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Preface

Databooks often tend to be simply collections of information, with
little or nothing in the way of explanation, and in many cases with so
much information that the user has difficulty in selecting what he needs.
This book has been designed to include within a reasonable space most
of the information which is useful in electronics together with brief
explanations which are intended to serve as reminders rather than
instruction. The book is not, of course, intended as a form of beginner’s
guide to the whole of electronics, but the beginner will find here much
of interest, as well as a compact reminder of electronic principles and
circuits. The constructor of electronic circuits and the service engineer
should both find the data in this book of considerable assistance, and
the professional design engineer will also find that the items collected
here are of frequent use, and would normally only be available in
collected form in much larger volumes.

| hope therefore, that this book will become a useful companion to
anyoné with an interest in electronics, and that the information in the
book will be as useful to the reader as it has been to me,

lan R. Sinclair
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Introduction

Mathematical Conventions

Quantities greater than 100 or less than 0.01 are usually expressed in
the standard form: A X 10" where A is a number less than 10, and n is
a whole number. A positive value of 7 means that the number is greater
than unity, a negative value of n means that the number is less than
unity. To convert a number into standard form shift the decimal point
until a number between 1 and 10 is obtained and count the number of
places which have been shifted, which will be the value of n. If the
decimal point has had to be shifted to the left n is positive, if the
decimal point had to be shifted to the right n is negative. For example:

1200is 1.2 X 10*, but 0.0012is 1.2 X 107°

To convert numbers back from standard form, shift the decimal point
n figures to the right if n is positive and to the left if n is negative.
Example:

5.6 X 107* =0.00056; 6.8 X 10° =680 000

Numbers in standard form can be entered into a scientific calculator by
using the key marked Exp or EE (for details, see the manufacturer’s
instructions).

Numbers in standard form can be used for insertion in formulae, but
component values are more conveniently written using the prefixes
shown in Table 0.1. Prefixes are chosen so that values can be written
without using small fractions or large numbers.

Throughout this book, equations have been given in as many forms
as are normally needed, so that the reader should not have to transpose
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2 Mathematical Conventions

equations. For example, Ohm’s law is given in all three forms, V=R,
R = V/I, and / = V/R. The units which must be used with formulae are
also shown, and must be adhered to. For example, the equation: X =
1/(2nfC) is used to find the reactance of a capacitor in ohms, using C
in farads and f in hertz. If the equation is to be used with values given

Table 0.1
Prefix Abbreviation Power of Ten Decimal multiplier
Giga G 10° 1 000 000 000
Mega M 108 1 000 000
kilo k 103 1 000
milli m 1073 1/1 000
micro m 1078 1/1 000 000
nano n 107° 1/1 000 000 000
pico P 10712 1/1 000 000 000 000
Note that 1 000 pF = 1 nF; 1 000 nF = 1 uF and so on
Examples: 1 k& =1 000 2 (sometimes written as 1K0, see Table 1.3)

1 nF = 0,001 uF, 1000 pF or 1079 F
4.5 MHz=4500kHz=4.5 X 105Hz

in uF and kHz, then values such as 0.1 uF and 15 kHz are entered as
0.1 X 10° and 15 X 103, Alternatively, the equation can be written as
X =1/(2afC) MQ with f in kHz and C in nF.

In all equations, multiplication may be indicated by use of a dot
{A.B) or by close printing {2nfC). Where brackets { ) are used in an
equation, the quantities within the brackets should be worked out first.
For example:

2(3+5)is2X8=16 and 2+(3X5)is2+15= 17

Transposing, or changing the subject of an equation, is simple provided
the essential rule is remembered: an equation is not altered by carrying
out identical operations on both sides.

BaX +b . .
Example: Y= é(h is an equation
If this has to be transposed so that it reads as a formula to find X, then
the procedure is to change both sides so that X is left isolated.
The steps are as follows:

(a) multiply both sides by C result: CY =BaX + b
(b) subtract b from both sides  result: CY — b = 5aX

{c) divide both sides by 5a result: % =X

Now the equation reads X = cY-»s which is the desired transposition.

5a



Chapter 1

Passive Components

Resistors

Resistance, measured in ohms (£2), is defined as the ratio of voltage (in
volts) across a length of material to current (in amperes) through the
material. When a graph is drawn of voltage across the material plotted

Ammeter
%2 ®
VR, ,
E T \{‘g;:gtbc;r? Yoltmeter R
—_ Resistor
(a)
Ohmic
v
Voltage
readings
0 1
Current readings
(b)

Figure 1.1. (a) A circuit for checking the behaviour of a
resistor. (b) The shape of the graph of voltage plotted against '
current for an ohmic resistor, using the circuit in (a).
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4 Passive Components

against current through the material, the value of resistance is repre-
sented by the s/ope of the graph. For a material which is kept at a
constant temperature, a straight-line graph indicates that the material
is ohmic, obeying Ohm’s law (Figure 1.7). Non-ohmic behaviour is
represented on such a graph by curved lines or lines which do not pass
through the point, called the origin, which represents zero voltage and

A

v

Figure 1.2. Three types of non-ohmic
behaviour indicated by graph curves

»

1

zero current. Non-ohmic behaviour can be caused by temperature
changes (light bulbs, thermistors), by voltage-generating effects
{thermocouples), or by conductivity being affected by voltage (diodes),
as in Figure 1.2.

Resistance values on components are either colour coded, as noted
in Table 1.2, or have values printed on using the convention of BS
1852: 1970 (Table 1.3).

Resistivity

The resistance of any sample of material is determined by its dimensions
and by the value of resistivity of the material, Wire drawn from a single
reel will have a resistance value depending on the length cut; for
example, a 3 m length will have three times the resistance of a 1 m
length. When equal lengths of wire of the same material are compared,
the resistance multiplied by the square of the diameter is the same for
each. For example, if a given length of a sample wire has a resistance of
12 ohms and its diameter is 0.3 mm, then the length of wire of diameter
0.4 mm, of the same material, will have resistance R such that

12X 0.3 _ 12X 0.09
0.4? 0.16

R X042 =12X 032 sothat R = = 6.75 ohms

Resistivity measures the effect which different materials contribute to
the resistance of a wire. The resistivity of the material can be found by
measuring the resistance R of a sample, multiplying by the area of
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cross-section, and then dividing by the length of the sample. As a
formula, this is

R.A

p = _L_
where p (Greek rho) is resistivity, R is resistance, A is area of cross-
section and L is length. When R is in ohms, A in square metres, and L

Table 1.2. RESISTOR COLOUR CODE

V7
A

byt

1st 2nd 3rd Tolerance
(if used)

Band Coding
First Band — first figure of resistance value (first significant figure)
Second Band — second figure of resistance value (second significant figure)
Third Band — number of zeros following second figure {multiplier)
Tolerance Band — percentage tolerance of value (5% or 10%). No tolerance band
is used if the resistor has 20% tolerance.

Code Colours (also used for capacitor values)

Figure Colour
0 black

1 brown
2 red

3 orange
4 yellow
5 green
6 blue

7 violet
8 grey

9 white
gc1n ;':(:r } used as multipliers {3rd band} only
Tolerance

10% silver
5% gold

Table 1.3. RESISTANCE VALUE CODING

Resistance values on components and in component lists are often coded according
to BS 1852. In this scheme no decimal points are used, and a value in ohms is
indicated by R, kilohms by K (not k), and megohms by M. The letter R, Kor M
is used in place of the decimal point, with a zero in the leading position if the
value is less than 1 ohm.

Examples 1K5 = 1.6k or 1500 ohms; 2M2 = 2.2M; OR5 = 0.5 ohms




6 Passive Components

in metres, p is in ohm-metres. Since most wires are of circular cross-
section, A = 71r? (or 1/4nd? where d is diameter).

Because the resistivities of materials are well known, this formula
is much more useful in the form

=p_L—
y

with p in ohm-metres, L in metres, A in metres?, to find the resistance
of a given length of wire of known area. This formula can be rewritten
as

i} s oL
R—1.27X103d—2

with o in nano-ohm metres, as in Table 1.4, L in metres, and d (diameter)
in millimetres. Table 1.4 shows values of resistivities, in nano-ohm

Table 1.4. VALUES OF RESISTIVITY AND CONDUCTIVITY

The values of resistivity are in nano-ohm metres. The values of conductivity are in
megasiemens per metres.

Metal Resistivity Conductivity
Aluminium 27.7 37
Copper 17 58
Gold 23 43
Iron 105 95
Pure Nicke! 78 12.8
elements Platinum 106 9.4
Silver 16 625
Tin 116 8.7
Tungsten 55 18.2
Zinc 62 16
Carbon-stee! (average) 180 5.6
Brass 60 16.7
Constantan 450 2.2
Invar 100 10
Manganin 430 23
Alloys Nichrome 1105 09
Nickel-silver 272 3.7
Monel metal 473 2.1
Kovar 483 2.0
Phosphor-bronze 93 10.7
18/8 stainless steel 897.6 1.11

metres, for various metals, both elements and alloys. The calculation
of resistance by either formula follows the pattern of the example
below.

Example A: Find the resistance of 6.5 m of wire, diameter 0.6 mm, if
the resistivity value is 430 nano-ohm metres.
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—3 )2
Using R ="TL,,, - 430 X 107, L = 65 m. 4 =1r(°'6>i1° )

(remembering that 1 mm = 10 m).

_430X 107X 6.5

R= = 9.88 ohms, about 10 ohms.

2.82 X 1077
: = - L
Using R =1.27 X 10 pr
—3
R= 1.27 X 10 0 ?5(6430 X 65 =9.86 ohms, nearly 10 ohms.

To find the length of wire needed for a given resistance value, the
formula is transposed to

L= %, using R in ohms, A in metres?, and p in ohm-metres

to obtain L in metres. An alternative formula is
Rd? . o .
L = 785.4 X —— with R in ohms, d in millimetres, p in nano-
ohm metres. P
To find the diameter of wire needed for a resistance R and length L
metres, using p in nano-ohm metres, the formula is

d =357 X 1072 JEEL- in millimetres

For some purposes, conductivity is used in place of resistivity. The

conductivity, symbol ¢ (Greek sigma), is defined as ; so that
resistivity

p = 1/0. The unit of conductivity is the siemens per metres, S/m. The
resistivity formulae, using basic units, can be rearranged in terms of
conductivity as follows

R=— L = RAo.

Conductivity values are also shown in Table 1.4.

Resistor Construction

The materials used for resistor construction are generally metal alloys,
pure metal or metal oxide films, or carbon. Wirewound resistors use
metal alloy wire wound onto ceramic formers. The winding must have a
low inductance, so the wire is wound in the fashion shown in Figure 1.3,



8 Passive Components

with each half of the winding wound in the opposite direction. Wire-
wound resistors are used when very low values of resistance are needed,
or when very precise values must be specified. Large resistance values,
in the region of 20 k€2 to 100 k2 need such fine-gauge wire that failure
can occur due to corrosion in humid conditions, so that high-value
wirewound resistors should not be used for marine or tropical applica-
tions unless the wire can be protected satisfactorily.

Figure 1.3. Non-inductive winding

of a wirewound resistor. The two

halves of the total length of wire

are wound in opposite directions

so that their magnetic fields
oppose each other.

The majority of fixed resistors still use carbon composition, a
mixture of graphite and clay whose resistivity value depends on the
proportions of these materials used in the mixture. Because the
resistivity value of such a mixture can be very high, greater resistance
values can be obtained without the need for physically large compo-
nents. Resistance value tolerances (see later) are high, however, because
of the greater difficulty in controlling the resistivity of the mixture and
the final dimensions of the carbon composition rod after heat treatment.

Metal film, carbon film and metal oxide film resistors are more
recent types which are made by evaporating metals (in a vacuum} or
tin oxide films (in air) onto ceramic rods. The resistance value is
controlled (1) by controlling the thickness of the film; (2) by cutting a
spiral pattern into the film after formation. These resistors are con-
siderably cheaper to make than wirewound types, and can be made to
closer tolerance values than carbon composition types.

Variable resistors and potentiometers can be made using all the
methods that are employed for fixed resistors. The component is
termed a potentiometer when connections are made to both ends as
well as to the sliding connection; a variable resistor when only one end
connection and the sliding connection is used. By convention, both are
wired so that the quantity being controlled is increased by clockwise
rotation of the shaft as viewed by the operator.

Any mass-production process aimed at producing one dimension
will inevitably produce a range of values whose maximum tolerance
can be specified. The tolerance is the maximum difference between
any actual value and the target value, usually expressed as a
percentage. For example a 10 k2 20% resistor may have a value of
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20 _ 20 -
10 000 + (mox 10 000)— 12 kS2 or 10 000 _(‘IOOX 10000) 8 k2.

Tolerance series of preferred values (shown in Table 1.5), are ranges of
target values chosen so that no component can be rejected. The mathe-
matical basis of these preferred value figures is the sixth root of ten
(8/10) for the E6 20% series (there are 6 steps of value between 1 and
6.8) and the twelfth root of 10 (‘3/10) for the E12 10% series. The
figures produced by this series are rounded off. For example,

§/10=1.46, (/102 =215, ({/10)® =3.16, (3/10)* =4.64,

(/10)° =6.8.
These figures are rounded to the familiar 1.5, 2.2, 3.3, 4.7, 6.8 used in
the 20% series, and similar rounding is used for the 10% and 5% series.
A simpler view of the tolerance series is that, taking the 20% serigs as

an example, 20% up on any value will overlap in value with 20% down
on the next value. For example

4.7 + 20% = 5.64, and 6.8 — 20% = 5.44, allowing an overlap.

Table 1.5. PREFERRED VALUES TOLERANCE SERIES

E6 series E 12 series E24 series
(20%) (10%) (5%)
1.0 10 1.0

1.1

1.2 1.2

1.3

15 15 15
1.6

1.8 1.8

20

2.2 22 2.2
24

2.7 2.7

3.0

33 3.3 3.3
3.6

39 39

4.3

4.7 4.7 4.7
5.1

5.6 5.6

6.2

6.8 6.8 6.8
7.5

8.2 8.2

9.1

The numbers then repeat, but each multiplied by ten, up to 9182, then multiplied
by 100 up to 91082 and so on.
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After manufacture resistors are graded with the 1%, 5% and 10%
tolerance values removed. The remaining resistors are sold as 20%
tolerance. Because of this, it is pointless to sort through a bag of 20%
6K8 resistors hoping to find one which will be of exactly 6K8 — such
values will have been removed in the first sorting process by the
manufacturer. Electronic circuits are designed to make use of wide
tolerance components as far as possible. When close tolerance com-
ponents*are specified, it will be for a good reason, and 20% tolerance
components cannot be substituted for 10% or 5% types.

Resistor characteristics

Important characteristics of resistor types include resistance range,
usable temperature range, stability, ncise level and temperature
coefficierit. Wirewound resistors are available in values ranging from
fractions of an ohm (usually 0.22 ) up to about 10 k$2; carbon
compositions from about 2.2 & to 10 M£2, with film resistors available
in ranges which are typically 1 £ to 1 MQ2. Typical usable temperature
ranges are —40° to +105°C for composition, —55°C to +150°C for
metal oxide. Wirewound resistors can be obtained which will operate at
higher temperatures {(up to 300°C) depending on construction and
value of resistance. The stability of value means the maximum change
of value which can occur during shelf life, on soldering, or in adverse
conditions, particularly operation at high temperature in damp
conditions. Composition resistors have poorest stability, with typical
shelf life change of 6%, soldering change of 2% and ‘damp heat’ change
of 16% in addition to normal tolerance. Metal oxide resistors can have
shelf life changes of 0.1%, soldering change of 0.15%, ‘damp heat’
changes of 1%, typically. The noise level of a resistor is specified in terms
of microvolts {(1V) of noise signal generated for each volt of d.c. across
the resistor, and range from 0.1 uV/V for metal oxide to a minimum of
2 uV/V for composition (increasing with resistance value for composi-
tion resistors). The formula generally used for noise level of carbon

composition resistors is 2 + Iog10—1—§£uVN. For example, a 680 kS2

resistor would have a noise level of 2 + Iog106—81%%%9= 2+log,, 680 uV/V
=48 uV/V.

The temperature coefficient of resistance measures the change of
resistance value as temperature changes. The basic formula is
Ro = RO (1 +a 0)

where Rq = resistance at temperature 6°C, R, = resistance at 0°C,
a = temperature coefficient, § = temperature in °C.



Passive Components 11

The value of temperature coefficient is usually quoted in parts per
million per °C {ppm/°C), and this has to be converted to a fraction (by
dividing by one million) to use in the above formula.

Example:  What is the value of a 6.8 kQ2 resistor at 95°C, if the
temperature coefficient is +1 200 ppm/°C?

Solution: Converting +1 200 ppm/°C to standard form,
__+1200 _ .
17000 000 1.2X 10 (0.0012)

Using the formula: Ry =6.8 (1 + 1.2 X 1073 X 95)
(The multiplication of 1.2 X 1073 X 95 must be
carried out before adding 1).

=6.8 (1+0.114)

=7.57 k2

Note that if the resistance at some other temperature ¢ is given (as
distinct from the resistance at 0°C) then the formula becomes

_ 1+af
Ry, = R¢ (1 " a¢\) . The 1s cannot be cancelled.
For example: if a resistor has a value of 10 § at 20°C, its resistance at
80°C can be found. If the value of a is 1.5 X 1073, then

+ 3
}+§8§ 12;2 :gs —tox 2 90x 1120870

1+.03 1.03

Temperature coefficients may be positive, meaning that the resistance
will increase as the temperature rises, or negative meaning that the
resistance will decrease as the temperature rises. Carbon compaosition
resistors have temperature coefficients which vary from +1200 ppm/°C,

metal oxide types have the lowest temperature coefficient values of
+250 ppm/°C.

Ro=10X

Dissipation and temperature rise

The dissipation rating, measured in watts (W), for a resistor indicates
how much power can be converted to heat without damage to the
resistor. The rating is closely linked to the physical size of the resistor,
so that % W resistors are much smaller than 1 W resistors of the same
resistance value. These ratings assume ‘normal’ surrounding (ambient)
temperatures, and for high temperature use, derating must be applied
according to the manufacturer’s specification. For example, a 2 W com-
ponent may have to be used in place of a %2 W component when the
ambient temperature is 70°C.

Figure 1.4 shows the graph of temperature rise plotted against
dissipated power for average % W and 1 W composition resistors. Note
that these figures are of temperature rise above the ambient level. If
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such a temperature rise takes the resistor temperature above the
maximum temperature permitted in its type, a higher wattage resistor
must be used. .

The dissipation in watts is given by W = V/ with V the voltage
across a conductor in volts and / the current through the conductor
in amps, :

)]
o

50

°c
w
o

i 1 ' | 1 1 i L 4

Temperature rise above surroundings

01 02 03 04 O5 06 07 08 09 10
Dissipated power, watts

(]

Figure 1.4. Temperature rise and power dissipation for

typical carbon resistors. The temperature scale is in °C above

surrounding (ambient) temperature. For example, in a room

at 20°C, a %W resistor dissipating 0.1 W will be at a temp-
erature of 40°C

When current is measured in mA, then V/ gives power dissipation in
milliwatts. This expression for dissipated power can be combined with
Ohm’s law when the resistance of R of the conductor is constant
giving

W=V?*R or I°R

The result will be in watts for V in volts and R in ohms or / in amps
and R in ohms. When R is in k€2, V?/R gives W in milliwatts; when /
isin mA and R in kQ, W is also in milliwatts.

Note that power is energy transformed (from one form to another)
per second. The unit of energy is the joule; the number of joules of
energy dissipated is found by multiplying the power in watts by the
time in seconds for which the power has been dissipated.

’

Variables and laws

The /aw of a variable resistor or potentiometer must be specified in
addition to the quantities specified for any fixed resistor. The potentio-
meter law describes the way in which resistance between the slider and
one contact varies as the slider is rotated; the law is illustrated by
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plotting a graph of resistance against shaft rotation angle (Figure 1.5).
A linear law potentiometer (Figure 1.5a) produces a straight line graph,
hence the name linear. Logarithmic (log) law potentiometers are

(a) (b)
100} 100
Ve,
2 75F // /2 ,4 75
v / / v
g 50F / / 2 50
o / 7 ]
i s w
o 251 /7 @ 25
H v
o o
I A 1 i [
o} 25 50 75 100 o] 25 50 75 100
Shaft rotation, °f, Shaft rotation, %

Figure 1.5. Potentiometer laws: (a) linear, (b) logarithmic. In the USA the
word ‘taper’ is used in place of ‘law’, and ‘audio’ in place of ‘log’. Broken
lines show tolerance limits

extensively used as volume controls and have the graph shape shown in
Figure 5.1b. Less common laws are anti-log and B-law; specialised
potentiometers with sine or cosine laws are available.

Resistors in circuit

Resistors in circuit obey Ohm’s law and Kirchhoff's laws. Ohm's law is
written in its three forms as

V=RI R=VI; /=V/R

where V is voltage, R is resistance, / is current.

The units of these quantities are as shown in Table 1.6. These
equations can be applied even to materials which do not obey Ohm’s
law, if the value of R is known. Materials which do not obey Ohm's law
do not have a constant value of resistance, but the relationships given
above hold good. The usefulness of the equations is greatest when the
resistance values of resistors are constant.

Table 1.6. OHM'S LAW AND UNITS

Formsof thelaw: V=R/I; R=V/I; I = V/R

Units of V Units of R Units of |
Volts, V Obms, Q Amps, A
Volts, V Kilohms, k2 Milliamps, mA
Volts, V Megohms, MQ Microamps, uA
Kilovolts, kV Kilohms, k2 Amps, A
Kilovolts, kV Megohms, MQ Milliamps, mA
Millivolts, mV Ohms, Milliamps, mA

Millivolts, mV Kilohms, k§2 Microamps, uA
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Kirchhoff’s laws relate to the conservation of voltage and current. In
a circuit, the voltage across each series component can be added to find
the total voltage. Similarly the total current entering a junction must
equal the total current leaving the junction. These laws are illustrated in

Figure 1.6.

Current law:

Current in Ry=1I,4+1,

E; =Ry L + R3(I1+1,)
Eo = Roly + R3(I4+15)

Voltage law

1
e
R4
Ry v
R3
)
(a)
1\
]
\I R, Ry Ry
1 I
RT ~ R1+ Ro

For two resistors in parallel

(b)

Figure 1.6. Kirchhoff’s laws.
The current law states that the
total current leaving a circuit
junction equals the total
current into the junction — no
current is ‘lost’, The voltage
law states that the driving
voltage for e.m.t.} in a circuit
equals the sum of voltage drops
(IR) around the circuit

Ry = Ry+ Ry+ Ry

1

|

.

-—y—< —

1
+R3
_R1Ro

R
T
Ry +Rp

Figure 1.7. Resistors in series (a) and in parallel (b)
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Figure 1.7 shows the rules for finding the total resistance of resistors
in series or in parallel. When a combination of series and parallel
connections is used, the total resistance of each series or parallel group
must be found first before finding the grand total.

The superposition theorem is of great value in finding the voltages
and currents in a circuit with two or more sources of voltage. Figure 1.8
shows an example of the theorem in use. One supply is selected and the
circuit redrawn to show the other supply or supplies short circuited.
The voltage and current caused by the first suppiy can then be calculated,
using Ohm’s law and the rules for combining parallel resistors. Each
supply is treated in this way in turn, and finally the currents and
voltages caused by each supply are added.

SUPERPOSITION PRINCIPLE

In any linear network, the voltage at any point is the sum of the voltages caused
by each generator in the circuit. To find the voltage caused by a generator, replace
all other generators in the circuit by their internal resistances, and use Ohm's law.
A linear network means an arrangement of resistors and generators, with the
resistors obeying Ohm’s law and the generators having a constant voltage output
and constant internal resistances.

Example: In the network shown, find the voltage across the 2.2k§2 resistor.

In this network, there are two
generators and three resistors.
The generators might be batteries,
oscillators, or other signal sources.

To find the voltage caused by the

1m 6V generator, replace the 4V
= Vi org generator by its internal resistance
of 0.5kQ2. Using Ohm's law, and
@ the potential divider equation,
v, =1.736 V

To find the voltage caused by the
4V generator, the 6V generator is
replaced by its 1k internal resis-
068 K& tance. In this case, V, =2.315 V

It
=
P
<
~N

Now the total voltage in the
original circuit across the 2.2k
resistor is simply the sum of these,
4.051 V.

Figure 1.8. Using the superposition theorem. This is a simple method of finding
the voltage across a resistor in a circuit where more than one source is present.
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Figure 1.9. Using Thévenin’s theorem. The potential divider (a) has an output
voltage, with no load, of 4.04 V. It is equivalent to a 4.04 V source whose internal
resistance is found by imagining the voltage supply short-circuited (b and c), so
that the equivalent is as shown in (d). This makes it easy to find the output voltage
when a current is being drawn. Similarly the bridge circuit (e) will have an open-
circuit voltage, with R5 removed, of 1.17 V across X and Y (f), and the internal
resistance between these points is found by imagining the supply short circuited (a).
The combination of resistors in (g) is resolved {h) to give the single equivalent (i)
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Thévenin’s theorem is, after Ohm’s law, one of the most useful
electrical circuit laws. The theorem states that any linear network (such
as resistors and batteries) can be replaced by an equivalent circuit
consisting of a voltage source with a resistance in series. The size of the
equivalent voltage is found by taking the open circuit voltage between
two points in the network, and the series resistance by calculating the
resistance between the same two points in the network, assuming that
the voltage source is short circuited. Examples of the use of Thévenin’s
theorem are shown in Figure 1.9.

+

(a) (b)

Figure 1.10. Potential divider (a) and bridge (b} circuits

Figure 1.10 shows two important networks, the potential divider
and the bridge. When no current is taken from the potential divider, its
output voltage is

R,E

VoR+R,

as shown, but when current is being drawn (as when a transistor is
biased by this circuit) the equivalent circuit {using Thévenin’s theorem)
is more useful. The bridge circuit is said to be balanced when there is
no voltage across R; (which is often a galvanometer or microammeter).
In this condition,

R1 = R3

R, R,
If the bridge is not balanced, the equivalent circuit derived from
Thévenin’s theorem is, once again, more useful.

Thermistors

Thermistors are resistors made from materials which have large values
of temperature coefficients. Both p.t.c. and n.t.c. types are produced
for applications ranging from measurement to transient current suppres-
sion. Miniature thermistors in glass tubes are used for temperature
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measurement, using a bridge circuit (Figure 1.117), for timing, or for
stabilising the amplitude of sine wave oscillators (see Chapter 3). Such
thermistors are self heating if the current through them is allowed to
exceed the limits laid down by the manufacturers, so that the current
flowing in a bridge measuring circuit must be carefully limited. Larger
thermistor types, with lower values of cold resistance (at 20°C) are

t
M
Figure 1.11. Thermistor bridge for 1

temperature measurement To amplifier

if

10k}

1kQF
[ 1]
e Figure 1.12. Graph of resistance
g plotted against temperature for
§ 1000 typical thermistor
4

100 "

o] 40 80 120 160
Temperature,°C

used for current regulation, such as circuits for degaussing colour TV
tubes or controlling the surge current into light bulbs or valve heaters.
The form of graphs of resistance plotted against temperature is that of
Figure 1.12 and the formula for finding the resistance at any temperature
is shown in Figure 1.13 with examples.
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1 1.)
Rm = Rez.e B(e.‘ 92 R91- resistance at .
temperature 91 (kelvins)
R92-resistunce at
temperature 92 (kelvins)

B - thermistor constant

Note: kelvin temperature
=°C + 273

Calculator procedure:

Enter value of known temperature 91

then , E], enter value of ,, |, H,

,enter valueofBB enter value of R62

EI read answer

Example: A thermistor has a resistance of 47k at 20°C.

what is its resistance at 100°C if its B value
is 39007

1 1
3900(355-3a3)
Equation is R=47 x e 373 293

Figure 1.13. Finding thermistor resistance at any temperature, knowing

the thermistor constant, B, and the resistance at a given temperature

Capacitors

19

Two conductors which are not connected and are separated by an
insulator constitute a capacitor. When a cell is connected to such an
arrangement, current flows momentarily, transferring charge (in the
form of electrons) from one conducting plate (the + plate) to the other.
When a quantity of charge Q has been transferred, the voltage across
the plates equals the voltage V across the battery. For a given arrange-

. Q. . .
ment of conductors, the ratio — is a constant, and is called capacitance.

"4
The relationship can be written in three forms
Q Q
ag=cv C= v V= c

The parallel-plate capacitor is the simplest practical arrangement, and
its capacitance value is relatively easy to calculate. For a pair of parallel

plates of equal area A, separation d, the capacitance is given by
_ €r€xA

C=—3
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The quantity €, is called the permittivity of free space and has the
constant value of 8.84 X 1072 farads per metre.

Air has approximately this value of permittivity also, but other
insulating materials have values of permittivity which are higher by the
factor €;, which is different from each material. Values of this quantity,

the relative permittivity (formerly called dielectric constant) are shown
in Table 1.7.

+ +]+ +

]
9]

I

!

v

Figure 1.14. Basic principles of the capacitor. The relation-
ship Q/V, shown in the graph, is defined as the capacitance, C

The formula can be recast, using units of cm? for area and mm for
spacing, as

_0.88X ¢ X A

¢ d

pF

For small plate sizes, these units are more practical, but some allowance
must be made for stray capacitance between any conductor and the
metal surrounding it. Even a completely isolated conductor will have
some capacitance.

Table 1.7. VALUE OF €, = 8.84 pF PER METRE

Material Relative permittivity value
Aluminium oxide 8.8

Araldite resin 3.7

Bakelite 4.6

Barium titanate 600—-1200 (varies with voltage)
Magnesium silicate 5.6

Nylon 3.1

Polystyrene 25

Polythene 23

PTFE 2.1

Porcelain 5.0

Quartz 3.8

Soda glass 6.5

Titanium dioxide 100
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Example 1: Find the capacitance of two parallel plates2cm X 1.5 m,
spaced by a 0.2 mm layer of material of relative permit-
tivity 15.
. . _ €A _ _ 12 _
Solution:  Using C = -2 ¢ = 15; ¢, = 884 X 1077 F/m;
A=002X15m?; d=02X103m
156 X 8.84 X 107" X 0.02X 15 _
C= =1.989 X 108F
0.2X 1073
about 2 X 1078 F or 0.02 uF
Example 2: Find the capacitance of two parallel plates 2cm X 1cm
spaced 0.1 mm apart by a material with relative permit-
tivity 8.
Solution: Using C =2'@—>—<§-'—>£—é withA=2X 1=2cm?,
d=01mm
C =9£X081—X2—pF =140.8 or 141 pF
Construction

Small value capacitors can be made using thin plates of insulating
material metallised on each side to form the conductors. Thin plates
can be stacked and interconnected (Figure 1.15c), to form larger

A
(}
d
¥ -
Material with
relative
permittivity €
C: Eo A c: ErEc A
d - d
for air- spaced
plates
(a) (b)

L L L
' d L L L L
L

(c)

Figure 1.15. The parallel-plate capacitor. The amount of
capacitance is determined by the plate area, plate separation,
and the relative permittivityof the material between the plates
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capacitance values up to 1000 pF or more. Silver mica types are used
when high stability of value is important as in oscillators; and ceramic
for less important uses (such as decoupling). Ceramic tubular capacitors
make use of small tubes silvered inside and outside.

Rolled capacitors use as dielectric strips of paper, polyethylene,
polyester, polycarbonate or other flexible insulators which are metallised
(by vacuum coating) on each side and then rolled up (Figure 1.16),

Wire lead 4+« Wire lead

Metal foil (a)
Metal foil (b)

Figure 1.16. The rolled construction used for capacitors which make
use of sheet dielectrics such as paper, polyester, polystyrene
or polycarbonate

with another insulating strip to prevent the metallising on one side
shorting against the metallising on the other side. Using this construction,
quite large capacitance values can be achieved in small volume; up to
a few uF is common.

Electrolytic capacitors are used when very large capacitance values
are needed. One ‘plate’ is of aluminium in contact with an aluminium
perborate solution in the form of a jelly or paste. The insulator is a
film of aluminium oxide which forms on the positive ‘plate’ when a
voltage, called the forming voltage, is applied during manufacture.
Because the layer of oxide can be very thin (of only a few molecules
thick) and the surface area of the aluminium can be made very large
by roughening the surfaces, very large capacitance values can be
achieved./The disadvantage of aluminium electrolytics include leakage
current which is high compared to that of other capacitor types,
polarisation (the + and — markings must be observed) and comparatively
low voltage operation (less important when only transistor circuits are
used). Incorrect polarisation can break down the oxide layer and if
-large currents can flow (as is the case in a power supply reservoir
capacitor) the capacitor can explode, showering its surroundings with
corrosive jelly.

Tantalum electrolytes can be used unpolarised (but not necessarily
reverse polarised) and have much lower leakage currents that aluminium
types, making them more suitable for some applications.

Capacitor characteristics

The same series of preferred values (20%) as is used for resistor values
is also applied to values of capacitance (other than electrolytics) though
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older components will generally be marked with values such as 0.02 uF
which are for all practical purposes equivalent to the preferred value
0.022 uF. Some manufacturers mark the values in pF only, using the
rather confusing k to indicate thousands of pF (7abl/e 1.8). Colour
coded values are always in pF.

Electrolytic capacitors are always subject to very large tolerance
values, of the order of —50% +100%, so that the actual capacitance
value may range from half of the printed value to double that value.
The insulation resistance between the plates is often so low that capaci-
tance meters are unable to make accurate measurements. Capacitor
values marked in circuit diagrams can use.the BS 1852 method (6n8,
2u2, etc) but are often marked in uF and pF.Quite commonly, fractions
refer to uF and whole numbers to pF unless marked otherwise so that
values of 0.02, 27, 1000, 0.05 mean 0.02 uF, 27 pF, 1000 pF and 0.05
uF respectively.

For all capacitors, the working voltage rating (abbreviated VW) must
be carefully observed. Above this voltage, sparking between the

Table 1.8. CAPACITOR COLOUR CODING

Most capacitors are marked with values in uF or pF. The letter k is sometimes
used in place of nf,i.e. 10 k = 10 nF = 0.01 uF. Colour coding is sometimes used:
Bands A, B, C are used for coding values
in pF in the same way as for resistors —
remember that 1000 pF = 1 nF = 0.001 uF
Band D — Black = 20% White = 10% -
Band E — Red — 250 V d.c. working
Yellow — 400 V d.c. working

Cotour code for small block capacitors {(mainly polyester)

Tantalum electolytic capacitors are also sometimes colour coded, but with vaiues
in uF rather than pF

Band 1 2 3 4

Black — 0 X1 0V

Brown 1 1 X10

Red 2 2 X100 1 —
Orange 3 3 - 3
Yellow 4 4 - 63V 2
Green 5 5 - 16V 4
Blue 6 6 - 20V

Violet 7 7 —

Grey 8 8 X0.01 25V

White 9 9 X0.1 3V

Pink 35V




24 Passive Components

conductors can break down the insulation, causing leakage current and
eventual destruction of the capacitor. The maximum voltage that can
be used is much lower at high temperatures than at low temperatures.

Values as low as 3 V may be found in high capacitance electrolytics;
and values as high as 20 kV for ceramic capacitors intended for trans-
mitters. The common voltage ranges used for capacitors in transistor
circuits are shown in Table 1.9,

Table 1.9. CAPACITORS — COMMON WORKING VOLTAGES

v 16V 20V 25V 35V 40V
63 V 100 v 160 V 250 v 400 V 1000 V

Changes of temperature and of applied d.c. voltage affect the value
of capacitors because of changes in the dielectric. Both p.t.c. and n.t.c.
types can be obtained, and the two are often mixed to ensure minimal
capacitance change in, for example, oscillator circuits. Paper and
polyester capacitors have, typically, positive temperature coefficients
of around 200 ppm/°C, but silver micas have much lower (positive)
temperature coefficients. Aluminium electrolytics have large positive
temperature coefficients, with a considerable increase in leakage current
as temperature increases. In addition, electrolytics cannot be operated
below about —20°C, as the electrolyte paste freezes. The normal
working range for other types is —40°C to +125°C, though derating
may be needed at the higher temperature. Voltage ratings are generally
for 70°C working temperature.

A few types of capacitors, notably ‘High-K’ ceramics, change value
as the applied voltage is changed. Such capacitors are unsuitable for use
in tuning circuits and should be used only for non-critical decoupling
and coupling applications.

Variable capacitors can make use of variation of overlapping area or
of spacing between plates. Air dielectric is used for the larger types
(360 pF or 500 pF), but miniature variables make use of mica or plastic
sheets between the plates. Compression trimmers are manufactured
mainly in the smaller values, up to 50 pF. In use, the moving plates are
always earthed, if possible, to avoid changes of capacitance (due to
stray capacitance) when the control shaft is touched.

Energy and charge storage

The amount of charge' stored by a capacitor is given by
Q=cCcv

When C is in uF and V in volts, Q is in microcoulombs (uC).



Passive Components 25

Example: How much charge is stored by a 0.1 uF capacitor charged
to 50 V?

Solution: Using Q = CV with C in uF, V in volts
Q=0.1 X50=5uC.

When charged capacitors are connected to each other (but isolated from
a power supply), the total charge is constant, equal to the sum of all
charges on the capacitors. If the voltages are not equal, energy will be
lost (as electromagnetic radiation) when the capacitors are connected.
The amount of energy, in joules, stored by a charged capacitoy is

most conveniently given by W = %CV?,
2

Other equivalent expressions are %2 %—- or %QV.
Example: How much energy is stored by a b uF capacitor charged
to 150 V?
Solution:  Using %.CV?,C=5X 107¢, V = 150
W=1%X5X 107X (150)
=0.056 J

This is used in connection with the use of capacitors to fire flash bulbs
or in capacitor discharge car ignition systems.

In circuits, the laws concerning the series and parallel connections of
capacitors are the /nverse of those for resistors:

For capacitors in parallel: Ciota =C, +C, + C; + ...

1 1 1

1
For capacitors in series: —_— = —
Ctotal C1 Cz Ca

Time Constants

The charging and discharging of a capacitor is never instant. When a
sudden step of voltage is applied to one plate of a capacitor, the other
plate will step by the same amount. If a resistor is present, connecting
the second plate to another voltage level, the capacitor will then charge
to this other voltage level. The time needed for this change is about
four time constants, as shown by Figure 1.77. The quantity, time
constant T, is measured by R X C where R is the resistance of the
charge/discharge resistor and C is the capacitance. For C in farads and
R in ohms, T is in seconds. For the more practical units of uF and with
resistance in k&2, T is in milliseconds {ms) or for C in nF and resistance
in k&2, T is in microseconds (us).

Example: In the circuit of Figure 1.18, how long does the voltage
at the output take to die away?
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Figure 1.17. Capacitor charging and discharging. (a) Principles of charging, (b)
Universal charge/discharge curves
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0ov
C
0-01pF
R - ——~—10V
15kN Vout
Waveform

0 -— 0 0

Figure 1.18. Time constant: differentiating circuit

Solution:  With C = 0,01 uF = 10 nF and R = 15 k2, T = 1580 us.

Four time constants will be 4 X 150 us = 600 ﬂs, so that we can take it
that the output voltage has reached zero after 600 us.

Example: In the circuit of Figure 1.19, how long does the capacitor
take to charge to 10 V?

Solution: With C = 0.22 uF = 220 nF and R = 6.8k, T =6.8 X
220 = 1496 us

Four time constants will be 4 X 1496 = 5984 us or 5.98 ms, approx.
6 ms to charge.

+—e

10V
R
6-8 kN

10V

C
T ﬁ_fm
(o] & «

Figure 1.19. Time constant: integrating circuit

Note that a time of four time constants is taken for charging or
discharging, because in practice charging or discharging is virtually
complete by this time. The shape of the graph, however, indicates that
charge is still being moved even several hundred time constants later.

Reactance

The reactance of a capacitor for a sine wave signal is given by

1
Xe=omtC

where C is capacitance in farads, f is frequency in hertz,

(2 ™= 6.28)
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Reactance is measured in ohms, and is the ratio

~<

where V is a.c. voltage across the capacitor and T is the a.c. current in
the circuit containing the capacitor.

Unlike resistance, reactance is not a constant but varies inversely
with frequency (Figure 1.20). In addition, the current sine wave is %
cycle (90°) ahead of the voltage sine wave across the capacitor plates.
For phase and amplitude graphs of CR circuits, see later this chapter.

A

Xc

[
v
c
O
s
v
o
o
[+ 4

Frequency

(a)

>
q

<

(b)

Figure 1.20. Capacitive reactance to a.c. signals. (a) Graph showing how

capacitive reactance varies with frequency of signal. (b) Phase shift. As the

capacitor charges and discharges, current flows alternately in each direction.

The maximum current flow occurs when the capacitor is completely uncharged

(zero voltage), and the maximum voltage occurs when the capacitor is com-

pletely charged (zero current). The graph of current is therefore % cycle (90°)
ahead of the graph of voltage
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Inductors

An inductor is a component whose action depends on the magnetic
field which exists around any conductor when a current flows through
that conductor. When the strength of such a magnetic field (or magnetic
flux) changes, a voltage is induced between the ends of the conductor.
This voltage is termed an induced e.m.f., using the old term e.m.f.
(electromotive force) to mean a voltage which has not been produced
by current flowing through a resistor.

Fcroday's Laws: Voltage induced depends on strength
- of magnet, speed of magnet (or coil)

number of turns of coil, orea of cross-
section of coil

Lenz's Law

Magnet moving away from Magnet moving towards coil
coil- magnetic field attracts coil- magnetic field repels
magnet magnet

The direction of induced e.m.f is such that it
always opposes the change ( movement in this
case) which causes it

Figure 1.21. Faraday’s and Lenz’s laws. Faraday's laws relate to the size of

the induced (generated) voltage in a coil to the strength, speed of the

magnet and the size of the coil. Lenz’s law is used to predict the direction
of the voltage

If we confine out attention to static devices (coils and transformers
rather than electric motors), then the change of magnetic field or flux
can only be due to a change of current through one conductor. The
induced e.m.f. is in such a direction that it opposes this change of
current, and the faster the rate of change of current, the greater the
opposing e.m.f. Because of its direction, the induced e.m.f. is called a
back e.m.f. The laws governing these effects are Faraday’s law and
Lenz’s law, summarised in Figure 1.21.
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The size of the back e.m.f. can be calculated from the rate of change
of current through the conductor and the details of construction of
the conductor, straight wire or coil, number of turns of coil, use of a
core etc. These constructional factors are lumped together as one
quantity called inductance, symbol L. By definition,

d/
E_Ldt

where £ is the back e.m.f., L is inductance and :—i is rate of change of

current. The symbol ‘d’ in this context means ‘change of’ the quantity

written after ‘d’. If £ is measured in volts and .d_/in amperes per second,
then L is in henries (H). dt

Example: What back e.m.f. is developed when a current of 3A is

reduced to zero in 1 s {20ms) through a 0.5 H coil?

50
Solution: The amount of back e.m.f. is found from
_, 4
E = Ldt
_ 3
“05X 0% 100
=75 V.

Note that this 75 V back e.m.f. will exist only for as long as the current
is changing (20 ms), and may be much greater than the voltage drop
across the coil when a steady current is flowing.

The rate of change of current is seldom uniform, so the back e.m.f.
is usually a pulse waveform, whose maximum value must be found by
measurement.

The existence of inductance in a circuit causes a reduction in the
rate at which current can increase or decrease in the circuit. For a coil
with inductance L and resistance R the time constant T is L/R seconds
(L in henries, R in ohms). Figure 1.22 shows how the current at a time
t after switch-on varies in an inductive circuit — once again we take the
time of four time constants to represent the end of the process.

The large e.m.f. which is generated when current is suddenly switched
off in an inductive circuit can have destructive effects, causing sparking
at contacts or breakdown of transistor junctions. Figure 1.23 shows the
commonly used methods of protecting switch contacts and transistor
junctions from these switching transients.



Passive Components 31

L 1 1 1

1 1 2 3 4
Switch on Number of time constants(—k-) t —P»

L
E T

Figure 1.22. The growth of current in an inductive circuit

The changing magnetic field around one coil of wire will also affect
windings nearby. The two windings are then said to have mutual
inductance, symbol M. By definition

_ back e.m.f. induced in second winding
rate of change of current in first winding

using the same units as before, so that the unit of M is the henry.

-——- +
Switch

D—./Hb——--—l—
?

Diode

Capacitor v

Switching
transistor

(a) Tt

(b)

Figure 1.23. Protection against voltage surges in inductive circuits. (a) Using a
capacitor across switch contacts, (b) using a diode across the inductor



32 Passive Components
Inductance calculations

Of all electronics calculations, those of inductance are the least precise.
When an air-cored coil is used, the changing magnetic field does not
affect all turns equally. Using a magnetic core makes the shape of the
magnetic field more predictable, but makes its size less predictable.
In addition, the permeability of the core changes considerably if d.c.
flows in windings. Any equations for inductance are therefore very
approximate, and should be used only as a starting point in the con-
struction of an inductor. Tabl/e 1. 710 shows a formula for the number of

Table 1.10. INDUCTANCE OF A SINGLE LAYER SOLENOID
l L
To find the number of turns needed for a —-};—
given value of inductance, assuming air core ‘ ‘ ‘ ‘ ‘ ‘ { )T

_04Ld +0.16L2d2 + 0.0033r3L — |
n 0.0031r2 n turns d

where r = coil radius in mm
L = inductance in uH
d = wire diameter in mm
n = number of close wound turns

turns of a single-layer close wound coil (solenoid) to achieve a given
inductance. This approximate formula gives reasonable results for air-
cored coils of values commonly used for radio circuit tuning. The
addition of a core (generally of ferrite material) will cause an increase in
inductance which could be by a factor as great as the relative permeability

Table 1.11. RELATIVE PERMEABILITY VALUES

Inductance of coil with core
Inductance of coil without core

Relative permeability, uy =

Alternatively, inductance value with core = ur X inductance value without core.

Material Relative permeability maximum value
Siticon-iron 7 000

Cobalt-iron 10 000

Permalioy 45 23 000

Permatloy 65 600 000

Mumetal 100 000

Supermailoy 1 000 000

Dustcores 10 to 100

Ferrites 100 to 2 000
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(Table 1.11) of the ferrite. The multiplying effect is seidom as large as
the value of relative permeability, because the ferrite does not normally
enclose the coil. Manufacturers of ferrite cores which enclose coils

Example:
inductance of a 120 turn coil is measured as 840pH

How many turns need to be removed to give SOOuH ?

Since: L o n2( L- inductance, n- number of turns)

Then: Ly _nq? ana 240 - 1202
Laom® n
2 500 n
by 7
2 _ 120°x_500
n® = —/———— :8571
840

n :j8571 = 93 approx

Figure 1.24. Adjusting inductors to different values

provide winding data appropriate for each type and size of core. Figure
1.24 shows how inductors can be adjusted for a different inductance
value, using the principle that inductance is proportional to the square
of the number of turns.

Inductive reactance

The reactance of an inductor for a sine wave signal of frequency f hertz
is 2L, where L is inductance in henries. The reactance is the ratio V//

<?

]

Resistancez 21fL

|

|

1

|
1=

cycle

Figure 1.25. Reactance and phase shift of a perfect (zero resistance) inductor
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(V is signal voltage, T is signal current) and is measured in ohms. For a
coil whose reactance is much greater than its resistance, the voltage sine
wave is 90° (% cycle) ahead of the current sine wave (Figure 1.25).

Untuned transformers

An untuned transformer consists of two windings, primary and second-
ary, neither or which is tuned by a capacitor, on a common core. For
low frequency use, a massive core made from laminations (thin sections)
of transformer steel alloy (such as silicon iron) must be used. Trans-
formers which are used only for higher audio frequencies can make use
of considerably smaller cores. At radio frequencies, the losses caused
by transformer steels make such materials unacceptable, and ferrite
materials are used as cores. For the highest frequencies, no core material
is suitable and only self supporting air-cored coils (or pieces of straight
wire or strip) can be used. In addition, high frequency currents flow
mainly along the outer surfaces of conductors. This has two practical
consequences — tubular conductors are as efficient as solid conductors
(but use much less metal and can be water cooled) and silver plating can
greatly decrease the effective resistance of a conductor.

For an untuned transformer with 100% coupling, the ratio  of voltages
Vv, /Vp is equal to the ratio of winding turns N/N,,, where V refers to
a.c. voltage, N to number of turns and s, p to secondary, primary

Table 1.12. REACTIVE CIRCUIT RESPONSE

v
Circuit out Phase angle
Vin
L
1 .
1—f2 /foz 0° when F < £,
~ — fo? [f? 180° when £ > £,
1
1—£,2 [f? 0° when £ > £,
~ —f2 /f°2 180° when f < f,
0.16
Notes: 7, is frequency of resonance =
° VILe)

f is frequency at which response is to be found
> greater than

< less than

~ approximately equal to




Vin ‘—'
Circuits:
wT ¢°
0.1 84.3
0.2 78.7
0.3 73.3
04 68.2
0.5 634
0.6 59.0
0.7 55.0
0.8 51.34
Circuits:
wT ¢°
0.1 -5.7
0.2 -11.3
0.3 -16.7
0.4 -21.8
0.5 —26.5
0.6 -31
0.7 —-35
0.8 —-38.6

Vout

0.099
0.196
0.287
0.37
0.45
0.61
0.57
0.62

0.99
0.98
0.96
0.93
0.89
0.85
0.82
0.78

Vin
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Vout

wT
09
1.0
1.5
20
3.0
4.0
5.0

G= V9ut
Vin

¢ = phase angle
T=CRor L/R
w = 27 X frequency

¢°

48.0
45.0
33.7
26.6
18.4
14

113

Vout

¢0
—41.8
—45
—56
~63
—~72
~76
~79

G
0.67
0.707
0.83
0.9
0.95
0.97
0.98

G
0.74
0.707
0.55
0.45
0.32
0.24
0.2

Figure 1.26. Amplitude/phas; tables for LR and CR circuits. The quantity T is
the time constant (CR or L/R}, and w is equal to 2nf

respectively. When an untuned transformer is used to transfer power
between circuits of different impedance Z,, Z, then the best match

(maximum power transfer) condition is

LCR circuits

The action of CR and LR circuits upon a sine wave signal is to change
both the amplitude and the phase of the signal. Universal amplitude/
phase tables can be prepared, using the time constant 7 of the CR and
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LR circuit and the frequency f of the sine wave. These tables are
shown, with examples, in Figure 1.26.

When a reactance (L or C) is in circuit with a resistance B, the general
formula for the total |mpedance (Z) are as shown in Table 71.12. Imped-
ance is defined as Z = V/I but the phase angle between V and / will
not be 90°, and will be 0° only when resonance (see later) exists.

The combmatlon of inductance and capacitance produces a tuned
circuit which may be series (Figure 1.27a) or parallel (Figure 1.27b).
Each type of tuned (or resonant) circuit has a frequency of resonance,
symbol, £,, at which the circuit behaves like a resistance so that there is
no phase shift between voltage and current. At other frequencies, the
circuit may behave like an inductor or like a capacitor. Below the
frequency of resonance, the parallel circuit behaves like an inductor,
the series circuit behaves like a capacitor. Above the frequency of
resonance the parallel circuit behaves like a capacitor, the series circuit
like an inductor. At resonance, the parallel circuit behaves like a large
value resistor and the series circuit like a small value resistor.

The series resonant circuit can provide voltage amplification at the
resonant frequency when the circuit of Figure 1.28 is used. The amount
nfl 1
R °"2nfcr

e e 2
of voltage amplification is given by at the frequency of

Figure 1.27. Tuned circuits (a) series,
(b) parallel

(a) (b)

Figure 1.28. Volitage amplification of a
tuned series circuit. The amplification is of
Vin the resonant frequency only, and can occur
only if the signal source is of comparatively
~ low impedance
T c Vout
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resonance, and this quantity is often termed the circuit magnification
factor, Q. There is no power amplification, as the voltage step up is
achieved by increasing the current through the circuit, assuming that
the signal input voltage is constant. Table 1. 12 shows typical phase and
amplitude response formulae in universal form for the series resonant
circuit. Note that the tuning capacitance may be a stray capacitance.

The parallel resonant circuit is used as a load which is a pure resistor
{with no phase shift) only at the resonant frequency, f,. The size of the
equivalent resistance is called dynamic resistance and is calculated by
the formula shown in Figure 1.29. The effect of adding resistors in

L L = inductance in henries
At resonance: Ry= R C = capacitance in farads
R = resistance of coil in ochms

Figure 1.29. Dynamic resistance of a parallel resonant circuit

parallel with such a tuned circuit is shown in Figure 1.30, the dynamic
resistance at resonance is reduced, but the resistance remains fairly
high over a greater range of frequency. Such ‘damping’ is used to
extend the bandwidth of tuned amplifiers. Table 1.72 shows the
amplitude and phase response of a parallel tuned circuit in general form,
Once again, the tuning capacitance may be a stray capacitance.

High resistance

R

Low resistance
R

Figure 1.30. The effect of damping resistance on the reésonance curve

The impedance of a series circuit is given by the formula shown,
with example, in Table 1.12a. Note that both amplitude (in ohms) and
phase angle are given. The corresponding expression for a parallel circuit
in which the only resistance is that of the coil (R) is also shown in
Table 1.13b. When a damped parallel circuit is used, the resistance of
the coil has generally a negligible effect compared to the damping
resistor, and the formula of Table 1. 13c applies.

Coupled tuned circuits

When two tuned circuits are placed so that their coils have some mutual
inductance M, the circuits are said to be coupled. The size of the



Table 1.13. IMPEDANCE Z AND PHASE ANGLE ¢

Circuit zZ [}

(o] R L 2 ___1_.
'||—|:\-NV\ Z= \/ l:nz + (wL - —1—-> ] ¢ =tan"’ (wl‘ wC) (a)

. @C "
R
R L [
R? + L2 qow| Lt —szC)—CIf]
| ;C; | Z= \/ [(1 —oiLo) + w2C2R2] = tan R fe)
R
—{ 1

4 v . vy ot AL o :
i N (GRS I e B

Notes: w =27 X frequancy
tan! = angle whose tangent is equal to

8¢
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mutual inductance is not simple to calculate; one approximate method
is shown in Table 1.14. When the mutual inductance (M) between the
coils is small compared to their self inductances (L,, L,) then the
coupling is said to be loose, and the response curve shows a sharp peak.
When the mutual inductance between the coils is large compared to
their self inductances, the coupling is tight (or overcoupled) and the
response curve shows twin peaks. For each set of coupled coils there is
an optimum coupling at which the peak of the response curve is

Table 1.14. MUTUAL INDUCTANCE

1. From values of coil size S and X (note that these are lengths divided by coil
diameter) find K.
2. Knowing inductance values, L,, L,, find M.

M=k /(L,L,)
S = spacing/diamater
X = coil winding length/diameter
17 XD XD
: DI M
: I $0 I
K 0-14
i $=0
) $=02
e S= 0-4
A Ss 06
S=08
4 \ S= 1
oo T~ 312
] Sz 1-6
T . ————S= 19
0 1 2 3
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flattened and the sides steep. This type of response is an excellent
compromise between selectivity and sensitivity.
The coefficient of coupling k is defined by

——M
VIL,L,)

M. . . .
(or 7 if both coils have the same value of L) and critical coupling occurs

1
when k = o assuming that both coils have the same Q factor — if they
do not, then Q = 1/(Q,Q,). The size of the coefficient of coupling
depends almost entirely on the spacing between the coils and no

formulae are available to calculate this quantity directly.

k

C2
¢y C3
Circuits
Tc2 1 C3
Ap;f:roxir?ate K="C1 C3) K= -Co
ormulae Cs V(Cy Csy
(a) (b)
¢ Cs
T
k:_‘/(c1 C3>
C2
k is coefficient of coupling
defined s —M__
JlLyLo)

(<)
Figure 1.31. Other methods of circuit coupling, and their design formulae
Other types of coupled circuits, with some design data, are shown

in Figure 1.31. These make use of a common impedance or reactance
for coupling and are not so commonly used.
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Quartz crystals

Quartz crystals, cut into thin plates and with electrodes plated onto
opposite flat faces, can be used as resonant circuits, with Q values
ranging from 20 000 to 1 000 000 or more. The equivalent circuit of a
crystal is shown in Figure 1.32. The crystal by itself acts as a series

r——="= A
| L
I |
| L | L,Cc,R equivalent values
I l of crystal
Cs stray capacitance
' c c ] across terminals
l C S S l
' |
: R |
| |
| | o
| e
- — = J

Figure 1.32. Equivalent circuit of a quartz crystal

resonant circuit with very large inductance, small capacitance and fairly
small resistance {a few thousand ohms). The stray capacitance across
the crystal will also permit parallel resonance at a frequency slightly
higher than that of the series resonance. Figure 1.33 shows how the

p
\

1
Inductive \
N\ i
Plot of resistance
! \\‘/ against frequency
|
] \
/ \
7/ N e
Impedance = == = J»-Frequency
Capacitive

' P

Series Paraliel
resonant resonant
frequency frequency

Figure 1.33. Variation of reactance and resistance of a crystal near its
resonant frequencies
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reactance and the resistance of a crystal vary as frequency is varied — the
reactance is zero at each resonant frequency, the resistance is maximum
at the parallel resonance frequency. Usually the parallel or the series
frequency is specified when the crystal is manufactured.

Wave filters

Wave filter circuits are networks containing reactive components (L,C)
which accept or reject frequencies above or below cut-off frequencies
(which .are calculated from the values of the filter components). Output
amplitude and phase vary considerably as the signal frequency approaches
a cut-off frequency, and the calculations involved are beyond the scope
of this book. Much more predictable response can be obtained, for
audio frequencies at least, by using active filters (see Chapter 3).

Measuring R, L, C

Resistance measurements can be made using the muitimeter; the scale is
non-linear but readings can be precise enough to indicate whether or not
the value is within tolerance. Measurements of resistance, capacitance,
self and mutual inductance can be carried out using bridge circuits
(Figure 1.34) which rely on a ‘nuil reading’. This means that potentio-
meters or switches are adjusted until a meter reading reaches a minimum,

At balance:
RARY
Ro R4 At balance:
s oL
Cy =Cy Ry
(a) At balance:
R4=R352— Ly = R1RaCy
Ry 14W2c2Rr2
173
(b) Q = ——1
WcCqy Ry
W z 2T x frequency
of supply
()

Figure 1.34. Measuring bridge circuits, with balance conditions. (a) Simple Wheat-
stone resistance bridge, (b) capacitance bridge, (c) inductance bridge
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upon which the value of the quantity being measured can be read from
the dials. Such bridge circuits use an audio frequency oscillator as a
source of bridge voltage.

Direct-reading capacitance meters use a rather difference principle.
Referring to Figure 1.35, the capacitor C is charged to a known voltage
V, and then discharged through the meter, M. The amount of charge

Switch
+ .—_—‘
Figure 1.35. Principle of a direct- Fixed
rea(diny capacitance meter d.c. v Meter
L voltage C

passing through the meter on each discharge is CV, so that if the switch
is actuated f times per second, the amount of charge flowing per second
is fCV. This is the average current ,, read by the meter, so that / = fCV
orC= }—‘I7 By a suitable choice of switching frequency, charging voltage
and meter range, values of capacitance ranging from 10 pF to several uF
can be measured, though erratic results are sometimes experienced with
electrolytic capacitors. The switching is carried out by transistors, as
the switching speeds needed are beyond the range of mechanical
switches, even reed switches.



Chapter 2

Active Discrete
Components

Diodes

Semiconductor diodes may use two basic types of construction, point ~

contact or junction. Point contact diodes are used for small signal
purposes where a low value of capacitance between the terminals is
important — their main use nowadays is confined to r.f. demodulation.
Junction diodes are obtainable with much- greater ranges of voltage
and current and are used for most other purposes. Apart from diodes
intended for specialised purposes, such as light-emitting diodes, the
fabrication materials are silicon or germanium, with germanium used
almost exclusively for point contact demodulator diodes.

Forward
current
Forward
—_—
Reverse Forward
voltage voltage
Reverse
current

Figure 2.1. Characteristic of an ideal diode.

44
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An ideal diode would conduct in one direction only, and the
characteristic (the graph of current plotted against applied voltage)
would look as in Figure 2.1. Practical diodes have a low forward
resistance (not a constant value, however) and a high reverse resistance;
and they conduct when the anode voltage is a few hundred millivolts
higher than the cathode voltage.

The diode can be destroyed by excessive forward current, which
causes high power dissipation at the junction or contact, or by using
excessive reverse voltage, causing junction breakdown (see later),
aliowing it to conduct. Because reverse voltages are much higher than
the voltage across a forward conducting diode, breakdown causes
excessive current to flow so that once again the junction or contact
is destroyed by excessive dissipation. For any diode therefore, the
published ratings of peak forward current and peak reverse voltage
should not be exceeded at any time, and should not be approached
if reliable operation is to be achieved.

Forward Forward

210 ma 150
100
Reverse 5 Reverse
v v 50
100 50 50 25
-t + > -t t + t
05 10 1 2
v v
lso Forward . F3 Forward
'100pA ‘-10nA
Reverse Reverse
(a) (b)

Figure 2.2. Characteristics of real diodes. (a) Germanium point diode,
(b} siticon junction diode. Note the different scales which have to be used
to allow the graphs to be fitted into a reasonable space

Characteristics for a typical point contact germanium diode and a
typical small signal silicon junction diode are also shown in Figure 2.2,
Comparing the two type of diode:

(a) Germanium point contact diodes have lower reverse resistance
values, conduct at a lower forward voltage (about 0.2 V) but have
higher forward resistance because of their small junction area.
They also have rather low peak values of forward current and
reverse voltage.

(b} Silicon junction diodes have very high values of reverse resistance,
conduct at around 0.55 V forward voltage, can have fairly low
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forward resistance, and have fairly high peak values of forward
current and reverse voltage.

The foward resistance of a diode is not a fixed quantity but is (very
approximately) inversely proportional to current. Another approxima-
tion, useful for small currents, is that the forward voltage of a silicon
diode increases by only 60 mV for a tenfold increase in current.

The effect of temperature change on a silicon diode is to change the
forward voltage at any fixed value of current. A change of about
25 mV per °C is a typical figure with the voltage reducing as the
temperature is raised. The reverse {leakage) current is much more
temperature dependent, and a useful rule of thumb is that leakage
current doubles for each 10°C rise in temperature.

Zener diodes are used with reverse bias, making use of the break-
down which occurs across a junction when the reverse voltage causes a
large electrostatic field across the junction. This breakdown limit
occurs at low voltages (below 6 V) when the silicon is very strongly
doped, and this type of breakdown is called zener breakdown. For such

+
Reverse Reverse
volts current
(a) ()
Reverse volts o] + Reverse volts 0 +
Reverse Reverse
current current

Figure 2.3. Zener diode. The true zener effect causes a ‘soft’ breakdown (a) at low
voltages, the avalanche effect causes a sharper turnover (b)

a true zener diode, the reverse characteristic is as shown in Figure 2.3a.
As the graph shows, the reverse current does not suddenly increase at
the zener voltage, and the voltage across the diode is not truly stabilised
unless the current is more than a few milliamps. This type of character-
istic is termed a ‘soft’ characteristic. In addition to this, a true zener
diode has a negative temperature coefficient — the voltage across the
diode (at a constant current value) decreases as the junction temperature
is increased.
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Avalanche breakdown occurs in diodes with lower doping levels, at
voltages above about 6 V. The name is derived from the avalanche
action in which electrons are separated from holes by the electric field
across the junction, and these electrons and holes then cause further
electron-hole separation by collision. These diodes have ‘hard’
characteristics (Figure 2.3b) with very little current flowing below the
avalanche voltage and large currents above the avalanche voltage. In
addition, the temperature coefficient of voltage is positive, so that the
voltage across the diode increases as the junction temperature is raised.

Both types of diodes are known, however, as zener diodes, and these
with breakdown voltages between 4 V and 6 V combine both effects.
At a breakdown voltage of around 5.6 V, the opposing temperature
characteristics balance, so that the breakdown voltage of a 5.6 V diode
is practically unaffected by temperature. The stabilisation of the diode
is measured by its dynamic resistance, defined as the ratio

Voltage change, V
Current change, /'

units of ohms,

when V is the change of voltage across the diode caused by a change of
current / when the diode is stabilising.

This ratio should be below 50 ohms, and reaches a minimum value
of about 4 ohms for a diode with a breakdown voltage of about 8 V.

+ +

(a) (b

Figure 2.4. Protecting the base-emitter junction of a transistor
against excessive reverse voltage, (a) diode in base circuit, (b)
diode in emitter circuit. The base circuit is preferred, since the
diode does not have to pass the emitter current of the transistor

Note that the base-emitter junction of many types of silicon
transistors will break down by avalanche action at voltages ranging from
7 V to 20 V reverse bias, though this action does not necessarily cause
collector current to flow. The base-emitter junction can be protected
by a silicon diode (with a high breakdown voltage) wired in series
(Figure 2.4).

Reference diodes are doped to an extent which makes the breakdown
voltage practically constant despite changes in temperature. Voltages of
5V to 6 V are used, and temperature changes ranging from + 0.01% per
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degree to 0.000 5% per degree can be achieved. Reference diodes are
used for very precise voltage stabilisation.

Varactor Diodes

All junction diodes have a measurable capacitance between anode and
cathode when reverse biased, and this capacitance varies with voltage,
being least when high reverse voltage are used. This variation is made
use of for varactor diodes, in which the doping is arranged for the
maximum possible capacitance variation. A typical variation is of 10 pF
at 10 V bias to 35 pF at 1V reverse bias. Varactor diodes are used for
electronic tuning applications; a typical circuit is shown in Figure 3.26
(Chapter 3).

LEDs

Light emitting diodes use compound semiconductors such as gallium
arsenide or indium phosphide. When forward current passes, light is
emitted from the junction. The colour of the light depends on the
material used for the junction, and the brightness is approximately
proportional to forward current. LEDs have higher forward voltages
when conducting; 1.6 to 2.2 V as compared to the 0.5 to 0.8 V of a
silicon diode. The maximum permitted reverse voltages are low, typically
3V, so that a silicon diode must be connected across the LED as
l +

V‘\\ Figure 2.5. Protecting an LED from reverse
Diode voltage

[

shown in Figure 2.5 if there is any likelihood of reverse voltage (or a.c.)
being applied to the diode. A series resistor must always be used to
limit the forward current unless pulsed operation is used.

For more specialised applications, microwave diodes of various types
can be obtained which emit microwave radiation when forward biased
and enclosed in a suitable resonant cavity. Tunnel diodes are diodes
with an unstable portion of the characteristic (a reverse slope, indicating
‘negative resistance’). When the tunnel diode is biased to the unstable
region, oscillations are generated at whatever frequency is permitted by
the components connected to the diode (RC, LC, cavity, etc.)
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Diode circuits

Figure 2.6 shows some application circuits for diodes, with approximate
design data where appropriate. Diode types should be selected with
reference to the manufacturers data sheets, having decided on the basic
reverse voltage and load current quantities required by the circuit.

A.Mdemodulator-
CR is chosen so
that CR is long
compared with

i g Out
t, short compared I.F. l
with T

(a)

o- AN [—\f-\-o o--ﬁvﬂg—l A o

(c) (d)

2

(e) -
For r.m.s. input V, peak inverse on each rectifier diode
equals 1-57V, ripple frequency is twice line frequency,

- average current per diode is equadl to rm.s.current

Figure 2.6. Some diode applications: (a) amplitude demodulation, (b) ratio
detector for £.m. (c} signal clipping, (d) d.c. restoration, (e) bridge rectification
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Transistors

Like signal diodes, transistors may be constructed using either silicon or
germanium, but virtually all transistors now use silicon. The design data
of this section refer to silicon transistors only.

The working principle of a transistor is that current flows between
the collector and emitter terminals only when current is flowing between
the base and emitter terminals. The ratio of these currents is called

4 +
Ry I G
e | )
(a)
Figure 2.7. Forward current transfer
ratio (a) measuring circuit, (b) graph.
The slope of the graph (lp/lp) is
equal to the forward current transfer
ratio, hfe
IC
4>
Ip
(b)

forward current transfer ratio, symbol hg. For the arrangement of
Figure 2.7, the ratio is

hfe =I.i
b

In databooks, a distinction is made between Agg, for which /; and /g,
are d.c. quantities; and hye, for which i, and i, are a.c. quantities. The
two quantities are however generally close enough in value to be inter-
changeable, and the symbol h¢, will be used here to indicate both values.
The size of hse for any transistor can be measured in the circuit of
Figure 2.7a; a simpler method, used in many transistor testers, is
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shown in Figure 2.8. Values vary from about 25 (power transistors
operating at high currents) to over 1000 (some high-frequency amplifier
types).

Base current will not flow unless the voltage between the base and
the emitter is correct. The precise voltage at which current starts to

-5MN
2%
TmA
f.sd..
+ 1 180kn
2%
oV 1
| ”~
1 \. o /0 \Stbtcket§tgor
ransistor
- sw1 b\
€
(@)
200 A
hye
100

0 02 04 06 08 1.0
I,mA

(b)

Figure 2.8. A simple transistor tester (a) and its
calibration graph (b)

become detectable varies from one specimen {even of the same type
number) of transistor to another, but for silicon transistors is generally
about 0.5 V. The pnp type of transistor will require the emitter to be at
a more positive voltage than the base, the npn type will require the base
to be more positive than the emitter. When the transistor has the correct
d.c. currents flowing (with no signal appiied) it is said to be correctly
biased. Ampilification is carried out by adding a signal voltage to the
steady voltage at the input of the transistor. The vast majority of
transistor circuits use the base as the input terminal, though a few
{common base amplifiers) use the emitter as an input terminal.
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Bias for linear amplifiers

A linear amplifier produces at its output a waveform which is a perfect
copy, but of greater amplitude, of the waveform at the base. The voltage
gain of such an amplifier is defined as

G = Vout

Vin

where V indicates a.c. {signal) voltage measurements. If the output wave-
form is not a perfect copy of the input, then the amplifier exhibits
distortion of one sort or another. One type of distortion is non-linear
distortion, in which the shape of the waveform is changed by the
‘copying’ process. Such non-linear distortion is caused by the action of
the transistor and can be minimised by careful choice of transistor type
(see later) and by correct bias.

A transistor is correctly biased when the desired amount of gain can
be obtained with minimum distortion. This is easiest to achieve when
the (peak to peak) output signal from the amplifier is much smaller
than the supply voltage. This may be achieved with the no-signal voltage
at the collector of the transistor at almost any reasonable level, but to
allow for unexpected signal overloads, the preferred collector voltage is
half-way between supply positive voltage and the voltage of the emitter.

When the value of collector resistor has been chosen, bias is applied
by passing current into the base so that the collector voltage drops to
the desired values of 0.5 V¢ where V is supply voltage. For any bias
system, the desired base current must be equal to

0.5 Vg

RL X hge mA, with Vi in volts, R in k€2, hg as a ratio.

Figure 2.9 shows three bias systems, with design data for obtaining
a suitable bias voltage. The method of Figure 2.9a is the most difficult
to use, as a different resistor value must be chosen for each transistor
used. It may be necessary to use resistors in series or in parallel to
achieve the correct value and the collector voltage will decrease notice-
ably as the temperature of the transistor increases. The method of
Figure 2.9b is a considerable improvement over that of Figure 2.9a. The
bias system may be designed around an ‘average’ transistor {with an
average value of hg, for that type) and can then be used unchanged for
other transistors without too serious a change in the collector voitage.
In addition the collector voltage changes much less as the temperature
changes.

The bias system of Figure 2.9c is one which can be used for any
transistor provided that the current flowing through the two base bias
resistors R,, R, is much greater than the base current drawn by the
transistor. Unlike the other two systems, the design formula does not
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Vs
+
RL
R4
VcOut
In
Ve — O‘GRthe
R1q
Ve ¢
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(b)
+
Out
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Figure 2.9. Transistor bias circuits: (a) simple system, usually unsatisfactory;
6] using negative feedback of bias and signal; (¢} potential divider method

require the hg value of the transistor to be known if the standing
current through the transistor is to be only a few milliamps. For power
transistors, the quantities that are needed are the Ve and /pe at the
bias current required. This system does not, however, stabilise the
collector voltage so effectively against changes caused by changes of

temperature.

Transistor parameters and linear amplifier gain

Transistor parameters are measurements which describe the action of
the transistor. The name parameter is used to distinguish these quantities
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from constants. Transistor parameters are not generally constants, they
vary from one transistor to another (even of the same type} and from
one value of bias current to another. One such parameter, the common-
emitter current gain, A, has already been described.

Of the parameters for linear amplifiers, G, is probably the most
useful. G, called mutual conductance and measured in units of milli-
siemens (mS) (equal to milliamps per volt) is defined by

~

G = /c where /; = a.c. signal current, collector to emitter
m =

Ve where Ve = a.c. signal voltage, base to emitter.

The usefulness of G, as a parameter arises from the fact that the
voltage gain of a transistor amplifier for small signals is given by

G = G, R where R is the load resistance for signals (if Gy, is
measured in mS and Ry in k§2, gain is correctly specified)

Note that A will generally be less than the resistance connected between
the collector and the positive supply, because this value will be shunted
by any other resistors connected through a capacitor to the collector

Coupling
capacitor
U
?' ot !
|
1 '
~ [ ] r1
[ I Next
Vbe Tbe Re 1iRL i { load
Ll.c I.rl
\ 1
——® — e e

Current generator has
infinite resistance and
generates a signal
curr;ent equal to
GmVbe

Figure 2.10. A~usefu/ equivalent circuit for the transistor. The
signal voltage Vo between the base and the emitter causes an
output signal current GyVpe. This current flows through the
parallel resistor R, (the transistor output resistance), Ry, the
load resistor, and any other load resistors in the circuit

{Figure 2.10). The input resistance of the next transistor (if used) will
also be in parallel with the collector resistor.
A graph of coliector current plotted against base-emitter voltage is

not a straight line, so that the ratio T;Q which is Gy, is not constant.
be
A useful rule of thumb for small bias currents is that G, = 40 X bias

current in milliamps with G, in mS {(mA/V). The shape of the graph is
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always curved for low currents, but can vary in shape at higher currents.
For a few transistors, the i, Vi, graph has a noticeably straight portion,
making these transistors particularly suitable for linear amplification
applications. It is this straightness of the G|, characteristic which makes
some types of power transistor much more desirable {(and high priced)
for audio output stages than others.

To take advantage of these linear characteristics, of course, the bias
must be arranged so that the working point is at the centre of the linear
region with no signal input. ‘Working point’ in this context means the
combination of collector volts and base volts which represents a point
on the characteristic.

Two other useful parameters for silicon transistors used in the
common-emitter circuit are the input and output resistance values. The
input resistance is defined as

signal voltage, base input
signal current into base

with no signal at the collector, symbol hje.
Then output resistance is, using a similar definition

signal voltage at collector
signal current at collector

with no signal at the base, symbol hqe.

The output resistance Ay, has about the same range of values, from
10 kS2 to B0 k&2 for a surprisingly large number of transistors, irrespec-
tive of operating conditions, provided these are on the flat part of the
Vie/lce characteristic (Figure 2.11). An average value of 30 k{2 can
usually be taken.

A

Ic

—>

Vee

Figure 2.11. The [;/V¢e characteristic. The flat

portion is the operating part. The small amount of

slope indicates that the output resistance, R, is
high, usually 40 kSt or more
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The input resistance is not a constant, because the input of a transistor
is a diode, the base-emitter junction. The value of input resistance hj, is
related to steady bias current, and to the other parameters

_ hse : _
hig =—— and since G, = 401,
Gm
= 4(;7 where /. is the steady, no-signal, bias collector current.
[+

For example: if a transistor has an hg value of 120, and is used at a
current of 1 mA, then the input resistance (in kQ2) is

Noise

Any working transistor generates electrical noise, and the greater the
current flowing through the transistor the greater the noise. For bipolar
transistors, the optimum collector current for low noise operation is
given approximately (in milliamps) by

_28vhe
R

g
Low-noise operation is most important for the first stages of audio
preamplifiers and for r.f. tuner and early i.f. stages. The noise generated
by large value resistors is also significant, so that the resistors used for
small signal input stages should be fairly low value, high stability film
types, with small currents flowing. Variable resistors must never be used
in a low-noise signal stage.

/e where R is the signal source resistance in ohms.

Voltage gain

The voltage gain of a simple single stage voltage amplifier can be found
from a simple rule of thumb. If Vyy is the steady d.c. voltage across
the collector load resistor, then the voltage gain is

G=40X Vbias

For a single stage amplifier, the signal is attenuated both at the input
and at the output by the resistance of devices connected to the
transistor (microphones, tape heads, other amplifying stages}). If the
resistance of the signal source is R and the resistance of the next stage
is Rioad ., then the measured gain will be

hie Rioad

G X
Rs +hie Rload + A
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where R, is the collector output resistance as shown in Figure 2.12, and
G is the value of gain given by 40V,,;,s. This method gives gain values
accurately enough for most practical purposes. When precise values of
gain are needed, negative feedback circuits {see below} must be used.

Rs
Source

) leoud
resistance

Signal
source

Figure 2.12. The voltage signal equivalent. The voltage gain,
G, obtained by the transistor is reduced by the potential
divider networks at the input and at the output

For a multi-stage amplifier, the gains of individual stages are multiplied
together, and the attenuations caused by the potential dividing actions
of Rg and R),q are also multiplied together.

FETs

Field effect transistors (FETs) are constructed with no junctions in
the main current path between the electrodes, which are called drain
and source respectively. The path between these contacts, called the
channel, may be p-type or n-type silicon, so that both p-channel and
n-channel FETs are found. Control of the current flowing in the

Source Gate Drain

InSUImor hmﬁ
(silicon oxide) \

Substrate

Figure 2.13. MOSFET structure



58 Active Discrete Components

channel is achieved by varying the voltage at the third electrode, the
gate. In junction FETs, the gate is a contact to a junction formed on
the channel and reverse biased in most circuit applications. MOSFETs
use a capacitor structure (Figure 2.13), so that the gate is completely
insulated from the channel. No bias is needed, since the gate is insulated,
but care has to be taken to avoid gate breakdown caused by excess
voltage. Even electrostatic voltages, generated by contact, can cause
damage, so that the gate electrode should be shorted to the source until
the MOSFET is wired into circuit. In any circuit application, there must
be a resistor connected from gate to source.

The input resistance of either type of FET is very high, and low
noise levels can be achieved, even with source resistances as high as
1MQ.

Negative feedback

Feedback means using a fraction of the output voltage of the amplifier
as an input. When the signals at input and output are oppositely phased
(mirror-image waveform), then the feedback signal is said to be negative.
Negative feedback signals subtract from the input signals to the amplifier,
so reducing the overall gain of the amplifier. The effect on gain is as
follows:

Let G = Gain of amplifier with no feedback, known as the open
loop gain Y
n = feedback fraction (or loop gain), so that ;“t is fed back.

Then the gain of the amplifier when negative feedback is applied is

G
G = the closed loop gain.

1+',—7

For example, if open loop gain, G = 100 and n = 20 (so that 1/20 of the

100 100
output voltage is fed back) then the closed loop gain is 1+ 100 =5
20

16.7. A very useful approximation is that if the open loop gain G is
very much greater than the loop gain, then the closed loop gain (with
the negative feedback connected) is simply equal to n. This is because

2—; is large, so that in the expression above it is much greater than unity

L . G
and the expression is approx1matelym1 =n.

~Negative feedback, in addition to reducing gain, reduces noise signals
which originate in the components of the amplifier, and will also




Active Discrete Components 59
Gain /\_/" Gain

4>
Input voltage Input voltage

(a) (b)

Figure 2.14. Negative feedback can correct non-linear distortion provided

that the gain (before feedback} remains reasonably high (a) over the full

range of input voltages. If the gain is zero for any input (b) or is unusually

low, then feedback cannot correct the distortion. Cross-over distortion is
an example of a fault which causes zero gain.

reduce distortion provided that the distortion does not cause loss of
open-ioop gain (Figure 2.14). Input and output resistances are also
affected in the following way. If the feedback signal shunts the input
(Figure 2.15) (applied to the same terminal), then input resistance is
reduced, often to such an extent that the input terminal is practically
at earth potential for signals {a virtual earth). If the feedback signal is
in series with the input signal (Figure 2.16), the input resistance of the
amplifier is increased. When the feedback network is connected in
parallel with the output load {Figure 2.16) the effect is to reduce output

+ +
Out
In — R
Feedback signal
current
o]
T —
Feedback
resistor

Figure 2.15. A feedback circuit in which the feedback signal is
in shunt with the input signal. At the output, the feedback
resistor is connected in series with the output load
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+ +

Qe O Ut

In

Feedback
resistor

Figure 2.16. A feedback circuit in which the feedback
signal is in series with the input signal through the
emitter junction of the first transistor. The feedback
resistor is also connected in parallel with the output load

resistance, and when the feedback is connected in series (Figure 2.15),
the effect is to increase output resistance. The effects on output
resistance are generally small compared to the effects on input
resistance.

Heatsinks

A transistor passing a steady (or average) current / and with a steady (or
average) voltage V between collector and emitter dissipates a power of
VI watts. This electrical power is converted into heat at the collector-
base junction, and unless this heat can be removed the temperature of
the junction will rise until the junction fails irreversibly. Heat is removed
in two stages, by conduction to the case or other metal work of the
transistor, and into heatsinks if fitted, then by convection into the air.
The temperature of the junction will stabilise when the rate of removing
heat, measured in watts, is exactly equal to the electrical power dissipa-
tion; this may, however, happen only when the junction temperature
is too high for continuous operation. The power dissipation of a
transistor is limited therefore mainly by the rate at which heat can be
removed.

For practical purposes, the resistance to heat transfer is measured by
the guantity called thermal resistance, #, whose units are °C/W. The
same measuring units are used for convection from heatsinks as for
conduction through the transistor, so that all the figures of thermal
resistance from the collector-base junction to the air can be added
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together as for resistor values in series. The temperature difference
between the junction and the air around the heatsink is then found by
multiplying the total thermal resistance by the number of watts
dissipated
T =0XW

This latter figure is a temperature difference, so that to find the actual
junction temperature, the temperature of the air around the heatsink
(the ambient temperature) must be added to this figure. An ambient
figure of between 30°C (for domestic equipment) and 70°C (for
industrial equipment) may be taken. If this procedure ends with a
calculated junction temperature higher than the manufacturer’s rated
values {(120°C to 200°C for silicon transistors), then the dissipated
power must be reduced, a larger heatsink used, or a water cooled
heatsink used. Large power transistors are designed so that the transfer
of heat from junction to case is efficient, with a low value of thermal
resistance, and the largest thermal resistance in the ‘circuit’ is that of
the heatsink-to-air. Small transistors generally have much higher thermal
resistance values, so that the heatsinking is not so effective.

To ensure low thermal resistance, the collector of medium or high-
power transistors is connected directly to the case. To prevent
unintended short circuits, the heatsink may have to be insulated from
other metal work, or the transistor insulated from the heatsink using
mica washers. Such washers used with silicone heatsink grease can have
thermal resistance values of less than 1°C/W and are available from
transistor manufacturers or components specialists. The use of mica
washers makes it possible to use a metal chassis as heatsink or to mount
several transistors on the same heatsink.

_ 250 H
0 - Hx D

H_and D measured in cm
O in °crwatt

Figure 2.17. An approximate guide to the thermal resistance
of a metal fin

The calculation of thermal resistance for heatsinks is not particularly
simple, but Figure 2.17 shows an approximate formula. Measurement
of thermal resistance can be carried out by bolting a 26 W wirewound
resistor of the metal-cased type to the heatsink. A 2.2 £ value is suitable
and will dissipate 4 W at 3V and 16.4 W at 6 V. The temperature of
the heatsink is measured when conditions have stabilised (no variation
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of temperature in one minute), and the electrical power figure is
divided by the difference between heatsink temperature and ambient
{air) temperature. This method is not precise, but gives values which
are suitable for practical work.

Switching circuits

A linear amplifier circuit creates an ‘enlarged’ copy of a waveform. A
pulse {logic) switching circuit charges rapidly from one value of voltage
or current to another for a small change of voltage or current at the
input. The output waveform need not be similar in shape to the input
waveform, but the changes of voitage or current at the output should
taken place with only a small time delay (a microsecond or less) after
the changes at the input.

The bipolar {or junction) transistor has a good switching action
because of its large G, figure. A useful rule-of-thumb is that the
collector current of a transistor will be increased tenfold by an extra
60 mV at the base, provided that the transistor is conducting before
the extra base voltage is added, and is not saturated by the extra
current. Current switches can thus be easily achieved, and a stage of
current amplification can be added if larger current swings or smaller
voltage swings are needed (Figure 2.18). A voltage switching stage must

<+

Current

amplifier
In Out

Switching
stage

Figure 2.18. Adding a current-amplifying stage to a simple
switching transistor

use some form of load to convert the current changes at the collector
into voltage changes. If this load is a resistor, the switch-on of the
transistor may be faster than the switch-off. Stray capacitances between
the collector and earth are discharged rapidly by the current through
the collector at switch-on, but must be charged through the load )
resistor when the transistor is switched off (Figure 2.19). If the rise
time of the wave does not need to be short, this can be overcome by
using a comparatively low value resistor (1 k2 or less). An alternative
method is shown in Figure 2.20 using series connected transistors
switching in either direction.
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For fast switching, the stored charge of transistors can cause
problems. During the time when the transistor is conducting, the
emitter is injecting charges into the base region. These charges cannot
disappear instantly when the base bias is reversed, so that the transistor
will conduct momentarily in the reverse direction. As a result, the

+
Charging

cur:e/— +

(a) (b)

Figure 2.19. Charging and discharging stray capacitances. When the

transistor conducts (a) the stray capacitance is rapidly discharged, and

the voltage drop at the collector is sharp. When the transistor cuts off

{b), the stray capacitance is recharged through the load resistor,
causing a slower voftage rise

circuit of Figure 2.20 can suffer from excessive dissipation at high
switching speeds, since for short intervals, both transistors will be
conducting. Manufacturers of switching transistors at one time quoted
figures of stored charge, @ in units of picocoulombs (pC) or nano-
coulombs (nC), but nowadays, generally quote the more useful turn-on

Figure 2.20. Using a two-transistor

output circuit so that the switching

is equally rapid in both directions. In

This type of output stage is used in Out
TTL digital i.c.s
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and turn-off times, in nanoseconds (ns) under specified conditions. If
only stored charge figures are given, an approximate value for turn-off
time can be obtained from the equation
.a

=7
where t is turn-off time in nanoseconds (107%), Q is stored charge in
pC and / is the current in mA which is to be switched off. Transistor
switch-off times are improved by reverse-biasing the base, but some
care has to be taken not to exceed the reverse voltage limits, since the
base-emitter junction will break down at moderate voltages.

A considerable improvement in switch-off times is also obtained if
the transistor is not allowed to saturate during its switch-on period; this
has to be done by clamping the base voltage and is not easy because of
the considerable variation of switch-on voltage between one transistor
and another. The fastest switching times are achieved by ‘current
switching’ circuits, in which the transistor is never saturated nor cut-off.

+
NPN
c
In In — Out
R PNP
(a) .

Figure 2.21. Two common switching circuit tricks. (a) use of a base-
compensation capacitor, (b) using a complementary output circuit with
no load resistor

Some circuits commonly used for switching circuits are shown in
Figure 2.21, where (a) shows the use of a time constant RC in series
with the base of the transistor; C should be adjusted for the best shape
of leading and trailing edges. Figure 2.21b shows the familiar double-
emitter-follower circuit which uses transistors both to charge and to
discharge stray capacitance.

Gating of analogue signals is an action similar to that of pulse (logic)
switching, but the switch may be a series component rather than a
shunt component, with the added reduction that it should not distort
the analogue signal while in the ON state. Diodes, bipolar transistors,
and FETs can all be used in such gating circuits. Figure 2.22 shows a
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Signal

: Signal
in

out

Figure 2.22. A diode-bridge gate circuit. In the off state,
diodes Dy and Dg conduct, so that no current flows
through D3, D3, D4, Dg. When the gate is Switched on by
symmetrical pulses, Dy and Dg shut off, allowing the
other diodes to conduct, so that the input signal can reach
the output. Using symmetrical switching signals ensures
that very little of the switching waveform appears in the
output signal

diode bridge gate. When current flows through the diodes, assuming
that there is a large resistance between point A and earth and between
point B and earth, then there is a low resistance path C — D for signals
in either direction. If the diodes are well matched, the d.c. level at D
should be identical to that at C. Such a voltage difference is called an
offset and is undesirable. When current ceases to flow, the diodes

In 9 Out

A Figure 2.23. A gate circuit using a
I I single transistor

Switching
pulses
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become non-conducting, the gate closes. Offset voltages may be around
10 mV (comparatively high), but very high operating speeds are possible
when switching diodes are used. .
Bipolar transistors can be used as gates, with the offset voltage
between collector and emitter being lowest (less than 2 nV) for a
saturated transistor when the normal collector and emitter terminals
are reversed. As a series switch, however, the transistor suffers from
the requirement of a switching pulse applied between base and emitter,
so that a transformer must be used to apply the switching voltage if a
single transistor is to be used (Figure 2.23). A very common gating
circuit is the long-tailed pair of Figure 2.24, which is, however, useful

Figure 2.24. The long-tailed
pair gate. When Trois switched
oft off Try is normally biased by
Ry, Rp, and acts as an inverting
-L amplifier. When Tro is switched
on, with its base voltage several
volts higher than the normal
bias voltage of Try, then Try
is biased off

only when the offset voltages (vpe) and the voltage change caused by
switching are unimportant.

FETs may be used as shunt or series switches (Figure 2.25), The
shunt switch is considerably easier to drive because the source terminal
is earthed. Offset voltages of less than 10 uV are obtainable, and
practically no drive current to the gate is needed. The disadvantage of
the FET is that its resistance when switched ON is much higher (up to
1 k§2) than that of a bipolar transistor.{

In Out

1 Gate
Gate |

(a) (b)
Figure 2.25. Using FETs as switches: (a) shunt, (b) series




Active Discrete Components 67
Other switching devices

Unijunctions have two base contacts and an emitter contact, forming
a device with a single junction which does not conduct until the voltage
between the emitter and base contact 1 (Figure 2.26) reaches a specified
level. At this level, the whole device becomes conductive. The unijunction

+
B2, Base 2

Emitter ‘ ] $ Figure 2.26. Unijunction symbol
B1 | Base 1

—

is used to generate short pulses, using circuits such as that of Figure
2.27. The frequencies of operation of this circuit are not noticeably
affected by supply voltage changes, since the unijunction fires (becomes
conductive) at a definite fraction of the supply voltage. The intrinsic
stand-off ratio, n, is defined as

firing voltage (e — b,)
supply voltage (b, — b,)

and has values ranging typically from 0.5 to 0.86. Pulse repetition rates
up to 1 MHz are obtainable.

R
R1 2
Figure 2.27. A unijunction oscillator. VVYV
Ro, R3 are about 100 ohms each,
and the frequency of oscillation is V1%
determined by the time constant RC -n-n-n
R3

T

Programmable unijunction transistors (PUTs) have three terminals,
one of which is used to set the value of intrinsic stand-off ratio, n, by
connection to a potential divider (Figure 2.28). Firing will occur at the
programmed voltage; the frequency range is generally up to 10 kHz.

Thyristors are controlled silicon diodes which are switched into
conduction by a brief pulse or a steady voltage at the gate terminal.
Voltage of 0.8 to 1.5V and currents of a few uA up to 30 mA are
needed at the gate, according to the current rating of the thyristor.
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Figure 2.28, A programmable unijunc-

tion transistor (PUT). The firing

voltage between anode and cathode

is selected by the voltage applied to
the third electrode

@)

(b)

|
=
!
H +
bl
Programming ' Anode
voltage ~ — ?—-
]
A
i
Ll Cathode

Figure 2.29. A capacitor turn-off
circuit for a thyristor. When the
switch is momentarily closed, the
sudden voltage drop at A will cause
an equal drop at X, turning off the
thyristor until it is triggered again

[ XAV}

SW Load

D1

©

Figure 2.30. A.C. thyristor circuits. {a) Basic half-wave a.c. relay circuit.

{b) A full-wave relay circuit. (c) Basic phase-control circuit. In the half-

cycle during which the thyristor can conduct, the gate is activated only

when the voltage at A has risen enough to cause the trigger diode Dy to

conduct. The time in the cycle at which conduction starts is controlled by
the setting of the variable resistor
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The thyristor ceases to conduct only when the voltage between anode
and cathode falls to a low value (about 0.2 V) or when the current
between anode and cathode becomes very low (less than 1 mA). D.C.
switching circuits need some form of capacitor discharge circuit (Figure
2.29) to switch off the load. A.C. switching circuits, using a.c. or full
wave rectified waveforms, are switched off by the waveform itself on
each cycle. A few typical a.c. thyristor circuits are shown in Figure
2.30. Note that the gate signal may have to be applied through a pulse
transformer, particularly when the thyristor switches mains currents,
to avoid connecting the firing circuits to the gate.

Triacs are two-way thyristors whose terminals are labelled MT1,
MT2 and gate. For reliable firing, the pulse at the gate should be of the
same polarity as MT2 (some circuits are shown in Figure 2.31).

—4 Load

R
~ Triac
Sw
(a)
- Lload i
S Triac
o N oy -
Diac
[V} 4
control Preset r
(b)

Figure 2.31. Triac circuits. (a) Basic full-wave relay circuit. (b) Power
regulator circuit, using a diac trigger diode, and radio interference
suppression circuit across the triac
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Firing pulses for thyristors and triacs can be obtained from uni-
junctions or from other types of trigger device such as diacs, silicon
bidirectional switches, four-layer diodes or silicon unidirectional
switches. The diac, or bidirectional trigger diode, is non-conductive
in either direction until its breakdown voltage is exceeded, after which
the device conducts readily until the voltage across its terminals (either
polarity) is low. Firing voltages of 20 to 36 V are typical, and the
‘breakback’ voltage (at which the device ceases to conduct) is typically
6 V. Brief peak currents of 2 A are possible. The silicon bidirectional
switch also uses a gate electrode, but operates with one polarity only.
Four-layer diodes have lower firing and breakback voltages than diodes,
but essentially similar characteristics.

The silicon controlled switch (SCS) is a useful device with four
electrodes which can be used, according to connections, either as a
programmable unijunction or as a low-power thyristor. The connections
are referred to as anode, cathode, gate-anode and gate-cathode. If the
gate-cathode is used together with the anode and cathode, thyristor
operation (at low currents) is obtained; if the gate-anode is used, the

Table 2.1 PRO-ELECTRON CODING

The first letter indicates the semiconductor material used:
Germanium

Silicon

Gallium arsenide and similar compounds

Indium antimonide and similar compounds
Cadmium sulphide and similar compounds

he second letter indicates the application of the device:
Detector diode, high speed diode, mixer diode
Variable capacitance {varicap) diode

A.F. (not power) transistor

A.F. power transistor

Tunnel diode

R.F. (not power) transistor

Miscellaneous

R.F. power transistor

Photocoupler

Radiation detector {photodiode, phototransistor, etc.)
Radiation generator (LED etc.)

Control and switching device (such as thyristor)
Switching transistor, low power

Control and switching device {such as a triac)
Switching transistor, high power

Multiplier diode (varactor or step diode)

Rectifier, booster or efficiency diode

Voltage reference (zener), regulator or transient suppressor diode.

NLXCHOJZOI9ZrommooOowd»- IJIOCOED

The remainder of the code is a serial number. For consumer applications, such
as radio, TV, hi-fi, this has three figures. For industrial and telecommunications
use, a letter W, X, Y or Z and two figures are used.
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device behaves as a PUT. The unused electrode is generally left open
circuit.

Table 2.1 shows the European Pro-Electron coding used for semi-
conductors. The US (JEDEC) 1N and 2N numbers are registration
numbers only (this also applies to the Japanese 2SA, 2SB etc. system),
and the function of a semiconductor cannot be guessed from the
number,



Chapter 3

Discrete Component Circuits

This Chapter illustrates a selection of well established circuits and data,
and comments are reduced to a minimum so as to include the greatest
possible number of useful circuits. The common-emitter and a few
other amplifier circuits have already been dealt with in Chapter 2.

Where several different types of circuits are shown (as for oscillators)
practical considerations may dictate the choice of design. For example,

+ +
Navn . ‘7

ut Out

S e

[i"l'cil'

o RS

(a) (b)

Figure 3.1. The long-tailed pair circuit using (a) bipolar transistors, (b} p-channel
MOSFETS. Balanced input signals, as shown, are amplified, but unbalanced signals
(in the same phase at each input) are attenuated

72
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a Hartley oscillator uses a tapped coil, but the arrangements for
frequency variation may be more convenient than those for a Colpitts
oscillator, which uses a capacitive tapping. Some crystal oscillator
circuits are not always self-starting, particularly with ‘difficult’ crystals.
For this reason, as many variations on basic circuits have been shown
as is feasible within the space.

The long-tailed pair, shown both in bipolar and in FET form in
Figure 3.1 is the most versatile of all transistor circuits, which is why
it is so extensively used for linear i.c.s. A common-mode signal is a
signal applied in the same phase to both bases or gates. Any amplifica-
tion of such a common mode signal can only be caused by lack of
balance between the transistors, so that this value of gain is low. The
difference signal is amplified with a considerably greater gain. The long-
tailed pair is most effective when used as a balanced amplifier, with
balanced input and output, but single-ended inputs or outputs can
be provided, as shown in Figure 3.2a and b.

& &

_ Antiphase

=—=="output In phase
Bias
In
Bias Out
"Tail’ T
(a) v :

le
In

(b)

Figure 3.2. Single-ended inputs and outputs on a long-

tailed pair circuit. The second input is earthed to signals —

no bias arrangements have been shown. (a) Bipolar
transistors, (b) p-channel MOSFETs
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Figure 3.3 ilustrates a magnetic pickup preamplifier circuit. The
problem here is to apply the frequency correction (equalisation) needed
for disc replay. Discs are recorded to the RIAA standard (see BS 1928:
1965), in which bass frequencies are attenuated (to prevent excessive
cutter movement) and treble frequencies are boosted (to have an
amplitude well above that of surface noise). This deliberate distortion
must be corrected at playback by CR networks: to achieve this correctly,
three time constants, 75 us, 318 us and 3180 Ms, are used. The 75 us
time constant is of a treble cut filter, taking effect (that is, with its
turnover point) at 2.12 kHz; the 318 us kHz is a bass boost starting at
500 Hz, and the 3180 us time constant is a final stage of bass cut at
50 Hz and under.

+

100k 12k

Out

T []oox
104
Sy BOO%
BC109

In —0-—'
22k 560k
220k Gl Jetp—i >

3n3 10n )
'_'*_‘h—'ll\\Equolising

network

56k 680R -ll.wou 560R

Figure 3.3. An input stage for magnetic pickup cartridges. This stage
combines high gain with equalisation, and a fairly high voltage supply
{40 V or more) is needed to avoid overloading on transients

The output from most magnetic cartridges, other than the moving-
coil type, is around 5 mV at the standard conditions of 5 cm/s stylus
velocity and 1 kHz signal. This corresponds to a signal amplitude of
close to the minimum most amplifiers need to give full output for 2,6
mV input at full volume setting. The preamplifier should present an
input resistance of around 50 k§2 and should be capable of accepting
considerable overloads at the input, 50 mV or more, without no*iceable
distortion, The trend at the time of writing is away from the feedback-
loop type of equalisation, and towards an equalising network of purely
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passive type applied after a ‘flat’ preamplifier stage — this is held to be
advantageous because of the effects of transients on feedback amplifiers,
particularly when momentarily overloaded.

Figure 3.4 shows some tape/cassette input circuits. Once again,
equalisation is needed, but the time constants are not quite so universally
agreed; they appear to change almost annually as new tape materials
and new types of tape head construction appear. In addition to these
‘standard’ corrections, individual tape decks may need further correc-
tions, a multiplex filter may be included to remove f.m. stereo subcarrier

From output

Feedback

10k Ou33

R (a)
a7R
22R

Out

(b)

Figure 3.4. Tape equalisation and input stages. (a) One form of feedback

network which can be used for reel-to-reel tape equalisation. (b} A

cassette recorder input stage, using rather different time constants in
the equalisation networks
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signals, and noise-cancelling circuits, such as the Dolby circuits, may be
used. At the last count, the equalisation frequencies being used on
replay were 3180 us for all tapes and either 70 us or 120 us for
chrome and ferric tapes respectively; ferrichrome and pure iron particle
tapes are replayed at 70 us. The equalisation needed for recording
amplifiers is too specialised to include here partly because recording
equalisation time constants depend much more on individual needs.

22p Bass 8k2 22u From
Input—-ll-—‘ : . { } o—{_ } p-—'"_umplifier
B I:i7n 100k output
47n
4Kk 7
To
- amplifier
e 2k7 input
3n3
100k
Treble

Figute 3.5. A Baxandall type of tone control circuit. This circuit is normally
located between two voltage amplifier transistors which provide the
necessary gain

Figure 3.5 shows a version of the Baxandall tone control circuit,
which is virtually the standard method of tone control used nowadays.
There is very little interaction between the treble and the bass controls,
low distortion, and a good range of control; about 20 dB of boost or
cut. The Baxandall circuit is usually located between bipolar transistors,
but several designs claim significant improvements by using a FET at
the output of the control stage.

Figure 3.6 deals with active filters. These designs use only resistors
and capacitors, together with semiconductors, and are considerably
simpler to design than LC filters. Low-pass, high-pass, bandpass and
notch filters are illustrated in Figure 3.6. The filters generally have a
slope of 12 dB per octave (meaning that the response changes by 12 dB
for each doubling or halving of frequency).

* Figure 3.7 shows a typical input preamplifier stage for a moving-coil
microphone. The particular features here are low noise operation,
matching a fairly low input resistance, high gain, and hum rejection.
The low output and low resistance of the moving-coil microphone
requires the use of a microphone transformers. if a balanced layout is
possible, hum pickup can be greatly reduced.
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Figure 3.6. Active filter circuits. (a) Low pass, (b} High pass. These two types

are Sallen & Key filters, named after the inventors. Circuit {c) is a bandpass filter

using the Wien bridge network and an inverting amplifier. The gain of the amplifier

determines the effective Q of the circuit, so that higher gain causes narrower

bandwidth. Circuit (d) is a passive twin-T notch filter. The selectivity can be
improved by using positive feedback
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+15v
+
Mic. 741 Out
balanced
cable -
1k
100R
! -15v

Figure 3.7. A moving-coil microphone input circuit. A suitable

input transformer is essential if high-quality results are expected.

The transformer should preferably be supplied by the makers of
the microphone

The next three sets of circuits deal with audio output stages. Class A
stages are those in which the transistor(s) are always biased on and
never saturated (bottomed). A Class A stage may use a single transistor
(a single-ended stage) or two transistors which share the current in some
way (a push-pull stage), but the efficiency is low. % Efficiency is
defined as

power dissipated in the load X 100
total power dissipated in the output stage

and is always less than 50% for Class A operation.

A Class A stage should pass the same current when no signal is applied
as when maximum signal is applied. Because of this, the dissipation is
large, so that large-area heatsinks are needed for the output transistors.

Figure 38. A Class A

single-ended output stage.

Good heatsinking is es-
sential
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Class B audio operation uses two {(or more) transistors biased so that
one conducts on one half of the waveform and the other on the remain-
ing half. Some bias must be applied to avoid ‘crossover distortion’ due
to the range of base-emitter voltage for which neither transistor would
conduct in the absence of bias. Class B audio stages can have efficiency
figures as high as 75%, though at the expense of rather higher distortion
than a Class A stage using the same layout. The higher efficiency enables
greater output power to be obtained with smaller heatsinks, and the use
of negative feedback can, with careful design, reduce distortion to
negligible fevels.

Figure 3.8 shows a Class A single-ended power output stage, suitable
for general-purpose use such as car radio operation. Figure 3.9 shows
the totem-pole or single-ended push-pull circuit, which can be used for
either Class A or Class B operation according to the bias level. This
version uses complementary symmetry — the output transistors are

[ Tr2

VR1 ¢ Tr3 E | l

In —ﬂ Tr1

Figure 3.9. A single-ended push-pull (totem-pole) Class B output stage, using

complementary power transistors. VR sets the voltage at point X to half of the

supply voltage, VR sets the quiescent (no signal) current through the output

transistors. Cy is a ‘bootstrap’ capacitor which feeds back in-phase signals to point

Y, increasing input impedance. Oscillation is avoided because the gain of Tra is
less than 1
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pnp and npn types. When complementary output transistors cannot be
obtained, a pseudo-complementary circuit, such as that of Figure 3.10,
can be used, though this is not truly symmetrical.

Figures 3.11, 3.12 and 3.13 illustrate some of the circuits used for
wideband voltage amplification. Figure 3.171 deals with methods of
frequency compensation using inductors or capacitors to compensate
for the shunting effect of stray capacitances. Figure 3.12 shows a circuit
which uses feedback to reduce the gain and so extend the flat portion

+
Trq
Tr3
220
R ORS
From
driver
stage
22R

e Qutput

Tr‘4

ORS

=~

Figure 3.10. A quasi-complementary output stage.

The low power complementary transistors Trq, Tro

drive the high-power output pair, Tr3, TR4, which

are not complementary types. The circuit is not

symmetrical, and can cause considerable distortion
when overdriven

of the frequency range — this is a useful basic circuit for video
frequencies. Figure 3.13 shows a cascode amplifier, a type of construc-
tion which was widely used in the days of valves, but which has been
strangely neglected in transistor circuits. The advantage of the cascode
is stability, because there is practically no feedback from output to
input and high gain over a large bandwidth. FET cascodes and combina-
tions of FET and bipolar transistors can also be used.
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In

68R

L values are generally
around 1 uH

Figure 3.11. Frequency compensation for wideband amplifiers. (a) Capaci-
tive compensation. The value of C2 is chosen so that Ry is progressively
decoupled at high frequencies. As a rough guide, C¢R 3 should equal CoR4.
{b) Inductive shunt compensation. The value of L is chosen so as to resonate
with the input capacitance of the transistor at a frequency above that of
the uncompensated 3 dB point. These compensation methods are useful,
but cannot compensate for low gain caused by an unsuitable transistor
type. Transistors capable of amplification at high frequencies must be used
in these circuits

4k7

407

In —lh P Ouit

10k

150R

Figure 3.12. A feedback pair circuit which is capable
of wideband amplification when suitable transistors
are used. Bandwidths of 5§ MHz or more are obtainable
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39k

Figure 3.13. The cascode circuit, using, in this example, bipolar transistors. This is
a exceptionally stable circuit, because of the isolation between input and output,
and has high gain and a large bandwidth

The circuits of Figures 3.14 to 3.16 are of sine wave oscillators which
operate at radio frequencies. The Hartley type of oscitlator (Figure 3.14)
uses a tapped coil; the Colpitts type (Figure 3.15) uses a capacitor
tap. Though these are not the only r.f. oscillator circuits, they are the
circuits most commonly used for variable frequency oscillators. Figure
3.16 illustrates some crystal controlled oscillator circuits. The frequency
of the output need not be the fundamental crystal frequency, since
most crystals will oscillate at higher "harmonics (overtones) and
harmonics can be selected at the output. Frequency multiplier stages
{(see Figure 3.26) can then be used to obtain still higher frequencies.

Ca
R I Ly Figure 3.14. The Hartley oscillator. The
Cq resonant circuit is L yCq, and the value of

Co should be chosen so that the amount
of positive feedback is not excessive, since
this causes a distorted waveform. Ry
[ should be chosen so that the transistor
is just drawing current when Cjp is
Ro short-circuited




+
Figure 3.15. The Colpitts oscillator.
The tapping is provided by Co, C3,
and it is the series combination of
these two capacitors which tunes = Out

L. As a rough guide, the value of
C3 should be about ten times the
value of Co to avoid over-driving.
Ry is chosen to give about 1 mA
of collector current. Cy; must not
be omitted, because oscillation is
impossible (because of negative
feedback to the base) unless the
base is decoupled

For low frequencies, oscillators such as the Wien bridge (Figure 3.17) or
twin-T types are extensively used. Usable frequency ranges are from
1 Hz, or lower, to around 1 MHz.

Untuned or aperiodic oscillators are important as generators of
square and pulse waveforms. Figure 3.18 shows the familiar muiti-
vibrator (astable) together with modifications which improve the shape
of the waveform. The less familiar serial multivibrator is shown in
Figure 3.19; this circuit is a useful source of narrow pulses. When a pulse
of a determined, or variable, width is required from any input (trigger)

rl

xTAL 222
-_—_

(a) (b)

Figure 3.16. Two versions of a Colpitts crystal oscillator, showing alternative
positions for the cystal
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pulse, a monostable circuit must be used. Figure 3.20 shows a mono-
stable circuit, with a block diagram to illustrate how a combination
of astable and monostable can form a useful pulse generator.

Figure 3.21 shows the basic bistable circuit, now rather a rarity in
the discrete form thanks to the low price of i.c. versions. The Schmitt
trigger is illustrated in Figure 3.22; its utility is as a comparator and

l

R4 C1 4 |—Out
——1—{

* +

Frequency
control

1t out
cg-‘.f [[R2

Figure 3.17. Low-frequency oscillators. (a) Wien bridge, (b) twin-T.

The Wien bridge circuit uses a thermistor to keep the amplitude of

the output signal constant. Ry, R> may be a ganged variable if a
variable frequency output is needed

(b)
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T4 = 07 CqRp
Tp:= O07C3Rj3
f =1 __
T9+T2

Figure 3.18. The astable multivibrator. The frequency of operation is
given by the formula shown. The diodes D2, D3 prevent breakdown of
the base-emitter junctions of the transistors when the transistors are
turned off, and Dy isolates the collector of Trp from Co when Tr2
switches off. In this way, a fast-rising waveform can be obtained

trigger stage which gives a sharply changing output from a slowly
changing input. The hysteresis {voltage difference between the switching
points) is a particularly valuable feature of this circuit. A circuit with
hysteresis will switch positively in each direction with no tendency to
‘flutter’ or oscillation, so that Schmitt trigger circuits are used extensively
where electronic sensors have replaced purely mechanical devices such
as thermostats.

+
Rq R4
R2
)
4244 e +— U U
=
T=0'7C1R1

Cq T R4
Figure 3.19. The serial astable. Only one time constant is needed,

and the outputs are a sawtooth and a pulse as shown. Usually R3 =
Ry, values of around 10 k% are usual
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Radio-frequency circuits are represented here by only a few general
examples, because the circuits and design methods that have to be used
are fairly specialised, particularly for transmission, and the reader who
wishes more information on purely r.f. circuits is referred to the
excellent amateur radio publications. Figure 3.23 shows an a.m./f.m.i.f.
amplifier for 470 kHz and 10.7 MHz such as would be used in a.m./
f.m. receivers. This design uses a common emitter amplifier, since the

i IL
[
Trigger

L

—5

s

(a)
Differentiating
Astable circuit Monostable
._|UU I JUUL
Pulses
'~
,

(b) \

Figure 3.20. The monostable (a). The pulse width of the output pulse is

determined by the time constant CR. The block diagram (b) shows how an

astable (to determine frequency) and a monostable (to determine pulse
width) can be combined to form a precise pulse generator

operating frequency is well below the turnover frequency, f, (at which
gain is unity) for the transistor. For v.h.f. use, common base stages
(Figure 3.24) and dual-gate FETs (Figure 3.25) are extensively used.
Figure 3.26 shows frequency multiplier and intermediate stages for
transmitters, and Figure 3.27 a selection of low-pair output (power
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Figure 3.21. The bistable, or flip-flop. The output changes state (high to low or
low to high) at each complete input pulse

R Re

R
——ci—)— out I‘U

w—[i{i

<1

(a)

Switchback, input
/ voltage falling
High
Vout \}

Low

Vin Switchover, input
(b) voltage rising

Figure 3.22. The Schmitt trigger circuit. (a) This is a switching circuit whose

output is always flat-topped and steep-sided whatever the input waveform. The

characteristic (b) shows hysteresis — a difference between the switching voltages
depending on the direction of change of the input voltage
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In Tr Tr2

T T1 T

Figure 3.23. An i.f. amplifier typical of a.m./f.m. receivers. The

frequency difference between the i.f.s is so great that no special

filtering is needed, but the 10.7 MHz transformers must be
located close to their transistors

[T
In I Try . o % H{EEAHz
]

Oscillator

HH
2L

UJ.J
—

From

Figure 3.24. A typical f.m. ‘front-end’, using a common-base r.f. amplifier and
a common-base oscillator. All transistors will operate at higher frequencies in the
common-base connection than in the common-emitter connection
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amplifier or p.a.) stages. Transmitters which use variable frequency
oscillators {v.f.0.} will require broadband output stages as distinct from
sharply tuned stages, and this precludes the use of Class C amplifiers
(in which the transistor conducts only on signal peaks). Without a
sharply tuned, high Q, load, Class C operation introduces too much
distortion (causing unwanted harmonics) and so Class B is preferable.

] L 3o

In3€ In3:: L J.'L Eom
1
1

Figure 3.26. Frequency multipliers for transmitters, (a) A single transistor
multiplier for even or odd multiples, (b) a push-pull multiplier for odd
multiples. In each type of circuit, the output is tuned to a frequency which is
a8 multiple of the input frequency. Other techniques not shown here include
push-push, in which two transistors have antiphase signals at their collectors,
but both feed the same output at the collectors. This circuit is used for even
multiples. Varactor diodes are also extensively used as multipliers at low
power levels

To carry information by radio or by digital signals requires some
form of modulation and demodulation. For radio use amplitude modula-
tion and frequency modulation are the most common techniques.
Straightforward amplitude modulation produces two sidebands, with
only one third of the total power in the sidebands, so that double
sideband a.m. is used virtually only for medium and long wave broad-
casting. Short wave communications use various forms of single sideband
or suppressed carrier a.m. systems; v.h.f, radio broadcasting uses wide-
band f.m. and other v.h.f. communications use narrow-band f.m.

Figure 3.28 shows two simpie modulator circuits, excluding
specialised types. Carrier suppression can be achieved by balanced
modulators in which the bridge circuit enables the carrier frequency to
be balanced out while leaving sideband frequencies unaffected.
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Sideband removal can be achieved by crystal filters, a fairly straight-
forward technique which is applicable only if the transmitting frequency
is fixed, or by a phase-shift modulator which makes use of the phase
shift which occurs during modulation. Frequency modulation, unlike
amplitude modulation, is carried out on the oscillator itself, so requiring

<+

L2

L3
Out
L1

In—*

R.FC.

Input —'F

(b)

Figure 3.27. Power amplifiers for transistor transmitters. (a) A Class

C single transistor p.a. stage, (b) a Class B design, necessary for

single-sideband transmitters. Tuning inductors have been omitted

for clarity. In both circuits some decoupling capacitors have not

been shown — complete decoupling is essential. At the higher

frequencies, circuit layout is critical, and the circuit diagram becomes
less important than the physical layout

reasonably linear operation of the stages following the oscillator. Figure
3.29 illustrates some types of discrete component demodulators.

Pulse modulation systems are used extensively in applications
ranging from data processing to radar. Pulse amplitude modulation and
frequency modulation is essentially similar in nature to a.m. and f.m.
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of sine waves, and will not be considered here. Forms of modulation
peculiar to pulse operation are pulse width modulation (p.w.m.), pulse
position modulation {p.p.m.) and pulse-code modulation (p.c.m.). A
technique which is not a pulse modulation system but which is

+

AE
n

RF.C.

Z

2 g

T
(b)

Figure 3.28. Two simple modulator circuits. {a) A collector modulated stage for
an a.m. transmitter, (b) a varactor diode f.m. modulator

extensively used for coding slow pulse information is frequency shift
keying (f.s.k.) in which the high (logic 1} and low (logic 0) voltages of a
pulse are represented by different audio frequencies.

Figure 3.30 is concerned with optical circuits, including LED devices
and light detectors.

The circuits of Figure 3.37 deal with power supply units. Figure
3.31 shows the no-load voltage output, and the relationship between
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d.c. load voltage, minimum voltage, and a.c. voltage at the transformer.
Only capacitive input circuits have been shown, since choke-input
filters are by now rather rare. The relationship between the size of
the reservoir capacitor and the peak-to-peak ripple voltage is given
approximately by
_ lge X't
c

with /4. equal to load current (amperes), t in seconds the time between
voltage peaks and C the reservoir capacitance in farads.

A more convenient set of units is /gc in mA, t in ms, and C in uF,
using the formula unchanged. V is then the peak-to-peak ripple voltage
in volts.

v

(a)

(b)

Figure 3.29. Demodulators. The a.m. demadulator (a) uses a single

diode. The time constant of Cy with Ry + R must be long compared

with the time of a carrier wave, but short compared with the time

of the highest-frequency audio wave. The f.m. demodulator (b) is a
ratio detector
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Figure 3.30. Optoelectronic circuits. (a) Driving a single LED — a current-limiting

resistor must be used. (b) When an LED is operated from a.c., a diode must always

be included to protect the LED from reverse voltage. (c) Optocouplier, used to

couple signals at very different d.c. levels. This is useful for triac firing, or for

modulating the grid of a c.r.t.,, since d.c. signals can be transferred, which is
not possible using a transformer

All power supplies which use the simple transformer-rectifier-
capacitor circuit will provide an unstabilised output, meaning that the
output voltage will be affected by fluctuations in the mains voltage
level and aiso by changes in the current drawn by the load. The internal
resistance of the power supply unit causes the second effect and can be
the reason for instability in amplifier circuits, or of misfiring of pulse
circuits. A stabiliser circuit provides an output which, ideally, remains
constant despite any reasonable fluctuation in the mains voltage and

Tioad + +

—— 4
~
v
~s
\ Cc Vde

<?

(9]

~

~F -
If Vis r.ms, input
voltage:

o~

Vdc,no load < 1:4 V
Diode peak reverse
voltage = 2.8V
Minimum voltage,
full load current
z 0-44v
Ripple at line
frequency(50Hz)

Note V for whole of
secondary winding
Vdc,no load = 07V
Diode peak reverse
voltage:= 1-4
Minimum voltage,
full Ioad~current

= 0-44Yy

Ripple at double line
frequency (100 Hz)

Vde, no load = Vv
Diode peak reverse
voltage - 1-4

Minimum volitage,
full load current

: 044V

Ripple at double line
frequency (100Hz)

Figure 3.31. Rectifier circuits in detail
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has zero internal resistance so that the output voltage is unaffected by
the load current.

Stabilisation is achieved by feeding into the stabiliser circuit a voltage
which is higher than the planned output voltage even at the worst
combination of circumstances — low mains voltage and maximum load
current. The stabiliser then controls the voltage difference between
input and output so that the output voltage is steady.

R

T ® T\rxload

Vin D4 Vlo

Design data: Allow 2mA minimum current through
zener diode

Maximum current =(Ij559 + 2)MA
Diode dissipation,max.z Vg ( ljgad+2)mw

Resistor dissipation, max =
(Vin- Vo)(lload +2) mw

Figure 3.32. A simple zener-diode stabiliser

Figure 3.32 shows a simple zener diode stabiliser suitable for small
scale circuits taking only a few milliamps. This is a shunt stabilising
circuit, so called because the stabiliser (the zener diode) is in parallel
(shunt) with the load. The value of the resistor R is such that there will
be a ‘holding’ current of 2 mA flowing into the zener diode even at the
lowest input voltage and maximum signal current. The circuit of Figure
3.33 (sometimes known as the ‘amplified zener’) is a shunt stabiliser
which does not depend on dissipating power in the zener when the load
current drops.

Rq
+
0—-————+ Out
Figure 3.33. An ‘amplified- ZDy
zener' or  shunt-regulator -
eircuit. The transistor dissipa- Unstabilised TRy Stabilised

tion is greatest when the load
current is least
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TR4

+
In . Out
Rq
Unstabilised Stabilised
ZDy

Figure 3.34. A simple series stabiliser. The transistor
dissipation is greatest when the load current is maximum

Figure 3.34 shows a simple series stabiliser, using a zener diode to
set the voltage at the base of an emitter follower. A more elaborate
negative feedback circuit is shown in Figure 3.35, with provision for
altering the stabilised voltage. The circuit of Figure 3.36 also provides
automatic shut-off (with the shut-off current alterable by setting the

Tr4
TN
Tro
R4
IC1
+

VR4

.

ZDq

Figure 3.35. A variable-voltage series stabilised supply

circuit. Try is usually a 2N3055, and Tr2a lower power

general purpose transistor. The most suitable i.c. is the

LM3900, because it continues to amplify even when

the output voltage is close to either supply voltage,
unlike the 741
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OR1
+ g . e J————
Unstabilised Stabilised
1«8
D4
150R

Figure. 3.36. A fixed-voltage stabiliser with over-current protection,
limiting the current to an amount which is set by the potentiometer

100 £ potentiometer) when excessive load current flows. More elaborate
circuits are not considered here because of the extensive use of i.c.

regulators (see Chapter 4).



Chapter 4

Linear L.C.s

Linear i.c.s are single-chip arrangements of amplifier circuits that are
intended to be biased and operated in a linear way. This definition is
usually extended to include i.c.s which have a comparatively slow
switching action, such as the 555 timer.

The most important class of linear amplifier i.c. is the operational
amplifier which features high gain, high input resistance, low output
resistance and a narrow bandwidth extending to d.c. Such amplifiers
are almost invariably used in negative feedback circuits, and make use
of a balanced form of internal circuit (Figure 3.7) so that power supply
hum and noise picked up by stray capacitance are both discriminated
against.

The 741 is typical of operational amplifiers generally, so that
the design methods, circuits and bias arrangements which are used for
this i.c. can be used, with small modifications, for other types. Referring
to the pinout diagram and symbol of Figure 4.1, the 741 uses two
inputs marked + and —. These signs refer to the phase of the output
signal relative to each input, so that feedback directly from the output
to the + input is positive, and feedback directly from the output to
the — input is negative.

The circuit arrangement of the 741 is such that, using balanced
power supplies, the d.c. level at the output ought to be at zero volts
when both inputs are connected to zero volts. This does not generally
happen because of slight differences in internal components, so that
an input offset voltage is needed to restore the output to zero voltage.
Alternatively, the offset can be balanced out by a potentiometer
connected as shown in Figure 4.2. Once set in this way so that the
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Positive supply +18Vv

Negative supply —18v
Differential input voltage ¥30v
Common-mode input voitage X 15V
Load current 10mA

Operating temperature 70°C
Storage temperature 140°C
Dissipation 400mw

Figure 4.1. 741 operational amplifier outline, with pin numbering
{a) and the connections (b). The offset-null pins are used only for

Bl

§|
-

d.c. amplifier applications

+15v

-15V

Figure 4.2. Using an offset-null control. With the
inputs both earthed (balanced power supplies) and
a voltmeter connected to the output (dotted lines),
the 10 K potentiometer is adjusted so that the

output voltage is zero



100 Linearl.Cs

output is at zero volts (with the inputs earthed), the output voltage
will then slowly change (drift). The drift may be caused by temperature
changes, by supply voltage changes, or simply by old age. Drift is a
problem which mainly affects high-gain d.c. coupled amplifiers and
long time-constant integrators; a.c. amplifier circuits, and circuits which
can use d.c. feedback bias are not affected by drift.

Bias Methods

For linear amplification, both inputs must be biased to a voltage which
lies approximately halfway between the supply voltages. The output
voltage can then be set to the same value by:

(a) making use of an offset-balancing potentiometer, or,

(b} connecting the output to the (—) input through a resistor, so
making use of d.c. feedback.

Method (a) is seldom used, and the use of d.c. feedback is closely tied
up with the use of a.c. feedback; the two will be considered together.

The power supply may be of the balanced type, such as the 15 V
supply, or unbalanced, provided that the bias voltage of input and
output is set about midway between the limits (+15 and —15, or +V
and 0} of supply voltages. Bias voltages should not be set within three
volts of supply voltage limits, so that when a 15 V supply is used, the
input or output voltages should not exceed +12V or —12 V. This
limitation applies to bias (steady) voltage or to instantaneous voltages.
If a single-ended 24 V power supply is used, the input and output
voltages should not fall below 3 V nor rise above 21 V. Beyond these
limits, the amplifying action may suddenly collapse because there is
not sufficient bias internally.

Basic circuits

Figure 4.3 shows the circuits for an inverting amplifier, using either
balanced or unbalanced power supplies. The d.c. bias conditions are set
by connecting the (+) input to mid-voltage (which is earth voltage when
balanced power supplies are used) and using 100% d.c. feedback from
the output to the (-} input. The gain is given by:

G =R, /R,

Note that a capacitor C, is needed when a single-ended power supply is
used to prevent the d.c. bias voltage from being divided down in the
same ratio as the a.c. bias. When balanced power supplies are used,
direct coupling is possible provided that the signal source is at zero
d.c. volts.
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The input resistance for these circuits is simply the value of resistor
R,, since the effect of the feedback is to make the input resistance at
the (—) input almost zero; this point is referred to as a ‘virtual earth’ for
signals. The output resistance is typically about 150 ohms.

+15v
R1

Ro Typically, Ry = 220k
In o RN R, = 22K
741 _Sp—e———0ut Ry = 22k
3 .
I+ 4 Gain = 10
el Rin:z 22k
R3
-15v
(a)
+ 30V
Rq
R3 Typically, Ry =220k
Ro R, =22k
5t
Cln_ 2& Z Co2 R3:47k
1 -
741 S| }— Ry4= 47Kk
3+ ” Cy= C5=10uF
/ Gain=10
Rin = 22k
R4 in
o 0 (b)

Figure 4.3. Inverting amplifier configuration. (a) uses balanced power supplies.
Ideally, R3 should equal R, though differing values are often used. The gain is
set by the ratio Ry/Rp, and the input resistance is equal to Rp. Using an
unbalanced power supply (b), the + input is biased to half the supply voltage
{15 V in this example) by using equal values for R3 and R4. The gain is again
given by R3/R3. Coupling capacitors are needed because of the d.c. bias conditions

Circuits for non-inverting amplifiers are shown in Figure 4.4. Non-
inverting amplifiers also make use of negative feedback to stabilise the
working conditions in the same way as the inverting amplifier circuits,
but the signal input is now to the (+) input terminal. The gain is

cFitR
RZ
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and the circuit is sometimes referred to as the ‘voltage-follower with
gain’. The input resistance is high, usually around 1 M, for the dual-
supply version, though the bias resistors (Figure 4.4b) reduce this to a
few hundred k{2.

+15v

Typical values:
R4 = 220k

—_}
\ Rp = 18k
t =238 . 43.
741 ou G e 1132
In__'Ll . V R, = 1M approx.

(a)

-15YV

Typical values:

\ Rqz 220k

741 Out Ro: 18k

R3= 220k

[+ R4z 220K

ca Cy=Cop=1ufF

T G:=13-2

’ Rin:100k(R3in parallel
with Rg)approx.

(b}

Figure 4.4. Non-inverting amplifiers. Using a balanced power supply (a}, only two
R +Ro
f2
is very high. When an unbalanced supply (b) is used, a capacitor Co must be
connected between R and earth to ensure correct feedback of signal without
disturbing bias. The input resistance is now lower because of R 3 and R4 which as
far as signal voltage is concerned are in parallel

resistors are needed, and the voltage gain is given by The input resistance

Figure 4.5 shows the 741 used as a differential amplifier, though
with a single-ended output. The gain is set by the ratio R,/R, as before
— note the use of identical resistors in the input circuits to preserve
balance.
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+15v

Input 741

Output

V!R Typically:

R1 = R4 = 220k

R4 RA
A 15V Ry = Ry = 22k
2 Rs3
G = 10
Rin= 22k

Figure 4.5. Differential amplifier application. Both inputs are used for
signals which must be in antiphase {balanced about earth). Any
common-mode signals (in phase at both inputs) are greatly attenuated

General notes on op-amp circuits

The formulae for voltage gain hold for values of gain up to several
hundred times, because the gain of the op-amp used open-loop {without
feedback) is very high, of the order of 100 000 (100 dB). The maximum
load current is about 10 mA, and the maximum power dissipation
400 mW. The 741 circuit is protected against damage from short-
circuits at the output, and the protection circuits will operate for as
long as the short-circuit is maintained.

The frequency range of an op-amp depends on two factors, the
gain-bandwidth product for small signals, and the slew rate for large
signals. The gain-bandwidth product is the quantity, G X B, with G
equal to voltage gain (not in dB) and B the bandwidth upper limit in
Hz. For the 741, the G—B factor is typically 1 MHz, so that, in theory,
a bandwidth of 1 MHz can be obtained when the voltage gain is unity,
a bandwidth of 100 kHz can be attained at a gain of ten, a bandwidth
of 10 kHz at a gain of 100 times, and so on. This trade-off is usable
only for small signals, and cannot necessarily be applied to all types
of operational amplifiers. Large amplitude signals are further limited
by the slew rate of the circuits within the amplifier. The slew rate of
an amplifier is the value of maximum rate of change of output voltage
maximum voltage change

time needed
Units are usually volts per microsecond.

slew rate =
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Because this rate cannot be exceeded, and feedback has no effect on
slew rate, the bandwidth of the op-amp for large signals, sometimes’
called the power bandwidth, is less than that for small signals. The
slew rate limitation cannot be corrected by the use of negative feed-
back; in fact negative feedback acts to increase distortion when the
slew rate limiting action starts, because the effect of the feedback is
to increase the rate of change of voltage at the input of the amplifier
whenever the rate is limited at the output. This accelerates the over-
loading of the amplifier, and can change what might be a temporary
distortion into a longer-lasting overload condition.

The relationship between the sine wave bandwidth and the slew
rate, for many types of operational amplifier is:

Max. slew rate = 2 7 fnax Epeak
or
_ max. slew rate

f, =
max 2n Epeak

where slew rate is in units of volts per second (not V/us), fiay is the
maximum full-power frequency in Hz, and Epeak is the peak voltage
of the output sine wave.

This can be modified to use slew rate figures in the more usual
units of V/us, with the answer in MHz. For example, a slew rate of
1.5 V/us corresponds to a maximum sine wave frequency (at 10 V
output) of

f =——]LMH2=0023 MHz or 23 kHz

max 27X 10 ) )
Slew rate limiting arises because of internal stray capacitances which
must be charged and discharged by the current flowing in the transistors
inside the i.c.: improvement is obtainable only by redesigning the
internal circuitry. The 741 has a slew rate of about 0.5 V/us, corres-
ponding to a power bandwidth for 12 V peak sine wave signals of about
6.6 kHz. The slew rate limitation makes op-amps unsuitable for applica-
tions which require fast-rising pulses, so that a 741 should not be used
as a signal source or feed (interface) with digital circuitry, particularly
TTL circuitry, unless a Schmitt trigger stage is also used.

Higher slew rates are obtainable with more modern designs of op-
amps; for example, the Fairchild LS201 achieves a slew rate of 10 V/us.

Other operational amplifier circuits

Figures 4.6 to 4.9 illustrate circuits other than the straightforward
voltage amplifier types. Figure 4.6 shows two versions of follower
circuit with no voltage gain, but with useful characteristics. The unity
gain inverter will provide an inverted output of exactly the same
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amplitudes as the input signal, subject to slew rate limitations. The non-
inverting circuit, or voltage follower, performs the same action as the
familiar emitter-foliower, having a very high input resistance and a low
output resistance. For this type of circuit, the action of the feedback
causes both inputs to change voltage together, as a common-mode signal

+15V

R4

Typical values:
Ry =Rp = 330k
L—_—Out G=t
Rin= 330k
Rout® 100R

}opprox.

(a)

+30V

Typical values:
R2 B R3 =470k

R4z 220k
G=1

741 b Outt Rjn = 220K }cppmx.
Rouf 100R

ov (b)

Figure 4.6. The voltage follower. The gain is unity, with high input resistance

and low output resistance. The dual-voltage supply version (a) uses only two

resistors whose values are not critical. ldeally, Ry should equal Rp, and both

should be high values so that the input resistance is high, equal to Ro. The single

supply voltage version (b} uses three resistors, with R2 = R3 and Ry made equal
to R/2, which is also the value of input resistance

would, so that any restrictions on the amplitude of common-mode
signals {see the manufacturer’s sheets) will apply to this circuit. Figure
4.7 shows two examples of a 741 as it is used in a variety of ‘shaping’
circuits in which the gain/frequency or gain/amplitude graph is intended
to be non-linear.

The use of op-amps for switching circuits is limited by the slew rate,
but the circuits shown in Figures 4.8 and 4.9 are useful if fast-rising
or falling waveforms are not needed.
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—K—

N
)

P O Ut

(a)

= . .
R
741 p—— O ut
. +
RQ
w

Figure 4.7. Using the 741 in circuits which are not linear
amplifiers. {a) A constant-output amplifier. Because the
diodes will permit feedback of voltages whose amplitude is
enough to allow the diodes to conduct, the output voltage is
limited to about this amplitude, but without excessive
clipping. The gain is very large for small input signals, and
very small for large input signals. (b} The Wien bridge in the
feedback network causes oscillation. The waveform is a sine
wave only if the gain is carefully controlled by making
R3/R2> = 3, and this is usually done by making Ro a
thermistor whose resistance value decreases as the voltage
across it increases. The frequency of oscillation is given by
1
f 2n RC

[ l Ro
(usually a
thermistor)

ien bridge values R,C determine
frequency

(b)
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Current differencing amplifiers

A variation on the op-amp circuit uses current rather than voltage input
signals, and is typified by the National Semiconductor LM3900. In this
i.c., which contains four identical op-amps, the + and — inputs are
current inputs, whose voltage is generally about +0.6 V when correctly
biased. A single-ended power supply is used, and the output voltage
can reach to within a fraction of a volt of the supply limits. The output
voltage is proportional to the difference between the currents at the

R4

——

C3

Figure 4.8. A 741 used as an astable multivibrator; a
single power supply voltage version is illustrated. The use
of Ro, VR1, R3 in the positive feedback path sets the +
input to a definite fraction of the output voltage above or
below the normal halfsupply-voitage. When the output
changes over, Cy charges through Ry until the — input
reaches the same voltage as the + input upon which the
circuit switches over. The voltage change at the + input
is then rapid, but the voltage at the — input cannot change
until Cy has charged again. The frequency is therefore
set by the time constant CyRy and also by the setting
of VRy

two inputs, so that bias conditions are set by large value resistors.
Figure 4.10 shows a typical amplifier circuit, in which the current into
the (+) input is set by R,, whose value is 2.2 M£2. Because the ideal bias
voltage for the output is half of supply voltage, a 1 M2 resistor is used
connected between the output and the (—) input. In this way, the
currents to the two inputs are identical, and the amplifier is correctly
biased. The advantages of this type of op-amp are now being recognised,
and an equivalent to the LM3900 is now available from Motorola.
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Other linear amplifier i.c.s

A very large variety of i.c.s intended for a.f., i.f. and r.f. amplifiers can
be obtained. For any design work, the full manufacturer’s data sheet
pack must be consulted, but a few general notes can be given here. A.F.
i.c. circuits use direct coupling internally, because of the difficulty of
fabricating capacitors of large value on to silicon chips, but the high
gains which are typical of operational amplifiers are not necessary for
most a.f. applications. Faster slew rates and greater open-loop band-
widths can therefore be attained than is practicable using op-amps.

Vs +
Rs
C1 R4
< [ 1
|
D1
C3 14 x C4q

vAH—= . | 5
| D

Figure 4.9. A 741 monaostable. With no input, the output voltage is high, which
causes the + input voltage to be higher than the voltage, Vs/2 set by Rgand Rg
fequal values). Because of D1, the — input voltage cannot rise to the same value
as the + input. A negative pulse at the + input causes the output voltage to drop
rapidly, taking the + input voltage low. The — input voltage then drops at a rate
determined by the time constant CyR 7. When the — input voltage equals the
+ input voltage, the circuit switches back, and the diode Dy conducts to ‘catch’
the — input voltage and so prevent continuous oscillation

Many a.f. i.c.s use separate chips for preamplifier and for power
amplifier uses, with separate feedback loops for each. Frequency
correcting networks composed of resistors and capacitors are usually
needed to avoid oscillation, and heatsinks will be needed for the larger
power amplifier i.c.s. The need for external volume, stereo balance,
bass and treble controls, along with feedback networks, makes the
circuitry rather more involved than some other i.c. applications.

Figure 4.11 shows two a.f. circuits examples. Note that the stability
of these audio i.c.s is often critical, and decoupling capacitors, as
specified by the manufacturers, must be connected as close to the i.c.
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V+
14 13 12 11 10 9 8
2
+
1 2 3 4 5 6 7
Gnd
(a)
R e t
1 Ro 1M
Cq 2M2 2
220n
In - AN C2
100k LM3900 —out
yﬂ 220n

(b)

Figure 4.10. The current differencing amplifier, or Norton

Op-amp. (a) Pinout for the LM3900, which contains four

amplifiers in a single fourteen-pin package. (b) Typical
amplifier circuit. Note the high resistor values

pins as possible, For stability reasons, also, stripboard construction is
extremely difficult with some i.c. types, and suitable printed-circuit
boards should be used.

I.F. and r.f. amplifier circuits contain untuned wideband amplifier
circuits to which tuning networks, which may be LC circuits or trans-
filters, may be added. It is possible to incorporate r.f., mixer, i.f. and
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310
1(13)

51k

. |
L

in5

-13V
(a)
+16V
22k 10u
(F —| N 1000
LM3§? 4 ——
: V 220R
470}1T
- a0
-320n[:EI]
5R6
<) i
(b)

Figure 4.11. Audio amplifier i.c.s. (a) The MC1303 preamplifier is a
dual unit for stereo use — the pin numbers in brackets are for the
second section. Inputs up to 5 mV can be accepted, and the circuit
here is shown equalised for a magnetic pickup. The output is 250
mV with a 5 mV input at a distortion level of about 0.1%. (b) The
LM383 power amplifier uses a five-pin TO 220 package. The power
output is 7 W into 4 ohms, with a distortion level of 0.2% at 4 W
output. The maximum power dissipation is 15 W when a 4 °C/W
heatsink is used
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demodulator stages into a single i.c., but generally only when low-
frequency r.f. and i.f. are used. A very common scheme for f.m. radio
receivers is to use a discrete component tuner along with i.c. i.f. and
demodulator stages, using the usual 10.7 MHz i.f. Figure 4.12 shows an
example of such an i.f. stage. Once again, when a large amount of gain

+ 12V

Volum(le
‘contro 47k
r log
200p Audio
o o T out
1 1 ]
2k2 330 9 10 M 12 13 14 15 16 J-
TBA750
18 100
7 6 5 4 3 2 1
;
10K
18p From
tronsfilter
at i.f
1in
oK o | [~4—to maten
1 L
’ tilter
1oo£ - 100
n T ]. n

Figure 4.12. An i.f. detector i.c. for use in 10.7 MHz stereo f.m. i.f. stages. The
minimum input for limiting is 100 uV, and the volume control range (operating
on d.c.) is 80dB. The audio output is 1.4 V r.m.s. with a signal of 15 kHz deviation

is attained in one i.c. stability is a major problem, and the manufacturer’s

. advice on decoupling must be carefully followed. At the higher fre-
quencies, the physical layout of components is particularly important,
so that p.c.b.s intended for the TBA750 i.c. {and similar) should be
used rather than stripboards.

Phase locked loops

The phase-locked loop is a type of linear i.c. which is now being used to
a considerable extent. The block diagram of the circuit is outlined in
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Figure 4.13 and consists of a voltage-controiled oscillator, a phase-
sensitive detector, and comparator units. The oscillator is controlled by
external components, so that the frequency of osciliation can be set by
a suitable choice of these added components. An input signal to the
Phase Locked Loop (PLL) is compared in the phase-sensitive detector
to the frequency generated in the internal oscillator, and a voltage
output obtained from the phase-sensitive detector. Provided that the
input frequency is not too different from the internally generated

+

lo

LM 565

2

Phase o 6 Reference
Inputs { dete?:tor Amp“f,er‘_T_. output
N

Phase detector g E!te]

input -
1
1
vCO L4 7 Demodulated
output voltage output
controlled
r oscillator
BI 1 9
R c
E xternal
components

Figure 4.13. The phase-locked loop (p.l.l.) block diagram. The pin numbering is
for the LM565. The signal input can be to pin 2 or 3 in this i.c., and in normal
use pins 4 and 5 are linked

frequency (within the ‘pull-in’ range), the voltage from the phase-
sensitive detector can then be used to correct the oscillator frequency
until the two signals are at the same frequency and in the same phase.
Either the oscillator or the correcting voltage may be used as an output.
The circuit can be used, for example, to remove any traces of amplitude
modulation from an input signal, since the output (from the internal
oscillator) is not affected by the amplitude of the input signal, but is
locked to its frequency and phase. The circuit may also be used as an
f.m. demodulator, since the control voltage will follow the modulation
of an f.m. input in its efforts to keep the oscillator locked in phase.
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Figure 4.14. P.L.L. circuits. {a) Oscillator with fundamental and second

harmonic outputs. (b) F.M. demodulator — the component values must be

calculated with reference to the i.f. frequency which is used — this cannot

be as high as the normal 10.7 MHz because the operating frequency limit
of this i.c. is 500 kHz
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Voltage stabiliser i.c.s

The ease with which zener diode junctions and balanced amplifiers may
be constructed in integrated form, together with the increasing demand
for stabilised supplies and the steady increase in the power which can
be dissipated from i.c.s due to improved heat-sinking methods, has led
to the extensive use of i.c. voltage stabiliser circuits, to the extent that
discrete component stabilisers are almost extinct. The decisive factor
is that i.c.s can include such features as overload and short-circuit
protection at virtually no extra cost, using an elaborate circuit such as
that of the SGS-ATES TBAG625A shown in Figure 4.15. The overload

Vin =12V

’ TBA625A
L d
T T |
: s A I . 1 1 1

0O 20 40 60 80 100 120 140
(a) (b)

Figure 4.15. Voltage regulation. (a) Use of an i.c. regulator, the TBAG25A,
is illustrated. (b) Foldback overcurrent protection — at excessive currents
the voltage output and current output both drop as indicated in the graph

protection is usually of the ‘foldback’ type, illustrated by the
characteristic of Figure 4.15b, in which excessive current causes the
output voltage to drop to zero with a much smaller current flowing.
Figure 4.16 shows circuit applications — note that a fixed voltage
regulator can be used to provide an adjustable output, and higher
current operation can be achieved by adding power transistors to the
circuit. Voltage stabiliser i.c.s are available for all the commonly used
voltage levels.

Motor-speed controllers are a more specialised form of stabiliser
circuit, and are used to regulate the speed of d.c. motors in record
players, tape and cassette recorders, and model motors. A typical
application is shown in Figure 4.17.

One very important class of linear i.c.s is concerned with television
circuitry. The development of linear i.c.s has been such that virtually
every part of a TV circuit with the exceptions of the tuner head and the
horizontal output stage can now be obtained in i.c. form. Because of
the specialised nature of such circuits, the reader is referred to the
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Vin ee—— TBA 435 9 Vo
R4
680R

R
A 10u

VR4
150R Rp

R
Vo= 18(1+ A) (approx)
Rg

(a)

OR33 BDA436

100R

BFY
64

—— TBAA435 9 9 Out
15R

10 820R

(J“ _
(b)

Figure 4.16. Extending the range of fixed-voltage regulators. {a) Extending
voltage range, (b) extending current range

Motor

Figure 4.17. A motor-speed control i.c. The values of
VR and Ry must be calculated with reference to the
resistance of the motor windings
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+285y
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Figure 4.18. The TDA 1270 used for vertical deflection in a 12 in portable
TV receiver .

manufacturer’s handbooks for further information, but as an example
of the uses of such i.c.s, Figure 4.18 shows a TDA1270 (SGS-ATES)
which performs the functions of vertical oscillator, timebase generator
and output stage.

The 555 timer

This circuit is generally classed among linear circuits because it uses
op-amp circuits as comparators. The purpose of the timer is to generate
time delays or waveforms which are very well stabilised against voltage
changes. A block diagram of the internal circuits is shown in Figure 4.19.

A negative-going pulse at the trigger input, pin 2, makes the output
of comparator (2) go high. The internal resistor chain holds the: (+)
input of comparator (2) at one third of the supply voltage, and the (—)
input of comparator (1) at two-thirds of supply voltage, unless pin 5
is connected to some different voltage level. The changeover of com-
parator (2) causes the flip-flop to cut off Try,and also switch the output
stage to its high-voltage output state. With Tr, cut off, the external
capacitor C can charge through R (also external) until the voltage at pin
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6 is high enough, equal to 2/3 of the supply voltage, to operate com-
parator (1). This resets the flip-flop, allows Tr, to conduct again, so
discharging C, and restores the output to its low voltage state. Resetting
is possible during the timing period by applying a negative pulse to the
reset pin, number 4. '

The internal resistors
é(‘ marked R aore all
equal in value

Figure 4.19. The 555 timer block diagram. R* and C are external components
which are added in most applications of the timer

The triggering is very sensitive, and some care has to be taken to
avoid unwanted triggering pulses, particularly when inductive loads
are driven. Retriggering caused by the back-e.m.f, pulse from an
inductive load is termed ‘latch-up’, and can be prevented by the diode
circuitry shown in Figure 4.20.
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r 470k
22k J
1 5 100k
D4 2 7
555
<
4 5
¢ [
Relay
] L oonzE
D, ' GpBT 22y

D, should be a gold-bonded germanium diode

Figure 4.20. A relay-timer circuit using the 555. On pressing the switch,

the relay is activated for a time determined by the setting of the 470 k)

variable and the capacitor value selected by the switch. Note the use of

diodes to prevent latch-up and damage to the i.c. when the relay is
switched off

10kJ] 1K
1 g
68k 100k
100n 2 s’
L
} 3 6
4 s

l. o
I ]

Figure 4.21. An astable pulse generator, with variable frequency output
controlled by the 100 k<2 potentiometer. The capacitor C can be a switched
value if desired

Two typical circuits are shown in Figures 4.21 and 4.22. The timer
is available from several manufacturers, all using the same 555 number
though prefixed with different letter combinations which indicate the
manufacturer.



Chapter 5

Digital IL.C.s

Basic logic notes

Unlike linear circuits, digital circuits process signals which consist of
only two significant voltage levels, labelled logic 0 and logic 1. Most
logic systems use positive logic, in which logic O is represented by zero
volts, or a low voltage, below 0.5 V; and logic 1 is represented by a
higher voltage. Changes of level from O to 1 or 1 to O are made as
quickly as possible, since slow changes can cause faulty operation of
some types of logic circuits.

The use of two logic levels naturally leads to the use of ascale-of-two
or binary scale for counting. In a binary scale, the only digits used are
1 and O, with the placing of the 1 indicating what power of 2 is
represented. Table 5.1 shows methods of converting to and from binary
numbers and decimal numbers.

In addition, because jarge binary numbers are awkward to handle,
and difficult to copy without error, hexadecimal (or hex) numbers are
used for many applications, particularly in microprocessor machine
code (see later). Hex coding is used when binary numbers occur in
groups of four, eight (called a byte) or multiples, and the conversions
are shown in Table 5.2. The use of hex coding makes the tabulation of
binary numbers considerably simpler, but the circuits to which the hex
codes refer will still operate in binary.

Note in this context that a three-state or tri-state device does not
imply a third logic voltage. This description refers to a circuit which can
be switched to a high impedance at an input or output (or both) so that
it does not affect or respond to the voltages of signals connected to it.

119
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Table 5.1. CODE CONVERSION

DECIMAL-TO-BINARY CONVERSION

Write down the decimal number. Divide by two, and write the result underneath,
with the remainder, 0 or 1, at the side. Now divide by two again, placing the new
{whole number} result underneath, and the remainder, 0 or 1, at the side. Repeat

until the last figure (which will be 2 or 1) has been divided, leaving zero.

Now read the remainders in order from the foot of the column upwards to give

the binary number.

Example: Convert decimal 1065 into binary: 1065
532

266

133

66

-
=]
0000 =_20—~,00=

Binary number is 10000101001

BINARY-TO-DECIMAL CONVERSION

Using the table of binary powers, which shows the vaiues of successive powers of
two, starting from the right-hand side of the binary number (the least significant
figure). Write down the decimal equivalent for each 1 in the binary number, and

then add.

Example: 1 0 0 0 0 0 0 1 0 0 1

Decimal
1
8
32
1024
Total 1065
Power of two Decimal Power of two
[} 1 10
1 2 11
2 4 12
3 8 13
4 16 14
5 32 15
6 64 16
7 128 17
8 256 18
9 512 19

Decimal
1024

2 048

4 096
8192
16 384
32768
65 536
131 072
262 144
524 288
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Table 5.2. BINARY, HEXADECIMAL AND DECIMAL

4-bit Binary Decimal Hexadecimal
0000 0 0
0001 1 1
0010 2 2
0011 3 3
0100 4 4
0101 3 5
0100 6 6
0111 7 7
1000 8 8
1001 9 9
1010 10 A
1011 1 B
1100 12 o]
1101 13 D
1110 14 E
1111 15 F

To convert binary to hex: arrange the binary numbers in four-bit groups starting
from the right-hand side (the least significant digit). Convert each group to hex,
using the table above.

Examples: 01011101 converts to 5D, 11100011 converts to E3

To convert hex to binary: write down the equivalent for each number, using the
table above.

Examptes: E1=11100001, 6F =01101111

Combinational logic circuits are those in which the output at any
time is determined entirely by the combination of input signals which
are present at that time. A combinational logic circuit can be made to
produce a logic 1 at its output only for some set pattern of 1s and Os at
various inputs, just as a combination lock will open only when the
correct pattern of numbers has been set. One of the major uses for

'}D}D&D@

AND OR NAND

EnaiE SR VR - S

(b)

Figure 5.1. Gate symbols. (a) International (U.S. MIL) symbols, used in magazine
articles, most books and manufacturer’s manuals, (b) British Standard (B.S.)
symbols used for TEC and C & G examinations and textbooks
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combinational logic circuits is in recognising patterns, whether these be
binary numbers or other information in binary form.

Any required combinational logic circuit can be built up from a few
basic circuits, the choice of which is dictated more by practical than by
- theoretical considerations. The three most basic circuits are those of the

Truth table
A B| Q
A= o olo]o
B — of1]0
1 (o] o]
Boolean : 1 1 !
A.B=Q
Read os A and B gives Q
Truth table
A B Q
A oJ]olo
Q
B (o] 1 1
1 (o} 1
Boolean: ! ! !
A+ B=Q
Read as Aor B gives Q
A Q
A Q o |1
1 [¢]
Boolean:
AzQ

Read as inverse (or complement) of Ais O,
or as Q= NOTA

Figure 5.2. Truth tables and Boolean expressions for
three basic gates

AND, OR and NOT gates; the NOT gate is also referred to as an inverter
or complementer. These are represented in circuits by the symbols
shown in Figure 5.1; the international symbols are much more
commonly used. The internai circuitry of the i.c.s is not usually shown,
since the action of the circuits is standardised. All that need be known
about the internal circuits is the correct level of power supplies, driving
signals and output signals, together with any handling precautions.
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The action of a logic gate or circuit can be described by a truth table
or by a Boolean expression. A truth table shows each possible input to
the logic circuit with the output which such a set of inputs produces;
examples are shown in Fjgure 5.2. A Boolean expression is a much
shorter way of showing the action, using the symbols + to mean OR
and . to mean AND. The action of a four-input AND gate, for example,
can be written as A.B.C.D = 1; a truth table for this gate would take
up half a page, because the number of lines of truth table is equal to
27, where n is the number of inputs.

A A
L e Q
B— B8

A B Q A B Q
[¢] [o] 1 [o] ol 1
[o] 1 1 o] 1 [o]
1 ol 1101} 0
1 1 0 1 1 o]

A.B =Q A¥B=zQ

Read as NOT (A and B) Read as NOT (AorB)

gives Q gives Q

Figure 5.3. NAND and NOR gate truth tables and Boolean
expressions

The NAND and NOR gates shown in Figure 5.3 combine the actions
of the AND and OR gates with that of an inverter. These gates are
simpler to produce, and either can be used as an inverter so that for
practical purposes these are more common than the ordinary AND and
OR gates. Another type of circuit which is used to such an extent that
it is available in i.c. form is the exclusive-OR (X-OR) gate. The truth
table for a two-input X-OR gate is shown in Figure 5.4, in comparison

TF S -

Boolean: (A«B),(A4B) = Q

=|-JO|O]|>»

ol=|-lol©

Figure 5.4. Exclusive-OR (X-OR) gate. Symbols, truth table
and Boolean expression
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with that for a simple OR-gate. The Boolean expression is Q = (A + B).
(A.B), where the bar above the brackets indicates NOT (= inverse).
The expression A.B will be 1 when A =1 and B = 1, and the inverse bar
indicates that the output must be zero for this state. This quantity is
ANDED with (A or B), so as to make the output zero for A=1andB=1.

The advantages of setting out logic circuit requirements as Boolean
expressions rather than in truth tables are:

(1) The Boolean expressions are considerably quicker to write.

(2) The Boolean expressions can be simplified (often) by applying a
set of rules.

(3) The Boolean expressions can usually indicate what combination
of single gates will be needed for the circuit.

The rules of Boolean algebra (invented, incidentally, long before digital
logic circuits existed) are shown in Table 5.3. The usefulness of these

Table 5.3. BOOLEAN ALGEBRA

1. Definitions of gate action

0+0=0 0.0=0
0o+1= 0.1=0
1+40=1 1.0=0
1T+1=1 1.1=1

A+0=A A.0=0

A+1=1 Al=A

A+A=A AA=A

A+A=1 _ AA=0
A=A

3. For more than one variable (each of which can be 0 or 1)

A+B=B+A A.B=B.A
(A+B)+C=A+(B+C) (A.B).C = A.(B.C)
(A.B) + (A.C) =A.(B+C) (A+B).(A+C)=A+(B.C)

4. De Morgan’s theorem
AB=A+B A+B=A,B

rules is that they may be applied to simplify an expression, so saving
considerably in the number of logic gates that are needed to carry out
a logic operation. For example, the proposed gate system in Figure 5.5
carries out the process which in Boolean algebra becomes

(A.B.C)+A. (B+C)

Leaving the first term unchanged, we can apply Rule 4 to the second term
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(A.B.C)+A.(B.C)
Now taking out the common factor A changes the expression to
A.(B.C+B.C) (Rule3)
=A.1 (Rule 2)
=A {Rule 2)

From this, it appears that only the A signal is needed. An experienced
designer might, in fact, be able to deduce that the B and C signals were

'; \ A.B.C
c —/ Output ©
A (AeBoC )4
_ A(B+CT)
B
B+C
<
(a)
AlBlc | amc|B|T] B+C|aB+D| @
000 ) K 7 ) 0
oo |1 0 T 0 7 0 0
0]1]0 ) RIE 1 5 0
01| 0 0lo ] O 0 0
100 0 K 1 1 7
T o1 0 1] 0 7 1 1
T 11 ]o0 0 011 ] 7 1
1 1 1 1 [e] (o] [o] o] 1
(b)

Figure 5.5. Analysing the action of a gate system. (a) The text shows the method

using Boolean algebra, the truth table shows that the Q output column corresponds

exactly with the A input column. The truth table methad is simple, but very

tedious, because the number of lines of truth table are equal to 2", where n is the
number of inputs (A, B, C, etc.)

redundant by an inspection of the gate circuit, but the Boolean algebra
is often faster to write, if nothing else!

By way of another example, consider the gates of Figure 5.6, which
implement the Boolean expression

Q=A-C-+A-B-D+A-C*D+A-B-D
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Taking out the common factor D, this becomes
Q=D:(A-C+A-B+A-C+A-B)
and taking out the next common factor (C + B), this transforms to
Q=D (A-(C+B)+A- (C+B)
which is
Q=D-(C+B): (A+A)
=D - (C + B), since A or A must be logic 1.

ry .
A e—t \ A«CeD
B
¢ ' L‘ \ ZB.D
D ——/ o
A.C.D
_\
J AeBLD

(a)

AlB|c|p|AlA.coD [A.BuD | ACaD [ AuBD| Q
0J]O[0]0]1 [e} [¢] [¢] [¢] [¢]
Of0-|0f1 (1 0 o] (o] 0 o)
olol1]of1 [o] [o] o) [¢] 0
0[0{1]1]1 1 0 0 0 1
Oj1[{0|0]1 (o] 0 (o] (0] [0}
Of1]0]1]1 0 1 &) ] 1
Of1{1]0]1 0 o} o] 0 0]
of1]1]1]1 1 1 0 0 1
1joJoJojol © [¢] 0 [¢] 0
1/0]0(1]|0O (o] (o] (0] (o] 0
1]o[1]0]o] o© 0 0 0 0
1lo[1]1]0] © 0] 1 [*] 1
1{1[0]|0[o} o [¢) 0 [} 0
111{0[1]0 o] [¢] 0] 1 1
1]1]110|0}] © [¢] [o] [¢] 0o
1]1f1]1]0] o 0 1 1 1
(b)

Figure 5.6. A gate system (a) whose action is analysed by Boolean
algebra in the text. The truth table (b} shows that the output is logic 1
when D is 1 and C or B also 1
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For really large and complex circuits, Boolean algebra can be tedious
and difficult, but other approaches are equally tedious and difficult —
there is no easy way of dealing with complex circuits.

Note that in circuits which use an elaborate sequence of gates,
problems can arise because of the small but significant time delay which

]
-L Va 7415132
1k H Out
In

Figure 5.7. A circuit for suppres-

sing unwanted short pulses. This

also inverts, so that a second

Schmitt inverter may be needed
after the Schmitt gate

is introduced by each gate. These ‘race hazard’ problems arise when the
final gate of a set is switched by signals which have passed through
different numbers of gates in their different paths. A time delay between
these paths can cause a brief unwanted pulse, of duration equal to the
time delay between the input paths, at the output. This unwanted pulse
may cause problems, particularly in a counting circuit which follows
the gate circuits., Methods of eliminating race hazards are too complex
to discuss in this book, but Figure 5.7 shows a simple unwanted-pulse
suppressor which can be used for comparatively slow logic systems.
The output is integrated by R, C, using a time constant chosen so that
a short pulse (560 ns or so) will have little effect, but the delay which
the circuit causes to a longer pulse is not serious. The sharp rise and fall
times of the logic signals then have to be restored by using a Schmitt
NAND gate, IC1.

Sequential logic

Sequential logic circuits change output when the correct sequence of
signals appears at the inputs. The simplest of the sequential logic
circuits is the R-S {or S-R) flip-flop, or latch, circuit shown in symbol
form in Figure 5.8a with one possible circuit using NAND gates. The
truth table for this device is shown in Figure 5.8b, from which it can be
seen that it is the sequence of signals at the two inputs rather than the
signal levels themselves which decide the output. Note that the outputs
Q and Q are intended to be complementary (one must be the inverse
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R e
Q
R oo j— )
S Q -
F_ 3
S _.‘
(a)
Truth table
R 1S Q] o XUndesirable state
(o} (o] 1%k| 1%
[¢] 1 1 [o]
1 1 1 o] The R:=0, S:=0 state must be
1 o o 1 cvoide_z_:l because we normally
want Q to be the inverse of Q
1 1 o] 1
(b)

Figure 5.8. The R-S flip-flop. (a) Symbol and one possible circuit (NOR
gates can also be used). (b) Truth table. The output for R=1, S=1 depends
on the previous values of R and S

of the other), so that the state R = 0, S = 0 must never be allowed, since
itresultsinQ=1,Q=1.

The R-S flip-flop is used to lock or latch information, one bit to
each R-S latch, because the output of the latch is held fixed when both

R ‘

Q
1
Sw
0

L_-

@) S
Figure 5.9. A ’switch-debounce’ cir-
¢ cuit using an R-S flip-flop (al. An
) alternative arrangement which needs
L 1 7414 only an on/off switch type is shown
o 6 in (b} — this uses a Schmitt inverter
1 rather than the R-S flip-flop
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inputs are at logic 1 in the state which existed just before the second
input went high. One typical application is to suppress the effects of
contact bounce in mechanical switches, as shown in Figure 5.9. The
effect of bounce in this arrangement is to raise both inputs of the latch
to logic 1, leaving the outputs unaffected.

The applications of the simple R-S latch are rather limited, and
most sequential logic circuits make use of the principle of clocking.
A clocked circuit has a terminal, the clock (CK) input, to which

b [on ont
b o 0]o0] 0
o[ 1o
1 o] 1
6 1 1 1

Figure 5.10. Symbol for D-type flip-flop and truth

table. In the truth table, Q, denotes the output

before the clock pulse, and Qp+1 the output after the
clock pulse

rectangular pulses, the clock pulses) can be applied. The circuit actions,
which is determined by the other inputs, takes place only in the time of
the clock pulse, and may be synchronised to the leading edge, the
trailing edge, or the time when the clock pulse is at logic 1, according
to the design of the circuit.

The D-type flip-flop, shown in Figure 5.10, with its truth table,
is one form of D-type clocked flip-flop. The output at Q will become
identical to the input at D (for DATA) only at the clock pulse, generally
at the leading edge of the pulse, so earning the circuit the name ‘edge-
triggered’. By connecting the Q output back to the D-input, the flip-
flop will act as a bistable counter, or divide-by-two circuit, because the
voltage at Q will cause a change of state only when the leading edge of
the clock-pulse occurs. The Q voltage itself will change only a little time
after the leading edge of the clock pulse, so that there is no effect on
the flip-flop. A few D-type flip-flops change state at the trailing edge of
the clock pulse, and some allow the D-input to affect the Q-output for
as long as the clock pulse is at logic 1. This latter type is sometimes
called a ‘transparent latch’.

The J-K flip-flop (Figure 5.71a) is a much more flexible design
which uses a clock pulse along with two control inputs labelled J and
K. The internal circuit makes use of two sets of flip-flops, designated
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master and slave respectively. At the leading edge of the clock pulse,
the master flip-flop changes state under the control of the inputs at J
and K. After this time, changes at J and K have no effect on the master
flip-flop. There is no change at the output, however, until the trailing

Set or
t
prese J |k lon|on+
—l) S Q [ o 0
0 0 1 1
[o] [0)
3
— C 0 1 1 o
- 0] 1
K g Qf— 1 o] 1 3
1 0 1
Reset ! ! 1 [¢)
orclear
(a) (b)
J]K|Qnl Qn+ 1
00| x |nochange
O|l1| X [¢]
1]0] X 1
111 x X
(c)

Figure 5.11. The J-K flip-flop (a) and its truth

table (b). The truth table can be shortened (c) by

making use of X to mean ‘don’t care’ — either 0
or1

edge of the clock. The use of this system ensures a controllable time
delay between the output and the input, which permits signals to be
fed back from one flip-flop to another without the risk of instability,
since an output signai fed back to a J or K input-cannot have any
effect until the clock leading edge, and will not itself change again
until the clock trailing edge. This avoids the difficulty of having an
input changing while the output which it controls also changes.

The remaining two signal inputs of the J-K flip-flop operate inde-
pendently of the clock. The SET (or PRESET) terminal sets the Q
output to logic 1, regardless of other signals, and the RESET or CLEAR
terminal sets the output to logic 0, also regardless of other signals. The
system must be arranged so that these two cannot operate together,
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Figure 5.12 shows a type of binary counter variously named serial,
ripple, or asynchronous. Using four stages of J-K flip-flops, the counter
Q outputs will reach 1111 (decimal 15) before resetting. By using gates
to detect 1010 (decimal ten), the counter can be forced to reset on the
tenth input pulse, so that a decimal count is obtained. Such a set of
gated flip-flops forms the basis of a BCD (Binary-Coded Decimal)
counter such as the 7490.

J Q EO I—JQ

o 1 2 1 J 03 Qout
Ck Ck Ck Ck
K K K K
FFo FFq FF2 FF3

Figure 5.12. A ripple or asynchronous counter using J-K flip-flops. Note that the
flip-flops (and the Q outputs) are labelled O, 1, 2, 3 rather than 1, 2, 3, 4. This is
because the first stage counts 2°, the second stage 21, the third stage 2%and so on

1 J Qg S Oy J Qy J O3 Out
1 K K K K
FFo FFy FF2 FF3
Cloc! S
input e

Figure 5.13. A synchronous counter. The input (clock) pulses are taken to each
clock terminal, and the changeover of each flip-flop is controlled by the settings
of the J, K terminals, which are gated

Figure 5.13 shows a synchronous counter, in which each flip-flop
is clocked at the same rate, and counting of the clock pulses is achieved
by using gated connections to the J and K inputs. The design of such
synchronous counters for numbers which are not powers of two is
complex and lengthy. The use of a technique called Karnaugh mapping
simplifies the procedure to some extent for small count numbers, but is
beyond the scope of this book. In any case, either ripple or synchronous
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counters can now be obtained as complete integrated circuits for most
useful count values, making the design procedure unnecessary, and for
complex applications, the use of a microprocessor is probably a simpler
solution.

Input NI 7 Q T o F—__
? pad Tk Ck Ck
K

CloCK s e——— e e—n. - = — —

Figure 5.14. Shift register. At each clock pulse, the binary digit at the

Q output of each flip-flop is ‘shifted’ to the next flip-flop in line. The

arrangement_shown here gives right-shift; left-shift can be arranged by

connecting Q to J and Q to K between flip-flops. For details and circuits,
see Beginner’s Guide to Digital Electronics

All counter circuits can be arranged so as to count in either direction
up or down, and complete counters in i.c. form can be obtained which
will change counting direction by altering a control voltage to 0 or 1.
An example of such a counter is the 74192.

Shift registers, which can be formed from J-K flip-flops connected as
shown in Figure 5.14, are also obtained in i.c. form. The action of a

)%// » ‘j%

(a) (b)

Figure 5.15. LED displays. TTL i.c.s can drive the LED directly (a) using a

limiting resistor. CMOS i.c.s generally have low current outputs, and a transistor

‘interface’ circuit (b) is needed. Multiple transistors for this purpose can be

obtained in i.c. form, such as the RCA CA8083 (5 NPN) and CA3082 (7 NPN
transistors with a common collector connection)
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shift register is to pass a logic signal (1 or 0) from one flip-flop to the
next in line at each clock pulse. The input signals can be serial, so that
one bit is shifted in at each clock pulse, or parallel, switched into each
flip-flop at the same time. The output can similarly be serial, taken

S—
e c ' , ,
d 6 b
(a) (b)
Count Segments illuminated

0 abcdet

1 b c

2 abged

3 abgced

4 fgbc

S afgcd

6 atedcg

7 abc

8 abcdefg

9 abgfc

A abgcte

B fegcd

C afed

D gedcb

E afged

F afge

()

Figure 5.16. The seven-segment display (a) showing
the segment lettering. An eighth segment, the
decimal point, is often added, and may be on the
right or left side. Hexadecimal letters as well as
figures can be displayed provided that 6 and b are
differentiated as shown fb) by the use of the
a-segment. The truth table (c) shows the segments
illuminated for each number in a hex count. Displays
may be common anode or common cathode

from one terminal at each clock pulse, or parallel at each flip-flop
output. The shift can be left, right or switched in either direction. Some
circuits which make use of shift registers are discussed in detail in
Beginner’s Guide to Digital Electronics.
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Displays and decoders

A binary number can be displayed using any visible on/off device; the
most convenient is usually the LED (Figure 5.15). For decimal number
and fetter displays (alphanumeric displays), dot matrix displays are
used. These consist of an array of LED dots, usually in a 7 X 5 arrange-
ment, which can be illuminated to display a number or letter. A more
common arrangement is the seven-segment display (Figure 5.16),
consisting of bars which can be illuminated. Seven-segment displays
may be common-anode, with a common positive connection and each
bar illuminated by connecting its terminal to logic zero. The alternative
is the common-cathode type, in which the common cathode terminal
is earthed and each bar anode is illuminated by taking its voltage to
logic 1. A current-limiting resistor must be wired in series with each bar
terminal whichever type of system is used.

Enable lines

_
- E - _ —
e - —d -
— p_— e
q -1 — : -
AL
o I D I D 1
7 lines
7 lines
D- decoder
I- Interface To seven
segments
of all
7- segment displays displays
7 »—W

From
selector
i.c.

Figure 5.17. A strobed or multiplexed display. The decoder i.c.s are operated

in sequence by the enable lines (from a counter), which also select the correct

display. Only seven segment connections are needed for all the displays, so that

fewer pins are needed. The interface i.c.s must be tri-state so that when one is
active, driving the segment lines, the others are not affected
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Voo .
Pulse in Amplified pulse out
———
A t ts
— tO segmen
PC D B —— ——— of
inputs C et LCD
b "
display
To common
terminal of
. all segments
Yss VEE 9

Example: VDD:+5v. VSS =0 Veg = - 10V
BCD inputs O to 5V levels

Pulse in B T I I N Ny N -
-- oV
--—=- +5V
Amplified pulse
to common terminol
— -~- =10V
- -- +5V
Inverted pulse
(internoal circuits)
-—-- =10V
———————————— +5v
Segment control
voltage
(internal circuits) on oft
— — =0V

-—— +5V

Pulses to
selected segments

pn T e Y o (N e +15v
Effective volitoge
difference between ’

segment and common
terminol

Figure 5.18. An LCD driving circuit and operating pulses. No d.c. must be applied

to an LCD display, so that the pulses must be symmetrical about earth. The pulses

are applied in phase to segments and common terminal (backplate) when the

segments are inactive, but in antiphase to selected segments when a display
is wanted
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Whether the display is dot-matrix or seven-segment, a decoder i.c.
is needed to convert from binary or decimal signals into the correct
arrangement of bars or dots. A very common arrangement is to use
binary coded decimal (BCD) in which a set of four bits represents each
decimal digit, so that BCD-to-seven segment decoders are available;
combined counter-decoders are also available. A few hexadecimal
decoders exist for seven-segment drive, and Texas make combined
decoder-display units. For dot-matrix displays, a read-only memory is
usually used in place of a decoder, to take advantage of the much
greater range of alphanumeric characters which can be obtained.

In some circuits, to save space or battery current, displays are
strobed, meaning that the figures to be displayed are decoded and
displayed one after the other, each in its correct place on the display
(Figure 5.17). '

Liquid crystai displays (LCD) are also used in battery-operated
equipment. Their advantages include very low power consumption and
better visibility under bright lighting, but at the expense of greater
circuit complexity, higher cost, and the need for illumination in poor
light. The signals from the decoder must be a.c., with no trace of d.c.,
at a frequency of a few hundred Hz. A typical LCD display circuit is
shown in Figure 5.18.

I.C. types

The two main digital i.c. manufacturing methods are described as TTL
(Transistor Transistor Logic) and MOS (Metal-Oxide-Silicon) — various
types of MOS such as CMOS (complementary p and n channel used),
PMOS (positive channel) and NMOS {negative channel) exist. TTL i.c.s
use bipolar transistors in integrated form, with input and output
circuits which are similar to those shown in Figure 5.19. Since the input
is always to an emitter, the input resistance is low, and because the base
of the input transistor is connected to the +5 V line, the input passes
a current of about 1.6 mA when the input voltage is earth, logic 0. If an
input is left unconnected, it will “float’ to logic 1, but can be affected
by signals coupled by stray capacitance, so that such an input would
normally be connected to +5 V through a 1 k€2 resistor. At the output,
a totem-pole type of circuit is used. This can supply a current to a load
which is connected between the output and earth {(current sourcing), or
can absorb a current from a load connected between the output and the
+15 V line (current sinking). The normal TTL output stage can source
or sink 16 mA, enabling it to drive up to ten TTL inputs. In the language
of digital designers, the output stage has a fanout of ten.

TTL i.c.s which use these output stages must never be connected
with the outputs of different units in parallel, since with one output
stage at logic 1 and another at logic 0, large currents could pass,



Figure 5.19. TTL circuitry. The
example shown is a 2-input NAND
gate. The inputs are to emitters
of a transistor (in this example, a
transistor with two emitters
formed on to one base). The
output is from a series transistor
circuit so that rise and fall times
are short
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&

destroying the output stages. Modified output stages, which have open
collector outputs, are available for connecting in parallel; an application
which is called a wired OR, since the parallel connections create an OR

gate at the output.

Inputs such as SET and RESET (or PRESET and CLEAR) normally
have to be taken to logic O to operate, this is sometimes indicated by
a small circle on the input at the symbol for the device. Clock pulses
may affect the circuit either on the leading edge, trailing edge, both
edges, or at logic 1; the characteristic sheet for the device must be
consulted to make certain which clocking system is in use. The supply

(ol — 11,7413

I orl/, 74132

1
orlg 7414

D

Rz 330 01 to 680N

For R= 3900
c t

100uF 20Hz
10 uF 200H2z
WF 2kHz2
100nF 20kHz
10nF 200kHz
nF 2MHz

Figure 5.20. Using a Schmitt trigger i.c. as an oscillator. Any

inverting Schmitt circuit can be used. The table shows very

approximately the values of frequency obtained using a 390
ohm resistor and various capacitor values
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voltage must be +5.0V + 0.25V, and large operating currents are
needed if more than a few TTL i.c.s are in use. Each group of five TTL
i.c.s should have its power supply lines decoupled to avoid transmitting
pulses back through the supply lines (even when a stabilised supply is
used). The operating pulses should have fast rise and fall times, of the
order of 50 ns or less, since many TTL circuits can oscillate if they are
linearly biased, as can happen momentarily during a slow rising or
falling input. A useful tip is to use Schmitt trigger gates at the input
to each circuit, so ensuring a fast rising and falling pulse from any input.
These circuits can also be used as clock-pulse generators (Figure 5.20).

Table 5.4 (p. 142) shows the pin arrangements for a number of TTL
i.c.s.

Most of the TTL range are now available as low power Schottky
types. These i.c.s make use of a component called the Schottky diode,
which can be built in i.c. form, and which limits the voltage between
the collector and the base of a transistor when connected between these
points. The use of Schottky diodes makes it possible to design gates
which need much smaller currents than conventional TTL i.c.s and
which, because the transistors never saturate, can switch as fast, or even
faster. The typical input current which has to be sunk to keep a low-
power Schottky gate input at logic 0 is around 0.4 mA, only a quarter
of the amount needed for a conventional stage. These Schottky i.c.s are
generally distinguished by the use of the letters LS in the type number,
such as 74L.S00, 74LS132, etc.

MOS circuits

Small-scale digital circuits, as well as large-scale microprocessor or
calculator chips, can be made using MOS techniques, making use of
n-channel, p-channel, or both. One very useful series, the 4000 series,
uses both p and n channel FETs, and is known as CMOS (Comple-
mentary MOS). Typical input and output circuits are shown in Figure

ﬁ—

>] P channel

Figure 5.21. Typical CMOS input and
output circuits — the example is of an
inverter. In practice, protection diodes are

In &=—¢ ¢ Out built in at the gate inputs to prevent
excessive voltages from damaging the gates,
so that nothing short of a visible spark at

) the input is likely to cause harm
N channel
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5.21. Since the input is always to the gate of a FET, the input resistance
is always very high, so that virtually no d.c. will flow in the input
circuit, except through protective diodes. This feature makes the fanout
capability for low frequency signals very large, though at higher operat-
ing speeds the fanout is limited by the need for the output currents to
charge and discharge the stray capacitances at the gate inputs. Because
of the high input resistance, the input gates are easily damaged by
electrostatic charges. When the i.c. is in circuit, load resistors, along
with built-in protection diodes, guard against overloads, but when the
i.c. is not in a circuit protection against electrostatic damage can be
assured only while all the pins are shorted together. For storage, the
pins are often embedded in conductive foam, or the i.c. contained in
a conductive plastic case. Particular care has to be taken when CMOS
i.c.s are connected into circuit. In ‘normal’ domestic surroundings, the
following precautions are adequate.

(1) The remainder of the circuit should be complete before the
MOS i.c.s are added.

(2) Plugging into holders is less hazardous than soldering.

(3} The negative line of the circuit should be earthed when the i.c.s
are plugged in.

(4) 1f soldering is used, the soldering iron must have an earthed bit.
{6) No input pins must ever be left unconnected in a circuit.
{6) The pins of the i.c. should not be handled.

For industrial conditions where low humidity and large insulating
areas can present unusual electrostatic problems, the manufacturers’
guides should be consulted.

The high input resistance of CMOS i.c.s makes some circuits,
particularly oscillator circuits, much easier to implement, and the very
low current consumption makes the use of battery operation possible
for large circuits. The maximum operating voltage is +15 V, and
satisfactory operation is possible at only 3 V; a safe range of operating
voltages is 4 V to 12 V. The delay timer for a typical gate is greater
than that of a comparable TTL i.c., but for many applications this is
not important. Clock pulses with rise or fall times exceeding B us
should not be used.

Table 5.5 (p. 163) shows the pin arrangement of a range of CMOS i.c.s.

The microprocessor

The microprocessor is a universal logic circuit whose output or outputs
are under the control of a program stored in a memory. Any problem
in combinational or sequential logic which could be solved by a set of
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logic i.c.s (a hardware solution) can be solved by a microprocessor,
given a suitable program (a software solution). At the time of writing,
three distinct types of microprocessor (disregarding the bit-slice types)
are available:

{(a) The ‘dedicated’ microprocessor, which is often designed with a
builtin program for one particular type of use {such as games
machines, petrol pumps, door-chimes).

(b) The general-purpose microprocessor which is, however, designed
particularly for industrial control use {such as the F8, INS8060).

{c) The microcomputer type, intended to form the basis of miniature
computers or of ‘intelligent’ machines (such as the Z80, 6800).

Within the space of this book it is impossible to discuss details of
microprocessor operation, but a few general hints which are not always
available from other sources may be helpful.

The microprocessor is generally a 40-pin package, but the connec-
tions which are needed vary very considerably from one design to
another. A few types, in categories {a) and (b) may include a clock
puise generator, but most do not, so that an external clock signal,
sometimes two-phase or even four-phase, may be needed. A suitable
i.c. is usually available from the manufacturer of the microprocessor.

Address pins, usually 16 for the type (c) microprocessors, are used
for output signals which select external circuits, memory mainly, but
also input or output circuits, displays and other external circuits. Using
16 lines, 65 536 different code numbers can be specified, since a binary
number consisting of sixteen 1s is 2%, hexadecimal FFFF, decimal
656 536. Each set of connections which is selected by an address number
can be a stored binary number (8 bits for most of the smaller micro-
processors, but 16-bit micros are now available) from a memory i.c. In
general, only a very large and complex system would use all the address
lines for memory addressing.

The data pins, usually eight for the smaller microprocessors, are used
for input or output of binary signals in the form of 8-bit groups or
bytes. These data pins are bidirectional, arranged so that control signals
sent out by the microprocessor will designate the data pins as inputs,
outputs, or high impedance. If the data pins can be placed in a high
impedance, or isolated state, the data pins are said to have three-state
control.

The remaining pins, apart from power supplies, are inputs which are
used to control the action of the microprocessor (reset, wait, interrupt)
and outputs which are used by the microprocessor to control other
devices (memory request, read/write, bus request).

The microprocessor itself, unless it is equipped with internal memory
circuits, is incapable of any useful functions, so that the arrangement of
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other i.c.s connected to the microprocessor is important; such an
arrangement constitutes a system. A system will consist of the micro-
processor or CPU {central processing unit), various memories which
may be read/write (known as RAM) or the read-only {(ROM) types. The
Read-Only Memory is used for system instructions which must be avail-
able whenever the microprocessor system is switched on. The read/write
memories, once known as Random Access Memories (hence RAM} in
the days when other types, operated in sequence, were used, are volatile,
meaning that the stored information is lost when the system is switched
off. At switch-on, each RAM will contain a random arrangement of
‘bits (garbage), but the ROM will still contain its program instructions,
since ROM is non-volatile.

The remaining units of the system consist of peripheral devices such
as PIAs (Peripheral Interface Adaptors) whose task is to accept or
deliver 8-bit bytes to or from the data pins. It is the range of peripherals
of this type which make the microprocessor capable of all its applica-
tions, permitting keyboard insertion of programs and data, output
signals which will operate displays or switch other devices, such as
thyristors, the recording of programs on tape or magnetic discs
{floppies), the reading of programs or data from such sources, the
operation of teleprinters and visual display units (VDUs) and so on.
Each PIA is controlled either by the address line, as if it were part of
the memory {memory mapped use) or by special signals from pins on
the CPU i.c.

Because the data lines are bidirectional, all microprocessor operations
must be in sequence. A program for displaying a number selected by a
key on a keyboard for example, must instruct the device to read data
into the CPU whenever any key is pressed, to identify the key which is
pressed, generate a code to operate the display, and output that code
to the correct display. Each instruction will take several steps of
program, depending on the type of microprocessor which is used, since
the PIA must be separately instructed by a code signal whether it is to
function as an input or as an output at each part of the sequence.

For more detailed descriptions, the reader is referred to specific
data books for the microprocessor which is to be used. In general, the
more complex the system and the higher the programming language
(the more like English, as distinct from number codes}, the easier
programming becomes. Programming of any length in machine code even
for relatively simple applications is a very exhausting and frustrating
business.
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Table 5.4. TTL PINOUTS

7400 7401

QUADRUPLE 2-INPUT QUADRUPLE 2-INPUT
POSITIVE-NAND GATES POSITIVE-NAND GATES

WITH OPEN-COLLECTOR OUTPUTS

Voo 48 A 4y 3@ 3A 3y Iy w3
Wl | [n| (Wi (9] s

74H01

[ =i

=] e

28 2¥ GNO A 28  GND
7402 7403
QUADRUPLE 2-INPUT QUADRUPLE 2-INPUT
POSITIVE-NOR GATES POSITIVE-NAND GATES

WITH OFEN»COLLECTOR OUTPUTS

w w

AN
Il

n 2 GND

7405 7406
HEX INVERTERS HEX INVERTER BUFFERS/DRIVERS
WITH OPEN-COLLECTOR OUTPUTS WITH OPEN-COLLECTOR
HIGH-VOLTAGE OUTPUTS
GA. 6Y 54 5Y 4A  av VEC 6A &Y SA Y 4 4y

s 12 s e

A W Za Y 3A W GND
7407
MEX BUFFERS/DRIVERS
WITH OPEN-COLLECTOR
HIGH-VOLTAGE QUTPUTS

vcc u o 8a  sY

SESE SESE~
P 1| P Py

WH&W

W W A N ] W awo W W ZA I A I oW
7408 7409
QUADRUPLE 2-INPUT QUADRUPLE 2-INPUT
POSITIVE-AND GATES POSITIVE-AND GATES
WITH OPEN-COLLECTOR OUTPUTS
¥ 48 44 4y W A 3y Vi 8w ayv
Ld Bl {e " LJ 1 [

ANl e

W W ZA I M W WD
7410

TRIPLE 3-INPUT
POSITIVE-NAND GATES

VeC X Y x 38 A
nl [wily

L%J"Léj
cakcal I (e

7

A 2 3 a8 (s 7 1 2 )
W W A W™ Iv GND A T8 Y




74H11

TRIPLE 3-INPUT
POSITIVE-AND GATES

7412
TRIPLE 3-INPUT
POSITIVE-NAND GATES

WITH OPEN-COLLECTOR OUTPUTS

veg 1€ 1Y X 38 3A 3V
wi ol el in) je] 1e} ¢

17414
HEX SCHMITT-TRIGGER
INVERTERS

VoG SA Y SA SY  4A  4v
Wl jul lel In| [w] s} )8

b
elelel

HIainianil
W A I A

7417

HEX BUFFERS/DRIVERS
WITH OPEN-COLLECTOR
HIGH-VOLTAGE OUTPUTS

VeL 8A  BY  5A Y

Ininioinininio

74H15
TRIPLE 3-INPUT
POSITIVE-AND GATES

WITH OPEN-COLLECTOR QUTPUTS

7420
DUAL 4-INPUT
POSITIVE-NAND GATES

(NI

BRIntIniin i aniiaki
VA W 2A ¥ A I GND

7422
DUAL 4-INPUT
POSITIVE-NAND GATES

WITH OPEN-COLLECTOR OUTPUTS

vec 20 ¢ NG 2B 2A 2V

QUADRUPLE 2-INPUT
HIGH-VOLTAGE INTERFACE
POSITIVE-NAND GATES

Voo 48 A 4Y M M Y
wniin] o] In} |w] fe] js

A W@ NC 1C WD 1Y GND

7423
EXPANDABLE DUAL 4-INPUT
POSITIVE-NOR GATES
WITH STROBE
sTROBE
x 26

w| yw| jw| n] jr2f n] e
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7413

DUAL 4-INPUT

POSITIVE-NAND

SCHMITT TRIGGERS

veg 20 X NC 28 2A 2Y
ul lu " e t L]

7416

HEX INVERTER BUFFERS/DRIVERS

WITH OPEN-COLLECTOR
NIGH-VOLTAGE OUTPUTS

bJLDJlDJ

{P‘WPWPW

WA 2 ™ GND

74H21
DUAL 4-INPUT
POSITIVE-AND GATES

7425
DUAL 4-INPUT
POSITIVE-NOR GATES
WiITH STROBE
STROBE
% 2

BEEEN

DaBaBgtgliglipk
X 1A 18 STROBE i€ 1D
(2

7427
TRIPLE 3-INPUT
POSITIVE-NOR GATES

vgg ¥ 1Y X 38 3A 3
wi jnl j2] In| [wlje] |0

W GND

& W8 stAORE T B W GND
b

7428
QUADRUPLE 2-INPUT
POSITIVE-NOR BUFFERS

“ v 8
npiwLY

.

REIas]
il

llll
w v ™ GND
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7430
SINPUT
POSITIVE-NAND GATES

7432
QUADRUPLE 2-INPUT
POSITIVE-OR GATES

7433

QUADRUPLE 2-INPUT
POSITIVE-NOR BUFFERS

WITH OPEN-COLLECTOR OUTPUTS

gtigB D00
x e ® £ F oW
7437

QUADRUPLE 2-INPUT

POSITIVE.NAND BUFFERS

Veo 4B 4A 4v 38 3 3y
wijulfelin .

QUADRUPLE 2-INPUT
POSITIVE-NAND BUFFERS
WITH OPEN-COLLECTOR OUTPUTS

VoL 48 aA &V 33 3A 3y
Wi jnl ] intiw] ie]]s

=

EpinEipkiaDg0sl

A 8 Y 2A 28 Y iND
*7442A

4 LINE-TO-10-LINE DECODERS

INPUTS ouTPUTS
vee A ¢ ¢ © 5 g 7

wiisjwlisllnlin]liwl]s

7445
BCD-TO-DECIMAL DECODER/ORIVER

INPUTS. OUTPUTS
Vec A ® € B ‘98 7
LBLEI NI RIDE

=

0123435871839

=

BCD-TODECIMAL

01234567839

ST
oty

1
3

o1 2 3 & s GND

ouTPuTS
7448
BCO-TO-SEVEN-SEGMENT
DECODERS/DRIVERS

oumuts

vo Tt o s s < a4 o
wi i) {wjo]le] In] Ju]]e

TR

[
8 C LresoRm 0 A

¥ 2 H . 1] 4 7 L
h
7481
ANO-OR-INVERT GATES
MAKE NO EXTERNAL CONNECTION

18 oo w
uljnlln n » » 1

S

1
O 1 2 3 4 5 8, GND
ouTPuTS

741549

BCD-TO-SEVEN-SEGMENT

DECODERS/DRIVERS

outputs

weuTs s ouTRuTs

DUAL 4-INPUT
POSITIVE-NAND BUFFERS

7446,
BCD-TO-SEVEN-SEGMENT
DECODERS/DRIVERS

ouTruTS

veo 4+ b o e .
wifs] ] aj ji2] [n] e

I Y

5.
2 c v RsORBi D A

1 2 3 4 & ] 7 ]
W e W
i W e
7450
OUAL 2.WIDE 2.INPUT
AND-OR-INVERT GATES
{ONE GATE EXPANDABLE}

Vi LI § X 10 ¢y
ll nlw n L L) L]

74H52
EXPANDABLE 4-WIDE
AND-OR GATES

vy LN T

wlnlie] [n] [w] [s] e




7483
EXPANDABLE 4-WIDE
AND-OR-INVERT GATES

74HE3
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7454

4WIDE

AND-OR-INVERT GATES
MAKE NG EXTERNAL CONNECTION

¥ [ W G Y
wl (v] je| [n] el jol]e

AaBiaBlalaliaiipt NaBizBlaliglipgiiptl Nafigfgligligiigh
A € B € f N G A € © €t F G % A € 0 E F % GWw
74H54 74L54 74H55
2-WIDE 4-INPUT
AND-OR-INVERT GATES
v 3 1 B G F N g M6 F o€ X ¥
w| [ojfel {nijeljsl]s Jwjfuiju] {n] e jsl]e
HaBgBalgliglipil BaBaElgOdpOgiipt
A . 3 D € ¥ oW [ c o x NC GNOD

7460
DUAL 4-INPUT EXPANDERS

Vi w R o R0
" nin n - L 3

74H861
TRIPLE 3-INPUT
EXPANDERS

vee € 3 3A WX 2X
wl jojl ja

stiatiaipiipiligti
A B8 € D N N GND

74H62
AWIDE AND-OR EXPANDERS

7470

AND-GATED J-K POSITIVE-EDGE-

TRIGGERED FLIP-FLOPS
WITH PRESET AND CLEAR
xt R a

vog PR CK X2
wl [w] fu] [n} e vl e

74LS63
HEX CURRENT SENSING
INTERFACE GATES

744

AND-OR-GATED J-K MASTER-SLAVE

FLIP-FLOPS WITH PRESET

vge CK K28 K2A K18 KA O
wi o) ful in| el (s] ]

20

74564
4-2-3-2 INPUT AND-OR-INVERT
GATES

¥
T GND

74L71

AND-GATED RS MASTER-SLAVE
FLIP-FLOPS WITH PRESET

AND CLEAR
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7472
AND-GATED J-K MASTERSLAVE
FLIP-FLOPS WITH PRESET
AND CLEAR
vee MM CK K3 K2
-

7473
DUAL JK FLIP-FLOPS WiTH CLEAR

7474

DUAL D-TYPE POSITIVE-EDGE-
TRIGGERED FLIP-FLOPS WITH

PRESET AND CLEAR ‘

2¢x 20w 20 A

2
A 20

w] [0l ju]l w
T

gk giipiiphi
NC CLR N 2 ] GND
7475

4-BIT BISTABLE LATCHES

7476
DUAL J-K FLIP-FLOPS WITH
PRESEYT AND CLEAR

(TS}

10 GN0 2w 0 W W

T74H78
DUAL J-K FLIP-FLOPS WITH
PRESET, COMMON CLEAR,
AND COMMON CLOCK
Vee 1PB CLA 2 2PR €K K
" ol i n » 9 .

n capdtdan  empd

o a 4a_a
I T
s AsHe [
Tk PR ‘n 3 Voo 6K IR c:. % %% 8 W 0 O
7430 17481
GATED FULL ADDERS 18-BIT RANDOM-ACCESS
MEMORIES
- - - - - mz 'Illl’l BENSE '-nl'l ADORESS
nitoljel (n]liu]{s]lle wijnpn|ingwfisgls
I -
- a
La_ Emi L3 4
DB a0a0aDsl
LY T T e
74 83 7484
2-BIT BINARY FULL ADDERS 4-8IT BINARY FULL ADDERS 16-81T RANDOM-ACCESS
WITH FAST CARRY MEMORIES

14 o

wRITE [ WRITE  ADDAESS

5 oo BA B Ye
wlinliviia l!“'!"'”ll

. ] Wo(A Weem)
vy

ADORRSE / DORESS
7485 7486 74186
4-81T MAGNITUDE COMPARATORS QUADRUPLE 2-INPUT
AT TS EXCLUSIVE-OR GATES
vee ‘A3 82 A2 A1 B A0 80 vee 4 “ LAJ » 3 EAd Voo @ 4 a kA
wl s[iuljslelinwls wijnjjljn|inw|/sirs wl [l el (n] [n] fe] s

A<B AB ASBA>B AR A<S, GND
L DATAN =
INSUT ouTryTs

CASCADE INPUTS

1A 9B )Y 24 28 2v GND




74187
4817 TRUE/COMPLEMENT,
ZERO/ONE ELEMENTS

7488A
256-BIT READ-ONLY MEMORIES

7489
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64-B1T READ/WRITE MEMORIES

Vg AL ve 3 a3 '3 a2 Ve T3 ADE  AD ADC  ADB  AD D08
w] [n] [e][v] ] [p][s w] [6] [u] Ju] [e] [n] lw]]s
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© " 7 o B61 003 003 Bos 005 DOs 0ov CWO 3 s
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DECADE COUNTERS 8-BIT SHIFT REGISTERS DIVIDE-BY -TWELVE COUNTERS
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17493A 7494 7495A
4-81T BINARY COUNTERS 4-BIT SHIFT REGISTERS 4-B1T SHIFT REGISTERS
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w_mec__ew e weut
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DaBaBalDi0glak il sOa0a0anzisag
- ® Ve W W T P vee o W oo
7496 7497 74L98
6-BIT SHIFT REGISTERS SYNCHRONOUS 6-BIT BINARY - 4-8IT DATA SELECTOR/STORAGE
RATE MULTIPLIERS REGISTERS
ouTeuTs ouTRUTS OUTPUTS
T e e B e D e I e o vee Br Gy 5 "or 9o Cuoon steeer
Wl nijujjujjujinj el Wi {u]jnjin]inliwlle Wlispiuin]lu]in]|iw]]
[T [ 11 [ T [ [ 1
N ] Q94 Og O O 9p crock
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PRESETS PRESETS * e T m’ s INPUTS
74199 74100
4-8iT BIDIRECTIONAL UNIVERSAL 8-BtT BISTABLE LATCHES
SHIFT REGISTERS
ennsie
crock vee e 103
O G D % 9% 2 u| |
wilsijupluljjinjjwils
x
® w2z
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74H101 74H102

AND-OR-GATED J-K NEGATIVE-EDGE- AND-GATED J-K NEGATIVE-EDGE-

TRIGGERED FLIP-FLOPS WITH PRESET TRIGGERED FLIP-FLOPS WITH
PRESET AND CLEAR

74H108 74107
DUAL J-K NEGATIVE-EDGE- DUAL JK FLIP-FLOPS WITH CLEAR
TRIGGERED FLIP-FLOPS WiTH
PRESET AND CLEAR

X W 0 GND 2 20 N

74108 _ 74110
DUAL J-K POSITIVE-EDGE-TRIGGERED AND-GATED J-K MASTER-SLAVE FLIP.
FLIP-FLOPS WITH PRESET AND CLEAR  FLOPS WITH DATA LOCKOUT

74H103
DUAL J-K NEGATIVE-EDGE-
TRIGGERED FLOPS WITH CLEAR

y W oo GNe 2 20 28
n » 9, &

744108

DUAL JK NEGATIVE-EDGE-
TRIGGERED FLiP-FLOPS WITH
PRESET, COMMON CLEAR, AND
COMMON CLOCK

Vge 1M GLA 23 2ZPR CK 2K

411
DUAL J-K MASTER-SLAVE FLIP-
FLOPS WITH DATA LOCKOUT

2
¥ee CLR 24 2R zck 2PR 20 20
w] [w] {n] [u] [v] {w [s]

2
V¢ 2K 2PR CLA 2 2¢cx 20 20
W]l [w] [w] [na] [l [u] [w][e].

74LS112A

ODUAL J-K NEGATIVE-EDGE-
TRIGGERED FLIP-FLOPS WITH
PRESET AND CLEAR

t 2

Vg CLR CLA 2CK 2% 2 2P 20

Wi (W] (v] 1] je]In] jwife
L=

74LS113A
DUAL J-K NEGATIVE-EDGE-
TRIGGERED FLIP-FLOPS WITH PRESET

74116 74120
DUAL 4-BIT LATCHES

2
21 o aE R cugan
wl|wln

Ve e me a1 3
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o o @ o

eHalg
sH»]s
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74LS114A
DUAL J-K NEGATIVE-EDGE-
TRIGGERED FLIP-FLOPS WITH
PRESET, COMMON CLEAR, AND
COMMON CLOCK

v €K 2K 24 2PR 20 20

enanEs DUAL PULSE SYNCHRONIZERS/DRIVERS
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74121
MONOSTABLE MULTIVIBRATORS

Rext/
vge M NE Comt Coar A NC
ui ju| e I nl jwlfel |

74122
RETRIGGERABLE MONOSTABLE
MULTIVIBRATORS WITH CLEAR
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74123
DUAL RETRIGGERABLE MONOSTABLE
MULTIVIBRATORS WITH CLEAR

— |
L B‘

Haekinkiatiniini
A Az B 0 o8

74L5124
DUAL VOLTAGE-CONTROLLED
OSCILLATORS
2 Cnr 2 v
Vo SVEE MANGE Sl SRABLE OUTUT GO
wl ln] Inj ja] (2] n] (vl

Heibtisipilipiintl
2 Cn 0 awo

74125
QUADRUPLE BUS BUF FER GATES
WITH THREE-STATE OUTPUTS

74128
QUADRUPLE BUS BUFFER GATES
WATH THREESTATE OUTPUTS

OeBsBaDpeiligkizll
— 5 === e W e
ot et e
FasoencT
conTAOL

74128

SN74128 . . . 50-OHM LINE DRIVER
v A 3y W ]
A n » 9 L]

74132
QUADRUPLE 2-INPUT POSITIVE-
NAND SCHMITT TRIGGERS

745133

1 HpBpgkl
W A W IV 7a

1745134
12-INPUT POSITIVE-NAND GATES
WITH THREE-STATE OUTPUTS

BeBabigEigtipiinki
TA 8 W A W I GO
748135

QUAD EXCLUSIVE-OR/NOR GATES

vee PYSPUINE 0 S VA |2
L AVL] Mlll‘ll LI

74L8138
3-TO-8 LINE DECODERS/
MULTIPLEXERS

74136
QUAD EXCLUSIVE-OR GATES

-y

® @ »
upjriinje
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Wnﬂsﬂsnrnlr

W s v K 2a 2 Iv GWD
74L8139
DUAL 2-TO-4 LINE DECODERS/
MULTIPLEXERS

sevger DATA QUTHTS

Ename A Ay
vee A 28)\/7va avi 7wz 2v3
wlisiiujjoiielinljwi]

(L] [
TIGTCIIGITET

748140
DUAL 4-INPUT POSITIVE-NAND
50-OHM LINE DRIVERS

veg . X NG 2B ZA 2V
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74141
BCD-TO-DECIMAL DECODER/
DRIVER

ouThTS ouThUTS
e 1 5 4 om0 T3
slinijujuiin nile

et [

P00 Ve 4872
€0.T00ECHIAL
DECODER/OAIVER
L3 o <
- T
VIL2{tafLefis U
. 0 A D Voo 3
ouTUTE  IeuTs TS o
74145

74142
COUNTER/LATCH/DECODER/
DRIVER
Laten  OMIVER QUIRYTS
Soun g Sinoas
Vog RUTOUTRUTAR 0§ 0 o

wisfjuiuljuelinljieifs

74143 74144
COUNTERS/LATCHES/DECODERS/
DRIVERS

caren  Aacemoututs

oy w0 ’_"—n

10 Lo oA OuTRUTS

o b e i e VI

omvEn duteuts

74147

BCD-TO-DECIMAL DECODERS/DRIVERS 10-LINE DECIMAL TO 4LINE BCD

FOR LAMPS, RELAYS, MOS

PRIORITY ENCODERS

PRI O
Wons @ DameR outRYS

74148
8-LINE-TO-3-LINE OCTAL PRIORITY
ENCODERS

meufs oureuts weuts outrurs muts
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74LS377
OCTAL D-TYPE FLIP-FLOPS

80 80 0 50 CLOCK
wp " nl el in

-iiﬁ

b d

o> oK
o o

*BE 13

6a 6D

7418374
OCTAL D-TYPE FLIP-FLOPS

Ve ® W M 0 W o % s

74376
QUAD J-K FLIP-FLOPS

7415378
HEX D-TYPE FLIP-FLOPS

sHi e
im:“eu ) 30 G aa GWD
741.8379 745381 7418386
QUAD D-TYPE FLIP-FLOPS ARITHMETIC LOGIC UNITS/FUNCTION QUAD 2-INPUT EXCLUSIVE-OR
GENERATORS GATES
weurs oureurs
Jee e L] L0 0 ] 20 cuocy ve Az . A 1Y = ¥ 3 ¥1 ) v - a av k4 » £
WS jugnpgnijelle 2wl iw)(w]| o] w| w|wl o] je} in wiinl o] [n] jw| jsj ]
I T
ﬁ" ﬁ' HEEEDEE
< 9 A7 ] & 3 23 LA ]
o >
s =
£ R M
L3 - &l L1 " ~ 0 i3 s 2 3 "
T
3f]e FiEhD L4 Lo L1 daDals0aDalgtb
EhASLE D B0 ™ 0 oW Maiigkl BeDatigDelpll W oW oW v D
= 5 % W v
e
wlrs outhrs
745387 74390 74392
1024-81T PROGRAMMABLE DUAL DECADE COUNTERS DUAL 4-BIT BINARY COUNTERS
READ-ONLY MEMORIES o _—
vec a0 §2 §1 001 D02 0OI D04 vee 18 cueam " . Fomr™ Ve uien (Ton T Tk M
wifwijwlinjelinlin]le [ ] wl 3] [
‘ EE ]
el
G o o
VfL2ELsTie1sflesl?)]le s NaDallal Hstigkiztiaa0atl
%G %57 iF ABD WA Koe WE B w = 5 Y S B __L',“_‘v/ =



74L8395A
4-BIT UNIVERSAL SHIFT REGISTERS

oureurs casc

»

[T TTTT
Oa o oc ap o o™
cLean Kwhlicl)
hsemian L0
P
LT 1T

1 1 ) 4 1) [ ] 1 [ ]

7415399

QUAD 2-INPUT MULTIPLEXERS WITH STORAGE

Ve % o1 bz ez o1 O cuock
sinliujuliz|iniin

IIITI

@ o1 D2 c2 o

ws c:<

°1' 'l' It T I

74L$424 74425
QUAD GATES

TWO-PHASE CLOCK GENERATOR/
DRIVER FOR 8080A
Vee  xiag xtal tamx o i Voo
wilnljuwl npfe| n] (n]]s
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74L8398

QUAD 2-INPUT MULTIPLEXE RS WITH STORAGE
ve B B oo o @ o & oa o

] (wl[w] [o] [w] [w] [w] [6] (] [«
LT T T T T T
e o e %

oo Gy &

w <
BB oM w ow om G 0
L L T T 1T 17
1 L] L] L] T L) 1 »
e B & owmow B e o
745412
MULTI-MODE BUFFERED 8-8IT LATCHES
wren DATA INPUTS AND OUTPUTS
woer
vee U1 T our W ouT m our w ouTcuEaR seLz

4o d..a 1 _ . o §
{7 e16 008" bi7 007 o1s Cos Dis 0os Cim

N P R
o : e one

i3
3
N

forg]
conTaoy
DATA INFUTS AND QUTPUTS

74426
QUAD GATES

U2 e s Ms

Reser NEon aovin v s 2 W Gwo
W T agr

745428 745438
SYSTEM CONTROLLER FOR 8080A

BIDIRECTIONAL DATA POATS

T8I o 2fj13ia

oer oea D 3

01 03 o7 0o

GIIRECTIONAL DATA PORTS

745472 745473
PROGRAMMABLE READ-ONLY MEMORIES

oinininioloioialiola
LI L

B e

A I Gwp

745470 748471

PROGRAMMABLE READ-ONLY MEMORIES
Vot apw 06 Aot B T 008 007 DOs o8
i el {w] el in] In| (nl o] in n

w & & . bos 907 oo
A oo
® ¢ o & o1 002 003 Dae

40A 408 AOC ADO aDE D01 DOF DO) Dos owo

745474 748475
PROGRAMMABLE READ-ONLY MEMORIES

Vet aDI NC %1 %2 83 34 DOS DO7 DOS DOS 0O
e b b e ] 19 P18 17 [ W1 1S]{ 1} 13!

URURURORHRORURURURL RUBL]
ADD ADC AD® ADA 001 002 003
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745481
4-BIT SLICE PROCESSOR ELEMENTS

ae
o ot ox W AD
seL oo 6L

#/0Y WO0 Cx  COi INCFE AD
[
seu

sEL

M) a0 oro ort of2 OF

745482

4-BITSLICE EXPANDABLE CONTROL ELEMENTS
SEumeuts outpuTs

ex T st an

vee To_ 1 vz 0 ao

20w [tw|]||w]|s[jraif3]|j2f]|n

T 1T]

x
sa a0
$3 Cowt € 1 57 a3y a2 A
[ LT 11
1 2 3 4 5 L] 1 L] ] w

T ©, Cowt Cm (5L 57, (AL AT _ar, @mD
SELwruTS SeL mPuTS RS

74L8670
4-BY 4 REGISTER FILES

WRITE SELECT  ENABLE  OUTHUTS

oata
01 ‘W, Wp 'WAITE READ G107

Vee

Wlispiuiinjjuliniieiis

I N D S W

B Wa Wp Gy Op 07

3 02|

R, ¢ 03

T 1
1[4

2 STIs[itf]|¢®
@ Fa ¢ 03, D
oata “EADSELECT OUTPUTS

74490
DUAL DECADE COUNTERS

o 2 oururs
7z ouloser
vee cLock ciear mv oo (T0s 7oc 700

w| (| {w] [a] (] [n] Jw] i

C
lstigEistiatatintinll



Table 5.5. CMOS PINOUTS

CD4000
Dual 3-Input NOR Gate
Plus Inverter

CD4001

Quad 2-input NOR Gate

ne—Y , DREFF |4 JeR+B

2 13
NC ——F A—rt A

3 12 2
A H=A+B+C E 8

4
B~ g —

K=C+D
¢ —23 10 —%
H J S 1 3]
8 6
Vss—1 _l<l-——6 D—24
L=6
vss I TR

CD4006 CD4007
18-Stage Static Shift Dual Compiementary Pair

Register Plus Inverter

VoD 14 2 1
tis
Dn—'— P P P
4

0,4
cLoek 3

o34

D44

CMOS Pinouts 163

CD4002
Quad 4-Input NOR Gate

7 K=E+F+G+H 8

CD4008
4-Bit Full Adder with
Parallel Carry Out

HIGH SPEED]{CARRY- (4 Co
PAR CARRY [“OuT)

€
(CARRY IN)



164 CMOS Pinouts

CDA4009 €D4010 CD4011
Hex Buffer/Converter Hex Buffer/Converter Quad 2-Input NAND Gate
Inverting Type Non-Inverting Type
3~ 2 3 2
A >Z A A T >—F% gea .=
—1 s ‘1/ A i J=A-B 14 Voo
4 . 5 3
B L‘>o~ nd 8 22 :
v g—2 B
7] 6 - 7 N_ 6 ‘
c I=C c ~—t)—- I=C L
g 3 12
J G
™~ _ —
[ 9_\>,_'9 Js "} .9_1[>_@ J=D K=C-D
K—2 ([
T 12 - oS 1R L=E-F
€ = K€ € ] > ke
¢ 5 10 L
4 1 - 4 ™
F ! “ B L:F F ,"{/>_'3 L=F
6 9
vee vee —-— ° F
Vss Vop* ' Vgs —— Vpp*16 M=GH s
NC =13 NC =13 Vss= ——E
CD4012 CD4013 CD4014
Dual 4-lnput NAND Gate Dual “D” Flip-Flop with 8-Stage Synchronous Shift
Set/Reset Capability Register with Parallel or
Serial Input/Serial Output
J=A-B.C-D Vpp
— I voo 3 PAR.IN. DD
* l|4
a2 (LI seT, 8 12345678
o 3 2, Dl_S e | 12 @ 7 ejsHlslmllsl |l (3
cLocK 2] L q PAR. o
SER.—
c—2 0o peser, Al T CONT.
SET, & SER._Ii | =
5 10 2 1 . 2 .3
D—= —F ol | 12 = i
Dz = 13 92 o 12 Q7 %
ve® s . cLockp I F/F2] 134,  CHOCKT o a
13 Qg
i [— . reset, 'Y | FS
vss—1] K=E'F'GH NC s
l 8
Vss vss
CD4015 CD4016 CcD4017
Dual 4-Stage Static Shitt Register Quad Bilateral Switch Decade Counter/Divider with
with Seria! Input/Parallel Qutput 10 Decoded Decimal Outputs
17 v
go nvour -4 2 oo ° tis
. SIG A Sw
A
DATA Qa  out/in-Y J_ch'“
P cLock 24 %
CLOCK 4 4 Q2a 3 12 CONT cLock_!'3] 2
STAGE OUT/IN - < INHIBIT q
RESET 5 3 _asm sw 0 Rese T2 H
0 S1G B 4 g
Q4a  invouT Y L w/ouT 2
8
1S 13 SIG D °©
DATA g ———— Qg -\ sw o
. 12 CONTB 5 [ 1O our/in s
cLocKg . Qze
STAGE
RESETg — L _a,5  CONT -5 2 our/in
2 SW SI6 €
Q48 , c 8
Vss —IN/OUT 8
vss

Vss




CDA4018
Presettable Divide-by-""N"*
Counter Fixed or Programmable

JAM v
INPUTS oo

vy g

2317 |o]iefis

PRESET (0
ENABLE—

cLock 44

0ATA -]

w
BUFFERED OUT.

1
RESET -—5~

8
Vssl
CD4021

8-Stage Static Shift Register

Asynchronous Parallel or
Synchronous Serial Input/
Serial Output
par.N. 0D

12345678

rlelellsdl |

€D4024
7-Stage Ripple-Carry
Binary Counter/Divider

v
0t

INPUT |
PULSES

2
RESET—r

BUFFERED OUT.

7 BUFFERED OUTPUTS

NC=8,0,13

l7
vss

CD4019
Quad AND/OR Select Gate

Kg Kp VoD
9 s 116
Aq 13)
—t
I
1N 00
84
1 12
azdy o3
3
831 4 M
AZ—;' 1 P tAg Kol Bk,
o
82—1
o
a8 120,
6
;s
ves
CD4022

Divide-by-8 Counter/Divider with
8 Decoded Decimal Outputs

14 2 )
cLock — F———"0
CLOCK _ I3 i o
INHIBIT -
T 3 npt 5
RESET — 7—— a
—"3" 5
el
——"a"l 2
LI
5 __nge
Vpp=16 10 77
Vsg=8 12
CARRY
ouT
CD4025

Triple 3-Input NOR Gate

J= A+B+C
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CD4020
14-Stage Binary Ripple Counter

Yoo

e

10 |

INPUT
PULSES

12 BUFFERED GUTPUTS

it
RESET

ls
Vss

CD4023
Triple 3-Input NAND Gate

CD4026

Decade Counter/Divider with 7-
Segment Display Outputs and
Display Enable

Yoo
|5,
0 »
— b= o
CLOCK >
(LENF
2
2 3 o
€LOCK a
INHIBIT 2 418
is 8
= It . ::"
RESET — o
LI
79
5 CARRY OUT
3 4
OISPLAY DispLay
NABL ENABLE
Em £ our
)
UNGATED “c*

8 SEGMENT

Vss



166 CMQOS Pinouts

CD4027
Dual J-K Master-Slave
Flip-Flop with Set-Reset

cD4028
BCD-to-Decimal Decoder

CD4029

Presattable Up/Down Counter,

Binary or BCD-Decade

Capability
v Voo PRESET JAM
. oo g8 INPUTS Vpp
SE ] 9 16 BUFFERED 234
3.8 ° o eateo BUFFERED
?»;:::;7 1 ouTPYTS CARRYIN 1|4 2f3j3 6 OUTPUTS
0 s 2 (1o 81 iEO—CK ’
Ji Q l 3 [} 6 Q)
i P—e
N e A I T i 5 BUEFEREY  BiNARY/
CLOCK} > Q) euTsh : 3?%%".',2; DECADE 9 | 1 92
T
RESET, 7 DoF oy o/ oOWN 10
SET, L . UP/DOWN (0 | a3,
6
2 - ez cLocK 15 2%
K23 FrF2| |, ves - '_’7 o
CLOCKz NPy . s
8
RESETy — 2 15 ves
vss
CD4030 CD4031 CD4032
Quad Exclusive-OR Gate 64-Stage Static Shift Triple Serial Adder
Register Positive Logic
, 1 DATAI S | a0
8 —1 — Voo IN 8 1
2| 13 MODE 10 [conTROL| 64 wvERT 2 ADOER L 9 suym
A r-H CONT LOGIC 1STAGES! DATA ! B
=l 2 o RECIRC | out r
N M pataz - 3 J:'-
K M N DATA Ay 13 H
¢ 10 cLocK 2 | ol | T B2 1214 aoper Lisumz
6 9 IN CLOCK [ INVERT 5 2 2
p =& [® ¢ LOGIC |1
Vss.l. LE
172 15
STAGE 5~ 821
J=a®8 L:E@F 9 ,NV“T:Z ADOER L1 sum 3
K:C@D M:=GEH DELAYED c, Ad
CLOCK .
Vpp * 16 GUT CARRY RESET
ves © 8 vgg <8
NC = 3,4,11,12,13,14 ss
Vop *1€
€D4033 CD4034 CD4035

Decade Counter/Divider
with 7-Segment Display

Outputs and Ripple Blanking

Voo
4

' 10 g
cLock »
12 5
b2
2 s 15
'
f——t1 0O
cLock s
INHIBIT 9 w
P—ars
5 o
" w
RESET | 5
~
1ot
14
LAMP 7 e
TEST CARRY
uT
3 4
RIPPLE ) RIPPLE
BLK aLx
N out

vss'

8-Stage Static Bidirectional
Parallel/Serial Input/Output
Bus Register

STEERING
LOGIC

ass—
Prs—
cL
Y
—>—
> ST .
—
" > &
w —  STAGES
e (S—
3 !
P >
P -
I —>—a
|
<« Q >
ST
A8

B DATA LINES

4-Stage Parallel In/Parallel
Out Shift Register with

J-K Serial Inputs and True/
Complement Outputs

PARALLEL I

0,/8; 00, 03/8y Q4/Q
170 9/0; U3/03 24/04

S
T/C QUTY

N




CD4037
Triple AND/OR Bi-Phase
Pair

vpp =14
VCC!I
Ve 7

ci

sFTT T emm e QL
c2 AND/OR PAIR Iy
G He2
e~ ) § S 18 o3
c3— AND/OR PAIR g
- ____-7= _ E3
CD4041
Quad True/Complement
Buffer
3 [
A 13
E=A
2
F
Fai
6 4
8 G
G=8
5
—H
HeB
10 8
c K
«C
— L
L=C
13 I
D ™
M:D
Vss=7 2,
214 =
Voo N=D
CD4044
Quad 3-State NAND R/S
Latch
Yoo
be
4
R
1O LATCH 13 ro)
$10 3 } 2
6
R2O LaTCH s
7 2 \oL'F
Sz
12
R3O vaten | |10
s30-! 3 Q3
RO -
] LATCH )
) —“004
5402 4
5 F-One
ENABLE 8
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CD4038 CD4040
Triple Serial Adder 12-Stage Ripple-Carry Binary
Negative Logic Counter/Divider
a, 10 Voo
81— apoer | 9 Ls
INVERT | L ) [TosuM
¢ 10 H iz
’_] INPUT 15 an
el PULSES (14 g0 | &
8, 12 o H2 o9 | 2
mvcmg 5 TT] A02FR Msum 2 113 09 | B
§ 12-STAGE | 4
g cmeeLe [, 97 | o
- COUNTER 06 [ &
a3 ia ERl
83 18 ADDER |1 e %% |a
inverty 2 111 A9 —sum3 —303 by
cL 2] " o %
canry resetT & 4] RESET | o
Vgg:8 3
VDD =16
Vss
CG4042 CD4043
Quad Ciocked “D’* Latch Quad 3-State NOR R/S
Latch
o Q Yoo
4 O— LO 2 fe
Q
e [LF203 504
— o
70 =201  §02
e 9
LATCH
Ry 7 2 2O
53 O~ [is}
LATCH
1 Oo
Ry O— 3 3
14
sq O— LATCH !
15 4 004
Ra
5 13
O— —ONC
ENABLE 18
vss
CD4045
21-Stage Counter
Sp
1
¢
16
¢
2 SN 5 l
oo
[>o->-O
21-
sTage | LSHAPER
RIPPLE | _ y
ICOUNTER[Q] Pw. |Q So-d>0
ry SHAPER 7
vop=3 4,5,6.9,10,11,12,13+
Vg5 14 NO CONNECTION
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CD4046
Micropower Phase-Locked Loop

SiGAL (? Voo
'

PHASE
COMPARATOR| | COMPARATOR 1 PHASE COMP 1 OUT

--=-{3
PHASE COMP TT OUT
PHASE _@___J
COMPARATOR
veo I
ouT PHASE PULSES  R3

VCG IN

DEMOOCULATOR
ouy

b

Vss @ ©1mn Vs

INHIBIT

CD4047 CD4048
Low-Power Monostable/Astable Multi-Function Expandable
Muitivibrator 8-Input Gate

BINARY CONTROL INPUTS

—— ~
FUNCTION CONTROL
€ TIMING -

— 3-STATE
o Ty T T T T T T e e e hnl Ka Kb Kc K9 CcONTROL
’ COMUM} B ot 3 :
astase | ! » A
® I e 5 lais
isTasie | | CONTROL MOLTNIBRATOR -2 al o i C—JIZ
O ! I D1
| ! EXPAND {15 14—
® TRIGGER d ] | OUTPUT
oA coNTROL [T I o [ET78
=
sermicoen | RETRIGGER | g 1
T CONTROL Zz |64
EXTERNAL ——— | =
RESET 1 H—3
®- T T ;
Vg 8
vpp*16
CD4049 CD4050 CD4051
Hex Buffer/Canverter Hex Buffer/Converter Single 8-Channel Analog
Inverting Type Non-Inverting Type Multiplexer/Demultiplexer
A 3 >§ Gk A E_D_z G:A
3
S s = 5 4
= S COMMON
& > HB B > H=8 OUT/IN
CHANNELS
7 [3 - IN/OUT
¢ > 1 e L8 re
9 0 - 9 10
0 J:0 D—‘>“J=D a_ W[OS 6
_I/B__] Vpp =16
e ! 2 E " 2 CONTROL LE Vss-8
: E K€ INH VEE*:7
14 5 -
F LF P2 ' e
Vee —-— vee
Vss vgg ——
NC =13 NC =13

NC =16 NC =16
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CD4052 CD4053
Differential 4-Channel Analog Triple 2-Channei
Multiplexer/Demultiph Muttiplexer/Demuttipl
o 12 vy ax 12
X [T I3 __ common INOUT { oy 13 ha
CHANNELS 4 2 5 OUT/IN { bx 2 F ox OR ay OUT/IN
IN/OUT 3] IN/OUT —[ B [=— bx OR by OUT/IN
[°] e 5 F— cx OR cy OUT/IN
- INJOUT { 3
CHANNELS "y A NEEK :
IN/OUT r 12— common 8 Voo =!8
OUT/IN CONTROL Veg : 8
NED [—— Ss
“A Vop: 16 INH VEE *
CONTROL { B Vsg: 8
INH VEE*®T7
CD4054 CD4055
4-Segment Liguid-Crystal BCD-to-7-Segment Decoder/Driver
Display Driver with “Display-Frequency” Output
Liquid-Crystal Display Driver
Vss (g) VEE Voo play
——x_ ouT 4 yss VEE \{ i1
- = = ® 7 ©)
wa @ L—® - T—_T-
STROBE 4| { rl iy
@ ouT 3 22 || H H o
3@ e @ R I
[ L ! 20— £ H 2 H—©@r
STROBE 3((4) z g M 8cD | I K
S |out 2 IN
2 o || 1] w
we@HEEH g H z [—O 2@ T H ., zJ—®, ¢
I z Pl s Il osu | & 7-SEG.
sTRosE 2@ B 2\l 2@ 3 a3 = ®¢ four.
s e DISPLAY: 208 3|
IN | H J_© FREQ. IN @L" Nl Mg "]"@'
' a ' t s |
STROBE 1 (i) — E— - _._@,
BRE | | |
we——_ I | @ o]
1 | DISPLAY-
—— I ——rRea.our

CD4056

BCD-to-7-Sagment Decoder/Driver
with Strobed-Latch Function
Liquid-Crystal Display Driver

e

2° ® H H®o
e |
2! § H v
8CD . L o
INPUTS | 22 (3) I e H ¥ HOe
o oy || 7-
23 o 8881 2 —®@d |seoment
o gg.., a | QUTPUTS
] "8 3
STROBE ~ H & —r@o
a
DISPLAY -
FREQ- IN +@®1
|
@9
-~



170 CMOS Pinouts

CD4057
4-Bit Arithmetic Logic Unit
v =
- ot
worare- OB o
Wah | contkoL  ba S o2 o Tue  weur
@, [ € ®
N FUNCTION Te
FUNCTION b @
secect @~ e AEGISTER REGSTER PEGISTER ReGiSTER
CELL CELL CELL
e w0t Nod V
i@
woor .. controL
! 2
cLocx
JoOn Y
& @ O To CarRy
comomonas J ~ out LoGIC | our Cockc
Weus O carme
< @~
19 ™ (
QVERFLOW OVERFLOW  LEFT NEG aYmss 11 ROTATE-2
10 IND SERIAL IND ouTRUT 1Ra2}
AT
fict3
CD4059 CD4060

Programmable Divide-by-*’N’* Counter

PROGRAM JAM INPUTS (8C0)

0JOROJO ) ® ® ® G D@ C
o 2| o ] I ) ) I I T R
X3
ves @— PRESETTABLE LOGIC
Voo @— — + — e e o s
— - i
Frast
COUNTING - —INTERMEDIATE COUNTING
<
o O sECTiON SECTION
+10.0.3.4.2 <0 —i0 <10 +1.2.2.40
,—‘ i
RECOGMITION |
GATING e — e |

14-Stage Ripple-Carry
Binary Counter/Divider
and Oscillator

a8 3
14-STAGE
@ Q7 :
R RIPPLE Q8 G
COUNTER '_—@
AND
osciLLaToR| Qi0
1 aiz %
Vgst8 Qi3
Vpp 6 Q14
4o @
% (19

MODE. PRESET
SELECT ENABLE
INPUTS

outeut
STAGE

QIV(0E -BY - &
auTPuT

LaTeR
entoie @ "_ —

CD4a066

CD4062 CD4063

Quad Bilateral Switch

200-Stage Dynamic 4-Bit Magnitude Comparator 1 14
9 iNsOUT - o
Shift Register
0 SIG A m
: A0 31 2 13 CONT
0 200 DYNAMIC we | a1 124 out/iN -4 s 2
RC—— graces [ @ WORD™' o 5 13}
REC |
a3 2
‘ 4 * 4 5 out/iN s L& CONT
<M A>B —1 e h>8 -
cL CLOCK —CLip c;'\sgﬁ%«s AsB -2 F2as8 SIG B
gtlz GENERATOR CLap A<e ] <8 iy sout 4 Hi n/ouT
g zc: im SIG D
WORD"B
82 I_‘; conT 2 1O out/in
B3 —j
Vgg=8
Vpo* 16 ) CONTCL 19 ourn
vss — - insouT




CD4067
16-Channel
Muttiplexer/Demultiplexer

INH

CD4068
8-input NAND/AND Gate

o

B

LT
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CD4069
Hex Inverter

. | ¢ c5_D°_5_1:5
I . [ o
! 6 - J-EBCDEFGR D——{s >o-8.y:b
[ O—'—o)/&f—— OUT/IN w12 K:A-BCDEFGH " o =
N | FO v ta E K=E
nout ! No Lo 3 2 .=
| N | Ve * 7 6,8 NO CONNECTION £l 2\ .F
s O__I____o*,_: Voo:14
Vpp:24 Vss:7
Vgg =12
CD4070 CD4071 CcD4072
Quad Exclusive-OR Gate Quad 2-Input OR Gate Dual 4-Input OR Gate
Voo Voo
)
e o b Le
84 a2
5 ! 3
DS ) O : '
b— K —J - J
0 5 A 2] c 2
8 5
E=— 10 p 2] 0 —
12 4
Fol ) > AR i
12 ] ¢ S0
G~ 1] |
1 — K
M - m 1 o | ¢
£-2] W2
J:A®B M= GDH 2
K=CP0 L =E®F n=<] . =
vgs*7 6= Ves
vpp:14
|7
Vss
CD4073 €DA4075 CD4076
Triplz 3-Input AND Gate Triple 3-Input OR Gate 4-Bit D-Type Register
Yoo Voo DATA INPUT ouTPUT
| DISABLE DISABLE
4 4 Gl G2 CLOCK M N
L , 9| 10] 7] 1] 2l
% c— |
82 LI . zﬁﬂ s, mm_ol/ ‘__"1/ 3,
s L/ =
c— 8 1
A — 13~ 4D-TrPE L)
02 = - |3,
02 F 3] | FLIP/FL(.PSL '-°| o1
o L\ s o] L3 N[ 2| L WITH s
£ K E k03l % AND-OR | 5
s] S 02 __{—L/ ! LOGIC Aot
" Pus patit ot "’{/o—joa
Y
2 10 w2 _j—r\ -
I _%l:)' A e B ™ vssws
¢ 3 6 RESET Vpo: 16
7 K
Vss Vs



172 CMOS Pinouts

CD4077 C0D4078 CD4081
Quad Exclusive-NOR Gate 8-Input NOR/OR Gate Quad 2-Input AND Gate
2
| A oo
A — -
B8 = 4 A
5 c X s y
SO
o & g 3
8 E
E— -
S e ; — L
F = 6 J=A+B+CIDIE+F+GIH
2! o S K=A+B+C+D+E+F+G+H M M
3 — ™ 6,8=NC .
H Vpp= 14 7
- = - ¥ss
i:A@B WM:6®H Vsg =7
K=c®o L[:e®F
C04082 CD4085
Dual 4-tnput AND Gate Dual 2-Wide, 2-Input
AND-OR-INVERT {AOI)
Gate
Voo iNniBIT, 12
14 ard
D 2] Bl 2 3 €1
¢ 3 ) cl 12
2 L 3
a4 DI
5
A —3] ]
] INMIBITZ
E— 5
F 19 13 A2-o
6 U K B2 ‘e
LS cz 8
p2-2
’7
E = INHIBIT + AB+CD
Vss Vpp * 14 LOGIC 1 = HIGH
Vs 7 LOGIC O LOW
CD4086 CDA4083

Expandable 4-Wide, 2-input
AND-OR-INVERT (AOl)
Gate

y — 10
INHIBIT/ EXP

LOGIC ¢ = HIGH

6 LOGIC 0= LOW
" Vpp © 14
1 vss® !
ENABLE/EXP NC=4

J = INH + ENABLE + AB+CD+EF + GH

Binary Rate Multiplier

BINARY RATE
cLock SELECT INPUTS

INHIBIT
CARRY) IN

serto | 48T

o> BNaRY

RATE
OUTPYTS

COUNTER
CLEAR
3

= "i5"out

7
L. INHIBIT (CARRYIOUT

Voo 16
V55«8
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CD4093 CD40%4
Quad 2-Input NAND 8-Stage Shift-and-Store
Schmitt Trigger Bus Register
AB SoTeuTs
J=AB uTPU
A - 14 _voo DaTh  2[7g stace [9os
SHIFT
2 i3 LLock 3 pegisTeR [2—a's
o—3 —H 0
3 [F3 8-81T
v — ¢ STROBE |} s70RAGE
x=€B REGISTER
4 I
K—] LiEF ™ i8S

CNABLE 15| 3-sTaTE | YDO7'8
10 ENABLE 15} 9~ Vgg =
¢ ——1L OUTPUTS 55 *8
0—5 S ¢ by
PARALLEL OUTPUTS Qi-08
M=GH
Vs LI (TERMINALS 4,5, 6,7, 14,13, 12,11,

RESPECTIVELY)

CD4095 CD4096
Gated J-K Master-Slave Gated J-K Master-Slave
Flip-Flop, Non-inverting Flip-Flop, Inverting and
inputs Non-Inverting Inputs
SET
SET
13 3 ISI
w3 s a s
sz d v affa 92y v o—a
53 iz t—" |
CLOCK 4 oL cLock - cL

2 9
Vpp = 14 RESET Vbp * 14

Vg =7 vgs =7
NC = NC =

CD22100

4-by-4 Crosspoint Switch
with Control Memory
e

STROBE N

T -O15
:J ya
60— —
A "
Yz
[ R R
« @
=k
§: s 7
O—] s
- 2 oy
2 H ] 3
3 £
=l | ]
H o = °
N
so— ¥
c =1 1"
<« Ya
40— —
oo B N , D b l

x
x
3
x
&
x

3
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CD22101 CD22102

4-by-4-by-2 Crosspoint Switch
with Control Memory

<p22102
ONLY
Ko
€D22101-
MY et svome
P
o
E L
s— § 4
D [
E H
c— 2 g
]
{16 T
-
CD40101
9-Bit Parity Generator/Checker
INHIBIT
8
Vop*i4
o1 1 — > ves=7
02 2—>— o
EVEN
03 3> € | oy
oUTPUT
o4 e > ¢
osi0—>>— o
o6l — > o
00D
ree ¢ (D22
D8 13— o]
095
CD40106

Hex Schmitt Trigger

axe
RANSMISSION
GATES)

CDA40102 2-Decade BCD
CD40103 8-Bit Binary

8-Stage Presettable

Sy Down C
SPE
APE.
CI/CE
tiR
JAM ]
JO
1
| 8-STAGE
| DOWN N
I COUNTER
37 1 €0/20
CLOCK
CD40107
Dual 2-Input NAND
Juffer/Driver
Voo
C
3
D>
23
Vss
v,
Vpp=8 jo1o]
Vgs *4
d S
D>
S
SS

CD40100
32-Stage Static
Left/Right Shift
Register

LEFT/RIGHT
CONTROL

SHIFT
RIGHT
n
CLOCK

3
CLOCK
INHIBIT

Vpp*16

NC=1.5, ) Ve=8

10,14,15 ’

RECIRCULATE
CONTROL

CD40105
FIFO Register
4-Bits Wide by 16-Bits Long

3-STATE

[o1e] Qo
DI Ql
D2 Q2
03 Q3
SHIFT IN DATA T
Feenl SHIFT OUT
Vpp =16
MASTER  vgg-8
RESET
CD40108
4-by-4 Multiport Register
WRITE
ENABLE 3-STATE &
15 3
DO'IZTO ‘00
5
pata_ [ O/ — o | woro &
INPUTS T p 18 t*—q2 [ outeur
7 7
] [ Q3
WRITE O -8
waite t —2
22
READ 14 —2 s
READ oA —2 . O | woroe
2 02 [ ouTPuT
READ 18 —L2 H—o3
RreaD o —
3 21
:Dﬂ‘fz' cLoek 3-STATE B
ss *
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CD40109
Quad Low-to-High
Voltage Level Shifter

Yee Yoo

INPUT
3,6,10,14 O— LEVEL

J_vcc SHIFT OUTPUT
vss

i Of
INDEPENDENTLY ENABLED
LEVEL SHIFTERS

T

vee Voo
ENABLE
LEVEL
2,7,9,15 O——{ger
Vi
NC=12 cc
Vpp =16 - ——Vssg
Vgs=8 l
vees!
cc vss
€D40110

Decade Up-Down Counter/
Decoder/Latch/Driver

cLOCK up —|
cLock Down —|
CARRY
OineR .
— BORROW
RESET—
TOG6LE |
ENABLE
LATCH ENABLE —{ LATCH
SEVEN-
SEGMENT
JUTPUTS

CcD40114
64-Bit Random-Access Memory

ATA PUT 4
OATA INPU +OATA QUTPUT
DATA INPUT 3-————_‘ 3

DATA INPUT z% W
DATA INPUT | ———, 5 1o iz 1 0ATA OUTPUY
1
3

wE i i |
2 |READ/ |WRITE |
" ITIIIT
T T T
| . Loy
A . l | :
X | |
N el IMEMORYARRAY | .
ADORESS|  |DECODER | ! | | | Voo't®
INPUTS | 14| . I i | Vgg+8
e : | | |
. 1 I |
)
D-a 1 L |
~
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CD40115
8-Bit Bidirectional
CMOS/TTL Level Converter

DISABLE
13

CMOS TTL
IN(OUT) JOUT(IN)

2-9 14-21

ENABLE
0

Voo
Vece22
Vss'll

CD40160 Decade with Asynchronous Clear
CD40161 Binary with Asynchronous Clear
CD40162 Decade with Synchronous Clear
CD40163 Binary with Synchronous Clear
Synchronous 4-Bit Counter

Pe —1 ’——M Q
TE =10
CLEAR —d H2 a2
Toac —24
cLock —2 H2 o3
P —
pz —2 U_ ae
p3 —3
6 15 CARRY
Pa — Tout
VDD-IG
Vs "8
CD4097

Differential 8-Channel
Multiplexer/Demultiplexer

INH
ED | OF 8 DECODERS
I
O—J/ IL
lj l .,](A; ! —l <
N 1
win] 1] ~ | e
0—o"0 "
PR —
Y jl ~ ou'r'/m
INFOUTH | ™~ \I
7l o
Vpp 24

CD40147
10-Line-to-4-Line
BCD Priority Encoder

9 023
1 erioriTy :>“ 8c0 CZT
SELECT EncooER [+ 82
i a2
o L.

CD40174!
Hex D"’ Type Flip-Flop

F/F)

o
F/F2
F/F3
" Q—&M
F/F4
i ] ’Q_ILQ5
F/FS5
o | Frre =-ce
cLock—2
ECEAR ——4

Vss =8

vpp * 16
€D4098
Dual Monostahle

Multivibrator
Cxi Rx|
L

it ANN—»
VoD

\ 2{Rx Cx(th
+TR : —Q

~TR MONQ;

3 7 =
Rsssﬂ q !
+TR 12 -I-gOz
~TR-LL MONO

13 _9__2
RESET

14| RxCx (2)
Vpp* 16
Vgs=8 4} VVv >
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CD40389 CD4502
8-Bit Addressable Latch Strobed Hex Inverter/Buffer
4 THREE-STATE
WRITE DISABLE —j e ho g? oUTPUT 4
paATA —— DISABLE
Lope INHIBIT 5
a : 3 ) Q
A0 T [39 of g
al ﬁ g; & 7 q2
A2 e k2o 02
RESET S [-q7 . 2_ a3

1
D3 L
042 ? 2 a4

Q5
ps13 L/
14
HY 06
s34
Vpp* 16
vss:=8
CD4508 CD4510¢
Dual 4-Bit Latch BCD Presettable Up/Down
Countaer
QUTPYT |
DISABLET ] PRESET
D0A — -QOA ENABLE ,
otA 1+ — I+ atA oy o
1] a-eim [ |3-sTatel | onp — —
o024 LATCH OUTPUTS| a2 p2 —2 LIPS
O34 1 a3a 13 14
STROBE{— P3—] SalEySY
RESET J——] pa — I<— a4
ouTPuT | Voo e 16
DISABLET ] s DD
008+ — Qo8 CLOCK —— Vsg= g
o8 + i -t als up/0owN —2] .
J | a-BiT |{3-sTATELL —_ S -
0281 HL8cw [loureurs| | 928 carRrRY N O [o— CaRRY ouT
D384 — +a38
STROBE - . RESET
RESET 4

CD4511 CD4512

BCD-to-7-Segment 8-Channel Data Selector
Latch Decoder Driver

T7-SEGMENT -
SuTPUTS 3-STATE DISABLE
INHIBIT

B8CD
INPUTS % 4

b CHANNEL
INPUTS

DMOOOMO

cpasize

LE/STROBE

Vss=8
Vop©l6
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CD4514 Qutput “High'’ on Select CD4516
CD4S15 QOutput *’Low’’ on Select Binary Presettable Up/Down
4-Bit Latch/4-t0-16 Counter
Line Decoder
PRESET
Voo =24 ENABLE |
DO HU oo 4 6
Vsgi2 BEIps Pl —— —K—QI
HS-s2 22 g
A p3 —2 4o
Te 3¢ 3 2
2 H-2 ss Pa — — Q4
DATA | —<4{ 115 ¢ on 216
3 oD *
DATA 2 — 4 TO 16 M5 57 15
LATCH pl-2
DATA 3 _2_‘-3 DECODER |7~ :g cLock o Vss-g
patas 221 __292 o UP/DOWN — .
sTRoBE —\ T Hie ::é CARRY IN . [O— CaRRY oUT
,_,% 513 RESET
Hs 14
= sI5
T 1 E— J
CD4517 CD4518 BCD €D4527
Dual 64-Bit Shift Register CD4520 Binary BCD Rate Multiplier
Dual Up Counter
CLOCK cLOcK A 13 qia AT
§4-B\T | ;|Q/ 4 SELECT
DATA(DI) SHIFT 16 Q24 MPUTS | raose
WRITE REGISTER 2 ¢ 12 a3a Glocx 8¢ 00 aceane
ENABLE' ENABLE A —G—O4A i 141523 <
) il (CARRY ) eI
RESET A N - uTPUTS
WE = 0-- QI6---Q32- --Q48---Q64 > sero e
WE= |----DI7---D33---D49-—HiZ clock 8 " NINE 4| 6
t 1 U
10F 2 SHIFT REGISTERS. TERM. Nos- - 12 as cLear 13| N
9 10,
IN PARENTHESES ARE FOR 2 ND HALF 0 R AN 5 028 I
Vpp*i6  Vss*® ENABLE B z_;::: S
R +~ INH!BI " {CARRY] OUT
Vpp* 1€
T8
RE?;__—___J Vss:8 ¥pp© 16
Vg5 8
CD4532 CD4536
8-Bit Priority Encoder Programmable Timer
4 8- BYPASS
"l S SET 6
2 ENCODER |— 01
oa—L] priORITY a0
|3 RESET
o 1z SELECT
DI —-H z
10|
i a1 [STRGES 924
s pafliy
E, g -———
oot Q9 Q24|
ves'8 o e ) T
20—+ 3
10 o
NARY | BO— IoECODE
LECT | ¢ O—{ DECODER  [PEOXX
b O
cLOcK moNo O3
= IN
INHIBIT Voo*!6 Vss*8



CDA4555
Dual Binary-to-1-of-4
Decoder/Demultiplexer
Output “"High”’ on Select

CD45561
Dual Binary-to-1-of-4
Decoder/Demultiplexer
Output “Low” on Select

CMOS Pinouts 179

CD4585
4-Bit Magnitude Comparator

Voo Voo 10
i lis 2? 7
—— = WORD"A"
a2 a0 a2 F az )
5 3 & a3 =
3 Qi B 3 Ql 3
e ; € o2 - L) axe - 13 a5
E—1d 17 o3 E—19 | 7 & cascapiNG] A=B-S A8
— 2 INFUTS™ | 51 U2 1
adal [T} 200 a-id PP 80
u 3
1 p——Qi an _9]
g2 10 glz p-3 10 WORD"B :Iz |
=1 9 g5 o 9 =~ 14|
E — Q3 a3 B3 Y
‘_r—a e Vpp*18 Vg5*8
Vs Vss
CDA4724 CD40181
8-Bit Addressable Latch 4-Bit Arithmetic Logic Unit
Active-Low Data Active-High Data
WRITE DISABLE _M‘ s L Q0 FUNCTION SELECT INPUTS """-."’-"uﬁ“"
DATA 13 a (HERR W
L Q2 P 1R olsle
a0 [ A Q3 Ui ) © Fi | oureur :e u’ ; -'o
RO 1] 1
A |l. EC 8 g Q4 5 B 2y u_FE FuncTion n%m_ a2 w2 'w:'“;"
Azi 00 H o5 Ay r’o Ols F3 aAS 19 13 F3
ER '::> g s ? u. 14_aen co:z:ut 0 e aes © o
15 2L 24y » 2z
ReseT o7 TiEsd  eeln e b
Vpp*l€ 2 g s » ouT
Vogs8 Ca ? G [y
|5 . i T e Lo o) oo
CONTROL outPuTs MoOE M 8 152 camny
Voo +24 s2cs-2anzsn  CONTROL ouTRuTS
ves 2 vioe24
veg *12
CD40192 BCD
CcD40182 CD40193 Binary
Look-Ahead Carry Generator Presettable Up/Down Counter
{Dual Clock with Reset)
3 PRESET
GO ; ENABLE
. "
- | 6t
G e e 12 o
62 —Q vz -t 12 a2
= _9 10 [
62 —C —— Cn+x J3 |5 a3
1} 7
— Casy e g
7520 s . cLock up > |2 SoRRoW
_| @20 n+z cLock oown 2 }ﬁcﬁnv
P4 —- 15 4
P_z O 7 - RESET Vop* 16
e O—F vsse8
(
CARRY IN Sn 3] L

Vpp= 16
vs3=8
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CD40208
4-by-4 Multiport Register

WRITE
ENABLE  ENABLE A
DATA
INPUTS s [
no -2 14 a0
I
o124 P—ar
nz—"% 15 oz [
)
03— F—as
[}
WRITE 0 —
wRiTE | —2]
22
READ 18 —H 2320
13 —at
READ 0A——1 2 F
12~ G2
3
READ 18 — e3)
ReA0 08 —2
s 21

Vop*24 clock  ENABLEB
vgg =12

WORD A
QuTPUT

WORD B
OuUTPUT

CD40257
Quad 2-Line-to-1-Line
Data Selector/Multiplexer
ouTPUT
DISABLE
1
ar—2
o — DI
az —3
pz —&- 02
as
@83 0] 2—p3
as 14
Be 2 [H2—pa

[
\npyr  Vo0*'®
SELECT Vss*®




Appendix |

Standard metric wire table

Diameter Resistance Current rating
{mm) {ohms per metre) {mA)
0.025 35.1 2.3
0.032 21.4 3.7
0.040 13.7 5.8
0.050 8.8 9.1
0.063 5.5 14.5
0.080 3.4 23.4
0.100 2.2 36.5
0.125 1.4 57.1
0.140 1.1 71.6
0.160 0.86 93.5
0.180 0.68 118.3
0.200 0.565 146.1
0.250 0.35 228.3
0.280 0.28 286.3
0.315 0.22 362.4
0.400 0.14 584.3
0.450 0.11 739.5
0.500 0.088 913.0
0.56 0.070 1.14 (amperes)
0.63 0.055 1.45
on 0.043 1.84
0.75 0.039 2.05
0.80 0.034 2.34
0.085 0.030 2.64
0.90 0.027 2.96
095 0.024 3.30
1.00 0.022 3.65

The values of resistance per metre and of current rating have been rounded off,
Only the smaller gauges are tabulated, representing the range of wire gauges which
might be used in constructing r.f. and a.f. transformers.
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Appendix Il

Bibliography

Some of the most useful reference books in electronics are either out
of print or difficult to obtain. They have been included in the list below
because they can often be found in libraries, or in second-hand shops.

Components: Understanding Electronic Components (Sinclair) Fountain
Press, 1972,

Formulae and tables: Reference Data for Radio Engineers (I TT).

Audio & Radio: Radio Designers’s Handbook (Langford-Smith) lliffe,
4th edn, 1967. A wealth of data, though often on valve circuits. Despite
the age of the book, now out of print, it is still the most useful source
book for audio work.

Radio Amateurs Handbook (ARRL). A mine of information of trans-
mitting and receiving circuits. An excellent British counterpart is
available, but the US publication contains more varied circuits, because
the US amateur is not so restricted in his operations.

GE Transistor Manual (General Electric of USA). Even the early
editions are extremely useful.

Oscilloscopes: The Oscilloscope in Use (Sinclair) Argus Books, 1976.

Manufacturer’s Databooks by Texas, RCA, SGS—ATES, Motorola,
National Semiconductor and Mullard contain detailed information on
semiconductors, with many applications circuits.
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Appendix 1l 183

Microprocessors: The textbooks by Dr. Adam Osborne are by far the
most useful for anyone who already has some knowledge of micro-
processors. For beginners, the last chapter of Beginner’s Guide to
Digital Electronics is a useful introduction,

A useful book on home computers and programming is Microprocessors
for Hobbyists (Coles) Newnes Technical Books, 1979.



Z
¥

Index

A.C. thyristor circuits, 68
Active filters, 76
AF.ics, 108

Air-cored coils, 33
Ambient temperature, 11
Amplification, 51
Aperiodic oscillator, 83
Astable, 83

Audio output stages, 78
Auto shut-off, 96
Avalanche, 47

Back-e.m.f., 29
Balanced amplifier, 73
Base current, 51
Base-emitter junction, 56
Baxandall circuit, 76
Bias of op-amps, 100
Bias systems, 52
Bistable, 84, 87
Boolean algebra, 123
Breakback, voltage, 70
Breakdown, 45

Capacitance, 19
Capacitor colour code, 23
Capacitors, 19
Carbon composition resistors, 8
Carbon film resistors, 8
Cascode ampilifier, 80
Ceramic capacitor, 22
Characteristic of diode, 45
Charge, 19

storage, 24
Charging, 25
Circuit magnification factor, 37
Class A and B, 78
Clocked circuits, 129
CMOS, 134, 138

pinouts, 163

N

184

Coefficient of coupling, 40
Colpitts, 82
Combinational logic, 121
Common-mode, 73
Complementary symmetry, 78
Conductivity, 7

table, 6
Contact bounce, 129
Construction, capacitors, 21
Counters, 131
Coupled tuned circuits, 37
Coupling, 39
Crossover distortion, 78
Crystal-controlled oscillator, 82
Current switching, 64
Current-difference amplifiers, 107

D-type flip-flop, 129
Damp heat, 10
D.C. feedback, 100
Demodulation, 90
Derating, 11
Diac, 70
Dielectric constant, 20
Differential amplifier, 102
Differentiating, 27
Diode, 44
bridge gate, 65
circuits, 49

Directreading capacitance meter, 43

Discharging, 25
Dissipation, 11
Distortion, 52

Dolby circuits, 76
Drift, 100

Dynamic resistance, 47

Efficiency, 78
Electrolytic capacitor, 22
EM.F., 29

]




Energy storage, 24
Equalisation, 76

Fanout, 135

Faraday’s laws, 29

F.E.T., 57

Flip-flop, 87

F.M. front end, 88

F.M.Jam. if., 86

Forward current transfer ratio, 50

Forward resistance, 46

Frequency compensation, 81
modulation, 91
multipliers, 82
of resonance, 34

Gain-bandwidth, 103
Gates, logic, 121
Gating analogue signals, 64

Hard characteristic, 47
Harmonics of crystal, 82
Hartley, 82

Heatsink, 60

hte, 50

High frequency currents, 34
High-K ceramics, 24
Hysteresis, 85

Induced e.m f., 29
Inductance, 30
calculations, 32
of solenoid, 32
Inductive reactance, 33
Inductors, 29
Input offset voltage, 98
Input resistance, 55
Integrating, 27

J—K flip-flop, 130
Joule, 12
Junction, 44

Kirchhoff's law, 13

Latch-up of 555, 117
Law of variable resistor, 12
LCR circuits, 34
Leakage current, 46
L.E.D.,48

Lenz's law, 29

Linear ampilifier, 52
Linear law, 13

Linear i.c., 98
LM3900, 107

Log law, 13

Logic, 119

Long-tailed pair, 65, 72
Losses in transformers, 34

Index

Maximum power transfer, 34

Measuring LCR, 42
Metal film, 8

Metal oxide, 8
Microphone pre-amp, 76
Microprocessor, 139
Microwave diode, 48
Modulation, 90
Monostable, 84
MOSFET, 58

Multi-stage amplifier, 57
Multiplex filter, 75
Multivibrator, 83

Mutual conductance, 54
Mutual inductance, 31, 39

N-channel, 57
Negative feedback, 58
Negative resistance, 48
Noise levels, 10
Non-ochmic, 4

Noise, 56
N.T.C,11,17,24
Null reading, 42
Number scales, 119

Offset, 65

Obhm, 3

Ohm’'s law, 2,4, 13
Ohmic, 4

Op-amp circuits, 100—180
Open-loop gain, 58
Operational amplifier, 98
Optical circuits, 92
Origin of graph, 4
Output resistance, 55
Overcoupling, 39

P-channel, 57
Parallel, 34

capacitors, 25

resonance, 37

plate capacitor, 19
Permeability, 32
Permittivity, 20
Phase-locked loop, 111
Phase/amplitude graph, 28
Point contact, 44
Potentiometers, 8
Power dissipation, 60

supplies, 93
Preamplifier circuit, 74
Preferred values, 9
Pro-electron coding, 70
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186 Index

Protection, surge, 31
Pseudo-complementary, 80
PT.C.,11,17,24

Puise modulation, 92
Push-pull, 78

P.UT., 67

Q, 37
Quartz crystals, 41

Race hazard, 127
Radio-frequency circuits, 86
R.AM,, 141
Reactance, 27
Reference diode, 47
Relative permeability values, 32
Relative permittivity, 20
Resistance, 3
Resistivity, 4
table, 6
Resistor characteristics, 10
colour code, 5
construction, 7
Resistors, 3
Resonant circuit, 34
Rolled capacitor, 22
R.O.M., 141
R-S latch, 128

Sallen & Key filters, 77
Saturation, 64
Schmitt trigger, 84
Schottky i.cs, 138
Sequential fogic, 127
Serial multivibrator, 83
Series, 34
capacitors, 25
resonance, 35
Seven-segment display, 132
Shift registers, 132
Sidebands, 90
Siemens, 7
Silicon-controlied switch, 70
Silver mica, 22
Sine wave oscillators, 82
Single sideband, 90
Slew-rate, 103
Slope of graph, 4
Soft characteristic, 46
Stabilisation, 47
Stabilisers, 94
Stability, 10
Standard form, 1
Stored charge in transistor, 63
Stray capacitance, 20
Superposition ‘heorem, 15
Suppressed carrier, 90

Switching circuits, 62
Switching transients, 30

Tantalum, 22
Tape input circuits, 75
Tape materials, 76
Taper, 13
Temperature change, 46
coeffieient, 10
rise resistors, 11
Thermal resistance, 60
Thermistors, 17
Thévenin's theorem, 16, 17
Three-state, 119
Thyristor, 67
Time constants, 25
Timer 555, 116
Tolerance, 8
Totem-pole circuit, 79
Transistor parameters, 53
testers, 50
Transistors, 50
Transposing equation, 2
Triac, 69
Truth tables, 123
TTL, 134
pinouts, 142
Tuned circuit, 34
Tunnel diode, 48
Turn-off times, 64
Turn-on times, 63
TV.ics, 114
Twin-T, 83

Unijunction, 67
Units of Ohm's law, 2

Universal amplitude/phase tables, 34,35

Untuned transformers, 34

Varactor diode, 48

Variable capacitors, 24
resistors, 8

V.F.0,90

Virtual earth, 101

Voltage amplification, 35
gain, 52
ratio of transformers, 34
-follower, 102
-stabiliser i.c.s, 114
/gain, 56

Wave filters, 42
Wideband amplifiers, 80
Wien bridge, 83
Wire-wound resistors, 8
Working point, 55

Zener diode, 46




Electronics data books tend to be either hefty reference
books or trivial pocket books.

lan Sinclair has compiled this useful and carefully selected
collection of standard circuits, rules-of-thumb, and design
data for professional engineers, students and enthusiasts
involved in radio and electronics. Covering passive and
active components, discrete component circuits (such as
amplifiers, filters and oscillators) and linear and digital i.c s,
the book includes many items which are not elsewhere
available in a single handy volume, The operation and
functions of typical circuits are described, while
mathematics is limited to that necessary for deciding
component values for any application.
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