value of C, that may be used depends upon the
maximum signal frequency. When the transistor is switched off, C,
discharges through R . For correct switching, C,; should be at least 90%
discharged during the time interval between transistor switch-off and
switch-on. The time required for the capacitor to return to its discharged
condition is variously referred to as the settling time, the resolving time, or
the recovery time t,, of the circuit. In this case, the transistor is off and the
capacitor is discharged through R,. C, discharges by 90% in a time
t=2.3C, Rz (Chapter 2).

t,,=23 C,R,
or
Ire

maximum C, = 5% 3R 44
. B

EXAMPLE 4-4

The circuit of Figure 4-7 is to have a 50 kHz input square wave. Calculate
the maximum value of the speed-up capacitor that may be used.
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solution

t,, between switch-off and switch-on=

C _ [ - 10 us
1(max) 23R, 2.3x82kQ

=530 pF

EXAMPLE 4-5

Determine the maximum input frequency for the circuit of Figure 4-7
when C, =200 pF.

solution
t,,=23C,R,
=2.3Xx200 pFx8.2 k©
=3772ps
T=2t,,=7.544 ps

1 1
I=7=75; s =133 kHz

4-5 JUNCTION FIELD EFFECT TRANSISTOR
(JFET) SWITCH

An n-channel junction field effect transistor (JFET), connected in common
source configuration, is shown in Figure 4-8(a). The output voltage from
the circuit equals the supply voltage minus the voltage drop across R, .

Vo=Vpop—IpR, (4-5) v
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f
i

(a) Common source circuit as switch

D

1~
Depletion ;‘ Depletion
regions Ip regions -

) Depletion
P regions

A |

Lok
, , 14
Yos Yes o ,}
L. N
s © s
= = —.L—
(b) Depletion region (c) NO.depletion (d) Somc depletion
penetration for regions when regions when V;¢ =0
large negative V¢ Viys =0and /) and /,, is large

is small

FIGURE 4-8. JFET switching circuit and effects of V5 and /.

Ideally, V,=V),, when the device is off, and V,,=0 when the transis-
tor is on. The input signal biases the transistor off when V is negative. The
effect is illustrated in Figure 4-8(b) where the depletion regions resulting
from the negative bias on the gate are shown to penetrate so deeply into
the n-type channel that they meet at the center. The channel is interrupted
by the depletion regions, so that the drain current I, cannot flow. When
the input signal is at ground level, the gate potential equals that at the
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source terminal. In this case there are no depletion regions, so the drain
current easily flows through the channels [Figure 4-8(c)]. If the drain
current is small, there will be only a small voltage drop along the channel,
due to the small drain-source on resistance R p -

Actually there could be depletion regions even when the gate is at
source potential, if a substantial drain current flows. Figure 4-8(d) il-
lustrates the situation. The drain current 7, causes sufficient voltage drop
along the channel so that the source (and, consequently, the gate) becomes
negative with respect to part of the channel. This produces depletion

+Vop

Rpony |Yps = Ip Rpion)

AAAA
vVVv

(a) On-biased JFET with small I,

—0+ Vpp

I D(OV —T

- ¥os=Uhp —IpemRy)

X
=
A,
\AAAZ

R S

AA

oy,

FIGURE 4-9. Drain-source voltage for on- and off-biased JFETs
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regions which again penetrate into the channel. The narrowed channel has
an increased drain-source resistance, and thus a relatively large drain-source
on voltage.

When the JFET is biased on [Figure 4-9(a)), the output voltage is

Vbon)=1pXRp(on) (4-6)

Typically, R p oy is 30 € or less. With a drain current of 100 p A, the
typical level of ¥, can be quite small:

Vb(ony=100 p AX30 Q
=3 mV

A comparison of Vp,, with the typical VCE(w) of 0.2 V for a bipolar
transistor shows that ¥y ,q) < Vcgay, and this is a major advantage of the
JFET switch.

The off- blased JFET has a small drain-gate leakage-current I D(ott)
flowing across the reverse-biased gate-channel junctions. As illustrated in
Figure 4-9(b), Ip ., causes a very small voltage drop across R, .

Another advantage of the JFET switch over a blpolar transistor
switch, is that the JFET has a much higher input resistance than a bipolar
transistor. Thus, the JFET can be easily switched by signals that have large
source resistances.

EXAMPLE 4-6

The circuit in Figure 4-8(a) uses a 2N4857 JFET and has V,,=15 V and
=3.9 k. Determine the level of the output voltage (a) when the device
is cut off, and (b) when the transistor is switched on.

solution

From the 2N4857 data sheet in Appendix 1-8, the maximum drain current
at cutoff is

Ipory=0.25 nA (i.e, at 25° C)
Vo=Vop—Ipeiy Ry
=15V-(0.25nAX3.9kQ)
=15V—1nV
~15V
In the data sheet, R, is identified as
Tasony =40 &
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and when the FET is on:

15V

= _3—9_T(_§ =3.85 mA
Vo =Iptison
=3.85 mA X40 Q

=154 mV

——o+Vpp

SR, —T""'—ZVDD
;»
Ip l
— i
L
}—+ Output —_—rc —14— IpRpony
+ * j :E-
v Input =
I I R 3 1

"__:

(a) n-channel MOSFET switch

- Voo

______ K

= = _%-—ID RD(on)

ol
'___
b—
—
o

v Input
-y : l

(b) p-channel MOSFET switch

J by,

FIGURE 4-10. n-channel and p-channel MOSFET switches.
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4-6 MOSFET SWITCH

N-channel and p-channel metal oxide semiconductor field effect transistor
(MOSFET) switching circuits are shown in Figures 4-10(a) and (b)
together with input and output waveforms. In the enhancement devices
shown no channel exists while the gate is at the same potential as the
source. Therefore, these transistors require no external bias voltage to
switch them off; that is, they can be operated from a single polarity supply.
For the n-channel MOSFET a positive input pulse is necessary for switch-
on. When the input signal becomes positive, I, flows, and the output
voltage drops from V), to I, R D(on)- In the case of the p-channel device,
the output is — V},,, while no drain current is flowing. A negative signal on
the gate terminal switches the transistor on, causing the output level to
change to —I, R ).

Since the gate terminal in a MOSFET is insulated from the channel,
there is no drain-gate leakage current. This results in an input resistance
even higher than that of a JFET circuit. There is a small drain-source
leakage current, which causes some voltage drop along R, when the
MOSFET is off.

4-7 CMOS SWITCH

When two devices are identical in every way except for their supply
voltage polarities, they are termed complementary devices. For example, if
two bipolar transistors have identical parameters, but one is an npn device
and the other is pnp, they are complementary. Similarly, two MOSFETS,
one of which is p-channel and the other n-channel, can be complementary.
When p-channel and n-channel MOSFETS are combined, the resulting
circuitry is termed complementary MOS, or CMOS.

Figure 4-11 shows the circuit of a CMOS switch. Both devices are
enhancement MOSFETS, so that no channel exists until one of them is
switched on. When the input voltage is zero at the common gate terminal,
the p-channel device Q, is biased on and the n-channel device @, is off. In
this condition there is only a very small voltage drop from the drain to
source for the p-channel device, and the output voltage is very close to
Vpp- When the input voltage becomes positive, the n-channel transistor is
biased on and the p-channel device is off. There is now only a very small
voltage drop along the n-channel device and, consequently, the output
voltage is very close to ground.

The major advantage of CMOS circuits is that the power dissipation is
extremely small compared to other circuits. The small power dissipation,
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o+ Vpp

v ’- | Ve
i :

—
< @ '
I,__‘

1

FIGURE 4-11. CMOS switch.

together with the small volt drop across the on transistor and the high
input impedance, makes the CMOS inverter approach the ideal switch.
CMOS is discussed further in Chapter 10.

4-3

4-4

REVIEW QUESTIONS AND PROBLEMS

Sketch a circuit to show a bipolar transistor employed as a switch.
Compare the transistor to an ideal switch.

Define the following terms: saturated switch, nonsaturated switch,
saturation voltage, collector-base leakage current, and hpgyq). Dis-
cuss the importance of the latter three items in relation to a
transistor switch.

Sketch typical transistor common emitter characteristics. Identify
the various regions of the characteristics and show how Vi g,y
differs with different transistor load resistances. ‘

(2) A common emitter transistor circuit has V .=20V, R, = 2.2 kQ
and Iy=0.3 mA. Determine Az, if the transistor is to be
saturated. (b) If a 2N3903 transistor is used in the above circuit,
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4-5

4-6

4-7

4-8

49

4-10

4-11

4-12
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calculate the minimum 7, level at which the transistor will become
saturated. '

A common emitter circuit, using a 2N3904 transistor, has Vee= 25
V. The load resistance can be 22 kQ or 2.2 kQ. Calculate the
minimum level of base current needed to achieve saturation in each
case.

For the circuit described in Problem 4-5, calculate the transistor
power dissipation for each load resistance, at both saturation and
cutoff. Also calculate the transistor power dissipation for each load
resistance, when the collector-emitter voltage is 3 V.

For a transistor switch, sketch the waveforms of the input voltage,
base current, co'llector current, and collector voltage. Show the
various components of transistor turn-on time and turn-off time,
and discuss their origins.

A switching circuit using a 2N4418 transistor (data sheet in Appen-
dix 1-7) has V=15V and R, =2.7 kQ. The input pulse width is 2
ps. Calculate the level of V. (a) before the pulse is applied, (b) at
the end of the delay time, (c) at the end of the storage time. Also
determine the times from commencement of the input pulse until
the transistor switches on and until the transistor switches off.

Show how a speed-up capacitor may be employed to improve the
turn-on and turn-off time of a transistor. Sketch the waveforms of
base current with and without the speed-up capacitor. Explain how
the capacitor improves switching speed.

The circuit described in Problem 4-5 has a base resistance of 27 k.
(a) If the circuit is to be switched at the maximum frequency of 100
kHz, calculate the maximum size of the speed-up capacitor that
should be used. (b) Determine the maximum switching signal
frequency when a 100 pF speed-up capacitor is employed.

Explain how a junction field effect transistor can be employed as a
switch. Sketch a circuit which uses a JFET switch. Sketch the input
and output waveforms and show how the JFET operates when on
and when off. Compare the JFET switch to a bipolar transistor
switch.

A 2N4856 JFET (data sheet in Appendix 1-8) is connected as a
switch, with V,,=20 V and R, =4.7 kQ. Determine the level of the
output (drain-source) voltage (a) when the device is cut off and (b)
when switched on.
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4-13

4-14

Sketch p-channel and n-channel MOSFET switching circuits. Show
input and output waveforms in each case, and discuss the ad-
vantages of MOSFET switches.

Define CMOS. Sketch the basic CMOS inverter circuit and explain
how it operates. Describe the advantages and disadvantages of

CMOS.



CHAPTER

The Inverter
Circuit and
IC Differentiator

INTRODUCTION

An inverter circuit as the name suggests, performs the function of inverting
an input signal. When the input goes positive, the output goes negative, and
vice versa. Usually, a small input signal can drive the inverter output from
one extreme voltage level to the other extreme, but large input signals may
also be employed. Bipolar transistor inverters may have the input signal
direct-coupled or capacitor-coupled. JFET inverters can also be constructed
for direct- or capacitor-coupled signals. An IC operational amplifier without
any additional components can be employed as an inverter.

5-1 DIRECT-COUPLED BIPOLAR TRANSISTOR
INVERTER

A transistor inverter circuit is essentially an overdriven common emitter
circuit. The input may be a square wave, pulse waveform, or even a sine
wave, provided that the input amplitude is sufficient to drive the transistor

116
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into saturation and cutoff. Figure 5-1(a) shows an inverter circuit with a
pulse wave input. When the input is zero, there is no collector current and
the output is approximately V... When the input becomes positive, the
transistor switches into saturation, and the output becomes Vg, Thus, a
positive-going input produces a negative-going output, and+vice versa. The
output waveform is then the inverse of the input, hence the name inverter.
Figure 5-1(b) illustrates the effect of a sine wave input to an inverter.
If the amplitude is large enough to switch the transistor rapidly to
saturation and cutoff, then an inverted square wave output is the result.
When the input waveform to an inverter has a large amplitude, the
base-emitter junction of the transistor may be destroyed by an excessive
reverse voltage. Most transistors can take only about 5 V in reverse at the
base-emitter junction. To protect the transistor, a diode connected as a
negative clipper may be employed (see Figure 3-7). Alternatively, a diode
may be connected in series with the transistor emitter terminal, as shown

+Vee
Output

R, Yee —IcoRy)
&
Input G )

AAAA. . L"()

F l l InZut Re 'j OuthUt ‘vL
| ! , B _

] T =
ty t, — o ty Veran

(a) Inverter with pulse input

+ Vee s
Output
Input R, ‘T“—(Vcc —lcoRy)

IL

BAY

Ci !

Yo
JVAVA'AVi
? Rg Output
lnzt l
— ol Voo
10 31 tz CE(sat)

(b) Inverter with sine wave input

FIGURE 5-1. Transistor inverter circuits with pulse and sine wave inputs.
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Input

External load

'L__ N lnput

D, ,

\f Diode protects base-
_L emitter junction

FIGURE 5-2. Use of diode to protect base-emitter junction against excessive reverse
voltage.

in Figure 5-2. Since the diode normally can survive reverse bias voltages on
the order of at least 50 V, the combined base-emitter junction and diode
will withstand a large reverse bias. ‘

The design of a transistor inverter circuit should begin with selection
of the load resistance R,, unless it is already specified. In general, R,
should be much smaller than the external load to be connected to the
inverter output. This is to ensure that the external load has no significant
effect on the circuit performance. However, R, should also be made as
large as possible in order to keep /. to a minimum. If this principle is
followed in all circuit design, the current demand from power supplies is
kept to a minimum. Also, with current maintained as small as possible,
power dissipation in all components is minimized. The lower limit for /. is
dependent upon the particular transistor used. The data sheets in Appen-
dix 1-4 and Appendix 1-6 show that for the 2N3904 transistor, A rz ) i
only 40 at Ic=0.1 mA, and A gz =100 at =10 mA. For the 2N930
transistor, A pgminy=100 at an I of only 10 pA, and hpgqy, is 150 at
J.=500 p A. Obviously, the 2N3904 should not be operated with a collec-
tor current much .below 100 p A, while the 2N930 can easily be operated
with /. as low as 10 p A. One disadvantage of operating a transistor at very
low current levels is that the resultant large resistance values make the
circuit more susceptible to picking up unwanted signals.

If Voc and I are known, R, is calculated simply as (voltage across
R, ) divided by (current through R,).

Vee—Vege
RL= cC ICCE( at) (5_1)
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Usually, the calculated value of R, is not exactly equal to an available
standard resistance value. In this case, the next higher standard value
should be selected. The voltage drop across, R, must at least equal
Vec— Veeaay fOr transistor saturation. A value of R, that is larger than
calculated gives saturation with a lower I level. If a value of R, that is
smaller than calculated is used, I must be increased to ensure saturation.
When the design commences with R, being chosen much smaller than the
external load, I.. is calculated from Equation (5-1).

The minimum base current for saturation is calculated as

Ic

hFE(min)

(5-2)

IB(min)=

Here, the use of hgpimi, is necessary for transistor saturation. If the
particular transistor used has a larger than minimum value of A g, for a
given I, I will tend to be larger than necessary and saturation will be
achieved.
The value of R, is determined by dividing the voltage across Rz by
the current through it:
Ry= Vi—Vse
I B(min)

Again, an available standard resistance must be selected, but this time
the next lower standard value should be selected. This is because the
voltage across R is a fixed quantity, (V;— V), and

Vi— Vee
I B - R R
If R, is selected larger than the calculated value, then I, will be less
than the value of Iy, required to saturate the transistor. If Ry is smaller

then calculated, I is greater than Iz, and transistor saturation will
occur.

Speed-up capacitor C, is calculated for maximum signal frequency, as
explained in Sec. 4-4.

EXAMPLE 5-1

Design a transistor inverter circuit using a 2N3904 transistor. The value of
Vecis 12V and the input is a =3 V square wave. Use I-=-1 mA.
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solution
At saturation,

IcR =Vcc— VCE(sat')

_ Vee— Vcs(m) - 12V-02V

L= I, 1 mA
=11.8 k€ (use 12 kQ standard value)
Ic
1 min)= 7
B ) hFE(min)

From the 2N3904 data sheet, A pgpip) =70 at /=1 mA.

ImA
IB—T—143[LA
R.=ViVee _3V-07V
B I, 143 A

=160 kQ (use 150 k{2 standard value)

Ve =412V
Output

G
-
I
|
i

—<—Uee IeoRy)

U4

V
|
1 e

,/('['f( sat)

FIGURE 5-3. Inverter circuit for Example 5-1.

EXAMPLE 5-2

The square wave input to the circuit designed in Example 5-1 has a
maximum frequency of 45 kHz. Determine the maximum value of the
speed-up capacitor C,.
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solution

C, must discharge via R by about 90% during the negative (or off)
portion of the square wave input.

1

2f

1

Resolving tithe ¢, =

0N

= Ixa5kHz 1 K

Recall Equation (4-4):

tre
“mawT 73R

Then, for 90% discharge:

L 11 ps

C=33R, 23xI50kQ

~32 pF (use 30 pF standard value)

Vee =+15V
Output
—+13.6V
Input 127V
+10V—
‘ +09V
________ | I R |
__L h 4 b .

—~10V— * L
Lt :
h 4

FIGURE 5-4. Inverter circuit for Example 5-3.

EXAMPLE 5-3

Design a transistor inverter circuit to handle a square wave input of *10
V. Vo is 15V, and the external load has a resistance of 100 k. Use a
2N3903 transistor, and determine the amplitude of the output waveform.
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solution

Since the input can be — 10 V, diode D, (Figure 5-4) is necessary to protect
the transistor.

R, <R,
Make
| 1
RLQ"- —1'(-)-Rl

= T16 X 100 k=10 kQ (standard value)

At saturation,

Vcc_ ch(m)_ Vb1
R,

- I5V-02V-07V

10kQ

=1.41 mA

I~

From the 2N3903 data sheet in Appendix 1-4, A FEmin)=35 at Io=1 mA.

IC
hFE(min)

_141mA
35

~40 p A

IB(min)=

and

Vi—Vge—V,
Ry=— - BE_ " D1
B(min)

_10V-0.7V-0.7V
B 40 A

=215 kQ (use 180 kQ standard value)

D, should be a low-current diode with reverse breakdown voltage greater
than 10 V. The 2N914 is a suitable device; see the 2N914 data sheet in
Appendix 1-1.
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When the transistor is saturated:
V,=Vp + VCE(sat)
«=07V+02V=09V

At cutoff, R, and R, act as a potential divider, and

~ VecXR, 15 VX100kG
°" R,+R, 100kQ+10kQ

=136V

Peak-to-peak output amplitude is equal to 13.6 V—0.9 V, or 12.7 V.

5-2 | CAPACITOR-COUPLED INVERTER CIRCUITS

Sometimes a transistor is required to be biased in the on condition, until an
input signal is applied to switch it off. In this case the signal may be
capacitor-coupled. Such a circuit is shown in Figure 5-5. Bias resistor Ry
provides base current from the supply to keep the device in saturation.
Capacitor C, couples the negative-going signal to the transistor base. When
the signal pulls the base below the emitter voltage level, the transistor

—ot V¢

R,

a—AAAA
VVVV—

———0

-

Base voltage

FIGURE 5-5. Normally-on capacitor-coupled inverter circuit using an npn transistor.
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switches off. The value of C, is calculated from a knowledge of the input
voltage amplitude and pulse width. For reasons of economy, physical size,
and shortest capacitor recharge time, it is best to choose the smallest
possible coupling capacitor.

Consider the voltage waveforms shown in Figure 5-5. The circuit input
terminal is normally at ground level (i.e., before the signal pulse is
applied). The other terminal of C, (the transistor base terminal) is at ¥, E
Therefore, the capacitor charge is normally ¥, positive on the RHS, as
illustrated on the diagram. When the input pulse with an amplitude of — V;
is applied, the transistor base is pulled down to —(¥,~ ¥,,). The transis-
tor switches off and the capacitor immediately commences to charge via
R 3, so that the negative pulse appearing at the base has tilt, as shown. The
tilt must not be so great that V), rises above ground; otherwise the
transistor may switch on before the signal pulse has ended. The capacitor
charging current is approximately constant, and can be calculated by
dividing the voltage across R by R z:

I~ Vee= Vi
Ry

If ¥ is allowed to rise to —0.5 V, then the voltage change on the capacitor
is AV=(V,—V3)—0.5 V. Wken time ¢ is equal to the pulse width, the
simple constant current capacitor equation, Equation (2-8), may be em-
ployed. From that equation,

EXAMPLE 5-4

The capacitor-coupled inverter circuit of Figure 5-5 has a signal pulse
input of —4 V amplitude and PW=1 ms. V. is to equal 10 V and I. is to
be 10 mA. Using a 2N3904 transistor, design a suitable circuit.

solution

- Vee=Vergsay 10V-02V
L I 10mA -

=980 Q (use a 1 kQ standard value)
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From the 2N3904 data sheet, 4 yr(piny= 100 at /=10 mA:

Iyminy= 1. _l0mA
e hFE(min) 100
=100 p A
R.= VCC.' VBE - 10 V-07V
i Tp(min) 100 A

=93 kQ (use 82 k{2 standard value)
AV=V,—Vy—05V

=4V-07V-05V

=28V

Capacitor charging current,

VCC_Vi
TR
_10V—(-4V)
82 kQ
=0.17 mA
t=PW=1ms
IXt 0.17mAX1ms
C= ap = 28V =0.06 uF

(use a 0.06 pF standard value)

Although the calculation of C, in Example 54 assumes that the input
pulse is negative with respect to ground, actually the pulse could be
negative with respect to any other initial level. For example, the pulse
could go from +8 V to +4 V, and have exactly the same effect on the
inverter circuit as a completely negative pulse. The calculated value of C,
would be the same as in the example.

The circuit in Figure 5-6 is similar to that in Figure 5-5. Since the
transistor is now pnp, however, all voltage polarities are inverted. For the
pnp transistor to switch off, a positive input pulse must be applied. Also,
the voltage at the transistor base should be maintained positive until the
end of the pulse width. Design procedure for this circuit is exactly the same
as for the npn inverter.



126 Chap. §

THE INVERTER CIRCUIT AND IC DIFFERENTIATOR

ei Vee
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FIGURE 5-6. Normally-on capacitor-coupled inverter circuit using a pnp transistor.

The converse of the circuit in Figure 5-5 is the normally off transistor
circuit shown in Figure 5-7. Here Ry connects the base and emitter
terminals, and thus keeps V. equal to zero until a positive-going input
pulse is applied. When no input is present, the only current that flows
through R, is the reverse saturation current I.,. The voltage drop across
Ry must not be so large as to partially forward-bias the base-emitter

Vec =10V

Input voltage
Rg
T
4 Y
Y] l
1 | o
T bePwd
o
Vi — Vee |
Rg ! { -«——Input current

Igg * Ip(min)

FIGURE 5-7. Normally-off capacitor-coupled inverter circuit.
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junction; otherwise there may be a small collector current flow. With a
maximum /., of 10 p A (at highest ambient temperature), and V,;=0.1V,
a typical value for Rz is 0.1 V/10 p A=10 k. Any value below about 22
kQ is normally suitable for R, in this circuit. However, normally a
resistance less than 1 k@ should not be used; otherwise the signal source
may be overloaded.

In the circuit of Figure 5-7, C, starts at zero volts and charges via the
signal source resistance while the input pulse is present. The charging
current i_ flows through R, and the transistor base terminal. This current
begins at i, =(V;,— Vr)/Rg, and then falls off as C, becomes charged. At
the end of the input pulse, i, must still be large enough to provide current
through R ; and sufficient base current to saturate the transistor. By use of
the equation for capacitor charging current, Equation (2-4) (Chapter 2),

: — Je—t/CR
i=Ie

an expression for the coupling capacitor can be determined:

t/CR

T =€

I

L=1n,i

CR i,

!
¢~ RIn(I/i,)

In this expression, R is the signal source resistance Ry, ¢ is the input pulse
width, I is the initial charging current, and i_ is the charging current at the
end of the signal pulse. As in the circuit of Example 5-4, the input pulse
does not have to start at ground level.

EXAMPLE 5-5

The inverter circuit in Figure 5-7 has an input pulse of 4 V amplitude and
pulse width of 1 ms. The signal source resistance Rg is 1 k2. Determine
the value of C,.

solution

Vcc_ VCE(sst)

I-= R,
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_10v-02V
1kQ
I.  _98mA _
hFE(min) 100 B

=98 mA

IB(min)= 98 A

At the end of the pulse,

ie=Ip(minytIrp
=98 uA+70pA
~168 A

The initial charging current,

Vi— VBE

= _"2E

Rg
_4v-07V
1kQ
t=PW=1ms
t g 1 ms

C = =
¢ Rgin(I/i)) 1k2In(3.3mA/168 uA)
=0.33 uF (standard value) .

=33mA

Another normally-off capacitive coupled inverter circuit is shown in
Figure 5-8. In this case the transistor base is biased to a negative voltage
— Vs, s0 that the base-emitter junction is reverse-biased. The capacitor C,
now has an initial charge of E,=V,, with the polarity shown. When a
positive input voltage V; is applied, the transistor base voltage is

VB=I/i—iRs_EO

Thus, the transistor will not switch on unless V; is greater than (iR, + E,).
When the transistor switches on, its base voltage becomes + ¥V above
ground level. The current through R ; now is

I .= Vee— Vs
RB™ RB
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Input voltage

N

Y
v
- l_1'._ -
= = PW -
[ _j_ Input current 0 Vgp
J_. Ure *{pamin))
1=YimEo~ Ve
R

s

FIGURE 5-8. Normally-off capacitor-coupled inverter circuit with negative bias
voltage.

Also, the transistor minimum base current remains

I C

I B(min) ™ —h__
FE(min)

For the transistor to remain conducting during the input PW, the input
(capacitor) current at the end of the PW must be at least

i.=Ipp+Ipmin)
The initial capacitor charging current for this circuit is

initial voltage across R
I=—
R

s

- VimEo— Ve
RS
When i and I are determined as explained above,-the value of C for the
circuit in Figure 5-8 can be determined in the same way as in Example 5-5.
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5.3 JFET INVERTER CIRCUITS

The direct-coupled invester circuit illustrated in Figure 5-9(a) has an
output which goes approximately from ground to Vj,,. When the input
signal is at ground level, the device is on. Drain current I, flows, causing a
voltage drop of almost ¥, across R;. When ¥, is negative the device is
biased off and the output goes to V. To ensure that the FET is switched
off, the negative input pulse must exceed the device pinchoff voltage V,,. For
a 2N5459 JFET (see data sheet in Appendix 1-9) the pinchoff voltage is
designated gate-source cutoff voltage Vg, and is a maximum of 8 V.
Therefore, the input pulse to the circuit of Figure 5-9(a) must exceed —8
V, if a 2N5459 is employed. The only function served by R, in Figure
5-9(a) is to limit the gate current in the event that the input voltage goes
positive. Typically Rg; is selected as 1 M.

In Figure 5-9(b) a capacitor-coupled JFET inverter circuit is shown..
Again, R is typically 1 MQ, this time to present a high input impedance
to signals. The circuit shown has the gate biased to the same potential as
the source terminal; therefore the FET normally is on. To switch the
device off, the input signal amplitude must exceed ¥,. Since the input
resistance of the FET circuit is very high, the charging current to the
coupling capacitor is extremely small, so C, can be quite a small capacitor.

A normally off JFET inverter circuit is shown in Figure 5-9(c). Here,
the gate is biased to a negative dc level to keep the FET off when no signal
is present. The device pinchoff voltage must be exceeded by V;. Again, C,
can be a very small capacitor.

5-4 IC OPERATIONAL AMPLIFIER INVERTER

The operational amplifier is a very high gain dc amplifier with two input
terminals and one output. One input terminal is known as the inverting
input, because a positive-going signal at this input produces a negative-going
output voltage, and vice versa. The other input terminal is designated the
noninverting input. A positive-going signal here produces a positive-going
output. The input impedance of the operational amplifier is extremely
high, and the output impedance is very low.

The basic circuit symbol for an operational amplifier is shown in
Figure 5-10(a). The noninverting and inverting input terminals are identi-
fied as + and —, respectively. The output terminal is at the point of the
triangle opposite the inputs. Power supply voltages V.- and — Vg nor-
mally are symmetrical with respect to ground. A typical supply voltage is



+Vop
Output

—em-——=0V

(a) Direct-coupled inverter

+Vpp

(b) Normally on capacitive-coupled inverter

(c)Normally off capacitive-coupled circuit

FIGURE 5-9. JFET inverter circuits.
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*+15 V. Frequently, additional terminals are shown for connection of
external components. The input terminals usually are biased to ground
level.

Consider the data sheet in Appendix 1-11 for the 741 IC operational
amplifier. Note that the device parameters are specified for a supply
voltage of V5= =15V, although the supply may be a maximum of +22 V.
The voltage gain is 50,000 minimum or 200,000 typical. Thus, for V,=10
V, typical ¥,=10V /200,000=50 xV. This means that a difference of 50 uV
between the inverting and noninverting input terminals will cause the
output to goto +10 V.

Other important quantities specified are

Output impedance =175 Q typical
Input impedance =2 MK typical
Input bias current =80 nA typical

The input bias current is the current flowing into each of the two input
terminals when they are biased to the same voltage level. The input offset
current is the difference between the two input bias currents. Note that this
is typically 20 nA. The input offset voltage is the voltage difference that
may have to be applied between the two input terminals in order to adjust
the output level to exactly zero. For the 741, this quantity is typically 1
mV.

In switching applications it is important to note that the typical output
voltage swing for the 741 is =14 V when a =15 V supply is used. Also,
note that this output voltage swing may be a minimum of + 10V if a 2k
load is connected to the output terminals of the amplifier. An input voltage
of approximately V,=V,/(voltage gain) is required to drive the output to
its extreme levels. For a =15 V supply, v,2215 V/200,000= 75 pV. This is
the voltage difference between the two input terminals. The actual input
voltage can be very much higher than this minimum. The data sheet
specifies a typical input voltage range of +13 V.

The slew rate, particularly important in switchihg applications, is the
rate of change of output voltage, or the speed with which the output
changes. For the 741, the slew rate is specified as 0.5 V/us. Thus, a time of
1 ps is required for the output to change by 0.5 V when a step input is
applied. The output moves from —10 V to +10 V in a time of 20 V/
0.5 V=40 ps. In an application for which the slew rate of the 741 is too
slow, another amplifier must be selected. The 715, for example, has a slew
rate of 100 V/ps. .

An IC operational amplifier employed as a direct coupled inverter is
shown in Figure 5-10(b). The noninverting terminal is connected directly
to ground, and the input pulse is directly connected to the inverting input
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+ Vee

Inverting .
input o—-
Non-inverting tput

input :

- Ver

(a) Circuit symbol for IC operational amplifier

Output
— et P~ 1V)
— e (Vg —1V)
I S
fh /1 &

(b) IC operational amplifier inverter

. (c) Capacitive coupled IC inverter

FIGURE 5-10. IC operational amplifier circuit symbol and IC inverter circuits.

terminal. When ¥, is more than about 75 uV below ground level, the
output voltage is approximately V.-—1 V. At ¥;>75 uV above ground,
the output becomes approximately —(Vgg—1 V). Thus an IC operational
amplifier can be directly employed as an inverter without using additional
components.

" Sometimes an IC inverter must have a bias voltage provided at its
inverting input terminal, in order to hold the output at its positive or
negative extreme when no input signals are present. Such a circuit is shown
in Figure 5-10(c). If ¥V} is positive, the output is negative; if ¥} is negative,
the output is positive. If the inverting terminal were grounded via a
resistance, the dc output voltage cannot be predicted as either positive or
negative. Normally, ¥V, should be about +0.5 V, so that a small input
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signal can easily drive the inverter output from one maximum level to the
other.

To design the capacitor-coupled inverter, R, should be selected so that
the bias current I, is very much larger than the input current of the device.
Then, R, is determined as R,~(V .- ¥V3)/1,. C, should be selected for an
acceptable level of tilt on the signal at the inverting input terminal (see Sec.
5-2).

EXAMPLE 5-6

Using a 741 IC operational amplifier, design an inverter to provide an
output of V,~=11 V. The output normally should be negative when no
input is present. The input voltage is a =6 V square wave with f=1 kHz.
Calculate the rise time of the output voltage.

solution

The circuit is shown in figure 5-10(c). For V,~ =11 V, the supply should
be £12 V.

Vee=+12V
Veg=—12V
To maintain a negative dc output, ¥z must be positive. Take Vz=~+0.5 V.

Vee=Vs— Vg
=05V—-(-12V)
=125V

The maximuim input bias current is 500 nA, as taken from the 741 data
sheet in Appendix 1-11.

I,>500 nA
Make

1,=100% 500 nA

=50pA
R.oo Va2 _125V
I, S50pA

=250 k2 (use 220 kQ standard value)
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I, becomes

Ves 125V

—R2_ 22 =568 uA

R,  220kQ #
_ Vee=Va

R,= 5

_12V-05V
T 56.8 A

=202 kQ (use 180 k standard value)

Note that use of a smaller-than-calculated value of R, ensures that Vj is
larger than is required for the output to be negative.

During the pulse time, C, charges via R, and R,, so the input
waveform has tilt as it appears at the inverting input terminal. Fora 6 V

input, a tilt of two or three volts will have no effect on the inverter
operation.
Let AV,=2 V.

Input resistance=R, || R,
=180 k2 |[220 k2
=99 kQ

For a =6 V input, the initial input current 7 is calculated as

6V

T 99kQ

~60.6 pA
1

t=—

2f

I

For I assumed constant;

Thus,
C= 60.6 uA X500 ps
- 2V

=1.515x10"%
=0.015 uF (standard capacitance value)
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The time taken for the output to go from +11 Vto —11 Vs expressed as:
22V
Slew rate

2V

=05V s s

5-5 OPERATIONAL AMPLIFIER
DIFFERENTIATOR

The CR differentiating circuit discussed in Section 2-5 can be improved
upon by the use of an operational amplifier. The operational amplifier
circuit can be designed to give an output amplitude larger than the
amplitude of the signal being differentiated. This is not the case in the
simple CR circuit. A further advantage is that the operational amplifier
differentiator has a very low output impedance, whereas, the simple CR
circuit can easily be overloaded.

Referring to Figure 5-11, when the input signal is going positive a
current /, is flowing into C,, as illustrated. If 7, is made much larger than
the operational amplifier input bias current Ip(max) then effectively all of I,
flows through R,. The output voltage is

V,=—ILR,

FIGURE 5-11.  Operational amplifier differentiating circuit.
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This is because the voltage at inverting terminal (in this application)
remains close to the level of that at the non-inverting terminal. The
non-inverting terminal is grounded, therefore, the inverting terminal volt-
age is always close to ground, (in fact, in this kind of application, the
inverting terminal is termed a virtual ground or virtual earth). Note that the
differentiated output of this circuit is inverted, i.e. when the input is
positive-going, the output is negative and vice versa.

The purpose of R, is to limit the high frequency gain of the circuit.
Without R,,

R,

A =
XCl

v

At high frequencies X, <R,, and 4, becomes extremely large. R, should
be made equal to X, at a frequency which is approximately ten times the
normal operating frequency of the circuit. Thus, R, has a negligible effect
on the circuit performance, but limits the high frequency gain to 4, =
R,/R,. R, is made equal to R, to ensure that the dc voltage drop along R,
due to I, is equal to Iy R,. This keeps the dc output voltage level close to
ground when no input signal is present.

Design of this circuit merely involves: selection of 7,1y ,,,), calcula-
tion of R; = V,/I,, calculation of C, from Equation 2-15, then determining
R, and R; as explained above.

EXAMPLE 5-7

Design a differentiating circuit to give ¥,=5 V when the input changes by
1 V over a time period of 10 us. Use a 741 operational amplifier.

solution
1> (Ig(pax,)=500 nA)
let 1,=500 p A
v
Ry=Yeo SV
I; 500pA
=10 k{2 (standard value)

. E
Eq. 2-15 eR=CR><—‘“t“—"’
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V.
or V.,=CR><t—'

r

1V
10 us
C=5000 pF (standard value)
R;=R,=10kQ

S5V=CxX10k2x

From Eq. 1-6, the operating frequency of the circuit is

0.35  0.35
I= t,  10ps
=35kHz

R;=X, at 10x35 kHz

1
Ry= 27X 10% 35 kHz X 5000 pF

=90.9 © (use 100 £ standard value)

Maximum gain of the circuit at high frequency is

R, 10kQ
4.=% =108
=100

REVIEW QUESTIONS AND PROBLEMS

5-1  Sketch the complete circuit of a direct-coupled bipolar transistor
inverter and explain the function of each component. Show the
output waveform when the following inputs are applied: (a) pulse
wave, (b) square wave, (c) sine wave.

5-2  Show two methods of protecting a transistor base-emitter voltage
against excessive reverse input voltages.

5-3 Design a direct-coupled transistor inverter circuit using a 2N3903 -
transistor. For this circuit, V. is 9 V, the input is a +5 V square
wave, and /=10 mA.

5-4 If, in the circuit of Problem 5-3, a 200 pF speed-up capacitor is used,
determine the maximum input signal frequency that may be em-
ployed.
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55

57
58

5.9

5-10

5-11

512

5-13

5-14

5-15

5-16

A direct-coupled transistor inverter using a 2N3904 transistor has an
input square wave of +9 V, and V=20 V. An external load of 220
kQ is connected to the inverter output terminals. Design a suitable
circuit and determine the amplitude of the output voltage.

Sketch the circuit of a normally-on capacitor-coupled inverter using
(a) an npn transistor and (b) a pnp transistor. In each case show the
input voltage and current waveforms, and explain the operation of
the circuit.

Repeat Problem 5-6 for a normally-off capacitor-coupled inverter.

A normally-on transistor inverter has a capacitor-coupled pulse
input signal with PA= —3 V and PW =600 ps; V-=12V and I is
to be 1 mA. Design a suitable circuit, using a 2N3904.

The conditions specified in Problem 5-8 can be applied to a nor-
mally-off inverter if the pulse amplitude is +3 V. Design the circuit,
taking the signal source resistance as 1 k.

A normally-off inverter circuit using a 2N4418 transistor has Vee=9
V, and V,,= —3 V. I is to be approximately 10 mA, and the input
pulse has PA=6 V, PW =500 ps, and R =600 . Design the circuit.

Sketch the circuits of direct-coupled and capacitdr-coupled JFET
inverter circuits. Explain the operation of the circuits and discuss
their advantages and disadvantages compared to bipolar inverters.

Using a 741 IC operational amplifier, design an inverter that will
provide an output of ¥,~+14 V. The output normally should be
positive when no input is applied. The input voltage is a =4 V
square wave with f=500 Hz. Calculate the approximate rise time of
the output voltage. ’

An IC operational amplifier with a maximum input bias current of
750 nA and a slew rate of 10 V/us is to be used as an inverter. The
supply voltage is Vo= %12 V, and tife inverter output is to be
normally positive. Design a suitable circuit if the input voltage has a
minimum amplitude of +3 V.

Sketch an operational amplifier differentiating circuit and explain
how it operates. Compare this circuit to a simple CR differentiating
circuit.

Using a 741 operational amplifier design a differentiating circuit to
give an output of 2 V when the input changes by 1 V/us.

Calculate the output voltages when the input waveform in Fig. 2-11
is differentiated by the circuit designed in Problem 5-15.
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Schmitt |
Trigger Circuits |
and Yoltage Comparators

INTRODUCTION

Essentially, a Schmitt trigger circuit is a fast-operating voltage level detec-
tor. When the input voltage arrives at the upper or lower triggering levels,
the output voltage rapidly changes. The circuit operates from almost any
input waveform and always gives a pulse-type output. Transistor Schmitt
trigger circuits can be designed to triggér at specified upper and lower levels
of input voltage. An IC operational amplifier circuit can also be employed as
a Schmitt trigger circuit, and several Schmitt trigger circuits are available in a
single IC package. Voltage comparator circuits produce an output pulse
when the input voltage level becomes exactly equal to a reference voltage.

6-1 OPERATION OF SCHMITT TRIGGER
CIRCUIT

A transistor Schmitt trigger circuit is shown in Figure 6-1(a). The figure
shows that transistors 0, and Q, have a common emitter resistor R g- The
Q, base voltage, Vj,, is derived via the potential divider (R, and R,) from

140
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|+ Vee
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A
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Ql |/QZ

1

- (a) Schmitt trigger circuit

I

+ Vee + Ve
7o) + -0
A
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"
-1 & Q! - O,
| " |
v, 4 Ver @ bl
l VE l l 2 l Ve Rg =El1£
>
1 1v )
(b) dc conditions with @, on (c) dc conditions with Q; on

FIGURE 6-1. Schmitt trigger and dc conditions with Q, on and with @, on.

the collector of Q,. Transistors @, and @, have load resistances R, and
R, ,, respectively. The arrangement is such that when transistor Q, is on,
transistor Q, is off, and for Q, to switch on, Q| must switch off.

To understand the operation of this type of circuit, first consider the
dc conditions when Q, is off. When it is off, Q, can be regarded as an open
circuit; therefore, it can be left out of the circuit, as is shown in Figure
6-1(b). The Q, base voltage now is derived from ¥ via a potential divider
consisting of R,, R,, and R,. Thus, Q, is on and a collector current I,
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flows, producing a voltage drop across R, ,. The output voltage is (Vee—
IcaR )

If, as in Figure 6-1(c), Q, is now triggered on, the emitter voltage
becomes Vy=V¥,—Vp..Also, the collector current I, causes a voltage
drop across R, in turn causing Vj, to fall below the level of V. Thus,
when Q, is on, Q, is biased off and /., becomes zero. At this point there is
no longer any significant drop across R,,, and the output voltage is
approximately V..

Now, reconsider the conditions illustrated in Figure 6-1 (b). It is seen
that with @, on, V= Vy,— V.. This is the voltage at the emitter terminal
of both transistors, since they are connected together. Transistor Q, will
not switch on until its base voltage becomes greater than V. In fact, o,
switches on approximately at V;=Vz+ V.. Obviously, if ¥, is suddenly
made greater than this level, Q, would switch on rapidly. The lowest level
of V¥, that causes Q, to switch on is known as the upper trigger point (UTP)
for the circuit.

At the moment that Q, begins to switch on it starts to pull the common
emitter voltage up, the flow of J causes ¥, to fall and, consequently, Vs
falls. Thus, as Q, switches on, it causes a rapid reduction in ¥,,,. This
effect, known as regeneration, produces a very rapid switchover from Q,on
to Q, on. ‘ ’

Now consider the process of switching from Q, on to Q, on. Refer to
Figure 6-1(c). With Q, on, Iz=(V,~ V;)/R . Thus, a reduction in ¥, also
reduces I, and since Io~Ig, I also becomes smaller. The voltage drop
across R, is approximately (I, Ry,), and the collector voltage of Q, is
Ver=(Vec—1c R y,)- Therefore, when V; is reduced, I, becomes smaller
causing V¢, to rise. In turn, the base voltage Vj, of Q, rises. If ¥, is
reduced by a very small amount, the resultant small increase in Vg, may
leave Q, base still below the level of its emitter voltage. In fact, Q,
switches on again only when ¥, and ¥, become equal. The input voltage
at which this occurs is known as the lower trigger point (LTP).

In the changeover from Q, on to Q, on, regeneration again occurs.
When Q, starts to switch on, it causes Q, to begin to switch off because of
the rise in the common emitter voltage. Q, switching off helps Q, to turn
on. Again, the changeover occurs very rapidly.

Speed-up capacitor C, [Figure 6-1(a)] is provided solely to improve the
circuit switching speed. The effect is essentially as explained in Sec. 4-4.
However, it could also be said that during switching, the voltage change at
the collector of Q, is potentially divided across R, and R, before being
applied to Q, base. The presence of C, eliminates the potential division
(i.e., AVy,=AV,,), and thus speeds up the switching process.

Figure 6-2 shows the effects of various input waveforms on the Schmitt
trigger circuit. In each case the output is (Voo—I-,R 12) until the upper
trigger point is reached. Then with Q, switched off, the output becomes
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UTP+»-F Input
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(a) Pulse input
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(b) Sine wave input
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(d) Sawtooth wave input

FIGURE 6-2. Schmitt trigger circuit outputs for various input waveforms.

approximately V... When the signal input falls to the LTP, the output
again drops to (Voc—Ic,R,,) as Q, switches on. The Schmitt trigger
circuit is seen to be essentially a voltage level detector, capable of produc-
ing a fast-moving output when either a slow- or fast-moving input arrives
at the trigger points.

1

6-2 DESIGNING FOR A GIVEN UPPER TRIGGER
POINT

Design of any circuit starts from a specification. For the Schmitt trigger
circuit the most important parameters are the upper and lower trigger
points, UTP and LTP. A circuit may be designed simply to meet a given
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FIGURE 6-3. Circuit for Example 6-1.

UTP, and to completely ignore the LTP. In this case, the LTP normally is
located between the UTP and ground. Such a circuit could function quite
satisfactorily with the waveforms illustrated in Figures 6-2. With the pulse
or sawtooth input waveforms shown, the LTP can be anywhere between

the UTP and ground. ,

As already explained, the UTP is equal to Q, base voltage (V,) when
Q, is on. Therefore, the circuit is designed to have Vj, equal to the
specified UTP. Potential divider (R, and R,), together with R, , must
provide a stable bias voltage ¥, for Q, (Figure 6-3). However, R, and R,
must be large enough to avoid overloading R, ,. For example, if R, and R,
were made smaller than R, ,, then Q, collector current would have very
little effect on ¥, when Q, is switched on. If R, and R, are made very
large, 15, will cause a large voltage drop across R, when Q, is switched on.
Therefore, R, and R, must be kept as small as possible, but they must be
several times larger than R;,. A good rule of thumb here is to take the
value of I,=+ I,. Then calculate R, as V,,/I,. The design procedure is
best understood by working through an example.

EXAMPLE 6-1

A Schmitt trigger circuit is to have UTP=5 V. The silicon transistors to be
used have & pgpiqy =100, and I is to be 2 mA. The available supply is 12
V. Design a suitable circuit.
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solution

UTP=V¥4,=5V
Ve=Vgy—Vgg=5V—-07V=43V  (See Figure 6-3.)
Ip~I.=2mA

Vi _43v

RE=I_E 2mA

=2.15kQ2  (use 2.2 k2 standard value)

Taking Q, as saturated, ¥V g,y =02 V typically. The voltage drop across
R,,=I-R,, and

IcR =V~ Vg~ Veeeay
=12V-43V-02V

=75V
7.5V 135V ,
R,,= T~ 3mA =3.75kQ ‘(use 3.9 kQ standard value)
L Ip= = X2 mA=02 mA
10°F7 10 e
Vg 5V '
R,= T, "02mA =25kQ  (use 22 k@ standard value)
I, now becomes 2; : Q =0.227 mA.
IC2 - 2 mA

Ip,= =20pA
82 hFE(min) 100 #

Ipy+1,=20 pA+0.227 mA=0.247 mA

Yec= Ve

RL1+R1= 12+182

_12V-5V
T 0247 mA

=28.3kQ
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When the LTP is not specified, R,;; may be made equal to R, ,. This
cannot be done when the circuit is to be designed for a given LTP level.

R,,=R,,=39kQ
Ry=(R.,+R))—R,,
=28.3k02—-3.9kQ
=244kQ (use 22 k€ standard value)

L ]

Since standard value components have been selected in Example 6-1,
the UTP will not be exactly as specified. A potentiometer connected
between R, and R, with Q, base connected to its moving contact would
provide adjustment to obtain a precise level of UTP.

6-3 DESIGNING FOR GIVEN UTP AND LTP

When ¥, decreases to LTP, the circuit is about to change state but Q, is
still on and Q, is off. The situation is illustrated in Figure 6-4. As ¥,
approaches LTP, Vj, is decreasing and ¥V}, is increasing. The Lower
Trigger Point occurs when Vy,=V, =V.. The design procedure, when
both UTP and LTP are specified, is exactly the same as in Example 6-1, up
to the point at which R, is chosen.

FIGURE 6-4. Determination of LTP.
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EXAMPLE 6-2

A Schmitt trigger circuit is to be designed with a UTP of 5 V, and an LTP
of 3 V. The silicon transistors employed have 4 ¢z i, = 100, and I is to be
2 mA. The available supply is 12 V. Design a suitable circuit.

solution

With the exception of the LTP, the circuit is exactly as specified for
Example 6-1. Therefore, from Example 6-1,

R,,=39kQ R,=22kQ R,=22kQ
(R,+R,;)=28.3kQ

Figure 6-4 shows the circuit conditions when Q, is on and ¥ is exactly
at the LTP. For V,=LTP=3V, V,,=LTP=3V,

Ve, 3V
Il E—m—0.136m
Vg —V, -
Iog=lp=—2 22 _3V-07V ) 045 ma

Ry 22k
Vee =Rpu(Iey+ 1))+ 1,(R, +Ry)
12 V =R,,(1.045 mA +0.136 mA)+0.136 mA(R, +22 kQ)
R,+R,,=283kQ  (from Example 6-1)
R,=283kQ—R,,
12V =R;,(1.045 mA +0.136 mA)
+0.136 mA(28.3kQ—R,;,+22k{)
=R,;,(1.181 mA)+3.85V—R,,(0.136 mA)+2.99 V
12V-3.85V—-2.99 V=R, (1.181 mA —0.136 mA)
R, =494kQ  (use4.7 kQ standard value)
R,=283kQ—-R,,
=28.3kQ2—-4.7kQ
=23.6kQ (use 22 kQ standard value)
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6-4 SELECTION OF THE SPEED-UP CAPACITOR

The effects of a speed-up capacitor on transistor switching times were
discussed in Sec. 4-4. As already explained, the capacitor should be as
large as possible, but must be small enough to allow its voltage to return to
normal dc levels between switching. For a Schmitt circuit to trigger at the
UTP and LTP levels as designed, the capacitor C, voltage must settle to
the dc level across R, in the time interval between triggering.

EXAMPLE 6-3

The Schmitt trigger circuit designed in Example 6-2 is to be triggered at a
maximum frequency of 1 MHz. Determine the largest speed-up capacitor
that may be used.

solution
Resistance in parallel with the capacitor terminals when Q, is off:
R=R,||[(R.,+R,)
=22kQ(|(4.7kQ+22kQ)
~12kQ

Actually, the input resistance of Q, is in parallel with R, but is very large
compared to R,.

1

Resolving time=¢, = —————
Triggering frequency

N S
\ TIMHz T HS

For C to charge through 90% of its total voltage change:

t
Crax= > ;‘ [Equation (4.4)]

_ 1us _
C= 23X12kQ =36 pF  (use 35 pF standard value)
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6-5 OUTPUT/INPUT CHARACTERISTICS

Consider the Schmitt trigger circuit design as finalized in Example 6-2.
When Q, is on, the output voltage is

Vo=Vec—IcRy,
=12 V-(2 mAX3.9kQ)
=42V

When Q, is off, the output voltage is

Vo=Vee—1c, Ry
~V.=12V

The UTP and LTP are approximately, as designed, S V and 3 V,
respectively. With the triggering levels and the output voltage levels known,
a graph showing output voltage versus input voltage may be plotted.

When the input voltage is zero, Q, is off and Q, is on. Therefore,
V,=4.2 V. This may be plotted as point 4 on the output/input characteris-
tics in Figure 6-5(a). As V; is increased above zero volts, Q, remains off
and Q, remains on until V; becomes equal to the UTP, which for this
particular circuit is at 5 V. Hence V, remains at 4.2 V from V;=0 to V;=5
V. Point B is plotted at V,=4.2 V and V,=5V.

When the UTP is reached o, sthches on and Q, switches ojf Thus,
V, changes from 4.2 V to 12 V. Point C is plotted at V,=V_. and
V,.=UTP. Any further increase in ¥V has no effect on V,. The horizontal
line from point C to point D in Figure 6-5(a) shows that ¥, remains equal
to V¢ as V; increases above the UTP.

Now, consider the effect of reducing V, from a level greater than the
UTP. The output voltage V, remains equal to 12 V until ¥; becomes equal
to the LTP, at point E on Figure 6-5(b). At the LTP, Q, switches off and
Q, switches on, returning ¥, to 4.2 V. Point F is plotted at ¥,=4.2 V and
V;i=LTP=3 V. As ¥, is reduced below the LTP, ¥, remains at 4.2 V,
shown by the line from point. F to point 4 in Figure 6-5(b). The two graphs
taken together in Figure 6-5(c) give the complete output/input characteris-
tics for the circuit. )

The difference between the UTP and LTP levels is termed the hystere-
sis of the circuit. For many circuit applications, the hysteresis is not very
important. In some circumstances, however, circuits with the least possible
hysteresis are desirable. Zero hysteresis occurs when the upper and lower
trigger points are equal.
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" FIGURE 6-5. Output/input characteristics for Schmitt trigger circuit.

The hysteresis can be adjusted by altering the ratio of R, and R, or by
adjusting the value of R,,. The loop gain or stage gain of Q, (When Q,is
on) determines the amount of hysteresis in the circuit. With a large loop
gain, a very small value of input voltage is sufficient to produce a large
(phase inverted) output to Q, base, which keeps Q, biased off. Conse-
quently, the lower trigger point is found at a very low level of input
voltage. Thus, it is seen that the largest loop gain produces greatest
hysteresis.
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6-6 THE IC OPERATIONAL AMPLIFIER AS A
SCHMITT TRIGGER CIRCUIT

6-6.1 Inverting Schmitt Circuit

The IC operational amplifier, previously treated in Sec. 5-4, may be
employed as a Schmitt trigger circuit. The design of such a circuit is quite
simple. Consider Figure 6-6 which shows a circuit in which the input
triggering voltage is applied to the inverting input terminal. The noninvert-
ing terminal is connected to the junction of resistors R, and R,; these
resistors operate as a potential divider from output to ground. The voltage
at the noninverting terminal is the voltage across R,, as shown in the
figure.

lll‘—““]
|}_ — AN —
e

FIGURE 6-6. IC operational amplifier as Schmitt trigger circuit.

When V; is less than V,, the noninverting terminal input voltage V) is
greater than the inverting input. Therefore, the output is positive. In this
case, V,~+ V..—1 V if the load resistance is 10 k2 or greater (see the 741
data sheet in Appendix 1-11). The voltage at the noninverting input
terminal is calculated by using the output voltage ¥, and R, and R,:

R,

2= R.+R,

(Vcc“ 1V)

When the input voltage is raised to the level of ¥,, the output begins to
go negative. This causes ¥, to fall; thus the noninverting input terminal
rapidly becomes negative with respect to the inverting input terminal.
When this occurs the output changes over very rapidly from approximately
(Vee—1 V) to approximately (Vgz+1 V). It is seen that the upper trigger
point is equal to ¥, when the output is positive.
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When the output is (Vyz+1 V), ¥, becomes:

R,
Vz—m(Vu"‘l")

Since Vg is negative, ¥, is a negative voltage, and the output ¥, remains
negative until the voltage at the inverting input terminal is reduced to the
new (negative) level of V,.

From the above discussion, it can be seen that

UTP~ V) (6-1)

2
R,+R2(VCC I
and

R, .

EXAMPLE 6-4

A 741 operational amplifier is to be employed as a Schmitt trigger circuit
with a UTP of 3 V. Design a suitable circuit and calculate the actual UTP.
and LTP when resistors with standard values are selected. Take R, as 10
k©Q and use a supply voltage of =15 V.

solution ‘

From the 741 data sheet in Appendix 1-11:

Ipmary=500 nA®

(m;x)
For a stable level of V,, 1,3 Ip,y-

1,=100% 500 nA

=50 pA
R,=YIP_ 3V
LA S0 A

=60 kQ (use 56 k2 standard vaiue)
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Thus, I, becomes 3 V /56 kQ, which is equal to 53.57 p A.

Vai=V,—V;

=15V-1V-3V
=11V

R=tm__11V
1T, T S357mA

=205kQ (use 220 k@ standard value)
VoR2
R,/+R,
14V X56kQ
220kQ+56 kQ

LTP~-28V

Actual UTP~

=28V

The operational amplifier slew rate (discussed in Sec. 5-4) imposes
limitations on the performance of the Schmitt circuit. The 741 has a typical

slew rate of 0.5 V/us (see Appendix 1). For the output voltage to go from
—14V to +14 V requires a time of

28V
=05V as OkS

If this time is allowed to occupy 10% of the output pulse width, (see the
discussion in Sec. 1-6), then minimum pulse width is

PW=10X¢=560 pus

If it is assumed that the output is a square wave, the maximum satisfactory
operating frequency is

1
f= 7xpw 8B Hz
For higher-frequency performance, an operational amplifier with a faster
slew rate must be employed. The 715, for example, has a slew rate of 100
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V/ps. Going through the same calculations as above, the maximum
operating frequency for a Schmitt trigger using a 715 is approximately 179
kHz.

6-6.2 Adjusting the Trigger Points

A Schmitt trigger circuit in which the lower trigger point is clamped to
~0.7 V is shown in Figure 6-7(a). When the output voltage becomes
negative, diode D, is forward-biased. Thus, D, holds the noninverting
input to 0.7 V below ground. When ¥, (at the inverting input) drops below
—0.7 V, the output again becomes positive. The LTP is now —0.7 V. The
UTP is unaffected by the diode, since D, is reverse-biased when the output
is positive. .

The circuit can be designed for any desired UTP. Then, by use of a
diode and potential divider, as shown in Figure 6-7(b), the LTP can be
fixed at any desired level. A potentiometer placed between R, and R,
[Figure 6-7(c)] provides an adjustable LTP. A diode connected in series
with R,, as illustrated in Figure 6-7(d), gives an LTP which is very close to
ground. When the output is negative, D, is reverse-biased and only the
diode reverse leakage current 7 flows. The LTP now becomes V= —IxR,.
Since I normally is very small, and R , can be selected as low as a few
kilohms, the LTP can be only millivolts from ground. By reversal of D, the
UTP can be brought close to ground. Then, the LTP is specified by V,, R,,
and R,.

Figure 6-7(¢) shows an arrangement by which the UTP and LTP can
be made completely independent of each other at the design stage. When
the output is positive, D, is reverse-biased and D, is forward-biased. The
UTP of the circuit is determined by R, and R,. When the output of the
circuit is negative, D, is reverse-biased while D, is forward-biased. The
LTP is now determined by R} and R,.

EXAMPLE 6-5

The Schmitt trigger circuit designed in Example 6-4 is to have the LTP
adjustable over the range from 2 V to —2 V. Design a suitable circuit.

solution

Consider the circuit of Figure 6-7(c). For a stable bias voltage V,, set
I>1,. Let
1,=100XxI,=100X50 u A
=5 mA



\AAAS
x

2l
D, 2.
R, 2
4L .

)
i

L gl

AAN
VVVV
X
~

= Vg
(a) Circuit for (b) Circuit for LTP
LTP~-0.7V at any desired level
Y+‘pbc
V, &
b
<
b §
Ry3
< <
= I
= Ver (c) Circuit to give (d) Circuit for LTP
adjustable LTP close to ground
D,
R
R,
(e) Circuit with different
UTP and LTP levels
FIGURE 6-7. Operational amplifier Schmitt trigger circuits with various methods of
setting LTP.
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For

Vii=—-2V
Va=Vi+Vr

=-2V+0.7V

=-13V
Ve=—13V—(=15V)=13.7V

' R Ve _137V
4TI, SmA

=272k (use 2.7 k2 standard value)

Vi 4V
RS-I_,,-SmA

=800Q  (usel kQstandard poténtiometer value)
Viar=Via+Vr
=2V+07V=27V

_Va_15V-27V

Ry= I, 5mA

=246 kQ (use 2.7 kQ standard value)

6-6.3 Noninverting Schmitt Circuit

In the circuit shown in Figure 6-8(a) the input voltage (V;) is applied to the
noninverting input terminal of the operational amplifier. This means that
the circuit output goes positive when V, is increased to the UTP, and
negative when ¥, is lowered to the LTP level. Assume that the output
voltage of the circuit is negative at a level of approximately —(Vg—1 V).

If the input voltage is zero, then the voltage across R, is

R
Vai= R,+1R2 { —(Vee—1 V)]

[see Figure 6-8(b)]. Thus, the voltage at the noninverting input is a negative
quantity, and this keeps the output at its negative saturation level.
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Ry

AAAA
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+ VCC

A
1 L Ve _1_

(a) Non-inverting Schmitt trigger circuit

o
= Vo = —(Vgg—1v)  Vi=UTP Vo = —(Vgg~1IV)
ul =
{(b) Voltage polarities when Vp is (c) Voltage and current
negative and V; is zero conditions when ¥; = UTP

FIGURE 6-8. Noninverting IC operational amplifier Schmitt trigger circuit.

For the output of the circuit to go positive, ¥; must be raised until the
voltage at the noninverting terminal goes slightly above ground level (i.e.,
above the level of the inverting input terminal). When this occurs, the
voltage at the right-hand side of R, is — ¥, and that at the left-hand side is
0 V; i.e., the voltage across R, is V, [see Figure 6-8(c)]. Therefore, the
current flowing through R, is

I,=V,/R,

. Since the current flowing into the input terminal of the operational
amplifier is negligibly small, the current through R, is also I,. The voltage
at the left-hand side of R, is ¥, and that at the right-hand side is 0 V.
Thus,

Vg, =V,=I,XR,=UTP

The circuit is designed very simply by first selecting I, very much
larger than the maximum input current to the amplifier. Then, R, is
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calculated as UTP/I,, and R, as V,/I,. The LTP is numerically equal to
the UTP but with reversed polarity.

The modifications to the noninverting Schmitt circuit shown in Figure
6-9 are self-explanatory. Figure 6-9(a) shows a circuit in which the UTP is
a positive quantity, but the LTP is very close to ground level. The circuit in
Figure 6-9(b) has (numerically) different UTP and LTP values, while that

in Figure 6-9(c) has an adjustment to raise or lower the level of the trigger
points.

Ry
Vi
(a) Schmitt circuit with (b) Schmitt circuit with
UTP positive and LTP ~0O V numerically different
UTP and LTP levels
R,
+ VCC __I\/\M__‘
R3
<
R
‘2

~Ver

(¢) Schmitt circuit with
trigger level adjustment

FIGURE 6-9. Operational amplifier noninverting Schmitt trigger circuits with various
’ methods of setting the trigger levels.
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EXAMPLE 6-6

A noninverting Schmitt trigger circuit is to be designed to have trigger

points of *+2 V. The available supply is 15 V. Using a 741 operational
amplifier, design a suitable circuit.

solution

Use the circuit as in Figure 6-8(a). From the 741 data sheet (Appendix
1-11).

Ip(maxy=500 nA
12»13(mlx)
Make

1, =100X1p 4y,
=100X500 nA=50 p A
V~=+(V,.—-1V)
~+(15V-1V)=+14V
R,=V,/I,=14V /50 p A
=280k  (use 270 kQ standard value)

I, now becomes ~14 V/270 kQ=519 pA

" R,=(UTP or LTP)/I,
=2V/519 pA

=38.5kQ (use 39 k{2 standard value)

6-7 IC SCHMITT TRIGGER CIRCUITS

Schmitt trigger circuits are available as integrated circuits, i.e. without any
external components required. The 7413, for example (see Appendix 1-14),
is described as a Dual 4-Input Schmitt Trigger. This means that each IC

package contains two complete Schmitt trigger circuits, and each circuit
has four input terminals.
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The UTP and LTP of the 7413 are identified on the device data sheet
as Vi, (positive-going threshold) and Vy_ (negative-going threshold),
respectively. With V.= +5 V, the typical triggering levels are UTP=1.7
V and-LTP=0.9 V. The circuit output switches (typically) between a low
level of 0.2 V and a high output voltage of 3.4 V. The switching time
between levels is 15 to 18 ns. Input current might be as high as 1 mA, and
the output can handle as much as 55 mA. The input terminals of the 7413
are connected in a way that permits the circuit to function as a nand gate
(see Sec. 10-4). :

Obviously, the 7413 switches very much faster than an IC operational
amplifier or discrete component Schmitt trigger circuit. It is also much less
expensive than such other circuits, if only because no external components
are required. However, its trigger points are fixed, and where different
UTP and LTP levels are required it is necessary to use a discrete compo-
nent or IC operational amplifier circuit.

6-8 IC VOLTAGE COMPARATORS

The output of a voltage comparator changes rapidly from one level to
another when the input arrives at a predetermined voltage. In this respect
the voltage comparator is similar to a Schmitt trigger circuit. Unlike a
Schmitt circuit, a voltage comparator has two inputs. The change in output
level occurs at the instant that the two input voltages become equal. The
input voltages are compared, hence the name comparator.

Since an IC operational amplifier has two input terminals, it can be
employed as a voltage comparator. But operational amplifiers have much
slower response times than circuits designed as comparators (i.e., they are
relatively slow in switching from low output to high, and vice versa). This is
because the circuitry of a comparator prevents its transistors from going
into saturation. In an operational amplifier the transistors do saturate
when the output is at one extreme or the other. Voltage comparators can
be thought of as fast-switching operational amplifiers not usually intended
for amplifier applications. _

In Appendix 1-19 and 1-20 partial data sheets are shown! for two IC
voltage comparators, the 710 and the 311. The 710 is described as a
high-speed comparator. Its typical response time is listed as 40 ns. The 311
is much slower with a response time of 200 ns. (Considering the slew rate
of a 741 operational amplifier, the response time could be as large as 50
©s).

The 311 takes an input bias current of only 60 nA typically, while the
710 requires 13 pA. Consequently, the 311 offers a much higher input
resistance to signals than does the 710. The input offset voltage is the



Sec. 6-8  IC VOLTAGE COMPARATORS 161

voltage difference between input terminals when the comparator detects
equality. For the 710 and 311, this quantity is 0.6 mV and 0.7 mV,
respectively. The differential input voltage, the maximum allowable voltage
difference between input terminals, is +5 V for the 710 and +14 V for the
311.
The 710 switches between a low output of —0.5 V and a high output
. level of +3.2 V. The 311 output can switch between ground and a load
voltage (separate from the circuit supply) as high as 40 V. The 710 requires
supply voltages of ¥Voc=+12V to +14 Vand Vyz=—6 V to —7 V. The

© t+ VCC

(a)

AAA
\AAL
]

w

(b) Comparator as a Schmitt trigger

FIGURE 6-10. Voltage comparator as a zero-crossing detector and as a Schmitt
trigger circuit.
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311 can operate from a single polarity supply ranging from 5 Vto 36 V, or
can use the typically available supply of 15V,

‘It is seen that with the single exception of response time, the
performance of the 311 comparator is superior to the 710.

Figure 6-10(a) shows a 311 comparator employed as a zero-crossing
detector. The inverting input is grounded, and the waveform to be moni-
tored is directly connected to the noninverting input. At the instant that
the input voltage rises above ground, the output voltage goes positive.
When the input drops below ground again, the comparator output goes to
zero. The output is a square wave with its leading and lagging edges
occurring exactly at the instants that the input waveform crosses the zero
level. The zero-crossing detector could be described as a Schmitt trigger
with UTP=LTP=0 V. Since UTP=LTP, the circuit is said to have zero
hysteresis.

A 311 comparator employed as an inverting-type Schmitt trigger is
shown in Figure 6-10(b). The upper trigger point for the circuit is

VeeX R,y
UTP= R,+R,+R,
and LTP=0 V, because the /ow output level of the circuit is ground.

Other very important applications of voltage comparators are shown
in Secs. 14-3, 14-5, and 14-6.

REVIEW QUESTIONS AND PROBLEMS

6-1 Sketch a transistor Schmitt trigger circuit, and briefly explain its
operation.

6-2 Define the terms upper trigger point, lower trigger point, hysteresis,
and regeneration.

6-3 Design a transistor Schmitt trigger circuit with UTP=6 V. Use
2N3904 transistors with I-=1 mA. The available supply is 15 V. Use
standard value resistors.

6-4 The circuit of Problem 6-3 is to have an LTP of 5 V. Make the
necessary design modifications and select suitable standard value
resistors.

6-5 Plot the output/input characteristics for the Schmitt trigger circuit
designed in Problem 6-4.

6-6 (a) Briefly explain how a speed-up capacitor improves the switching
time of a Schmitt trigger circuit. (b) The Schmitt trigger circuit
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6-7

6-8

69
6-10

6-11

6-12

6-13

6-14
6-15

6-16

- designed in Problem 6-4 is to be triggered at a maximum frequency

of 800 kHz. Determine the maximum size of the speed-up capacitor
that may be employed.

(a) Sketch the circuit of an operational amplifier employed as a
Schmitt trigger circuit. Briefly explain how it functions. (b) Show
how this circuit could be modified so that (1) LTP=~=—-0.7 V, (2)
LTP~0V, (3) UTP=~0 V.

Design inverting and noninverting Schmitt trigger circuits using a
741 operational amplifier. The supply voltage is to be =12 V, and
the trigger points *+2 V. Select standard value resistors and calculate
the actual triggering levels.

Plot the output/input characteristics for the Schmitt trigger circuits
designed in Problem 6-8.

The Schmitt trigger circuits designed in Problem 6-8 are to have an ‘
LTP adjustable over the range =1 V. Suitably modify each circuit.

The circuits of Problem 6-8 have the following input waveforms:
(a) A triangular waveform with an amplitude of +5 V;

(b) A square wave with an amplitude of 3 V;

(c) A square wave with an amplitude of +4;

(d) A sine wave with an amplitude of £10 V;

(e) A sawtooth wave with an amplitude of +6 V.

Sketch the above waveforms and the resultant output wave from the
Schmitt trigger circuit for each case.

Using a 741 IC operational amplifier, design inverting and nonin-
verting Schmitt trigger circuits to have LTP= -2 V and UTP=0 V.
The available supply is +9 V.

Design an inverting Schmitt trigger circuit to have UTP=+4 V,
LTP= -3 V. Use a 741 operaticnal amplifier with V.= +18 V.

Explain the operation of a voltage comparator circuit, and discuss
how it differs from an operational amplifier.

Sketch the circuit of a voltage comparator employed as a zero-
crossing detector. Also sketch the input and output waveforms.
Briefly explain.

A voltage comparator is to be employed as a Schmitt trigger circuit
with UTP=2.5 V. The available supply is +18 V and the external
load (connected between + V. and the output terminal) is 12 k.
Sketch the circuit and determine the values of the other compo-
nents.



CHAPTER

Ramp
Generators
and Integrators

INTRODUCTION

A simple ramp generator circuit can be constructed using a capacitor
charged via a resistance, in conjunction with a discharge transistor. To
improve the ramp output linearity, a transistor constant current circuit can
be employed. When the discharge is replaced by a unijunction transistor,
the circuit becomes a relaxation oscillator. The bootstrap ramp generator,
which produces a closely linear ramp, can be constructed using a transistor
or an IC operational amplifier. An IC operational amplifier can also be
employed in a Miller integrator.

7-1 CR RAMP GENERATOR

The simplest ramp generator circuit is a capacitor charged via a series
resistance. A transistor must be connected in parallel with the capacitor to
provide a discharge path, as shown in the circuit of Figure 7-1(a). Capaci-
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CR ramp generator circuit and voltage waveforms.
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tor C, is charged from V. via R,. Q, is biased on via R so the capacitor
is normally in a discharged state. When a negative-going input pulse is
coupled by C, to Q, base, the transistor switches off. Then, C, begirts to
charge; this provides an approximate ramp output until the input pulse
ends [see Figure 7-1(b)]. At this point, Q, switches on again, and rapidly
discharges the capacitor.

The output from a simple CR circuit is exponential rather than linear.
For voltages very much less than the supply voltage, however, the output is
approximately linear. When the transistor is on, the capacitor is discharged
t0 Ve pisay- Hence, Veg i, is the starting level of the output ramp. Output
amplitude control can be provided by making the charging resistance (R,)
adjustable.

Capacitor C,, which couples the input pulse to the transistor base,
should be selected as small as possible, both for minimum cost and
smallest possible physical size. The minimum suitable size can be de-
termined by allowing the base voltage of Q, to rise during the input pulse
time, as shown in Figure 7-1(b). The base voltage starts approximately at
0.7 V when Q, is on. Then, V,, is pulled negative by the input pulse, but
starts to rise again as C, is charged through R. To ensure that Q, is still
off at the end of the pulse time, ¥, should not rise above —0.5 V. This
approach to coupling capacitor selection is outlined in Sec. 5-2.

EXAMPLE 7-1

Design a simple CR ramp generator to give an output that peaks at 5 V.
The supply voltage is 15 V, and the load to be connected at the output is
100 kQ. The ramp is to be triggered by a negative-going pulse with an
amplitude of 3 V, PW=1 ms, and the time interval between pulses is 0.1
ms. Take the transistor A gy, as 50.

solution

This circuit is shown in Figure 7-1(a). The maximum output current is

Select the minimum capacitor charging current 7,1 L(max)- At peak output
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voltage, let
I,= IOOXIL(mu)
=100X50 pA=5mA
Vee= Ve
Il

__15V-—5V_
T 5SmA

R,=
2kQ (use 2.2 kQ standard value)

The voltages for capacitor C, are
Initial voltage = E,~0
Final voltage=e =5V
Charging voltage=E=V =15V
e,~E—(E—E,)e /R [Equation (2:2)]

H
C,=

R E-FE,

n

E—e,

_ 1 ms

- 15V -0
~] pF

The discharge time for C, is 0.1 ms, which is one-tenth of the charging time.
For Q, to discharge C,; in 1/10 of the charging time,
I-=10X(C, charging curreﬁt)
=10/,=50 mA
Ic
h FE(min)

- 50 mA
50

I;=

=1 mA

_15V—07V
1 mA
=143 kQ (use 12 kQ standard value)
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For @, to remain biased off at the end of the input pulse, let V=
-05V.

AV=V,—Vg.—Vy [See Figure 7-1(b) ]
=3V-07V-05V=18V

The charging current for C, is equal to the current through R, when Q, is
off:

I VCC—V,= 15V~(-3V)
T Ry 12kQ
=1.5mA

From Equation (2-7):

__It_= 1.5 mA X1 ms
AV 18V

=0.83 uF (use 1 uF standard value)

G

7-2 CONSTANT CURRENT RAMP GENERATORS

7-2.1 Bipolar Transistor Constant Current Circuits

The major disadvantage of the single CR ramp generator is its nonlinear-
ity. To produce a linear ramp, the capacitor charging current must be held
constant. This can be achieved by replacing the charging resistance with a
constant current circuit.

A basic transistor constant current circuit is shown in Figure 7-2(a).
The potential divider (R, and R,) provides a fixed voltage ¥, at the base
of pnp transistor Q,. The voltage across the emitter resistor R, remains
constant at (¥, — V). Thus, the emitter current is also constant: Ip=(V,
—Vse)/R,. Since Io~I, the collector current remains constant. Figure
7-2(b) shows an arrangement that allows the level of constant current to be
adjusted. R, provides adjustment of V. Since V;=(V,—Vy,), V; also is
adjustable by R, and I; can be set to any desired level over a range
dependent upon R,.

Figure 7-3(a) shows a ramp generator that employs the constant
current circuit. Note that because I of Q, is a constant charging current
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V3=(Vl _l/BE)

T J o
<
111 Y 2 Ry

1

Ry
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(a) Constant current circuit (b) Adjustable constant current circuit

FIGURE 7-2. Tronsistor fixed and adjustable constant current circuits.

for C,; the capacitor voltage ¥, grows linearly. The simpler capacitor-
charging equation, Equation (2-7), may now be used for C, calculations.
The circuit of Figure 7-3(2) functions like the simple CR ramp generator,
with R, replaced by the constant current circuit.

The output voltage from the constant current ramp generator remains
linear only if a sufficient voltage is maintained across Q, for it to operate
in the active region of its characteristics. If Q, reaches saturation, the
output stops at a constant level. Therefore, Vg, should not fall below
about 3 V. Because of this and the constant voltage ¥; across resistor R,
the maximum ramp output voltage obtainable from the circuit of Figure
7-3 is approximately V,=Voc—V;—3 V.

In the circuit of Figure 7-3(b) the input pulse is directly connected to
the base of transistor Q,. When the input is at ground level, Q, is off and
capacitor C, charges via Q,. When a positive input is applied, @, is
switched on and C, is rapidly discharged. Q, remains on during the positive
input pulse; thus C, is held in a discharged condition, and the ramp
generator output voltage remains at the V¢ g,y of Q-

EXAMPLE 7-2

Using a constant current circuit, modify the ramp generator designed in
Example 7-1 to produce a linear ramp output.
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FIGURE 7-3. Constant current ramp generators.
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solution

Refer to the circuit of Figure 7-3(a).
VO(mx)“ 5V
Vit Vega=Vec—5V=10V
Let
Vega=3 V, minimum
then

V3=10V-3V=7V

To maintain a constant level of I (and I.), the voltage across R, should
be several times larger than the base emitter voltage V.. This ensures that
changes in ¥y, do not significantly affect I.

It ) C, AV

Cl=-A—V .. !

For C,=1uF, V=5V, and t=1 ms,

;o LBFxSV _ o
1 ms
7V
R,~ =14kQ  (use 1.2 kQ standard value)

5SmA
For Iz=5 mA,

V,=5mAX12kQ

=6V
V,=Vy+ V=6 V+0.7V
=67V

V, must be a stable bias voltage unaffected by I5,. Make I,~I =5 mA.

34kQ  (use 1.2kQ standard value)
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Then I, becomes

6V
T 12k9
Vi=Vee—V;=15V—-6.7V=83V

Va_ 83V
1, 558 mA

=149 kQ (use 1.5 k{2 standard value)

1, =5.58 mA

R,~

EXAMPLE 7-3

Redesign the circuit of Example 7-2 to make the ramp amplitude adjusta-
ble from3Vito5V.

solution

The circuit modification is shown in Figure 7-2(b). The charging current,
with AV=3V, is

C, AV
STy

1uFX3V
= lms

1

3ImA

For AV=5YV,

_1uFX5V _

5 mA
1 ms

1

For I=3 mA, I;~3 mA and

Vy=I;XxR,=3 mAX12kQ
=36V

Ve=V,=V3+ V=36 V+0.7V
=43V

(At this point, the moving contact on the potentiometer is at the upper
end.)
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For R, =1.2kQ,

43V

I, 12k0 =~3.6 mA
For I=5 mA,
V,=5mAX1.2kQ
=6V

and

Vg=6.7V

(At this point the potentiometer moving contact is at the lower end.)

Vp=V,+V,
V,=6.7V-36V=31V

and

_Va_ 31V
I, 36mA

=0.86 kQ2 (use a 1 kQ standard potentiometer value)

R,

Then ¥V, becomes

V,=I,R,=3.6mAX1kQ=36V

and
Va=Vee— Vl— Vs
=15V—-43V-36V
=71V

=1.97kQ (use 2.2 kQ standard value)
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7-22 FET Constant Current Circuits

A field effect transistor with a single source resistance can function as a
constant current circuit. A p-channel FET is shown in Figure 7-4(a) with a
resistor connected between the source terminal and V.. With the gate
terminal also connected to ¥, the gate-source voltage is the voltage drop
across Rg, which is IgR or I, R. Referring to the FET transconductance
characteristics in Figure 7-4(b), the desired drain/source current (Ig) can
be selected and the corresponding gate-source voltage (V) determined as
illustrated. Then,

Rg=—= (7-1)

This approach is satisfactory only when the transconductance char-
acteristic for the particular FET has been plotted. For any given FET type,
there are two possible extreme characteristics as shown in Figure 7-4(c).
These occur because of the spread in values of drain-source saturation
current [ pssmaxy 304 Ipssminy), and pinch-off voltage [Vpumayy and Vpiminy }-
In this case it is necessary to draw a bias line for each possible value of
source resistance. This is done simply by using Equation (7-1) to determine
two convenient corresponding values of I, and V:

When V=0,

Ip=Vzs/Rs=0

Plot point 4 on Figure 7-4(c) at V;5=0 and 1,=0.
When Vps=6 V and Rg=3.3 kQ,

I,=6V/33k2=18mA

Plot point B on Figure 7-4(c) at V;5=6 V and I,=1.8 mA.

Draw the bias line through points 4 and B. The maximum and minimum
source current levels that can flow are now shown at the intersections of
the bias lines and the characteristics. When it is desired to set Ig to a
precise level R must be made adjustable.

One important caution that must be observed when using a FET
constant current circuit is that the drain-source voltage Vs must not be
allowed to fall below the maximum value of pinch-off voltage V p(max)- Just
as a bipolar transistor cannot be expected to function linearly if its
collector-base voltage approaches the saturation level, so too a FET will
not function correctly in a linear circuit if its drain-source voltage falls
below the pinch-off level.
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FIGURE 7-4. FET constant current circuit and transconductance characteristics.
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A constant current diode (or field effect diode) is essentially a FET and a
resistor connected as illustrated in Figure 7-4(a), and contained in a single
package. These devices can be purchased with various constant current
levels.

7-3 UJT RELAXATION OSCILLATORS

7-3.1 The Unijunction Transistor

The basic construction of a unijunction transistor (UJT) and its equivalent
circuit are shown in Figure 7-5. The device can be thought of as a bar of
lightly doped n-type silicon with a small piece of heavily doped p-type
joined to one side [see Figure 7-5(a)]. The p-type is named the emitter,
while the two end terminals of the bar are designated bases 1 and 2 (B,
and B,), as shown. In the equivalent circuit of Figure 7-5(b), the silicon
bar is represented as two resistors, 75, and r, while the pn junction formed
by the emitter and the bar is represented by a diode.

o B,

og,

(a) Basic construction

(b) Equivalent circuit

FIGURE 7-5. Basic construction and equivalent circuit of unijunction transistor.
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The ratio, rg;/(7s +7s;) is termed the intrinsic standoff ratio of the
UJT, and is designated 7. Thus the voltage across rp, is given by

Tgy
V=V ———
1 BB
It 7p,

or
Vi=Vas (7-2)

The pn junction becomes forward-biased at a peak voltage, Vp="Vgp,
=V, + V. When this peak is reached, the flow of charge carriers through
rs; causes its resistance to fall. Thus, a capacitor connected across E and
B, is rapidly discharged. The flow of current into the emitter terminal
continues until V falls to the emitter saturation voltage Vg pqays at which
time the device switches off.

Two more important parameters for the UJT are peak point current Ip
and the valley point current I,,. The peak point current is the minimum
emitter current that must flow for the UJT to switch on or fire. This
current occurs when Vg is at the firing voltage, that is, at peak point V.
The valley point current is the emitter current that flows when Vg is at the
emitter saturation voltage, Vg1 T

7-3.2 UJT Relaxation Oscillator

A unijunction transistor can be used in conjunction with a capacitor and a
charging circuit, to construct an oscillator with an approximate ramp-type
output. Figure 7-6(2) shows the simplest form of such a circuit, which is
called a UJT relaxation oscillator. The UJT remains off until its emitter
voltage V., approaches the firing voltage V) for the particular device. At
this point, the UJT switches on and a large emitter current I flows. This
causes capacitor C, to discharge rapidly. When the capacitor voltage falls
to the emitter saturation level, the UJT switches off, allowing C, to begin
to charge again.

The frequency of a relaxation oscillator can be made variable by
switched selection of capacitors and/or by adjustment of the charging
resistance [see Figure 7-6(b)]. The resistance R,, in series with UJT
terminal B,, allows synchronizing input pulses to be applied. When an
input pulse pulls B, negative, V5, is increased to the level at which the
UJT fires. Once the UJT fires it will not switch off again until the capacitor
is discharged.
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+ Vap

Sawtooth output 4 l Ig B,

P
L i v
VEBl(sat) -__L

(a) UIJT relaxation oscillator

* —O+ Vpp

Synchronizing

' PY:H pulses
Y e VY

=

(b) Variable frequency UJT relaxation
oscillator

FIGURE 7-6. Basic UJT relaxation oscillator and variable frequency circuit.

In the design of a UJT relaxation oscillator, the charging resistance R,
must be selected between certain upper and lower limits. Resistance R,
must not be so large that the emitter current is less than the peak point
current when Vi, is at the firing voltage; otherwise, the device may not
switch on. If R, is very small, then when Vj,, is at the emitter saturation
level, a current greater than the valley point current might flow into the



Sec. 7-3 UJT RELAXATION OSCILLATORS 179

emitter terminal. In this case, the UJT may not switch-off. Thus, for
correct UJT operation, R, must be selected between two limits that allow
the emitter current to be a minimum of 7, and a maximum of I,,.

The UJT oscillator circuits shown in Figures 7-6(a) and (b) will
produce exponential output waveforms because the capacitors are charged
by resistances. Constant current circuits could be used here to generate
linear ramp output waveforms.

EXAMPLE 7-4

The circuit of Figure 7-6(a) is to use a 2N3980 UJT. The supply voltage
Vppis 20V, ana output frequency is to be 5 kHz. Design a suitable circuit,
and calculate the output amplitude.

solution

Capacitor C, charges from Vgp,, to the firing voltage, V= VetnVpg.
The data sheet for the 2N3980 (Appendix 1-12) gives the following

specifications:
VeBi(sary=3 V maximum, I,=2pA, I,=1mA
and

1=0.68 to 0.82
=~0.75 average
Vp=0.7+(0.75%x20V)
=157V

Therefore, for the capacitor, '

E=Supply voltage=V,,=20V
E_,=1Initial charge= Veiayy=3V

e.=Final charge=V,=15.7V

Now, to select R;:

VBB"‘ Ve
Rl(max)= T
_20V-157V

ThA ~2.15 MQ
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R _ VBB— VEBl(sat)
I(min) I—V
_20V-3V

oA ~17kQ

So R, must be in the range 17 k2 to 2.15 MQ. If R, is very large, C, must
be a very small capacitor. Let R, have a value of 22 k; then from

Equation (2-2) ‘
Cm—— L
E—-E,
R,In ( F—e, )
t= ! -1 =200
Output frequency 5 kHz 1S
then
Ci= 2023 i; 3V
2k i S
Ql“(20v-15.7v)

[ use 68C0 pF standard capacitor
(see Appendix 2-2)]
Output amplitude =V, — Vi pqay)

=157V-3V

=127V

= 6600 pF

7-4 FOUR-LAYER DIODE RELAXATION
OSCILLATOR

A very simple relaxation oscillator can be constructed using a four-layer
diode or Shockley diode.

The theory of operation of the four-layer diode is illustrated in Figure
7-7. The device consists of four semiconductor layers p,, n,, p,, and n,,
with a connecting terminal to p, identified as the anode and that to n, as



?
P1
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Q,j‘_
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P2
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Construction Construction Two transistor .
modified to equivalent circuit
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Ve Vs
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(d) Forward and reverse
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FIGURE 7-7.

Four-layer diode: construction, equivalent circuit, and characteristics.
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the cathode [Figure 7-7(2)]. To help understand the operation of the device,
Figure 7-7(b) shows layers n, and p, split into sections n,, n}, p, and p;.
Since these sections are connected together, there is no real change.
However, p,, n,;, and p, can now be thought of as a pnp transistor, and nj,
p5 and n, can be considered an npn transistor. This gives the two-transistor
equivalent circuit in Figure 7-7(c). Now return to Figure 7-7(a) and note
that when the anode is biased positively with respect to the cathode
(forward bias), junctions j, and j; are forward-biased while junction j, is
reverse-biased. Thus, at small forward bias voltages only a very low
leakage current flows. When the forward bias is increased to the break-
down voltage of junction j,, a large forward current flows.

Going back to Figure 7-7(c), it is seen that when a substantial current
flows into the emitter of transistor Q,, an equally large collector current
flows from the collector of Q, into the base of Q,. Similarly, Q, has
substantial emitter and collector currents, and the collector current of Q,
provides base current for Q,. The result is that both transistors are
switched on into saturation, and the total anode-to-cathode voltage V4 is
around 0.9 V.

The device forward characteristics shown in Figure 7-7(d) can now be
understood. When + ¥ is small only a low level leakage current flows.
When the breakdown or switching voltage V. is reached, j, breaks down, the
two transistors switch on into saturation, and the device voltage rapidly
falls to a low level V. Any further increase in forward current now causes
only a slight increase in V. The device reverse characteristics are similar
to those of a reverse-biased diode, except that two junctions j, and j; must
break down before the four-layer diode goes into reverse breakdown.

The circuit of a four-layer diode relaxation oscillator is shown in
Figure 7-8. Note the device circuit symbol. Capacitor C, is charged via
resistor R, until the diode switching voltage is reached. Then D, rapidly
switches to the low level or voltage ¥V}, discharging C, in the process. D,
continues conducting until its current falls below the minimum level that
can maintain conduction. This level is known as the holding current 7, [see
Figure 7-7(d)]. Once D, ceases to conduct, current flows into the capacitor
again (via R,), charging it up to V,. The cycle is repetitive, generating an
output waveform as illustrated.

In designing a relaxation oscillator using a four-layer diode the consid-
erations are similar to those that apply for the UJT. Resistor R, must not
be so large that the current flowing through it is less than the diode
switching current I;. Neither can it be so small that its current is greater
than the diode holding current I,. Thus R, is selected between these
limitations, and C, is determined exactly as in the case of the UJT
relaxation oscillator.
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1

Relaxation oscillator using four-layer diode.

Capacitor
voltage

FIGURE 7-8. Relaxation oscillator using four-layer diode.

S
7-5 PROGRAMMABLE UJT RELAXATION

OSCILLATORS

The programmable unijunction transistor (PUT) is a four-layer device used
in a particular way to simulate a UJT. The interbase resistances rz, and r5,
and the intrinsic standoff ratio n may be programmed to any desired
values by selecting two resistors. This means that the device firing voltage
Vp can also be programmed.

Consider Figures 7-9(a) and (b). The gate of the pnpn device is
connected to the junction of resistors R, and R,. The gate voltage is
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(a) Programmable UJT circuit

(b) Four layer construction
of programmable UJT

O
\
U

PUT relaxation l.:

oscillator

FIGURE 7-9. Programmable UJT, four-layer construction, and PUT relaxation
oscillator circuit.
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Vs;=VzgR,/(R,+R,). The device will trigger on when the input voltage
¥V, x makes the anode (layer P,) positive with respect to the gate (layer N,).
[This forward-biases the base-emitter junction of Q, in Figure 7-7(c).]
When this occurs, the anode-to-cathode voltage rapidly drops to a low
level, and the device conducts heavily from anode to cathode. This
situation continues until the current becomes too low to sustain conduc-
tion. With the anode used as an emitter terminal, and with R, and R,
substituted for r,, and rg,, the circuit action simulates a UJT. Figure
7-9(c) shows the PUT employed in a relaxation oscillator.

A data sheet for 2N6027 and 2N6028 PUT devices is included in
Appendix 1-13. For the 2N6027, the value of I, is given as 1.25 p A typical,
and I, as 18 p A typical. The offset voltage, which is equivalent to Vg gyeay)»
is typically 0.7 V.

EXAMPLE 7-5

Design a relaxation oscillator using a 2N6027 PUT. The supply voltage is
15 V, and the output is to be 5 V peak at 1 kHz.

solution

The circuit is as shown in Figure 7-9(c).

Vp=V4z+(p,n, junction voltage drop)
SV=V+07V
Ve=5V—-07V=43V

To provide a stable gate bias voltage the current through the potential
divider (R, and R,) must be much larger than the gate current at

switch-on:

>,
Since I;~5 pA (typical), let
1,=100x I,
=100X5 pA=0.5 mA
Ve 43V
177, 05mA

=8.6kQ (use 8.2 kQ standard)
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Now, I, becomes

43V

I'=—8.2 ) =524 uA
Ve:=Vap— Vs
=15V-43V=107V
R, Va2 107V
21, 52uA
=204k (use 18 k2 standard)
Now ¥, becomes
Vo= 15Vx82kSQ
¢ 18kQ+8.2kQ

=469V  (i.e., instead of 4.3V)
and
Vp=Vg+0.7V
=469 V+0.7V=539V

The valley voltage V', is 0.7 V.
For the capacitor C,;

E=Supply voltage=V,,=15V
E,=Initial charge=V,=0.7V
e.=Final charge=V,=5.39V

For selection of R;:

VBB_ VP
R3(max)_ _'"17““

_15V-539V
125 pA

VBB_ VV
RB(min)= T

=7.7MQ

15V-07V
= gaA ~To0ke

Thus, R; must be in the range from 790 kQ to 7.7 MQ. Let R;=1 MQ.

1

= Output frequency ~ TkHz =1ms
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and from Equation (2-2)

t

E-E
(72

1 ms
15V-0.7V )
15V-539V

=0.0025 uF (standard value)

C,=

1M9m(

7-6 TRANSISTOR BOOTSTRAP RAMP
GENERATOR

The circuit of a transistor bootstrap ramp generator is shown in Figure
7-10(a). The ramp is generated across capacitor C,, which is charged via
resistance R,. The discharge transistor Q, holds the capacitor voltage ¥V,
down t0 Vg, until a negative input pulse is applied. Transistor Q, is an
emitter follower that provides a low-output impedance. The emitter resistor
R ¢ is connected to a negative supply level, rather than to ground. This is to
ensure that Q, remains conducting when its base voltage V] is close to
ground. Capacitor C;, known as the bootstrapping capacitor, has a much
larger capacitance than C,. The function of C;, as will be shown, is to
maintain a constant voltage across R, and thus maintain the charging
current constant. _

To understand the operation of the bootstrap ramp generator, first
consider the dc voltage levels before an input signal is applied. Transistor
Q, is on, and its voltage is Vg, Which is typically 0.2 V. Thus ¥;=0.2
V. This level is indicated as point 4 on the graph of voltage V; in Figure
7-10(b). The emitter of Q, is now at (¥, — V,), which is also the output
voltage ¥V, (point B on the V, graph). At this time, the voltage at the
cathode of diode D, is V=V .~ Vp,, where V,, is the diode forward
voltage drop. The voltage, ¥ —Vp, is shown at point C on the graph of
Vy [Figure 7-10(b)]. The voltage across capacitor C, is the difference
between V. and V.

When Q, is switched off by an input pulse, C, starts to charge via R,.
Voltage V, now increases, and the emitter voltage V,, of Q, (the emitter
follower) also increases. Thus, as V, grows ¥, also grows, remaining only
Vi below ¥, [see Figure 7-10(b)]. As ¥, increases, the lower terminal of °
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FIGURE 7-10. Transistor bootstrap ramp generator and circuit waveforms.
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C, is pulled up. Because C; is a large capacitor it retains its charge, and as
V, increases the voltage at the upper terminal of C, also increases. Thus,
Vy increases as ¥V, increases, and Vy remains ¥, volts above V. In fact,
Vi goes above the level of V¢, and D, is reverse-biased. The constant
voltage across C; maintains the voltage ¥, constant across R,. Therefore,
the charging current through R, is held constant, and the capacitor charges
linearly, giving a linear output ramp.

During the ramp time D, is reverse-biased as already explained, and
the charging current through R, is provided by capacitor C;. If C; is very
large and I, is small, then C, will discharge by only a very small amount.
When the input pulse is removed and C, is discharged rapidly by @, ¥,
drops to its initial level. Also, ¥, drops, allowing D, ‘to become forward-
biased. At this time a current pulse through D, replaces the small charge
lost from C,. The circuit is then ready to generate another output ramp.

In addition to producing a very linear output ramp, another advantage
of the bootstrap generator is that the amplitude of the ramp can approach
" the level of the supply voltage. Note that the output ramp amplityde may
be made adjustable over a fixed time period by making R, adjustable.

The broken line on the graph of output voltage [Figure 7-10(b)] shows
that the output, instead of being perfectly linear, may be slightly nonlinear.
If the difference between the actual output and the ideal output is 1% of
the output peak voltage, then the ramp can be said to have 1% nonlinearity.
Some nonlinearity results from the slight discharge of C; that occurs
during the ramp time. Another source of nonlinearity is the base current
Ip,. As the capacitor voltage grows, I, increases. Since I, is part of I,
the capacitor charging current decreases slightly as I, increases. Thus, the
charging current does not remain perfectly constant, and the ramp is not
perfectly linear. The design of a bootstrap ramp generator begins with a
specification of ramp linearity. This dictates the charging current and the
capacitance of C,. The percentage of nonlinearity usually is allocated in
equal parts to Alg, and AV,.

EXAMPLE 7-6

Design a transistor bootstrap ramp generator to provide an output
amplitude of 8 V over a time period of 1 ms. The ramp is to be triggered
by a negative-going pulse with an amplitude of 3 V, a pulse width of 1 ms,
and a time interval between pulses of 1 ms. The load resistor to be supplied
has a value of 1 kQ and the ramp is to be linear within 2%. The supply
voltage is to be +15 V. Take A gz, = 100.
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solution

The circuit is shown in Figure 7-10(a).

When V,=0,

When V,=V,,

Veet Ve
E— RE
_15V+8V

) =23 mA

At ¥,=0,

At Vo=V,

I,= %.“(‘)—A- =0.23 mA

Al;;=0.23 mA—0.15mA=80 pA

Allow 1% nonlinearity due to Al,, (that is, Al,, represents a loss of
charging current to C,):

1,=100XAI,,
=100x80 u A
=8 mA
I,t I, X(Ramp time)

C=ap= v,

_8mAXIms
h 8V !
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=1uF (standard capacitor value)
Vai=Vece—Vpi— Vcs(m)
=15V-07V-02V

=141V
R Ya 141V
', 8mA

=176 kQ (use 1.8 k2 standard value)

For 1% nonlinearity due to C, discharge,

AV.3=1% of initial ¥, level
Vea=Vee=15V

AVg,= IISTX =0.15V

and C,; discharge current is equal to 7,=8 mA.

- It _8mAX1ms
3AV,, 0.15Vv

=53 uF (use 56 p.F standard capacitance value)

Ry and G, are calculated in the same way as for Example 7-1.

Note that the recharge path for C; is via D, and R in the circuit of
Figure 7-10(a). Using Equation (2-2) and the component values from
Example 7-6, it is found that the time required to recharge C, by AV, of
0.15 V is approximately 0.6 ms. This means that the time interval between
ramp outputs (and between input pulses) should be not less than 0.6 ms.
Where @, is replaced by a complementary emitter follower or voltage
follower (see Sec. 7-7), the recharge time for C, is usually small enough to
be ignored.

7-7 IC BOOTSTRAP RAMP GENERATOR

An IC operational amplifier (see Sec. 5-4) connected as a voltage follower
forms part of the bootstrap ramp generator in Figure 7-11. When an
operational amplifier is used as a voltage follower, the inverting input
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O+ Vee
¥ D,
b
gRB C,
Vi
| | Voltage follower
|
I
C2 @ |
— Q I
| R; 2 Output
Input [

- o~ VEE

FIGURE 7-11.  Bootstrap ramp generator using an IC operational amplifier.

terminal is connected directly to the output. The input signal is applied at
the noninverting input.

The operation of the voltage follower can best be understood if it is
assumed that both input terminals are initially at ground level. The output
is also at ground level at this time. Note that the output from an operational
amplifier is the amplified voltage difference between the two input terminals.
Now, suppose an input of 1 V is applied at the noninverting terminal.
Since the amplifier has a very large gain, the output tends to move
positively towards the saturation level. However, as the output increases
positively, the voltage at the inverting terminal also increases positively.
When the inverting terminal voltage equals the noninverting terminal
voltage (i.e., 1 V), there is no longer any voltage difference between the
two input terminals. Consequently, there is no longer an input signal, and
~ the output voltage ceases to increase. Thus, the output voltage follows the
input very closely.

~ Actually, there is a small voltage difference between the input termi-
nals of a voltage follower. This difference is equal to the output voltage
divided by the amplifier gain. For a 741 with an output of 10 V, the input
difference would be typically:

10V
’ 200,000
This means that the output voltage is only 50 pV behind the input voltage.

This is a big improvement on the transistor emitter follower, where ¥, is
typically 0.7 V behind V.

=50 pV
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It is seen that the voltage follower is an amplifier with a gain of 1, and
that the output closely follows the input. The voltage follower also has ‘the
high input impedance and low output impedance characteristic of the IC
operational amplifier.

The circuit of the IC operational amplifier bootstrap generator is
almost exactly like that of the transistor bootstrap circuit. The voltage
follower takes the place of the emitter follower. Note that althougha + V
supply is still required, the load resistance R, now can be grounded. Also
note that the output ramp starts at Vg, instead of at Vg — Vpg- The
low input current to the operational amplifier has an almost negligible
effect on the charging current to C, in the IC bootstrap circuit of Figure
7-11. In fact, the reverse leakage current of D, (when it is reverse-biased) is
much more significant than the input bias current of the amplifier. Using a
IN914.diode (Appendix 1), I is typically. 3 pA. For the 741, the maximum
input bias current is 500 nA. (Note that for the transistor bootstrap circuit,
Iq of D, is very much smaller than I, of transistor Q,.) The leakage
current of D, can be the starting point for the IC bootstrap circuit design.
This results in a lower charging current to C, and in smaller values of C,,
C,, and C,.

If D, leakage current is extremely small, the above approach may
result in a very small charging current and consequently in a very small
capacitance value for C,. The typical input capacitance for an oscilloscope
is 30 pF. So C, should not be made small enough that the circuit
performance is affected when an oscilloscope is connected to any part of
it. As a minimum, C, should be selected approximately 1000 times greater
than the typical 30 pF C;, of an oscilloscope. This will also ensure that C,
is not affected by the stray capacitance of wiring, etc.

EXAMPLE 7-7

Design a bootstrap ramp generator using a 741 operational amplifier. The
specifications for the circuit are the same as those for the circuit of
Example 7-6, with the exception that the time interval between mput pulses
is 0.1 ms.

solution

The circuit is shown in Figure 7-11.
R, =1kQ

Ip=3pA  (when D, is reverse-biased)
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Allow 1% nonlinearity due to I:
1,=100x 1,

=100X3 puA=300n A
_ It _ I} X(Ramp time)
AV Ve
_300pAX1ms

8V
=0.0375 uF (use 0.039 uF standard value)

¢,

Vei=Vec=Voi— VCE(sat)
=15V-07V-02V

=14.1V ‘
RoVm_ 141V
"I,  300pA

=47kQ  (standard value)
For 1% nonlinearity due to C; discharge:
AV¢3=1% of initial V,
Vea=Vec=15V

15V
AVC3=W=O.15V
C; discharge current =7,=300 A
C.= Iit  300pAX1ms
AV, 015V

2uF  (standard value)

Compare this to C;=56 uF for the transistor circuit of Example 7-6. The
discharge time of C, is equal to one-tenth of the charge time. Therefore,
the discharge current .of C, is ten times greater than the charge current.

Minimum I of @, =10X1,
=10X300 pA=3 mA
_tc _3mA
hpr 100

=30 uA
Vee=Vae

Iy
_15Vv-07V
 30pA
=477kQ (use 470 kQ standard value)

Iy

Ry=
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During the input pulse, AV,=1.8 V (see Example 7-1) and the charging
current of C, can be expressed by
Vec= Vi = 15V-(-3 V)
R, 470 kQ
=38 puA

I=

Thus,
C.= It 38 puAX1ms
27 AV 18V

=0.02 uF (standard value)

7-8 FREE-RUNNING RAMP GENERATOR

A bootstrap ramp generator may be made free-running by employing a
Schmitt circuit to detect the output peak level and generate a capacitor
discharge pulse. In the circuit shown in Figure 7-12(a) pnp transistor Q,
discharges C, when the Schmitt circuit output is negative. Diode D,
protects the base-emitter junction of Q, against excessive reverse bias when
the Schmitt output is positive.

Consider the circuit waveforms shown in Figure 7-12(b). During the
time that the Schmitt circuit output is positive, Q, remains off and C,
charges; this provides a positive-going ramp output. When the ramp
amplitude arrives at the UTP of the Schmitt circuit, the Schmitt output
becomes negative. This causes /5, to flow, biasing Q, on and discharging
C,. As the voltage of capacitor C, falls, the ramp output also falls rapidly,
and this continues until the Schmitt LTP is reached. The presence of D,
makes the Schmitt circuit have an LTP close to ground (see Sec. 6-7.2).
Therefore, when the ramp output falls to ground level, the Schmitt output
goes positive again, switching Q, off and allowing ramp generation to
commence again. .

The free-running ramp generator can be synchronized with another
waveform by means of negative pulses coupled via capacitor C,. The
presence of the negative pulse lowers the UTP of the Schmitt circuit, so
that the Schmitt output becomes negative, causing the ramp to go to zero
when the synchronizing pulse is applied. '

Potentiometer R, [Figure 7-12(c)] allows the charging current to C; to
be adjusted, thus controlling the ramp length and the output frequency. In
Figure 7-12(d) R, affords adjustment of thé Schmitt UTP. This provides
control of the ramp amplitude.



Mhoottr T 7

r—o+VCC
¥ D

o]

Output

&..

Synchronizing
input -

(a) Circuit of free-running ramp generator D,
(c)
R, Output
frequency
control

UTP »— — — — o — — — n— —
/\/ Ramp output

r

.

e
Vee — 1 V)
co 1 1l Schmitt output
__-»_ —_—— — ., . —_—
- (Vgg - 1V)

(d) Output
amplitude
- control

(b) Circuit waveforms

FIGURE 7-12. Free-running ramp generator circuit, circuit waveforms, and controls.
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EXAMPLE 7-8

Design a free-running ramp generator with an output frequency of 1 kHz
and an output amplitude in the range 0 V to 8 V. Use 741 operational
-gmplifiérs and a supply voltage of =15 V.

solution

Schmitt circuit. For an output of 0 V to 8 V, the Schmitt circuit must have
an LTP of 0 V and a UTP of 8 V. Design the Schmitt circuit as explained
in Section 6-7.

Bootstrap circuit. The bootstrap output should go from 0 V to 8 V over a
time period of 1/1 kHz. (i.e., 1 ms). Design the circuit as in Example 7-7,
substituting a pnp transistor for Q,.

7-9 MILLER INTEGRATOR CIRCUIT

79.1 Miller Effect

Consider the circuit of Figure 7-13 in which an operational amplifier is
connected as an inverting amplifier. Let the amplifier voltage gain be —A4,,.
Then,

Vo= —4,V,
i
e
LAY
Cl

FIGURE 7-13. Miller effect or amplification of capacitance by invel\'ﬁng amplifier.

A
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Note that because of the amplifier phase shift, the voltage at the
left-hand ternminal of C, increases by ¥, while that at the right-hand
terminal of the capacitor decreases by A, V; when V; is positive. This
results in a total capacitor voltage change of

AV,=V,+4,V,
=V,(1+4y)
Using the equation Q=C XAV, the charge supplied to the capacitor is
Q=C, XAV,
=C,XV,(1+4,)
or
0=(1+4,)C, XV,

Thus it appears that the input has supplied a charge to a capacitor with a
value of (1+4,/)C,, instead of C, alone. Capacitance C, is said to have
been amplified by a factor of (1+4,). This is known as the Miller effect.

7-9.2 Miller Integrator

The Miller integrator utilizes the Miller effect to generate a linear ramp. In
the circuit of Figure 7-14(a), a square wave input supplies charging current,
alternatively positive and negative, to C,. The noninverting input terminal
is grounded by a resistance R, equal to the resistance R, at the inverting
input terminal. This is to ensure that the small bias currents cause equal
voltage drops at each input terminal. Recall that, because of the very large
gain of the operational amplifier, the voltage difference between the two
input terminals is never greater than about 50 pV. Thus, it can be said that
the inverting input terminal is always very close to ground level. The
inverting input terminal of an inverting amplifier is frequently termed a
virtual ground, or virtual earth. Thus, the input voltage appears across R,
and the input current is simply V,/R,, which remains constant.

If the input current I, is much greater than the input bias current of
the amplifier, then 7; will not flow into the amplifier. Instead, effectively all
of I, flows through capacitor C,. For a positive input voltage, I, flows into
C,, charging it positively on the left-hand side and negatively on the
right-hand side [Figure 7-14(b)]. In this case the output voltage becomes
negative, because the positive terminal, that is, the left-hand terminal, of
the capacitor is held at the virtual ground level of the inverting input. A
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+

V,

[T

Output

(d) Input and output waveforms

FIGURE 7-14.  Miller integrator circuit, C, charging action, and waveforms.

negative input voltage produces a flow of current out of C, [Figure
7-14(c)]. Thus the capacitor is charged negatively on the left-hand side and
positively on the right-hand side. Now the output becomes positive, be-
cause the negative terminal of the capacitor is held at virtual ground.

Since I, is a constant (+or—) quantity, and since effectively all of I,
flows through the capacitor, C, is charged linearly. Thus the output voltage
changes linearly, providing either a positive or negative ramp. When the
input voltage is positive, the output is a negative-going ramp. When the
input is negative, a positive-going output ramp is generated. Therefore,
when the input is a square wave, the output waveform is triangular. This is
illustrated in Figure 7-14(d).
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Consider the Miller circuit of Figure 7-14(a). If the input is supposed
to be zero but is, say, 20 uV away from ground level, then the output
voltage could be (4,X20 pV)= *+(200,000X20 pV)=*+4 V. In this case
the output is said to have drifted from its zero level. Even when the input
terminal is maintained exactly at ground level, there could be a slight
difference in the voltage at the amplifier inputs, due to small differences in
the resistances of R, and R,, for example. Thus, because of the very high
gain of the operational amplifier, its output voltage is very likely to drift
from the zero level. The output voltage drift produces a charge on
capacitor C,; this charge gives the output an offser so that it is not
symmetrical above and below ground (see Figure 7-15).

FIGURE 7-15. Effect of charge on C, due to output drift.

To minimize the output voltage drift, a large resistance [ R, in Figure
7-14(a)] is connected between the output and the inverting input terminals.
The effect of this resistance is to cut down the dc gain of the amplifier.
When R,/R,=10, for example, the output drift will be only 10 times the
input voltage difference. A ratio of 10:1 is typical for R;/R,.

The presence of R; has the disadvantage that it affects the perfor-
mance of the integrator at low frequencies. If the input frequency is so low
- that the capacitance impedance is very much larger than R,, then the
capacitor has a negligible effect and the circuit will not function as an
integrator. Therefore, C, should be selected so that

Xco1<R,

As a lower limit, X, =R,/10, so

I __R&
2#fC, 10
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The lowest operating frequency of the integrator is

10
= —— 7-3
f 27C\R, (7-3)
The design of a Miller integrator circuit begins with selection of the

input current /; very much larger than the amplifier bias current. Then, R,
is calculated as V,/I;,. From C=1It/V, C, is determined using the desired
output voltage, the time period, and the input current.

EXAMPLE 7-9

Design a Miller integrator circuit to produce a triangular waveform output
with a peak-to-peak amplitude of 4 V. The input is a + 10 V square wave
with a frequency of 250 Hz. Use a 741 operational amplifier with a supply
of 15 V. Calculate the lowest operating frequency for the integrator.

solution

The circuit ¥ shown in Figure 7-14(a). The 741 data sheet in Appendix
1-11 gives the input bias current as

Iz=500 nA, maximum I,

Let
I,=1mA
V. 10V
R =-——-’-=
"I, 1mA
=10kQ
Let

R,=10 R, =100k
R,=R,||R,~10kQ

The ramp length is equal to one-half of the time period of the input, which
is'1/Q2f), or -

1

= %2508z

2ms
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The ramp amplitude is equal to the peak-to-peak voltage output, which is
4V,

It 1mAX2ms

C=ap="av

=0.5pF

Thus from Equation (7-3) the lowest operating frequency is

10 .
" 27x0.5 puFXx100kQ

=32 Hz

f

The circuit in Figure 7-16 shows a Miller integrator operating as a
ramp generator. The negative-going pulse generates the positive ramp by
producing current I, in the direction shown. At this time n-channel FET
(Q,) is biased off by the negative input pulse. When the input goes to
ground level, I; goes to zero and Q, is switched on. Q, discharges C, and
keeps it discharged until the input becomes negative again. If C, is to be
discharged in one-tenth of the charge time, then Q, must be able to pass a

FIGURE 7-16. Miller integrator circuit as ramp generator.



Sec. 7-10  TRIANGULAR WAVEFORM GENERATOR ' 203

current ten times greater than the charge current /,. To ensure that @, is
biased off when the input pulse is present, the input pulse must have a
negative amplitude greater than the FET pinchoff voltage. Because the

capacitor is completely discharged by the action of the FET, there is no
need to include resistor R, [Figure 7-14(a)] in this circuit. ‘

7-10 TRIANGULAR WAVEFORM GENERATOR

A free-running triangular waveform generator can be constructed, using
the output of the Miller circuit in Figure 7-14(a) to generate its own square
wave input. Consider the circuit in Figure 7-17(a). The Miller integrator
circuit used is exactly as discussed in the last section. The output of the
Miller circuit is fed directly to a noninverting Schmitt trigger circuit. The
Schmitt is desig®d to have a positive UTP and a negative LTP (see Sec.
6-7.3), and its output is applied as an input to the Miller circuit.

Operation of the circuit is easily understood by considering the wave-
forms in Figure 7-17(b). At time ¢, the integrator output has reached the
UTP (a positive voltage) and the noninverting Schmitt circuit output is
positive at approximately —(¥Vgz—1 V). The positive voltage from the
Schmitt causes current I, to flow into the Miller circuit, charging C,
positive on the left-hand side. As C, charges in this direction, the integra-
tor output is a negative-going ramp. The integrator continues to produce a
negative-going ramp while its input is a positive voltage. At time ¢,, the
integrator output arrives at the LTP (negative voltage). The Schmitt trigger
circuit output now becomes negative and reverses the direction of ;. Thus
the integrator output becomes a positive-going ramp. This positive-going
ramp generation continues until the integrator output arrives at the UTP
of the Schmitt circuit once again. Synchronizing pulses may be applied via
C, to lower the trigger point of the Schmitt circuit, causing it to trigger
before the ramp arrives at its normal peak level.

The circuit described above generates a triangular waveform with a
constant peak-to-peak output amplitude and a constant frequency. The
modifications shown in Figures 7-17(c) and (d) allow both frequency and
amplitude adjustment. R adjusts the UTP and LTP of the Schmitt circuit,
and thus controls the peak-to-peak output amplitudes. Ry affords adjust-
ment of the input current to the integrator, and therefore controls the rate
of charge of C,. This means that the ramp time period is controlled by
adjusting R,.

In the design of a triangular waveform generator, each section must be
treated separately.
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EXAMPLE 7-10

Design a free-running triangular waveform gencrator to have a peak-to-
peak output of 4 V at a frequency of 250 Hz. Use 741 operational
amplifiers and a supply voltage of +15V,

solution

Schmitt circuit. For 4 V, p-to-p, the Schmitt circuit UTP=2 V and
LTP= —2 V. A Schmitt circuit can be designed as in Example 6-6 to give
these desired trigger points.

Miller integrator circuit. The input to the Miller circuit is the Schmitt
output, thatis, ~+14 V.

Ramp ampliiude =4V
11
2f 2x250Hz

=2 ms

Ramp time period=

Design the Miller circuit as in Example 7-9.

When amplitude and frequency controls are employed with the circuit
of Figure 7-17, a disadvantage is that the amplitude control affects the
frequency. The frequency control Figure 7-17(d) sets the capacitor charg-
ing cutrent through R, and R, at a constant level. Variation of the UTP
and LTP of the Schmitt circuit has no effect on the rate of charge.
Consequently, when the output amplitude is adjusted, for example from
*+2V to £4V, the time required for the capacitor to charge from —4 V to
+4 V is twice that to charge from —2 V to +2 V. This means that the
output frequency has been halved. The problem is solved by replacing the
noninverting Schmitt with an inverting Schmitt trigger circuit and an

- inverting amplifier, as illustrated in Figure 7-18.

The amplifier has a gain of 1 when R,=R,, and with the amplifier
input terminal connected to moving contact of R, the capacitor charging
current is always proportional to the Schmitt trigger voltage. Thus, if the
output voltage is doubled, the capacitor charging current is doubled, and
the frequency is unaffected. In designing this circuit, the current through
R,, R, and R, must be made much larger than that through R, and R,.
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—0

f

Output

VWV

FIGURE 7-18. Triangular waveform generator with independent frequency and
- amplitude controls.

7-11 CRT TIME BASE

The need to synchronize a ramp generator is best understood by considering
the time base for a cathode-ray oscilloscope. While the signal to be
displayed provides vertical deflection of the electron beam, a ramp
generator provides horizontal deflection. To obtain a correctly displayed
signal, the electron beam must start at the left-hand side of the tube at the
same instant that the input signal is going positive. Thus, the ramp must
commence at this instant.

Figure 7-19 illustrates the process of obtaining synchronism of the
ramp and the input signal. The signal normally is applied to a vertical
amplifier, which controls the voltage on the vertical deflecting plates. This
amplifier produces two equal output voltages, which are opposite in
polarity, to the deflecting plates. One output is also fed to a Schmitt trigger
which simply converts it to a square wave. The square wave is then
differentiated to obtain a spike waveform, and the negative spikes are
clipped off. This results in a series of positive spikes, each of which occurs
exactly at the instant that the signal is entering its positive half-cycle.
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FIGURE 7-19. Automatic time base for cathode ray tube.

These spikes are fed to the ramp generator synchronizing input terminal,
causing the ramp to return instantaneously to its starting level.

REVIEW QUESTIONS AND PROBLEMS

7-1  Sketch the circuit of a simple CR ramp generator. Briefly explain its
. operation and its limitations. Also sketch the typical input and

output waveforms.

7-2  Design a CR ramp generator to give an output of 3 V peak. The
supply voltage is 20 V, and the load to be connected at the output is
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7-3

7-4

7-6

7-7

7-8

7-9

7-10

7-11

7-12

7-13

7-14
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330 k2. The ramp is to be triggered by a negative-going pulse with
an amplitude of 4 V, PW =3 ms, and time interval between pulses of
0.3 ms. Take the transistor A FE(min) = 70.

Sketch the circuit of a CR ramp generator using a transistor con-
stant current circuit. Briefly explain how the circuit operates. Also
sketch typical input and output waveforms.

Design a transistor constant current circuit for the CR ramp genera-
tor designed in Problem 7-2.

Redesign the constant current circuit of problem 7-4 to make the
ramp amplitude adjustable from 2 Vto 4 V.

Sketch a FET constant current circuit. Explain how the circuit
operates and discuss the necessary current and voltage levels.

A FET with the transconductance characteristics shown in Figure
7-4(c) has Rg=2.2 kQ. Draw the bias line and determine the
maximum and minimum levels of drain current that could flow.

Sketch the circuit of a UJT relaxation oscillator with adjustable
output frequency. Sketch the output waveform, and show how the
circuit can be synchronized by external pulses. Briefly explain the
operation of the circuit.

Design a relaxation oscillator using a 2N3980 UJT. The supply
voltage is 25 V and the output frequency is to be 2 kHz. Calculate
the amplitude of the output waveform.

Sketch the four-layer construction, two-transistor equivalent circuit,
and characteristics of a four-layer diode. Explain how the device
operates. '

The four-layer diode employed in the circuit of Figure 7-8 has
Vs=10V and V=1 V. If E=30V, R,=4.7 kQ, and C=0.5 uF,
determine the amplitude and frequency of the output waveform.

Using a 2N6027 PUT, design a relaxation oscillator to operaie from
a supply of 20 V. The output is to be 7 V peak at a frequency of 3
kHz. :

Sketch the circuit of a transistor bootstrap ramp generator. Show the
waveforms, and explain the operation of the circuit.

A transistor bootstrap generator is to produce an output of 7 V, with
a time period of 2.5 ms. The load resistor is to be 1.2 kQ, and the
ramp is to be linear to within 3%. Design a suitable circuit using
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7-16

7-17

7-18

7-19

-7-20

7-21

7-22

transistors with A pg, =120 and Vec=*20 V. The input pulse
has: P.A.=—5 V, P.W.=2.5 ms, and (space width)=1 ms.

Sketch the circuit of a bootstrap ramp generator using an IC
operational amplifier. Briefly explain the operation of the circuit,
drawing a comparison between it and the transistor bootstrap cir-
cuit.

Design a bootstrap generator using a 741 operational amplifier. The
circuit specification is the same as for the circuit in problem 7-14.

Sketch the circuit of a free-running bootstrap ramp generator. Show
the waveforms and carefully explain the operation of the circuit.
Also, show how the input frequency and amplitude may be con-
trolled.

Design a free-running bootstrap ramp generator using 741 IC opera-
tional amplifiers. The output ramp is to have an amplitude of =3 V
and frequency of 2 kHz. Use a supply voltage of +12 V.

Sketch the circuit of a Miller integrator, and explain its operafion.
Show output and input waveforms.

Design a Miller integrator circuit to produce a triangular output
waveform with a peak-to-peak amplitude of 3 V. The input is a +8
V square wave with a frequency of 750 Hz. Use a 741 operational
amplifier with a supply of +12 V. Calculate the lowest operating
frequency for the integrator.

Sketch a Miller integrator circuit connected to operate as a ramp
generator. Show the input and output waveforms, and explain the
circuit operation.

Sketch the circuit of a free-running triangular waveform generator
using IC operational amplifiers. Show all the waveforms in the
circuit, and carefully explain the overall circuit operation. Also,
show how the output amplitude and frequency may be controlled.

Design a free-running triangular waveform generator to have an
output of +2.5 V at a frequency of 500 Hz. Use 741 operational
amplifiers and a supply of +12 V.

The circuit designed for problem 7-23 is to have its output ampli-
tude and frequency adjustable by +20%. Make the necessary design
modifications.
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Chap. 7 RAMP GENERATORS AND INTEGRATORS

Design a free running triangular waveform generator in which the
adjustable output amplitude does not affect the frequency. Use a
741 operational amplifier with V.= +18 V. Make V,=(%2 V to
*+6 V), and f=300 Hz.

Sketch the block diagram of an automatic time base for a cathode-ray
tube. Show the waveforms at the various points in the diagram, and
explain the operation of the system.



CHAPTER

Monostable
and Astable

Multivibrators
and the 555 Timer

INTRODUCTION

The monostable multivibrator has one stable state, and may be triggered
temporarily into another state. When triggered, the circuit generates an
output puise of constant width and amplitude. In the collector-coupled
monostable circuit, the transistors are switched into saturation. The emitter-
coupled circuit may be designed for saturated or unsaturated operation. An
IC operational amplifier may be employed as a monostable multivibrator by
the external connection of appropriate resistances and capacitances.

The astable multivibrator has no stable state; that is, the circuit
oscillates between two temporary states. Astable circuits normally are
designed to operate as square wave generators, The 555 IC Timer can be
connected to function as a monostable circuit or as an astable multivibrator.

m
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8-1 COLLECT OR-COUPLED MONOSTABLE
MULTIVIBRATOR

‘The monostable multivibrator (also known as a one-shot multivibrator) has
a single stable condition. One transistor is normally on ard the other
transistor is normally off. The condition can be reversed by application of
a triggering pulse, which turns on the normally off transistor and switches
off the normally on transistor. The reversed condition lasts only for a brief
time period, dependent upon the circuit components.

Consider the collector-coupled monostable circuit shown in Figure 8-1.
The circuit is described as collector-coupled because the collector terminal
of Q, is coupled via R, and R, to the base terminal of Q,. In the normal
dc condition of the circuit, base current I, is provided from V.. to Q; via
resistance R 5. Thus transistor Q, is normally on. At this time, diode D, is
forward-biased and has no significant effect on Q,. The function of D,
will become apparent later. With @, on in saturation, the collector voltage
of @, is (Vcgay+ Vp1) above ground level. The base voltage ¥y, of Q, is
determined by the negative supply voltage V,, and by R, and R,, as well
as the collector voltage of Q,. With Q, collector near ground level, V5, is

~© + Ve
s S s
Ring E, Re R
it 1
Cl * ‘B2
-
Cyl
2 <
L >
-~ ::Rl
1 <
]
]
L

FIGURE 8-1. Collector-coupled monostable multivibrator circuit.
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likely to be negative (i.e., Q, base is biased below its grounded emitter).
Therefore, with @, normally on, Q, is normally off.

When Q, is off, its collector current is zero. Therefore, there is no
voltage drop across R, and the collector of Q, is at the supply voltage
level V.. Also, with Q, on, the base voltage of Q, is Vg, =FVze+ Vp,. On
the right-hand terminal of capacitor C, the voltage is ¥p,, and on the
left-hand terminal it is V... Hence the capacitor voltage is E, =V~ Vp,,
positive on the left-hand side as shown in Figure 8-1.

Now consider what would occur if Q, were triggered on to saturation
for a brief instant. (This could be made to occur by, for example,
capacitor-coupling a positive-going spike to the base of Q,). The collector
voltage of Q, drops almost to ground level. Capacitor C,; will not lose its
charge E, instantaneously; therefore, when the left-hand terminal of C,
drops to Vg, the right-hand terminal will drop to (Vg — E, ). Conse-
quently, Q, base voltage goes t0 (Voo — E,)—i-€., O, is biased off. With
Q, off, there is no longer a collector current to produce a voltage drop
across R, ,. Thus, ¥V, rises, Q, base is biased above ground level, and Q,
remains on. It is seen that when Q, is triggered on briefly, O, goes off and
Q, remains on. As will be seen Q, stays on only for a brief time.

The transistor switching process is illustrated by the waveforms in
Figure 8-2. Prior to Q, being triggered on, the voltages are: Vg5, =V,
Ver=Veer Vga=214 V, V=09 V. When Q, is triggered on, V3 =~07V,
Var=02V, Vp=(Vo1~E,)=~E,, Vey=Vcc.

With the exception of Vj, all the above voltages remain constant while
Q, stays biased off. V3, does not remain constant because C, discharges
via Ry (see Figure 8-3). Voltage E, across C, initially is positive on the
left-hand side and negative on the right-hand side. Current 7 flowing into
the right-hand side of C, will tend to discharge C, and then recharge it
with reversed polarity. Thus V5, begins to rise toward ground level. When
C, is discharged to e,;~0 V, Q, base-emitter and D, begin to be forward-
biased again. At this point /., again begins to flow and V, starts to fall
(see Figure 8-2). When V., falls, it causes Vy, to fall; consequently ¥V,
rises and causes Vj, to rise. The result of this is that Q, rapidly switches off
and Q, rapidly comes on again, when C, is discharged to approximately
zero volts. At this time, the negative spike at Q, base is due to speed-up
capacitor C, (Figure 8-1) transmitting all the Q, collector voltage change to
the base of Q, and then discharging. When Q, switches off and Q, switches
on again, C, is rapidly recharged to E, via R, | and Q, base. The circuit has
now returned to its normal stable state and remains in this condition until
Q, is triggered on again.

Refer again to the waveforms in Figure 8-2. It is seen that when the
voltage at Q, collector is a positive-going pulse, that at Q, collector is a
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negative-going pulse. These two pulses are equal in width and either or
both may be taken as output from the circuit. The pulse width of the
output depends upon the values of C, and R . If R, is pade variable the
output pulse width may be adjusted.

The monostable multivibrator now cap be described as a circuit with
one stable state, capable of producing an output pulse when triggered. The
output pulse width is constant, and can be made adjustable by making Rp
adjustable (see Figure 8-3).

The purpose of D, is to protect the base-emitter voltage of transistor
Q, against excessive reverse bias. When Q, is triggered on, Vg, falls to
approximately — Vcc. Most transistors will not survive a reverse base-
emitter voltage of more than 5V, while most diodes might easily take
reverse bias of 50 V without breaking down. Thus diode D,, in series with
Q, emitter terminal, allows large negative voltages to be applied to Q,
base. In some circuits, the reverse bias at the base of Q, may be excessive,
and in this case a diode should be connected in series with Q, emitter.

Capacitor C, in Figure 8-1 is a speed-up capacitor to improve the
transistor turn-on and turn-off times. The function of ‘the speed-up capaci-
tor is discussed in detail in Sec. 4-4.

8-2 DESIGN OF A COLLECT OR-COUPLED
MONOSTABLE MULTIVIBRATOR

The design of a monostable multivibrator usually begins with specifica-
tions of the output pulse width, the supply voltage, the load, and perhaps,
the transistors to be employed. As with other circuits, it might be possible
to connect the load directly into the circuit as either R,, or R ,. More
frequently, the load is coupled to Q, collector, and R, is selected to be
much smaller than the load resistance. Alternatively, /., may be selected
to be much larger than the maximum output load current.

I, and R, must be chosen so that transistor Q, is in saturation, that
is, (JoaR,,)=Vcc. Base current Ip, is calculated as I-y/hrpminy the
minimum value of hpp ensuring that Ip, is large enough to drive Q, to
saturation. The base resistance R g, is then calculated as (Vee— Va2)/Ipa-
R, usually is made equal to Ry, and so Ioy=Ic,.

Resistors R, and R, provide on or off bias to Q, base. For a stable bias
voltage Vj,, the current I, that flows through R, and R, should be much
larger than the base current to Q. When Q, is on, I, flows through R;. If
I, is not much smaller than I,, variations in I, may upset the bias voltage
at Q, base. To achieve the condition 1,31, R, and R, should be selected
as small as possible. However, R, and R, also constitute a load on
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resistance R, ,; thus to avoid overloading R,,, R, and R, should be
chosen as large as possible. These contradictory requirements are met by
applying the rule of thumb that I,~1_,/10. Since I;,~I_,, I;, becomes
Ic2/P pginy- Then, I,7is (P FE@iny/ 10) X Ip;. When a design is worked
through, it will be seen that making I,~I.,/10 also results in R, and R,
each being 5 to 10 times R, ,. o

The output pulse width for a monostable circuit is dictated by the time
taken for C, to discharge from its initial voltage level to approximately
zero volt. Therefore, C, is calculated from Equation (2-2).

e.=E—(E—E,)e /R [Equation (2-2) ]

For the collector-coupled monostable circuit,

e.~0, -E=V,, and
E,= "(Vcc“ Vs2)

Note that C, is charged initially positive on the left-hand side and negative
on the right-hand side. When Q, is on and Q, is off, C, tends to charge
negative on the left-hand side, and positive on the right-hand side. Thus,
the initial voltage E, of C, must be taken as negative, and the charging
voltage E as positive.

The initial value of Q, base voltage, that is, when Q, is on, is

Var=Vpet+Vp,
and

E,=—(Vec—Vse—Vp1)
t=Specified PW
C=C,
R=R, which is
the resistance through which C, is charged when Q, is on and Q, is off.

The speed-up capacitor C, is determined by a method similar to that
employed for the inverter circuit and the Schmitt trigger circuit.

EXAMPLE 8-1

A collector-coupled monostable multivibrator is to operate from a +9 V
supply. Transistor collector currents are to be 2 mA, and the transistors
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used have Az, =50. Neglecting the output pulse width, design a suita-
ble circuit.

solution

The circuit is as shown in Figure 8-1. For Q, on and saturated [Figure

8-4(a)],

_Yec=Vo1=Vepgay
L2 1
c
_9V-07V-02V
B 2mA
=4.05kQ (use 4.7 kQ standard value)

IC
IBZ(min)= hFE(min)

_9V-07V-07V
40 nA
=190 k2 (use 180 k2 standard value)

For Q, on and saturated [Figure 8-4(b)],
R, ,=R,,=47kQ

To make I,>1,,, let

Ic
12__1—0
2 mA
= T =200 }LA
Vgi=Ve=07V  (when Q, ison)
Vea=Va1—Vap
=07V—-(-9V)=97V
Ry Vs

I,
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_97v
200 A
=48.5kQ (use 47 kQ standard value)
I, +1,=200 uA+40 pA
=240 LA
Vee=Va
Ig,+1,
9Vv-0.7V
T 240 pA
=34.6kQ
Ry=(R.;+R\)—Ry,
=34.6k2—-4.7kQ
=299k (use 27 kQ standard value)

R,;+R,=

The circuit design is now complete (ignoring PW). ¥V, should be
calculated when Q, is on to determine that Q, is off at this time, and to
check that the reverse bias is not excessive on Q, base-emitter junction.

When Q, is on,

Ve1=Vea—Vri
Vea=Vp1+ Vcs(m)

~0.7V+0.2V
=09V
Rl

V= mz’(ch" Vss)

278
= rararra 00 V- (-9V)]
~36V

Vpy=09V—-3.6V

=-27V

This value of Vy, is sufficient to ensure that Q, is biased off when Q, is on.

Also —2.7 V is less than the typical limit of —5 V for a reverse-biased
base-emitter junction.
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EXAMPLE 8-2

For the circuit designed in Example 8-1, select a suitable capacitor to give
an output pulse of 250 us.

solution

ee=E~(E—E,)e /R [Equation (2-2)]
(E-E)e/R=E—¢,
E—e,

‘ e—t/CR=

o]

E—
E—

€'/CR=

Rl E-E,
n E—e,
e,=0V
E=V.=9V
E,=~Vec—Vae—Vp1)
=-OV-07V-0.7V)=-76V
t=250 pus
R=R;=180kQ

250 pus
9V—(-7.6V)
9V=0V ]

C,=
180 k2 In

=23%107°
=0.0023 uF (use 0.0025 uF standard capacitor value)
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8-3 TRIGGERING THE MONOSTABLE
MULTIVIBRATOR

Monostable multivibrator triggering can be effected either by switching off
the normally on transistor, or by turning on the normally off transistor.
Figure 8-5(a) shows a positive-going spike capacitor coupled to the base of
normally off transistor Q,. This raises Q, base above its grounded emitter,
thus switching it on. Q, switch-on then causes Q, to switch off. The input
spike “sees” resistances R, and R, in parallel as a load, as well as the '

W
R, G
R, Input —e
C. l Input C,
Q, —)—0 » T o—-} — 2,
Ry (a) Triggering by (b) Trigg?r by D,
positive spike at negative spike
Q, base at Q, base

+ —
1] 1 it
/ —e G
C. l J R,
Input o—it -1 03 O [0}
R, ’

1

(c) Use of additional triggering
transistor at Q; collector

FIGURE 8-5. Various methods for triggering a monostable multivibrator.
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transistor input resistance. Therefore, the spike has to supply current
through R, and R, as well as to supply base current to Q,. To ensurc that
Q, switches on and Q, switches off, the input current must be supplied for
a time ¢ equal to the turn-on time for Q, added to the turn-off time for Q,.

The arrangement in Figure 8-5(b) provides for Q, (the normally on
transistor) to be switched off..In this case, the negative-going spike pulls Q,
base below ground for the transistor turn-off time. During this brief time,
C, behaves as a short circuit, so that the load “seen” by the input spike is
Ry||R;,. This is greater than the load “seen” by the pcsitive-going spike in
Figure 8-5(a). Therefore, triggering by a negative-going spike at Q,p
requires a larger input current than triggering by a positive-going spike at
Ois-

Perhaps the most effective monostable triggering circuit is that shown
in Figure 8-5(c), in which an additional transistor Q, is employed. @5
normally is biased off by means of resistor R, shorting its base and emitter
terminals together. Coupling capacitor C, and resistor R, operate as a
differentiating circuit (see Chapter 2), so that the pulse input is differentia-
ted, as illustrated in the figure. Only the positive-going spike will turn on
Q. In the event that the negative-going spike is too large for Q, base-
emitter, diode D, may be used to clip it off. When Q, switches on, its
collector current causes a voltage drop across R,, and the charge on
capacitor C; causes Q, to be biased off. Thus Q, switch-on has the same
effect as Q, switch-on. To correctly trigger the circuit of Figure 8-5(c) the
input spike must hold Q, on for the turn-off of Q,.

The design procedure for the triggering circuit of Figure 8-5(c) is
similar to the capacitor-coupled inverter design in Example 5-5, except that
instead of the input pulse width, ¢ is made equal to the turn-off time for
Q,. This is also the procedure followed for selecting C, in the circuit of
Figure 8-5(a). Design of the circuit of Figure 8-5(b) is similar to the design
given in Example 5-4.

8-4 EMITTER-COUPLED MONOSTABLE
MULTIVIBRATOR

In the emitter-coupled monostable multivibrator (circuit in Figure 8-6), a
resistance R, connects both transistor emitter terminals to ground. Also,
instead of R, being connected to a negative supply voltage, it now is
connected to ground. The negative supply voltage is no longer required,
and it is seen that one advantage of the emitter-coupled circuit is that it
operates from a single supply voltage. Another advantage of this circuit is
that the presence of R, makes it easy to maintain the transistors
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O+ Voo

FIGURE 8-6. Emitter-coupled monostable multivibrator.

unsaturated. Thus, the transistors can be made to switch faster than in the
case of the collector-coupled multivibrator.

Reference to Figure 8-6 shows that transistor Q, is normally on, and
that it is supplied with base current via R ;. At this time, there is a voltage
drop Vj across resistor Ry, as shown in the figure. Also, the voltage drop
across R,, makes Q, collector voltage something less than the supply
voltage level. Q, base is biased from Q, collector via potential divider R,
and R,; their ratio is such that with Q, on, Vj, is less than V. Therefore,
Q, base voltage is below its emitter voltage, and Q, is biased off. With Q,
off, its collector voltage equals the supply voltage. The initial voltage across
C, at this time is Voc— Vjp,.

When Q, is triggered on, its collector voltage drops, and the charge on
C, causes the base voltage of 0, to drop. When @, begins to turn off, its
collector voltage starts to rise, thus raising the base voltage of Q,. With Q,
on, the new level of ¥V is Vg, — Vg, and because the base of Q, is pushed
below this level (by the charge on C,) Q, is biased off. Then, Q, remains
off until C, has discharged enough to allow Vjp, to rise above V.

Speed-up capacitor C, may be employed, as for the collector-coupled
circuit. If the supply voltage is kept low, the reverse base-emitter voltage
for Q, may not be large enough to require a diode in series with the
emitter terminal. Triggering methods for the emitter-coupled circuit are
exactly the same as those for the collector-coupled multivibrator.

The design procedure for an emitter-coupled monostable multivibrator
is similar to that for the collector-coupled circuit. When the circuit is
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FIGURE 8-7. Emitter-coupled monostable multivibrator with PW control.

designed for nonsaturated operation, a minimum V. level must be selected,
and A pzy,,, must be used in the calculations.

A convenient arrangement for adjusting the output pulse width of an
emitter-coupled monostable multivibrator is shown in Figure 8-7. V,, is
adjusted by means of potentiometer R,. The circuit is designed so that the
maximum level of Vj, is less than the normal level of V,,. When 0, is
triggered on, the voltage drop at Q, collector and the charge on C, cause
Va2 to be pushed below V. O, remains off until C, discharge allows Vel
to rise above ¥, again. The time for this to occur depends upon the actual
voltage level of ¥,. This time is also the output pulse width. Thus, control
of Vj, provides pulse width control.

8-5 THE IC OPERATIONAL AMPLIFIER AS A
MONOSTABLE MULTIVIBRATOR

An IC operational amplifier connected to function as a monostable multi-
vibrator is shown in Figure 8-8(a). The inverting input terminal is grounded
via resistance R,, and the noninverting terminal is biased above ground by
resistances R, and R,. Since the noninverting terminal has a positive
input, the output is saturated near the ¥ level. In Figure 8-8(b), it is seen
that capacitor C, is normally charged positive on the right-hand side and
negative on the left-hand side.
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FIGURE 8-8. Monostable multivibrator using IC operational amplifier.

When a large enough positive-going input is coupled to the inverting
terminal via C,, the inverting terminal voltage is raised above the level of
the noninverting terminal. The output then switches rapidly to approxi-
mately —(Vgg—1 V), see Figure 8-8(c). This pushes the noninverting
terminal down to —(Vgg—1 V)—E,, thus ensuring that the output remains
negative until C, discharges. C, begins to discharge via R, and R, as soon
as the output goes negative. Eventually C, will charge positive on the
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FIGURE 8-9. IC monostable circuit with PW control,

left-hand side and negative on the right-hand side. When the voltage on
the left-hand side of C, rises above the voltage level at the mverting
terminal, the noninverting terminal again has a positive input. Now, V,
rapidly returns to approximately (V--—1 V), and the circuit has returned
to its original condition.

The output voltage of the circuit moved from its normal level of
(Vee—1 V) tu a negative level —(¥zz—1 V), and eventually returned to
(Vee—1 V). Thus a negative output pulse is generated when the circuit is
triggered. The output pulse width depends upon C,, the values of R, and
R,, and the bias level at the inverting terminal.

Figure 8-9 shows a modification to the operational amplifier monosta-
ble circuit to facilitate pulse width control. If R, and R, are made much
smaller than R,, then R is effectively the charge and discharge resistance
for C,. When R, is adjustable, as illustrated, the output pulse width can be
controlled.

EXAMPLE 8-3

Design a monostable multivibrator using a 741 operational amplifier with
Vee= %15 V. The circuit is to be triggered by a 1.5 V input spike, and the
output pulse width is to be 200 us.
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solution

To use a triggering input of 1.5 V, let
Ve2=1V  [See Figure 8-8(a). ]
Make I,>> 1. From the 741 data sheet in Appendix 1-11,

Ip(maxy=500 nA

Let
I, =100XIp 14y,
=100X 500 nA=50 p A
V, 1V
R=-SR_-_-—"7
2 I, 50pA
=20kQ (use 18 kQ standard value)
1, becomes
1V
L= Tsxe
~56 uA
Vair=Vee—Vay=15V—1V
=14V
vV,
Rl=—151
2
<14V _rsoke (use 270 k2 standard value)
-56uA— use S ard value

R,=R,||R,=18kQ[270 kQ
~16.9k®  (use 18 k{2 standard value)

When V, is positive, the initial charge on C, is

E,=Vp—V,
=Vra=(Vee—1V)
~]lV-15V+1V
~—-13V

227
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‘When V, is negative, the final charge on C, at switchover is

e.=+Vgg—1V)

=+14V
Charging voltage=E=Vy,—(—V,)

=1V+14V
=15V

Charging resistance=R, || R,
=18kQ 270 k2
~16.9kQ

o RIn (;_E")
E—e,
_ 200 us
16.9 kS In [%]

=3.55%10"°

=0.00355 uF (use 0.0036 pF standard value)

-0 VCC

FIGURE 8-10. The 74121 IC monostable multivibrator.
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8-6 IC MONOSTABLE MULTIVIBRATOR

Monostable multivibrators are available as integrated circuit components.
The 74121 shown in Figure 8-10 is typical of such components. Operating
from a 5 V supply, the unit provides two complementary outputs (Q and
Q), and has three input terminals. Two of the inputs (4, and 4 2) typically
require —1.4 V to effect triggering. The other input triggers the circuit
when a typical level of +1.55V is applied. The output pulse width is
around 30 to 35 ns when no external components are employed and R,
(terminal 9) is connected directly to V... With R, left unconnected and
an external timing capacitor and resistor (R, and C, in Figure 8-10), the
output pulse width is

PW=0.7C R, (8-1)
Pulse widths of up to 28 s are possible.

8-7 ASTABLE MULTIVIBRATOR

The astable multivibrator has no stable state. Instead, the circuit oscillates
between the states, (Q, on, Q, off ) and (Q, on, Q, off ). The output at the
collector of each transistor is a square wave; therefore, the circuit is
applied as a square wave generator. ‘

Consider the circuit of a collector-coupled astable multivibrator shown
in Figure 8-11(a). Each transistor has a bias resistance R g and each is
capacitor-coupled to the collector of the other transistor. This is similar to
the arrangement of the normally on transistor in a monostable
multivibrator. Consequently, each transistor in ar astable circuit functions
in the same way as the normally-on transistor in a monostable circuit.
When Q, is on and Q, is off, capacitor C, is charged to Vee=Vag1)
positive on the right-hand side. For Q, on and Q, off, C, is charged to
(Vcc— Vaea), positive on the left-hand side.

Refer to the circuit waveforms in Figure 8-11(b); it is seen that prior to
time ¢#,, transistor Q, is on and its collector voltage is VeEgay- Also, @, is
off, and its collector voltage is V.. Thus, capacitor C, is charged to
(Vec— Vag1)- At t,, the base voltage of transistor Q, rises above ground,
causing Q, to switch on. The collector current I, now causes Q, collector
voltage to fall to ¥,y Since C, will not discharge instantaneously, the
base voltage of Q, becomes

Vg1=Vc,—(Charge on C,)
=Veeesay™ Vee~Vae)

~

- VCC
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FIGURE 8-11. Circuit and waveforms of collector-coupled astable multivibrator.

With its emitter grounded, and its base at — V., transistor Q, is
biased off. Therefore, at time ¢,, the collector voltage of Q, raises to V.
The rise of ¥, is not instantaneous, because capacitor C, charged via R,
as Q, switches off.

Between times ¢, and ¢,, the base voltage of Q, remains at Vg, and
Q, remains biased on. During this time, however, C, discharges via
resistance Rg,. Therefore, the voltage at O, base rises from — V¢ toward
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V.- When Q, base rises above ground, the transistor begins to switch on.
The falling collector voltage of Q, is coupled to Q, base via capacitor C,,
thus causing Q, to switch off. As Q, turns off its collector voltage rises, and
C, is recharged via R, , and Q, base. This pumps a large current into the
base of Q,, making it switch on very fast. Consequently, the collector
voltage of Q, falls very rapidly at switch-on. The switch-over process is
reversed when C, discharges sufficiently to allow Q, base to rise above
ground.

The output pulse width from either transistor is equal to the time
during which the transistor is off. This is the time taken by the capacitor to
discharge approximately from ¥ to zero volts.

E-E, .
t=CR In ( E—e, ) [ Equation (2-8) ]

In this equation,
t=PW, C=C,=GC,, R=Rg =Ry,

and E, is equal to the supply voltage, V,.; E,, the initial capacitor charge,
is equal to — V.. (Note this is taken as negative, because the capacitor
would eventually charge with reversed polarity to approximately + V.. if
transistor switch-over did not occur.) The final capacitor charge at switch
overise,=0V.

Equation 2-8 becomes:

PW=CR In M
Vec—0
2V,
=CR In | ===£
§4
=CRIn2
~0.69 CR

For
C=0.1uF and R;=100kQ,
PW=0.69%0.1 pFx 100 k€
=6.9 ms

and the output frequency is

1 1
f_ZPW—2x6.9ms

~72.5Hz
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EXAMPLE 8-4

Design an astable -multivibrator to generate a 1 kHz square wave. The
supply voltage is 5 V, and the load current is to be 20 p A.

solution

The circuit is as shown in Figure 8-11(a). Make I->(load current):

1.=100 (load current)
=100X20 pA=2 mA

Use 2N3904 transistors which, from the data sheet in Appendix 1-4, have a
h pE(miny Value of 70.

5V
R ~Vec/Ic= 2 mA
=2.5kQ (use 2.7 kQ standard value)
I '
hFE(mi‘n)
2

mA
=70 ~28.6 pA

Vee= Ve
R,=-C¢_"BE
B IB
_5V-07V
28.6 A
=150kQ (standard value)

PW=_l.

IB(min)=

2f.
“IxikHz ™
and
PW=0.69 C,R,
Co= PW __ 05ms
! 069 R, 0.69%X150kQ
=48x10"° .
= 0.0048 uF (use 0.005 uF

standard capacitor value)
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FIGURE 8-12. Astable multivibrator with frequency control, synchronizing input,
and diodes for transistor protection.

The circuit of Figure 8-12 shows several possible modifications to the
simple astable multivibrator circuit of Figure 8-11(a). Each transistor has
its base biased to approximately — V.. when off. Consequently, if V. is
greater than the maximum base-emitter reverse voltage, the transistors may
‘be destroyed. Inclusion of diodes D, and D, (Figure 8-12) affords protec-
tion for the transistor base-emitter junctions, as explained in Sec. 8-1.

If C, and C, are not equal capacitors, one transistor will remain off for
a longer time than the other one. In this case, the output is no longer a
square wave, as the transistor with the largest capacitor at its base remains
off longest. The output frequency of the circuit may be made adjustable by
including a variable resistor R, in series with one of the base bias resistors.
In Figure 8-12, R, controls the rate of discharge of capacitor C,; thus R,
can be used to adjust the off-time of Q,.

Occasionally the frequency of an astable multivibrator has to be
synchronized to some external frequency. Figure 8-12 shows a negative-
going synchronizing spike input capacitor-coupled to the base of Q,.
When the spike input is applied, Q, is switched off and C, is recharged to
its maximum voltage. Q, then remains off for its normal pulse width.
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FIGURE 8-13.  Emitter-coupled astable multivibrator.

One problem with the collector-coupled astable circuit is that it may
not always start oscillating when the supply voltage is switched on. Be-
cause of the circuit symmetry, it can happen that both transistors switch on
and remain on. Oscillation can be started by shorting one of the transistor
bases to its emitter terminal for a brief instant. However, this usually is not
practical. The emitter-coupled astable multivibrator circuit shown in Fig-
ure 8-13 solves the problem. In this circuit, when one transistor begins to
conduct, the other transistor has its emitter voltage raised and its base
voltage reduced. Thus, it is almost impossible for the two to remain on at
one time.

8-8 IC OPERATIONAL AMPLIFIER AS AN
ASTABLE MULTIVIBRATOR

An inverting Schmitt trigger circuit using an IC operational amplifier can
be easily converted into an astable multivibrator with the addition of a
resistor and capacitor. In the circuit shown Figure 8-14, R,, R;; and the
operational amplifier constitute a Schmitt trigger circuit. The waveforms in
the illustration help to explain the circuit operation. When the output is
* high, current flows through R,, charging C, positively until it reaches the
UTP of the Schmitt. The Schmitt output then goes negative, and current
commences to flow out of C, via R, until its voltage reaches the Schmitt
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+(VCC -1v)

—(Vege —1V)

- -~~~ UTP

FIGURE 8-14. IC operational amplifier astable multivibrator.

LTP. The Schmitt output then goes positive once again, and' the cycle
recommences.

Design of this circuit merely involves the Schmitt circuit design, then
selection of suitable R and C values for the desired charge and discharge
time and trigger voltage levels.

EXAMPLE 8-5

Using a 741 operational amplifier, design an astable multivibrator to an
output frequency of 300 Hz and an output amplitude of +11 V.

solution

V,~+(Vee—1V)
Vee=*(V,+1V)
~+(11V+1V)=+12V

V
Let the Schmitt trigger voltage = —53 =+55V

Ves=+55V

Let 1,=100X I p(,y, = 100X 500 nA
=50pA
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Ro=Vr3_ 35V
I, S0pA

=110kQ (use 100 k2 standard value)
Vr2=V&3
R,=R;=100kQ
Let Layaminy= 100X 7y =50 p A

VRi(min)= V,— trigger voltage
=11V-55V=55V

5.
= So A =100Kke
1
T= 300Hz—3'3 ms
C, charging time t=1 T=1.67 ms
From Eq. 29, C = —————
i E-E,
R, In [ E—e, ]
_ 1.67 ms
- 11V—(=55V)
100 k2 ln[ 11V-55V ]
=0.015 uF

89 THE 555 IC TIMER

The 555 integrated circuit timer can be applied to a myriad of timing
applications: monostable multivibrators, astable multivibrators, ramp
generators, sequential timers, etc. Although at first glance the functional
block diagram (Figure 8-15) may look a little complex, it is really quite
easily understood by anyone familiar with flip-flops and comparators.
Calculation of external component values for various applications is also
very simple.

Referring to the function block diagram, the 555 timer is seen to
consist of: a potential dividing network R,, R,, and R,; two voltage
comparators; a set-reset flip-flop; an output stage, and two transistors. The
555 data sheet in Appendix 1-15 indicates that the circuit functions
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FIGURE 8-15. 555 timer.
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satisfactorily with supply voltages (V) ranging from 5 V to 18 V. The
set-reset flip-flop is explained in Chapter 9. For now note that its output
goes low when a positive input is applied to the ses terminal, and that the
output goes high when a positive inbut appears at the reset terminal.

The potential divider provides a bias voltage to the inverting input
terminal of comparator 1, and a different bias voltage level to the nonin-
verting terminal of comparator 2. Access to the other inputs of the
comparators is available via terminals 2 and 6, identified as frigger and
threshold, respectively.

The comparator output levels control the flip-flop, and the flip-flop
output is fed to the output stage and to the base of npn transistor Q,. When
the flip-flop output is high, Q, is biased on. In this condition the transistor
could discharge a capacitor connected to terminal 7, for example. Q, is off
when the flip-flop output is low.

The output stage provides a low output resistance and also inverts the
output level of the flip-flop. The voltage at terminal 3 is low when the
flip-flop output is high, and when the flip-flop output is low terminal 3
voltage is at a high level. The output stage can sink or source (at output
terminal 3) a maximum current of 200 mA (see the 555 data sheet in
Appendix 1-15).

Transistor Q, is a pnp device with its emitter connected to an internal
reference voltage Vg, which is always less than V. If reset terminal 4 is
connected to V. the base-emitter junction of Q, is reverse-biased, causing
the transistor to remain off. When terminal 4 is pulled below Vggpe (ie.,
towards ground level), Q, switches on. This turns Q, on, causes the output
at terminal 3 to go to ground level, and resets the flip-flop to its high
output state.

The complete functioning of the timer circuit is best understood by
considering a typical application, such as the monostable multivibrator in
the next section.

8-10 555 AS A MONOSTABLE MULTIVIBRATOR

A basic 555 monostable circuit is shown in Figure 8-1€. The supply voltage
is connected across terminal 8 (+ V) and terminal 1 (ground). Terminal 2
(triggenr) is directly connected to a (negative-going) trigger pulse source. C,
is a capacitor which charges from V. via resistor R, when npn transistor
Q) (see Figure 8-15) is off. Terminal 4 is connected directly to V. to ensure
that pnp transistor Q, (see Figure 8-15) remains off at all times Terminal 5 is
left open-circuited, and the output is taken from terminal 3.

Operation of the 555 monostable circuit is explained below in point
form. Refer to Figure 8-15 and Figure 8-16.
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FIGURE 8-16. 555 monostable multivibrotor.

Initial state

Terminal 2 high because trigger source level is high.

Comparator 2 output is Jow because terminal 2 is high (inverting input),
and the voltage at the noninverting input of the comparator is Vi,

R,

73
R,+R,+R, sVec

where Ves=VecX
Comparator 1 output is low because terminal 6 is Jow (noninverting
input) and the inverting input of the comparator is at ¥z .z,

=3

where V. =X
(Ry+Ry)— "CC™ R +R,+R;

Vee
Flip-flop output is high, in its reset condition.

Q, is on because the flip-flop output is high.

Capacitor C, is in its discharged state because Q, is on.

Terminals 6 and 7 are at a low voltage level because the capacitor is in
its discharged state.

Output voltage at terminal 3 is low because the flip-flop output is high.

Triggered state

e The trigger input causes terminal 2 to go below Vy,; i.e., the inverting

input to comparator 2 is driven below the voltage level at the nonin-
verting input.
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° COmparatof:Z output goes high because of the trigger input.

e The flip-flop is driven into its set condition (output level /ow) by the
high output of comparator 2.

e (, is switched off by the flip-flop output going low.

e Terminal 3 output goes high because of the flip-flop output going Jow.

e VWith Q, off, C, (connected to terminals 6 and 7) commences to charge
exponentlally via R,.

® When the trigger input at terminal 2 goes high once again comparator 2
output goes low. The flip-flop remains in its set condition.

Final state

e Comparator 1 output remains /ow until the capacitor voltage (con-
nected to terminal 6) becomes equal to Virg+ry)= 2¥V... Then com-
parator 1 output goes high.

e The flip-flop is driven into its reset condition by the high from com-
parator 1, and its output is hxgh once again.

‘@ Q, is switched on by the high output from the flip-flop.

e C, is discharged by Q,, and the voltage level at terminals 6 and 7 falls.

e The output voltage at terminal 3 goes to a low level because the
flip-flop output is high.

e Comparator 1 output goes /low once again as terminal 6 voltage falls
below Vg, r,)- The flip-flop remains in its reser condition.

® The final state of the monostable multivibrator is the same as its initial
state. The circuit is now ready for triggering once again.

The 555 monostable circuit gives an output pulse each time it is

triggered. The output pulse width depends upon the values of R, and C,,

and upon the internal voltage levels of the 555 circuit.

8-11 DESIGN OF A 555 MONOSTABLE CIRCUIT

Design of the monostable circuit in Fig. 8-16 involves nothing more than
selection of R, and C,. The supply voltage (V) can be anything from
45V to 18 V (see Appendlx 1-15). No matter what the value of Ve
Ves=13 Vee and Viry+r)= 2 V., as already shown above Also, as already
seen, when the circuit is trlggered C, charges up to % Vcc» and then the
circuit returns to its initial state. The time (¢) requlred for C, to charge

through Vee determines the output pulse width. This time can be readiry
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calaculated from Equation (2-9),

E-E,
crn £

For the circuit in Figure 8-16:
C=C,, R=R,, E=Vec, E,=0

and e, is the final capacitor voltage, e, =2 V... Applying the quantities to
Eq. (2-9) gives

t=1.1C,R,, (8-2)

C, should normally be chosen as small as possible to ensure that @,
(see Figure 8-15) has no difficulty in discharging it rapidly. However, C,
should not be so small that is is affected by stray capacitance. If C, is to be
as small as possible, then the charging current must also be as small as
possible. The minimum level of charging current occurs when the capaci-
tance voltage is at its maximum level, i.c. when e,=2 V.. At this instant
the voltage across R, is ‘

= ~2 =1
Vea=Vee™ 3Vec=3Vcc
and the capacitor charging current is

IC(min)= % VCC/RA

v,
or R,= cc

- Jfec 8-3
3 Tocoiny (&3)

I (miny Should be chosen much greater than the threshold current I,, which
flows into terminal 6. This is to ensure that I,, does not divert a significant
amount of /. away from the capacitor.

The design procedure now becomes:

1. Note that value of I,, from the 555 specification sheet.
2. Select Icuyiny> 1,

3. Calculate R, using Eq. (8-3).

4. Calculate C,, using Eq. (8-2).

EXAMPLE 8-6

Design a 555 monostable circuit to have an 1 ms output pulse width. The
supply voltage is to be V=15V,
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solution

From the 555 data sheet Appendix 1-15, maximum /,,=0.25 pA.

Ic(miny>1s

Let Ipiny=100X 1,
=100x0.25 pA =25 pA
Equation (8-3) is

Vee 15V

" 3 ominy)  3X25 A

R,

=200kQ2  (use220 k@ standard value)

- t _ 1 ms
1.1R, 1.1x220kQ

=~4000 pF (use 0.039 uF standard value)

From Equation (8-2), C,

8-12 MODIFICATIONS TO THE BASIC 555
MONOSTABLE CIRCUIT

Figure 8-17 shows a monostable circuit with the trigger input capacitor-
coupled to terminal 2. Terminal 2 is connected to V. via resistor R,. This
is to ensure that the inverting input (tzrigger) terminal of comparator 2
remains above the noninverting input voltage until the trigger input is
applied. The input waveform is differentiated by C, and R,, and diode D,
clips off the unwanted positive spike (see the waveforms in Figure 8-17).

R, in Figure 8-17 performs exactly the same function as Ry in the
normally-off capacitor-coupled inverter discussed in Sec. 5-2; i.e., it holds a
transistor (inside the comparator) in the off condition. As explained in Sec.
5-2, a 22-kQ resistor is a reasonable maximum value to use for R,.

The minimum value of C, is determined by considering the trigger
input current (specified in Appendix 1-15 as I,,=0.5 pA typical). The
current that flows through R, when the trigger voltage is present must also
be considered. C, is then calculated in a similar way to that used for the
capacitor -coupled inverter circuit (see Example 5-4), except that ¢ is made
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FIGURE 8-17. 555 monostable with it pled trigger.

P

equal to the 555 output rise time instead of the input pulse width. According
to Appendix 1-15, the output rise time is 100 ns.

Capacitor C, (usually 0.01 uF) prevents pickup of unwanted noise sig-
nals at the inverting input; of comparator 1 when there is no other external
connection to the control voltage terminal (terminal 5). C, also functions as
a by-pass capacitor to maintain the dc voltage constant across resistors R,
and R; (inside the device, see Fig. 8-15) at high trigger frequencies.

As illustrated in Figure 8-17, the load (R,) can be connected from
output terminal 3 to either + V. or ground level. This has no effect on the
voltage level at the 555 output terminal, but it obviously affects the current
direction through the load. .

A resistor (R,) may be connected between the reser terminal (terminal
4) and V. This allows a reset voltage to be capacitor-coupled to terminal
4, in order to reset the circuit back to its initial state, i.e., prior to the end
of the normal pulse width. A suitable maximum value for R, is 22 k{2 (see
-Sec. 5-2).
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8-13 555 ASTABLE MULTIVIBRATOR

The monostable circuit is converted into an astable circuit simply by
connecting the trigger terminal (terminal 2) directly to the threshold termi-
nal (terminal 6) [(see Figure 8-18(a)j. The charging resistor is replaced by
two resistors, R, and Ry, and the discharge terminal (terminal 7) is
connected to the junction of the two.

When the capacitor voltage (connected to terminal 6 and terminal 2)
goes below 3 V¢, the inverting input of comparator 2 is below the level of
the noninverting input (which is a Vg3 = % Voc)- Comparator 2 output goes
high, and triggers the flip-flop into its set condition, in which its output is a
a low level. Q, is now off, and C, charges via R, and R,.

C, continues to charge until it reaches V¢, at which point the
noninverting input of comparator 1 (connected to C, via terminal 6) is
raised above the level of the inverting input [at Vg3, R3)=§VCC]. The
output of comparator 1 now goes high, triggering the flip-flop into its reset
state (output high) and causing Q, to switch on. Capacitor C, is now
discharged by Q, via resistor Ry. Discharge of C, continues until its
voltage falls below %VCC. At this point the output of comparator 2 goes
high, triggering the flip-flop to its low output state and switching Q, off
once again. The cycle has now recommenced, and it continues repetitively.

Design of a 555 astable multivibrator involves only the calculation of
R,, R, and C,. Capacitor C, is usually 0.01 pF, as already explained.
Since C, charges via (R,+ Ry) from } V¢c to 3 V¢, the initial capacitor
voltage is E,=1V,c, and the final level is e,= 3 V¢c. Also, the charging
voltage is E= V.. Substituting the values into Equation (2-9) gives

t,=0.693C,(R,+R;) (8-4)

Similarly, for the discharge period: E,=2V,¢, e,=3 V¢, and E=0. Using
these quantities, Equation (2-9) yields

1,=0.693C,R (8-5)

» :
EXAMPLE 8-7

Design a 555 astable multivibrator to give a pulse output with PRF=
2 kHz and duty cycle=66%. Use V=18 V.
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solution
1 1
"7 BRF T 7k
=500 us
t,=(duty cycle) X (¢,+1,)
66
=330 us

t,=500 ps—330 us=170 us
IC(min)>>Ilh
Ic(miny>0.25 pA  (from data sheet)
Let Io(piny=1mA

From Equation (8-3),

|7 18V
R, +Ry=-—5C =
A 3 lminy  3X1mA
=6kQ
From Equation (8-4),
t 330 us

Ca™ G3(R,+R,) ~ 0693x6kQ
~0.08 uF (use 0.082 pF standard value)

From Equation (8-5),

R.= tz - 170]18
B 0.693C, 0.693x0.08 uF
=3.07 kQ (use 2.7 k2 standard value)
R,=(R,+Ry)—R,
=6kQ—-2.7kQ

=3.3kQ (standard value)
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EXAMPLE 8-8

Analyze the circuit designed in Example 8-7 to determine the actual PRF
and duty cycle.
solution
Equation (8-4),
1,=0.693C,(R,+Rp)

=0.693%0.082 pFx(3.3kQ2+2.7kQ)

=341 ps
Equation (8-5),

t,=0.693C, Ry
=0.693x0.082 uF x2.7 k2
=153 us
t,+1,=341 us+153 ps
=494 us
PRF=1/(t,+1,)=1/494 ps
=2.02 kHz

t
Duty cycle= L % 100%= 341 ps

L, 153 us + 341 s <1007

=69%

8-14 MODIFICATIONS TO THE BASIC ASTABLE
CIRCUIT

When Equations (8-4) and (8-5) are applied to the circuit of Figure 8-18(a)
it is seen that ¢, must always be greater than ¢, (i.., the duty cycle of the
pulse output is greater than 50%) / This is because Equation (8-4) involves
(R + Rp), whereas Equation (8-5) involves only R ,. Clearly, for ¢,=¢,,
(R ,+ Ry) must be equal to Ry, and this is impossible.
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Figure 8-18(b) shows a modification which allows the duty cycle to be
made 50% or. less. During the charging cycle, diode D, is reverse-biased
and D, is forward-biased. C, is charged from V. via R, and D,. When
Q, (in Figure 8-15) is on, C, is discharged via D, and R . Equation (8-4)
now becomes

t,=0.693C,R,
while Equation (8-5) remains

1,=0.693C, R,

Now, with R, =R, ¢, and ¢, are equal, and the duty cycle is 50%. When
R, is less than R, ¢, is less than ¢,, and the duty cycle becomes less than
50%.

The further modification in Figure 8-18(c) allows the duty cycle to be
adjusted without altering the PRF of the circuit. The duty cycle depends
upon the relative values of R, and R 5. Since the variable resistor (R, + R;)
can be adjusted to increase R, while decreasing R 5, and vice versa, the
duty cycle is variable.

The pulse repetition frequency is the reciprocal of ¢, +1¢,:

1
t+t,
and 1,+1,=0.693C,R ,+0.693C,R
=0.693C,(R,+R;)
=0.693C,[(R,+R;)+(R;+R,)]
or PRF=1/[0.693C,(R,+R,+R;+R,)]

PRF=

Clearly, the PRF remains constant no matter what the distribution of the
variable resistance (R,+ R;) between R, and R .

A common requirement is for a square wave generator with a frequency
control that does not affect the duty cycle of the square wave output. This
could be very simply achieved by making C, a variable capacitor. A wide
range of output frequencies could be produced by including a multiposition
switch to select different fixed capacitor values. A variable capacitor could
also be permanently connected for continuous frequency adjustment
between switched ranges [see Figure 8-19(a)]. This arrangement could also
be employed with the basic astable circuit in Figure 8-18(a), or with either
of the modifications shown in Figures 8-18(b) and (c).

Another method of constructing a variable frequency square wave
generator with an almost constant duty cycle uses the basic astable circuit
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(a) Capacitor value adjustment - ., (b) Resistor adjustment

FIGURE 8-19. Astable circuit modifications to moke a variable frequency square
wave generator.

in Figure 8-18(a). Ry is replaced with a variable resistor in series with a
fixed value resistor [see Figure 8-19(b)}. R, is made very much smaller
than the minimum value of Rg. The output frequency is adjusted by
altering R ;. Because (R ,+ R ) is always a little larger than Ry, the duty
cycle is always a little greater than 50%, but is not significantly changed
when the frequency is adjusted. When calculating component values, R
should be not less than about 1 k€. This is to avoid overloading discharge
transistor Q, (see Figure 8-15).

In Figure 8-20 yet another method of constructing a 50% duty cycle
astable multivibrator is shown. In this case capacitor C, is charged via R,
and Ry from the low impedance output terminal 3. As in Figure 8-18, ter-
minals 2 and 6 detect the low and high limits of capacitor voltage. Discharge
terminal 7 is left unconnected.

When the output (at terminal 3) is high, C, charges positively until its
voltage arrives at 2/3 Ve, (detected at terminal 6). The output then
switches to a low level, and C, is discharged through the same two resistors
(R, and Rp) until it falls to 1 /3 Vcc (detected at terminal 2). Once again
the output switches to a high level and the cycle repeats.

The one problem with this circuit is that ¥V, at terminal 3 does not go
all the way up to ¥, instead it is usually about 1 V below the level of the
supply. Equation 8-4, which should be applicable here is not quite correct,
because C, is being charged to 2/3 Vec and discharged to 1/3 ¥V, butis
being charged from a voltage of V= Vee—1 V. The use of resistor R,
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FIGURE 8-20. 555 square wave generator.

connected at terminal 5 can correct the error. Referring to Figure 8-15, it is
seen that a resistor from terminal 5 to ground shunts R 2 and R;. Selection
of a suitable value for R, can make Ves=1/3 V,, and (Vg,+Vp;)=2/3
¥,. The output from the circuit of Figure 8-20 now has a 50% duty cycle,
and adjustment of R, affords output frequency control without affecting
the duty cycle. If a diode D, is connected in series with R +» and another
series resistor R, and a diode D, (with opposite polarity to D,) are con-
nected in parallel with R 4 and Dy, the charge and discharge paths can have
different time durations.

8-15 OTHER 555 TIMER APPLICATIONS

Figures 8-21 and 8-22 illustrate Jjust two more of the many applications of
the 555 IC timer. In Figure 8-21 three monostable multivibrators are
cascade-connected to make a sequential timer. An input pulse ( V,) triggers
monostable 1 on. This produces a positive output pulse at terminal 3 with a
pulse width PW 1. When monostabie 1 goes off, the negative-going trailing
edge of its output pulse triggers monostable 2, which then produces output
PW 2. Similarly, at the end of PW 2 monostable 3 is triggered, producing
PW 3.
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-J;— ___________________ _
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FIGURE 8-22. Pulsed tone oscillator.

The pulsed tone oscillator circuit in Figure 8-22 generates a repetitive
succession of groups of high-frequency square waves. The output of
low-frequency astable 1 controls astable 2. When output terminal 3 on
astable 1 is low, it holds C, in astable 2 in an uncharged state via the
interconnecting diode D,. When the output of astable 1 goes high, D, is
reverse-biased. This allows C, in astable 2 to charge, and thus astable 2 -
oscillates for the duration of the output pulse from astable 1.

A linear ramp generator can easily be constructed by modifying the
monostable circuit in Figure 8-17. Resistor R, is replaced by the kind of
constant current circuit (Q,, R;, R,, and R,) in Figure 7-3. This circuit
has the effect of linearizing the capacitor output voltage. The same kind of
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modification can be made to the astable circuit in Figure 8-18(a) to create
a free-running ramp generator.

8-16 CMOS TIMER CIRCUIT

The ICM7555 manufactured by Intersil is typical of timers using CMOS
technology. The 7555 can be substituted in all situations for a bipolar 555
IC. However, the 7555 draws only 80 pA typically from the supply,
whereas the 555 requires 10 mA. The 7555 can also operate from a supply
voltage as low as 2 V, compared to 4.5 V minimum for the 555. One other
advantage of the CMOS 7555 is that its output voltage (at terminal 3)
exhibits very low offset, i.e., the output effectively swings from ground to

+ V. This means, for example, that the square wave generator circuit of
Figure 8-20 using a 7555 timer could operate satisfactorily without resistor

R C .
REVIEW QUESTIONS AND PROBLEMS

8-1 Sketch the circuit of a collector-coupled monostable multivibrator.
Sketch the waveforms and explain the operation of the circuit. Also
explain the function of each component.

8-2 A collector-coupled monostable multivibrator is to operate from a
+12 V supply. The transistor collector currents are to be 3 mA, and
the transistors have A rz(min, = 70. Neglecting the output pulse width,
design a suitable circuit.

8-3  Select suitable capacitors for the circuit in Problems 8-2 to glve an

output pulse of 330 us.

84 The monostable multivibrator designed for Problems 8-2 and 8-3 is
to be triggered at 10 ps intervals between output pulses. Calculate
the maximur size of the speed-up capacitor that may be employed.

8-5 Sketch and explain the various methods of triggering a monostable
multivibrator. For the multivibrator in problem 8-2, design a trigger-
ing system using an additional transistor. The triggering input is a 3
V, 10 ps pulse with a source resistance of 3.3 k2.

8-6 Sketch the circuit of an emitter-coupled monostable multivibrator.
Carefully explain how the circuit operates. Discuss the relative
advantages and disadvantages of emitter-coupled and collector-
coupled monostable multivibrators. Show how the emitter-coupled
circuit may be modified to provide pulse width control.
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8-8

89

8-10

8-11

8-12

8-13

8-14

8-15

8-16

8-17

8-18

8-19
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Sketch the circuit of a monostable multivibrator employing an IC
operational amplifier. Explain how the circuit operates; also show
how the output pulse width may be controlled.

Design a monostable multivibrator using a 741 operational amplifier
with V.= +9 V. The circuit is to be triggered by a 0.5 V input
spike, and the output pulse width is to be 300 ps.

A 74121 IC monostable multivibrator is to have an output pulse
width of 2 us. Select suitable external components, and show how
they should be connected to the circuit.

Sketch the circuit of a collector-coupled astable multivibrator. Also
sketch the waveforms of collector and base voltages. Carefully
explain how the circuit operates.

Derive an expression for the output pulse width of an astable
multivibrator. Design an astable multivibrator to have 5 kHz output
square wave. The available supply is 9 V, and the load current is 50
BA.

Sketch the circuit of an astable multivibrator in which the output
frequency may be adjusted. Also show how the multivibrator
frequency may be synchronized with an external frequency.

Sketch the circuit of an emitter-coupled astable multivibrator. Ex-
plain its operation, and discuss its advantages compared to a collec-
tor-coupled circuit. '

Sketch the circuit of an IC operational amplifier employed as an
astable multivibrator. Briefly explain how the circuit functions.

Using a 741 IC operational amplifier, design an astable multivibra-
tor to produce a square wave output with an amplitude of ap-
proximately =9 V and frequency of approximately 500 Hz.

Sketch the functional block diagram of a 555 IC timer. Briefly
explain the function of each component.

Sketch the circuit and waveforms generated for a 555 monostable
multivibrator. Referring to the monostable circuit and .the 555
functional block diagram, explain how the 555 operates as a mono- -
stable circuit.

Using a supply of 18 V, design a 555 monostable circuit to produce
a 0.5 ms output pulse.

Show how a basic 555 monostable circuit should be modified to: (a)
use capacitor-coupled triggering, (b) prevent unwanted signals being
picked up at the control voltage terminal, (c) permit a reset signal to
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8-21

8-22

8-23

8-24

8-25

8-26

be coupled to the reset terminal. Sketch the various waveforms and
briefly explain.

Sketch the circuit of a 555 timer employed as an astable multivibra-
tor. Show the capacitor and output waveforms and explain how the
circuit functions. '

Show how a basic 555 astable circuit may be modified: (a) to
produce a 50% duty cycle, (b) to provide an adjustable duty cycle
with a constant PRF, (c) to create a variable frequency square wave
generator. Briefly explain in each case.

Design a 555 astable multivibrator to generate an output with
PRF=35 kHz and a duty cycle of 75%. Use V=15 V.

Analyze the circuit designed in Problem 8-22 to determine the actual
PW and duty cycle.

Sketch circuit diagrams to show how 555 timers may be used to
construct: (a) a sequential timer, (b) a pulsed tone oscillator. Ex-
plain how each circuit operates.

Design the 555 square wave generator illustrated in Fig. 8-20.
Output amplitude is to be ~+ 10 V, and frequency is to be adjusta-
ble over the range 1 kHz to 10 kHz. Assume that ¥V, is approxi-
mately 1 V less than V..

Compare the 7555 CMOS timer circuit to the 555 bipolar device.
Design a square wave generator using the 7555 IC to have V,=5V,
and f=(500 Hz to 15 kHz).



CHAPTER

Bistable
Multivibrators

INTRODUCTION

The bistable multivibrator, also known as a flip-flop, is a switching circuit
with two stable states. The circuit can be triggered from one state to the

other by applying an input voltage via a suitable triggering circuit. The

triggering input may be applied to the collectors, bases, or emitters of the

transistors. Bistable multivibrators can be either collector-coupled or emitter-

coupled circuits. They are also available in integrated circuit form. Because

of its application in computing systems, the bistable multivibrator is the most

important of all multivibrator circuits.

9-1 THE COLLECTOR-COUPLED BISTABLE
MULTIVIBRATOR

The collector-coupled bistable multivibrator circuit shown in Figure 9-1(a)
has two stable states. Either Q, is on and Q, is off; or Q, is on and Q, is
biased off. The circuit is completely symmetrical. Load resistors R,, and
R, , are equal, and potential dividers (R, R,) and (R}, R}) form similar
bias networks at the transistor bases. Each transistor is biased from the

256
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o+ Ve
R,
R,

—0 — Vg

(a) Circuit of
bistable multivibrator
—o0t VCC
—O0— Vg

(b) @, on, Q,off

FIGURE9-1.  Collector-coupled bistable multivibrator circuit, and circuit
condition when Q: is on and Q: is off.

collector of the other device. When either transistor is on, the other
transistor is biased off.

Consider the condition of the circuit when Q, is on and Q, is off. With
Q, off, there is no collector current flowing through R,,. Therefore, as
shown in Figure 9-1(b), R,,, R,, and R, can be treated as a potential
divider biasing Q, base from V.. and — V. With Q, on in saturation, its
collector voltage is ¥ gy, and R] and R’ bias V5, below ground level.
Since the emitters of the transistors are grounded, Q, is off. The circuit can



258 Chap. 9 BISTABLE MULTIVIBRATORS

remain in this condition (Q, on, Q, off ) indefinitely. When Q, is triggered
off, Q, switches on, and remains on with its base biased via R;,, R}, and
R’,. At this time,-the base of Q, is biased negatively from Q, collector.
Thus, Q, remains off and Q, remains on indefinitely. The output voltage at
each collector is approximately V.

Capacitors C, and C, operate as speed-up capacitors to improve the
switching speed of the transistors. However, in the bistable circuit, C, and
C, are also termed commutating or memory capacitors.

Consider the conditions when Q, is on and Q, is off. Capacitor C, is

charged to the voltage across R;, and C, is charged to the voltage across
R}. As will be seen when design of a bistable circuit is considered, the
voltage across R, (at the base of the on transistor) is several volts greater
than across R] (at the base of the off transistor). Therefore, when Q, is on,
C, is charged to a voltage greater than the voltage on C,. Now, consider
what occurs when the on transistor is triggered off for a brief instant. With
both transistors off, both collector voltages are approximately at the level
of Vcc. Also, each base voltage becomes Vp~V_.—(charge on the capaci-
tor at the transistor base). Since C, has a smaller charge than C,, Vj, is
greater than Vj,. One transistor must begin to switch on, and the one with
the highest base voltage switches on first. Thus Q, (the formerly off
transistor) switches on before O, and, in doing so, it biases Q, off. Once
switchover occurs, C, becomes charged to a greater voltage than C,.

It is seen that the charge on the capacitors enables them to “remem-
ber” which transistor was on and which was off, and facilitates the circuit
changeover from one state to another.

9-2 DESIGN OF A COLLECTOR-COUPLED
BISTABLE MULTIVIBRATOR

Design of a bistable multivibrator commences with a specification of
supply voltage and load resistance. Alternatively, the output current may
be specified, or I may simply be specified as a level much larger than the
output current. As in the case of the monostable and Schmitt circuits, the
bias resistances R, and R, must be chosen small enough to provide a
stable bias level, and large enough so that they do not overload R, . The
rule of thumb that (bias current) /,~+ I again can be applied, and the
circuit design procedure is then fairly simple. When the value of R, is
calculated, the next larger standard resistance should be selected. This will
ensure sufficient voltage drop across R, to have the transistor in saturation.
The bias resistances should be selected as the next standard resistance size
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that is smaller than that calculated. This will provide slightly more base
current than required for saturation.

The voltage on the commutating capacitors must not change
significantly during the turn-off time of the transistors. If the capacitors are
allowed to discharge by 10% of the difference between maximum and
minimum capacitor voltages, Equation (2-10) may be applied.

t=0.1CR [ Equation (2-10)]
therefore,
t
_ _(off)
C=0.1R

In this case, C=C,=C; and 1, is the turn-off time for the transistors;
R is the resistance “seen” looking into the terminals of R, or Rj. With one
transistor on, the minimum value of R approximates R,|| R,. This gives

o ! (otp)
=G oARIRY) -1

As for other switching circuits, the presence of capacitors limits the
maximum frequency at which the bistable circuit may be triggered. To
determine the maximum triggering frequency, the recgpery time for the
capacitors must be calculated. This is the time for the capacitors to
discharge from maximum voltage to minimum voltage, or vice versa. The

maximum triggering frequency is then calculated as 1/(recovery time).
Using Equation (2-9), the recovery time is

1,,=2.3CR [Equation (2-9) ]

where again R=(R,||R,) and maximum triggering frequency is

1

1
Jnax= 1= 23 C(RIRY) 6-2)

EXAMPLE 9-1

Design a collector-coupled bistable multivibrator to operate from a =5V
supply. Use 2N3904 transistors, with /=2 mA.
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solution
Refer to Figure 9-1(b):
VeEeesaty=0.2 V (typically)

_ Vee— VCE(sat)
L~ IC

_5V-02V

~ 2mA

=2.4k$2 (use 2.7 kQ standard value)

From the 2N3904 data sheet in Appendix 1-4, h FE(miny= 10, SO

(i.e., neglecting 1,)

1.

I, . .=
B(min) hFE(min)

With Q, on,
Vea=Vse1— Vag
=07V—-(-5V)=57V

1 2 mA '
‘IZ—I_OIC_ 0 =200 p A

Vra 57V
R2=——=

I, 200 LA

=28.5kQ (use 27 kQ standard value)

Now I, becomes

AL
27kQ

=211 pA

Vee=Vae

L+1,

_ 5V-07V
211 pA+28.6 pA
=179kQ

Ri=(R.,+R\)—Ry,
=17.9kQ2-2.7kQ
=15.2 kQ (use 15 k2 standard value)

1,

R, +R,=
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Analysis.
VC(on) = VCE(sat) = 02 V

Vewtn=Vee™ Veez (for @3 off )
Voltage across (R, ,+ R,)=Vce—Var
=5V-0.7V=43V
L2

Ver2=Vec—Vae) X _——RI+RL2

2.7kQ
=43VX mrar2Tkg 0V

Vewon=5V—0.66 V=434V

Vet = Vcesay = Vr1 (for Q; off )
Voltage across (R} + R%)=Vcgeay— Vas
=02V-(-5V)
=52V

’

Ven=VcEe@ay— Var) X 7{/1'"_11272

15kQ
—52VXm—186V

Vaoin=02V—186V=—166V

Figure 9-2(a) shows the bistable circuit as designed in Example 9-1,
with resistor values and voltage levels indicated.

In Figure 9-2(b) a bistable circuit using 2N3906 pnp transistors is
-shown. The circuit design is exactly the same as for the npn circuit, except
that all voltage polarities and current directions are reversed.

9.3 EMITTER-COUPLED BISTABLE
MULTIVIBRATOR

The emitter-coupled bistable multivibrator circuit (Figure 9-3) is the same
as the collector-coupled circuit, except that an emitter resistor Rz has been
added. Load resistors R, and R, are equal, as are capacitors C, and C,,
and potential dividers (R, R;) and (R}, R)).

The presence of R, allows the circuit to be operated from a single
polarity supply. The emitter resistor also limits the collector current of the



—0
g . Vec=+5V
b3 SR,
Rigsqve $27kQ
+4.3V—»q P Rl'
Ry g 3 s
S < S 15k
15kQ2 <8 T e——+ 0.2V
i o} Q,
ON OFF\I
+0.7V— 2N3904  2N3904 - 166V
R, 3 SRy
27k & = 327k
-0
Vgp=—5V
(a) Bistable circuit using NPN transistors .
-0
I Vee=-5V
Ry SR
227k 227k
R - 43 V—> i R
1 L ] S15kQ
15 ke o, l~—-02v g,
ON OFF
=07 V—- 2N3906 2N3906 ~—+1.66V
Ry $ R
27 k8§ = S 27kQ
O
Ve =+5V
(b) Bistable circuit using PNP transistors
FIGURE 9-2. Bistable multivibrator circuit designed in example 9-1, (a) using npn
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transistors, (b) using pnp transistors.
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FIGURE 9-3. Emitter-coupled bistable circuit.

on transistor to any desired level, so that the transistor may be saturated or
unsaturated.

In designing a nonsaturated emitter-coupled bistable circuit, the voltage
drop across R ; must be made several timés the base-emitter voltage of the
device. This is necessary to maintain reasonably stable bias conditions. A
minimum V. of about 3 V should be designed into the circuit in order to
avoid device saturation. A good rule of thumb is to divide (Fgoc— V)
equally between V;, and V. Also to avoid saturation, the maximum
transistor 4., must be employed in the design calculation. When R is
calculated, the next smaller standard value should be selected, again to
avoid saturation. R, and R, must also be carefully chosen with
nonsaturation in mind. As with other multivibrator circuits, bias current I,
should be made approximately 1 I. This is to ensure that R; and R, are
small enough to provide a stable bias voltage, but not so small that they
will overload R, . :

9-4 COLLECTOR TRIGGERING

Bistable multivibrator triggering circuits normally are designed to turn off

the on transistor. The triggering may be asymmetrical or symmetrical. In
asymmetrical triggering, two trigger inputs are employed, one to set the
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circuit in one particular state, and the other to reset to the opposite state.
This process is sometimes referred to as set-reset triggering. Symmetrical
triggering uses only one trigger input, and the state of the circuit is
changed each time a trigger pulse is applied.

Refer to the asymmetrical collector trigger circuit shown in Figure 9-4,
and assume that Q, is on and Q, is off. With Q, off, the voltage at its
collector is approximately V... The negative-going step input, coupled via
G,, forward-biases D, and pulls its cathode down by AV. At this time, D,
is reverse-biased by the negative-going input and has no function to
perform. The anode of D, is pulled down by AV—V,,; that is, by AV
minus the diode forward voltage drop. Thus, Q, collector voltage is
changed from approximately V. to [V -—(AV — V},,)]. See the waveforms
in Figure 9-4. Capacitor C,, which does not discharge instantaneously, acts
initially like a battery. Consequently, the voltage change at Q, collector
also appears at Q, base. Q, base voltage initially is Vge (with Q, on) and it
falls by AV —V),,. Thus the input voltage at C; causes the base of Q, to be
pushed below the level of its emitter voltage.

When the step input is applied, C, immediately starts to charge via
R, (the polarity is shown in Figure 9-4). Both collector and base voltages
rise from their minimum levels, as shown. To ensure that Q, switches off,
its base voltage must remain below the emitter voltage level for the

—O0 + V¢ ~

r
o—j| i« —o N 4 Input
Gy Ds L
N
-
Ver
P
i
A
V21

FIGURE 9-4. Asymmetrical collector triggering.
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transistor turn-off time #.,r,. This may be achieved by use of a large value
coupling capacitor for C;. However, it is best to choose C; as small as
possible. The smallest suitable capacitor is one that will allow ¥} to rise to
the level of the emitter voltage during the transistor turn-off time. The
waveforms of Figure 9-4 show that V¥, rises to ground level during ¢,
When the triggering input becomes positive, returning to its normal dc
level, D, is reverse-biased and the state of the bistable circuit is unaffected.
The charge on C; which resulted from the negative-going input remains
until the trigger input becomes positive. D, is then forward-biased by the
capacitor charge, and C; is rapidly discharged via D,. The triggering
circuit now is ready to receive another negative-going input. However, with
Q, already off, the state of the circuit will not be altered by a triggering
input via C;. Instead, Q, must be triggered off by an input applied to Cj.
Symmetrical collector triggering is shown in Figure 9-5. With Q, on
and Q, off, I flows through R, causing V¢, to be approximately zero
volts. Also, V., is approximately V.. The amplitude of the negative-going -
trigger input does not exceed the voltage drop across R, (i.e., less than
V), so that diode Dy does not become forward-biased. However, diode
D, is forward-biased by the negative-going input, as has been explained.
Thus, Q, base is pushed down exactly as discussed for asymmetrical
triggering and Q, is turned off. With Q, off, V¢, rises to approximately V¢
and ¥V, drops to near zero. The next negative-going input forward-biases

: Ve ~ Vee

) > -

(Q, ON) o ©, OFF) nout
d—o AV P
Cy

ON OFF
1

FIGURE 9-5. Symmetrical collector triggering.
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D, and causes Q, base to be pushed below its emitter level. Hence, 0,
switches off and the circuit returns to its original state.

It is seen that the circuit changes state each time a negative-going
trigger voltage is applied. D, functions as before, becoming forward-biased
and discharging C, each time the input returns to its upper level. A resistor
could function in place of D,, but it would load the trigger signal and
would take a relatively long time to discharge C,.

The design of collector triggering circuits mainly involves determination
of the 'smallest suitable coupling capacitor. The allowable change in
voltage at the base of the transistor to be switched off dictates the voltage
through which the coupling capacitor may be charged.

Refer to Figures 9-4 and 9-5 again. Note that when the trigger voltage
pulls the collector of Q, down to near ground level, capacitor C, begins to
discharge via R, || R,. As already explained in Sec. 9-2, the commutating
capacitor voltage should not be allowed to discharge by more than 10% of
the difference between maximum and minimum capacitor voltages.
Equation (9-1) can be applied to calculate C, and C,.

ro+ 5V

Inpu

FIGURE 9-6. Triggering voltage waveforms for symmetrical collector triggering
design.
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EXAMPLE 9-2

The saturated collector-coupled flip-flop designed in Example 9-1 is to be
triggered by the collector output of a previous similar stage. Design a
suitable symmetrical collector triggering circuit,

solution

The waveforms of the triggering voltage as it appears at various points in
the circuit are shown in Figure 9-6. From Example 9-1, the collector

voltage of the flip-flop changes from 4.3 V to 0.2 V. This change is used as
an input triggering voltage (see Figure 9-6).
Vi=43V-02V=4.1V

At the diode cathodes,

AV=4.1V

AV, =AVx— V)

=4.1V-0.7V=34V

AV =AV,=34V

To keep Vp, <V during £(ye:

AV=AVg — Vg
=34V-07V=27V

..Cs can charge by 2.7 V during ).
For C;:

Initial voltage = E,~0V
Final voltage=e ~AV=2.7V
Charging voltage=E=AV,— V=34V
Charging resistance~R,; =2.7 kQ
Turn-off time (for 2N3904) =¢,¢r =250 ns
From Equation (2-8):
t

oL SU—
3 R E-E,
Ln E_ R
_ 250 ns

~59 pF (use 62 pF standard value)
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The diodes required for the triggering are low-current devices capable
of surviving a peak inverse voltage greater than V... IN914 diodes are
more than adequate (see the data sheet in Appendix 1-1).

EXAMPLE 9-3

Determine the value of suitable commutating capécitors for the flip-flop
designated in Example 9-1 when collector triggering is employed. Also
calculate the maximum triggering frequency for the circuit.

solution
By Equation (9-1),
¢
(off)
C = - ————
"2 0.1(R,|IR)

_ 250 ns
0.1(15k |27 k2)

=259 pF (use 270 pF standard value)

By Equation (9-2), - .

P
ma) 2.3 C(R,||R,)

1
~ 2.3%270 pF(15 k9|27 kQ)

=167 kHz

9-S BASE TRIGGERING

Base triggering circuits are subdivided into asymmetrical base triggering,
symmetrical base triggering and collector-steered base triggering circuits. The
first two of these are shown schematically in Figure 9-7. In Figure 9-7(a), a
negative-going input coupled via C, forward-biases D, and pulls Q, base
below its emitter voltage level. C; charges via R, (C, by-passes R}) and
allows the base voltage to rise to ground over a time period equal to the
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FIGURE 9-7. Asymmetrical and symmetrical base triggering.

transistor turn-off time. C, is discharged via D, when the input becomes
positive, to return to its normal dc level.

In Figure 9-7(a), the negative-going input to C; can only switch Q, off.
To turn Q, off, a negative-going input must be coupled via C, and D,.
Positive-going inputs at either terminal reverse-bias D, or D, and have no
effect on the bistable circuit.

For the symmetrical base triggering circuit in Figure 9-7(b), D, is
common and the input is applied to the common cathode terminal of D,
and D,. If Q, is off, its base voltage is biased negatively with respect to
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FIGURE 9-8. Collector-steered base triggering circuit and waveforms when Q, is
initially on.

ground. Thus, if the input signal is kept small enough, D; does not become
forward-baised. Q, base is at ¥ with respect to ground (with Q; on), so
that the negative-going input forward-biases D, and pulls the transistor
base below its emitter level. When Q; is off and Q, is on, D; is forward-
biased by the triggering input, and D, remains reverse-biased. D, becomes
forward=biased only when the input becomes positive. At this time, C; is
discharged. -

The amplitude of the trigger input to the symmetrical base triggering
circuit is very critical. The input must be greater than 0.7 V in order to
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switch off the on transistor. If the base voltage of the off transistor is, say,
— 1.5 V, then the input voltage should be less than 1.5 V to avoid affecting
the off transistor. The collector-steered base triggering circuit overcomes the
problem of critical triggering amplitude.

In the collector-steered base triggering circuit, shown in Figure 9-8,
diode D, has its anode connected to Q, base and its cathode connected via
steering resistance R, to Q, collector. Similarly, the anode of D, is con-
nected to Q, base, and the cathode is connected via R; to Q, collector. The
common triggering signal is applied to D, and D, cathodes via separate
capacitors C, and C,, respectively.

Consider the circuit conditions for Figure 9-8 when Q, is off and Q, is
on. With Q, off, the voltage at its collector is approximately V.. There-
fore, the cathode of D, is approximately at V.. In this case, triggering
inputs with amplitude less than V. will not forward-bias D,. Since Q, is
on, its collector voltage is V g, above ground level; consequently, the
cathode of D, is at V.- A negative-going trigger input with an ampli-
tude of a few volts will forward-bias D, and pull the base of Q, below
ground. Thus, to cause the circuit to correctly change state, the trigger
voltage amplitude can have a value anywhere between about 2V and V(.
The triggering voltage at each of the bases and at the diode cathodes are
illustrated by the waveforms in Figure 9-8.

For collector-steered base triggering (Figure 9-8), R, and R, should be
selected much larger than R, . This is to ensure that the steering resistors
do not constitute a significant load on R,, and R;,. When Q, base
voltage is pulled down by the input trigger voltage, commutating capacitor
C, commences to charge via R . Since Q, is to be switched off, C, voltage
can be allowed to increase slightly. However, the charge on C, (at the base
of the transistor that is to switch on) should not change significantly. Once
again Equation (9-1) applies.

9.6 THE T FLIP-FLOP

When used as a logic element the bistable multivibrator is usually termed a
flip-flop. Flip-flops are available as integrated circuits in a wide variety of
forms and combinations. The simplest of all is the T flip-flop, or toggle
flip-flop.

The T flip-flop is a bistable multivibrator symmetrically triggered by
an input to one terminal. Any one 'of the symmetrically triggered bistable
circuits already studied can be employed as a T flip-flop (e.g., the circuit in
Fig 9-5). The logic symbol for a T flip-flop is shown in Figure 9-9(a). The
Q and Q terminals are the circuit output points. These would be the
collector terminals of transistors Q, and Q, for the circuit in Figure 9-5.
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FIGURE 9-9. Logic symbol and timing diagram for T flip-flop triggered by a
negative-going edge.
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(a) Logic symbol for T flip-flop triggered
by a positive-going edge.
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FIGURE 9-10. Logic symbol and timing diagram for ¥ flip-flop triggered by a
positive-going edge.
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The T terminal is the input triggering (or toggling) terminal for the
- flip-flop. Note that the small circle at the toggle input terminal on the logic
symbol indicates that a negative-going signal is required to trigger this
flip-flop (again refer to Fig. 9-5).

Figure 9-9(b) shows the timing diagram for the flip-flop. €ach time the
T input goes from a high to a low level, the Q and Q outputs are seen to
change state. The circuit is said to be triggered by a negative-going edge.

In Figure 9-10 the logic symbol and timing diagram are shown for a
flip-flop which is triggered by a positive-going edge. In this case the Q and
Q outputs change state at the instant that the T input changes from low to
high. The bistable circuit in Figure 9-5 could be converted into a
positive-going edge triggered flip-flop by connecting a normally-off inverter
(see Section 5-2) at the triggering input.

Another way of referring to high and low levels is to term the high level
logic 1 and the low level logic 0. Thus, in Figure 9-10(b) the Q output is
seen to go from 0 to / and Q output shifts from 7 to 0 at the first (from the
left) T input change from 0 to 1.

9-7 THE SC FLIP-FLOP

The set-clear or SC flip-flop which has the logic symbol illustrated in
Figure 9-11(a) could have a circuit similar to the asymmetrically triggered
flip-flop in Figure 9-4. Previous consideration of that circuit showed that it
can be triggered into one particular state (i.e., it can be ser) when a trigger
voltage is applied to one input terminal. Also, it can be triggered (or
cleared) into the opposite state by a voltage applied to the other input
terminal. Another name for the SC flip-flop is the RS flip-flop or reset-set
flip-flop.

Referring to Figure 9-11, note the small circles at the S and C inputs
on the logic symbol, once again indicating that this circuit triggers on a
negative-going edge. Following the timing diagram waveforms from left to
right:
At 1, Q and Q change to set state (Q=1/,(0=0) when S goes from I

to 0.

Att,, Q and Q do not change state when S goes from 0 to 1.

Att,, Qand Q do not change state when S goes from / to 0 because the
flip-flop is already in the set condition.

Att,, Q and Q change to the cleared state when C goes from / to 0.
Att;, Q and Q do not change state when S goes from 0 to 1.
At ts, Q and Q do not change state when C goes from 0 to /.
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FIGURE 9-11.  SC flip-flop logic symbol and timing diagram.

Att,, Qand Q_ do not change state when C goes from I to 0, because the
flip-flop is already in the cleared condition.
At g, Q and Q go into the set condition when S goes from / to 0.

The circuit of a positive-going edge triggered SC flip-flop is shown in
Figure 9-12. In this circuit the set-clear function is performed by transistors
Q; and Q4. Terminals Q, 0, S, and C correspond with the logic symbol
terminals in Figure 9-13(a). When both inputs are at 0, triggering transis-
tors Q5 and Q, are off and the flip-flop could be in either state. When a I
input is applied to terminal S, transistor Q, is biased on into saturation.
This causes Q, collector to be pulled down, and Q, base is biased below
ground via R, and R,. Consequently, Q, switches off and Q, switches on
into saturation. The output at terminal Q (from Q, collector) is now a

positive voltage, i.e., logic /. The output at terminal 0 (from Q, collector)
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FIGURE 9-12. Circuit of SC flip-flop.

is near zero volts, or logic 0. The flip-flop is now in set condition, and this
was obtained by applying a ! to the ser terminal, terminal S.

If a O input is applied to terminal S, the circuit remains sef. Also
further / inputs to terminal S do not affect the ser condition of the
flip-flop. A 1 input to terminal C (the clear terminal), switches Q, on. This
pulls the collector of @, down, biasing Q, off (via R} and Rj) and
switching Q, on. The output is now 0 at terminal Q and / at terminal 0.
and the circuit is said to be cleared. To return to the set condition, / must
be applied to the S input while the C input is at 0.

In Figure 9-13(a) there are no small circles at S and C inputs, showing
that the logic diagram is that of a flip-flop requiring positive-going inputs
for triggering (as for the circuit in Fig. 9-12). The timing diagram for this
circuit is similar to that in Figure 9-11(b), except that the § and C
waveforms are inverted to show that the outputs change state only when
the input levels change from 0 to 1.

Figure 9-13(b) shows a truth table for the flip-flop of Figure 9-12 and
Figure 9-13(a). This is an alternative to the timing diagram as a method of
(describing the effect of various input combinations. When S and C are
both 0, there is no change in the flip-flop outputs. The outputs could be'in
either set or clear state. When a 1 is applied to S, and C remains 0, the
outputs go the set state with Q=1 and Q=0. When a 1 is applied to C,
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(a) Logic symbol for SC flip-flop triggered
by positive-going inputs.
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(b) Truth table

FIGURE 9-13. Logic symbol and truth table for SC flip-flop triggered by
positive-going inputs.

and S remains at 0, the circuit is cleared to Q=0 and Q=1. When al is
applied to both S and C at once, both outputs may tend to go to 0, but the
final state of the flip-flop is unpredictable.

9-8 THE CLOCKED SC FLIP-FLOP

A clocked SC flip-flop (also known as a reset-set-toggle or RST flip-flop) is
one that combines the triggering facilities of a toggle flip-flop with the
set-clear arrangement of a SC flip-flop. Clock is the logic term for an
accurate trigger frequency source. In Figure 9-14(a) the toggle input is
identified as CLK for a clock.

Referring to the timing diagram in Figure 9-14(b), it is seen that the
outputs change state only when the clock input goes from 0 to 1. With
the outputs in the clear condition (Q=0,0=1), and with S=7 and C= 0,
the output changes to the set condition at the first positive-going edge of
the clock. The circuit then remains in set condition even when S goes to 0.
When C has a / input applied (and S is at 0), the outputs return to the
clear condition as soon as the clock goes from 0 to 7 again. With both §
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(a) Logic symbol for clocked SC flip-flop

(b) Timing diagram

FIGURE 9-14. Clocked SC flip-flop; logic symbol and timing diagram.

and C inputs at 0, the clock has no further effect on the outputs. If both §

and C inputs had / applied, the flip-flop final state would be unpredict-
able.

99 THE D FLIP-FLOP

The D flip-flop is similar to the clocked SC flip-flop except that it has a
single control terminal [see Figure 9-15(a)]. As the timing diagram in
Figure 9-15(b) illustrates, the Q output of the flip-flop changes to the same
state as the D input level. When the D input is /, Q becomes /. When the
D input is 0, Q changes to 0. The output changes occur only when the
clock input changes from 0 to /, and, of course, the Q output always
assumes the opposite state of the Q output.
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FIGURE 9-15. Logic symbol and timing diagram for D flip-flop.

9-10 THE JK FLIP-FLOP

The JK flip-fiop is identical to the clocked SC flip-flop with one exception.
The exception occurs when both J and X inputs are at 1. In this condition
the flip-flop toggles each time an input is applied to the clock. Figure 9-16
shows the logic symbol and timing diagram.

Appendix 1-16 shows the data sheet for a 7476 JK flip-flop (and
others). Note that as well as the input and output terminals already
discussed, the logic symbol on the data sheet shows preser and clear
terminals. These are inputs which operate independently of the J, K, and
clock terminals, and which allow the flip-flop to be set in any desired state
prior to a clock signal’s being applied. Note also that only the preser and
clear terminals have small circles. Thus, these two are affected by
negative-going signals, while all other inputs are triggered by positive-going
inputs.

The required supply voltage for this circuit is nominally 5 V, but may
be as low as 4.5 V or as high as 5.5 V (see V. on the data sheet). The
high-level input voltage (V) is specified as a minimum of 2 V for correct
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FIGURE 9-16. Logic symbol and timing diagram for JK flip-flop.

circuit operation. It can be anything greater than 2 V up to the same level
as V., but it should not be less than 2 V. The low-level input voltage (V)
should be less than 0.8 V. ¥, and V,, specifications are essentially
statements that the voltage representing logic I (V) must not be less than
2V, and that representing logic 0 (V;,) must not be greater than 0.8 V.

The high-level output voltage (Vpy) is nominally 3.4 V but could be
higher, according to the data sheet. It could also be as low as 2.4 V. The
low-level output voltage (V) is nominally 0.2V, but could be as large as
04 V.

The high-level input current (I;) is stated as a maximum of either 40
pA or 80 pA, depending upon which of the input terminals is involved.
This is essentially a leakage current, with the (internal) input transistors in
an off condition. When the input voltage is low, the low-level input current
(I,) is specified as — 1.6 mA maximum for all but clear and preset inputs.
For the clear and preset terminals, /,; = — 3.2 mA maximum. The negative
sign here indicates that the currents flow out of the input terminals
(conventional current direction from + to -).
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The low-level output current (1,, ) is specified as a maximum of 16 mA.
The absence of a negative sign on this quantity means that the current
flows into the output terminal. Another way of stating this is to say that the
output terminal can sink 16 mA. Of course, there could be less than 16 mA
flowing into the output terminal when the output voltage is /Jow, but there
cannot be more than 16 mA: Considering the fact that J 12 is —1.6 mA for
the J and X inputs of this type of flip-flop, the number of (J and/or K)
inputs for other flip-flops that may be connected to one output terminal is
16 mA /1.6 mA=10.

REVIEW QUESTIONS AND PROBLEMS

9-1 Sketch the circuit of a collector-coupled bistable multivibrator em-
ployed npn transistors. Explain how the circuit operates.

9-2  Repeat Problem 9-1 for a circuit using pnp transistors.
9-3  Repeat Problem 9-1 for an emitter-coupled circuit.

94  Design a collector-coupled bistable multivibrator to operate from a
+6 V supply. Use 2N3904 transistors and make I-~1 mA.

9-5 Design a collector-coupled bistable multivibrator using 2N3906
transistors. The supply voltage is +9 V, and the collector current is
to be approximately 2 mA.

9-6 Sketch the circuit for asymmetrical collector triggering. Show the
triggering waveforms, and explain how the circuit functions.

9-7  Repeat Problem 9-6 for symmetrical collector triggering.

9-8 The bistable multivibrator designed for Problem 9-4 is to use sym-
metrical collector triggering. The trigger input is to be the collector
output of a previous similar stage. Design a suitable triggering
circuit.

9-9  Calculate the value of the commutating capacitors for the flip-flop
and triggering circuits designed for Problems 9-4 and 9-8. Also,
calculate the maximum triggering frequency that should be em-
ployed.

9-10 Sketch the circuits for asymmetrical base triggering and symmetrical
base triggering. Explain how each circuit operates, and discuss the
major disadvantages of symmetrical base triggering.

9-11 Sketch a collector-steered base triggering circuit. Show the triggering
waveforms, and explain how the circuit operates.
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9-12

9-13

9-14

9-15

9-16

9-17
9-18

9-19

9-20

Design a collector-steered base triggering circuit for the flip-flop
designed for Problem 9-4. The triggering input is to be the collector
output from a previous similar stage.

Determine the value of suitable commutating capacitofs for the
flip-flop and triggering circuits designed for Problems 9-4 and 9-12.
Also calculate the maximum triggering frequency for the circuits.

Sketch the logic symbol for a T flip-flop triggered by a positive-going
input. Also sketch the timing diagrams, and briefly explain.

Repeat Problem 9-14 for an SC flip-flop. Also sketch a basic
flip-flop circuit and show how two additional transistors can be
employed to perform the set and clear functions.

Sketch logic symbols for 7 and SC flip-flops which can be triggered
by negative-going inputs. Also draw the timing diagram and write a
truth table for each circuit. ,

Repeat Problem 9-14 for a clocked SC flip-flop.

Sketch the logic symbol and timing diagram for a D flip-flop, and
explain its operation.

Sketch the logic and timing diagram for a JK flip-flop. Explain how
the JK flip-flop differs from the SC and D flip-flops.

Referring to the data sheet for the 7476 JK flip-flop, discuss the
various quantities listed.



CHAPTER

Logic Gates

INTRODUCTION :
The two basic logic gates are the and gate and the or gate. The and gate
produces a change in output voltage only when appropriate input voltages
are applied to all of its input terminals. With the or gate, an output is
generated when any one of its input terminals receives a signal. Nand and
nor gates function in a slightly different way from and and or gates,
respectively. Each type of gate has its own logic symbol.

Logic gates can be constructed by use of diodes and resistors (diode
logic), by use of resistors and transistors (resistor transistor logic), or by
using combinations of transistors (transistor transistor logic). Other logic
families are named according to the circuit configurations, and all are
available as integrated circuits. The performances of the various IC logic
families are expressed in terms of switching speed, power dissipation, noise
immunity, and fan-out.

10-1 DIODE AND GATE

The circuit of a diode AND gate with three input terminals is shown in
Figure 10-1(a). If one or more of the input terminals (i.e., diode cathodes)
are grounded, then the diode (or diodes) are forward-biased. Consequently,
the output voltage V, is equal to the diode forward voltage drop V,,.

Suppose an input of 5 V is applied to terminal 4, while terminals B and C
are grounded. Diode D, is reverse-biased while D, and D, remain

282
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(a) Circuit diagram of AND gate

FIGURE 10-1. Circuit of a three-input diode AND gate and logic symbol for the
AND gate.

forward-biased, and V,= V). If levels of 5 V are applied to all three
inputs, no current flows through R,, and V,=V..=5 V. Thus, a high
output voltage is obtained from the AND gate only when high input
voltages are present at input 4, AND at input B, AND at input C. Hence
the name AND gate.

'~ An AND gate may have as few as two or a great many input terminals.
In all cases an output is obtained only when the correct input voltage
levels are provided at every input terminal. '

For all logic gates, the level of input and output voltages usually are
described as either high or low. Depending upon the particular gate circuit,
a high level might be between 3 V and 6 V, while a low voltage level might
be less than 1 V. The high level is usually designated I, and the low level is
designated 0. The logic symbol for the AND gate is shown in Figure
10-1(b). When one or more of the input levels is 0, the gate output is also
0. When all three input levels are I, the output also goes to 1.

EXAMPLE 10-1

An AND gate has three input terminals which are connected to the
collectors of saturated transistors. The transistors can each take an
additional collector current of 0.5 mA. Design a suitable circuit and
determine the low and high output levels from the gate. Use V=35 V.
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FIGURE 10-2. Diode AND gate with inputs controlled by transistors.

solution
The circuit is as shown in Figure 10-2. In the figure, maximum additional
collector current I, flows through @, when Q/ is on and Q, and Q, are off.
Ig=1 1(max)
Vee=(IrR))+Vp+ Vegiar

R.= Vee= Vo= Veggsay
1= IR
_5V-07V-02V
0.5 mA
=8.2kQ

This is the minimum value for R, to limit the transistor additional collector
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current to 0.5 mA. R, could be made larger than 8.2 kQ, in which case the
current would be smaller.-
Output voltages are

Votow= Vet Vo
=02V+07V=09V

Vomigny=Vece=5V

10-2 DIODE OR GATE

A three-input diode OR gate and its logic symbol are shown in Figure
10-3. It is obvious from the gate circuit that the output is zero when all
three inputs are at ground level. If a 5 V input is applied to terminal 4, D,
is forward-biased, and ¥, becomes (5 V—V},). If terminals B and C are
grounded at this time, diodes D, and D, are reverse-biased. Instead of
terminal A, the positive input might be applied to terminal B or C to
obtain a positive output voltage. A high output voltage is obtained from an
OR gate, when a high input is applied to terminal 4, OR to terminal B, OR
to terminal C. Hence the name OR gate.

As in the case of the AND gate, an OR gate may have only two or a
great many input terminals.

Vb
: 4 =
+-{ Dl
BD > | Inputs

i
T D, _‘"T\ Output

{b) Logic symbol
for OR gate

‘v‘v‘v‘v
x
s
g l—- r—— N

(a) Circuit diagram for OR gate

FIGURE 10-3. Circuit of a three-input diode OR gate and logic symbol for the OR
gate.
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" FIGURE 10-4. Diode OR gate with inputs controlled by transistors.

EXAMPLE 10-2

An OR gate has two input terminals, each of which is supplied from
~ flip-flops having R, =3.3 k. The supply voltage to the flip-flops is V=
5V. The gate output voltage is to be at least 3.5 V. Design a suitable
circuit.

solution
Refer to the circuit shown in Figure 10-4. When one input is high.
Vo=Vcc— (IR )-V)p
and
Vee=Vo—Vo
R L

. 5V-07V-35V
R 3.3kQ

Ip=1,=

=0.24 mA

Also,



Sec. 10-3 POSITIVE LOGIC AND NEGATIVE LOGIC 287

This is a minimum value for R, to maintain the output voltage at a
minimum of 3.5 V. R, could be made larger, in which case ¥, would be
larger.

10-3 POSITIVE LOGIC AND NEGATIVE LOGIC

The diode AND and OR gates already discussed both provide positive
outputs when positive input signals are applied. This is referred to as
positive logic. When negative input and output voltages are involved, the
operation is termed negative logic.

Consider the situation with the diode AND gate shown in Figure 10-5.
In this case, there is no supply voltage and the load resistance is grounded.
If a negative input voltage ¥, is now applied to terminal 4, diode D, is

AW
x
0‘
J

FIGURE 10-5. Negative logic OR gate.

+ o+ +} +. J_
Vy -
Vg 4 D,
Ve Yo
B D,
_ R ,
! C Dy 1
o —» -
>

- VCC

FIGURE 10-6. Negative logic AND gate.
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forward-biased, and the output is pulled negatively. Therefore, a negative
output is obtained when a negative input is applied to terminal 4, OR
terminal B, OR terminal C. Thus, the positive logic AND gate can also
function as a negative logic OR gate.

The OR gate of Figure 10-3 is reproduced in Figure 10-6 with a
negative supply connected to R and the input terminals grounded. While
any of the inputs remain at ground level, one diode is forward-biased and
the output remains ¥, = — V,,. A (large) negative output voltage is obtained
only when negative inputs are applied to terminal 4, AND to terminal B,
AND to terminal C. Thus, the positive logic OR gate can also be used as a
negative logic AND gate.

10-4 DTL NAND GATE

As already explained, a positive logic diode AND gate has a low voltage
output when one or more of its inputs are low, and a high output when all
inputs are high. If a transistor inverter is connected at the output of the
AND gate, the inverter output is high when one or more of the AND inputs
are low, and low when all AND gate inputs are high. Used in this fashion,
the inverter is termed a NOT gate. The combination of the NOT gate and
the AND gate is then referred to as a NOT-AND gate, or a NAND gate.

Figure 10-7(a) shows an integrated circuit DTL (diode transistor logic)
NAND gate composed of a diode AND gate and an inverter. R,, D,, D,,
and D, constitute the AND gate. The inverter is formed by transistor Q,
with load resistor R; and bias resistor R ;. When all input terminals are at
ground level, the voltage at point X is the voltage drop across the input
diodes (i.e., Vy=V}). If diodes D, and D, were not present, ¥, would be
sufficient to forward-bias the base-emitter junction of Q,. The negative
supply — ¥V keeps diodes D, and Ds forward-biased, so that when the
inputs are at 0 V the transistor base voltage is

Veg=Vx— (VD4+ Vps)
=Vp=Vpa—Vps
For silicon devices,

Vy=~0.7V-0.7V-07V
=—07V

Therefore, when any one input to the NAND gate is at 0 V, Q, is biased
off, and the output voltage is V..
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(a) DTL NAND gate

(b) Logic symbol for NAND gate

FIGURE 10-7. Diode transistor NAND gate and logic symbol.

Suppose all inputs to the NAND gate are made sufficiently positive to
reverse-bias D,, D,, and D;. Now V depends upon the values of R, and
R;, and upon the levels of V.. and —V,,. If these quantities are all
correctly selected, ¥ is positive at this time, Q, is driven into’ saturation,
and the output voltage goes to ch(sm) When any one input to the NAND
gate is at logic 0, the gate output is at /. When input 4 AND input B AND
input C are at /, the output of the NAND gate is level 0. The logic symbol
employed for a NAND gate is shown in Figure 10-7(b). The symbol is
simply that of an AND gate with a small circle at the output to indicate
that the output voltage is inverted.

Input terminal 4 in Figure 10-7(a) is a direct connection to the diode
anodes. Thus it provides for the connection of additional diodes to
increase the number of input terminals. With this facility the gate is said to
be expandable. Terminal 4 is shown on the logic symbol as a direct input
[Figure 10-7(b)].
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(b) Logic symbol for NOR gate

FIGURE 10-8. Diode transistor NOR gate and logic symbol.

10-5 DTL NOR GATE

A transistor inverter (or NOT gate) connected at the output of a positive
logic OR gate generates a negative-going output when any one of the
inputs is positive. The circuit is termed a NOT-OR gate or NOR gate. A
diode transistor NOR gate is shown in Figure 10-8(a), with its logic symbol
shown in Figure 10-8(b). As in the case of the NAND gate, a small circle is
employed to denote the polarity inversion at the output.

10-6 LOGIC GATE PERFORMANCE FACTORS
10-6.1 Propagation Delay Time

The switching speed of a logic gate is defined in terms of a propagation
delay time. This is the time required for the gate to switch from its low
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output state to its high output state, or vice versa. The quantity varies with
the transistor collector current and output load conditions. The switching
time is also dependent upon the circuit configuration; for example, the
transistors may have to be switched out of saturation, or they may be
unsaturated. In DTL, the transistors are saturated. Typical propagation
delay time for integrated circuit DTL is 25 to 30 ns. Some other types of
logic circuits switch from one state to another in a time of 2 ns or less.

The method of measuring the propagation delay time is illustrated on
the data sheet for the MC306.MC307 ECL gates in Appendix 1-18. (ECL is
discussed in Section 10-10). Refer to the propagation delay illustration for
the OR function in Appendix 1-18. The input (e,,) is shown as a solid line,
and the output (e,,) is shown broken. It is seen that the time £, is measured
as the time between input falling to its 50% amplitude level and output
going to its 50% level. Similarly, ¢, is the time between input rising to 50%
and output arriving at 50%. For the NOR function, #,, and ¢, are measured
in a similar way, except (as illustrated) e, goes high when e, goes low, and
vice versa.

The average propagation delay time is frequently stated on data sheets,
and this is simply

_tatisn
td(ave)_ 2

10-6.2 Noise Immunity

The minimum input voltage at which a logic gate switches is termed the
threshold voltage. Consider the DTL gate in Figure 10-7(a). For Q, to be
switched on, D, and D; must be forward-biased. For this to occur, the
minimum input voltage at the cathode of D, is

Vi=Vpat+ Vst Ve =V
\ =07V+0.7V+0.7V-0.7V=14YV

Therefore, the threshold voltage for a DTL gate is approximately
14 V.
~ This (1.4 V) can also be termed the minimum high input level. A higher
voltage than this (usually no larger than V..) can also be considered a high
input, or logic I input. There is also a maximum low input level, or upper
limit for a logic 0 input. The difference between these two is termed the
noise margin of the circuit. Noise spikes with amplitudes on the same order
as the noise margin could produce unwanted triggering of the gate. Thus
the noise margin of a circuit gives a good indication of how susceptible the
circuit may be to noise (i.e., in comparison to other circuits). However, the
noise immunity of a logic gate does not depend solely on the noise margin.
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Where a circuit has a low input impedance, noise spikes are potentially
divided, and therefore are less likely to cause switching. Similarly, a gate
that is driven from a low impedance source may be more immune to noise
voltages. Also, a gate that switches slowly is less sensitive to fast spikes
than one that has a very short propagation delay time. It is seen that many
factors are involved in the ac noise immunity for given circuit. Instead of
attempting to rate the noise immunity of a circuit in terms of voltage
levels, switching time, and impedance, noise immunity is usually described
as poor, fair, good, or excellent. '

10-6.3 Fan-In and Fan-Out

Since logic gates usually are connected in complex combinations, the
output of each circuit must be capable of driving the inputs of many other
similar circuits. The number of similar gates that any one gate can drive is
limited. This limit is termed the fan-out of the gate. If I, is the total output
current that a gate can handle, and J, is the drive current for each input (or
unit load), then fan-out=1, /1.

The fan-in of a gate is the number of inputs that can be connected to a
gate. The circuit in Figure 10-8 has three input terminals; therefore, it has
a fan-in of 3. Expandable I1C gates have facilities for connections of

i
~————NAND gate | > NAND gate 2 —————»
| Vee
i O4sv
|
11+12'l5:16k = R
LRS! Ry 1 1 <4
LIS b2
S6k | b3
121152.15k lll , ! $
:'Rz | Ii 3
L) e | Y
24 4—0—0__H [
D, % 47: S
oO—¢— h+h Iy JIC L o—it¢—e
D, — — | "
O——j——4 _ﬁ Q | O—i¢—e 1
D4 D6 > : I >
o-—nD—< 1313;}52k | o—it—4 b
< 3 s
|
|
|

FIGURE 10-9. A modified DTL NAND gate driving another NAND gate.
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additional input. The stated fan-in for the gate is then the total number of
inputs that may be connected.

Figure 10-9 shows one DTL NAND gate driving another similar gate.
The circuits are those of the Motorola MC930 IC modified DTL. In the
modified version, resistor R is 5 k{2 instead of 20 k$2, and it simply ties
the transistor base terminal to the emitter, i.e. to ground level. The separate
—2 V supply is now not required. Diode D, in Figure 10-7 is replaced by
emitter follower Q, in Figure 10-9. The emitter follower provides base
current to Q,, and allows R, to be replaced by a larger resistance
(R, +R,), thus reducing the maximum drive current to each input. The
base-emitter voltage of Q, substitutes for the voltage drop across diode D,
in Figure 10-7. The advantages of modified DTL are: Operation from a
single supply voltage, greater output current, lower power dissipation, and
lower input current. Note that the load current I, actually flows info the
collector of transistor Q,, and out of the input terminal of the gate being
controlled. In this situation transistor Q, is sometimes referred to as a
current sink. From a knowledge of the supply voltage, resistor values, and
transistor A pzgminy» the fan-out of the circuit can be calculated.

EXAMPLE 10-3

Assuming that Q, and @, have A gy s =20, determine the fan-out for the
DTL NAND gates shown in Figure 10-9.

solution

Vggl _ 07V

R, 5k@
=140 pA
Vs2=Vae2t Vst Ve
=21V~
Vai+Vea=Vee— Va2

=5V-=-21V
=29V

I,=

and
Vit Vea=(L+1))R,+ LR,
I,=hpp1, =201,
2.9V=(1,+20L,)R, +1,R,
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=L,[21R,+R,]

_ 29V 29V
"2 21R+R, (21X1.6kQ)+2.15kQ
=81 puAd
I,=20X1,=20x81 pA
=1.62 mA

Iy=(L+1,)-1,
=(1.62 mA+81 pA)— 140 pA

. =~1.56 mA

Iy =h eIy =20%1.56 mA
=31.2 mA

I.= Vee— Veggsan _ 5V-02V
4 R, 6 kQ
=0.8 mA

maximum output current

I =I,—-1,
=31.2mA—-0.8 mA

=30.4 mA
unit load =1,

Vcc“ Vm - VCEl(sat)
R,+R,

_5V-07V-02V

with Q) and Q] off, I,=

S sko+ieke P mA
2 _304mA
I, 1.09mA
=279
fan-out=27

It is obvious from Example 10-3 that a gate can operate with a load
less than the fan-out. When the fan-out is exceeded, the gate may not
operate correctly. Even when the fan-out is not exceeded, each additional
load connected to a gate output increases the capacitance at the transistor
collector and hence increases the gate switching time. For high-speed
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FIGURE 10-10. - High threshold logic (HTL) gate.

operation IC manufacturers usually recommend a maximum /loading factor
which is less than the dc fan-out capability of the circuit. The recom-
mended loading factor for MC930 NAND gates is 8.

10-7 HIGH THRESHOLD LOGIC (HTL)

To improve upon the noise immunity of DTL high threshold logic
(HTL) was developed. In the HTL circuit in Figure 10-10, Ds is a Zener
diode with ¥,~6.8 V. For Q, on, the Zener diode must be in breakdown
and Q, must be on. Now, the minimum input voltage for @, and Q, on is

Vi=Vap+V,+ Veer— Vb
=0.7V+68V+0.7V-0.7V
=75V
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The threshold voltage for the HTL gate is approximately 7.5 V. It is
obvious that the HTL gate is more immune than the DTL circuit to noise
spikes. Note also that because of the presence of the Zener diode the HTL
circuit uses V..=15 V, compared to V.-=5V for DTL gates.

10-8 RESISTOR TRANSISTOR LOGIC (RTL)

The resistor transistor logic circuit (RTL) shown in Figure 10-11 has a high
output voltage when all three inputs are at ground level. All three transis-
tors are biased off so that no collector current flows, and Vo=V.c. A
collector current flows and the output drops to a low level, if a positive
input voltage is applied to terminal 4 OR terminal B OR terminal C. Thus
the circuit is that of a NOR gate.

The minimum input voltage that will begin to switch any one transis-
tor on in the circuit of Figure 10-11 is the normal transistor ¥y of
approximately 0.7 V. Although this voltage cannot drive the output to
Vergays it could affect the input current to other gates [i.e., those being
driven from the output]. Therefore, an RTL gate may be susceptible to
noise voltages around 0.7 V.

Typical integrated circuit RTL uses a supply of 3 V, has a fan-out of 5,
gate power dissipation of approximately 20 mW, and propagation delay
time of 12 ns.

FIGURE 10-11.  Circuit of RTL NOR gate.
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10-9 TRANSISTOR TRANSISTOR LOGIC (TTL)

10-9.1 Standard TTL

In transistor transistor logic (TTL or T2L), the input signals are applied
directly to transistor terminals.

Consider the basic TTL circuit shown in Figure 10-12(a). The output
transistor Q, is controlled by the voltage at the collector terminal of
transistor Q,. When the input terminal (i.e., Q; emitter) is grounded,
sufficient base current I, flows to keep Q, in saturation. The collector
voltage of Q, is Vpay above ground. Typically, Vegay is 0.2 V, which is
not high enough to bias Q, on. Therefore, when the input voltage is low,
Q, is off and the output level is high.

If a positive voltage is applied to the input terminal, Q, remains in
saturation ([ is still large enough) and Q, collector voltage goes to V;+
VeE@gay- Depending upon the actual level of input voltage, sufficient base
current can be supplied to Q, to drive it into saturation. Figure 10-12(b)
shows Q, replaced by diodes representing the base-emitter and collector-
base junctions. The arrangement is similar to that of a DTL circuit. It is
seen that the input voltage could easily be made large enough to reverse-bias
the base-emitter junction. When this occurs the collector-base junction
remains forward-biased, and base current flows to saturate the output
transistor. )

Figure 10-12(c) shows a basic three-input TTL circuit. O, is seen to be
a transistor with three emitter terminals. This is fabricated easily in
integrated circuit form. The three emitters are the input terminals to the
gate. For Q, collector to rise above Vg gy, input A AND input B AND
input C must be high positive levels. Because of this, and because the
output voltage level goes from high to low, the circuit is a NAND gate.

When each input terminal of a TTL gate is high, only a very low
(emitter-base leakage) input current flows. When the input voltage is low, a
(emitter) current flows out of the input terminal. The high-level input
current (I,5) is listed on the data sheet as 40 u A (see Appendix 1-17). The
low-level input current (I,,) is stated as — 1.6 mA. The minus sign indicates
that current flows out of the input terminal. This (— 1.6 mA) is the unit
load for this type of logic circuitry.

When the output terminal of a TTL gate is low, it can sink the
low-level input current /;; from the input terminals of sevéeral TTL gates.
The maximum low-level output current (I, ) is specified on the data sheet
as 16 mA. Therefore, the maximum fan-out is

oy _ 16mA _

I, 16mA 10
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FIGURE 10-12. TTL gate circuits.
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Standard TTL is usually referred to as 74 or 7400 series, although the
individual circuits'may have a 54 number instead of a 74 number. Circuits
with a 54 number can operate over a temperature range of —55°C to
+125°C, and the supply voltage limits are 4.5 V to 5.5 V. For 74 number
circuits the temperature range is 0°C to 70°C, and the supply voltage must
be between 4.75 V and 525 V. )

The circuit of a three-input 7400 series integrated circuit TTL NAND
gate is shown in Figure 10-13. The diodes connected from ground to each
input terminal become forward-biased only when the input voltage goes
negative. Their function is to limit the amplitude of negative spikes
appearing at the gate inputs. The arrangement of the output transistors
(Q2, @3, and Q,) is referred to as totem pole. They function as follows:
When Q, is off, R, biases Q, off, and R, biases Q; on. Thus Q, provides
active pull-up (or low output impedance) when the gate output voltage is
high. When Q, is on in saturation, base current supplied to Q, drives Q,
into saturation. Consequently, the output voltage is pulled down, and Q,
offers a low output impedance when the gate output is in its Jow state. At
this time, Q, is biased off by the voltage drop across R,. This is assisted by
the presence of diode D,.

»> > —0 Ve
%4“ 1.6k 1308
< R R,

; ; ; J )
. Dy Y
nputs Q-lK : 105}
D1 Output
A o—e i¢ I\\l
D, 2
B o t+—
D; 1.0k
Co e R,

i

] -

FIGURE 10-13. 54 /74 series integrated-circuit three-input TTL NAND gate.
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The multi-emitter input transistor used with TTL is normally in
saturation, (i.e. its collector-base junction is forward biased), even when all
the input voltages are high. An exception to this occurs at the instant that
one input terminal goes low. With Q, still on, Q, collector-base junction
becomes reverse biased, and a large current flows from Q, base into Q,
collector. The effect of this is to cause Q, to switch off very rapidly. O,
also switches on very rapidly when Q, inputs go high. This is because Q,
collector-base junction remains forward biased during the on switching
time for Q,. These two effects make TTL one of the fastest of all
integrated circuit logic types.

Standard (54/74 series) TTL has a typical propagation delay time of
10 ns. One gate circuit dissipates approximately 10 mW, and has a fan-out
of 10. Because the gate input terminals are transistor emitters, they have a
low input impedance; consequently, TTL is said to have good noise
immunity.

10-9.2 Other TTL Logic Families

As well as the standard 54 /74 series, the TTL data sheet in Appendix 1-17
lists four other types of TTL gates:

High-speed TTL [S4H/74H)

. The circuit speed is increased by reducing the values of the resistors, and
by including an additional emitter-follower transistor to drive one of the
output transistors (see the HOO-H30 circuit diagram on the data sheet).
Because of the reduced resistor values, the supply current is approximately
double that for standard TTL, resulting in an average per-gate power
dissipation of 22.5 mW. The typical propagation delay time for 54H/74H
TTL is 6 ns.

Low-power TTL (54L/74L)

In this case the resistor values are increased above those normally em-
ployed in standard TTL (see the L00-L30 circuit and table of component
values on the data sheet). The result is lower supply currents and an
average power dissipation per gate of only 1 mW. Reduced switching
speed is another conmsequence of the increased resistance values. The
typical propagation delay time is 35 ns for low-power TTL. The major
applications of this logic series are found in portable battery-operated
equipment, where supply currents must be minimized.
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(a) Transistor with (b) Schottky
Schottky diode transistor
symbol

FIGURE 10-14. Consiruction and symbol for a Schottky transistor.

Schottky TTL (545 /74S)

This logic family employs Schottky transistors to further increase the circuit
switching speed. A Schottky transistor is a bipolar transistor with a
Schottky diode connected between its collector and base terminals, as
illustrated in Figure 10-14(a). A Schottky diode has a junction of silicon
and metal. Like other diodes it is a one-way device, but its major char- .
acteristic is that it switches very fast. The presence of the Schottky diode
prevents the transistor from going into saturation, and consequently the
transistor switching speed is minimized.

The Schottky transistor circuit symbol is illustrated in Figure 10-14(b),
and a S00-S132 Schottky TTL NAND gate circuit is shown on the data
sheet in Appendix 1-17.

The typical propagation delay time for Schottky TTL is 3 ns, and the
average power dissipation per gate is around 20 mW. An improved version
known as advanced Schottky TTL (54/74 AS) boasts 1.5 ns typical gate
delay time at 20 mW per gate power dissipation. Obviously, this type of
logic circuit should be used where high speed is the most important
consideration.

_ Low-power Schottky TTL (S4LS/74LS)

In this family, as in the 54L/74L family, the resistor values are increased
in order to minimize power dissipation. However, because Schottky tran-
sistors are used, the typical propagation delay time is relatively small at 9
ns. Power dissipation per gate is around 2 mW. Advanced low power
Schottky TTL has a typical gate delay of 4 ns with 1 mW per gate power
dissipation.

Tri-state TTL (TSL)

A tri-state (or three-state) TTL logic gate has a control input as well as the
usual input and output terminals. Figure 10-15 shows the circuit arrange-
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FIGURE 10-15. Tri-state logic (TSL) circuit and logic symbol.

ment and logic symbol for a TSL NAND gate. Note that the control input
terminal goes to an inverter. The output of the inverter is connected to one
emitter on transistor Q,, and via diode D, to the base of Q,.

When the control input is /low, the inverter output is high. This
reverse-biases D, and provides a high input to the connected emitter of Q,.
In this condition the NAND gate functions normally; when all the gate
inputs are high, the output is /ow; when one or more inputs are /ow, the
output is high. '

With a high input applied to the control terminal, the inverter output
goes Jow, forward-biasing D, and the connected emitter of Q,. Now Q, is
held in a Jow state, no matter what the level of the other gate input
terminals. Thus, O, and Q, are off. As well as this, the base of Q; is held
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in a low state by (forward-biased) diode D,. Consequently, Q; is off. Both
output transistors Q, and Q, are off, and the output terminals offers a high
impedance to all circuits that are connected to it. This condition is the
third state of the TSL circuit. The output of a TSL gate may be high or low
or have a high output impedance.

TSL gates are used in logic systems where the outputs of several gates
are connected in parallel to a single input of another circuit. All gates are
usually maintained in the high output impedance state, and are sampled (or
switched on briefly) by the control signals applied in sequence. This avoids
the possibility of the output of one gate short-circuiting another gate
output.

Another aspect of the TSL gate is that the circuit input impedance also
becomes high when the gate is placed in its high ouspur impedance state.

10-10 EMITTER-COUPLED LOGIC (ECL)

One major limitation to the switching speed of logic circuits is the storage
time of saturated transistors. The storage time is the time required to drive
a transistor out of saturation, that is, to reverse the forward bias on the
collector-base junction. In emitter-coupled logic (ECL), also termed current
mode logic, the transistors are maintained in an unsaturated condition.
This eliminates the transistor storage time, and results in logic gates which
switch very fast indeed.

The schematic diagram of a typical integrated circuit ECL gate is
shown in Figure 10-16. The circuit uses a ‘negative supply — Vg, and the
positive supply terminal V. is grounded. Transistor Qs has its base bias
voltage provided by the potential divider composed of R, R, D|, and D,.
The diodes provide temperature compensation for changes in the Vg of
Q5. Qs operates as an emitter follower to provide a low impedanceé bias to
the base of transistor Q,. With a constant bias voltage at Q, base, the
voltage drop across emitter resistor R, is also maintained constant so long
as the input voltages are low enough to keep transistors Q,, Q,, and Q, in
the off state. In this circumstance, the emitter current and collector current
of Q, are held constant and the transistor is maintained in an unsaturated
condition. With Q, on, the output voltage via emitter follower Q, is low,
and that via emitter follower Qg is high. When a positive voltage is applied
to terminal 4 OR terminal B OR terminal C, the emitter voltage of Q, is
pulled up above jts base level. Consequently, Q, switches off as Q,, Q,, or
Q, switches on. When this occurs, the voltage at the base of Qg falls and
that at Q, rises.

It is seen that when the input voltages at terminals 4, B, and C are
low, the output voltage at Q, emitter is also low. Q, output becomes high
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when a high input is applied to terminal 4 OR terminal B OR terminal C.
Thus, the gate functions as an OR gate when the output is derived from Q,
emitter. Q4 emitter voltage is high when the inputs are low, and low when
terminal 4, B, OR C inputs are high. Therefore, with output taken from Qs
emitter, the circuit functions as a NOR gate. The OR/NOR logic symbol is
shown in Figure 10-16(b).

- EXAMPLE 10-4

The OR/NOR gate circuit in Figure 10-16(a) has supply voltages of —5 V
and ground. Determine the output voltages when inputs 4, B, and C are
low.

solution

With inputs 4, B, and C low,
= (0- VEE) ~ V1= Vp2
R;+Rg
- 0-(-5V)-0.7V-0.7V
3002+2.3kQ
Vas=(IsRg)+ Vp,+ Vp,
=(1.4mA X2.3kQ)+0.7V+0.7V
=46V
Vea=Vas—Vpgs .
=46V-07V=39V
Vea=Vs4—V3Eq
=39V-0.7V
=32V

I

~1.4 mA

_ 32V
T 1.18k®

Ioy=~Ig,=2.TmA
Va1==Voc—Ice Ry (neglect Iy,)
=0V —(2.7 mAX300 Q)

» =-0.18V
Ver=Vg1— Vaer

=-0.18V-07V=-15V

=~2.7 mA
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This is the Jow state of the output at Q, emitter.
With Q,, 0,, and Q; biased off, only I flows through R,. Consider
(Ig¢ X R,) as negligible. Then,

Vssg“ Vee—Vaes

=0-07V
=-07V

This is the high state of the output at Q, emitter.

From Example 10-4, the high output level for the ECL gateis —0.7 V,
and the low output level is — 1.5 V. When applied to the input of another
gate, these high and low levels must be capable of switching the gate from
one state to another. Consider the circuit in Figure 10-16(a), and assume
that terminal C is connected to the output of another similar gate. When
the Jow output level (— 1.5 V) is applied to terminal C, Vy, is 3.5 V above
Vgg. In Example 10-4, ¥V, was found to be 3.2 V above V., and this is
. also the voltage at the emitter of Q5. Since, Vgp3=(3.5V—-32V)=03V,
Q; base-emitter actually is forward-biased by 0.3 V. This is not sufficient
to bias a silicon transistor into conduction, so Q, remains off. However, an
increase of approximately 250 mV at the base of Q, (e.g., a noise spike)
could cause the transistor to at least partially switch on. A similar analysis
of the circuit conditions when Q, is on and Q, is off shows that switching
could again occur with a —250 mV spike.

The principal drawback of integrated circuit ECL compared to other
IC logic families is now evident. That drawback is its sensitivity to
low-level noise on the order of 250 mV. The high input resistance and
very fast switching speed of ECL also contributes to its low noise immun-
ity. However, the low output resistance of ECL imprpves the noise immun-
ity at the input of another gate that is being driven. Another aspect of the
noise sensitivity of logic gates is that most types of logic circuits generate
noise spikes when transistors are switched into or out of saturation. This is
not the case with ECL, because each time one transistor is switched off
another is switched on. Thus the current drawn from the supply remains
approximately constant.

Another disadvantage of ECL is its relatnvely high power dissipation,
approximately 25 mW per gate. The major advantage of ECL over other
types of logic. undoubtedly is the very fast switching speed. Because of the
nonsaturated condition of the on transistors, the propagation delay time
can be 2 ns or less. _ .

Appendix 1-18 shows the data sheet for MC306.MC307 3-input ECL
gates manufactured by Motorola. In the schematic diagram on the data
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sheet, the three transistors with their bases connected to terminals 6, 7, and
8 correspo‘xf to @), @,, and @, and Q, in Figure 10-16(a). Also, the
transistor with its base connected to terminal / corresponds to Q, in
Figure 10-16(a). The remaining two transistors in the MC306.MC307
circuit are the emitter follower outputs. No bias network is provided in this
IC gate. Instead, an external bias driver must be connected to terminal 1.

The listed electrical characteristics of the MC306.MC307 show that the
low output voltage (NOR logic 0) is —1.750 V. The high output voltage
(NOR logic 1} is —0.795 V. This gives an output voltage change of 0.55 V.
The shortest propagation delay time for the MC306.MC307 is listed as
5.5 ns.

10-11 MOSFET LOGIC

10-11.1 P-MOS and N-MOS

As already discussed in Secs. 4-6 and 4-7, MOSFET switches have an
extremely high input resistance, very small drain to source voltage drop,
and very little power dissipation. The n-channel enhancement mode
MOSFET is normally off when its gate is at the same potentials as its
substrate. When the gate is made positive with respect to the substrate, an
n-type channel is created from drain to source, and drain current flows.
Similarly, the p-channel device has no drain current while its gate and
substrate are at the same potential. The p-type channel appears when the
gate is made negative with respect to the substrate,

P-MOS logic gates are made up of p-channel MOSFET transistors. No
resistors or capacitors are involved. N-MOS gates are composed only of
n-channel MOSFETs. N-MOS circuits are very similar to P-MOS circuits,
with the important exception that all voltage polarities and current direc-
tions are reversed. One other important difference between P-MOS and
N-MOS is that N-MOS is the faster of the two types of logic. This is due to
the fact that charge carriers in n-channel devices are electrons while those
in p-channel FETs are holes, and electrons have greater mobility than holes
(i.e., they move faster).

The circuit of a P-MOS NAND gate is shown in Figure 10-17. Note
that Q, has a channel resistance (or R ., value) around 100 k2, while the
R pony Value for each of Q, and @, is on the order of 1 kQ. The gate of Q,
is biased to its drain terminal. When the source terminal of Q, is less than
Vpp- the gate is negative with respect to the source. This is the condition
necessary to bias Q, on. Consequently Q, is always in the on condition,
and its R ;) acts as a load resistor for @, and Q.
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FIGURE 10-17. P-MOS NAND gate.

The circuit in Figure 10-17 is a negative logic gate using a supply
voltage — V,,,. When input A and input B are low (near ground) transistors
Q, and Q, are both off. No drain current flows and there is no voltage
drop acrnss Q,. The output voltage at this time is a high (negative) level
close to — ¥, ,. When a high (negative) input is applied to the gate of Q,,
Q, tends to switch on. However, with the gate of Q, still held near ground,
Q, remains an open circuit and the output remains at its high level. When
high inputs are applied to the gates of Qs and Q,, both transistors are
switched on and current flows through the channels of all three transistors.
The total R, of @, and Q; adds up to about 2 k{2, while that of @, is
around 100 k. Therefore, the voltage drop across @, and @, is much
smaller than that across Q,, and the output voltage is now at a low level.

It is seen that the circuit performs as a negative logic NAND gate.
When any one of the inputs is /ow, the output is a high negative voltage.
When input 4 and input B are high negative levels, the output voltage is
low. As already stated, an N-MOS NAND gate is exactly similar to the
circuit in Figure 10-17, except that V,, must be positive and the circuit
functions as a positive logic gate.

An N-MOS NOR gate circuit is shown in Figure 10-18. Here again Q,
is permanently biased on, and its R 5, value is around 100 kQ. O, and
Q, each have R, values of about 1 k2. When both input levels are low,
Q, and Q, are off. At this time the voltage drop across Q, is almost zero
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FGURE 10-18. N-MOS NOR gate.

and the output level is high, close to V,,. When a high (positive) input is
applied to terminal 4 or terminal B, Q, and Q, switch on, causing current
to flow through Q,. The voltage drop across either Q, or Q; (or both) is
much smaller than that across Q,, since the R ., of Q, is around 100 k€,
while R, for @, and Q; is approximately 1 k. Therefore, when a high
input is applied to terminal 4 or terminal B, the output voltage goes to a
low level.

A P-MOS NOR gate is exactly similar to the circuit of Figure 10-18,
except that V,, must be a negative quantity and the circuit functions as
negative logic.

10-11.2 CMOS Logic Gates

CMOS was introduced in Sec. 4-7, and the operation of the CMOS inverter
was explained in that section. Although the integrated circuit fabrication
process for CMOS is more complicated than that for P-MOS or N-MOS,
CMOS has the very important advantage that its power dissipation per
gate is much less than that for any other logic family. (Integrated injection
logic can be an exception to this, see Section 10-12). Other CMOS
advantages are: operation from supply voltages as low as 1V, fan-out in
excess of 50, excellent noise immunity.
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FIGURE 10-19. CMOS NAND gate.

Consider the CMOS NAND gate shown in Figure 10-19. The
parallel-connected transistors Q, and Q, are p-channel MOSFETs, and the
series-connected devices Q, and Q, are n-channel MOSFETs. When input
terminals 4 and B are grounded, the gates of Q, and Q, are negative with
respect to the source terminals. Therefore, Q, and Q, are biased on. Also,
the gates of @, and Q, are at the same potential as the device source
terminals, and consequently Q5 and Q, are off. Depending upon the actual
load current and R p,,, values, there will be a small voltage drop along the
channels of O, and Q,. Thus, the output voltage V,, is close to the level of
the supply voltage V,,. When both 4 and B are grounded, ¥V, is
approximately equal to V.

When a high positive input voltage (equal to 0.7 V,, or greater) is
applied to terminal B, Q, is biased on and Q, is biased off. However, with
terminal A still grounded, Q, remains off and Q, is still on, and the output
voltage remains at V,~V),,,. When high inputs are applied to terminal 4
and terminal B, both p-channel devices (Q, and Q,) are biased off and
both n-channel FETs (Q, and Q,) are biased on. The output now goes to
Vo=0V.

The circuit of a CMOS NOR gate is shown in Figure 10-20. Once
again, two p-channel devices (Q, and Q,) and two n-channel transistors



Sec. 10-11 MOSFET LOGIC 311

0
+ Voo

Ql]’_..

0w

0, | —

L_olm L o=’ %

=

FIGURE 10-20. CMOS NOR gate.

(Q, and Q,) are employed. When both inputs are at ground level, Q, and
Q, are biased off, and Q, and Q, are on. In this condition there is about a
10 mV drop from drain to source terminals in the p-channel transistors,
and ¥}, is very close to ¥, ,. When terminal 4 has a high positive input, Q,
switches off and Q, switches on. The series combination of Q, and Q, now
is open-circuited, and the output is shorted to ground via Q,. Similarly, if
terminal 4 remains grounded and terminal B has a high input applied, Q,
switches off and Q, switches on. Again the output goes to ground level.

The major advantage of integrated circuit CMOS logic over all other
logic systems is its extremely low power dissipation. At a minimum of 10
nW per gate, the low dissipation allows greater circuit density within a
given size of IC package. The resultant low supply current demand also
makes CMOS ideal for battery-operated instruments. Typical supply
voltages employed for CMOS are 5 V to 10 V; however, operation with a
supply of 1 V to 18 V is possible. The circuitry is immune to noise levels as
high as 30% of the supply voltage. The extremely high input resistance of
MOSFETs gives CMOS gates typical input resistances of 10° Q, and this
makes it possible to have fan-outs greater than 50. Typical propagation
delay time for CMOS is 25 ns.
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10-12 INTEGRATED INJECTION LOGIC (I%L)

As already discussed, integrated circuit logic systems are compared in
terms of: switching speed, power dissipation, fan-in, fan-out, and noise
margin. Two other very important factors are physical size and cost of
manufacture. As will be explained, individual 2L gates require a fraction
of the area of other logic types, i.e. the circuit density is much greater.
Also, power dissipation per gate can be comparable with CMOS logic, very
fast switching is possible, and fabrication techniques are simple and
inexpensive. These improvements are due to two factors: elimination of
resistors, and what is termed merging of transistors.

To understand the operation of I2L consider Figure 10-21 (a) which
shows a simple (normally-on) resistor-transistor inverter. Npn transistor 0,

O Ve
nlg h H:Rz
< < VCC
R,
+—o
Input Out L4

in Output
I l o— Z _l-’

(a). Resistor-transistor

. S (b) Inverter without resistors
inverter circuit

!
1
|
|
|
|
|
|
|
} Q
I
|
|
|
l
|
|

EN

~——Inverter —> Inverter >

(c) Two [l 2 inverters

FIGURE 10-21. Integrated injection logic (/*L).
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is supplied with base current /, via resistor R, and the collector current I,
causes a voltage drop across R, which makes the transistor saturated.
When the inverter input is at ground level, I, is diverted away from the
transistor base. Thus Q, is off, and the output is high. With the input high
once again, Q, goes on, and the output is low.

In Figure 10-21 (b), R, and R, are replaced by pnp transistors Q, and
Q, respectively. When sufficient emitter current (1,) is supplied to Q,, @,
performs exactly the same function as R, in Figure 10-21 (a), i.e. it supplies
base current to Q,. Similarly, with an adequate level of I,, Q; passes
collector current to Q,, as does R, in Figure 10-21 (a). Here again, when
the input is at ground level, /, is diverted and Q, goes off. When the input
is high, Q, is on, and its collector voltage is low.

Integrated circuit resistors can easily occupy ten times the area of a
transistor. Consequently, by replacing the resistors with transistors, a big
reduction in gate area is achieved. Putting it another way: twenty (or
more) purely transistor inverters might be fabricated on the area normally
occupied by one resistor-transistor inverter. Furthermore, the large area
occupied by each resistor results in much unwanted capacitance. Eliminat-
ing the resistors, reduces the capacitance and improves the switching speed
of each inverter.

Now refer to Figure 10-21 (c), which shows two I2L inverters, one of
which has its output connected to the input of the other. It is seen that
each inverter consists of only two transistors, and that the collector load
for each is the input stage of the next inverter. Q, is the collector load for
Q,. Note that 0, (and Q,) have several separate collectors. These are
isolated from each other, so that they may be connected to the inputs of
several different gates. When Q, is off, these collectors could be at
different (high or low) levels depending upon the state of the other gates.

In Figure 10-21 (c) the base driver transistors Q, and Q; have their
own bases grounded. Each of the pnp transistor emitters is typically 750
mV above the level of the base. When Q, is open-circuited, Q, is in
saturation and its collector voltage should be about 600 mV to 700 mV
above ground. This is sufficient to bias Q, into saturation. With Q, on, its
saturation voltage is perhaps 50 mV to 100 mV, which pulls the base of Q,
low enough to switch it off. The actual supply voltage at the emitter of
each pnp transistor is typically:

Vee=Vae+ Vepay =750 mV + 100 mV =850 mV

Instead of thinking in terms of voltages, 2L operation is more easily
described by considering currents. In Figure 10-21 (c), when Q, is off I,
flows into the base of Q, to drive it into saturation. With Q, on, I, is
diverted through Q,, and Q, is off.

The current supplied to the emitters of the pnp transistors must be
regulated by the power supply. This is easily done by using one external
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(a) I2L NAND gate
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(b) /2L NOR gate

FIGURE 10-22. L NAND and NOR gates.

resistor to supply current to many transistors. The charge carriers
constituting the current are said to be injected into the transistor emitters,
hence the name integrated injection logic. If the supply current is kept low,
the power dissipation per gate is obviously minimized. However, a
disadvantage of low current is that the switching time of transistors is
increased. A choice must be made between fast switching and low power
dissipation.

I*L NAND and NOR gates are shown in Figure 10-22 (a) and (b)
respectively. The NAND gate is simply an inverter stage with several
commoned input terminals. If all the collectors of (previous stage)
transistors connected to terminal A, B, and C are open-circuited, then all
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(b) Cross-section of inverter transistors

FHGURE 10-23. Merged transist: ion of PL.

inputs can be described as high. The result is, that Q, is on, and its output
is low. When any one of the transistors connected to A, B or C is on, the
input is low, Q, is off, and the gate output is high.

The NOR gate uses two inverters with their output terminals paralleled.
With both inputs low, Q, and Q, are off and the output is high. A high
input to either A or B causes one of the output transistors to switch on,
pulling the gate output level low.

The fabrication advantages of 1L are illustrated in Figure 10-23. The
basic inverter circuit is reproduced in Figure 10-23 (a), with its terminals
identified as: input; emitter E,; (output) collectors C,, C, and C,. The
regions of each transistor are also identified as: p,, n, and p, for Q,; n,, p,
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and n,, n4, n, for Q,. Because the base of Q, and the emitter of Q, are
both grounded, and because they are both n-type material, a single
identification n, is employed. In fact, one single n-type region of
semiconductor can be used for both. Similarly, the collector of Q, and the
base of @, are connected together and are both p-type material.
Consequently, they are both identified as p,, and a single p-type region of
semiconductor material can be used for the two.

The cross-section of such an I2L inverter is shown in Figure 10-23(b).
A single bed of n-type forms region n,. Regions p, and p, are diffused into
n,, and n,, n,, n, are each diffused into p,. Transistor Q, consists of p,, n,
and p,, while 9, is made up of n,, p, and n,, n,, n,. The common n,
region is grounded via the low resistive n+ plane; current I, is injected
into p,; the common p,; terminal is the input; while the outputs are
C,, C, C;. Since they share common regions of n-type and p-type material,
transistors Q, and Q, are said to be merged. This gives I°L its other name:
merged transistor logic (MTL). Many additional inverters can be fabricated
using the same n-type bed, since they too have their n, regions grounded.

To fully appreciate the advantages of the 2L merged transistor
technique, it must be realized that other forms of integrated circuit logic
require transistors to be isolated from each other. This involves a much
more expensive fabrication process, and almost always results in unwanted
Jjunctions which must be kept in a reverse biased state. The unwanted
junctions also add speed-reducing capacitances. With /2L, the need to
isolate transistors is eliminated and there are no unwanted junctions.

Integrated injection logic can operate froin low or high level supply
voltages. Typical switching times range from 10 ns up to 250 ns, depending
upon the level of injection current, however, switching times less than 1 ns
are possible. Power dissipation per gate can be anywhere from 6 nW to 70
uW, again depending upon the injection current. Input and output voltage
swings are approximately 700 mV. A single output of an I2L gate can sink
(i.e. take in) a current of 20 mA.

10-13 COMPARISON OF MAJOR TYPES OF IC
LOGIC

The major integrated circuit logic families are compared in Table 10-1.
TTL, ECL, and CMOS are the most widely used logic systems today. They
are the only types that should be seriously considered for any major
application. However, the large amount of hardware already in the field
does not just disappear when something new is developed. So a knowledge
of all currently used circuitry is important to anyone studying logic
circuits.
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In situations where speed is important, any of the TTL families (except
for 74L) may be suitable. Where very high speed is desirable, ECL or
Schottky TTL (74S) must be chosen. ECL offers a fan-out of 25 but only
Jair noise immunity, compared to Schottky TTL with a fan-out of 10 but
good noise immunity. Schottky TTL has slightly lower power dissipation at
20 mW per gate, while the P, for ECL is 25 mW per gate.

If switching speed is not the paramount consideration, then either
CMOS or low-power TTL (74L) might be appropriate. CMOS is the faster
of the two and has by far the lowest power dissipation per gate. CMOS
also has excellent noise immunity, and low-power TTL is said to have good
noise immunity. CMOS also has a fan-out in excess of 50, while the
fan-out for low-power TTL is 10. In situations where low-power dissipa-
tion and/or large fan-out is required CMOS is the only choice.

I*L is suitable for applications where low power and high gate density
are important. For medium or large scale integrated systems, /2L could be
the least expensive of all available options.

REVIEW QUESTIONS AND PROBLEMS

10-1  Sketch the circuit and logic symbol for a diode AND gate. Briefly
explain the operation of the circuit.

10-2  Design a four-input diode AND gate using a 9 V supply. The gate
inputs are to be controlled from the collectors of saturated
transistors which can pass an additional collector current of 1 mA.
Determine the Jow and high output levels for the gate.

10-3  Sketch the circuit and logic symbol for a diode OR gate. Briefly
explain the operation of the circuit.

104 A diode OR gate is to have an output voltage which goes from a
low level of 0 V to a high level of at least 2 V. The inputs to the OR
gate are connected to flip-flops with R; =4.7 kQ and V .=9 V.
Design a suitable circuit.

10-5 Explain positive logic and negative logic. Sketch the circuits of
negative logic AND and OR gates. Compare these to positive logic
circuits.

10-6  Sketch the circuit and logic symbol for a DTL NAND gate.
Carefully explain the operation of the circuit and discuss the
function of each component.

10-7  Repeat Question 10-6 for a DTL NOR gate.
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10-8

109

10-10

10-11

10-12

10-13

10-14

10-15

10-16

10-17

10-18

10-19

10-20

10-21

(a) Explain propagation delay time, and discuss the characteristics
that affect the switching speed of logic circuits. (b) Define noise
margin and discuss the factors that affect the noise immunity of a
logic circuit.

Define fan-in and fan-out and discuss the relationship of fan-in and
fan-out to: gate switching speed, input current, and output current.

Calculate the fan-out for the DTL NOR gate shown in Figure 10-8.

Sketch the circuit of a typical HTL NAND gate, and carefully
explain the function of every component.

Sketch the circuit of a two-input RTL NOR gate, and explain its
operation.

Using illustrations, explain the principle of TTL. Discuss the
reasons for the fast switching speed and good ac noise immunity of
TTL.

Sketch the circuit of a typical integrated circuit TTL gate. Explain
the function of each component.

For standard TTL logic gates define: I,,, I,, and I,,,. State typical
values for each quantity and show how the fan-out may be calcu-
lated.

Explain the differences between standard TTL and: high-speed
TTL, low-power TTL, Schottky TTL, and low-power Schottky
TTL.

Sketch a circuit diagram to show how a tri-state TTL gate operates.
Explain how the circuit functions and discuss its applications.

Sketch the circuit of a P-MOS NAND gate and the circuit of an
N-MOS NOR gate. Carefully explain how each circuit functions.

Repeat Question 10-19 for a P-MOS NOR gate and an N-MOS
NAND gate.

Sketch the complete circuit and logic symbol for an ECL OR/NOR
gate. Carefully explain the operation of the circuit, and discuss the
major advantages and disadvantages of ECL.

Sketch the circuits of CMOS NAND and NOR gates. Carefully
explain the operation of each circuit, and list the advantages and
disadvantages of CMOS logic.
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10-22

10-23
10-24

10-25

Chap. 10 LOGIC GATES

Sketch the circuit of an 7°L inverter. Explain the operation of the
circuit and compare it to a resistor-transistor inverter.

Sketch /2L NAND and NOR gates and explain how they operate.

Using illustrations, explain the construction of an /2L circuit, and
discuss its advantages compared to other logic types.

Compare the various types of IC logic in terms of propagation
delay time, power dissipation, noise immunity, and fan-out.



CHAPTER 11

Sampling
Gates

~ INTRODUCTION

A sampling gate is a switching circuit which usually is employed to sample
the amplitude of dc or low-frequency signals. Sampling gate circuits can be
constructed using diodes, bipolar transistors, or FETs. For large signal

voltages, diodes or bipolar transistors may be satisfactory. For very small
signals, JFETs or MOSFETs produce the best results.

11-1 DIODE SAMPLING GATE

. A very simple diode gate which may be applied to voltage level sampling is
shown in Figure 11-1. The signal V, to be sampled is applied to the
cathode of D,. The output voltage V, is derived from the cathode of D,. A
pulse-control input V, is applied via R, to the anodes of D, and D,. The
signal source resistance is Rg, and the load is R,. When the control
voltage is zero or negative, diodes D, and D, are reverse-biased, and ¥V,~0
V. When the control voltage becomes positive, D, and D, are forward-
biased. Then,

Va=V,+ LR,

321
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FIGURE 11-1.  Circuit and waveforms for diode sampling gate.
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I.R <V, V=V,
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V=V, +Vp,
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It is seen that the signal voltage is passed to the output terminals when
the control voltage pulses positively. The waveforms of input voltage,
control voltage, and output voltage are illustrated in Figure 11-1(b). The
circuit shown can sample only positive input signals. Reversing the diodes
and the control input would permit sampling of a negative signal voltage.

The diode sampling gate has errors due to differences in the voltage
drops across each diode, and due to diode leakage currents. Consequently,
diode gates are applicable only where large signal amplitudes are involved
and where accuracy is not important.

11-2 BIPOLAR TRANSISTOR SERIES GATE

The circuit of a bipolar transistor series sampling gate is shown in Figure
11-2. The low-frequency signal to be sampled is applied to the collector,
and the output is derived from the emitter terminal. A pulse waveform at
the base acts as a control, driving the transistor into saturation and cutoff.
When the control voltage is positive, Q, is biased on. When the control
voltage goes to zero, Q, is off. At transistor saturation, the output voltage
is V,>~V,. At cutoff, the output becomes zero. It is seen that the transistor
is operating as a switch, and that the output from the gate is a series of
samples of the input amplitude.

The waveforms in Figure 11-2 are drawn for a positive input signal. if
the input becomes negative, as shown in Figure 11-3(a), then the transistor
operates in the inverted mode. The emitter terminal acts as the collector,
and the collector operates as the transistor emitter. This, by no means, is
an efficient way to operate a transistor used for amplification. However, as
a saturated .switch with a large base current, the transistor performs
satisfactorily in inverted mode. To ensure that the device will switch off,
the negative swing of the control voltage must be greater than the negative

Input )

FIGURE 11-2. Bipolar transistor series sampling gate.
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(a) Series gate with a negative signal voltage
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FIGURE 11-3. Series gate with negative signal voltage and fransistor in inverted
mode.

peak of the signal voltage. For a signal with positive and negative compo-
nents, the circuit waveforms are as illustrated in Figure 11-3(b).

The input signal applied to a sampling gate is frequently a very low
level voltage. Since the transistor saturation voltage constitutes a loss of
signal amplitude [see Figure 11-4(a)], Ve (also termed the offset volt-
age) must be maintained as small as possible. Reference to the transistor
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(@) Q) on

(b) Q, off

FIGURE 11-4. Error sources in bipolar transistor series gate.

characteristics in Figure 4-2 shows that for the smallest V.., /- must be
kept small and I must be relatively large. For /.=1 mA and I;=0.1 mA,
a typical Vg, is 0.2 V. Another source of error is the emitter-base
leakage current I, that flows when the device is biased off. I, causes an
unwanted output voltage to develop across load resistance R, [see Figure
11-4(b)]. A typical level of I, for a switching transistor is 50 nA at 25°C.

In the design of a series sampling gate, the load resistance R, should
be selected much larger than the signal source resistance R,. This will
avoid large signal currents which would cause a significant voltage drop
across R,. The signal current can be reduced to a minimum if I, is made
equal to the output current /. The amplitude of the control voltage should
be greater than the peak signal voltage. The sampling frequency (i.e., the
control voltage frequency) should be several times the frequency of the
signal to be sampled.

EXAMPLE 11-1

Design a transistor series gate to sample a signal with a peak amplitude of
2 V, and a source resistance of 100 2. Also calculate the output errors due
10 Vg and Igo.
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solution
R, >R,

Let
R, =100X R, =100x100 2=10kQ

When the transistor is on,

VD:VS
vV, 2V _
lo=%, = Tokq ~ 20044
Let
Ig=1,=200pA
The control voltage V> V.
Let
V,=2XV,=2X2V=4V
_ Vi—Vpe— Ve
B™ RB
200 pA= 4V—O;V--2V
B
and
13V

=200 pA 6.5k®  (use 6.8 kQ standard value)

Typically, Ve =02V, and Ig,=50 nA.

VeEsay
Vs
02V

=——2—v—><100%=10%

Error due to Ve pean=

% 100%

IR
Error due to Igo= (—‘E?/—L) X 100%.

$

_ 50nAX10kQ
- 2V

=0.025%

% 100%
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11-3 BIPOLAR TRANSISTOR SHUNT GATE

The series sampling gate is suitable for signals having a low source
resistance. For signals with a very high source resistance, the series gate
requirement that R, be much larger than R, is difficult to fulfill. In this
case, a shunt sampling gate is most suitable.

In the shunt sampling gate (Figure 11-5), transistor Q, shorts the input
to ground when it is switched into saturation. When @, is off, current flows

(a) Shunt gate circuit

Signal current (/g)

Control voltage (V])

Output current (/)

(b) Current and voltage waveforms

FIGURE 11-5. Bipolar transistor shunt gate and waveforms.
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Is
- .
+
ey
0, Verway RL?E vllo = (Vegsan/Re)
@i Q, on
Iq
=
lco
s
0, RLE: "o =Us — Igp)
(b) Ql off

FIGURE 11-6. Error sources in bipolar shunt gate.

from the signal source to the load resistance. Therefore, the shunt sampling
gate essentially is a current switch, whereas the series sampling gate is a
voltage switch. The transistor offset voltage results in a load current
VcE@ay/ Ry When the transistor is on [Figure 11-6(a)]. When the device is
off, some of the signal current is lost as I, through the transistor [Figure
11-6(b)). If the input signal becomes negative, the transistor operates in the
inverted mode, as in the case of the series gate.

The load resistance for a shunt sampling gate should be selected such
that I, R, is much larger than Vce(say- For transistor saturation and for
minimum ¥, E@ay» {5 can be approximately equal to /,. As in the case of
the series gate, the sampling frequency should be at least several times the
signal frequency. The transistor leakage current I, should be very much
smaller than /,,.

EXAMPLE 11-2

Design a transistor shunt gate to sample a signal current having a peak
amplitude of 2 mA. Also, calculate the output errors due to VeE@ay and

Ico.
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solution

I,~=I=2mA

Let
IoR; =10X ¥V p(ay)
- lox VCE(ut)
IO

10x02V
= ma " 1k@

L

Ig~I,=2mA

Take

-07V
2mA=2Y=07V
RB

Ry=23Y —165kQ  (use 1.8 k2 standard value)

2
VCE
Error current due t0 V¢ gan= R(“')
L

|7 R
Error due to Vg = —C—E(%')/———'i X 100%
o

=%‘E9xloo%=10%

Typical f-,=50 nA

1
Error due to /o= —;Cﬁ X 100%
o

- 520122 % 100%=0.0025%
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11-4 JFET SERIES GATE

A series sampling gate using an n-channel JFET is shown in Figure 11-7.
Note that the control voltage ¥, goes from + ¥, to a negative level greater
than the transistor pinchoff voltage Vp. When V,=+V,, the FET is on.
When — V¥, > V,, the device is off. Note that because the drain terminal of
the FET goes up to + V,, the gate must also £0 up to that level for Q, to be
correctly biased on. A gate resistance R ¢ (typically 1 M) is usually
included to limit any gate current that might flow. The JFET can also be
operated in inverted mode, in which case the drain terminal acts as a
source, and the source terminal performs the function of the drain,
Inverted operation of a JFET is satisfactory only if the signal level is very
small. If the signal becomes large, the (inverted) gate-channel junction

I Iy
— 1 ——

Rg
Input (V) MWW ; Output (V)
+Vs Control (¥]) .
> |
- Rg RL 0
L /

(a) JFET series gate

AAAA
VWWy
Y

|

ID X RD(on)
+ he——} —

Rs

(©) @, off

FIGURE 11-7. Circuit, waveforms, and error sources for JFET series gate.
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could become forward-biased, and the resultant gate current would affect
the drain-source voltage.

Field effect transistors have a drain-source voltage drop of I, R p(,py
when biased into saturation [see Figure 11-7(b) and Sec. 4-5]. With small
drain current, this drain-source voltage drop can be much smaller than the
Veray Of @ bipolar transistor. A typical value of R, for a switching
FET is 30 , although devices with R 5, as low as 5 § are available. For
a load current of 200 p A, as in Example 11-1, the typical FET offset
voltage is (200 pAX30 )=6 mV. This is only 0.3% of a 2 V signal,
compared to the 10% loss due to the V g, of the bipolar transistor.
When the JFET is biased off there is a gate-source leakage current /g,
which corresponds to I, in a bipolar transistor [Figure 11-7(c)]. Thus,
I ;¢ constitutes an unwanted load current. For a switching JFET 1 can
be 0.2 nA or less, which is superior to the typical 50 nA of a bipolar device.
The performance specifications for some switching JFETs are given below:

Maximum
pinchoff Drain-source Gate-source Drain-source
voltage on resistance leakage leakage
VP(mu) R D(on) I GSS I D(on)
2N4391 10V 30Q 0.1 nA 0.1 nA
2N5433 9V 79 0.2nA 0.2nA

Note that the data sheet for the 2N4391 is in Appendix 1-10.

EXAMPLE 11-3

A low-frequency signal with a peak amplitude of 1 V is applied to a
voltage follower with a very low output resistance. The signal is to be

Voltage
follower
. +
I
5 Q, ,
‘ I
R \
Control & v, SERi
r— <
—
-12Vv l

FIGURE 11-8. FET series gate.
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sampled at the output of the voltage follower and fed to a circuit with

R,=10 kQ. Design a suitable FET gate circuit and estimate the output
errors.

solution

The circuit is as shown in Figure 11-8. For the 2N4391 FET, the control
voltage V> (Vpmaxy=10 V). Let

Vi=—-12V
With Q, on,
Vs
R,+R,
~—lY
T0Q+10kQ
VDS(on) = IDRD(on)
=0.1 mAX30Q2=3mV
Vbscon)
Vs

3mV
-—WXI(O%

=0.3%

Iy~

0.1 mA

Error due t0 Vpgony= X 100%

With Q, off,
I,=1;4,=0.1 nA
Vo=15ssR,;
=0.1nAX10kQ=1puV

I R,
Error due to I;5,= G‘;f > %X 100%

s

= % X 100%=0.0001%

11-5 JFET SHUNT GATE

The JFET shunt sampling gate shown in Figure 11-9(a) operates in a
similar way to the bipolar shunt circuit. Like the bipolar shunt gate, the
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fg——>
o MW =
Ry 1)
Input (/g) T @ Output (/)
0
Vg Control (V) R, o

= - +

(a) JFET shunt gate i

3 1

T l Ip =UpRpen YR,

o ID RD(on)

x
~

(b) @, on

>

L Ipotn

llo = s — Ip )
_% :

(c) Ql off
FIGURE 11-9. Circuit, waveforms, and error sources for JFET shunt gate.

JFET shunt gate is essentially a current switch. When the FET is on, the
output of the gate is shorted to ground. The output voltage at this time
actually is IpRpq,, and this produces an unwanted output current
(Ip R p(ony/ R ) [see Figure 11-9(b)]. However, for the shunt FET gate, the
unwanted output is much less than the minimum possible with a bipolar
circuit. When the transistor is off, the drain-source leakage current I,
diverts signal current from the load [see Figure 11-9(c)]. Again, this usually
is less than the corresponding bipolar leakage current.

EXAMPLE 11-4

A low-frequency current with an amplitude of 0.1 mA is to be sampled and
fed to the input of a circuit with R,=10 k§2. Design a suitable FET shunt
gate, and estimate the output voltage errors due to the transistor.
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solution

Use a 2N4391 FET. Let the control voltage be —12 V as in Example 11-3.
When Q, is on,

V0=1sRD(on)
=0.1 mAX30R2=3mV
and when Q, is off,
VO=I:Ri
=0.1mAX10kQ2=1V

The error when Q, is on is given by

3mVXx100

v =0.3%

when Q, is off,
Ip=Ipem=0.1nA

Io=1:_lp(om
=0.1 mA-0.1 nA

0.1 nA
Error= _Ol—mA %X 100=0.0001%

11-6 MOSFET SAMPLING GATES

MOSFET:s are almost ideal devices for use as sampling gates. They have
the same low R, characteristic as JFETs, and the enhancement mode
devices are normally off while the gate is at the same potential as the
substrate. Figure 11-10(a) shows the circuit of a series sampling gate using
an n-channel MOSFET. With the substrate at ground potential, the control
voltage should go from 0 V to a positive voltage to switch the gate from off
to on. When the input signal can be either negative or positive, the
substrate should be taken to a negative bias voltage and the control voltage
should start at the bias level. A MOSFET shunt sampling gate is shown in
Figure 11-10(b). Here, again, the substrate terminal of the FET can be
taken to a negative bias voltage, and the control voltage should start at the
bias level to accommodate negative signal voltages.



Substrate connected
to ground

R T

i 'AAAZ

1l
Control
+V
o [
Vi
\

K

=

L

s

(a) Series gate

(c) Series — shunt gate

FIGURE 11-10. MOSFET sampling gate.
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The circuit in Figure 11-10(c) is a series gate employing two MOSFETs.
This circuit is particularly suitable where the load has a very high input
resistance. When Q, is on, the signal voltage is switched to the load, and
Q, is off. When Q, is off, the load voltage should be zero. With Q, on at
this time, the output voltage is

(Ipcotry for @) X (R p(on) for Q)

When typical values of 0.1 nA and 30 Q are used, the unwanted output
voltage is only 3 nV.

One problem in using MOSFETS as sampling gates is that the control
voltage (applied to the gate) must always be greater than the maximum
signal level. In fact, the control voltage must usually exceed the maximum
signal amplitude by at least 2 V. Since there is very little voltage drop
along the channel of the FET, both drain and source terminals are closely
equal to the signal voltage level (as desired). Therefore, the channel of the
device is always at the same potential as the signal. If the signal ap-
proaches the level of the control voltage, there may not be sufficient
gate-channel bias to properly turn the device on. Thus, part of the signal
may not be reproduced accurately at the output. The CMOS transmission
gate overcomes this difficulty.

As shown in Figure 11-11, a CMOS transmission gate consists of two
complementary MOSFETs connected in inverse parallel. The drain of Q,
is connected to the source terminal of Q,, and the source of Q, is
connected to the drain of Q,. Both substrate terminals are grounded, and
each gate has its own control voltage.

Note that the control voltage waveforms in Figure 11-11 show that the
n-channel device Q, has a control voltage which goes from ground to a
positive voltage level. Q,, the p-channel FET, has a control voltage that
goes from ground to a negative level. Note also that the two control
waveforms are in antiphase. When Q, gate is going positive, the gate of Q,
is driven negative. This means that both devices are turned on and off
simultaneously. Both present a low resistance path from input to output
when on, and both offer a high resistance between input and output when
off.

Now consider the signal and output waveforms illustrated in Figure
11-11. The input amplitude is shown as +8 V, and the control voltage on
Q, gate is +8 V, while that to Q, is —8 V. During the time that the signal
is positive, current can flow from input to output along both FET channels
when the devices are biased on. If the positive amplitude of the signal
approaches the control voltage amplitude (as illustrated), Q, tends to
switch off, because there is not sufficient gate-channel voltage difference to
keep it biased on. However, Q, is not affected, because its gate-channel
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)

+8V—> Control =
voltage
-8 V> Control
voltage
< +8V
Vo

FIGURE 11-11. CMOS transmission gate and waveforms.

voltage difference (16 V in Figure 11-11) is still easily adequate to keep it
biased on. Thus, the signal current continues to flow via Q,, and the
output voltage remains closely equal to the input. The converse of this
happens when the signal goes to a relatively large negative level. When
— ¥, equals or exceeds the negative control voltage on the gate of 0, the
p-channel device goes off. Now, however, the n-channel FET remains on
because its gate-channel voltage is still a large positive quantity. Again,
signal current finds a low resistance path (via Q,) between input and
output.

CMOS transmission gates can be purchased as integrated circuits.
Usually four or more gates are contained in one IC package.

11-7 OPERATIONAL AMPLIFIER SAMPLING
GATE

An operational amplifier connected as an inverting amplifier can be made
into a sampling gate by installing a FET across its feedback resistor. The
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338
Ql

Control 7

AAAA
VVVY

I

(_Vp)»

Signal input Vg

Output V,

FIGURE 11-12.  Operational amplifier sampling gate.

circuit is shown in Figure 11-12. When Q, is off the output voltage is

When @, is on, its channel resistance R p,, is in parallel with R, so that

the output becomes
R 2 ” R D(on)

Vo=V x =

Since Ry || Rp(ony<R; (normally),
V,~0
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As with other sampling gates, the output waveform is a series of instan-
taneous samples of the input. However, in this case the output samples are
an inverted version of the input. Also, the input can be amplified in the
sampling process, depending upon the selection of the ratio R,/R1. When
Q, is an n-channel JFET, as illustrated, its control voltage should go down
to a negative level equal to the FET maximum pinch-off voltage to ensure
switch off, and up to ground level for switch on. When a MOSFET is
employed, the required control voltage levels are as discussed in Section
11-6.

Because of the use of an operational amplifier, this gate has a very low
output impedance. Its input impedance is equal to R;. Design procedure for
‘he gate simply involves designing an mvertmg amplifier and selection of a
suitable FET.

EXAMPLE 11-5

A sampling gate using a 741 operational amplifier and a 2N4391 FET is to
have a voltage gain of 10. The maximum signal voltage is ¥,=500 mV.

Select suitable resistor values and control voltage amphtude Also estimate
the output error due to the R, of the FET.

for the 741, I,,,,=500 nA
let

I, =100 X7 g 1n0x)

=100X500 nA=50 g A
V, 500mV
R,= —I—l S0RA =10 kQ (standard value)

R,=A, R,=10X10kQ
=100kQ  (standard value)

Note that for a precise gain of 10, R, and R, would have to be precision
resistors. ,

R;=R\[|R,
~10kQ

for the 2N4391, V=10 V (see Appendix 1-10). Therefore, the contrnl
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voltage is, ¥, > 10 V

RD(011)=30£2
R R
- Zero output="V¥,Xx Roeon) 1 R2
Rl
- 309100k2 _
=500 mV X T0KkS =1.5mV
=Ry
o Rl 5
=10X500 mV
=5V
Zero error = 1': $V X 100%=0.03%

11-8 SAMPLE-AND-HOLD CIRCUIT

A sample-and-hold circuit, as its name implie:, samples the instantaneous
amplitude of a signal, and then holds the output voltage constant until the
next sampling instant. The circuit, see Fig. 11-13(a), is simply a series gate
with a capacitor C, to perform the holding function. Operational ampli-
fiers 4, and 4, are connected as voltage followers (see Section 7-7) to
provide high input impedance and low output impedance. ~

The waveforms in Figure 11-13(a) illustrate the relationship between
input and output. At time ¢, the instantaneous amplitude of the input is v,.
The output holds at the v, level until time ¢,, when it jumps to the input
amplitude v,. Similarly, when the input is falling, the output amplitude
remains constant at v, from 7, to ¢ ..

During the sampling time t, (also called the acquisition time). Q. is on
and C, is charged via Rp,, as illustrated in Figure 11-13(b). If the

sampling time is ) :
t,=5CR where Ris R p(54s

the capacitor is charged to 0.993 of the input voltage. (This comes from
Equation 2-2). Allowing the capacitor to charge to 0.993 of V; results in a
0.7% error in the sampled amplitude. If r=7 CR, V,=0999 V,, 1e., a0.1%
error.

- During the holding time ¢,, C, is partially discharged by the bias
current I, flowing into A,. The FET source-gate leakage current /g also
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FIGURE 11-13. Sample-and-hold circuit.
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causes some discharge of C,. However, I is normally very much less than
Ig,, so it can usually be neglected. The capacitance of C, is calculated
from the knowledge of I,,, the holding time ¢,, and the acceptable error
due to C, discharge. After the value of C| is established, the sampling time
t, is calculated from C, and the acceptable charging error.

One more source of error in the output voltage is the FET gate-source
capacitance C;g. When the control voltage on the gate goes to its lowest
level, C,g is charged to e, =(¥,+ ¥}). [This is illustrated in Figure 11-13(c)}.
The charge on Cgg is removed from C,, and thus reduces Vo. Example
11-6 demonstrated how a sample-and-hold circuit is designed, and how the
various error sources affect the accuracy of the sample.

EXAMPLE 11-6

A sample-and-hold circuit is to use 741 operational amplifiers and a
2N4391 FET. The signal voltage amplitude, V,=*1 V, is to be sampled
with an accuracy of approximately 0.25%. The holding time is 500 us.
Determine the capacitor value and the minimum sampling time. Also
calculate the effect of C;5=10.5 pF.

solution

for the 741, I5(yeyy =500 nA. Allow I, to discharge C, by 0.1% during
t,.

AV=0.1%of 1V
=1mV
I,Xt,
%
500 nA X 500 s
- Tmv
=0.25 uF

for the 2N4391, R, =30 ©. Allow another 0.1% error in ¥, due to the
sampling time ¢,. '
For 0.1% error, 1,=7 C R p(p-

=7%0.25 uFXx30 Q

=52.5 ps
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For the 2N4391, V.

y=10V (see Appendix 1-10)

p(max
Vi= = [Voman + Vpeat | N
=—[10V+1V]
=—-11V

Effect of C;5=10.5 pF:

Vosmany=+V,— V)

=IV=(-11V)
=12V

charge on Cgg is Q= Cg5X Vgsmax)

=105 pFx 12V
=150 pC

when Q is removed from C,,

150 pC
025 uF

AV,

o

=—Q—-=
C

11-1

- 11-2
11-3

114

REVIEW QUESTIONS AND PROBLEMS

Sketch the circuit of a diode sampling gate. Show the voltage
waveforms, explain the operation of the circuit, and discuss the
error sources.

Repeat Problem 11-1 for a bipolar transistor series sampling gate.

Explain how a bipolar transistor series sampling gate functions
when the input signal is alternately positive and negative with

. respect to ground.

Design a bipolar transistor series gate to sample a signal with a
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peak amplitude of 3 V and a source resistance of 200 . Calculate
the output errors due to Vi gy and Igo.

Repeat Problem 11-1 for a-bipolar transistor shunt sampling gate.

Design a bipolar transistor shunt gate to sample a signal current
with a peak amplitude of 1 mA. Calculate the output errors due to
VeEgsay and Ico.

Repeat Problem 11-1 for a JFET series sampling gate. State the
precautions necessary for inverted operation of the JFET.

A signal of 1.5 V with a very low source resistance is to be sampled
and passed to a circuit with R,=20 k{. Design a suitable JFET
gate circuit, and estimate the output errors.

Repeat Problem 11-1 for a JFET shunt sampling gate.

A 200 p A signal current is to be sampled and passed to a circuit
with R;=15 k. Design a suitable JFET gate, and estimate the
output errors.

Sketch circuits for MOSFET shunt, series and series-shunt sam-
pling gates. Show waveforms and explain the operation of the
circuits.

Compare the performances of bipolar transistors, JFETs, and
MOSFETs as sampling gates.

Sketch the circuit of a CMOS transmission gate and explain its
operation.

An operational amplifier and FET are to be employed as a
sampling gate. Sketch the circuit and briefly explain its operation.

The circuit described for question 11-14 is to have an input voltage
of V,=750 mV, and a voltage gain of 5. Design the circuit to use
an operational amplifier which has I,.,,,,=750 nA, and a FET
with V, .0 =8 V and R, =50 €. Estimate the output error due
t0 R pon)-

Sketch a sample-and-hold circuit using two operational amplifiers
and a FET. Show all waveforms and explain how the circuit

operates.

A sample-and-hold circuit is to use operational amplifiers with
Ipmaxy="750 nA, and a FET with V,,,,=8 V, Rp,=50 €, and
Ces=7 pF. The signal voltage amplitude is V,==*3 V, and the
sampled accuracy is to be approximately 1%. The holding time is
750 ps. Calculate the capacitor value and minimum sampling’ time.
Also calculate the effect of Cgg.



CHAPTER

Digital
Counting

INTRODUCTION

Because the bistable multivibrator, or flip-flop, has two stable states, it can
be used to count up to two. A cascade of four flip-flops can count up to
sixteen. The scale-of-16 counter can be modified to produce a decade
counter, which has an output in the form of a binary number. For counting
in decimal form, a binary number must be converted to decimal. A further
conversion stage usually is necessary to drive a numerical display. Decade
counters and their numerical displays can be cascaded to construct systems
for counting to hundreds, thousands, tens of thousands, etc.

121 FLIP-FLOPS IN CASCADE

The schematic diagram of four flip-flops (FF) connected in cascade is
shown in Figure 12-1. Each flip-flop is a collector-coupled circuit, and
each has symmetrical collector triggering. Negative-going input pulses are
applied to FF1 via coupling capacitor C;. Each time an input pulse is
applied, FF1 will change state. The triggering circuit for FF2 is coupled via
capacitor C, to transistor 0, in FF1. When 0, switches off, its collector

345
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voltage rises, applying a positive voltage step to C,. Since a negative-going
voltage is required to trigger these flip-flops (see Chapter 9), FF2 is not
affected by the positive-going voltage. When Q, switches on, its collector
voltage drops, thus applying a negative voltage step to FF2 via C,. This
negative voltage change triggers FF2. In a similar way, FF3 is triggered
from FF2, and FF4 is triggered from FF3. It is seen that each flip-flop is
triggered from each preceding stage.

The four-stage cascade in Figure 12-1 can have a number of combina-
tions of flip-flop states. In Figure 12-2, the flip-flops are shown in block
form with the arrowheads indicating that each is triggered from the
previous stage. The state of each of the four flip-flops is best indicated by
using the binary number system, where 0 represents a voltage at or near
ground level and / represents a positive voltage level (see Figure 12-2).
When a transistor is on, its collector voitage is low and is represented by 0.
An off transistor, on the other hand, has a high collector voltage and is
designated 1. In the decimal system, counting goes from 0 to 9, then the
next count is indicated by 0 in the first column and / in the next leftward
column. In the binary system, the count in all columns can go only from 0
to 1. Thus the count for / in both binary and decitnal systems is /; in the

Block diagram

Ot e e e s — O O OO0 OO

FF 4 FF 3 FF2
Truth table ‘ Binary | Decima
' count count
0 0 0 0 0
0 0 1 1 1
0 1 0 10 2
0 1 1 11 3
1 0 0 100 4
1 0 1 101 5
1 1 0 110 6
1 1 ] 111 7
0 0 0 1000 8
0 0 1 1001 9
0 1 0 1010 10
0 1 1 1011 11
1 0 0 1100 12
1 0 1 1101 13
1 1 0 1110 14
1 1 1 1111 15
0 0 0 0000 16

FIGURE 12-2. Block diagram and truth table for four flip-flops as a scale-of-16

counter,
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binary system, the count for decimal 2 is indicated by 0 in the first column
and ! in the next leftward column. Thus, binary 10 is equivalent to decimal
2. The next count in a binary system is // and is followed by 100. The
table of 0’s and 1’s showing the state of the flip-flops at each count is
known as a truth table.

Suppose, before any pulses are applied, the state of the flip-flops is
such that all even-numbered, (i.e., left-hand) transistors are on. Reading
only the even-numbered transistors (i.e., in Figure 12-2) from left to right,
the binary count is 0000. At this time the decimal count is 0 and the binary
count is 0.

The first trigger pulse causes Q, to switch on and Q, to switch off.
Thus, Q, reads as / (positive), and the binary count and decimal count are
both 1. The second input trigger pulse causes FF1 to change state again, so
that Q, goes off and Q, switches on. When Q, switches on, a negative step
is applied to FF2 triggering Q; on and Q, off. Now the binary count is /0,
and the decimal count is 2. The third input pulse triggers Q, on and Q, off
once again. This produces a positive output from FF1, which does not
affect FF2. At this time, the binary count is /1, for a decimal count of 3.
The fourth trigger pulse applied to the input, switches Q, off and Q, on. @,
coming on produces a negative step which causes Q; to go off and Q, to
switch on. Q, switch-on, in turn, produces a negative voltage step which
switches Qs on and Qg off. Now the binary count is read from the flip-flops
as 100, and the decimal count is 4. i

The counting process is continued with each new pulse until the
maximum binary count of /711 is reached. This occurs when 15 input
pulses have been applied. The sixteenth input switches Q, on once more,
producing a negative pulse which triggers Q, on. Q, output is a negative
pulse which triggers Q¢ on, and Qg output triggers Qg on. Thus, the four
flip-flops have returned to their original states, and the binary count has
returned to 0000. Including the zero condition, it is seen that the four
flip-flops in cascade have 16 different states. Therefore, the circuit is
termed a scale-of-16 counter.

The collector voltage levels for the scale-of-16 counter are shown as
waveforms in Figure 12-3. The waveform for Q,. shows that transistor Q,
is initially off; its collector voltage is high and therefore is designated /. Q,
is initially on, with its collector voltage at 0. Each time a trigger pulse is
applied, Q, and Q, change state. Q;. and Q, are initially / and 0,
respectively, and they change state each time 0O, goes from I to 0, that is,
when FF1 produces a negative-going output. This occurs on every second
input pulse. Q- starts as / and Q¢ as 0, and they change state only when
Q4c goes from [ to 0, which is at every fourth input pulse. Finally, the .
waveforms for Q,- and Qg show that initially Q.. is / and Qg is 0, and
that they change state when Q. becomes negative, that is, at every eighth
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FIGURE 12-3. Collector waveforms for scale-of-16 counter.

input pulse. On the sixteenth input pulse all flip-flops change state, and the
collector voltages return to their original levels.

The scale-of-16 counter actually can be used to divide the input pulse
frequency by a factor of 16. Reference to the collector waveforms in
Figure 12-3 shows that a negative-going voltage is produced at Qg collector
after 16 input pulses. Another negative-going step will occur again at Qg
after another 16 input pulses. Hence, the name divide-by-16 counter 1s
sometimes applied to this circuit. An output taken from FF3 will produce

a pulse frequency which is the input PRF divided by 8. Similarly, the
output of FF2 divides the input by 4.
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12-2 DECADE COUNTER

The scale-of-16 counter~has many applications. However, there are also a
great many instances in which a scale-of-10, or decade, counter is required.
A decade counter also requires the use of a cascade of four flip-flops.
Three flip-flops would count only up to seven, and then on the eighth pulse
the count would revert to the 000 starting condition. This can be seen in
Figure 12-2. Therefore, to produce a decade counter, a scale-of-16 must be
modified to eliminate six of the sixteen states. This can be done by
eliminating either the first six states or the last six states, or, perhaps, by
eliminating some of the intermediate states.

When the first six states of a scale-of-16 counter are to be eliminated,
the counter must always have an initial condition of 0710 (decimal 6 in
Figure 12-2). To obtain- this condition, transistors Q4 and Q¢ must be in
the off state. O, and Q¢ can be reset to off by the asymmetrical base
triggering circuit shown in Figure 12-4. (Asymmetrical base triggering is
discussed in Sec. 9-5.) When Q, switches on, its collector voltage drops,
providing a negative step which forward-biases D, and D,, and triggers Qg
and Q, off. Figures 12-2 and 12-3 show that Qs switches on when the
sixteenth input pulse is applied. Therefore, at the end of the count of 16,

AMA~

AN

AAAA
VVVV

AV

Qs | IJQg IJQ.;
SN SRS

LA

*
T

YD, ) D,

FIGURE 12-4. Resetting Q, and Q, from Q.
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Osc Qsc Gac Q¢ count
0 I 1 0 0
0 1 1 1 1
| 0 0 0 2
1 0 0 1 3
1 0 1 0 4
1 0 1 1 5
1 1 0 0 6
1 1 0 1 7
1 1 1 ¢] 8
1 1 1 1 9
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(c) Collector waveforms

FIGURE 12-5. Block diagram and truth table for four flip-flops as decade counter.
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the flip-flops are set to 0110. The block diagram, truth table, and collector
waveforms, for the decade counter are shown in Figure 12-5.

In Figure 12-5(a), the line from FF4 to FF2 and FF3 indicates that
these flip-flops are reset by the output from FF4. The initial state of the
four flip-flips (i.e., at decimal 0) is read in Figure 12-5(b) as 0710. The first
input pulse now changes the state of FF1, causing Q, to switch off. Thus
the collector of Q, becomes I (i.e., high positive), and the condition of the
counter is 0/11. This also is illustrated by the collector waveforms in
Figure 12-5(c). The second input pulse (decimal 2) again changes the state
of FF1, this time causing Q, to switch on. The output from Q, is a
negative step which triggers FF2, switching Q, on. This, in turn, produces
a negative step which triggers FF3 from Qg off to Q¢ on. The output from
FF3 triggers FF4. Counting continues in this way, exactly as explained for
the scale-of-16 counter, until the tenth pulse. The ninth pulse sets the
counter at /111, and the tenth pulse changes it to 0000. However, as Q,
switches on, it provides the negative output step which resets FF2 and
FF3. The flip-flops have then returned to their initial conditions of 0710,
and it is seen that the circuit has only ten different states.

The waveforms in Figure 12-5(c) indicate that a negative output step is
generated at Qg each time the tenth input pulse is applied. Thus, the
decade counter can be employed as a divide-by-10 counter. Before counting
begins, a decade counter (and a scale-of-16 counter) must have its flip-flops
set in the correct starting condition. This can be accomplished by the
manual resetting arrangement shown in Figure 12-6(a). When switch S, is
closed, the diodes are forward-biased and the transistor bases are pulled
below ground level. Thus, transistors Q,, Q,, Qs, and Q, are switched off,
giving the desired initial comdition for the decade counter.

The flip-flops can also be reset automatically in their initial condition
by the CR circuit addition in Figure 12-6(b). When the supply voltages are
first switched on, the capacitor behaves as a short circuit. Therefore, the
diode cathode voltages are at —V, and the transistors are biased off. After
a brief time period, C, charges to +V via resistor R. Now the diodes are
all reverse-biased, and the reset circuit has no further effect.

Figure 12-7 shows a further modification of the circuit for resetting the
flip-flops. Diode Dy serves to isolate R and C from the rest of the reset
circuit. When the cathodes of D, to D, are pulled down, D is reverse-biased.
D, and D,, together with coupling capacitor C,, form a triggering circuit.
A negative-going voltage step applied to C, generates a negative pulse at
the cathode of D,. This forward-biases Dy, D,, D,, D;, and D,, causing the
flip-flops to reset. Thus, as well as being reset to its starting condition when
the supply is switched on, the counter can be reset to zero at any time by
the application of a negative voltage step.
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FIGURE 12-7. Resetting fo zero by pulse.
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12-3 INTEGRATED CIRCUIT COUNTERS

The block diagrams and voltage waveforms for a 7493A TTL integrated
circuit binary counter (or scale-of-16 counter) are shown in Figure 12-8. The
block diagram shows that the counter consists of four JK flip-flops
connected in cascade. The Q output of each flip-flop is connected as a
trigger input to the clock terminal (CK) of the next stage. The triggering
signal is applied to inmput A, which is the clock terminal of the first stage.
Four outputs are available: Q,, 0z, Q., and Q. Separate (unidentified)
reset terminals are provided on each flip-flop (at the bottom of each block).
These are activated by NAND gate inputs Ry and R, The block

Q4 ' 0Op Qc Qp
J 0 J Q J Q J Q —‘l
Input A
. e—e} CK cK CcK CK
K K K K
B L
Ro)
|
1 2 3 456 7 8 9101112131415
Input A

oo LML
o I L 1L 1] il
o [ I 4t

Row)y

Ro@

|
|
f
i
{ I
L
|
i

FIGURE 12-8. Block diagram and waveforms for 7493 IC binary counter.
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diagram is also shown in a slightly different form on the data sheet for this
counter in Appendix 1-23.

The waveforms demonstrate that Q, changes state each time the
triggering signal to input A4 goes negative. Similarly, @, changes state when
Q, goes negative, Q. changes state when Q, goes negative, and Q,
changes state every time Q. goes negative. The result of this, as already
explained in Sec. 12-1, is that the counter outputs have 16 different states.
Note also from the waveforms that the outputs are all reset to low and
counting ceases when high inputs are applied to R,y and R,

Figure 12-9 shows the block diagram for the 7492A IC divide-by-12
counter. Once again, the diagram is drawn in a slightly different form from
that shown on the data sheet in Appendix 1-23. The scale-of-12 differs
from the scale-of-16 block diagram as follows: the Q, output of stage 2 is
connected to the J terminal of stage 3 (instead of to the clock input); the
clock input of stage 3 is triggered from Q,, which is also connected to the
clock input of stage 2; the J terminal of stage 2 is connected to the Q
output of stage 3.

With the arrangement described above, stage 2 output (Q,) triggers
into whatever state is applied at the J terminal. When the J input is high,
Qp is triggered into a high state when the clock terminal receives a
negative-going signal. The next negative-going clock signal has no further
effect on Qp unless the J input has changed to a low level. (The JK
flip-flops are in fact behaving as D, flip-flops.) Similarly, output Q. can be
triggered into a different state only when the J input of stage 3 has
changed from high to low or vice versa.

By careful consideration of the count sequence tables for the 92A and
93A counters in Appendix 1-23, it is found that four states of the divide-by
-16 are eliminated in the divide-by-12 unit.

Q4 7] Oc Op
J 0 -1-E J o4—J ¢ J 0
Input 4
| CK cK — CK CK
K K K [o = K

[ ]

FIGURE 12-9. Block diagram for 7492A IC scale-of-12 counter.
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Similarly, by the method already described in Section 12-2, and by
other interconnection methods, a scale-of-16 IC counter can be employed
as a decade counter.

12-4 DIGITAL DISPLAYS OR READOUTS

- 12-4.1 Light Emitting Diode Display

Charge carrier recombination occurs at a pa-junction as electrons cross
from the n-side and recombine with holes on the p-side. When
recombination takes place, the charge carriers give up energy in the form
of heat and light. If the semiconductor material is translucent the light is
emitted, and the junction is a light source, that is, a light emitting diode
(LED).

Figure 12-10(a) shows a cross-sectional view of a typical LED. Charge
carrier recombinations takes place in the p-type material; therefore, the
p-region becomes the surface of the device. For maximum light emission, a
metal film anode is deposited around the edge of the p-type material, or
sometimes in a comb-shaped pattern at the center of the surface. The
cathode connection for the device usually is a gold film at the bottom of
the n-type region; this helps reflect the light to the surface. Semiconductor
material used for LED manufacture is gallium arsenide phosphide (Ga AsP)
which emits either red or yellow light, or gallium arsenide (Ga As) for green

i or red light emission.

The LED circuit symbol is shown in Figure 12-10(b). Figure 12-10(c)
illustrates the arrangement of a seven-segment LED numerical display.
Passing a current through the appropriate segments allows any numeral
from 0 to 9 to be displayed. The actual LED device is very small, so to
enlarge the lighted surface plastic light pipes are often employed, as
illustrated in Figure 12-10(d). The typical voltage drop across a forward-
biased LED is 1.2 V, and typical forward current for reasonable brightness
is about 20 mA. This relatively large current requirement is a major
disadvantage of LED displays. Some advantages of LEDs over other types
of displays are: the ability to operate from a low voltage dc supply,
ruggedness, rapid switching ability, and small physical size. The data sheet
for a typical 7-segment LED display is shown in Appendix 1-21.

The simple transistor switch shown in Figure 12-10(b) is a suitable
on/off control for LEDs. Q, is driven into saturation by input current Ig.
Resistor R limits the current through the devices.
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EXAMPLE 12-1

The LED shown in Figure 12-10(b) is to have a minimum forward current
of 20 mA. The diode has a forward voltage drop of 1.2 V, and transistor
Q, has hpp iy =100. Using V=5 V and V;=5 V, determine suitable
values for R and Ry.

solution

Vece=Vpi+IcRc+ VCE(sat)

_ Vcc_ VDl_ VCE(sat) '

c™ IC
_S3V—-12V-02YV
B 20 mA
=180 © .(standard value)
Ic
Ip= orr—
B hFE(min)
20 mA
T =200pA
Vi=IgRp+Vpe
_ Vi—Vse
Rg= I,
_53V-03V

200 LA =215k (use 18 k{2 standard value)

12-4.2 Liquid Crystal Displays

Liquid crystal cell displays (LCD) usually are arranged in the same seven-
segment numerical format as the LED display. There are two types of
liquid crystal display, the dynamic scattering type and the field effect type.
The construction of a dynamic scattering type liquid crystal cell is il-
lustrated in Fi\gure 12-11(a). The liquid crystal material may be one of
several organic compounds which exhibit the optical properties of a crystal
though they remain in liquid form. Liquid crystal is layered between glass
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(a) Construction of liquid crystal cell
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OFF input Y
ON input 1 1 T ¢
OFF input _I1.JL-
ON input 1 L 4
ON input 1 [ 1 J_c
ON input _L_]_-[__r b

(b) Square wave drive method for lighid crystal cell 7-segment display

FIGURE 12-11. Construction and electrical drive arrangement for liquid crystal cells.

sheets with transparent electrodes deposited on the inside faces. When a
potential is applied across the cell, charge carriers flowing through the
liquid disrupt the molecular alignment and produce turbulence. When not
activated, the liquid crystal is transparent. When activated, the molecular
turbulence causes light to be scattered in all directions, so that the cell

appears quite bright. The phenomenon is termed dynamic scattering.

The construction of a field effect liquid crystal display is similar to that
of the dynamic scattering type, with the exception that two thin polarizing
opticali filters are placed at the inside surface of each glass sheet. The liquid
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crystal material in the field effect cell is also a different type from that
employed in the dynamic scattering cell. Known as twisted nematic, this
liquid crystal material actually twists the light passing through the cell
when the cell is not energized. This allows light to pass through the optical
filters, and the cell appears bright (it can also be made to appear dark).
When the cell is energized, no twisting of the light occurs and the cell
remains dull. .

Liquid crystal cells may be transmittive or reflective. In the transmittive

type cell, both glass sheets are transparent, so that light from a rear source
‘is scattered in the forward direction when the cell is activated. The
reflective type cell has a reflecting surface on one of the glass sheets. In this
case, incident light on the front surface of the cell is dynamically scattered
by an activated cell. When activated, both the transmittive and reflective
type cells appear quite bright even under high ambient light conditions.

Since liquid crystal cells are light reflectors or transmitters rather than
light generators, they consume very small amounts of energy. The only
energy required by the cell is that needed to activate the liquid crystal. The
total current flow through four small 7-segment displays is typically about
25 pA for dynamic scattering cells and 300 pA for field effect cells.
However, the LCD requires an ac voltage supply, either in the form of a
sine wave or a square wave. This is because a direct current produces a
plating of the cell electrodes, which could damage the device. A typical
supply for a dynamic scattering LCD is a 30 V peak-to-peak square wave
with a frequency of 60 Hz. A field effect cell typically uses 8 V peak-to-peak.

Figure 12-11(b) illustrates the square wave drive method for liquid
crystal cells. The back plane, which is one terminal common to all cells, is
supplied with a square wave. The other cell terminals each have square
waves applied which are either in phase or in antiphase with the back
plane square wave. Those cells with waveforms in phase with the back
plane waveform [cells e and f in Figure 12-11(b)] have no voltage devel-
oped across them; therefore they are off. The cells with square waves in
antiphase with the back plane input have an ac voltage developed across
them (e.g., positive square waves with 15 V peak effectively produce 30 V
peak-to-peak when in antiphase). Therefore, the cells which have square
wave inputs in antiphase with the back plane input are energized and
appear bright.

The data sheet for the series 1603-02 liquid crystal display manufac-
tured by Industrial Electronic Engineers, Inc., is shown in Appendix 1-22.
The maximum power consumption is listed as 20 uW per segment, giving
140 uW per numeral when all seven segments are energized. Comparing
this to the typical 400 mW per numeral for a LED display (see Appendix
1-21), the major advantage of liquid crystal displays is obvious. Perhaps
the major disadvantage of the liquid crystal display is the decay time of
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150 ms (or more). This is very slow compared to the 10 ns rise and fall
times -for the LED display. In fact it is so slow that the human eye can
observe the fading-out of segments switching off. At low temperatures the
response time of liquid crystal cells is considerably increased.

The series 1603-02 LCD is described in the data sheet as a 3% decade
display. This means that the three right-hand units are complete 7-segment
units while the fourth (left-hand) unit is only a single segment which
indicates numeral 1 when energized. This unit is referred to as a half unit,
and the entire display is then described as a 33 decade display. The

maximum number that can be indicated by such a display is 1999. '
/

12-43 Digital Indicator Tube

The basic construction of a digital indicator tube is shown in Figure
12-12(a), and its schematic symbol is illustrated in Figure 12-12(b). (Other
names applied to this device are cold cathode tube and glow tube.) A flat
metal plate with a positive voltage supply functions as an anode, and there
are 10 separate wire cathodes, each in the shape of a numeral from 0 to 9.

Anode

Cathodes

Glass

envelope

Connecting
pins

(a) Construction:

0 “Dot” indicates
that tube is

Anode gas filled

G
s TTTTTTTTT

(b} Schematic
symbol

FIGURE 12-12.  Digital indicator tube, construction, and schematic symbol.
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The electrodes are enclosed in a gas-filled glass envelope with connecting
pins at the bottom. Neon gas usually is employed and it gives an orange-red
glow when the tube is activated; however, other colors are available with
different gases.

When a voltage is applied across the anode and one cathode, electrons
are accelerated from cathode to anode. These electrons collide with gas
atoms, and cause other electrons to be emitted from the gas atoms. The
effect is termed ionization by collision. Since the ionized atoms have lost
electrons, they are positively charged. Consequently, they accelerate toward
the (negative) cathode, where they cause secondary electrons to be emitted
when they strike. The secondary emitted electrons cause ionization and
electron-atom recombination in the region close to the cathode. This
results in energy being released in the form of light and produces a visible
glow around the cathode. Since the cathodes are in the shape of numerals,
a glowing numeral appears depending upon which cathode is energized. A
transistor gate is usually employed at each cathode, so that the desired
numeral can be switched on by a small input voltage.

The circuitry for driving digital indicator tubes is simpler than that for
seven-segment devices. However, high voltages (140 V to 200 V) are
required for these tubes, and in general they are much bulkier than
comparable seven-segment devices.

12-4.4 Seven-segment Gas Discharge Displays

Gas discharge displays are also available in seven-segment format. In-
tegrated circuits have been developed to drive these devices and to handle
the high voltages involved. The mechanical construction of a seven-segment
gas discharge display is illustrated in Figure 12-13(a). It is seen that
separate cathodes are provided in seven-segment (and decimal point) form
on a base. Each seven-segment group has a single anode deposited as a
transparent metal film on the covering face plate. The gas is contained in
the space between the anodes and cathodes, and rear connecting pins are
provided for all electrodes. A keep alive cathode is also enclosed with each
group of segments. A 50-pA current maintained through the keep alive
cathode provides a source of ions which improves the switch-on speed of
the display. Two circuit symbols in general use of seven-segment gas
discharge displays are shown in Figures 12-13(b) and (c).

The supply voltage required to operate gas discharge displays ranges
from about 140 V to 200 V, and this is the most serious disadvantage of
these devices. High-voltage transistors must be employed as switches for
the cathodes, and usually a separate high-voltage supply must be provided.
Offsetting the disadvantage of high voltages is the fact that bright displays
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FIGURE 12-13. Mechanical construction and circuit symbols for seven-segment gas
discharge display.
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can be achieved with tube currents as low as 200 p A. Thus the drain on

power supplies is minimal.

12-4.5 Fluorescent Display

The fluorescent display illustrated in Figure 12-14 is similar to the seven-
segment gas discharge display in that both are electron tube devices.
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FIGURE 12-14. Construction of a seven-segment-flourescent display.

However, the fluorescent display is a vacuum tube device with a filament
type cathode, and a (wire mesh) grid to control the flow of the electrons
from the cathode to the anodes (or plates). The seven electrically-separate
anodes are coated with fluorescent phosphorous, so that they glow brightly
(blue-green) when struck by electrons.

The major advantage of the fluorescent display is that it can operate
with normal solid state supply voltage levels, ( Vee=10V to 40 V), whereas
gas discharge Jevices require 140 V to 200 V supplies. The required (ac or
dc) filament current is on the order of 12 mA rms for small size fluorescent
displays. The grid which is typically biased to —3 V, is pulsed to ap-
proximately +2 V in synchronism with + V.. on-the selected anode
segments. Some grid current flows, but the total power dissipation for each
seven-segment numeral is around 9 mW for small size displays.

12-5 BINARY TO DECIMAL CONVERSION

The output of a decade counter can be given in binary form if collector
voltages are read as / when high and 0 when low. For display purposes, it
is necessary to Convert this binary number to decimal. Figure 12-15 shows
the various binary states of a decade counter, and the circuitry required to
convert each state to a decimal indication.

The diode matrix consists of diodes D, to D,, which have their
cathodes connected to the collectors of the transistors in the decade



Decade counter

O
" Decimal count

Digital

stf

OO0 ——0O
g
S - —_ OO =~ =00 — ~—
= *
S O ——0 00O

_ D D DO — o ——

— OO0 DO OO0 0O

l“' o | o Q6
| I

collectors

indicator

Transistor

tube

gates

e Qs¢c Qs Qic Qi Qx CQic

Qsc

Current
limiting
resistor

* o _ - = " " . N - - u
2 GGG GG G E) ) &) e
x x < I
N I N AN B AN B AN
RTINS NI AN
e /D/ 3 SN
NN N NS
EESNNNE
NNEEE
i i 2 pe S R Q & 3 5
I NI ANIANAANI ENIEN ENIAN

Diode
matrix

. FIGURE 12-15.

Binary to decimal conversion.

365



366 Chap. 12 DIGITAL COUNTING

counter. The anodes of the diodes are connected to the bases of gate
transistors Qo to Q5. When one transistor is switched on, it grounds the
selected cathode in the digital indicator tube. Since the anode of
the indicating tube has a positive supply, anode current flows when one of
the cathodes is grounded, and the cathode glows. The transistor emitters
are commoned and connected to ground via diode D,,. The presence of
Dy, ensures that the base voltage of each transistor has to be approxi-
mately 2 V above ground level for it to switch on. Each gate transistor
has four diodes connected to its base. When the cathode of one or more of
these diodes is at 0 (i.e., near ground level), the transistor base is held
below the switching voltage. In this condition the transistor cannot switch
on. When the cathodes of all four diodes connected to the base of any gate
transistor are at /, the diodes are reverse-biased, and the transistor is
biased on via base resistance R .

Consider the collector voltage levels and decimal count for the decade
counter illustrated in Figure 12-15. For a decimal count of 0, reading all
transistor collector levels, Qg to Q, are read as 0/ 10 10 0. Now, look at
diodes D,, D,, D;, and D,, which are connected to the base of Q,0- The
cathode of D, is connected to Q, collector. The collector voltege of Q, is
at 1 (i.e., positive); therefore D, is reverse-biased. The cathode of D, is
connected to- Q¢c, which is also at 7, so D, is also reverse-biased. The
cathode of D; is connected to Q,., and since Qsc is at I, Dy is
reverse-biased. Finally, D, has its cathode connected to Q,¢» which is also
at 1. Thus all four diodes at the base of Q,, are reverse-biased. Base
current flows from Vg, via R into the base of Q,,. With Q.o on, the 0
cathode in the digital tube glows, indicating that the decimal count is 0.

For a correct 0 indication, all other gate transistors (Q1; to Q,g) must
be biased off. To check that this is the case it is necessary to identify only
one forward-biased diode at the base of each transistor. Consider diodes
D; to Dy at the base of Q,;. The cathodes of D, Dy, and D, are connected
to transistor collectors which are at / when the decimal count is 0.
Therefore, all three are reverse-biased. Dy cathode is connected to Q,
collector, which is at 0. Consequently, D, is forward-biased, and transistor
Q1 is held in the off condition. For Q,,, the cathodes of Dy, Dy, and D,,
are connected to transistor collectors which are at 0 while the decimal
count remains 0. Thus Q,, is biased off. Other diodes with 0 at their
cathodes when the decade counter is in its decimal 0 condition are D,
Dyys D5 Dyg, Dyy, Dy, Dy, Dy, D34> Dys, Dy;, Dyg, Dy, Ds,, Dy, Dy,
D,y It is seen that while the decimal count is 0, all transistors except Q,
have at least one forward-biased diode at their bases. Therefore, only Q0
is biased on, and only the 0 cathode glows in the digital indicator tube.

A careful examination of the circuit conditions for any given decimal
count shows that only the correct cathode is energized. All other cathodes
have their transistor gates biased off.
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EXAMPLE 12-2

In Figure 12-15 identify the forward-biased and reverse-biased diodes for a
decimal count of 5.

solution

For decimal 5, the transistor collectors in the decade counter read /0 01 10
10.

At the base of transistor Q,s, diodes Dy, Dy, Dy, and D,, have their
cathodes connected to Qg, Qs, Q,, and Q,, respectively. All these transis-
tors have collectors at /; therefore, diodes D,, to D,, are reverse-biased, Qs
is biased on, and cathode 5 in the digital tube glows.

Other reverse-biased diodes are D§, D,, Dg, Dy, Dy, D3, D1y, Dy,
D3, Dyg, D9, Dys, Dyg, Dy, D33, Dis, D3gy D3g, Dy

The forward-biased diodes and their associated transistor gates are
Dy, D,, D;—Qo; Ds, Dg—Qy1; Di1s D13—Qrp; Dis—Qiss Dyo—Quas
Dy, Dyg, Dyg—Q\165 D3g, D31—Q 175 Dy, D3s—Q185 D3g—Cs-

Figure 12-16 is a logic diagram for binary to decimal conversion. The
flip-flop blocks have terminals as follows: trigger input T, set S, reset R,
and outputs identified by their normal set conditions of 0 2nd I as shown.
The triggering input pulses are applied to terminal T of FF1. Each
succeeding flip-flop has its trigger terminal connected to the 0 output of
the preceding stage. This arrangement can be compared to the cascaded
flip-flops in Figure 12-1, where each stage is triggered from the second
transistor in the previous stage. The reset terminals of FF2 and FF3 are
connected to the output of FF4. This corresponds with the reset circuitry
in Figure 12-4. In Figure 12-16 the output terminals of the decade counter
are identified as Q,c, Q,¢, etc. to show the correspondences with Figure
12-15.

Diodes D,, D,, D,, and D, in Figure 12-15 constitute an AND gate. In
Figure 12-16, these diodes are replaced by the AND gate symbol. Thus
gate G, represents D, to D,. Also gate G, represents diodes D; to Dg, G,
represents Dy to D,,, etc. In Figure 12-16 the input terminals of AND gate
G, are connected to the decade counter terminals in the same configura-
tion as D, to D, in Figure 12-15. Thus, the inputs to G, are Qic» Qucs
Qyc and Q. Similarly, gate G, in Figure 12-16 is connected to the same
decade counter terminals as D to Dy in Figure 12-15. The output of each
AND gate is connected to the base of the appropriate transistor gate.
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FIGURE 12-16. Logic diagram for binary to decimal conversion.
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EXAMPLE 12-3

From the collector voltage levels shown in Figure 12-15 determine the
input terminal connections for AND gate G, in Figure 12-16.

solution

Gate G,, should provide an output to transistor Q4 only when the decimal
count is 9. For G, to produce an output, all its input terminals must be
positive (i.e., 1). From Figure 12-15, at the decimal count of 9, transistors
05, Q6> Q4> and Q, all have their collectors at /. Therefore, the inputs of
G, should be connected to the 0 0 0 0 output terminals of the decade
counter in Figure 12-15.

12-6 SEVEN-SEGMENT LED DISPLAY DRIVER

The binary to decimal conversion circuitry already discussed is suitable for
driving a digital indicating tube. However, it is not suitable for driving a
seven-segment display. Binary to decimal conversion is necessary for a
seven-segment display, but in addition another diode matrix is required to
convert from decimal to seven-segment format. The required diode matrix
configuration is shown in Figure 12-17. .

For the seven-segment display shown in Figure 12-17, the anodes of
the light emitting diodes are commoned and have a positive supply voltage
(+ V). The cathodes from each segment (lettered a to g) have separate
terminals. The transistor gates Q,, to Q,y of Figures 12-15 and 12-16 are
shown again in Figure 12-17. When the decimal count is 0, gate Q,, is on.
When the count is I, gate Q,, is on, etc. For a 0 indication, LED segments
a, b, ¢, d, e, and f should be energized. Therefore, thes¢ segments are
connected via diodes Dy, to Dy, to the collector of transistor Q,,. The
cathodes of the diodes are connected to the transistor collector so that they
are forward-biased when Q,, is on. With this transistor on the seven-segment
display indication is 0. ’

When the decimal count is /, segments b and ¢ should be energized.
These segments are connected via diodes Dy and Dy to the collector of
transistor Q,,. At the collector of transistor Q,,, diodes Dy, to Ds, connect
to LED segments a, b, d, e, and g. When transistor Q,, is on, these
segments are energized and display the numeral 2, as shown in the figure.
At this time, only diodes Dy, to Ds, are conducting. No other diodes are
conducting because only transistor Q,, is on. Figure 12-17 shows the LED
segments that are energized for each decimal count.
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FIGURE 12-17. Decimal to seven-segment display conversion.
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FIGURE 12-18. Logic diagram for decimal to seven-segment display conversion.

Consideration of the diode matrix in Figure 12-17 reveals that the
diodes connected to each LED segment constitute an AND gate. For
- segment e, for example, diodes D,,, Ds,, D;,, and Dy, provide a low level
at the segment cathode when any one of the diodes has a low input level.
The segment cathode is high only when the inputs to all four diodes are
high. The aiode matrix can be replaced by a group of AND gates, as shown
in the logic diagram of Figure 12-18. The AND gate inputs for each
segment are the same as the cathode connections for the diodes associated
with the segments in Figure 12-17.
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EXAMPLE 12-4

Determine the input terminal connections for the AND gate connected to
segment b in Figure 12-18.

solution

Consideration of the 0 to 9 display arrangements shows that segment b
must be energized for display of numerals 0, 1, 2, 3, 4, 7, 8, 9. Therefore,
the AND gate input for segment b must be connected to transistors Q,o,

O Q12> @i Qias @i7s Ciss and Q.

01 2 3 4 56 73809

Input » .|L.| - ] ].
7/ —
a
b
Outputs <
K
d - -
e i |
f
(s

FIGURE 12-19. Input and output waveforms for BCD-to-seven-segment decoder/
driver.
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Integrated circuits which convert directly from binary to seven-segment
displays are, of course, available. Such IC’s are usually listed as BCD-to-
seven-segment decoder /drivers by their manufacturers. BCD are the initials
for binary-coded-decimal, which is the form of output obtained from four
cascaded flip-flops.

The input/output waveforms for a BCD-to-seven-segment
decoder/driver are shown in Figure 12-19. The output waveforms identi-
fied as: a,b,c,d, e, f, g, refer to each of the segments of the display
device, (see the seven-segment device in Figure 12-17). For the waveforms
shown, the segments are energized when the outputs are high. Thus, at the
count of zero; outputs a, b, c, d, e and f are high, and output g is Jow. This
would display the numeral 0. Similarly, at the count of 3; only outputs a,
b, c, d and g are high. Examination of the output waveforms at each stage
of the input count, shows that the displayed numerals change consecutively
from 0 to 9.

12-7 SCALE-OF-10,000 COUNTER

One decade counter together with a seven-segment display and the
necessary binary to seven-segment conversion circuitry can be empleyed to
count from 0 to 9. Each time the tenth input pulse is applied, the display
goes from 9 to 0 again. When this occurs, the output of the final transistor
in the decade counter goes from I to 0 (see Figure 12-5). This is the only
time that the final transistor produces a negative-going output, and this
output can be used to trigger another decade counter.

Consider the block diagram of the scale-of-10,000 counter shown in
Figure 12-20. The system consists of four complete decade counters and
displays. Starting from 0, all four counters can be set at their normal
starting conditions. This gives an indication of 0000. The first 9 input
pulses register only on the first (right-hand side) display. On the tenth
input pulse, the first display goes to 0, and a negative-going pulse output
from the first decade counter triggers the second decade counter. The
display of the second counter now registers 7, so that the complete display
reads 00/0. The counter has counted to 70, and has also registered /0 on
the display system.

The next nine input pulses cause the first counter to go from 0to 9, so
that the display reads 00/9 on the ninteenth pulse. The twentieth pulse
causes the first display to go to 0 again. At this time, the final transistor in
the first decade counter puts out another negative pulse, which again
triggers the second decade counter. The total display now reads 0020,
which indicates the fact that 20 pulses have been applied to the input of
the first decade counter. It is seen that the second decade counter and
display is counting tens of input pulses.
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FIGURE 12-20. Scale-of-10,000 counter.
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Counting continues as described until the display indicates 0099 after
the ninety-ninth input pulse. The one-hundredth input pulse causes the
first two displays (from the right) to go to 0. The second decade counter
emits a negative pulse at this time, which triggers the third decade counter.
Therefore, the count reads 100. It is seen that the system shown in Figure
12-20 can count to a maximum of 9999. One more pulse causes the display
to return to its initial 0000 condition. To increase the maximum count to
99999, it is necessary to add one more decade counter, together with a
display, and binary to seven-segment conversion circuitry.

12-8 COUNTER CONTROLS

A simple system for switching the counter input pulses on and off is shown
in Figure 12-21. The pulses to be counted are applied to one input of an
AND gate. The voltage level at the other input of the gate is controlled by
the output of a flip-flop. The input triggering pulses pass through the gate
to the counter only when the flip-flop output is at its / level, that is, when
it is high. The flip-flop can be reset to / output by switching a negative
input voltage to the reset R terminal. The manual start control shown in the
figure is provided for this purpose. A connection to the reser input of each
decade counter (see Figure 12-7) ensures that the counting circuits return
to 0 condition before counting begins. The manual stop control provides a
negative voltage which returns the flip-flop to its original set condition.
This applies a 0 to the AND gate input, and thus stops the pulses to be
counted from passing through.

The flip-flop can also be triggered, and consequently counting can be
started by means of a negative start counting pulse applied to the reset

o JIMINE="coiee™

To
counter
input Manua‘l stop Stop
[ 4 © ~— counting
Flip-flop -7

S Start

”f counting

To ] S -v Flip-flop
counter e Manual start I l:-— output

reset
AND gate

M= output

FIGURE 12-21. Starting and stopping a counter.
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terminal as shown in Figure 12-21. Similarly, a negative pulse applied to
the set terminal of the flip-flop interrupts the passage of pulses to the
counter. The waveforms in the figure show that counting pulses pass
through the AND gate only during the time interval between application of
start-counting and stop-counting pulses.

12-1

12-2

12-3

124

12-5

12-6

12-7

12-8

12-9

REVIEW QUESTIONS AND PROBLEMS

Sketch the complete circuitry for four cascaded flip-flops. Briefly
explain the triggering process.

Sketch a block diagram for a scale-of-16 counter. Reading only the
left-hand transistors in each flip-flop, prepare a truth table showing
the state of the counter after each input pulse from 0 to 16. Explain
the procedure.

Sketch the waveforms of collector voltages for every transistor in a
scale-of-16 counter for input pulses from 0 to 16. Briefly explain
each waveform change.

Briefly explain how a scale-of-16 counter can be converted to a
decade counter. Identify the flip-flops which must be reset in the
process, and show which of 16 states of the counter are eliminated.

Sketch circuitry employed for resetting flip-flops when a scale-of-16
is converted to a decade counter. Briefly explain.

Sketch the block diagram of a decade counter. Prepare a table that
shows the state of the counter after each input pulse from 0 to 10.
Also show the collector waveforms for the even-numbered
transistors. Explain the waveforms and the states of the counter.

Identify the transistors in a decade counter that should be reset to
0 before counting commences. Sketch suitable circuitry for (a)
manual resetting, (b) automatic resetting, (c) resetting by pulse
input. Briefly explain each circuit.

Sketch the logic block diagram for a 7493 integrated circuit
divide-by-16 counter. Sketch waveforms showing the counter output
voltage levels after each input pulse. Explain the operation of the
counter.

Refer to the block diagram for the 7492A IC,decade counter, and
to the count sequence table for this IC in Appendix 1-23. Sketch
waveforms showing the relationship between triggering and output
signals for the counter.
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12-10

12-11

12-12

12-13

12-14

12-15

12-16

12-17

12-18

12-19

12-20

Explain the operation of a light-emitting diode. Sketch the cross
section of an LED, and identify and explain all component parts of
the device.

Discuss the current and voltage requirements of an LED. Sketch
the circuit symbol for the device, and show how it is employed in a
seven-segment numerical display.

Three series-connected LEDs are to have 15 mA passed through
them from a —9 V supply when energized. A pnp transistor with
R pminy =715 is to be used as a switch. The input voltage to the
transistor is —9 V. Sketch an appropriate circuit and determine the
resistor values required.

Explain the operation of a liquid crystal cell. Sketch the cross
section of a liquid crystal cell and identify and explain each
component part.

Explain transmittive type and reflective type liquid crystal cells.
Discuss the voltage and current requirements for liquid crystal
displays, and show how square waves are employed to drive a
seven-segment liquid crystal display.

Explain the construction of 7-segment fluorescent displays, and
discuss its characteristics.

Using sketches, explain the construction of a digital indicator tube.
Also sketch the schematic symbol for the device and explam its
operation.

Using sketches, explain the operation of a seven-segment gas
discharge display. Discuss the current and voltage requirements for
the display, and explain the function of the keep-alive cathode.
Sketch two schematic symbols in general use for seven-segment gas
discharge displays.

Show how a diode matrix may be employed for binary to decimal
conversion. Sketch the complete circuit of the diode matrix,
transistor gates, and digital indicator tube.

For the diode matrix in the binary to decimal conversion circuitry
sketched for Problem 12-18, identify the diodes that are forward-
biased and those that are reverse-biased at a decimal count of 6
and at a decimal count of 3.

Sketch a complete logic diagram for Binary to decimal conversion.
Briefly explain how the system functions.
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12-22

12-23

12-24
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Sketch a complete diode matrix for driving a seven-segment display
from a digital input. Explain the operation of the circuitry, and
identify the segments of the display that are energized for each
decimal input.

Sketch a complete logic diagram for decimal to seven-segment
display conversion. Briefly explain how the system functions.

Draw the block diagram of a scale-of-1,000 counter. Explain the
operation of the system.

Draw the block diagram of a control system that will start and stop
a counter manually and by means of input pulses. Show the
waveforms of input, and control voltages. Explain the operation of
the system.



CHAPTER 13

Dlgltal
Frequency Meters and

Digital Voltmeters

INTRODUCTION

If a pulse waveform is fed to the input of a digital counter for a time period
of exactly one second, the counter indicates the frequency of the waveform.
Suppose the counter registers 1000 at the end of a second; then the
frequency of the input is 1000 pulses per second. Essentially, a digital
frequency meter is a digital counter combined with an accurate timing
system. The timing system usually is such that the input frequency is sampled
repeatedly. This necessitafes the use of a latch, which keeps the display
constant while the frequency remains unchanged.

A dc voltage can be converted to a frequency which is directly
proportional to the voltage. Then this frequency can be measured by a
digital frequancy meter and the output is read as a voltage. Several methods
of converting from voltage to frequency are available.

379
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13-1 TIMING SYSTEM

A block diagram and voltage waveform of a typical timing circuit for a
digital frequency meter are shown in Figure 13-1. The source of the time
interval over which input pulses are counted is a very accurate
crystal-controlled oscillator usually referred to as a clock source. The
crystal is often enclosed in a constant temperature oven to maintain a
stable oscillation frequency. _

The output frequency from the final flip-flop of a decade counter is
exactly one-tenth of the input triggering frequency (see Chapter 12). This
means that the time period of the output waveform is exactly ten times the
time period of the input waveform. The 1 MHz output from the crystal
oscillator in Figure 13-1 has a time period of 1 s, and the output
waveform from the first decade counter has a time period of 10us. The
time period of the output from the second decade counter is 100 ps, and
that from the third is 1 ms, etc. With all six decade counters, the available
time periods are 1 ps, 10 ps, 100 ps, 1 ms, 10 ms, 100 ms, and 1 second.

When the counting circuits in a digital frequency meter are triggered
for a period of 1 second, the display registers the input frequency directly.
A count of 1000 cycles over the 1 second period represents a frequency of
1000 Hz or 1 kHz, a 5000 display indicates 5000 Hz, etc. These figures are
more easily read when a decimal point is placed after the first numeral and
the output is identified in kilohertz. Thus a display of 1.000 is 1 kHz, 5.000
is 5 kHz, and 5.473 is 5.473 kHz. In an LED display, the decimal point is
created by use of a single suitably placed light-emitting diode. Also, a kHz
indication usually is displayed.

Now consider the effect of using the 100-ms time period to control the
counting circuits. A display of 1000 now means 1000 cycles per 100 ms.
This is 10,000 cycles per second or /0 kHz. When the time period is
switched from 1 second to 100 ms, the decimal point also is switched from
the first numeral to a position after the second numeral. The 10.00 display
is now read as /0.00 kHz; 50.00 is read as 50.00 kHz, etc.

When the time period is switched to 10 ms, the decimal point is moved
to a new position after the third numeral on the display. A 100.0 display
now becomes 700.0 kHz. Since this is the result of 1000 cycles of input
counted over a period of 10 ms, the actual input frequency is (1000/
10 ms), that is, 100 kHz. With 1 ms time period, a display of 1000 indicates
1000 cycles during 1 ms, or 1 MHz. The decimal point is now moved back
to its original position after the first numeral, and a MH: indication is
displayed. Therefore, the display of 1.000 with a 1 ms time base is read as
1.000 MHz. If the 100 us and 10 us time periods are used, the decimal
point is again moved so that the 1000 indication becomes 10.00 MHz and
100.0 MHz, respectively.
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FIGURE 13-1. Time base generation for digital frequency meter.
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EXAMPLE 13-1

A 3.5 kHz sine wave is applied to a digital frequency meter. The time base
is derived from a 1 MHz clock generator frequency divided by decade
counters. Determine the meter indication when the time base uses (a) six
decade counters and (b) four decade counters.

solution

(a) When six decade counters are used:

1 MHz
108
. 1
Time base=¢, = — =
i

f

Time base frequency =f, = =] Hz

T 1 sec

Cycles of input

counted during 7, =Input frequency X ¢,
=3.5kHz X1 sec
=3,500

Thus, the display indication is 3500.
(b) When four decade counters are used:

Time base frequency=f, = ! I;;I;Iz =100 Hz
Time base=¢ =—1-— ! =10 ms
27 f, 100Hz

Cycles of input

counted during ¢,=Input frequency X ¢,
=3.5kHzX10ms
=35

Thus, the display indication is 0035.
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13-2 LATCH CIRCUITS

If the display devices in a digital frequency meter are controlled directly
from the counting circuits, the display changes rapidly as the count
progresses from zero. Suppose the input pulses are counted over a period
of 1 second, and then the count is held constant for 1 second. The display
alternates between being constant for one second and continuously
changing for the next second. Therefore, the display is quite difficult to
read, and the difficulty is increased when shorter time periods are employed
for counting. To overcome this problem, latch circuits are employed.

A latch isolates the display devices from the counting circuits while
counting is in progress. At the end of the counting time, a signal to the
latch causes the display to change to the decimal equivalent of the final
condition of the counting circuits. If the input frequency is constant, as is
usually the case, the displayed. count remains constant. The counting
circuits continue to sample the input frequency, and the latches are
repeatedly triggered to check the displays against each final state of the
counting circuits. :

Figure 13-2 illustrates the use of JK flip-flops as latch circuits. The
input (J and K') terminals of the flip-flops are connected to the collectors

From decade counter
‘

Qsc Q¢ Qec Os¢ Q;c Ui O Qic

iyl

A
To diode matrix

FIGURE 13-2. K flip-flops operated as latch circuits.
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of the transistors in the decade counter. The flip-flop outputs are fed to the
binary-to-decimal diode matrix (Figure 12-15). The latching signal is
applied to the clock input terminal ¢ of each JX flip-flop.

The theory of the JK flip-flpp is explained in Sec. 9-10 and a timing

diagram is shown in Figure 9-16. When triggered, the flip-flop outputs
assume the level of the J and K input terminals. The output then remains
constant until another trigger (i.e, latch) input is applied. If the input levels
have changed, the output will change. If the input levels are the same as
before, the flip-flop outputs remain unaitered. Thus, the latch circuits
sample the output levels of the decade counter, and pass these levels to the
diode matrix. Since sampling occurs only when a latch signal is applied,
the inputs to the diode matrix remain constant during the time interval
between latch signals. Therefore, the numerical display devices also remain
in a constant state during this time, and the counting circuits can go from
zero to maximum count without affecting the display.
. A display enable control which open-circuits the supply voltage to the
display devices can sometimes be used instead of a latch. The display is
simply switched off during the counting time and on during the noncount-
ing time. The (normally constant) displayed numerals are thus switched on
and off continuously, with no display occurring during the conting time.
When the display time and counting time are brief enough, the on/off
frequency of the display is so high that the human eye sees only a constant
display.

13-3 DIGITAL FREQUENCY METER

The block diagram of a digital frequency meter is shown in Figure 13-3,
and the voltage waveforms for the system are illustrated in Figure 13-4,
The input signal which is to have its frequency measured is first amplified
and then fed to a Schmitt trigger circuit. Amplification ensures that the
signal amplitude is large enough to trigger the Schmitt circuit, and the
Schmitt circuit produces a square wave output of the same frequency as
the input. A square wave is required for triggering the counting circuits.
Before it gets to the counting circuits, however, the square wave must pass
through an AND gate.

The square wave passes to the counting circuits only when output |
from the flip-flop is at logic 7 (i.e., positive). The flip-flop changes state
each time a negative-going output is received from the timer. Therefore,
when T'=1 sec (see Figure 13-4) the flip-flop output is alternately at level /
for one second and at level 0 for one second. Consequently the AND gate
is alternately on for one second and off for one second. During the time
that the AND gate is on, the Schmitt output triggers the counting circuits.
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The exact number of input pulses are counted during that time and, as
already discussed, when T=1 second the count is a measure of the input
frequency. The timer has six (or moré) available output time periods over
which counting can take place. The desired time period is selected by
means of a switch, as shown in Figure 13-3. A separate decimal point
selector switch moves with the time base selector.

Output 2 from the flip-flop is an antiphase to output 1 (see Figure
13-4). This waveform is employed for resetting the counting circuits, and
for opening and closing the latches. At the beginning of the counting time,
output 2 from the flip-flop is a negative-going voltage. This triggers the
reset circuitry in each decade counter. Since flip-flop output 2 is at logic 0
during the counting time, its application to the latching circuits ensures
that each latch is off. That is, during the counting time, nothing passes
through the latching circuits. At the end of the counting time, the wave-
form fed to the latch inputs goes to logic /. This triggers each latch on so
that the conditions of the displays are corrected, if necessary, to reflect the
states of the counting circuits. During the latch on time, the AND gate is
off and no counting occurs. Therefore, once corrected, the displays remain
constant. The displays remain constant also during the counting time,
since the latch circuits are off.

The digital frequency meter can be used to measure the frequency of a
signal with almost any waveform. Also, it can be employed for accurate
measurement of time periods, and for determining the ratio of two fre-
quencies.

13-4 DUAL SLOPE INTEGRATOR FOR DIGITAL
VOLTMETER

In the dual slope integration type of digital voltmeter, an integrating circuit
is used to generate a ramp over a timed interval. The slope of the ramp is
proportional to the voltage to be measured. Consequently, the ramp
amplitude is also proportional to the input voltage. The integrator then is
reversed and discharged at a constant rate proportional to an accurate
reference voltage. When the time for the ramp to go to zero is measured
digitally, the numerical display can be read as the input voltage.

A dual slope integrating circuit is shown in Figure 13-5. The voltage V;:
to be measured is applied to the input terminal of a voltage follower in
order to present a high input impedance. The voltage follower output is
switched via a FET(Q,) to the input of a Miller integrator. (The voltage
follower and Miller integrator are introduced in Chapter 7.) An accurate
current source is also connected to the input of the Miller integrator, and
the integrator output level is monitored by a zero crossing detector. The
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FIGURE 13-5. Dual slope integrator.

zero crossing detector is merely a high gain operational amplifier, which
gives a large positive output when the input voltage is slightly above
ground, and a large negative output when the input is slightly below
ground.

The square wave (control) input to Q, provides the time interval over
which integration occurs. This square wave is generated by using decade
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counters to divide the output frequency of a clock source. When the input
to Q, is negative, the FET is biased off and V; is isolated from the
integrator. During this time, the reference current is fed into the Miller
integrator circuit. The level of this reference current is

I L
R™ R,;+R,+R;

The direction of the current is such that C, tends to charge positively
on the right-hand side, so that the output of the Miller integrator tends to
be positive. However, when the output of the Miller circuit becomes
slightly positive, the zero crossing detector generates a large positive
output. This biases FET Q, on, and Q, short-circuits C,. Therefore, at the

Clock output H]ijlﬂm m ﬂmml
[

|«—— 1280 cycles ——1e«——-1280 cycles ——

v

<— 1000 cycles—

5 [y ———>

(Clock f) + 2560
Start
counting
Dualslope [T~~~ """"""7~ -2
output from = v,
Miller circuit
Stop
counting

Output from
" Zero crossing
detector

FIGURE 13-6. Waveforms for a dual slope integrator.
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end of the negative half of the square wave input to Q,, capacitor C, is
short-circuited and the Miller circuit output is held close to ground level.

Transistor Q, switches on when the square wave input becomes positive.
This action connects vdltage ¥, to resistance R, and provides an input
current, /;=V,/R;, to the Miller circuit. Capacitor C, now charges with
negative polarity on the right-hand side and this produces a negative-going
output from the Miller circuit (Figure 13-6). Consequently, the zero crossing
detector has a large negative output, which biases transistor Q, off; thus
permitting C, to charge. The output from the Miller circuit is a linear
negative ramp voltage, which continues during the positive portion of the
square wave input to Q,. Since , is directly proportional to ¥V, the slope of
the ramp is also proportional to V. Also, the time duration ¢, of the
positive input voltage is a constant. This means that the ramp amplitude ¥,
is directly proportional to V.

When the square wave input again becomes negative, Q, switches off
and the reference current /, commences to flow once more. I, discharges
C, so that the Miller circuit output now becomes a positive ramp (Figure
13-6). The positive ramp continues until it arrives at ground level. Then the
zero crossing detector provides an output which switches Q,, on, dis-
charges C,, and holds it in short circuit once again.

The time ¢, for the ramp to discharge to zero now is directly propor-
tional to the input voltage. Time ¢, is measured by starting the counting
circuits at the negative-going edge of the square wave input to Q,, and
stopping them at the positive-going edge of the output from the zero
crossing detector.

EXAMPLE 13-2

The dual slope integrator in Figure 13-5 has a square wave input with each
half-cycle equivalent to 1280 clock pulses (see Figure 13-6). The output
frequency from the clock is 200 kHz. If 1000 pulses during time ¢, are to
represent an input of ¥;=1 V, determine the required level of reference
current.

solution
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For V=1V,

1V
10 k&

=100 p A
Clock frequency =200 kHz

S S
S 200kHz

=5us

1;

T

If ¢, is the time duration of 1280 clock pulses:

t,=5usx1280
=64 ms

1, is applied to the integrator input for a time period ¢,. Since

It
C=?
Ly - J00pAX64ms _

C, 0.1 uF 6.4V

Ramp voltage V=

If ¢, is the time duration of 1000 clock pulses,
- t,=35 us X 1000
=5 ms
and I, must discharge C, in time period ¢,.

GV,
=
_01pFXx64V

5 ms
=128 uA

I

One of the most important adVantages of the dual slope integration
method is that small drifts in the clock frequency have little or no effect on
the accuracy of measurements. Consider the following éxample: Let clock

frequency =f; then time period of one cycle of clock frequency=T=1/f,
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The time duration of 1280 clock pulses, ¢#,, is 1280 X T.

It

Vo=t

o Cl
100 p A X 1280T

¢,
CV, C, _ 100 pAX1280T
l,= = X
=77, 18pA v G
=1000T

The number of clock pulses during ¢, is given by

73 _ 10007 _

Time period of clock pulses T 1000
1

It is seen that when the clock frequency drifts, the digital measurement of
voltage is unaffected.

13-5 DIGITAL VOLTMETER (DVM)

Figure 13-7 shows a block diagram of a DVM system employing dual
slope integration. In this particular system, the clock generator has a
frequency of 200 kHz. The 200 kHz is divided by a decade counter and
two divide-by-16 counters as shown, giving a frequency of approximately
78 Hz. This (78 Hz) is the square wave which controls the integrator, as
explained in Sec. 13-4. The 200 kHz clock signal, the 78 Hz square wave,
and the integrator output are all fed to input terminals of an AND gate.

The 200 kHz clock output acts as a triggering signal to the counting
circuitry when the other two inputs to the AND gate are high. This occurs
during time ¢,, as illustrated in Figure 13-6. Note that the output of the
zero crossing detector and the 78 Hz square wave must be inverted before
being applied to the AND gate. The integrator output (i.e., zero crossing
detector output) is also used to reset the counting circuits and to control
the latch. The counting circuits are reset at the beginning of time period ¢,.
Counting commences at the start of ¢,. The latch is switched on at the end
of ¢, in order to set the displays according to the counting circuits.

The range selector is adjusted to suit the input voltage. An input of less
than 1 V is applied directly to the integrator, and a decimal point is
selected so that the display can indicate a maximum of 0.9999 V. An input
voltage between 1 V and 10 V is first potentially divided by 10 and applied
to the integrator again as a voltage less than 1 V. In this case the decimal
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point is selected so that the display can indicate a maximum of 9.999 V.
An input voltage between 10 V and 100 V is reduced by a factor of 100
before passing to the integrator. Decimal point selection now allows the
meter to indicate a maximum of 99.99 V.

13-1

REVIEW QUESTIONS AND PROBLEMS

Sketch the block diagram of a timing system for a digital frequency
meter. Also sketch'the output waveforms and carefully explain the

operation of the system.
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A crystal-controlled oscillator with an output frequency of 100
MHz is available for use in the timing circuit of a digital voltmeter.
Draw a block diagram to show how time intervals of 100 us, 1 ms,
10 ms, and 100 ms can be obtained.

Discuss the numerical display obtained with a digital frequency
meter when the time base is 1 second and the input frequency is 3
kHz. Explain how the time base and the display must be altered
when the frequency goes to 30 kHz, 300 kHz, and 3 MHz.

A digital frequency meter uses a time base derived by decade
counters from a 10 MHz source. Determine the display indication
produced by a 1.5 kHz input when the time base uses five decade
counters. Also determine the number of decade counters required
for the display to read 1500.

Sketch a block diagram showing JK flip-flops employed as latching
circuits. Carefully explain the operation of the latch, and the effect
that it has on the numerical display.

Sketch the complete block diagram of a digital frequency meter.
Also sketch the voltage waveforms that occur throughout the
system. Explain the operation of the system.

Sketch the circuit of a dual slope integ-ator. Also sketch the circuit
waveforms, and carefully explain the operation of the integrator.

Show that the accuracy of the dual slope integration method is not
affected by small drifts in clock frequency.

The Miller circuit in a dual slope integrator (as in Figure 13:5) has
an input resistance R;=15 kQ and a capacitor C,=0.1 uF. The
input voltage is 1 V, and each half-cycle of the square wave input is
equivalent to 1500 cycles of the clock frequency. The clock
frequency is 400 kHz. Determine the required reference current if
the 1 V input is to be represented by a count of 1000.

Sketch the block diagram of a digital voltmeter using dual slope
integration. Carefully explain the operation of the system.



CHAPTER 1 4

Pulse Modulation
and
Multiplexing

INTRODUCTION

Information can be transmitted, recorded, or otherwise processed in the form
of pulses. The technique used to do this may be by pulse amplitude
modulation, pulse duration modulation, pulse position modulation, or
pulse code modulation. Although it is the most complicated of all four
methods, pulse code modulation can be the most accurate and most efficient
technique. Several separate pulse-modulated signals can be transmitted or
recorded on one channel by time division multiplexing. In this process,
pulse signals are inserted in the spaces between other pulse signals. The
circuits involved in pulse modulation and demedulation, and in coding and
decoding time-multiplexed information are, in general, those that have been
studied in previous chapters.
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14-1 TYPES OF PULSE MODULATION

The instantaneous amplitude of a signal may be measured (or sampled) at
regular intervals, and the measured amplitudes converted to pulses. The
pulses may then be transmitted, recorded, or otherwise processed. A
low-frequency alternating signal and four types of pulse modulation by
which the signal may be represented are illustrated in Figure 14-1.

=
\\ ,

(a) Modulating
signal / \ )

(b) Pulse amptlitude ” | ” ﬂ n ”

modulation (PAM)

]
—
]

’(c) Pulse duration __J__L___I—L_r—l_

modulation (PDM)

(d) Pulse position n IJ.I ‘ H_J ﬂ n ﬂ

modulation (PPM)

(e) Pulse code M_JUUULJM_R - n ﬂ__ﬂ.n

modulation (PCM) |

FIGURE 14-1. Types of pulse modulation.
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Pulse amplitude modulation (PAM) is the simplest type of pulse
modulation. As the name implies, the amplitude of each pulse is made
proportional to the instantaneous amplitude of the modulating signal
[Figure 14-1(b)]. The largest pulse represents the greatest positive signal
amplitude sampled, while the smallest pulse represents the largest negative
sample. The time duration of each pulse may be quite short, and the time
interval between pulses may be relatively long. If a radio frequency is
pulse-amplitude-modulated instead of simply being amplitude-modulated,
much less power is required for the transmission of information because
the transmitter actually is switched off between pulses. This is one advantage
of pulse modulation.

In pulse duration modulation (PDM)), also termed pulse width modulation,
the pulses have a constant amplitude and a variable time duration. The
time duration (or width) of each pulse is proportional to the instantaneous
amplituds of the modulating signal [Figure 14-1(c)]. In this case, the
narrowest pulse represents the most negative sample of the original signal,
and the widest pulse represents the largest positive sample. When PDM is
applied to radio transmission, the carrier frequency has a constant
amplitude, and the transmitter on-time is carefully controlled. In some
circumstances PDM can be more accurate than PAM. One example of this
is in magnetic tape recording, where pulse widths can be recorded and
reproduced with less error than pulse amplitudes. :

Pulse position modulation (PPM) [Figure 14-1(d)] is more efficient than
PAM or PDM for radio transmission. In PPM, all pulses have the same
constant amplitude and narrow pulse width. The position in time of the
pulses is made to vary in proportion to the amplitude of the modulating
signal. Note that in Figure 14-1(d) each PPM pulse occurs just at the end
~ of a PDM pulse in Figure 14-1(c). Thus, the pulses near the right-hand side
of the sampling time period represent the largest positive signal sample,
and those toward the left-hand side correspond to the most negative
samples of the original signal. PPM uses less power than PDM and,
essentially, has all the advantages of PDM. One disadvantage of PPM is
that the demodulation process to recover the original signal is more
difficult than with PDM.

Pulse code modulation (PCM), illustrated in Figure 14-1(e), is the most
complicated type of pulse modulation. However, PCM can be the most
accurate and the most efficient of the four methods. In certain
circumstances, it may be the only type of pulse modulation that can be
employed. In PCM, each amplitude sample of the original modulating
signal is converted to a binary number (see Chapter 12). The binary number
is then represented by a group of pulses, the presénce of a pulse indicating
I and the absence of a pulse indicating 0. The four-bit code illustrated in
Figure 14-1(e) can represent only sixteen discrete levels of signal amplitude.
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FIGURE 14-2. Effect of noise on pulse signals.

Thus it is far from accurate. Accuracy can be improved by increasing the
number of bits (i.e., pulses) employed. A seven-bit code, for example, can
represent 128 discrete levels of signal amplitude, or to an accuracy of
better than 1%. The process of converting the signal to standard amplitudes
which are to be represented by the binary code is termed quantizing, and
the.error introduced by this process is referred to as the quantizing error.

For all four pulse modulation methods the sampling frequency is ‘
determined by the highest signal frequency that must be processed. It can
be shown that if samples are taken at a rate greater than twice the signal
frequency, then the original signal can be recovered. However, in practice
it is normal to sample at a minimum rate of about ten times the highest
signal frequency. For audio, voice transmission, for example, with a “high”
frequency of 3 kH, the sampling frequency might be 30 kHz.

Another major advantage of pulse modulation is illustrated in Figure
14-2, When radio signals are very weak, they may be almost completely
lost in circuit or atmospheric noise. If the modulation method is PDM,
PPM, or PCM, the signals can be recovered simply by clipping off the
noise. For this, PCM gives the best results, since it is necessary only to
determine whether each pulse is present or absent.

In the following sections, modulation and demodalation methods are
explained for PAM, PDM, and PPM. Before PCM techniques can be
understood, time division multiplexing methods must be studied.

14-2 PAM MODULATION AND DEMODULATION

A process for producing a pulse amplitude modulated waveform is il-
lustrated in Figure 14-3. The block diagram of Figure 14-3(a) shows a
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FIGURE 14-3. PAM modulating system and use of a monostable multivibrator for
PAM.

pulse generator triggering a monostable multivibrator at a sampling
frequency. The output pulses from the multivibrator are made to increase
and decrease in amplitude by the modulating signal. Figure 14-3(b) shows
the circuit of a monostable multivibrator (Chapter 8) with its load. resis-
tance R, supplied from the modulating signal source. When Q; is on, the
output voltage is the saturation level of Q; collector. When Q, is switched
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FIGURE 14-4. PAM demodulation.

off for the pulse time, the output voltage (i.e., the pulse amplitude) is equal
to the modulating signal level. The actual voltage applied as a supply to R
‘must have a dc component as well as the ac modulating signal. This is
necessary to ensure correct operation of Q.

Demodulation of PAM is accomplished simply by passing the ampli-
tude-modulated pulses through a low-pass filter. This process is illustrated
in Figure 14-4. The PAM waveform consists of the fundamental modulat-
ing frequency, and a number of high-frequency components which give the
pulses their shape. The resistance R, and capacitance C, shown in Figure
14-4 form a potential divider. ‘At low frequencies, the impedance of C, is
very much larger than R,. Consequently, low-frequency signals (i.e., the
fundamental) are passed with very little attenuation. At high frequencies,
the impedance of C; becomes quite small, and the signals experience
severe attenuation. Thus, the filter output is the signal frequency, with
perhaps a very small pulse frequency component. If necessary, more than
one stage of filtering can be employed to rémove the pulse frequency
completely.

14-3 PDM MODULATION AND DEMODULATION

In pulse duration modulation, the signal samples must be converted to
pulses which have a time duration directly proportional to the amplitude of
the samples. One method of producing PDM, shown in Figure 14-5, uses a
free-running ramp generator and a voltage comparator. The operation of
the voltage comparator is explained in Sec. 6-8.

Consider the circuit and waveforms illustrated in Figure 14-5. The
modulating signal is capacitor-coupled via C; to the noninverting input
terminal of the comparator. Therefore, the voltage at that terminal is a dc
level (provided by R, and R,) with the ac signal superimposed. The
free-running ramp generator produces a ramp waveform output at the
desired sampling frequency. This is directly coupled to the inverting input
terminal of the comparator. When the ramp is at its zero level, the
comparator inverting input terminal voltage is below the level at the
noninverting input terminal. In this condition the comparator output is at
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FIGURE 14-5. PDM modulating system.

its extreme positive voltage level. The ramp voltage grows linearly and
eventually becomes equal to the voltage at the noninverting terminal of the
comparator. When this occurs, the comparator output switches rapidly
from its extreme positive level to its extreme negative voltage level. When
the ramp voltage returns to zero, the inverting input voltage is once again
below the level of the noninverting input, and the comparator output
returns to its extreme positive voltage level.

It is seen that the output from the comparator is a series of positive
pulses. Each pulse commences at the instant the ramp waveform returns to
zero volts, and ends when the ramp level coincides with the signal voltage.
When the signal is at its highest level, the ramp takes its longest time to
reach equality with the noninverting input voltage. Therefore, the output
pulses at this time are of the longest duration. At the instant that the signal
is at its lowest level, the ramp takes the shortest time to arrive at the same
voltage as that at the noninverting terminal. Consequently, the width of the
output pulses is a minimum at this instant.

Demodulation of PDM waves can be accomplished by first converting
each duration-modulated pulse into an amplitude-modulated pulse. Then,
filtering can be employed to recover the original modulating signal. The
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block diagram and waveforms for such a PDM demodulation system are
shown in Figure 14-6. The PDM wave is applied to an integrator which
generates a ramp-type output. The integrator output ramp always increases
linearly at the same rate (i.e., for constant amplitude pulses). The ramp
commences at the start of each input pulse and finishes at the end of the
pulse. Consequently, the ramp peak value is proportional to the pulse
width. Since the pulse widths are made proportional to the instantaneous
samples of the original signal voltage, the ramp peaks represent amplitude
samples of the original signal. The integrator output waveform now is fed
to the low-pass filter, which removes the high-frequency components and
passes the low-frequency signal waveform.

A Miller integrator circuit (Figure 7-14) is suitable for use with the
PDM demodulation system described above. The circuit, as shown, re-
quires negative input pulses. Thus the positive PDM waveform in Figure
14-6 would first have to be passed through an inverter circuit [e.g., Figures
5-10(b) or (c)] before being applied to the integrator.

144 PPM MODULATION AND DEMODULATION

The simplest form of modulation process for pulse position modulation is a
PDM system with the addition of a monostable multivibrator (see Figure
14-7). The monostable is arranged so that it is triggered by the trailing
edges of the Pom pulses. Thus, the monostable output is a series of
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constant-width constant-amplitude pulses which vary in position according
" to the original signal amplitude.

For demodulation of PPM, a PDM waveform is first constructed by
triggering an RS flip-flop, as shown in Figure 14-8. The flip-flop is triggered
into its set condition by the leading edges of a square wave which must be
synchronized with the original signal source. Synchronization is necessary
so that the leading edges of the square wave coincide with the leading
edges of the PDM wave that was employed to generate the PPM pulses
(Figure 14-7). The flip-flop in Figure 14-8 is reset by the leading edge of
the PPM pulses. The output of the flip-flop is now a PDM wave which
may be demodulated by the process illustrated in Figure 14-6.

One of the most difficult requirements for PPM demodulation is
synchronization of the square wave for triggering the flip-flop. Several
alternatives are available. PPM pulses may be generated at both the
leading and lagging edges of the PDM waveform in Figure 14-7. For
demodulation, the leading edge pulses are applied to the set terminal of the
RS flip-flop. In this case, a square wave generator is not required. However,
some method of identifying the leading edge pulses must be employed. A
more efficient system is to include periodic sypchronizing pulses. For
example, every fiftieth pulse might Be a synchronizing pulse which corrects
any frequency drift in the square wave generator. Again, some means of
identifying the synchronizing pulses is essential. This could be done by
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making all synchronizing pulses negative while the other pulses are positive.
Alternatively, the synchronizing pulses could be made larger or wider than
the other PPM pulses. Perhaps the best method of identifying a sychronizing
pulse is to precede it with a longer-than-normal space. Methods for
generating such a space during the modulation process and for identifying
it during demodulation are similar to those employed in time division
multiplexing, the subject of the next section.

14-5 TIME DIVISION MULTIPLEXING

14-5.1 TDM Waveforms

Suppose a 2.5 kHz signal is sampled ten times in every cycle. The samples
occur at time intervals of one-tenth of the time period of the waveform,
that is, at 40 us intervals. If PDM is employed, and the maximum pulse
width is made less than 10 us, a 30 ps time interval (or space) is left
between pulses. If other signals are sampled at the same rate, the addi-
tional pulse samples might be included in the 30 is space. This process,
known as time division multiplexing (TDM), is illustrated in F igure 14-9.
Channel 1 in Figure 14-9 is a series of PDM samples, with the first
pulse shown commencing at time t,. Channel 2 is another series of PDM
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FIGURE 14-9. Time division multiplexing of three PDM channels.

pulses with the first pulse shown commencing at ¢,, 10 ps after ¢,. The
second pulse in channel 2 occurs 40 us after ¢, (10 ps after ¢5). For channel
3, the first pulse shown starts at ¢5, which is 20 us after ¢, and 10 us after
t,. As in the case of the other chanmnels, there is a 40 ps time interval
between commencement of each pulse in channel 3. When the pulses are
time-multiplexed, as shown in Figure 14-9(d), three channels of information
are contained in the waveform. This waveform now may be recorded on a
single magnetic track, transmitted on a single radio frequency, or otherwise
processed. ’

Each channel in the time-multiplexed waveform [Figure 14-9(d)] is
allocated a 10 ps time period. Therefore, the maximum pulse width must
be less than 10 us, so that the end of one pulse can be distinguished from
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the beginning of the next. At each sampling, the three channels occupy a
total time period of 30 us. This leaves a 10 us time interval, or one
unoccupied channel space, between the end of the three pulses and
commencement of the next three. This time period is deliberately left clear
so that it may be used for synchronization in the demodulation process.
Channel 1 can easily be identified: (during demodulation) as the first
information pulse after the sync. space. Channels 2 and 3 can then be
identified in sequence after channel 1. The series of three (or more)
information pulses together with the synchronizing space usually is termed
one frame of the TDM waveform.

PDM is not the only pulse modulation process that lends itself to time
division multiplexing. Figure 14-10 shows typical waveforms of PAM,
PPM, and PCM signals in time-multiplexed form. Note that the PPM
demodulation synchronization problem discussed in Sec. 14-4 is solved by
the TDM synchronization arrangements. Instead of using a space between
pulses, synchronization may be accomplished by means of a negative
pulse, or, perhaps, a wider or taller pulse than normal. The number of
channels that may be time-multiplexed is by no means limited to three.

N

ﬂ (a) 3-channel time-multiplexed PAM
Channel
. Negative
_ 1 . 2 3 . Syng;'! sync. pulse

___Large amplitude

|-'<— sync. pulse
n “ ” (b) 3-channel time-multiplexed PPM
Channel
1 2 3 Sync.
Wide
sync. pulse
ing
) (¢) 6-channel time-
Channel multiplexed PCM
1 2 3 | 4 5 |, 6 | Sync
- > > >

FIGURE 14-10. Time division multiplexed waveforms for PAM, PPM, and PCM.
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The maximum number of channels is determined by the highest frequency
to be sampled and the time period that must be allocated to each channel.

14-5.2 Ring Counter

A ring counter is the circuit employed in a TDM coding system to select
the signals to be sampled in the correct repetitive sequence. Triggered by
input pulses, the circuit switches through a number of states equal to one
more than the number of TDM channels. For a three-channel system, the
ring counter must have four states, that is, three channels plus the
synchronizing space. Ring counters usually are constructed of flip-flops
and diode gates. The binary-to-decimal conversion system shown in Figure
12-15 could be employed as a ten-state ring counter. In this case, the
outputs (to the transistor gates) would control nine signal channels and a
synchronizing space. :
. Figure 14-11 shows a four-state ring counter made up of two flip-flops
and a diode matrix. The operation of the circuit is similar to the binary-to-
decimal conversion system explained in Chapter 12. In the initial condi-
tion, Q, and @, are off, and the output voltage at their collectors is high
and is represented as logic I. Q, and Q, are on, so their low coliector
voltage level is represented as logic 0. This means that the voltage levels at
the cathodes of D, and D, are high, and that the output of terminal 1 is
high. All other output terminals have at least one diode biased on, holding
the output voltage Jow. When the first toggle pulse is applied, the states of
the flip-flops change to Q, on Q; off, @, off, @, on. The cathode of D, has
a low voltage applied so that the output of terminal 1 is ow. Also D; and
D, have high voltages at their cathodes, which produces a high output at
terminal 2. While the input count remains at 1, diodes Ds, D¢, and D, have
low cathode voltages and thus terminals 3 and 4 are /ow. Continuing
through input pulse counts 2 and 3, it is seen that output terminals 3 and 4
switch high in turn, while all other outputs become low. After the count of
four, the next input pulse switches the circuit back to high at output
terminal 1. Then the sequence is repeated. The ring counter derives its
name from the fact that it toggles in a repetitive or ring sequence from state
1 to state 4 and back through state 1 again for the four-stage ring counter.
A synchronizing input terminal also can be provided as was explained in
Chapter 12, so that a sync. pulse can set the circuit.in its initial state.
The voltage waveforms in Figure 14-11 help to illustrate the operation
of the ring counter. It is seen that in the initial state, only output terminal 1
is high. When the first toggle pulse is applied, output terminal 2 becomes
high, and 1 becomes /ow. The third and fourth toggle pulses, respectively,
switch outputs 3 and 4 to high, while all others go to Jow. On receipt of the
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FIGURE 14-11. Flip-flop and diode matrix as four-state ring counter.

fifth pulse, output 1 becomes high again, and the sequence is repeated as
the input pulses continue.

14-53 TDM Coding System

The block diagram and waveforms for the time-multiplexing of three
signals are shown in Figure 14-12. A time division multiplexing system
usually is referred to as a TDM coding system. The system for separating
the waveform into individual channels is termed a TDM decoding system.
If pulse modylation is performed concurrently with time-multiplexing, a
single modulation system can be used for all channels.

In Figure 14-12, a clock generator produces a square waveform to
toggle the ring counter at the desired frequency. The ring counter outputs
switch the sampling gates on and off in the correct sequence. (Sampling
gates are discussed in Chapter 11.) When one output from the ring counter
is high, all others are low. Thus, one sampling gate is on, and all others are
off. The time periods during which a sampling gate is in the on and off
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states is determined by the clock generator frequency and the number of
channels. For example, if the clock generator output is a 1 kHz square
wave, each gate is on for 1 ms. For the three-channel system shown, each
gate is off for three time periods of the clock generator (i.e., for 3 ms).

Each signal to be sampled is applied to the input terminal of a
sampling gate. The input of gate 0, the synchronizing gate, is grounded, so
that during the sync. time its output is zero volts. The output of all four
gates is “commoned.” Thus, as each gate switches on in turn, amplitude
samples of the signal waveforms are time-multiplexed into a single wave-
form. The combined output of the gates (see Figure 14-12) is in the form of
a pulse-amplitude-modulated waveform with no spaces between pulses,
and with a sync. space at the end of éach set of samples.

The waveform from the gates is converted.-to PDM by applying it to
one input of a voltage comparator. The other input terminal of the
comparator has a ramp generator output applied to it, as shown in Figure
14-12. The ramp generator has a linear output and is triggered by the
negative-going edges of the clock generator output, so that the ramp
commences at the beginning of the output from each sampling gate. The
voltage comparator output becomes high when the ramp output becomes
zero. When the ramp amplitude is equal to the amplitude of the signal
being sampled, the comparator output goes to zero. (The process of
converting amplitude samples to PDM was explained in Sec. 14-3.) During
the sync. space, the comparator input (from the gates) remains at zero;
thus the output level from the comparator does not switch positively when
the ramp goes to zero. The output waveform from the system is seen to be
time-multiplexed duration-modulated pulses with intervening sync. spaces.

14-54 TDM Decoding System

Before demodulation, time-multiplexed signals must be decoded, or sep-
arated into individual channels. Figure 14-13 shows the block diagram and
~ waveforms of a system for decoding three-channel time-multiplexed PDM
signals.

The waveform to be decoded is applied simultaneously to an integra-
tor circuit, the toggle input of a ring counter, and to one input on each of
three AND gates. The function of the integrator, and the Schmitt trigger
circuit which follows it, is to detect the sync. space in the TDM waveform.
A suitable integrator circuit for this situation is the ramp generator shown
in Figure 7-3(b). During the time that the input pulses are applied, the
ramp generator output remains at zero. When the pulses are absent the
ramp output grows linearly, then rapidly returns to zero again at com-
mencement of the next input pulse. Thus, the integrator output is a'series
of small mamps generated during the space time. During the synchronizing
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FIGURE 14-13. Decoding system for three-channel time-multiplexed PDM signals.

space, the integrator generates a larger-than-usual output. When this
output arrives at the upper trigger point of the Schmitt circuit, the Schmitt
produces an output pulse which sets the ring counter to its synchronized
state. The next input pulse (i.e., from channel 1) toggles the ring counter

to its channel 1 state.

In the channel 1 state, the ring counter provides a positive output to
AND gate 1, and a zero output to gates 2 and 3. At this time, channel 1
pulse is present at one input of all three AND gates. Only gate 1 has a
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positive voltage at both input terminals. Therefore, only gate 1 produces an
output during the application of the pulse from channel 1. The output
pulse from gate 1 commences at the beginning of channel 1, and ends at
the end of the channel 1 PDM pulse. At the commencement of channel 2
(i.e., on receipt of the next positive-going pulse edge) the ring counter
toggles to its channel 2 state. Therefore, AND gate 2 now has positive
voltage levels at both input terminals, while AND gates 1 and 3 have zero
levels applied from the ring counter. Thus, gate 2 produces the channel 2
PDM pulse at its output terminals. Similarly, at commencement of channel
3, the ring counter toggles to its channel 3 state. AND gate 3 output then
becomes positive for the duration of the PDM pulse in the channel 3
portion of the input waveform. It is seen that the decoding system
separates the TDM wave into the individual channels. Now, each channel
can be demodulated to recover the original modulating signals.

14-6 PCM MODULATION AND-DEMODULATION

14-6.1 PCM Modulation System

PCM signals are essentially time division multiplexed pulses; therefore,
modulation and demodulation techniques for PCM are similar to TDM
methods. The block diagram of a PCM modulation system is shown in
Figure 14-14, and the waveforms for the system are illustrated in Figure
14-15.

The PCM system in Figure 14-14 employs a shift register. This is
simply a cascade of flip-flops similar to the arrangement illustrated in
Figures 12-1 and 12-2. The. shift register is toggled by input pulses, and
counts the pulses in binary form. An output is taken from one collector of
each flip-flop. The five-stage shift register can count to binary 711111,
which is equivalent to decimal 3J.

The input signal voltage which is to be converted to PCM (¥, in Fig.
14-14) is applied to one input of a voltage comparator, and a ramp
generator output is applied to the other input of the comparator. This is
similar to the PDM method, in which the signal amplitude sam;le
is converted to a time period. In Figure 14-15, the comparator output is
shown as having a time duration 7. To convert this time period to a five-bit
binary number, the shift register is toggled by the clock generator during
the time period. Once the shift register has settled at the binary equivalent
of the signal sample, the ring counter is triggered to read the state of the
shift register and produce a PCM output.

Suppose the clock generator frequency f; is 32 kHz. This frequency is
divided by a factor of 32 to produce f,=(f,/32)=1 kHz (see Figure
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FIGURE 14-14. PCM modulating system.

14-15). (Frequency dividing techniques are discussed in Chapter 13.) The
time period of f, is 1 ms, and this is used to trigger the ring counter. As
shown by the waveforms in Figure 14-15, the ring counter provides a 1 ms
pulse to AND gate 6. This pulse also goes to the ramp generator and to the
reset input terminal of the shift register. Therefore, at commencement of
time period 7, (Figure 14-15) the shift register is set to its zero condition,
and the ramp generator output is triggered from its maximum output
voltage level to zero. When the ramp generator output becomes zero, it
causes the output of the voltage comparator to switch from zero to its
maximum voltage level. Thus, the input (from the comparator) to AND
gate 7 is positive, and the clock generator pulses (i.e., not divided by 32)
pass through to toggle the shift register. _

At the commencement of time period ¢,, the ramp voltage also starts
to grow linearly from the zero level. When the ramp amplitude becomes
equal to the instantaneous amplitude of the signal voltage V,, the
comparator output switches to zero once again. This means that no more
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clock generator pulses can pass through AND gate 7. At this time, the state
of the shift register represents the binary equivalent of the signal voltage
amplitude. Since no more toggle pulses arrive, the shift register state
remains constant.

The 1 ms ring counter output pulse that is applied to the ramp
generator during time ¢, is also applied to AND gate 6. Since the other
input to the gate is at + V, the output of gate 6 is a positive 1 ms pulse.
During time period ¢,, the ring counter provides a 0.5 ms pulse to AND
gate 5. The other input to AND gate S is derived from FFS in the shift
regidter. If the output of FFS5 is high, gate 5 produces a 0.5 ms output
pulse, as shown. If the flip-flop output is low, there is no pulse present at
this point in the PCM output waveform. Through time periods ¢,, ¢,, s,
and ¢, the ring counter switches on gates 4, 3, 2, and 1, respectively, to
sample the shift register voltage levels at each flip-flop. Thus the PCM
output waveform is produced with pulses that represent the binary
equivalent of the signal sample as measured during ¢,. At the end of ¢, a
gap (2,) is generated by the ring counter holding gates 1 to 6 off, then the
long synchronizing pulse ¢, commences again, and the sampling and
coding process is repeated. .

14-6.2 PCM Decoding and Demodulation System

For decoding and demodulation, PCM signals are first processed through
a TDM decoding system to separate the bits into different channels. The
process, illustrated in Figure 14-16(a), shows a TDM decoding system with
five output channels for a five-bit PCM system. Several techniques are
available for converting the decoded PCM back to analog voltage samples.
The method illustrated is termed digital-to-analog conversion by weighted
resistors. The operational amplifier, connected as shown, is termed a
summing amplifier.

In Figure 14-16(b) it may be seen that each pulse in a five-bit PCM
code has a binary and a decimal equivalent. The decimal equivalent of bit
5 is 16 and that of bit 4 is 8, etc. The resistors R, to. Rs are weighted (or
selected) to have values inversely proportional to the decimal equivalent of
the bit number applied to them. Thus, if R, =16 kQ for bit 1, which has a
decimal equivalent of 1, then Rs=1 k! for bit 5 with a decimal equivalent
of 16. Similarly, R,=8 k{ for bit 2 (the decimal equivalent is 2), and
R,=2 kQ for bit 4 (the decimal equivalent is 8). Note also that R,=
1.6 kQ.

Consider the effect on the summing amplifier when bit 5 is present,
and all other bits are absent. Let the amplitude of all bits be V=1 V.
Recall, from the previous study of operational amplifiers in Chapters 5, 6,
and 7, that with the noninverting terminal grounded the inverting terminal
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FIGURE 14-16. PCM decoding and demodulation system.

is always very close to ground potential. Therefore, with the input voltage
applied at one end of R, and a virtual ground at the other end, the
amplifier input current is

Also in prévious studies it was shown that the actual current flow into
the amplifier terminal is near zero. Consequently, all of the iLput current
effectively flows through Rg. Since one end of Ry is at the virtual ground
input terminal and the other end is at the output terminal, the output
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voltage is the voltage drop across R. Thus, the output voltage is

Vo=IRs= Vix(Rs/Rs)
=1Vx(1.6kQ2/1kQ)
=16V

Thus, bit 5 is converted to 1.6 V and since the decimal equivalent of bit 5
is 16, this seems to make sense.

When only bit 1 is present, the output becomes

V,= K*(RG/RI)
=1Vx(1.6k&2/16k2)
=0.1V

This is one-sixteenth of the output produced from bit 5. Thus the two
outputs are in correct proportion, since bit 5 has a decimal equivalent of
16, and bit 1 has a' decimal equivalent of 1.

The combined output produced when bits 5 and 1 are present is

V,=Vi(R¢/Rs)+V,(Re/R,)
=V;R¢xX(1/Rs+1/R,)
—1VX1.6k2x(1/1kQ+1/16kQ)
=17V

The decimal equivalent of 10001 (i.e., bit 5 and bit 1) is 17; therefore, the
summing amplifier has summed the bits and converted the input voltages
from digital form to analog form. Any combination of input bits may be
considered, and the summing amplifier output calculated. It is always
found that the amplifier output is directly proportional to the decimal
equivalent of the binary number represented by the bits. After conversion
to amplitude samples, low-pass filtering can be employed to recover the
original signal. Note that the output voltage samples from the summing
amplifier are negative. These can be converted to positive voltage levels by
the use of another inverting amplifier.

REVIEW QUESTIONS AND PROBLEMS

14-1  Sketch waveforms to illustrate the various types of pulse modula-
tion. Identify and briefly explain each type of modulation.
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14-5
14-6

147
14-8
14-9

14-10

14-11

14-12
14-13

14-14
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‘Discuss the performance of the various types of pulse modulation

with respect to noise.

Show how a monostable multivibrator may be employed for pulse
amplitude modulation. Briefly explain.

Sketch a block diagram for a PAM modulating system. Show the
waveforms, and explain the system.

Sketch and explain the process for demodulating PAM signals.

Draw a block diagram for a PDM modulating system. Show the
circuit of the voltage comparator, and the system waveforms.
Explain the modulation process.

Sketch a system block diagram and waveform for demodulation of
PDM signals. Explain the process.

Using illustrations, explain the process of producing a PPM wave-
form.

Explain the process of demodulating a PPM waveform. Sketch the
appropriate block diagram and voltage waveforms. Also, discuss
the synchronizing problem which occurs with PPM and state the
possible solutions.

Explain time division multiplexing and discuss its advantages. Sketch
waveforms for time-multiplexed signals using PAM, PDM, PPM,
and PCM.

Draw a' block diagram and diode circuit to show how three
flip-flops and a diode matrix can be employed as an eight-state
ring counter. Also sketch the input and output waveforms, and
explain how the ring counter functions.

Draw a block diagram for a four-channel TDM system which
includes pulse duration modulation. Show the waveforms
throughout, and explain the operation of the system.

Draw a block diagram for a decoding system for four-channel
time-multiplexed PDM signals. Show the system waveforms and
explain the operation of the system.

A signal having a maximum frequency of 5 kHz is to be pulse-code
-modulated with not more than 2% quantizing error. Determine the
number of pulses required to represent each sample, and the
number of samples required per second. Explain.
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14-15

14-16

Draw a block diagram of a PCM modulating system that would be
suitable for the waveform described in problem 14-14. Sketch
appropriate waveforms and explain the system process.

Explain the process of decoding and demodulating a 5-bit PCM
signal. Sketch the appropriate circuitry and identify the level of
output for each input pulse.
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TYPES IN914, IN914A, IN9I4B, IN9I5,
IN916, IN916A, IN916B and IN917

DIFFUSED SILICON SWITCHING DIODES

® Extremely Stable and Relicble High-Speed Diodes

mechanical data

ALL DIMENSIONS IN INCHES

absolute ﬁluxlmum ratings at 25°C ambient temperature (unless otherwise noted)

TN9T4 [IN914A [ INO14B | IN915 | IN916 [ IN916ATIN916B [IN9I7 | Unit
Vo Rovems Voltage ot — 65 10 + 150°C 75 5 [ 75 50 75 75 75 0| v
lo Average Rectified Fwd. Current 75 75 75 75 75 75 75 50 | ma
fo Averoge Rectified Fwd. Current ot + 150°C 10 10 10 10 10 10 10 10 | ma
iy Recurrent Peok Fwd. Current 225 225 225 225 225 225 225 156 | mo
inwwrge), Surge Current, 1 sec 500 | 500 [ 500 | S00 | 500 | 500 | 500 | 300 | ma
4 Power Dissipation 250 250 250 250 250 250 250 250 | mw
Ta  Operating Temperature Range —&5 10 + 175 °C
Tag  Storage Temperoture Range - 200 ) °C

maximum olectrical characteristics at 25°C ambient temperature (unless otherwise noted)

B¥x  Nin Breckdown Voltoge ot 100 pa 100 | 100 | 100 65 | 100 100 [ 100 9] v
I Reverse Current af ¥y H 5 5 s 5 s 5 e
In Reverss Current ot — 20 v 0.025 | 0.025 | 0.025 0025 | 0.025 {0.025 ©a
I Reverse Current at — 20 'y ot 100°C : 3 k] 3 S 3 3 3 25 | uo
I Reverss Current ot — 20 v at + 150°¢ 50 50 50 50 50 50 e
In Reverse Current of — 10 v 0.025 0.05 | ua
In Reverse (umny ot — 10 v of 125°C Ha
le Min Fwd Current of Ve =1 v 10 20 [ 100 50 10 20 30 10 | ma
Ve ot 250 po 064 | v
Ve ot 1.5ma 0.74 v
Ve ot 35ma 083 v
Ve ot Smo 072 | 073 0.73 v
¥ Min ot 5 ma 0.60 v
C Capacitance ot ¥y = 0 4 4 4 [] 2 2 2 2.5 | pf
operating characteristics at 25°C ambient temperature (uniless otherwise noted)
fr  Mox Reverse Recovery Time **4 **q 4 1 °0 **4 **4 **4 %31 nsec
OB 08 '8 0! 08 08 nsec
vy Fwd Recovery Yoltage (50 ma Peak Sq. wave,
0.1 psec pulse width, 10 nsec rise fime,
5 ke 10100 ke rep. rate) 25 ) 25 | 25 |25 | 25| 25| 25 | 25! y

* Trademark of Texas tnstruments
® Lumatren {10 me iy 10 ma iy, recover te 1 me)
oo EGRGC (10 me Iy, dv ¥y, recover 1o t mo)

*Courtesy of Texas Instruments, Incorporated
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lo-_—'A

1n400 Tihro 184007 V. — 10 1000 V

Low-current, passivated silicon rectifiers in
- cATHODE subminiature void-free, flame-proof silicone polymer
case, Designed tooperateunder military environmental

conditions.

CASE 59

MAXIMUM RATINGS (At 60 cps Sinusoidal, Input, Resistive or Inductive Load)

Rating Symbol | 14001 | TNA002 | 1N4983 | 1MA084 | 14005 | 1N4006 | 1N4087 |  Unit

Peak Repetitive Reverse Voltage | Vpyep) | 50| 100 | 200 | 400 | 600 | 800 | 1000 Volts
DC Blocking Voltage VR

RMS Reverse Voltage Vr 35} 70 140 280 420 | 560 700 | Volts

Average Half-Wave Rectified
Forward Current (75°C Ambient) 10 1000|1000 | 1000 | 1000 | 1000 | 1000 | 1000| mA
(100°C Ambient) 750 [ 750 750 150 750 750 750 | mA

Peak Surge Current 25°C | 4.
(1/2 Cycle Surge, 60 cps) FM(surge) 30| 30 30 30 30 30 30 |Amps
Peak Repetitive Forward Current IFM(rep) 10 10 10 10 10 10 10 | Asaps

Operating and Storage T, T .
Temperature Range J, stg -65 to + 175 c

ELECTRICAL CHARACTERISTICS

Characteristic Symbel Rating Unit
Maximum Forward Voltage Drop VF 1.1 Volts
(1 Amp Continuous DC, 25°C)
Maximum Full-Cycle Average Forward Voltage Drop VF(AV) 0.8 Volts
(Rated Current @ 25°C)
Maximum Reverse Current @ Rated DC Voltage (25°(C:) IR 0. 01 mA
(100°C) 0.05
Maximum Full-Cycle Average Reverse Current
{Max Rated PIV and Current, as Half-Wave lR{AV) 0.03 mA
Rectifier, Resistive Load, 100°C)
TYPICAL FORWARD CHARACTERISTICS MAXIMUM DC OUTPUT
20 I 1000mA
wid [T
3 16 +
g 2s°g\l ’ Z 750mA
g + &
3 -50°c\, l H
= 12
£ I H
& S
é l , 3 500mA
S 08
E J
i
2 ] } 250mA
s 08 / /
. v .
) 0.2 04 06 08 10 12 14 6 25°C 50°C  75°C 100°C 128°C 150°C 175°C

V,. FORWARD YOLTAGE DROP (VOLTS) Ta. AMBIENT TEMPERATURE

*Courtesy of Motorola, Inc.
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MOLY G-®

TYPES 1N746 THRU 1N759, 1N746A THRU IN759A
SILICON VOLTAGE REGULATOR DIODES

.

3.3 T0 12 VOLTS e 400 mw

GUARANTEED DYNAMIC ZENER IMPEDANCE ’

Available in 5% and 10% tolerances
-65 to 175°C operation & storage

«eloctrical characteristics at 25°C free-air temperature (unless otherwise noted)

V; ay 1; . In
Toner Tempercture Small- Static
PARAMETER Breckdown Cosfficiont Signal Reverse
Voltoge of Brackdown | Sreckdown Current
Voltoge impedance
TEST lzr = 20 ma Ww=1y
= = g Yy = .
CONDITIONS e = 20 me hr=20me |yt me | WY =m0
1K746 - IN759 IN746A-1N759A
LIMIT—> NOM e MAX MAX MAX
NIN MAX MIN MAX
UNIT —> v v v v v %/° 0 ] po
IN746 33 297 383 3135 3 465 —0 062 28 10 30
IN747 36 kle) 39 3420 3780 —0 055 24 10 30
IN748 39 351 429 3705 4 095 —0 049 23 10 X
IN749 43 387 473 4 085 4 515 ~0 036 2 2 3
IN750 47 4 512 4 465 4935 -0 018 19 2 30
IN751 51 45 5 61 4 845 5 355 —0 008 17 1 20
IN752 56 504 616 5 320 5 880 +0 006 1 1 2
IN753 62 5.58 6 82 5.890 6 510 +0 022 7 01! 20
IN754 68 612 748 6 460 7 140 +0 035 S 01 20
IN755 75 675 825 7125 7 875 +0 045 ] 01 20
IN756 82 738 902 779 8 610 +0 052 8 01 2
IN7ST 91 819 10 01 8 645 9 55% +0 056 10 01 0
IN758 100 900 11 00 3 500 10 500 +0 060 17 01 20
IN759 120 | 108 132 11 400 12 000 +0 080 30 01 2
*absolute maximum ratings
Average Rectified Forward Current ot (or below) 25°C Free-Air Temperature . 230 mo
Averoge Rectified Forward Current at 150°C Free-Air Temperature . 85 ma
Continvous Power Dissipation at {or below) 50°C Free-Air Temperature . 400 mw
Continuos Powsr Dissipation at 150°C Free-Air Temperature . . 100 mw

Operating Fres-Air Temperature Ronge -
Storage Temperature Range

*Indicotes JEDEC registered data

. —85°C 10 175°¢C
. —65°C10 175 °C

*Courtesy of Texas Instruments, Incorporated
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APPENDIX 1-4*

Va=60V
an3903 (siicon) Vor =80V
2n3904 C.o = 4.0 pf (max)

NPN silicon annular transistors, designed for gen-
eral purpose switching and amplifier applications
features one-piece, injection-molded plastic package
for high reliability. The 2N3903 and 2N 3904 are com-

C(‘fg‘”")’ plementary with types 2N3905 and 2N3906, respectively .

MAXIMUM RATINGS (Ta = 25°C unless otherwise noted)

Characteristic Symbol Rating Unit
Coll_ector-Base Voltage Ve 60 Vdc
Collector-Emitter Voltage VCEO 40 Vdc
Emitter-Base Voltage VEB 6 vdc
Collector Current Ic 200 mAdc
Total Device Dissipation @ T - 0% Pp 210 mw
Total Device Dissipation @ T, = 25°C Pp 310 mwW

Derate above 25°C 2.81 mw/°C
Thermal Resistance, Junction to Ambient | 6Ja 0.357 °c/mw
Junction Operating Temperature T, 135 o¢c
Storage Temperature Range Tstg -55 to +135 °c

ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted)

[ Characteristic | symbol [Min [ Max | unit |
OFF CHARACTERISTICS
Collector-Base Br Voltage BVCBO Ydc
(lc = 10 pAde, Ig = 0) 80 _
Collector-Emitter Breakdown Voltage* BVCEO‘ vdc
(ic = 1 mAdc) 0 |-
Emitter-Base Breakdown Voltage BVEpo vde
(Ig = 10 uAdc, I = 0) & -
Collector Cutoff Current Icex nAdc
(VCE = 40 Vde, Vgp = 3 Vdc) — 150
Base Cutoff Current IpL nAdc
(Vg = 40 Vdc, Vg = 3 Vde) — |50
*Pulse Test: Pulse Width =300 usec, Duty Cycle = 2%, VOB = Base Emitter Reverse Bias

*Courtesy of Motorola, Inc.
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2N3903, 2N3904 (continued)

ELECTRICAL CHARACTERISTICS (continued)

[ Characteristic

| Symbol [in | Max | umit |

ON CHARACTERISTICS

DC Current Gain ¢ [y— —
(ic = 0.1 mAde, Vog = 1 Vdc) 2N3903 20 | —
AN3INO4 4“0 —
(¢ = 1.0 mAde, Vog = 1 Vde) 2N3908 8 | -
ININO4 L] —_
(Ic = 10 mAde, Vog = 1 Vde) 2N3903 50 |1s0
N304 100 | s00
{Ic = 50 mAde, Vg = 1 Vdc) 2N3903 0 | —
2NI904 60 —-—
(Ic = 100 mAde, Vog = 1 Vde) 2N3903 18 | —
2NY904 30 -—
Collector-Emitter Saturation Voltage* VeE(sat)® Vde
(!c-mec,l.' 1 mAdec) — 103
(ic = 50 mAde, Iy » § mAdc) - Jos
Base-Emitter Saturation Voltage* V“(N)' vde
(Ic = 10 mAde, Iy = 1 mAdc) 0.05 |o.88
(Ic = 50 mAdc, 1 = 5 mAdc) — |jo.9s
SMALL SIGNAL CHARACTERISTICS
High Frequency Current Gain 2IN3903 |h,.| 2.5 -— -—
(Ic = 10mA, Vog = 30V, £ = 100 mc) 2N3904 .0 | —
Current-Gain—Bandwidth Product . AN3INOY “l' 250 - mc
(fc =10mA, vc,-:ov,t-xoom) 2N3904 300 | —
Output Capacif Cob
(Vc'-DVdc 1! 0, = 100 kc) -] e
Input Capacitance Cyp
(VOB-OSVdc IC-Ol-loon) -— ]
Small Signal Current Gain 2N3903 by, 80 | 200 -—
(c= 1.0mA, Veg =10V, 1= 1 ko) 2N3904. 100 | 400
Voltage Feedback Ratio 2N3903 by 0.1186.0 | x10-%
(lc= 1.0mA, Vog =10V, = 1 ke) IN3904 0.5] 8.0
Input Impedance 2N3903 hyy 0.5§] 8 |Kobms
(lc = 1L0mA, Vg = 10V, 0= 1ke) 2N3I904 1.0} 10
Output Admittance by smhos
(Ic= 1.0mA, Vog =10V, f = 1ke) Both Types 1.0 ] ¢
Noise Figure NF [ 3
(Ic = 100 kA, Vc" =8V, = 1 Kohms, 2IN3903 -1 6
Noise Bandwidth = 10 cps to 8. 7 ke) 2INSS04 - 8
SWITCHING CHARACTERISTICS
Delay Time Vee = 8 Vde, Vop = 0.8 Vdc, ta ] 38 |nsec
Rise Time =10 1ipy < 1mA t — 35 |nsec
Storage Time | y . . 3Vde,Ic = 10 mAde,  anagos ' T e
Ipy = lu = 1 mAde
Fall Time et -1 80 | nsec

*Pulse Test: Pulse Width = 300 usec, Duty Cycle » 2%

Vop = Base Emitter Reverse Bias
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APPENDIX 1-5*

2n3905 (siicon)
n3906

CASE 29
(10-92)

MAXIMUM RATINGS

VC| =40V
Ic= 200 mA 7
Co = 4.5 pf (max)

PNP silicon annular transistor, designed for gen-
eral purpose switching and amplifier applications,
features one-piece, injection-molded plastic package
for high reliability. The 2N3905 and 2N3906 are com-
plementary with types 2N3903 and 2N3904, respectively.

(Ta = 25°C unless otherwise noted)

Characteristic , Symbol Rating Unit
Collector-Base Voltage "ca 40 Vde
Collector-Emitter Voltage VcEOo 40 Vde
Emitter-Base Voltage VEB $ Vde
Collector Current » Ic 200 mAdc
Total Device Dissipation @ Ty = 60°C Pp 210 mw
Total Device Dissipation @ T4 = 25°C Pp 310 mw

Derate ahove 25°C 2.81 mw/°C
Thermal Resistance, Junction to Ambient 654 0.357 o°C/mw
Jynction Operating Temperature Ty 135 °c
Storage Temperature Range Tatg | -55to+135 | °C

ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted)

Characteristic TSymbol ]Min IMax Ilhif ]
OFF CHARACTERISTICS

Collector-Base Br Voltage avcm Vde
(Ic = 10 uAdc, Ig = 0) 40 —_—

Collector- Emitter Br Voltage* BVCEO. vde
(Ic = 1 mAdc) 0| —

Emitter-Base Breakdown Voltage va Vde
(g = 10 pAde, 1. = 0) H —

Collector Cutoff Current Icex nAdc
(VG = 40 Vdc, Vop = 8 Vdc) — 1 50

Base Cutoff Curregpt Igy, nAde
(VG = 40 Vde, Vop = 3 Vdc) —| %0

*Pulse Test: Pulse Width = 300 usec, Duty Cycle = 2%
*Courtesy of Motorola, Inc.
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. 2N3905, 2N3906_(continued)

ELECTRICAL CHARACTERISTICS  (continued)

[ Characteristic | Symbol | bin | Max | Unit |
ON CHARACTERISTICS
DC Current Gain* hypg* -
(Ic = 0.1 mAde, Vo = 1 Vde) 2N390% 0| —
2N3906 60 | —
(Ic = 1.0 mAde, Vog = 1 Vde) 2N3908 © | -
2N3%08 80 —
(lc = 10 mAde, "cs = 1 Vde) 2N3905 50 150
2N3906 100 | 300
(Ic = 50 mAde, Veg = 1 Vde) 2N3905 0| —
2N3806 60| —
(Ic = 100 mAde, Vop = 1 Vdc) 2N3905 15 -_
lc CE 2N3906 30 —
Collector-Emitter Saturation Voltage* VCE(sat)® Vde
(Ic = 10 mAde, Ip = 1 mAde) -] 0.25
(Ic = 50 mAde, Iy = 5 mAdc) -— | 0.4
Base-Emitter Saturation Voltage* . V, at)’ Vdc
(ic = 10 mAde, Iy = 1 mAdc) BE(a) | 565 | 0.85
(Ic = 50 mAdc, lB = 5 mAde) - | 0.95
SMALL SIGNAL CHARACTERISTICS
High-Frequency Current Gain 2N3805 | yny, | 20 =] —
{Ic = 10 mAde, Vo = 20 Vdc, = 100 mc) 2N3906 25 -
Current-Gain—Bandwidth Product 2N3905 11. 200 -—_ me
(I = 10 mAdc, Vcg = 20 Vdc, { = 100 mc) 2N3908 250 -—
Output Capacitance Cob of
(VCB = 5 Vde,Ig = 0,1 = 100 ke) - 4.5
Input Capacitance C“’ pt
(VOB = 0.5 Vde,Ic = 0, f = 100 ke)} —_ 10
Small Stgnal Current Gain 2N3905 | by, 50| 200 =
(Ic = 1.0mA, Vog = 10V, f = 1 ke) 2N3908 100 400
Voltage Feedback Ratio 2N3905 "ro 0.1 s | x1074
(Ic = 1.0mA, Vo =10V, { =1ke) 2N3908 1.0/ 10
Input Impedance 2N390% hiy 0.5 8 | Kohms
(Ic = 1.0mA, Vog =10V, { = 1 ke) 2N3908 2.0 12
Output Admittance 2N3905 hoe 1.0 40 | ymhoa
(lc =10mA, Vg =10V, 1 = 1 ko) 2N3908 3.0 60
Noise Figure NF db
(I = 100 uA, Vog = 3 V, Rg = 1 Kohms, 2N3905 - 5.0
Noise Bandwidth = 10 cps to 15.7 kc) 2N3906 —] 4.0
SWITCHING CHARACTYERISTICS
Delay Time Ve = 3 Ve, Vop = 0.5 Vde, ty - 35 | nsec
Rise Time | 'C =10 mAde.lp; = 1mA . = 35| naec
Storage Time 2N3908 ty —| 200| nsec
Vec ™ 3 Vdc, Ic = 10 mAdc, 2N3906 —| 228
Iy = Igy = 1 mAde —
Fall Time 2N390% ty 60 | nsec
2N3906 - »
*Pulse Test: PW = 300 usec, Duty Cycle = 2% Vop * Base-Emitter Reverse Blas

»
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APPENDIX 1-6*

TYPES 2N929, 2N930
N-P-N PLANAR SILICON TRANSISTORS

FOR EXTREMELY LOW-LEVEL, LOW-NOISE, HIGH-GAIN,
SMALL-SIGNAL AMPLIFIER APPLICATIONS

Guaranteed h; at 10 po, T, —=—55°C and 25°C

Guaranteed Low-Noise Characteristics ot 10 pa

Usable at Collector Currents as low as 1 pa .

Very High Reliability

2N929 ond 2N930 Also Are Available to MIL-S-19500/253 (Sig C)

*mechanical data

408 991% ua
> urans 38

THE COLLECTOR 1S IN ELECTRICAL
CONTACT WITH THE CASE

-
ity =
wicmo

ALL JEDEC TO-13 DIMENSIONS
AND NOTES ARE APPLICABLE

*absolute maximum ratings at 25°C free-air temperature (unless otherwise noted)

Collector-Base Voltage . . . . . . . . . . . . . . . . e 45 v
Collector-Emitter Voltage (See Note 1) . . . . . . . . . . . . . . . . . . 45 v
Emitter-Base Voltage . . . . . . . . . . . . . . . e o e e e e 5v
Collector Current . . . . . . . . . o e e e e e e e e e e 30 ma
Total Device Dissipation at (or below) 25°C Free-Air Temperature (See Note 2 . . . . 300 mw
Total Device Dissipation ot {or below} 25°C Case Temperature (See Note 3) .. .. 600 mw
Operating Collector Junction Temperature . . e e e e e e e e e e e 175°C
Storage Temperature Range . . . . . . . . . . . . . . . ..o —65°C to + 200°C

NOTES: 1. This value applies when the base . emitter diede is open - circuited.
2. Derate fineorly te 175°C hoe-air temperolure ot the rote of 2.0 mw/C®.
3. Derale linearly to 175°C case temporature af the rate of 4.0 mw/C°.

*indicates JEDEC roglstered dota

N .
*Courtesy of Texas Instruments, Incorporated
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TYPES 2N929, 2N930
N-P-N PLANAR SILICON TRANSISTOR

‘electrical choracteristics at 25°C free-alr temperature (unless otherwise noted)

PARAMETER TEST CONDIV'IIONS m.—:"’z':Ax MI:N,’A:AX UNIT]
Weeo  Collector-Emitter Beackdown Voitoge le=10mas l3=0, (Soe Note 4) 45 45 v
BVeso  Emitter-Base Breokdown Voltage le=10n Ic=0 5 H v
lcso~ Collector Cotoff Current Va=4y, =0 10 0| no
lss Colleclor Cutff Comant (So0 Mate 5 |t ' Ve = d W] =
Vee =45 v, V=0, Ta = 170°C 10 10| po
leso  Collector Cutoff Current Ya=5v, L=0 2 2{ m
o Emitter Cutoff Current Vo=5v, Ic=0 10 0] ne
Vee=5v, 1c=10 uo 40 120 100 300
Vee=5v, lc=10 o Ta=—=55°C| 10 2
he  Stafic Forward Current Tromsfer Ratie a=5v. I prra @ %
Y =579, Ic=10 ma, (See Note 4) 350 600
V“ Bose-Emitter Voltoge Is =05 mo, lc =10 ma, (See Note 4) 0.6 10 0.6 1.0 v
Veyuy (Collector-Emitter Saturotion Yoltoge lp =05 ma, Ic =10 ma, {See Note 4) 10 10 v
M ?mull-Si’nnl Cominon-Bose _ _ _
nput Impedonce Ya=5v, k=—1ms f=1ke 25 2 25 32 | ohm
b e ot et Yer=5v he=—tme 1w [ 00 |0
b Small-SignaI’ Common-8ase
Output Admittonce Ya=35y, l=—1mo f=1ke 0 1.0 0 1.0 |umho
e Small-Signal (unm-!mmn‘ !
Forward Current Transfer Ratio YVee=5v, lc=1Tms =1k 0 350 150 600
Ihel :mmlt’s;gzul (ommon-!mlmr. _ _ B
! vrrent Tronsfer Rotio Vee=5v, Ic=500 us, f=30 me 1.0 1.0
G Common-Base Open-Circult _
Output Copacitonce Ya=5y, k=0 f=1m ] 3 ol
*operating characteristics at 25°C free-vir temperature
PARAMETER TEST CONDITIONS 2::2: 2::3: UNIY
W Ao i g Mot Sondeih 10 o 10 137 be ) *

MOTES: 4. These poremeters must be meosured using pulse techniques. PW = 300 utec, Duty Cyde < 2%.
5. lees moy b wied in place of Sopn fer circnlt stebilify colcutations.
sindicates JEDEC registered dote
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APPENDIX 1-7*

TYPES 2N4418 AND 2N4419
N-P-N EPITAXIAL PLANAR SILICON TRANSISTORS

SILECTT TRANSISTORS FOR HIGH-SPEED SWITCHING APPLICATIONS
e 2N4418 Electrically Similar to the 2N2369
* Rugged, One-Piece Construction with Standard T0-18 100-mil Pin Circle

*switching characteristics at 25°C free-air temperature

2N4418 [2IN4419 UNIT

PARAMETER TEST CONDITIONST MAX MAX
ta Delay Time " omA 1 T v o 10 10 ns
t,  Rise Time c = J0mh, lyy = 1 mA, - Vet = O, 12 4 ns
ton Turn-on Time k=200, Soo Figure 1 20 2 ns
t,  Storoge Time . Omh 1§ oAl I mA 12 14 ns
1, Fall fime c = 1 mA, duy = TmA, g = ~1 mA, i 16 ns
Tt Tom-off Time k=800, Sos Figure 2 7 7 "
ic = 10mA, Iy, = 10mA, Tpz = 10 mA,
1, Storage Time See Figure 3 18 2 ns

$Voltage and current values shown ore neminal; exac) values vary slightly with transister parometers.

*absolute maximum ratings at 25°C free-air temperature (unless otherwise noted)
2N4418 2N4419

Collector-Base Voltage . . T+ A 30V
Collector-Emitter Voltage (See Nofe I) T (+ A4 30V
Collector-Emitter Voltage (See Note 2} . . . . . . . . . . . . . . . . 15Y 12v
Emitter-Base Voltage . . . . . . . . . . . . . . . . . . . . . . A5V 45V
Continuous Collector Current . e e e e e e e e s e s . «—200mA o
Peak Collector Current (See Note 3) <— 500 mA —

Continuvous Device Dissipation at (or below) 25°C Free-Aur Tempero'ure (See Note 4) <— 360 MW-—>
Continuous Device Dissipation at (or beiow) 25°C Lead Tempera'ure (See Note 5) . . €—500 mW—»
Storage Temperature Range . . . . . PN . . ~65°Ct0150°C
Lead Temperature % Inch from Case for 10 Seconds .o . <—260°C -
*electrical characteristics at 25°C free-air temperature (unless ofherwnso nohd)
2N4418 2N4419

PARAMETER ] TEST CONDITIONS [MIN MAX [MIN MAX UNIT
Vismicao (Collector-Base Breakdown Voltage le=10uh =0 40 30 v
Vienjceo Collector-Emitter Breakdown Voltage | !c = 10 mA, |y = 0, See Note 6 15 12 v
Visjces Collector-Emitter Breakdown Voltage | Ic = 10 A, Ve = 0 40 30 ¥
Visjeso Emitter-Base Breakdown Voltage le=10u A Ic=0 45 45 ¥
Vaa =20V, =0 04 04 ] pA
I Collector Cuteff Current - y
cio v Ves = 20V, s =0, T, = 705C 3 3| A
leso Emitter Cutoff Current Ve =13V, =10 20 25| oA
. [ Yee =1V, Ic = 10 mA, See Note 6 40 120 30
k Static Forword Current Transfer Ratio -
" o Vee = 2% lc =100mA, See Note s | 20
Ve Bose-Emitter Yoltage ly=1mA, Ic=10mA 072 087 (072 087 V
Vegquay  Collector-Emitter Saturation Voltage lg=1mh, Ic=10mA 0.25 0250 ¥
Small-Signal Common-Emitter N
Ihl Forward Current Transfer Ratio Yee = 10V, lc = 10.mA, f = 100 Wz 5 4
) Ver =5V, 1 =0, f=1MHz,
Co Cotlector-Base Capoitance ct £ Ses Note 7 4 4| pF
NOTES: 1. This volue applies when the bass-emiller diode is short-circuited. S. Derate linearly to 150°C lead temperature at the rols of 4 mW/deg. Lead
2. These values apply between 0 ond 200 mA collectar current when the base- temperature is measured on the collector leod 1/16 inch from fhe cose.
emiltes diode is open-circuited. Maximum rofed volloge and 200 mA collecior §. Thess paromelers mus! be meosured using pulse fechniques v = 300 us,
current may be simubtoneously applied provided the time of application is duty cycde < 2%,
10 ps or less ond the duty cycle is 2% or less. 7. (g i« measured using three-terminal *Indicates JEDEC ngiuua'am
3. This vatue applies for 1, < 10 ps ond duty cyce < 2%. measurement techniques with The $Trademark of Texos lnsiruments
4. Desae linearly to 150°C Iree-air temperature ol the rate of 2 88 mW /deg. emilter quarded. FPotent Pending

*Courtesy of Texas Instruments, Incorporated
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APPENDIX 1-8*

TYPES 2N4856, 2N4857, 2N4858, 2N4859, 2Na860, 2N4861
N-CHANNEL EPITAXIAL PLANAR SILICON FIELD-EFFECT TRANSISTORS

SYMMETRICAL N-CHANNEL FIELD-EFFECT TRANSISTORS
FOR HIGH-SPEED COMMUTATOR AND CHOPPER APPLICATIONS
2N4859 Formerly TIXS41

® Low rasion): 25 0 Max (2N4856, 2N4859)

o Low Ipotr): 0.25 nA Max

*mechanical data

THE GATE IS IN ELECTRICAL CONTACT WITH THE CASE
s (DS 991 oa
210 ALL JEDEC TO-18 DIMENSIONS
3 "'—_‘* D NOTES ARE 3
1} . m n AND NOTES ARE APPLICABLE. r; l
T = ALL DUMENSIONS ARE ‘i l
0.2%0 0.195 ™ IvcHes
I 0 =)
ha oA - /&m PICIHeD '
— \
e

*absolute maximum ratings at 25°C free-air temperature (unless otherwise noted)

2N4856  2IN4859
2N4857  2N4860
2N4858 2N4861

Drain-Gate Voltage . . . . . . . . . . . . . . . . .o 40V v
Drain-Source Voltage . . . . . . . . . . . .« . . . . . o ... 40V oV
Reverse Gate-Source Voltage . . . . . . . . . . . . . . . . . . . 40V =30V
Forward Gate Current . . . . . . . . . . . . . . . ... “— 50 mA—>
Conti Device Dissipation at (or below) 25°C Free-Air Temperature (See Note 1) <—360 mW—>

p
Storage Temperature Range . . . . . . . . . . . . . .. ... —65°C to 200°C
Lead Temperature X Inch from Case for 10 Seconds . . . . . . . . . . . ~“——300°C—>

NOTE 1: Dorate linewtly to 175C Frae-air tomperature at the rate of 2.4 mW/dey.
*indicates JEDEC registered date

*Courtesy of Texas Instruments, Incorporated
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TYPES 2N4856 THRU 2N4861
N-CHANNEL EPITAXIAL PLANAR SILICON FIELD-EFFECT TRANSISTORS

+olectrical characteristics at 25°C free-uir temperature (unless otherwise noted)
2N4836 2N4857 24838 2N48S9 IN436O 2N4s61
PARAMETER TEST CONDITIONS MIN MAX| MIN MAX | MIN_ MAX| MIN MAX [MIN_ MAX JMIN MAX| "~
Gote-Seurce
VIIGSS reckdown Voltage | '8 = ) Ah Vo5 = 0 0 - —- -% % % v
Vg = ~M V. ¥ps = —0.15 —0.25 —0.25 ! A
Vos = -V, Vo5 = 0,
. 05 9. A
) Gate Reverse 1, = 1%0% § s "
©ss Corrent Yoo = —15V, ¥pg = 0 ~9.25 —0.25 —0.25 | »A
Vg = —15V, Vpg = 0
65 Vo5 = 0 Y 5 3
1o % 05 - 05 | ph
Vos = 1BY, Voo = -0V 0.28 0.5 0.25 025 0.5 025 | m
) Drain Cuteff Yoo = 159 —
Diofl  Cyrrent os = o 8S ’ 0 05 [X] [ X} (X} 0.5 | pA
T, = 180%
Gate-Sovrce _ _ i
YesioM  Cutelf Yoltags Vps = 15V, dp = 05m | O [ e B B Y e N ] 0 |[-2 |08 4V
Toro- Gate -
=1 =9,
lpgg  Vollogs Ts =¥V Ym0 | a n w| 2 w| n w8 w|m
Drain Cuerent i
Drain-Seurce Ip=Nm, Vg =10 075 0.75 [
Vosion  On-State o= 0mA,_ Vg =10 0.50 0.5 v
i Voltage Ip = Smh, Ve =10 0.5 050 | ¥V
Small-Signal
Drain-Seurce Ves 0, Ip =0,
Ydston)  On-State f=1kH L “ “ B b “)a
Resistonce
Commen-Sowrce
Short-Lircuit Ves = 10V, Yos = 0,
oy o i " s 18 | n 1 W oF
{
Commen-Seurce
) Short-Circuht Ve = =10V, Ypg = 0, :
G Reverse Transter f =1 Mtz ' . ' ’ ' 8o
Cepacitence
*switching characteristics ot 25°C free-air temperature
2N4836 2N4857 IN4SSS
PARAMETER TEST CONDITIONS 2N48s9 24360 IN4S6! UNIT
MAX MAX MAX
Torn-0n _ 20 mA (244856, IWABSY)
fdte)  Oulay Time Yoo S0Vt = {10 ma (anarsy, 2nesa) ¢ ¢ b -
- v . S mA (2N4858, 2W4861)
D ise Time r =19, . 3 4 10 L
‘ Sond 10V {2N4856, 204850}
={ 4V N
totr Tun-0f Time Ses Figore 1 Yasiom v ((;:::;:' 2“:.““:)) i1 ] 100 "

HOTE 2. This porometar must be meosursd using pulse techniques, t,

*Indicates JEDEC registered duta

{3

A< 100 ms, duty cyce < 10%.

$These are nominal volues; sxoct values vary slightly with dransistor poromaters.
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APPENDIX 1-9*

2N5457 (SILICON)

2N5458 Silicon N-channel junction field-effect transistors de-
pletion mode (Type A) designed for general-purpose

2N5459 audio and switching applications.

MAXIMUM RATINGS

Rating Symbol Valve Unit

Drain-Source Voltage Vps 25 Vdc

Drain-Gate Voltage VpG 25 vdc

c ASE 29 (5) Reverse Gate -@rce Voltage sz(r) 25 Vdc
10-92) Gate Current I 10 mAdc

Drain and source may be Total Device Dissipation @ T - 25°C Pp 2 310 mW
interchanged. Derate above 25°C 2.82 mw/°C

Operating Junction Temperature T 135 oc

* Storage Temperature Range ‘I'm‘” -85 to +150 oc

ELECTRICAL CHARACTERISTICS (. - 25°¢ uniess athorwise noted)
[ Charactoristic l Symbol ] Min ] v | Max [ um—l

OFF CHARACTERISTICS

Gate-Source Breakdown Voltage BVggs vde 1
. g =-10uAde, Vpg = 0) 25 - —
'Gate Reverse Current lcas nAdc
(Vgg = -15 Vdc, Vpg = 0) - - 1.0
(Vgg = -18 Vde, Vpg = 0, T, = 100°C) - _ 200
Gete-Source Cutoff Voltage VGsiotn) Vdc
(Vpg = 15 Vde, Iy = 10 nAdc) 2N5457 0.5 b= 6.0
2N5458 10 -— 7.0
2N5459 2.0 -_— 8.0
Gate-Source Voltage Vs Vde
(Vps = 15 vde, 1p » 100 Adc) 2IN5487 —_ 2.3 -—
(Vbs = 15 vdc, lD = 200 uAdc) 2N5458 -_ 3.5 -—
(vDS = 15 vdc, ID = 400 uAdc) 2N5459 — 4.5 -

ON CHARACTERISTICS

Zero-Gate-Voltage Drain Current (1) ¢ Ipss mAdc
Nm = 15 Vdc, Vgg = 0) 2N5457 1.0 3.0 5.0
2N5458 2.0 6.0 9.0
2N5459 4.0 9.0 16

DYNAMIC CHARACTERISTICS

Forward Transfer Admittance (1) ! ylll pmhos
{Vpg = 1S vde, Vgg = 0, 1= 1 kHz) 2N5457 1000 3000 5000
2N5458 1500 4000 5300 -
2N5459 2000 4500 _ 8000
Owtput Admittance (M lyu.l 4mhos
(¥ps = 15 Vde, Vg = 0, f = | kiz) - 10 50 !
Ingut Capacitance Clas ¥
(¥ps = 15 Vdc, Vgg = 0. = 1 MHz) -_— 4.5 . 7.0
Reverse Transfer Capacitance Cres pF
(¥pg = 15 Vdc, Vgg = 0,1 = 1 MH2) - 15 3.0

1} Pulse Test: Puise Width < 630 ms; Duty Cycle < 10%

¢ pach age imp have these guaranteed Maximum Ratings as follows Po = 10 W @ T¢ - 25%¢
Derata sbove 25°C - 8.0 mw/°C T, = 65 to + 150°C, 8,c - 125° C/w

*Courtesy of Motorola, Inc.
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APPENDIX 1-10*

2N439| (SILICON)
:n4392
4393

® Low Gate Reverse Current —

e Low Drain-Source “On”" Resistance —
rdsion) = 30 Ohms (Max) @ f = 1.0 kHz {2N4391)

SILICON N-CHANNEL
JUNCTION FIELD-EFFECT TRANSISTORS

1GSS = 0.1 nAdc (Max) @ VGs = 20 Vdc

® Guaranteed Switching Characteristics

Depletion Mode (Type A) Junction Field-Effect Transistors designed
for chopper and high-speed switching applications.

MAXIMUM RATINGS

Rating Symbol Valve Unit

Drain-Source Volage VDS 40 vdc

Drain-Gate Voltage Voo 40 Vdc

Gate-Source Voltage VGS 40 Vdc
Forward Gate Current lG(() 50 mAdc
Total Device Dissipation @ T, = 25°C Py 1.8 Watts
Derate above 25°C 10 mW/'C

Operating Junction Temperature Range TJ -65 to +175 °c

Storage Temperature Range ~ Ts!g -85 to +200 °c

N-CHANNEL

JUNCTION FIELD-EFFECT
TRANSISTORS

{Type A)

0200 .
.1 DIA
0178
pAL L

T
0.170
57m
J‘
0.500
WIN
g uu/
0019
STYLE4 —
Pin 1. Source 0050 = |=
2. Orain )
3 Gate and
Case [~ o100
0.05
0.036 ‘5n/ :
WY N
CASE 22(4)

(TO-18)

FIGURE 1

N

SWITCHING TIMES TEST CIRCUIT

3048
PAD ).

0% ¢
<

TEKTRONIX
109 OR
EQUIV o

38
38 Y5
A ('Dhm)) $1 0hme

]

+10 Ve

Rin = 50 Ohms

TEKTRONIX 567
OREQUIV
uT

g
g

S

1
! .
]
e T
1 ]
iy
o ! ) xﬁlvnston)

ANPUT (t; = 14 <05 ns}
0

= -1 -VGSion)

f

K2

[
toff re-— lon

- - — V0D

—.":(v—— -‘:p(,
1

QUTPUT WAVEFORM

*Courtesy of Motorola, Inc.
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2NA4391, 2N4392, 2N4393 (continued)

ELECTRICAL CHARACTERISTICS (1. = 25°C uniess otherwise noted)

| Characteristic [ symbol | Min | max [ uwit |
OFF CHARACTERISTICS
Gate-Source Breakdown Voltage V(BR)G“
(Ig = 1.0 uAde, Vg = 0) L -
Gate-Source Forward Voltage v, Vdc
(Ig = 1.0 mAde, Vpg = 0) o 1.0
Gate-Source Vol 7 Vdc
(.V.DS - ;8‘Vd:,“l::- 1.0 nAdc) 24391 c8 40| 10
. INGS92 30 | 50
INAIS 0.5 3.0
Gate Reverse Current lcss nAdc
(Vg = 20 Vdc, Vo =0) - 0.1
(Vgg =20 Vdc, Vg =0, T, =150°C) - 0.2 nAde
Drain-Cutoff Current nAdc
(VD. =20 Vdc, VG' = 12 Vdc) 2IN4M! "D(oﬂ) - 0.1
(Vpg = 20 Vde, Vg = 7.0 Vdo) 3N4302 - 0.1
(Vpg =20 Vdc, Vg = 5.0 Vdc) 2N4393 - 0.1
(Vpg =20 Vde, Vg =12 Vde, T, 150°C) 2N4391 - 0.2 | uAde
(Vm =20 Vde, VGB =17.0 Vde, TA = 150°C) IN4392 - 0.2
(Vpg = 30 Vde, Vg = 5.0 Vde, T, = 150°C) 2N4393 - 0.3
ON CHARACTERISTICS
Zero-Gate Voltage Drain Current (1) ’D& mAdc
(Vg =20 Vdc, Vo =0) IN4391 50 150
ING92 23 %
IN4YY 5.0 30
Drain-Source "ON" Volta v vde
(1.;- 12 mAde, Vs * o 2N4381 D&(on) - | o
() = 8.0 mAdc, Vg =0) 2N4392 - 0.4
(ln = 3.0 mAdc, VGG =0) IN43DS - 0.4
Static Drain-Source "ON"' Resistance "Dl(oo) Chms
(Ip = 1.0 mAde, Vg =0) 2N4391 - %0
aN4392 S| e
IN4I9S - 100
SMALL-SIGNAL CHARACTERISTICS
Drain-Source "ON" Resistance T4 s(on) Ohms
(VGI =0, "D =0, = 1.0 kHz) 2N4391 - »
' 2IN4I92 - ]
IN4S9S - 100
Input Capacitance . C“' or
(Vpg =20 Vdc, Vg =0, { = 1.0 MHz) - 14
Reverse Transfer Capacitance Cl_ . r
(Vpg =0, Vgg = 12 Vdc, { = 1.0 MHz) 2N4391 - 3.5
(Vpg =0, Vg = 7.0 Vdc, f = 1.0 MHz) IN4392 - 3.5
(VDs =0, ‘IGs = 5.0 Vdc, { = 1.0 MHz) IN4393 - 3.5
SWITCHING CHARACTERISTICS
Turn-On Time (See Figure 1) ton ns
= 12 mAdc) . IN4S91 - 15
ub(on) = 6. 0 mAdc) 2N4392 - 15
al)(on) = 3.0 mAdc) 2N439S - 15
Rise Time (See Figure 1) t ns
=12 mAdc) N4 r - | 8o
o om = 80 mAde) ' INGY2 - | so0
Upon) = 3-0 mAdc) 2N4393 - 5.0
Turn-Off Time (Bee Figure 1) t ot a8
wﬂi(nﬂ) =13 Vde) ) IN4S9L - 20
[\) =1.0 Vdc) IN4392 - 38
(Ym olf) = 5.0 Vdc) IN4SOS - 50
Fall Time (See Figure 1) l‘ ns
Vgt = 13 Véo) 2N4s1 - 15
Vagiorn =70 Vo) NG9 - 20
Vagain = 50 Vde) IN439Y - %0

" pulse Test: Fulse Width « 100 us, Duty Cycie « 1.0%.
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APPENDIX 1-11*

HA741

FREQUENCY-COMPENSATED OPERATIONAL AMPLIFIER

FAIRCHILD LINEAR INTEGRATED CIRCUITS

GENERAL DESCRIPTION — The uA741 is a high performance manolithic Operational Amplifier
constructed using the Fairchild Planar® epitaxial process. It is intended for a wide range of analog
applications, High common mode voltage range and absence of “'latch-up’’ tendencies make the
uAT741 ideal for use as a voltage follower. The high gain and wide range of operating voltage provides
superior performance in integrator, summing amplifier, and general feedback applications.

e NO FREQUENCY COMPENSATION REQUIRED

& SHORT CIRCUIT PROTECTION

e OFFSET VOLTAGE NULL CAPABILITY

¢ LARGE COMMON-MODE AND DIFFERENTIAL VOLTAGE RANGES
e LOWPOWER CONSUMPTION

® NO LATCH UP

ABSOLUTE MAXIMUM RATINGS
Supply Voltage

Military (741) +22V

Commercial (741C) 18V
Internal Power Dissipation (Note 1)

Metal Can 500 mw

DIP 670 mW

Mini DIP 310 mwW

Flatpak . 570 mW
Differential Input Voltage 30V
Input Voltage {Note 2) +16V

, Storage Temperature Range

Metal Can, DIP, and Flatpak —65°C to +150°C

Mini DIP —55°C to +126°C
Operating Temperature Range :

Military (741) ‘ —55°C to +125°C

Commercial (741C) : 0°C to +70°C
Lead Temperature {Soldering)

Metal Can, DIP, and Ftatpak {60 seconds) 300°C

Mini DIP (10 seconds) 260°C
Qutput Short Circuit Duration (Note 3) tndefinite

EQUIVALENT CIRCUIT

%i
A

" T 8, ¢ 5uicl ", 4
. -
=, - foursur
,-l ©
B ag 75411
o

EaN
) % o, o

oFFSET huLL orrsET muLL

CONNECTION DIAGRAMS

8-LEAD METAL CAN
(TOP VIEW)
PACKAGE QUTLINE 58
we

m‘“..w..‘
s amt G PS> oims

o gt

Nate: Pin 4 co’nnnc(od to case
ORDER INFORMATION
TYPE PART NO.

741 741HM
741C 741HC

14-LEAD OIP
(TOP VIEW)
PACKAGE QUTLINE 6A

ORDER INFORMATION

TYPE PART NO.
41 7410M
741C 7410C

10-LEAD FLATPAK
(TOP VIEW)
PACKAGE OUTLINE 3F

ne e e nc

onsttmon = s

T — o =
- =

ORDER INFORMATION
TYPE PART NO.
741 741FM

8-LEAD MINIDIP
{TOP VIEW)
PACKAGE OUTLINE 9T
orrsetwon

e oy
o wveRs

ORDER INFORMATION

o e Wi 3L TYPE PART NO.
741C 7417C
Notes on following psges. *Planar is a patented Fairchild process.

*Courtesy of Fairchild Semiconductors

436



4

ELECTRICAL CHARACTERISTICS (Vg =15 V, Ta = 25°C uniess otherwise spacitied}

PARAMETERS (see definitions) CONDITIONS MIN. TYP. MAX, UNITS
Input Offset Voitage Rs < 10k 1.0 5.0 mv
Input Offset Current 20 200 nA
input Biss Current 80 500 nA
Input Resistance 0.3 2.0 M
input Capacitance 1.4 pF
Offset Voltage Adjustment Range +15 mv
Large Signal Voitage Gain R > 2k, Voyr =210V 50,000 200,000
Output Resistance 75 2
Output Short Circuit Current” 25 mA
Supply Current 1.7 28 mA
Power Consumption 50 85 mwW
Transient Response .
Risetime 0.3 us
Unity Gail VIN=20mV, R =2 k§,C < 100 pF
{Untty Gein) Owvershoot N ™ L L 5.0 %
Slew Rate RL > 2k 0.5 Vlus
The following specifications apply for —-556°C < Ta < +125°C:
Input Offset Voltage Rg < 10k 1.0 6.0 mVv
Ta=+125°C 7.0 200 A
input Offset Current A ! - n
Ta=-55C 85 500 nA
Ta=+125 0.03 0.5 A
Input Bias Current A 2? ¢ L
Ta=-55C 0.3 1.5 uA
Input Voltage Range 12 13 v
Common Mode Hciocti‘n Ratio Rg < 10 k2 70 90 d8
Supply Voltage Rejection Ratio Rg < 10 kQ 30 150 uV/V
Large Signal Voltage Gain R > 2k, VoyT =210V 25,000
RL > 10k 12 114 v
Output Voltage Swing L
R >2kf2 10 +13 \
Ta=+126°C 1.5 2. A
Supply Current A=t = 5 m
Ta=-55"C 2.0 3.3 mA
g
Power Consumption TA ”25 ¢ 45 7% mw
Ta=-55C 60 100 mw

OPEN LOOP VOLTAGE GAIN
A8 A FUNCTION OF

SUPPLY VOLTAGE
u
"Y - B]'C
uo
A
! -
3w P
¥
é°" 4
L]
L]
0 L) 1 1 » a

SUPPLY VOLTAGE: t¥

TYPICAL PERFORMANCE CURVES FOR 741

OUTPUT VOLTAGE SWING
AS A FUNCTION OF

SUPPLY VOLTAGE
. ST, go25T
» [¥Y
» R
i ]
i ’
n -
e e
X ,/
i
e
4
°
s » 5

INPUT COMMON MODE
VOLTAGE RANGE AS A
FUNCTION OF SUPPLY VOLTAGE

1.
H /
g 74
. Vil
E‘ /
. I

SUPRLY VOLTAGE - + ¥
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APPENDIX 1-12*

TYPES 2N3980, 2N4947 THRU 2N4949
P-N PLANAR UNLJUNCTION SILICON TRANSISTORS

PLANAR UNIJUNCTION TRANSISTORS SPECIFICALLY CHARACTERIZED
FOR A WIDE RANGE OF MILITARY, SPACE, AND INDUSTRIAL APPLICATIONS:

2N3980 for General-Purpose UJT Applications
2N4947 for High-Frequency Reloxation-Oscillator Circuits
2N4948 for Thyristor (SCR) Trigger Circuits

2N4949 for Long-Time-Delay Circuits

o Planar Process Ensures Extremely Low Leakage, High Performance
for Low Driving Currents, and Greatly Improved Reliability

“mechanical data

Packoge outline is same as JEDEC TO-18 except for lead position. All TO-18

to this outline.

notes also apply

3 aos 3018 sa
1
m ' BASE =2 15 1M ELECTRICAL
T _‘-_‘_v — 4= sanu-y CONTACT WITH THE CASE

W
l‘B Ll M
v - 71l —
P Hat et

™
UM OTMEWIH
)

.

Interbase Voltage .

absolute maximum ratings ot 25°C free-air temperature (unless otherwise noted)

Emitter — Base-Two Reverse Voltage -0V
. See Note 1

Continuous Emitter Current . 50 mA
Peak Emitter Current (See Note 2) . oo 1A
. 360 mW

Conti Device Dissipation ot (or below) 25°C Free-Air Temperature (See Note 3)

Storage Temperature Range

~65°C to 200°C

Lead Temperature X, Inch from Case for 10 Seconds . 260°C
“electrical characteristics ot 25°C free-air temperature (unless otherwise noted)
2N3980 | 2N4GA7 | INAI4S | 2IN4949
PARAMETER _VEST CONDITIONS i MAK[RIN MAKIAIN MAXIIIN TaX] UNT
[ Static toterbase Resistonce Vo =3V, lg=10 Y 0 o v 2 [
Interbase Resistonce T e =Y, =0
XM tumperatuce Cortfcient Too= 5% 1o 100°C, Soaea | 0407 [ 0E 03 L0t 08 |01 08 | %k
1 intrisic Stondelt Raie Vo = 10V, Ses Figua 1 60 087 | 051 oM | 035 0wz | o7e om
Tntjmos | Modvloted Intarbase Currant Voo = W0V, Ig = SmbSeehetes | 12 7 1 2 A
Igo . Emitter Revarse Comant :::: = ::z:f ::: = : T, = 115%C -—lt _-'T _—“: -—‘f ;:AA
In Pesk-Peint Emitier Current Ve = 357 ? 1 1 1 A
v e — Ba-Cre Ve = 10V, 1p = S0mh, See Nete § ) 3 ' [
(s Solumation Voltage o e . -
M Valtay-Peint Emtter Corrent Voo = DY T 1 ‘ 1 1 it
Vom Fase One Frak Pule Yoltage Sen Figure 7 g 3 0 3 ¥

*Courtesy of Texas Instruments, Incorporated
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APPENDIX 1-13*

G
n . SILICON
' PROGRAMMABLE UNIJUNCTION
TRANSISTORS
40 VOLTS
375 mW
SILICON PROGRAMMABLE
UNIJUNCTION TRANSISTORS
.. . designed to enable the engineer to “program’’ unijunction char-
acteristics such as Rgg. n, |y, and Ip by merely selecting two resistor
values. Application includes thyristor-trigger, -oscillator, pulse and
timing circuits. These devices may also be used in special thyristor
li due to the ilability of an anode gate. Supplied in an
inexpensive T0O-92 plastic package for high-volume requirements, this
package is readily adaptable for use in automatic insertion equipment.
® Programmable — Rgg. 1. |y and Ip
® Low On-State Voltage — 1.5 VoltsMaximum @ Ig = 50 mA AG
[3
® Low Gate to Anode Leakage Current — 10 nA Maximum
® High Peak Output Voltage — 11 Volts Typical
*® Low Offset Voltage — 0.35 Volt Typical (RG = 10 k ohms)
ELECTRICAL CHARACTERISTICS (T a = 25°C unless otherwise noted} .
Ch istic Figure Symbol Min Typ Max Unit
[* Peak Current 29.11 p HA
(Vg = 10 Vde, Rg = 1.0 M8} 2N6027 - 1.28 20
2N6028 - 0.08 0.15
(Vg = 10 Vdc, Rg = 10 k ohms} 2N6027 - 40 5.0
: 2N6028 - 0.70 1.0
» Otfset Voltage 1 VT Volts
{Vg = 10 Vdc, Rg = 1.0 M3} 2N6027 02 0.70 16
2N6028 0.2 0.50 06
{Vg = 10 Vdc, R = 10 k ohms} {Both Types) 0.2 0.35 06
" |"Valiey Current 145, ly LA
{Vg = 10 vde, Rg = 1.0 MQ2) 2N6027 - 18 50
2N6028 - 18 25
{Vg = 10 Vdc, R = 10 k ohms) 2N6027 70 270 -
2N6028 25 270 -
(Vg = 10 Vde, R = 200 Ohms) 2N6027 15 - - mA
2N6028 10 - -
Gate 10 Anode Leakage Current - iGao nAdc
(Vg = 40 Vdc, Ta = 25°C, Cathode Open) - 1.0 10
(Vg = 40 Vdc, T4 = 75°C, Cathode Open) - 30 -
Gate 10 Cathode Leakage Current - IGKS - 50 50 nAdc
{Vg = 40 Vdc, Anode to Cathode Shorted)
*Forward Voltage {Ig = 50 mA Peak} 1.6 Vg - 08 15 Volts
[* Peak Output Voltage 3.7 Vo 6.0 1 - Volts
(Vg = 20 Vdc, C¢ = 0.2 uF) )
Pulse Voltage Rise Time 3 ty - 40 80 ns
(Vg = 20 Vdc, C¢ = 0.2 uF)

*Indicates JEDEC Registered Data

*Courtesy of Motorola, Inc.

439




APPENDIX 1-14*

SCHMITT-TRIGGER POSITIVE-NAND GATES AND INVERTERS
WITH TOTEM-POLE OUTPUTS

recommended operating condijtions

64 FAMILY SERIES 54
74 FAMILY SER!IES 74
‘13 ‘14

MIN NOM MAX|MIN NOM MAX
Supply voltage, Ve [s4Family [ 45 & 55| 45 5 65
[7aFamily [475 5 625|a75 5 535
High-tevel output current, Ig —800 -B800
Low-level output current, Ig 16 16
Operating free-air temperature, T I%;x::: ~5: ':Z _5; 1:3

electrical characteristics over recommended operating free-air temperature range (unless otherwise not

SERIES 54
TEST SERIES 74
PARAMETER TEST CONDITIONS?
FIGURE 13 ‘14
MIN TYPE mMAX[MIN TYPT maX
V14 Positive-going threshold voltage 8 Vee=56V 15 1.7 21 15 1.7 2
Vy_  Negative-going threshold voltage 9 Veeg=5V 06 09 1.1{ 06 09 1.1
Hysteresis (V14+—Vy_) 8,9 |Vec=5V 04 08 04 0.8
\7] input clamp voltage 3 Ve =MIN, (j=§ ~15 ~1.6
Vee = MIN. ey Famity 24 34 24 34
VoH High-level output voltage 9 Vi =Vt_min,
IoH = MAX 74 Family 24 34 24 34
Vi =MIN. V=V .
VoL Low-leve! output voltage 8 ce ! Tamax 02 o04 02 04
loL = MAX
IT+  Input current at positive-going threshoid 8 Vec =5V, V)=Vr, —-0.65 —0.43
IT—  Input current at negative-going threshold 9 Vee=58V, Vp=Vvy_ ~0.85 —0.56
hy Input current at maximum input voltage 4 Vee = MAX, V=55V 1 1
V=24V 40 40
| High-level input t 4 Vge = MAX,
IH igh-level input curren cc V, =27V
Vi =04V -1 -16 —08 -1.2
Il Lowlevel input current 5 Ve = MAX, V:t o5V
ios  Short-circuit output current® 6 Vee = MAX -18 -551-18 -58
i, igh 14
Totai, output higl Ve - MAX 23 27 35 |
lcC  Supply current Total, output low 7 20 32 39 60
Average per gate Voo =5V,  50% duty cycle 8s 6.1

$All typicsl velues are st Vee=5V.Ta

1 For conditions shown as MIN or MAX, use the appropriate value specified under
= 25°C.

§I| = —12 mA for SNE4°/SN74’ and ~18 mA for ‘S132,
®Not more than one output should be shorted at a time, and for “$132, duration of output short-circuit should not exceed one second.

switching characteristics, Vcc =5 V, Ta =25°C
tpg i (ns) tpHL (ns)
TEST Propagation delay time, Propagation delay time,
TYpPe CONDITIONS low-to-high-leve! output high-to-low-ievel output
TYP MAX TYP MAX

‘13 CL=15pF, RL=4000 18 27 15 22
‘14, '132 15 22 15 22
‘$132 CL=15pF, R =2800Q 7 108 8.5 13

*Courtesy of Texas [nstruments, Incorporated



LM555/LM5E55C

APPENDIX 1-15*

absolute maximum ratings

Supply Voltage

Power Dissipation

Operating Temperature Ranges
LM8655C
LMS55

Storage Temperature Range

Lead Temperature {Soldering, 10 sec)

+18v
600 mW

0°C to +70°C
~55°C to +126°C
—65°C 10 +150°C
300°C

e'ectrical characteristiCs (T, 25C. Vec - +5V to + 15V uniess otherwise specitied)
LIMITS
PARAMETER CONDITIONS LM555 LMS55C UNITS
MIN TYP MAX MIN TYP MAX
Supply Vohage 45 18 45 16 \
Vee BV.RL = 3 5 3 6 mA
Supply Current Vee 15V.R, 10 12 10 15 mA
tLow State} (Note 1}
Timing Evvor, Monostable
Imival Accuracy 5 2 1
\ Ra. Rg " 1k to 100k,
Diitt with Temperatare C - 1uF, (Note 2) 30 100 50 ppm C
Drift witn Supply 008 02 [¢A] "V
Threshold Voltage 667 667 x Vee
\ 15v 48 5 52 5 \%
T ' ce
rigger Voltage Vee = BV 145 | 167 19 167 v
Tuigger Current 5 5 pA
Reset Voltane 4 7 1 4 7 1 \%
Reser Current 1 1 mA
Threshold Current {Note 3} 1 25 i 25 LA
Vee = 15V 96 10 w04 | 9 10 1 v
trol Volt |
Control Voltage Leve Vee - 5V 29 333 38 | 26 333 | a v
Qutput Voltage Drop (Low) | Ve - 15V
Isink = 10 mA 1 .15 1 25 v
Isink = 50 mA K 5 4 75 2
Isink = 100 mA 2 22 2 25 \Y
Isink = 200 MA 25 25 v
Vee = 6V
lsink = 8 MA 1 . 2% v
Isink = 5 mA 25 35 v
Output Voltage Drop {(High) | Isoyree = 200 mA
Vee = 15V 125 125 v
'sot‘mce =100 mA ‘
Vee = 18V 13 133 12751 133 v
Vee =5V 3 33 275 | 33 v
Rise Time of Output 100 100 ns
Fall Time of Qutput 100 100 ns

Note 1 Supply current when output high typically 1 mA tess at Vog = 5V.
Note 2: Tested at Vog = 5V and Vg = 15V.
Note 3: This will determine the maximum value of Ra + Rg for 15V operation. The max total (R + Rg) = 20 MO

*Courtesy of National Semiconductor Corp.



APPENDIX 1-16*
SERIES 54/74 FLIP-FLOPS

recommended operating conditions

‘72,73,
SERI 4 ’
L ERIES 54/7. 70 78,107
MIN NOM MAX |MIN NOM MAX
Series 54 4.5 5 65| 45 5 55
Supply voitage, V, L
Pply voltage, Vee [Series 78 475 5 525|475 5 525
High-level output current, 101 —400 —-400 7
Low-leve! output current, g ; X 16 16
Clock high 20 20 —_— .
SN5476 SN7476
Pulse width, t,y Clock low 30 47 | | [ ]
Presat or clear low 25 25
Input setup time, tygryp 20t .ot
Input hold time, thoig st 04
ies 54 ~56 125 [ —55 12!
Operating free-sir temperature, T {%::: 78 2 70 ) 72
“Th. arrow indicates the edge of the clock pulse used for refersnce: t for the rising edge, ! for the falling scige.
electrical characteristics over recommended operating free-air P range (uniess otherwise noted)
70 72,73,
PARAMETER TEST CONDITIONS? ‘78, ‘107 4
MIN TYPI MAX{MIN TYPt MAX
Vi High-evel input voltage 2 2 )
Vi, Low-level input voltage 0.8 0.8
V| Input clamp voltage Vee =MIN, §=—12mA 15 15
Ve *MIN, V=2V,
VoK High-leve) output voltage 24 34 24 34
Vi =08V, Igy=MAX
) Vee=MIN, Vig=.v,
level I .2 04 0.2 .4
VoL Low-level output voltage VIL= 08V, I = 16mA 0. 0.
Input current at
I Voo =MAX, V=55V 1 1
! maximum input voitage cc x 1=55
D, J, K, or K 40 40
High-level Clear ) 80 80
) Voo =MAX, V=24V
M input current  [Preset cc - V=2 80 80
Clock 40 80
D,J,K, or R -1.6 —16
Lowrlevel Clear -3.2 -3.2
[} A/ MAX, V=04V
n input current Presst cc= ! -3.2 -3.2
" |Clock -8 [ -3.2
Short-circuit Series 54 -~20 . —-57 | —-20 —57
Vee = MAX
'05  output current®[Series 74 cc ST EED —57
Supply current
Vce = MAX, See Note 1 13 26 10 20
fec {Average per ftip-flop) cc ¢
switching characteristics, VCC =5V, Ta = 26°C
FROM T0 TEST 70 727
PARAMETERY . '76,°107
INPU' TPUT) CONDITIONS
u ™ toutey MIN_TYP MAX |MIN TYP MAX
20 35 15 20 |
fmax
PLH Preset Q 50 16 25
tPHY {23 applicable) a CL=15pF, 50 25 40
LM Clear a Ry =400 12, 50 1625
tPHL {as spplicable) Q See Note 2 50 25 40
10 27 50 10 16 25
PLH a
WHL Clock Qor 0 18 50] 10 25 40

*Courtesy of Texas Instruments, Incorporated
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APPENDIX 1-17*

POSITIVE-NAND GATES AND INVERTERS WITH TOTEM-POLE OUTPUTS

“184B1Y 10 ZEEL POPOI-NINP SR HPL/HYS PUR DL/PG S01I0S SO}

108448 51 UOIIED13100ds 36@I(OA dweld IndUl By ),
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"SPLNS/.SYSNS PUR [STPLNS/.STPSNS 104 Wi BL— PUE [ ¥LNS/.HPSNS 10} Vi 8— ", PLNS/.PSNS 10} YW Zi— = ig

‘0,6Z=Y1'AG = DI 39 waw sanen jeo1dAY v
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APPENDIX 1-18*

Expandable 3-input gates that provide the posi-
"NOR'™ function and its complement
simultaneously. MC307 omits output pull-down
resistors, permitting reduction of power

tive logic

3-INPUT GATES
MC306 - MC307

MECL MC300 series

dissipation,
Vee
39
Sk Sk ‘) PROPAGATION DELSY
g <20 13! ..

X

° 50%
EXPANDER "OR \ /
INPUT al
U e - ta
o o 5
10 L L l L “NOR" 2. s €our
6 7 8 10 Vg r
T0 MC304 “NOR” 50%
BIAS DRIVER
1.24k - ——
b ta2
Vee
ELECTRICAL CHARACTERISTICS
Test Conditions
Vde 1%
-ssec [ _ | -0545] -1450] -520[ —125
@ fest { 4255 | 0696] 07951 <1350 520) 118
v “levasee [ — 0655 -1300] -520] ~1.00
Synbol Test Limits
_ 3 9
Vi (Vs 'R Ye | VYo o, i Ground Pin No - 58°C _+‘I§ C + 125°C Unit
Characteristic PinNo | PaNa | PinRo | PinNo| PiaNo | PinNo  PinNo Pin No m{ ) Min| Mazi Min| Max| Min | Max
Pemar Supply e | - - Jas28] 1 - - 3 @ HE AT sas| — | &5 | macc
Seain Currant MEJOT | — - — 2478 - - 3 n@ - d6f - 38— 33 | mAdc
tnput Current 6 - — | 218§ - - 3 () -5 e = | — - ke
7 - — 268 1 — 3 Lt — - — ‘ - -
s — 2.6.7 I L) 1.0 (8) = — - —
HOR Legheal 1" - - 3 2780 1 - - 3 V.($) | -0825|-094s| 06%0| 0795 -0525( 0658 vac
Output Veltage - - 7 268 | 1 - 3 Vs ‘ l l l
- - [ 267 1 — - 3 V.18
“NOR" Legleal 0" - 6 — | 28] 1 - - 3 Yeis) 1560] —1850] 1465]- 1.750(—1 340 |~ 1.675 e
Output Veltage 7 - 258 ! - - 3 Ve (9
- 3 — 267 i - ! 3 Ve is)
“OR" Legleal " — 6 - 278 | 1 - 3 Vot | -08251.-0.945] 0690|-0.795|-0525| 0655 vac
Sutput Veltzge — 7 — | 2687 1 - - 3 ) ‘ ‘ ‘
-_— L] - 287 1 - - 3 Vi (4)
“ON" Logical 0" — - 6 278 | 1 - ] Vo) | —1560(--1850 |1 465: -1 750|~1340 -1 678 vde
Qulpvt Veltag - 7 268 | 1 - - 3 Vi () l 1 ‘
— — : 267 1 - — 3 v
“NOR" Dutput
Veltage Change -~ . s 208 | 1 - s® 3 AV 05) — fooss;  — | ooss| - l-oose | vans
{No loag to ful! ioad)
"OR" Output Veitage Change - 6 -_ 278 1 - 4D 3 AV (&) — 0055 00ss — |-coeo Yolts
(No 10ad to tull load;
“NOR" Saturatien - - — | 28] 2 65 | — 3 ws — | -0 —0ss| — } -08s | vec
Wreakpeint Veltage - - — | 28] 1 Ty - 3 0] - - - ‘
— — — j267] [ Yo} - ] e - - =
Puise | Pulse
Switching Times in ut Typ| Max| Typ| Max| Typ| Max
Propogatinn Dalay Time s 4 - ) - — 1 tor @) 70! no| 70| 1s | 95 10 n
L] 5 — 1 — — 3 e (5} 58 w0 55 08 70 128
s ‘4 - 1 - - 3 ta®) ss| 100{ ss| no | 70 123
s s - 1 - = 3 o (5) 70| 1w05| 70| 10| 95 | 143
Alse Time L] 4 - 1 - - 3 % 60 85 60 0o 80 i3e
6 s - 1 - - 3 [xe) rs| ns{ orspazs ) oes | 1s0
rail time 0 ‘ - 1 - - 3 [0} g6 s 63| 120 s0 150
0 5 — 1 - — 3 1 i5) 65| 120f 6s| 125 | 90 | 150

*Courtesy of Motorola, Inc.
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APPENDIX 1-19*

ABSOLUTE MAX;YIUM RATINGS

pA710
HIGH-SPEED DIFFERENTIAL COMPARATOR

FAIRCHILD LINEAR INTEGRATED CIRCUITS

Positive Supply voitage +140V
Negative Supply Voltage -7.0v
Peak Output Current 10mA
Differential  Input Voltage +50V
Input Volt:ge 270V
Internal Power Dissipation
T0-99 {Note 11 300 mW
Flat Package  [Note 2} 200 mW
Operating Temperature Range —55°C to +125°C
Storage Temperature Range —~65°C to +150°C
Lead Temperature {Soldering, 60 sec.) 300°C
,
ELECTRICAL CHARACTERISTICS (T, = +25°C, V* = 12.0V, V- = —6.0V unless otherwise specified)
PARAMETER CONDITIONS
(see definitions) (Note 4) MIN, TYP. MAX. UNITS
Input Offset Yoltage R < 2000 06 20 my
Input Offset Current 0.75 30 »A
Input Bias Current 13 20 sh
Voltage Gain 1250 1700
Output Resistance 200 a
Qutput Sink Current AVin 2 5mV, Vo =0 20 25 mA
Response Time [Note 3) 40 ns
i
The following specifications apply for —55°C < Ta < + 125°C:
Input Offset Voitage Rs < 2000 30 mv
Average Temperature Coefficient of input Rs = 500, Ta = 25°Cto Ta = +125°C 35 10 avioC
Offset Voltage Rs = 500, To = 25°C to Ta = —55°C 27 10 »¥/°C
Input Offset Current Ta = +125°C 0.25 0 uh
Ta = ~-55°C 18 7.0 s
Average Temperature Coefficient of Input Ta=25°CtoTa = +125°C 5.0 25 nA/°C
Offset Current Ta=25°CtoTa = —55°C 15 7% nA/°C
Input Bias Current Ta = —55°C 27 45 ")
Input Voltage Range V- = ~7.0V +50 v
Common Mode Rejection Ratio Rs < 2000 80 100 ]
Differential nput Voitage Renge +5.0 v
Voltage Gain . 1000
Positive Output Level AV > 5mY, 0 < Lo < 5.0mA 25 32 40 v
Negative Output Leve! AV, > 5m¥ -10 -05 0 v
Output Sink Current Ta= +125°C,AVa 2 5mV, Ve = 0 05 17 mA
Ta= =55°C,AV., 2 5mV, Vo =0 1.0 23 mA
Positive Supply Current Y £ 0 5.2 9.0 mA
Negative Supply Current 45 70 mA
Power Consumption 90 150 mW

*Courtesy of Fairchild Semiconductors
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APPENDIX 1-20*

absolute maximum ratings

Totatl Supply Voltage {Vgq) 36V
Output to Negative Supply Voltage (Vq4) 40V
Ground to Negative Supply Voltage {V,4) 30V
Differential Input Voltage 30V
Input Voltage (Note 1} 15V
Power Dissipation (Note 2} 500 mW
Output Short Circuit Duration 10 sec
Operating Temperature Range 0°C to 70°C
Storage Temperature Range -65°C to 150°C
Lead Temperature (soldering, 10 sec} 300°C

electrical characteristics (Note 3)

PARAMETER CONDITIONS MIN TYP MAX UNITS

Input Offset Voltage (Note 4} Ta = 25°C, Rg < 50K .20 78 L%
Input Ofﬁot Current {Note 4) Ta = 25°C 6.0 S0 nA
Input Bias Current Ta=25°C 100 250 nA
Voltage Gain T =25°C 200 V/mv
Response Time (Note 5) Ta=25°C 200 ns
Saturation Voltage Vin < -10mV, tgyr =50mA

Ta =25°C 075 15 v
Strobe On Current Ta = 25°C 3.0 mA
Qutput Leakage Current Vin 2 10mV, Vour = 35V

Ta = 25°C 0.2 50 nA
input Offset Voltage (Note 4} Rs < 50K 10 mvV
input Otfset Current {Note 4) 70 nA
input Bias Current 300 nA
Input Volitage Range +14 v
Saturation Voltage vt >asv,v =0

Vin < -10mV, Igink <8mA 0.23 04 v
Positive Supply Current ' Ta=25C 5.1 75 mA
Negative Supply Current Ta-25C 4.1 5.0 mA

LHLEWT

Note 1: This rating applies for £15V supplies. The positive input voitage limit 15 30V above the
negative supply. The negative input voitage limit is equal to the negative supply voltage or 30V below
the positive supply, whichever ss less.

Note 2: The maximum junction tempsrature of the LM319 is 85°C. For opersting at elevated
temperaturss, devices in the TO-5 package must be dersted based on s therma! resistence of 150°C/W,
i to or 45°C/W, junct 10 case. For the flat package, the derating is based on s
thermat resistance of 185°C/W when mounted on a 1/16-inch-thick epoxy glass board with ten,
0.03-inch-wide, 2-ounce copper conductors. The thermsl resistance of the dusi-in-line packege is
100°C/W, junction to ambient.

Note 3: These specifications apply for Vg = $15V and 0°C < T4 <70°C, uniass otherwise spscified.
The offsat voltage, offset current and biss current specifications spply for any supply voltage from
8 single 5V supply up to 15V suppties.

Note 4: The offset voitages and offset currents given are the maximum values required to drive the
output within 8 volt of either supply with 1 mA ioad. Thus, these paramaeters define sn error band and
take into account the worst case effects of voitage gain and input impedance.

Note 5: The response time specified (see definitions) is for 8 100 mV input step with 5 mV overdrive.

*Courtesy of National Semiconductor Corp.
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APPENDIX 1-21*

0.3" SOLID STATE
wewserr fppackano | | SEVEN SEGMENT | 5082-T10
COMPONENTS INDICATOR

TENTATIVE DATA AUGUST 1977

Features

COMMON CATHODE

RIGHT HAND DP

EXCELLENT CHARACTER APPEARANCE
— Continuous Uniform Segments

— Wide Viewing Angle

— High Contrast

® [C COMPATIBLE
- 1.7V per Segment

e STANDARD 0.3” DIP LEAD CONFIGURATION
— PC Board or Standard Socket Mountable Description
® CATEGORIZED FOR LUMINOUS INTENSITY The HP 5082-7740 is a common ca(hod; LED nur(;\;ric dis-
) ) . play with a right hand decimal point. The large 0.3” high
- Css,ures 3“!'°",“:Y of slf'gll“ gutput from character size generates a bright, continuously uniform 7
Jnit to Unit within a Single Category segment display. Designed for viewing distances of up to
10 feet, this single digit disptay has been human engineered
to provide a high contrast ratio and wide viewing angle.
The 5082-7740 utilizes a standard 0.3" dual-in-line package
configuration that allows for quick mounting on PC boards
or in standard IC sockets. Requiring a forward voitage of
onty 1.7V, the display is inherently |C compatible allowing
. . for easy integraticn into electronic calculators, credit card
PaCKage D'menS|0ns verifiers, TVs, radios, and digital clocks.
_.‘ '.52‘?:] '._ FRONT ﬁ‘.,‘,zlmw - SIDE
i | fate CATEGORY \u.m‘""i !.va o 175 {4.45) Ret
. ﬁ P 0
| I pin | FUNCTION
LI I\ : :f—i—_——~ f - 5082.7740
2 'ﬁ "[/“; s 750 2 0¥ 2 w0 : 3
300762 3| Sl |8 119,08 ¢ 0,25 LI 1 CATHODE
Y Sl P e ; 2 | ANODE - ¢
e M r ‘ Pt 3 | ANODE-g
I} s | + | anope .4
i 7 ( 100
i OATE CODE _"‘ 28 I’_ (2641 5 | ANODE-d
: .72 6 CATHODE
500 f e TYP 7 | ANODE -dp
¢ 8 | ANODE-c
] ANODE-b
_ ] #00: 010 "__ END D S —————gf:m 10 | ANODE - &
(10,18 = 0,25) ) e
s ) W
i won ; > NOTES
: 1. Dimengions in inches and (millimeters)
-4 ¥ T E o 2. Tolsrancet on s dmmansiom s T o
;f_ —fje 010 2L . R”u’:..xn un::d.olmnmu specified
1 , undant cathodes.
o L caunT i o—

*Courtesy of Hewlett Packard, In¢
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Absolute Maximum Ratings

Power Dissipation Ty =25%C. . . .. .. e 400mW
Operating Temperature Range —20°C to ~ 85°C
Storage Temperature Range —20°C to + 85°C
Average Forward Current/Segment or Decimal Pt. Ty = 25°C L 25mA
Peak Forward Current/Segment or Decimal Pt. T, = 25°C (Pulse Duration <500us) .................. 150mA
Heverse Voltage/Segment or Decimal Pt. .. .. .. e e e et e e, 6v
Max. Solder Temperature 1/16°’ Below Seating Plane (t <5 sec.) N 230°C
NOTES: 1. Derate from 259C at .25 mA/OC per segment or D.P. 2. Clean only in Freon TF, Isopropanol, or water.
" N _ o
Electrical/Optical Characteristics at T,=25°C
Description | Symbot Test Condition Min. Typ. Max. Units
i T T T Tipgak = 100mA
Luminous Intensity/Segment [11 L ave 10%6 gutv Cycle 50 180 ped
Ig = 20mA DC 250
Peak Wavelength ApEAK 655 nm
Forward Voltage/Segment or D.P. Ve le = 100mA 1.6 2.3 \Y
Reverse Current/Segment or D.P. g Vg =6V 100 uA
Rise and Fall Time (2] 1,4 10 " ns
Temperature Coefficient of Forward Voltage Avg/oC . =20 mV/°C
Temperature Coefficient of Luminous Intensity Aly/°C -10 %/°C

NOTES:
the eye. Intensity categories are designatad by & letter located on the right hand side of the package.
2. Time for a 10%-90% change of light intensity for step change in current.

1. The digits are categorized for luminous intensity such that the variation from digit to digit within a category is not discernible to

Voltage.

500 7/
« 400
b4 .
> 300 |
3 20 1
27 00| LmTED BY X
& MAX PEAK CURRENT ., |
28 10 | / '
b4
ez
2% wot- |
£a -
I~ C ]
23 {
28 =0 uax. ave, |
95 4o CURRENT —
if |
w 5 30 +—
iZ B swaoc |
¥ 21" DUTY FACTOR % |
ST
w0 RN ITRA S N
1 2 4 6 80 202 40 60
Figure 1. Normlhzu: Angular Distribution of lave - AVERAGE CURRENT PER SEGMENT — mA
uminous intensity. " " - " "
L us nsity Figure 2. Typical Time Averaged Luminous Intensity
per Segment versus Average Current.
160
a
10
oo
-
H
20 |-
8 2
& 100 |~ w
£ g .
Z e &
« w
T 2
3 e} T a4
e o
$ ot *
T
4 2k
[ =
o A 1 i i 1 o 1 L 1 1 |
] 4 8 12 16 20 24 28 32 20 50 100 150 200
Vg ~ FORWARD VOLTAGE - v lpgax - PEAK CURRENT PER SEGMENT — mA
Figure 3. Forward Current versus Forward Figure 4. Relative Efficiency { Luminous Intensity per Unit

Current) versus Peak Current psr Segment.

For more information, call your local HP Sales Office or East {201} 265-5000- Midwest {312) §77-0400-South (404) 436-6181-West (213) 877-1282,

Or, write: Hewlett-Packard, 1501 Page Mill Road, Palo Alto, California 94304,

Switzerland. In Japan, YHP, 1.89-1, Yoyogi, ShibuyaKu, Tokyo, 151,

Printed in U.S.A.

In Europe, Post Office Box 85, CH-1217 Meyrin 2, Geneva,
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APPENDIX 1-22*

SERIES 1603-02
REFLECTIVE

LIQUID CRYSTAL DISPLAYS

Optimum Readability
Single Plane Viewing

- MOS Compatibility
No Back Lighting Required

The 1EE Series 1603-02 is a 3%2 decade Liquid
Crystal Display with four floating decimals arid an
overflow plus or minus one (). A colon is incor-
porated in the display for additional application-
advantages such as clocks, etc.

The IEE Series 1603-02 reflective Liquid Crys-
tal Display consists of a layer of micron-thin
liquid crystal material confined between two sheets
of glass, one sheet having a clear conductive elec-
trode and the other a teflective coating etched in a
segmented pattern to create a digital display. The
organic matérial requires extremely low power in
_order to be an effective display. Upon generation
of an electric field, the liquid layer becomes turbu-
lent and scatters light. This scattering effect (caused
by a continuous change in the index of refraction)
appears as an optically dense area; by selectively

e Low Protile
¢ Microwatt Power Consumption
e LowCost

o ideal for High Ambient Light
Environment

energizing appropriate segments, a digital format is
obtained. When the applied field is removed, the
liquid crystal material returns to its original quies-
cent, transparent condition.

Reflective displays eliminate the need for back-
lighting, which makes them excellent displays for
use in portable equipment or in equipment where
low power consumption is a definite consideration.

For optimum life, liquid crystals arc operated
on A.C. (40-100 Hz) which, coupled with a 15-30
volt range, make them directly compatible with
MOS logic. N >us companies are engaged in
the facture of dard MOS circuits for use
with Liquid Crystal Displays and this list may be
obtained from Industrial Electronic Engineers, Inc.
(1EE) upon request.

ELECTRICAL SPECIFICATIONS

Operating Voltage: A.C. 40-100 Hz. Typical 24
Volt (Peak to Peak). Maximum 40 Volt. Min-
imum 10 Voit.

Power Consumption: 20 microwatts per segment
(maximum).

Rise Time: 50 milliseconds.

Decay Time: 150 milliseconds.

Contrast Ratio: 15: 1 minimum.

Life: 10,000 hrs. minimum at 24 V.A.C.

Operating Temperature: 5°Cto 55°C.

Storage Temperature: —10°C to 70°C.

Relative Humidity: 0to 100%.

MECHANICAL SPECIFICATIONS

Package Size: Sce diagram.

Character Size: .433” (11 MM).

Character Width: .260” (7.6 MM).

Segment Width: .055” (1.4 MM).

Decimal Point Width: .06” (1.5 MM).
Decimal Point Height: .08” (2 MM). .

*Courtesy of Industrial Electronic Engineers, Inc.
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Contacts:

The conductive electrodes on the Series 1603-02
Liquid Crystal Displays are terminated in an edge
board configuration having .050” (1.3 MM) spac-
ing, which allows the use of an edge connector or
a spring contact right angle connector to be used
in conjunction with printed circuit board patterns.

ORDERING INFORMATION

Part No.
Liquid Crystal 1603-02
Right Angle Connector 22076-01
Mounting Kit (PC Board
with right angle 22077-01

connector attached)

AVAILABILITY:

Series 1603-02 displays and optional hardware
(connector, PC boards) are available for customer
evaluation from shelf stock. For large quantity re-
quirements  and/or special designs, consult IEE
for information.



APPENDIX 1-23*

m TYPES SN5490A, SN5492A, SN5493A, SN54190, SN54193,
SN7490A, SN7492A, SN7493A, SN74180, SN74193
msi ' DECADE. DIVIDE-BY-TWELVE, AND BINARY COUNTERS

BULLETIN NO. DL-S 7211807, DECEMBER 1972
‘90A ... J, N, OR W PACKAGE

‘90A, ‘'L90 . . . DECADE COUNTERS ‘L90...J,N,OR T PACKAGE '92A...J, N, OR W PACKAGE
(TOP VIEW) (TOP VIEW)
‘92A ... DIVIDE-BY-TWELVE - P
COUNTER mﬁum’lu?u]ﬂfl ru:um;u‘u?_m.
‘93A,‘L93...4-BIT BINARY L v “J L T _J
COUNTERS : :_ »‘ :
description rI .‘[ MW r -.-._]
Each of these monolithic counters contains four : = < = '_ ST

master-slave flip-flops and additional gating to
provide a divide-by-two counter and a three-stage
binary counter for which the count cycle length is

positive togic: see function tables

'93A ... J, N, OR WPACKAGE 'L93...J, N, OR T PACKAGE

divide-by-five for the ‘90A and 'L90, divide-by-six {TOP VIEW) (TOP VIEW)
for the '92A, and divide-by-eight for the '93A and o o —
' T e w o T e oo x ow
L93. wlfa}(a1ln v SnsnSoinininin?
[T T [T T

All of these counters have a gated zero reset and the 8 .= N o™
'B0A and ‘L.90 also have gated set-to-nine inputs for . o ... .
use in BCD nine’s complement applications. F -T T If T

2 1 1

To use their maximum count length (decade, divide- M‘J W"—LWW
by-twelve, or four-bit binary) of these counters, the
B input is conrected to the Qa output. The input . positive fogic: see function tables
count pulses are applied to input A and the outputs NC-No internal connection

are as described in the appropriate function table. A

symmetrical divide-by-ten count can be obtained TYPES ;\;'SCS?:A‘NON
from the ‘G0A or 'L90 counters by connecting the 14
Qp output to the A input and applying the input N 5 mW
count to the B input which gives a divide-by-ten 90 . 20 mW
square wave at output QA. ‘82A, '93A 130 mW
‘L83 16 mwW
functional block diagrams
‘90A, ‘L8O ‘924 ‘934, 'L83
Ray
D
weura LA | 9mL93
vyt & 118 o
INPUT B all
Ut e L] INPUT B JAIILE q

"0 ED_ foa! oz ]
oz,

d¥namic INput activated by Trantition from & hgh lgvel 10 & low level.

The J and K inputs shown without ion are for only and are at a high level.

*Courtesy of Texas Instruments, Incorporated

451



TYPES SN5490A, SN5492A, SN5493A, SN54190, SN54193,
SN7490A, SN7482A, SN7493A. SN74L90, SN74L93
DECADE, DIVIDE-BY-TWELVE, AND BINARY COUNTERS

POA, L0 204, 190 schematics of inputs and outputs
8CD COUNT SEQUENCE BI-QUINARY (5.2) ‘90A, '92A, ‘93A
(800 Note A} (See Note B)
counT |_OUTPUT ot |—OUTPUT EQUIVALENT OF EACH INPUT
Qp Oc Qg Qa 0a Op Q¢ Qg Vee -
0 L L L L ] L L L U ﬂ‘q
1 L L L H 1 L L L H
2 Lt v oHoL 2 L L H L INPUT -
3 L L HH I :
4 L H oL L 4 L H L L
s [L # L oK 5 |H L L oL
6 |t H H oL 6 {H L L H
? L # H H 7 H L H L INPUT Roq NOM
8 H oL oL oL 8 M L H H A 25 k2
9 M L L wm g |u m oL oL B ('90A, '92A)  1.25kf2
8 ('93A) 25k
AH resets 6kQ
"90A, ‘L9O
RESET/COUNT FUNCTION TABLE ‘L90, 'LO3
}_ RESETINPUTS | outeuy EQUIVALENT OF EACH INPUT
Pot1) Roi2) Ret1) Rei2[Ap Oc Os Qa EXCEPT A AND B OF 'L93
H H L X L Lo L Vee _
H H X L L L L b
X X H HlH L L H Req
X L X L COUNT
L X L X COUNT INPUT m—
L X X L COUNT
X L C o COUNT
‘924 '93A, 'L93 INPUT
8 ('L90) 6.67 k02
count |—2UTPYY COUNT p—OUTPUT Al resets 40 kD
Qp Oc Qg Qa Qp Q¢ Qg Op
o Jt L L 1L o |L L L L ‘L83
1 fLt L oL LI R S ] EQUIVALENT OF AOR B
2 |b L H oL 2 L b ohnoL INPUT
3 jL L HH 3 L L oHoH
4 L H L L 4 L H L L
5 L H L H 5 L H L H
6§ v L L L 6. |L H W L
2 I S 7 {L H H H
8 {H L H L 8 |H L L L
9 H L H H ] H L L H
0 {H HLL 0 fHoLoH oL
" H H L H 1" H L H H
12 H H L L
13 H H L H
14 H H H L
15 H H H H “S0A, ‘92A, '93A, 'L90, 'L93
TYPICAL OF ALL
‘924, "93A, 'L93 OUTPUTS
RESET/COUNT FUNCTION TABLE —_— vee
RESEY INPUTS OUTPUT Roq
Aoy Rot2) |Op QOc G Oa
H H L L i L -_—
L x COUNT
x L COUNT
ouTPUT
NOTES: A. Output Qp is connected to input B for BCD count. -
B. Output Qp is connected to input A for bi-quinary
count,
C. Output Qp is connected to input 8.
D. H = high level, L = low lavel, X = irrelevant ‘90A, '92A, '93A: R = 100 & NOM
‘L0, 'L93: R = 500 2 NOM
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APPENDIX 2

Resistor and
Capacitor Values



APPENDIX 2-1
TYPICAL STANDARD RESISTOR VALUES

Q

454

Q

10
12
15
18
22
27
33
39
47
56
68
82

Q
100
120
150

180

220
270
330
390
470
560
680
820

kQ

1
1.2
1.5
1.8
2.2
27
33
3.9
4.7
5.6
6.8
8.2

kQ

10
12

i5

18
22
27

33

39
47
56
68
82

kQ

100
120
150
180
220
270
330
390
470
560
680
820

MQ

1.2
1.5
1.8
2.2
2.7
33
3.9
4.7
5.6
6.8



APPENDIX 2-2
TYPICAL STANDARD CAPACITOR VALUES

pF

wn

pF
50
51
56
62
68
75

82

91
100
110
120
130
150
160
180
200
220
240
250
270
300
330
360
390
430
470

pF
500
510
560
620
680
750
820
910
1000
1100
1200
1300
1500
1600
1800
2000
2200
2400
2500
2700
3000
3300
3600
3900
4000

4300
4700

pF
5000
5100
5600
6000
6200
6800

7500 -

8000
8200
9100

uF

0.0t
0.012
0.015

0.018
0.02

0.027
0.03
0.033

0.039
0.04

0.047

uF
0.05

0.056
0.06

0.068

0.082

0.1

0.12
0.15
0.18
0.2

0.22

0.25
0.27
03

0.33
0.39

0.47

uF
0.5
0.56
0.68
0.82

1

1.2

1.5

1.8

wn | W
o] oy,

oo | o &
[~ -]

[ 5]
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Answers to Problems

1-4 0.3 V, 2 ms, 40%, 0.67

1-5(b)  40%

1-6 525V, 9.52%, 5 s, 10 us, 54.3%
1-7 033V,259V

1-8 100, 6.6

19 1 us, 2.4 MHz

1-11 1 MHz, 15.9 Hz

1-12 0.7 s, 0.63%
1-13 433 Hz, 70 kHz

2-3 0.754 V

2-4 0.493 mA

2-5 263.9 ms

2-6 14.52 us, 6.6 pus, 33 us
2-7 6.54 V

2-8 9.71V,529V

2-9 3.5 mA, 1.04 mA

2-10 5.64 ps, 0.1 V
2-11 7.8V, 14.52 ps
2-12 312V, 2.18 pA
2-16 0.185 V, 0.405 V
2-20 0.18 V

2-21 18V,09V
3-7 20 k@
3-8 50 k§2
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ANSWERS TO PROBLEMS

3-12
3-15
317
3-19
323
3-26
3-27

4-4
4-5
4-6
4-8
4-10
4-12

5-3
5-4
55
5-8
5-9
5-10
5-12
5-13
515
5-16

6-3
64
6-6
6-8
6-10
6-12
6-13
6-16

7-2
7-4
7-5
7-7
7-9
7-11
7-12
7-14
7-16

560 Q, IN746

8k, 1.79 mA

6.8 kQ

IN751, 1 kQ

0.1 uF, 100k

1 4F, 47 kQ

IN757, 1 4F, 120kQ

30.3, 182 4A
16.2 yA, 114 A

0.228 mW, 1.25 W, 2.28 mW, 1.25 uW
14.999 V, 13.5V, 15 V, 2.026 us

80.5 pF, 80.5 kHz

20V, 106 mV

1k, 21.5kQ

60.4 kHz

22 kQ, 560 k2, 17.28 V

12 kQ, 680 kS, 7500 pF

12 k2, 10 k€, 0.18 puF

820 Q, 10 kR, 0.47 uF

270 k2, 330 kS, 0.015 pF, 56 ps
150 k2, 180 k2, IpF

3.9 kQ, 510 pF, 100 ©
~1989V, 663V

Reg=47kQ, R =82 kQ, R, =47 k2, R,=47 kQ

R.,=33kQ, R,=56 kQ

20 pF

[3.9 kQ, 180 kQ], [39 kQ, 220 kQ]
2.2k, 500 Q, 1.8 kQ

[39 kQ, 100 k®], [39 k&, 150 k®2]
56 k§2, 270 kQ, 180 kQ

22k, 1.5kQ

18 k2, 1 uF, 120 kS, 0.15 uF
39k, 39k, 2.7k

5kQ, 1.8 kQ

1.6 mA, 0.7 mA

47 k2, 0.008 pF, 16.45 V

9V, 1.145 kHz

12 k2, 27 kQ, 390 pF

1.2 uF, 5.6 k, 30 uF, 15 k2, 0.68 uF
0.68 uF, 100 kQ, 1.8 uF, 56 k, 0.18 pF
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7-18
7-20
7-23
7-24
7-25

8-2
83

8-5

88

89

8-11
8-15
8-18
8-22
8-23
8-25
8-26

94
9.5
9-8
9-9
9-12
9-13

10-2
104
10-10

11-4
11-6
11-8
11-10
11-15
11-17

12-12

134
13-9

14-14

ANSWERS TO PROBL

[56 k2, 150 kL], [0.05 uF, 22 kQ, 4 uF), [100 k2]

15 kQ, 150 k®, 0.1 uF, 106 Hz

[47 kQ, 220 kQ), [22 kL, 0.1 pF]

[20 k2, 39 k®], [10 kL, 18 kL]

[390 ©, 1k, 3.3 kQ), [39 k€, 39 kQ], [39 kD, 0.02 uF)

3.9 kQ, 3.9 kQ, 39 kQ, 22 kQ
0.0025 uF .
309 pF

10 k©, 1800 pF

5.6 kQ, 150 k%, 5.6 kQ, 1500 pF
0.004 uF, 680 Q

1.8 kQ, 116.2kQ, 1207 pF

68 kQ, 68 k2, 68 k22, 0.015 uF
22 kQ, 0.02 uF

0.01 uF, 6.8 k2, 15 kQ

151 ps, 76.2%

33 kQ, 0.05 uF, 1.2 k2, 10 kQ
0.05 uF, 820 2, 30 kQ

5.6 k9, 56 k2, 33 kQ
4.7 kQ, 47 kQ, 27 kQ
56 pF )

120 pF, 174 kHz

160 pF

120 pF, 174 kHz

82kQ,09V,9V
1.5 k@
7

20 kR, 15 kL, 6.7%, 0.03%
2 k9, 3.3 kQ, 10%, 0.005%
0.035%, 0.00027%

0.047%, 0.0001%

10 kR, 47 k9, 8.2 kR, 0.11%
0.039 uF, 10.73 us, 0.08%

560 2, 39 k@

15, 7
100 pA

6, 50



Index

Active output pull-up, 299
Active region, 94
AND gate, 282, 283
Aperiodic waveform, 2
Asymmetrical base triggering, 268, 269
Asymmetrical collector triggering, 263,
264
Astable multivibrator, 229
collector coupled, 230
emitter coupled, 234
operational amplifier, 234
Avalanche diode, 66
Average pulse amplitude, 11, 13, 14

Back plane, 360
Base triggering, 268
Biased clamping circuits, 81
Biased shunt clipper, 74
Binary coded decimal, 373
Binary counter, 354
Binary to decimal conversion, 364
Bistable multivibrator, 256
asymmetrical base triggering, 268,
269
asymmetrical collector triggering,
263, 264
collector coupled, 256, 258

Bistable multivibrator, (Continued)
collector-steered base triggering, 271
emitter coupled, 261
sym/metrical base triggering, 269
symmetrical collector triggering, 265

Bootstrapping capacitor, 187

Bootstrap ramp generator, 187, 191

Breakdown diode, 66

Capacitor charging, 30
Capacitor coupled inverter, 123
Cascaded flip-flops, 345
Cathode ray oscilloscope, 3
Clamping circuits, 77

‘biased clamping circuit, 81

loading effects, 85

zener diode clamper, 82
Clipping circuits, 67

biased shunt clipper, 74

noise clipper, 69

series clipper, 67

shunt clipper, 72
Clock pulse, 276, 354
Clock source, 276, 380
Clocked SC flip-flop, 271
CMOS logic gates, 309
CMOS NAND gate, 310
CMOS NOR gate, 311
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CMOS switch, 112

CMOS timer, 252

CMOS transmission gate, 336
Cold cathode tube, 361

Collector coupled astable multivibrator,

230
Collector coupled bistable
multivibrator, 256, 258
Collector coupled monostabie
multivibrator, 212
Collector cut-off current, 95
Collector triggering, 263, 265
Constant current circuit, 168, 174
Commutating capacitors, 258
Comparator, 160
Complementary MOS, 112
Constant current ramp-generator, 168
Counting circuits, 345
binary counter, 354
counter controls, 375
decade counter, 350
divide-by-16, 349
IC counters, 354
scale-of-10, 350
scale-of-12, 355
scale-of-16, 348, 354
scale-of-10,000, 373
Coupling capacitors, 123
CR circuit, 28
capacitor charging current, 31
capacitor charging curves, 35
capacitor charging time, 39
capacitor voltage, 30
equ~ions, 36
response to pulse, 41
time constant, 37
CR ramp generator, 164
CRT time base, 206
Current gain, 93
Current-mode logic, 303
Current sink, 293
Current switch, 328
Cut-off region, 95

DC restorer, 77
Dead zone, 69
Decade counter, 350
Decay time, 100

INDEX

Decimal-to-7 segment, 369
Delay time, 99
D flip-flop, 276
Differentiated waveforms, 51, 52, 54, 56
Differentiating circuits, 50, 57, 136
Digital counting, 345
Digital-to-analog conversion, 415
Digital displays, 356
Digital Readouts, 356, 384
Digital frequency meter, 379
Digital indicator tube, 361
Digital voltmeter, 387, 392
Divide-by-sixteen counter, 349
Diode:

AND gate, 282

characteristics, 63

clamping circuits, 77

clipping circuits, 67

forward current, 62

forward voltage drop, 63

four layer, 180

light emitting, 356

logic, 288

matrix, 364

noise clipper, 69

OR gate, 285

protection, 117

reverse current, 63

reverse recovery time, 64

reverse voltage, 62

sampling gate, 321

Schottky diode, 301

Shockley diode, 180

switch, 62

voltage multiplying circuit, 86

Zener diode, 65
Diode transistor logic (DTL), 288
Drain current, 108
Drain-gate leakage current, 110
Drain-source ON resistance, 109
Dual slope integration, 387
Duty cycle, 8
Dynamic scattering, 359

Emitter-base reverse voltage, 73
Emitter coupled astable multivibrator,
234



INDEX

Emitter coupled bistable multivibrator,

261
Emitter coupled logic (ECL), 303
Emitter coupled monostable
multivibrator, 222
Emitter follower, 191
Enhancement MOSFET, 112
Expandable gate, 289
Exponential constant, 7
Exponential waveform, 7

Fall time (¢), 10, 99
Fan-in, 292 '
Fan-out, 292
FET inverters, 130
FET sampling gate, 330, 332
FET switch, 107
Flip-flops, 271

clocked SC, 276

D, 277

in cascade, 345

JK, 278

réset-set (RS), 273

reset-set-toggle (RST), 276

set-clear (SC), 273

T, 271

toggle, 271
Flourescent display, 363
Four-layer diode, 180
Fourier analysis, 18
Fractional tilt, 22
Frequency division, 349, 380
Frequency meter, 384
Frequency response, 20
Frequency synthesis, 17
Fundamental frequency, 17

Gas discharge display, 362

Gates:
logic (see logic gates), 282
sampling (see sampling gates), 321

Harmonic, 15

Harmonic analysis, 17

h FE> 93

. High threshold logic (HTL), 295
High frequency distortion, 18
Hystersis, 149

IC:
comparator, 160
counters, 354
flip-flops (see flip-flops) ~
logic gates (see logic gates)
monostable multivibrator, 229
timer (555), 236
IC operational amplifier, 136
differentiator, 136
input bias current, 132
input impedance, 132
input off-set current, 132
input off-set voltage, 132
integrator, 197
inverter, 130
inverting amplifier, 197
inverting input, 130 .
monostable multivibrator, 224
non-inverting input, 130
ramp-generator, 191
sampling gate, 337
Schmitt trigger, 151
slew rate, 132
virtual ground, 198
voltage follower, 191
Ideal pulse, 8
Ideal transistor switch, 91
Integrated injection logic (7°L), 312
Integrated waveforms, 45, 47, 49
Integrating circuits, 44, 197
Intrinsic stand-off ratio, 176
Inverter circuits, 116
capagitor coupled, 123
diode protection, 117
direct coupled, 116
FET, 130
I1C, 130
speed-up capacitor, 119
Inverting Schmitt, 151

JFET inverter, 130
JFET series gate, 330
JFET shunt gate, 332
JFET switch, 107

JK flip-flop, 278, 383

Keep-alive cathode, 362
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Lagging edge, 8.
Latch, 383
Leading edge, 8
Leakage current, 95, 110
Light emitting diodes (LED), 356
Limiter circuit, 67
Linear ramp generator, 168, 187, 191
Liquid crystal displays, 358
Loading effects, 57, 85
Logic gates, 282
AND gate, 282
CMOS, 309
comparison of logic types, 316
current mode logic, 303
current sink, 293
diode gates, 282
diode transistor logic (DTL), 288
emitter coupled logic (ECL), 303
expandable gate, 289
fan-in, 292
fan-out, 292
high threshold logic (HTL), 295
Integrated injection (7°L), 312
loading factor, 294
merged transistor, 316
modified DTL, 293
MOSFET, 307
NAND gate, 288
negative logic, 287
N-mos, 308
noise immunity, 291
NOR gate, 290
NOT gate, 288
OR gate, 285
P-mos, 308
positive logic, 287
propagation delay time, 290
resistor transistor logic (RTL), 295
Schottky TTL, 301
totem pole output, 299
transistor transistor logic (TTL), 297
tri-state logic TSL, 301
Logic levels, 273
Lower cut-off frequency, 22
Lower trigger point, 142

Mark length, 8

INDEX

Mark-to-space ratio, 8
Matrix (diode), 364
Memory capacitors, 258
Merged transistors, 316
Miller effect, 197
Miller integrator, 198
Modified DTL, 293
Monostable multivibrator, 211
collector coupled, 212
emitter coupled, 222
IC, 229
IC operational amplifier, 224
triggering, 221
555, 238, 240, 242
MOSFET logic gates, 307
MOSFET Sampling gates, 334
MOSFET switch, 112
Multiplexing, 404
Multivibrator:
astable (see astable multivibrator),
229
bistable (see bistable muiltivibrator),
256 .
monostable (see monostable
multivibrator), 211

NAND gate, 288
Negative clipper circuits, 67 .
Negative logic, 287
Negative voltage clamper, 77
Noise clipper, 69
Noise immunity, 291
N-MOS, 308
Noninverting Schmitt, 156
Non-repetitive waveforms, 3
Non-saturated switch, 98
NOR gate, 290
NOT gate, 288
Numerical displays, 356
digital indicator tube, 361
gas discharge display, 362
fluorescent display, 363
light emitting diode (LED), 356
liquid crystal display (LCD), 358
seven-segment, 356, 369
three-and-a-half decade, 361



INDEX

One-shot multivibrator, 212

Operational amplifier (see IC
operational amplifier), 130

OR gate, 285 )

Oscilloscope, 3

Overdriven transistor, 97

Overshoots, 19

Peak point current, 177
Periodic waveforms, 2
P-mos, 307
Positive clamping circuits, 78
Positive clipping circuits, 67
Positive logic, 287
Practical transistor switch, 93 -
Programmable UJT (PUT), 183
Propagation delay time, 290
Pulse repetition frequency (PRF), 8
Pulse repetition rate (PRR), 8
Pulse modulation, 396
pulse amplitude modulation (PAM),
397, 398 :
pulse code modulation (PCM), 397,
412
pulse duration modulation (PDM),
397, 400
pulse position modulation (PPM),
397, 402
pulse width modulation (PWM), 397,
400 -
Pulse multiplexing, 404
Pulse waveform, 11
amplitude, 8
duration, 8
duty cycle, 10
fall time (¢;), 10
ideal pulse, 8
loading edge, 8
lagging edge, 8
mark to space ratio, 8
repetition frequency (PRF), 8
repetition rate (PRR), 8
rise time (t,), 10
slope, 11
space width, 10
tilt, 11

Pulse waveform, (Continued)
trailing edge, 8
width, 8

Pulsed tone oscillator, 251

Quantizing, 398

Ramp generators, 164
bootstrap, 187, 191
constant current, 168, 174
CR, 164
free-running, 195
IC operational amplifier, 191
Miller integrator, 198
PUT, 183
UJT, 176
Recovery time, 106
Rectangular waveform, 6
Reflective type cell, 360
Regeneration, 142
Relaxation oscillator, 177, 180, 183
Resistor. transistor logic (RTL), 295
Resolving time, 106
Reverse breakdown, 62, 65
Reverse recovery time, 64
Reverse saturation current, 95
Ring counter, 407
Rise time (z,), 10

Sampling gates, 321

bipolar series, 323

bipolar shunt, 327

CMOS, 336

diode, 321

JFET series, 330

JFET shunt, 332

MOSFET, 334

operational amplifier, 337

sample-and-hold circuit, 340
Saturated transistor, 96
Saturation region, 95
Saturation voltage, 95
Sawtooth wave, 7
Scale-of-10 counter, 350
Scale-of-12 counter, 355
Scale-of-16 counter, 348, 354
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Scale-of-10,000 counter, 373
Schmitt trigger circuit, 140
comparator, 162
design, 143
hysteresis, 149
I1C, 159
IC operatio.ial amplifier, 151
inverting, 151
lower trigger point (LTP), 142
noninve-ting, 156
output/input characteristics, 149
regeneration, 142
speed-up-character, 148
upper trigger point (UTP), 142
waveforms, 143
Schottky TTL, 301
Sequential timer, 250
Series clipper, 67
Series gate, 323, 330
Series noise clipper, 69
Set clear (SC) flip-flop, 273
Settling time, 106
Settled waveform, 43
Seven segment displays (see Numerical
displays), 356, 369
Shift register, 412
Schockley diode, 180
Shunt clipper, 72
Shunt gate, 327, 332
Slew rate, 132
Slope, 11
Space width, 10
Speed-up capacitor, 103
Spike waveform, 7
Square wave, 6
Square wave generator, 229
Steering resistance, 271
Step change, 6
Storage time, 99
Strip-chart recorder, 3
Summing amplifier, 415
Switch:
current, 328
CMOS, 112
Diode, 62
JFET, 107
MOSFET, 112

INDEX

Switch: (Continued)

transistor, 91

voltage, 328
Switching times:

decay time, 100

delay time, 99

fall time, 99
" reverse recovery time, 64

rise time, 99

storage time, 99

turn-off time, 99

turn-on time, 99
Symmetrical base triggering, 269
Symmetrical collector triggering, 265
Synchronizing, 177, 195, 203
Synchronizing gate, 410
Synchronizing space, 406

TDM, 408
Tilt, 11
Time base, 206
Time base generation, 381
Time constant, 37
Time division multiplexing (TDM), 404
Time period, 8
Timer (555 IC), 236
astable, 245, 247
CMOS, 252
monostable, 238, 240, 242
pulsed tone oscillator, 251
sequential timer, 250
Timing system, 380
Toggle (T) flip-flop, 271
Totem pole output, 299
Trailing edge, 8
Transients, 3
Transistor:
current gain, 93
characteristics, 94
hgg, 93
reverse base-emitter voltage, 72
switching, 91
switching times, 99
Transistor transistor logic (TTL), 297
high speed, 300 :
low power, 300
low power Schottky, 301



INDEX

Transistor transistor logic (TTL),
(Continued)
Schottky, 301
standard, 297
tri-state, 301
Transmission gate, 336
Transmittive type cell, 360
Triangular waveform, 6
Triangular waveform generator, 203
Triggering, 263
Tri-state logic (TSL), 301
Truth table, 348
Turn-off time, 99
Turn-on time, 99

“Unijunction transistor (UJT), 176
equivalent circuit, 176
intrinsic stand-off ratio, 176 .
programmable UJT (PUT), 183
relaxation oscillator, 177
Upper cut-off frequency, 40
Upper trigger point, 142 .

Valley point current, 177

VCE(sn)’ 95
Virtual ground, 198

465

Voltage comparator, 160
Voltage follower, 191

Voltage level detector, 143
Voltage mukiplying circuit, 86
Voltage reference source, 66
Voltage switch, 328

Waveforms:
exponential, 7
pulse, 8
ramp, 6
rectangular, 6
sawtooth, 7
sine, 4
spike, 7
square, 6
triangular, 6

Waveform distortion, 18

Zener diode, 65
characteristics, 66
clamping circuits, 82
clipping circuits, 75
noise clipper, 70

Zero crossing detector, 161








