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INTRODUCTION

This support booklet iswritten for candidates following the AQA Electronics specification. It
is not intended that it should be a rigorous academic text, but rather that it should provide
candidates and teachers with a working knowledge of the Electronics covered by this module
of the specification. This booklet should be used in conjunction with the specification. Itis
assumed that candidates will have a knowledge and understanding of Electronics as defined in
the National Curriculum for Science up to, and including level 7.

In the Unit test candidates will be expected to draw appropriate circuit diagrams and perform
calculations using the equations as given on the Data sheet in the specification.

Throughout this booklet the numbering system for each section isthe same as that used in the
subject specification.

| am grateful for the help and advice given by Terry Williams, Stuart Wisher, David Neal and
Tim Kemp in the preparation of this booklet.

OVERVIEW OF THE FOUNDATION ELECTRONICS MODULE
SPECIFICATION

The module starts with an introduction to electronic systems as the basis for all of the
electronics that is considered within the Specification. It introduces the concept that a smple
system consists of an input, a processing element, an output and possibly some feedback
control. All complex systems can be broken down into smple sub-systems with the above
form.

Before electronic systems can be assembled it is necessary to understand something of the
elements of a subsystem. Logic gates are therefore introduced as 'processing elements for
simple systems and the truth tables of the six basic logic gates are covered. Combinations of
these gates can be easily formed to create complex systems. Asthe number of gates increases
it is possible to smplify and rationalise circuits by considering the Boolean algebra expressions
of the system. It isassumed that only very high input impedance logic gates (CMOS, HC,
HCT series etc) will be used.

To enable an output to be obtained from alogic system, LEDs are introduced along with the
necessary calculations involving electrical power and Ohm's law in order to calculate the series
resistances for the LEDs. Silicon diodes are also introduced as a convenient way of increasing
the number of inputs on alogic gate, as well as their more general properties and applications.
The zener diode provides a quick and convenient way of stabilisng a power supply to enable
logic gates to be operated.

Resistive input transducers in the form of light dependent resistors and thermistors are now
introduced as input devices to the logic gate processors already covered. In order to
successfully use aresistive input device it is necessary to incorporate it into a voltage divider.
Suitable calculations and graphs of the output voltage from such arrangements are considered.

The systems that can be constructed so far will only operate LEDs, the logic gates not being
able to supply sufficient current to operate any larger devices. Therefore to expand the range
of systems, transistors and MOSFETSs are now covered. Their function isrestricted to



behaving as a switch, so enabling logic gates to control high power devices. The advantages
and disadvantages of modern MOSFET s over transistors become apparent with practical
applications.

With the addition of transistors and MOSFET devices to electronic systems, large currents can
be controlled and so some common output devices can now be introduced. Many of these
devices are electromagnetic and so the output switching device (transistor or MOSFET) needs
to be protected, using a diode, from the large voltage produced when the device is switched
off. Relays, themselves, are also considered as important output switching devices because of
the way in which they will switch substantial currents and voltages, and yet provide complete
isolation from the main electronic circuit.

While logic gates will act as processors in analogue switching circuits, their function is limited.
Operational amplifiers are much more suited to thisrole and so are introduced as comparators.
The differences in operation between rea and idea op-amps will need to be considered as
theoretical circuits are constructed with real components.

All the systems produced so far will have an output that changes immediately that an
appropriate input change occurs. In some applications this is undesirable and so capacitors

are introduced as a means of introducing a delay or timing function into electronic systems.
Knowledge of time constants and charging / discharging graphs will enable timing delays to be
determined.

Time delays produced in thisway lack precision. This can be remedied by using a 555 timer IC
in monostable mode. A 555 timer will also function as a pulse producer (astable) and so can
be used to generate audible tones and flash lamps, which can be used as output devices.

OVERVIEW OF THE FURTHER ELECTRONICS MODULE
SPECIFICATION

This module develops and extends the ideas and concepts introduced in the Foundation
Electronics module so that candidates have a more comprehensive knowledge of basic
electronic circuits that can then be applied to the coursework projects.

The module starts by briefly reviewing the digital electronics and logic concepts introduced in
the Foundation module and then extending them into a more detailed study of Boolean Algebra
and the minimisation of logic circuits as they are developed. To aid the minimisation process,
Karnaugh maps are introduced and examples used to show their application. In examination
guestions, candidates will be allowed to decide whether they use Boolean Algebra or Karnaugh
maps for the minimisation process.

All combinationa logic systems process the information immediately (apart from the transition
time within the gate). While this can be desirable, there are many situations whereiit is
desirable for information passed into the logic system to be processed sequentially or after a
delay. The section introduces the D type flip-flop and shows how they can be combined into
counters, latches and shift registers. Monostables and astables are a so revisited from the
Foundation module at which stage they were constructed using the 555timer IC. Inthis
module they are constructed from NAND gates together with the mathematics required to
estimate the timing period. The specification assumes that dl logic circuits have avery large
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input resistance and a low output resistance as found in CMOS and high speed CMOS ICs.
(4xxx, 7AHCxxx and 74HCTxxx series), and it is strongly recommended that these devices are
used in al practical work.

Binary and modulo-n counters are then introduced aong with the conversion of numbers
between binary, decimal and hexadecimal notations. Numbers are restricted in this module to
four bits only and although details are included of how to convert larger numbers, since the
method will be needed for module 3, many candidates may choose smply to learn the
conversion table instead. Consideration is aso given of how to display numbers on a seven
segment array. In the majority of cases the decoding of binary coded decima (BCD) numbers
for the display is carried out using dedicated I1Cs.

Operational amplifiers were introduced in the Foundation module as effective comparators. In
this module they are used as amplifiersin inverting, non inverting, summing and buffer modes
by employing negative feedback to reduce the closed loop gain of the system. Consideration is
given of how the gain of these amplifiers can be calculated along with the bandwidth that can
be expected. The relationship between bandwidth and gainisinvestigated. All op-amp circuits
are based on devices with a very large input resistance, as found in the BiFET range of op-
ampsie, TLO71, TLO8L etc.

Capacitors have already been considered in the Foundation Module as part of timing systems.
They are now considered as components in ac circuits to form frequency dependent circuits
when combined with resistors. Such passive first order filters are discussed in some detall
along with the mathematics required to estimate the 'break points of the filters. Both low pass
and high pass filters are described and their application to treble boost, treble cut, bass boost
and bass boost circuits considered.

Frequency selective elements can aso be included in op-amp amplifier circuits to form active
filters. Consideration isgiven of how to design first order filtersto custom specification, so
that they can be used to tailor the frequency response of an amplifier to that required.

The last element of the module deals with how to obtain sufficient power to operate a
loudspeaker from an op-ampMOSFET source followers form the basis of this topic and are
configured in a complementary push-pull arrangement. Push-pull circuits while having lower
power losses than single device output circuits do suffer from cross-over distortion. Thisis
considered along with ways to minimise its effects.

All semiconductor devices passing significant current, generate heat internally. For the safety
of the device, this heat has to be removed to ensure that it does not get too hot. Thisis
achieved by mounting the device onto a heatsink. The design and construction of heatsinksis
considered along with the necessary mathematics to estimate the required size of heatsink,
based on the power being dissipated by the device.

All elementsin this module link directly to the sub-systems that form the building blocks of any
electronic system and it would be helpful to candidates if they considered this aspect as each
element of the module is studied.
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10.1 SYSTEM SYNTHESIS

The electronics revolution that has happened within the last forty years has not been brought
about by the development of new electronic circuits. Indeed, the vast mgjority of al modern
complex electronic systems consist of circuits that were devel oped within the last sixty years.
The revolution that has brought about the great advances in electronicsistwo fold:
@ the ability to manufacture large silicon crystals of exceptional purity and
(b) the ability to fabricate extremely complex circuits, using photographic
techniques, into an Integrated Circuit, 1C.

This has led to very complex circuits being available which are very cheap, very smdl and very
reliable. The latest microprocessors have in excess of four million transistors fabricated onto a
piece of silicon approximately 1cm?, and yet cost as little as £20. Anaysis of the circuit
diagrams of even such complex systems as microprocessors reveals that they are made from
many smaller sub-systems that had been developed along time ago. Anaysing complex
electronic systems into subsystems that can be recognised and understood isavita part of
modern electronics. It isfor thisreason that the 'Systems approach to electronicsis
fundamenta to this Electronics course.

All electronic systems can be analysed into small, discrete sub-systems which will, in generd,
consist of the following sections:-

e aninput,

e Aprocessor,

e anoutput,

e and possibly some feedback.

Using this concept, complex electronic systems can be broken up into smaller and smpler sub-
systems, where each section is represented by a labelled box and the lines between the sections
represent the flow of information. A typical example is shown below infigure 1.1. The arrows
indicate the flow of information through the system.

FEEDBACK
=

INPUT | 5 | PROCESS | 5 | OUTPUT

©IPKO1

Figure1.1

As an example, consider a security lamp which will switch on a high powered mains lamp for a
preset time when it detects the movement of a warm object and the externa lighting level is
below a preset value. Both the time and the external light level can be preset by the owner.
Figure 1.2 shows how such a complex system can be analysed into basic sub-systems. These
sub-systems can then be analysed into even more basic sub-systems. For example the light
level sensor can be separated into three simpler sections, the LDR light sensor, the voltage
divider and the darkness control, which allows the user to set the light level above which the
lamp does not light.
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Figl.2

Electronic systems are only able to process information if the information isfirst changed into
electrical signals representing that information. Thisisthe function of the input device or
transducer. There are many different types of input device. Some will actualy generate an
electrical signal, eg a dynamic microphone and a photodiode. Others rely on a change of their
properties (eg resistance) to cause a change in an electrical circuit, for example,

an LDR (Light Dependent Resistor) or athermistor.

Some more examples of different input transducers are shown below in figure 1.3.

sound => microphone
light => LDR, photodiode electrical
temperature => thermistor signal
motion => variable resistor, generator

Figure 1.3



There are many different types of basic processing that can be carried out by the processor in
an electronic system. These include the following, many of which are covered in other
modules of this GCE course.

Amplifying
Andogue to Digital Conversion
Comparison
Digitd to Analogue Conversion
Equalisation
Logical Operations
Memorising signals
Signd limiting
Timing
Once the el ectronic system has processed the information, the electrical signals need to be

changed back into aform that is usable by the outside world. Thisisthe purpose of the output
device or transducer, some examples of which are shown below in figure 1.4.

sound => loudspeaker

eectrica light => lamp, LED, television screen
signdl heat => resistor
motion => motor, electromagnetic solenoid

Figure 1.4

Asadesign exercise, consider a system to maintain a preset, constant temperature in aroom.
In keeping with dAl electronic systems, input transducers, a processor and a output transducer
are required.

One input transducer needs to change temperature into an electrical signa and so athermistor
could be used.

A second input transducer needs to give an electrical signa from the preset temperature
control. A variable resistor could be used for this application.

The processor will need to compare the electrical signa from the input transducers and so a
comparator could be used.

The output transducer will need to convert electrical signas back into heat, which could be
achieved using a high power resistor.

This system will aso have feedback since as the resistor heats the air in the room, the change in
temperature of the air will be fed back to the input transducer.

Asadesign exercise, try to draw a system diagram for the system described above.



10.2 LOGIC GATES AND BOOLEAN ALGEBRA

There are many different logic operations that can be incorporated into a processor, resulting
in the output transducer responding in a defined way to the state of the various input signals.
The actua function of alogic processor isdefined by aTRUTH TABLE which will
summarise ALL possible output states for ALL possible combinations of input states.
Analogue electronics uses continuoudly varying voltages and so it is not possible to produce
tables showing the relationship between every possible input and output since such tables
would be infinitely long.

Consider an example of an electronic system.

A car manufacturer wants to incorporate a seat belt alarm to warn the driver
when the seat belt is not fastened. The alarm must sound when the ignition is
switched on, the driver issitting in the driver's seat and the seat belt is not
fastened. The manufacturer fits switchesinto the seat and seat belt.

Thisis an ideal problem to solve with a Digital electronic system. Digita electronicsis
concerned with switching-type circuits in which the inputs and outputs involve only two levels
of voltage (or current). Digita information (signals) therefore consists of a series of voltage
pulses, with aHIGH voltage being represented by a 1 and a L OW voltage being represented
by a 0.

Digitd circuits consist of logic gates which control the flow of digital information. A logic
gate isa device which has one output and several inputs. The output will either be alogic 1
(high) or alogic O (low) depending on the input signals. The logic gates covered in the
specification are assumed to have a very high input resistance, and alow output resistance.
Logic 0 isassumed to be less than haf of the supply voltage and logic 1 is assumed to be more
than half of the supply voltage. These are the characteristics of the CMOS, 74HC and 74HCT
logic families. All of theselogic circuits will operate from awell regulated +5V supply and it is
assumed in circuit diagrams that a power supply is connected even though the connections will
not be shown.

In the example given above, the information needs to be changed into electrical signals. Thisis
the task of the seat switch, the ignition switch and the seat belt switch. These are wired so that
the following signals are produced.

The seat switch gives alogic 0 when the seat is occupied and alogic 1 when it is
unoccupied.

The seat belt switch givesalogic O if it isfastened and alogic 1 if it is unfastened.
If the ignition switch ison then it givesalogic 1.

The darm needs alogic 1 to sound.

The darm istherefore to sound if

the ignition switch ison, (1),

the seat belt is unfastened, (1),

and the seat is occupied, (0).
This information can be neatly summarised in a Truth Table for the system showing dl of the
possible input states.

10
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Before converting this truth table into an el ectronic circuit it is necessary to consider the three

basic logic gates of AND, OR and NOT together with ssimple combinations which form

NAND, NOR and EX-OR gates.

All digital electronic circuits are built from combinations of these basic gates.
Although only two input AND and OR gates are shown below, the same principal appliesto

these gates if they have many inputs.

The truth table and logic symbol for atwo input AND gate is shown in figure 2.1.

INPUTS

AO0—]
Therefore the output of an BC D—O OUTPUT

AND gateisalif input A

AND input B are both 1. AND

The truth table and logic INPUTS

symbol for atwo input OR A
gate issnhown in figure 2.2 B OUTPUT

OR

Figure 2.1

Figure 2.2

Therefore the output of an OR gateisalif input A OR input B is1.

The truth table and logic symbol for a

A
NOT gate is shown in figure 2.3. INPUT
A o—[>0—0 OUTPUT
1

NOT

A B ouT
0 0 0
0 1 0
1 0 0
1 1 1
A B ouT
0 0 0
0 1 1
1 0 1
1 1 1
ouT
0 1
0

Figure 2.3

Therefore the output of aNOT gate is always the opposite of itsinput.

11
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From these basic gates more Ao—|
complex ones can be constructed, INPUTS BO_D_I>O_° OUTPUT

the most common of these being NAND

the NAND and NOR gates.
The logic symbols and truth A B ouT
tables for these gates are shown 0 0 1
infigures 2.4 and 2.5. AO DO_OgTPUT 0 1 1
Bo——
NAND L 0 L
1 1 0
Figure 2.4
A
INPUTS Bg::j::>———{:>0———OOUTPUT
NOR
A B ouT
0 0 1
A ouTtpuT |0 1 0
B 1 0 0
NOR 1 1 0
Figure 2.5 o

Many other logic circuits can be produced using the five logic gates described so far and a
technique is needed to analyse such circuits. Thisis most easily described using an example.

Consider the logic circuit shown in figure 2.6.
The output of each gate isrecorded as a separate column in the truth table. In thisway,
inputs A and B give the intermediate outputs C and D, which in turn, form the inputs for the

find AND gate.

INPUTS
A o_._DOSL A B C D ouT
5 ouTpPuT |0 0 1 10 {0
:}———0 o [ 1 1 [ 1 |2
:ij::>13[_ 1 0 1 1 1
1 1 o [ 1 0
Figure 2.6

Thislogic circuit functions as a digital comparator in that when the two inputs are the same the
output isalogic 0 and when the two inputs are different the output isalogic 1. Thisfunction
isvery useful and is often required in complex logic circuits (it forms the basis of a binary
addition circuit). It isgiven the name of Exclusive-OR and isfabricated as asingle logic gate
with the circuit symbol and truth table shown in figure 2.7.
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A B |our
INPUTS 0 0 0
QZ:)D_O OUTPUT 0 1 1
EX-OR L 0 L
1 1 0

©IPKO1
Figure 2.7

With the basic logic gates now available, the truth table for the seat belt alarm from page 11
can now be converted into logic gates. Looking at the truth tables for the basic logic gates it
can be seen that the truth table for the seat belt alarm is smilar to that for a three input AND
gate in that there is only one input combination that givesalogic 1 output. The next task isto
consider how this could therefore be made using an AND gate. A little thought will show that
if the SEAT SWITCH output isinverted by passing it into a NOT gate, then an AND gate can
be used to combine the three inputs.

The resulting circuit diagram is shown in figure 2.8.

SEAT SWITCH o—[>o—|—
| ALARM
SEAT BELT SWITCH o D—o

IGNITION SVVITCHo—| ©IPKOL

Figure 2.8

Three input AND gates are not as common as two input NAND gates and so it isa useful
exercise to redesign the circuit using just two input NAND gates.

A NOT gate can be made from atwo input NAND gate with both of its inputs connected
together. An AND gate can be made from aNAND gate followed by aNOT gate. The seat
switch and the seat belt switch can therefore be combined using the circuit shown in figure 2.9.

SEAT SWITCH {DOLDO{DO_O

OUTPUT

o,
SEAT BELT SWITCH elpkoL
Figure 2.9

Also the alarm must sound only when the ignition switch ison, i.e. at logic 1, AND when the
output from the previous circuit isalso alogic 1. These two signals can therefore be combined
using another AND gate made from two NAND gates, one wired asaNOT gate. The
complete circuit is shown in figure 2.10.

13
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IGNITION SWITCH
Figure 2.10

This circuit appears to be much more complicated than the circuit shown in figure 2.8.
However, logic gates are supplied as Integrated Circuits (ICs), each |C usudly containing
several identica gates. Two input NAND gates are supplied in an 1C containing four such
gates and so it is economically advisable to use as many of the gates as possible rather than
severa 1Cs each containing different logic gates.

It isauseful exerciseto work out how to form the following logic functions:-
aNOT gate from aNOR gate,
aNOT gate from an EX-OR gate,
an AND gate from three NOR gates,
an OR gate from three NAND gates,
an EX-OR gate from four NAND gates.

Boolean Algebra

L ogic circuits may be described by following a notation devel oped by George Boole in 1847
which was originaly used to compare logical word statements. It wasfirst used in electronic
systems in 1938 when it was adapted by Claude Shannon to describe tel ephone switching
systemsand it isin thisform that it is used today. Boolean algebrais a shorthand way of
writing logic statements. Some of the more common logic statements are shown below.

A=B means 'the logic state of A isthe same as the logic state of B'
iewhenAisl, Bislandwhen AisO, BisO.

A+B=Q means 'output Qislwheninput Ais1OR input Bis1.
Note: the + sign in Boolean algebra means OR.

A-B=Q means 'output Q is1 wheninput Ais1 AND inputBis1'
Note: the - sign in Boolean agebra means AND.

A means 'NOT A'.
Note: abar placed over an expression isread as NOT.

A= Q means 'output Q is1 wheninput A isO.
A+B=Q means 'output Qis1when Neither input Ais1OR inputBis1'
ie NOR.
-B=Q means 'output Q is 1 when Neither input A is1 AND input Bis1'.
ie NAND.
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These logic statements can be used to express electronic circuits in terms of Boolean algebra
expressions. Consider the circuit and truth table in figure 2.6 (which is reproduced below).
This circuit behaved as an Ex-OR gate.

INPUTS
A O—e C A B C D Q
B 0 0 1 0 0
D—OQ 0 1 1 1 1
j>{ 1 0 1 [ 1 1
1 1 0 1 0
(Figure 2.6)
Output C can be written as C=A-B
Output D can be written as D=A+B

So the output Q can bewrittenas ~ Q=C-D=(A-B)-(A +B)
Therefore the Boolean expression for Exclusive Or is Q = (A - B)- (A + B)

It can be shown that this expression smplifiesto Q=A-B+A-B
Since thisis such acommon and useful expression it is given its own Boolean algebra symbol,

Q=A-B+A-B=A®B

Boolean Algebra Laws

In order to be able to manipulate Boolean Algebra expressions it is necessary to consider the
rules and laws that they obey. It can be shown, using truth tables, that Boolean Algebra
expressions obeys the normal mathematical laws which are set out below.

Commutative Laws;
A+B=B+A

A-B=B-A

Associative Laws:
A+(B+C)=(A+B)+C
A-(B-C)=(A-B)-C

Distributive Law:
A-(B+C)=A-B+A-C

15



Boolean | dentities

Some of the more common Boolean Identities are listed below. |t isaworthwhile exercise to
ensure that they can be verified.

A-A=A
A+A=A
A-A=0
A+A=1
A.l=A
A+l=1
A.0=0
A+0=A
A+A.B=A
A-(A+B)=A
A=A
Using Boolean Algebra

The main use of Boolean agebraisto smplify complex logic systems. Thisisrequired in AS
Module 2. However, using the identities and laws, it isrelatively straightforward to use
Boolean algebra to verify the logic function of logic circuits. Consider the seat belt alarm
system and the circuit diagram shown in figure 2.8 (which is reprinted below).

SEAT BELT SWITCH (B) o

IGNITION SWITCH (C) 0—' ©IPKOL

(Figure 2.8)

SEAT SWITCH (A) o E>c
L > ALARM

If A represents the input from the seat switch, B represents the input from the seat belt switch
and C represents the input from the ignition switch, then the output Q can be written as

Q=A-B-C

16



However, the circuit can also be constructed from two input NAND gates as shown in
figure 2.10 (which is reprinted below).

SEAT SWITCH (A) O—ED@—L

O
SEAT BELT SWITCH (B)

Bt

Ds

:

IGNITION SWITCH (C)

(figure 2

10)

Bt

Consider gate 1. The Boolean expression for the output is A - A
But using theidentity A-A=A theequation smplifiesto A

Consider gate 3. The Boolean expression for the output is (K- B

Consider gate 2. The Boolean expression for the output is A - B

: ALARM
5 Jo—=

©IPKO1L

But using the identity A-A=A the equation smplifiesto

And using theidentity A=A theequation smplifiesto A-

N—r’

A-B
B

Consider gate 4. The Boolean expression for the output is A-B-C

.(K.

°)

Consider gate 5. The Boolean expression for the output is (K B- C)- (K B- C)

But using theidentity A-A=A theequation smplifiesto iA-B-C)
And using the identity A=A the equation smplifiesto A-B-C

=Q=A.

which is the same as the expression for figure 2.8.

17
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10.3 CURRENT, VOLTAGE, POWER, RESISTANCE

In order for the processor of a system to interact with input and output transducersit is
necessary to consider the basic properties of electricity.

Electricity isthe effect of the movement of electric charge. The smallest quantity of electric
charge possibleis called an electron. The amount of electric charge each electron carriesis
very smdl and so very many electrons are involved in electric and electronic circuits.

V oltage can be thought of as being a measure of the amount of energy that the electrons
moving inacircuit have. An electric current can be thought of as a measure of the number of
electrons passing through a conductor.

If electrons are to move then they must have energy and so there can only be a current (flow of
electrons) in a component when there is a voltage acrossit. If there isno voltage across a
component, then there can be no current flow. However, it should aso be remembered that if
there isno path for electrons to pass through, then there will not be any current even though
there may be a voltage difference.

It isimportant that all quantities used in electronics have appropriate units associated with
them. The common units and their symbols are listed below.

Quantity Unit Symbol
voltage volt V
current ampere A

resistance ohm Q

power waltt W
frequency hertz Hz
capacitance farad F

These units are often too large or too smal for given measurements. The farad isavery large
unit; the capacitance of the Earth, when treated as a capacitor, isonly a smal fraction of a
farad. On the other hand the ohm, when used in electronic circuitsis very small and usually
components with a resistance of many thousands of ohms are used. To smplify the use of
these standard units, prefixes are used in front of them, just as they are with distance
measurements, eg millimetre, kilometre etc.

Each of the common prefixes is shown below, together with one or more examples of units of
magnitudes typicaly encountered in el ectronics.

giga %1,000,000,000 (G) GHz

mega x1,000,000 (M) MHz, MQ

kilo x1,000 (k) kHz, kQ, kV
milli x0.001 (m) mV, mA, mW
micro x0.000001 () uVv, vA, uW, uF
nano x0.000000001 (n) nF

pico x0.000000000001 (p) pF
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lamp 1 There are essentialy two ways in which electronic

components can be arranged in a circuit, in series or
-V parallel. A smple seriescircuit is shown in figure 3.1,
consisting of a cell (battery) and two lamps.

lamp 2
) ©IPKO01 /,_A\\
Figure 3.1 \ O
(%)

As electrons pass around a circuit, they lose energy,
but the electrons are not "used up" in any way. Iy @
(Indeed, if they were, then the whole circuit would <O
become radioactive!!) Thismeansthat in a series “‘
circuit the current will be the same wherever it is /A\
measured. v ©IPKOL
If three ammeters were placed in the series circuit as Figure 3.2

shown in figure 3.2, they would al have the same reading.

The same argument can aso be applied to currents entering
and leaving ajunction in acircuit. Figure 3.3 showsa 3A 1.5A
junction in acircuit. Since electrons cannot suddenly appear
or disappear, the current shown on the ammeter must equal
the sum of the other currents. 2.2A
The ammeter therefore reads

3A +2.2A —-15A =3.7A
with the current flowing away from the junction.

©IPKO1

Figure 3.3

Electrons cannot give out any more energy in acircuit than they are initialy supplied with by
the power supply or battery. In asimple series circuit this means that the sum of the voltages
across al of the componentsis equal to the voltage of the power supply. In figure 3.1 this
means that

voltage acrosslamp 1 + voltage across lamp 2 = voltage of battery, V.
The only common circuit in which lamps are arranged in seriesis Christmas tree lights. There

are usudly twenty lamps connected together in series. Each lamp israted at 12V and so the
whole series circuit can be connected to the mains el ectricity supply of 240V (230V).
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A smple pardléd circuit isshown in
figure 3.4. Ascan be seen, each lampis
connected directly (through an
ammeter) to the battery, and so the
voltage across each lamp is the same as

LR
X

the battery voltage.
The current, however, is split at each
> junction. This means that
©IPKOL |:|1+|2
Figure 3.4
Ohm'sLaw

Electrons move more easily through some materials than others when a voltage is applied
across the material. The opposition to current flow is caled resistance and ismeasured in
ohms (). Larger units are kilohm, (kQ = 10° Q) and megohm, (MQ = 10° Q.)

Resistance is defined as follows.

voltage _ V.
current |

resstance=

The resistance will be measured in ohms when the voltage isin volts and the current isin amps.

This formulais often known as Ohm's Law and is probably the most important formulain
electronics.

Ohm'slaw can be placed into a Magic Triangle

to help with its re-arrangement.

The magic triangle is shown opposite.

To find aformula, cover up the letter that you require and the formula can be read from the
triangle.

eg, to find I, cover the letter | and then | = V/R.

Example V

A resistor has a voltage of 25V across it and a current of I R
0.5A passing through it.
What is the resistance of the resistor?

voltage =§= 500
current 0.5

resistance=
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Resistors|In Series

Ry R R3
— T I
Vl V2 Vg
D — <
| ¥
< | I ©IPKOL
Figure 3.5

When several resistors, eg. Ry, Ry, and Rg are connected in series, asin figure 3.5,

o thesamecurrent, I, passesthrough each resistor,
« theapplied voltage, V, isequal to the sum of the voltages across the separate resistors :

=>V=V1+V2+V3
o thetotal resistance, R, isthe sum of the separate resistors.
=>R=R1+R2+R3

Example
What single resistor could replace the three resistors shown in the diagram below?

1 I 1 | 1 I
1.4 kQ 2.2kQ 3.7kQ

eIPKoL
=>R=R1+R2+R3=14+22+37=7.1kQ

ResistorsIn Parallel

When two resistors, eg. Ry and R,, are connected in parallel, asin figure 3.6,

|
o thevoltage across each resistor isthe same, V, o >

. A
« thetotal current, I, isequal to the sum of the l1 I
currents in the separate resistors,

l=11+12 Vv R, R,
« theresulting resistance, R, isgiven by:-
1 1 1
—_—= 34—
R R1 R2 o <
-~ ©IPKOL
Figure 3.6.
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Example
What single resistor could replace the two resistors shown in the diagram below?

—__
41 1 _1.1 1+2 3 ke L
R R1 R2 10 5 10 10 ]
10 SkQ ©IPKO1

Since aresistor opposes the flow of eectricity, it can be used
to limit the current passing into a component. If a6V, 60mA lamp
lamp was to be used in a circuit operating from 12V, too
much current would pass through the lamp and it would be —12v
destroyed. If asuitable resistor is connected is series with

resistor
the lamp, then the resistor can limit the current flowing to a
safe level for the lamp. The arrangement isshown in
figure 3.7. ©IPKOL
Figure 3.7

The value of the resistor is calculated using Ohm's law.

The current passing through the resistor is the same as through the lamp, i.e. 60mA.
The lamp only requires 6V, and so there must be (12 — 6)V across the resistor, i.e. 6V.
Using Ohm's law,

Vv 6

R=—=—-=100Q
| 0.06

Therefore the value of the resistor should be 100€2.
This technique has many applications in electronics especialy with LEDs and Zener diodes.

Heating And Magnetic Effects Of An Electric Current

When electrons pass through a material, they 'collide’ with the atoms that make up the material.
With each collision they lose a smal amount of energy, which istransformed into heat within
the material. So when a current passes through a material, the materia is heated.

The amount of heat produced depends on the following:

the current flowing,
the resistance of the material.

Each electron has associated with it a very small magnetic field. When electrons are moving
around randomly within a conductor the overal magnetic field created is zero because the
random fields of each electron cancel. When electrons are forced to move in the same
direction, i.e. when there is an electric current, then the magnetic field of each electron are no
longer random and a net magnetic field is created. The strength of the magnetic field is
determined by how many electrons are forced to pass in the same direction i.e. on the strength
of the electric current.

So an electric current produces both a heating effect and a magnetic effect.
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Electric Power

It can be shown quite smply that the electric power given out (dissipated) by a component is
the product of the voltage across the component and the current through the component, i.e.

P=VxI

But Ohm's law states that V=1xR
Combining these formul ae together gives two more equations for power

2
P=12xR and |:'=VH

eg. A current of 0.5A passes through a component when there is6V across it.
What power is dissipated in the component?

P=Vx|=6x05=3W

eg. A 60W lamp operates from a 230V supply.
What is the resistance of the lamp?

Resistors

A resistor isacomponent that restricts the electric current passing through acircuit. Itis
therefore useful for limiting the amount of current passing through a component. A resistor is

also useful for providing a voltage across it when a current is passed through it.

Resistors are either shaped like a tube with a wire coming from each end or as atiny square
with two solder connections, if it is a surface mounted resistor. Both types have the symbol

shown in figure 3.8.

component outlines

o 2

resistor symbol

surfac%d
%’i%?ér wire ended resistor

Figure 3.8
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insulation A resistor consists of two metal end caps

—— with aresistive materia placed in
resigtive material between as shown in the cross-sectional
diagram in figure 3.9.
metal end-cap There are _thr_ee common substances used
Figure 3.9 for the resistive material. These are

Carbon, Metal Oxide and Thin Wire.

Carbon resistor s are cheap but they tend to be unstable (their resistance changes with
temperature and time) and can produce unwanted noise in circuits.

Metal oxide resistors are more expensive but are more accurate (smaller tolerance), more
stable and produce much less electrical noise.

Wirewound resistor s are the most expensive but can be very stable and accurate. They can
often be designed to dissipate large amounts of power. However, because they are made from
acoil of finewire they are of little use in radio circuits since they have appreciable inductance.

Resistors are measured in units called ohms, in memory of Georg Simon Ohm who did much

work on resistance during the nineteenth century. The symbol for the ohm is the capital Greek
letter Omega drawn as Q.

Resistor Tolerance

Although manufacturing techniques have improved significantly during the last few years, the
value of aresistor isunlikely to be exactly the same as the value marked on it. The tolerance
of aresistor shows how close its actual value was to its marked value when it was made.

eg a100Q resistor with atolerance of +10% could have a vaue between 90Q (100 - 10) and
110€ (100 + 10).

Typical tolerances are £1%, +2%, +5% and +£10% and individua resistors are marked
accordingly.

Printed Code

This code, BS1852, is printed on resistors, variable resistors and is also sometimes used on
circuit diagrams. It consists of letters and numbers.

R=x1 K=x1000 M =x 1000000
The position of the letter indicates the position of the decimal point,
€g. AR7=4.7 Q, 4K7 = 4.7 kQ AMT = 4.7 MQ

The tolerance of the resistor is given by the letter at the end of the code.
The letters used are:-

F=%1%, G=+x2%, J=%+5%, K=+10%, M =+20%

€g. 270RG = 270Q + 2%, 47KJ = 47kQ + 5%, IM5K =1.5MQ * 10%.
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Resistor Band Colour Coding

A resistor has either four or five coloured bands painted on it, as in figure 3.10.
Thefirst two or three bands give
the value in significant figures,

the next givesthe multiplier and | I—
the last the tolerance.

©IPKO1

Figure 3.10.
Colour. Firg Second Third Next Last
Black 0 0 0 — —
Brown 1 1 1 0 +1%
Red 2 2 2 00 +2%
Orange 3 3 3 000 —
Yédlow 4 4 4 0000 —
Green 5 5 5 00000 —
Blue 6 6 6 000000 —
Violet 7 7 7 — —
Grey 8 8 8 — —
White 9 9 9 — —
Silver — — — 0.01 +10%
Gold — — — 0.1 +5%

NB. Ignorethe shaded column of thetable for four band resistors

€g. a5 band resistor with bands of green, blue, black, yellow, red
hasavaueof 5-6-0-0000-+2%
i.e. 5.6MQ + 2%.

€g. a4 band resistor with bands of yellow, violet, brown and gold

hasavaueof 4-7-0-+5%
i.e. 470Q +5%.

Preferred Values

Since exact values of fixed resistors are unnecessary in most circuits, only certain preferred
values are made. The values chosen for the E24 series (with £ 5% tolerance ) are as follows.

10, 11, 12, 13, 15 16, 1.8, 20, 22, 24, 27, 30, 33, 36, 39, 43,
47, 51, 56, 6.2, 6.8, 7.5 82, 9.1, andmultiplesthat are powers of ten greater.

These values give maximum coverage with minimum overlap with the £ 5% tolerance.
When aresistor value has been calculated it will often fal in between two of the preferred
values. The one that is chosen will depend on the application within the circuit. 1f the absolute

maximum vaue for current flow has been used in the calculation then it will usualy mean that
the preferred value that isthe next largest to the calculated value will be selected. Thiswill
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ensure that the maximum current is not exceeded. Thisisan important consideration when
working with LEDs and Zener diodes.

10.4 DIODES
Light Emitting Diode (L ED)

LEDs provide a very convenient way of obtaining an output from the processor of an
electronic system, since they can be interfaced directly to logic gates.

lens
An LED isadiode made from the

anode semi-conductor galium arsenide phosphide.
/ Its component outline and symbol are shown
/ infigure 4.1. When forward biased (see next

flat section on diodes) it conducts and emits light
1 of acertain colour depending on its

composition. No light emission occursin
cathode anode . -
lead lead cathode reverse bias anc_i if the reverse voltage
exceeds approximately 5V then the LED
may be damaged.
Figure 4.1 Pt

A LED requires a series resistor to ensure the Ry
current does not exceed its maximum rating, which S
should be taken as 20mA. The forward voltage

drop acrossa LED isabout 1.8V, though it does

depend upon the colour of the LED. R

To caculate the value of the seriesresistor it isfirst
necessary to decide on the current that should flow //"
through the LED. The data sheet for the LED will

specify amaximum current, | ,,oc. The LED current C;
should be less than this. If the supply voltageisVy,
then

R Figure 4.2 eIPKoL

I max
The minimum value used for R should be the next largest preferred value.

LEDs are used as indicator lamps and in seven-segment displays. They have the advantages of
smal size, long life, asmal operating current and high operating speed. Thereisnow alarge
range of different LEDs readily available with outputs ranging from the infra-red to the blue
wavelengths and sizes ranging from 1mm to 50mm.
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Seven segment array

Electronic calculators, clocks, cash registers and measuring instruments often have seven-
segment LED displays as numerica indicators. Each segment isan LED and by lighting up
different segments adl numbers from 0 to 9 can be displayed. Each segment needs a separate
current limiting resistor to prevent damage to the segment by excess power dissipation.

All the cathodes (common cathode type) or al the anodes (common anode type) are joined to
form a common connection.

(If the driving circuit is made from transistors, so that the seven-segment display segments are
connected in the collector circuits, then a common anode display will be required.)

a
N
Diodes f b
A diode is a semiconductor device that only allows current to pass
oneway. The symbol for adiode isshown infigure 4.4, the 9
direction of the arrow indicating the direction of the conventional € ¢
current flow from anode to cathode. o o
d
anode cathode OIPKOL
anode ) cathode s =T
symbol component outline
Figure 4.4

When the current passes from the anode to the cathode of the diode, the anode is positive with
respect to the cathode and the diode is said to be forward biased.

When the cathode of a diode is positive with respect to the anode then no current will flow and
the diode is said to be reverse biased.

When a silicon diode is forward biased, conduction does not start until the voltage acrossit is
about 0.7V. Once conduction has started, a very smdl increase in voltage produces alarge
increase in the current as shown in the diode characteristics in figure 4.5. (Figure 4.5(b) isan
enlarged version of the forward biased section of figure 4.5(a).)

current/mA current/mA
10+ 10+
reverse bias 8- forward bias reverse bias g4 forward bias

61 61

4 4+

2- 2+

1 1 1 L L L 1 ] L L 1 1
60 { -40 -20 0 +20 -1 0 1
breakdow voltage/V voltage/V
Figure 4.5(a) Figure 4.5(b) ©IPKoL
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Using Diodes To Extend The Number Of InputsOn A Logic Gate

Diodes can be used to successfully increase the number of inputs on alogic gate so long as the
circuit isnot operating at a high frequency (less than 10kHz) and the high input impedance of a
normal logic gate can be sacrificed. The noise immunity of the circuit will aso be degraded,
though the extent of the degradation will depend on the supply voltage being used with the
logic gates.

The circuits shown below are based on aNOT gate but the same principle can be applied to
the input of any other logic gate. It isassumed that the logic gate belongs to one of the CMOS
families.

Many Input NOR Gate

In the absence of any inputs, the 100kQ2
resistor ensures that the input of the NOT
gateisat logic O, (it isacting as a pull-down
resistor). The output of the NOT gateis inputs
therefore logic 1 and any logic O inputs will output
not alter the output. But any logic 1 inputs 100k

will forward bias the diode and make the
NOT gate input alogic 1. The output of the
NOT gate will become logic O.

e

K:

o0V

Figure 4.6 ©IPKoL
Many Input NAND Gate

In the absence of any inputs, the 100kQ +Vs
resistor ensures that the input of the NOT g

gateisat logic 1, (it isacting as a pull-up 100kQ2

resistor). The output of the NOT gateis
therefore logic 0 and any logic 1 inputs will °
output

not alter the output. But any logic O inputs Inputs
will forward bias the diode and make the NOT

gate input alogic 0. The output of the NOT o_®_
gate will become logic 1. Therefore, the NOT
gate output will only be logic 0 when dl of the
inputs are logic 1.

o0V
Figure 4.7 GIPKOL

Although the examplesin figures 4.6 and 4.7 show four input gates being formed, the
technique can be expanded to as many or as few inputs as required. It can aso be used on the
individua inputs of NAND and NOR gates.

In the examples above, the input impedance of the circuitsisthat of the pull-up or pull-down
resistor. Thisresistor can be any vaue in the range from 10kQ to 10MQ, though very high
resistor values should only be used with low frequency circuits.

o

28



Zener diodes

Logic gates, aong with many other electronic circuits, behave more predictably when they are
operated from a stabilised power supply. Zener diodes provide a cheap and convenient method
of providing a stabilised supply.

If the peak inverse voltage of anormal diode is exceeded the diode is usually damaged. A
zener diode isdesigned so that at a certain breakdown voltage the reverse current increases
suddenly, as shown by the characteristic in figure 4.8. At this breakdown voltage the reverse
current is limited by a series resistor so the voltage across the zener diode, V,, remains
constant over awide range of reverse currents passing through the zener diode.

Zener diodes are made with breakdown voltages between 2.7V and 200V .

current/mA
8 -4
Zener 6T lforward
breakdown 4 | bias
voltage, V,
2 —
1 1 | | | | 1 1
1 T T T T U 1 1
6 { 4 2 1 voltage/V
_2—-
reverse bias
_4—-
_6—-
Figure 4.8 ©GIPKOL

Aswell as providing voltage regulation to obtain a steady voltage in circuits where the supply
voltage varies, a zener diode can also be used to:-

a). prevent the voltage difference in a system exceeding a chosen value,
b). reduce a voltage by a certain amount, irrespective of the current flowing.

In an unregulated power supply the output voltage falls when the output current rises. A zener
diode can be used to minimise this effect using the circuit shown in figure 4.9.

+
0 To caculate the minimum vaue of the current
limiting resistor, R, it is necessary to know the
_ following:
varying : .
direct the maximum input voltage V o
voltage + . o
the maximum power dissipation of the zener
regrulated diode, Prmax,
voitage, Vz the minimum current needed to flow through
the zener diode, | ,ip.
(0)\V4e, o OV oerkor

Figure 4.9
The maximum current that can flow through the zener
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diode, |,, is determined by the power rating of the diode.

|=Pmm
2=7,

Therefore the maximum current that can be used by the load while the output voltage is kept
constant is

lload =1z— Imin-

The minimum value of the current limiting resistor, R, is calculated using the formula

R=Vmw_Vp
|z
If the load current rises (or fals) the zener current fals (or rises) by the same amount. Thisis

because the zener tries to maintain a constant voltage across itsdlf. If the load current becomes
greater than |, then the voltage across the zener diode will decrease.

If the output is short circuited, then the maximum current that can flow is Vgax :

Under normal operating conditions the resistor R has to dissipate a power equal to

| zx(Vmax - Vz)

When the output is short-circuited the resistor R hasto dissipate a power equal to | ;% V max

Example

A stabilised 5.1V power supply isrequired to operate alogic circuit in an electronic system.
The system isto be operated from a9V battery. A 5.1V, 400mW zener diode is available,
which requires a minimum current of 2mA to maintain the zener voltage.

The required circuit diagram is shown in figure 4.10 below. It isthe same as figure 4.9 except
that an output capacitor (100nF) has been added to remove noise from the zener diode.
+9V
Pt The maximum current that should pass through the zener
diodeis0.4/5.1 = 78.4mA.
R The voltage across theresistor is9 —5.1 = 3.9V.

Therefore the vaue of the resistor = 3.9/0.0784 = 49.7Q2
In order not to damage the zener diode, the nearest

——o+3.1V greater preferred value is chosen i.e. aresistor of 51Q
should be used.
— 100nF
The power dissipated by the resistor = 3.92/51 = 0.298W.
oVo o OV Therefore a0.5W resistor should be used.
Figure 4.10

If the logic circuit only needs afew mA then there isno point in alowing a large current to
pass through the zener diode as it will just discharge the battery. 1t would be a useful exercise
to verify that a suitable resistor, if the logic circuit only required 10mA, would be 300Q.

10.5 RESISTIVE INPUT TRANSDUCERS
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In order for electronic systems to be useful, they must be able to respond to different input
parameters. Resistive input transducers in the form of Light Dependent Resistors and
Thermistors enable variations in light intensity and temperature to be converted into electrical
signalsfor electronic systems.

The Light Dependent Resistor (LDR)

The resistance of alight dependent resistor decreases as the illumination on it increases. It can
therefore convert changes in light intensity into changesin electric current. The LDR consists
of metal electrodes embedded into the surface of afilm of cadmium sulphide. Its component
outline, symbol and atypica characteristic are shown in figure 5.1.

resistance
/ ohms

107

l// 10°
& o

103

2

©IPKO1 1 2 3 4
01 1 10 10°10°%10
illumination/lux

Figure5.1
Thereisonly one type of LDR readily available and it has the code number of ORP12,

Thermistors (negative temper atur e coefficient, n.t.c.)

Thisis aresistor whose resistance decreases considerably when its temperature rises.
It can therefore convert changes in temperature into changes in electric current. 1ts component
outline, symbol and atypica characteristic are shown in figure 5.2.

resistance
/ ohms

10°

N

4
10 \
10° AN

AN

102

10 0 20 40 60 80 100

temperature /°C

©IPKO1

Figure 5.2
There isavery large number of different types of thermistor available varying in both physical
size and the change of resistance with temperature.
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Neither of these devices, when used on their own, will produce an electrical signa. Sinceitis
their resistance that varies, and most electronic systems need a variation in voltage as an input,
it is necessary to incorporate these sensors into a circuit which will change avariation in
resistance into a voltage change. The circuit usually used for this purpose isthe

Voltage Divider.

Voltage Dividers

Y

>» O

Two fixed resistors can be used to obtain a
lower voltage from a fixed voltage supply. The
circuit diagram of avoltage divider is shown in
figure 5.3. The voltage across each resistor is
inthe same ratio as their resistancesand so in

many applications the output voltage can be Vin :{ o
determined by smple proportion. However, it
isworth considering how to calculate the
output voltage. Rz Vout
° I ©IPK001
Figure 5.3

Resistors Ry and R, are connected in series across Vj,. Assuming that no current is passing
from the output then a current, 1, will pass through these resistors where

| = Viﬂ
Ri1+R2
The output voltage, V, , is now given by
VinX R2
Vout =1 XRo=—"—"7-5
ou R1+ R2
So
VinXR
Vout = "2
Ri+R2

Although this formulaisonly valid if there is no current passing from the output of the voltage
divider, in many applications an output current of 1/20 will not produce a significant error.

Example

The output voltage from a CD player is 0.5V and an amplifier only requires an input signa of
0.05V to give maximum power. The CD player needs to operate into a resistance of at least
47kQ). Design a suitable voltage divider to enable the CD player to be connected to the
amplifier.

Problems of this type often cause difficulties because the circuit designer hasto make a
decision asto one of the component values. In this case the information about the CD player
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is helpful and since the minimum resistance for the CD player is47kQ, R, can be set at this
value. The voltage divider formula needs rearranging so that Ry can be found with the formula
below.

_VinxR2 _

R1
Vout

R2

The values can now be substituted and R, calculated.

_ 0.5x47
0.05

— 47 =423kQ

R1

The nearest preferred vaue to thisis 430kQ.

Using Resistive Input Transducers With A Voltage Divider
+9Vo
Consider the circuit in figure 5.4. Resistor Ry /

has been replaced with a LDR which has a G) 7

resistance of IMQ in the dark and 100Q2 in
bright light.
It isaworthwhile exercise to verify that in the

dark, Vgt 1s0.089V and in the light, oVt
Vout 1IS8.9V.
This circuit, therefore, gives alogic 0 output
inthe dark and alogic 1 output in the light. 10kQ2
+9Vo
OVo oV
10kO Figure 5.4
Consider the circuit in figure 5.5. Resistor
R, has been replaced with a LDR which has
¢ oVout  aresistance of IMQ in the dark and 1000
‘,// in bright light.
It isaworthwhile exercise to verify that in
the dark, V;; is8.9V and in the light,
V oyt 1S0.089V.
This circuit, therefore, givesalogic 1 output
OVo ¢ o0V in the dark and alogic 0 output in the light.
Figure5.5 el

In both of these circuits the LDR could be replaced with a thermistor, so that the output
voltage was dependent upon temperature rather than on light intensity.

These circuits can be connected directly to CMOS type logic gates, since the gates have avery
high input resistance and take amost no current from the output of the potential divider.
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Although the output from a voltage divider can be connected directly to alogic gate, the
output from the voltage divider itself is analogue and not digital. Considering the circuit in
figure 5.4, the output can have any value from 0.089V to 8.9V depending upon the light level.
The transfer characteristic of alogic gate (graph of output voltage as a function of input
voltage) will therefore determine the range of light levelsthat the logic gate considersto be a
logic O input and what it considersto be alogic 1 input.

All module test questions will assume that the input switching voltage is at haf of the supply
voltage, but in practical circuits this may well be different.

The graphsin figure 5.6 below show the transfer characteristics for atwo input CMOS NAND
gate (CD4011BCN) operating with a supply of 5V and 9V respectively. Thetest circuits are
shown by the side for reference.

10kQ
° 45 Vi,
2.4V
10kQ
© 2,3, % 5 Vin
10kQ
° 2 _6 8 10 Vi,
42V
Vout
10
8
6
10kQ
A
2
° 0— 2 4 6 8 10V,
5.2V
©IPKOL
Figure 5.6
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Example
O +9V

Consider the circuit diagram in figure 5.7. //
Assuming that the logic gate switches at an input

of 4.5V and that the LDR has the characteristic

curve shown in figure 5.1, verify that the output D)_o v
will change state at alight level of 100 lux, and out
that the output will be logic O at alight leve of

200 lux. 10kQ

o o0V
Figure 5.7 ©IPKoL

Variable Resistors (Potentiometers)

A variable resistor isa convenient means of changing aresistor value. It consists of atrack of
fixed resistance and awiper that moves over the track. There are two main types, rotary and
linear variable resistors as shown in figure 5.8.

()
terminal spindle
wiper
wiper - track
)
~__terminals q
terminals erproL

Figure 5.8

Both types of variable resistor are available with Linear or Logarithmic tracks. The
logarithmic track variable resistors are predominantly used as volume controls on audio
systems since its adjustment matches the change in volume as perceived by the ear.

Both types of variable resistor can be used directly as voltage dividers by connecting the ends
of the track across the power-supply, and taking the output from the wiper termina and one of
the end of track terminals (asin figure 5.6). Since the output voltage will depend on the
position of the wiper, they can be used as position sensors for electronic systems.
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10.6 TRANSISTORS AND MOSFETS

Logic gates are only able to supply enough current (afew mA) to operate LEDs as output
devices. In order to operate more powerful output devicesit is necessary to interface the logic
gate to the output device by a'driver' or ‘power switch'. Two of the most important drivers
are junction transistors and MOSFETS. These devices are able to switch currents of up to
100A and voltages up to 1000V .

A junction transistor isathree terminal semiconductor device that is able to provide current
amplification. There are two types of junction transistor, those which amplify a positive
current, which are known as npn transistor s and those which amplify a negative current,
which are known as pnp transistors. Their symbols and current flow diagrams are shown in
figure 6.1

npn transistor pnp transistor
collector collector
large large
current curient
small current smal current
emitter emitter ©IPKOL

Figure 6.1
Only a knowledge of npn transistorsis required for this module specification.

Transistors come in severa shapes and sizes as shown in figure 6.2.

LUr-

©IPKO1

Figure 6.2

In normal operation, the base-emitter junction of atransistor behaves like a forward biased
diode. When asmall current passes through the base emitter junction a much larger current is
made to pass through the collect and emitter. Since the base emitter behaves as aforward
biased diode, for a silicon transistor there will be a voltage of 0.7V between the base and
emitter when a collector current passes.
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Figure 6.3 shows an npn transistor arranged as a switch and the variation of V o ; with V.

Vout/V
» 0+Vg
Vg
R
R2
Vout
Vin 4 T 0.2
o ¢ o0V 0 T T T |
cricn 05 10 15 20Vi/V
Figure 6.3

As can be seen from the graph of V; against V;,, the output voltage remains at the supply
voltage, +V g, until V;,, approaches 0.5V. At thisvoltage a small collector current flows and
V out beginsto fall. When V;, reaches about 0.7V, the maximum collector current is flowing
(limited by R;) and the transistor saturates with a collector-emitter voltage of about 0.2V.
Any further increase in V;, has no effect on V.. Thetransistor istherefore operating as a
switch.

When V;, islessthan 0.5V, V;; isequal to the supply voltage.
When V;, isgreater than 0.7V, V; iIS0.2V.

The resistor in the collector circuit, Ry, can be replaced —o+12V
with any form of load, eg. a12V, 6W lamp that needs
to be switched by a smdl current, eg. from alogic

gate, asinfigure 6.4. 12V, 6W.
There are many different transistors available and the R
one selected should be able to:
operate at the supply voltage (Vo) Vin T .
o * o OV

pass sufficient collector current (1)
dissipate sufficient power (Pi)
givealarge current gain (hgg)

Figure 6.4 ©IPKoL

For this example, its V. (voltage across the collector and emitter) must be greater than 12V.

For a 6W lamp operating on 12V, the current is0.5A, so its | . (collector current) must be
greater than 0.5A.

When the transistor is switched on, there is approximately 0.2V across the collector and
emitter. The current passing is 0.5A and so the power dissipated by the transistor is
0.2 x 0.5=0.1W. Its P, must, therefore, be greater than 0.1W.

Its heg is a measure of how many times larger the collector current isthan the base current. |1f
possible, atransistor should be chosen so that heg is greater than 100 at the required collector
current.

Using components that are operating at the limit of their specification leads to poor rdliability.
A suitable transistor for carrying out the switching function in figure 6.4 would be a ZTX851,
and it isa useful exercise to verify the specifications using a component catal ogue.
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In selecting a suitable value for the resistor in series with the base of the transistor, sufficient
base current needs to pass so that the transistor passes as much as possible, ieit is saturated.
However, the resistor needs to prevent too much current from passing so that the base-emitter
junction of the transistor isdamaged. Asagenera rule, a current of up to 10mA can pass into
the base of a small junction transistor. Assuming that the output voltage from the logic gate
operating the transistor is 5V, and taking account of the 0.7V across the base-emitter junction
of the transistor, the voltage across R is equal to
5-0.7=4.3V
Allowing a maximum base current of 10mA, the value of R can be found from Ohm's law,
R= 43 _ 430Q

0.01

A suitable base resistor in this gpplication would therefore be 470Q

The input resistance of atransistor switch circuit islow, ie of the order of 1kQ. Thiscan
provide an unacceptable current drain on some logic circuits. A better alternative to junction
transistors are enhancement mode MOSFETSs.

Enhancement Mode MOSFETSs
Enhancement mode MOSFETS are voltage operated, three termina semiconductor devices.

They have avery large input resistance, (>50M2), and a correspondingly large current gain.
Their electrical symbols and current flows are shown in figure 6.25.

n-channel MOSFET p-channel MOSFET
drain drain
large large
gate current gate current
VgsT source Vgsl source
©IPKO01
Figure 6.5

This syllabus only requires a knowledge of the n-channel MOSFET.
To obtain adrain current, | 4, a voltage, Vgs is applied between the gate and source.

Figure 6.6 shows an n-channel MOSFET arranged as a switch.

Vou v
° 0 +\jg (-)+UtV |
S
Ry
v
Vi”T Ra T o 0.1
i ’ "oV O 10 20 d0 40Viy/v
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As can be seen from the graph of V; against V;,,, the output voltage starts to fall as soon as
Vgsisgreater than OV. Drain current passes and the MOSFET saturates at about 0.1V, when
Vgs isabout 2V. (The actua saturation voltage depends upon the drain current passing.) Any
further increasein V;, has no effect on V ;. The MOSFET istherefore operating as a switch
in the same way as the transistor.

It isauseful exerciseto consider the circuit in figure 6.4, but with the transistor replaced by a
MOSFET asin figure 6.7.

Again, there are many different MOSFET s available and the one selected should be able to:
operate at the supply voltage (Vpg),

pass sufficient drain current (Ip),

dissipate sufficient power (Pp),

give avery low drain to source resistance (Rpg).

* o +12V

For this example, Vg (voltage across the drain
and source) must be greater than 12V. 12V, 6W.
Ip (thedrain current) must be greater than 0.5A.
Rps (the drain to source resistance) must be low,
preferably less than 0.1Q. V. T R

. P |
Wlth avalue of Rpg = 0.1Q, the power dissipated o It o0V
IS Figure6.7  ©m

Po=12x Rps=0.52x 0.1=0.025W

The resistor R, is not strictly necessary but it will prevent any damage to the MOSFET by
static electricity. A typical vaue for R, would be IMQ.

Again, using components that are operating at the limit of their specification leads to poor
reliability. A suitable MOSFET for carrying out the switching function in figure 6.7 would be
aBUZ11 and it isa useful exercise to verify that the specification well exceeds the
requirements in this application, though the device isrelatively inexpensive.

The main advantages of a MOSFET over ajunction transistor are:

e thevery large input resistance, (although its impedance at high frequencies can be very low),
e thevery large current gain,

e it hasapositive thermal coefficient, ieif its temperature increases, the resistance from drain
to source increases and so decreases the drain current flowing.

The main disadvantage of MOSFETs isthat they are currently more expensive than junction
transistors.
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10.7 OUTPUT DEVICES
By using transistors and MOSFETs as drivers for logic gates, it isnow possible to use
electronic systems to control high power output devices. Some common high power output

devices are described in this section, starting with the electromagnetic relay, which itself can be
used as a driver for high power output devices.

Electromagnetic Relay

The basic structure is shown in figure 7.1.

When a current flows in the circuit

connected to the cail, the soft iron coreis

magnetised and attracts the soft iron

armature. Thisrocks on apivot and so

return spring closes the Normally Open (NO) contacts
and opens the Normally Closed (NC)

coil contacts contacts. These contacts can be used to

erpKoL switch a separate circuit.

NC
NO

soft‘ iron armature

-
[

coil and soft {
iron core

COM |

Figure 7.1

The current needed to operate arelay is called the pull-in current. The relay will switch back
to itsinitial state when the current in the coil isreduced to a certain value, known as the
drop-out current. A relay tends to be slow acting due to the mechanical movement of the

o+V armature.
T S When the current in the coil of arelay falsto
protection QQ zero, i.e. when the transistor is switched off, a
diode large voltage isinduced in the coil dueto its

inductance. Thisinduced voltage will damage
the transistor being used to drive therelay. A
diode is connected in parald with the relay so

inputT that it isin reverse bias with the voltage supply.
o o0V The diode offers an easy path to the induced
oIPKoL voltage and so prevents it damaging the
Figure 7.2 transistor, asin figure 7.2.

i i armature
Electr omagnetic Solenoids _ame u

In order for an el ectronic circuit to control a mechanica
device, invariably some form of electromagnetic deviceis

used. An electromagnetic solenoid essentially consists of o
acoil of wire and a soft iron armature, as shown in figure solenoid coil
When the solenoid cail is energised, amagnetic fied is -

) . ~ return sprin
produced at the centre of the coil and the soft iron urn spring

armature is pulled into the centre of the coil, compressing

the spring. When the coil is de-energised, the magnetic - —ires
field collapses and the return spring pushes the armature
back out of the coil. Figure 73 ©IPKOL
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By attaching different mechanical systems to the armature, solenoids can be used to provide a
wide variety of electromechanical devices ranging from door locks and mechanical counters to
pneumatic and hydraulic control valves.

Asfar asthe electronic drive circuitry is concerned, the current to be switched is determined
from the operating voltage and the resistance of the coil. However, when the cail is
de-energised, a substantial voltage is produced and so the driving semiconductor device must
be protected by adiode, asfor arelay.

Buzzers

A 'Buzzer' isageneric term for a device that can be used as an Audible Warning Device
(AWD). When electricity is supplied to one of these devices, it produces an audible noise.
Thereisavery wide variety of AWDs available ranging from the type that are used in digital
watches to those that can be heard above the noise level of alarge industria factory!

There are two main types of AWDs, electro
mechanical devices and piezo eectric devices. An
electromechanical buzzer consists of system which -B
allows the electric current to be rapidly switched on

off, so alowing a moving object to vibrate at an

audible frequency. The classic €lectromechanical o
buzzer isthe dectric bell, where the current in an T Lk

(@)

electromagnet israpidly switched on and off. When
the current flows, the electromagnet attracts an
armature which in turn hits the gong of the bell. Such devices usualy need a current in excess
of 0.5A and the semiconductor driver will need protecting from the large voltage produced
when the electromagnet is de-energised.

PKO1

Another form of electromechanical buzzer consists of a smal eectronic circuit that repeatedly
switches the current on and off to an electromagnet which attracts a thin metal plate. Asthe
metal plate is attracted and then released it moves the air around it so creating anoise. These
devices usudly operate from 6 to 12V with a current of approximately 30mA. The
semiconductor driver for these devices does not need protecting from large voltages asthisis
taken care of insde the buzzer itself.

Piezo electric devices are tiny plates of quartz

crystal. When an electric field is applied to the

crystal it flexes, returning to its origina shape ]

when the field isremoved. If an electric fiddis —

continuously applied and removed at a frequency _ _

in the audible range, the crystal will vibrate and eIPKoL piezo-electric buzzers

disturb the surrounding air, creating an audible

noise. The amount the crystal flexesis normaly very smal and so to maximise the output
sound, afrequency of 2.5 - 3kHz is used, this being the range of frequenciesto which the ear is
most sengitive. These devices operate from 3 to 12V and need a current of afew milliamps.
As such they can often be connected directly to the output of alogic gate without needing any
transistor or MOSFET driver.
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Motors

There are two common types of direct current (dc) motors, those with carbon brushes and a
commutator, and those without. The motors without brushes, which include stepper motors,
need an electronic control circuit to make them rotate. Such motors and the necessary
electronic control systems are considered in A2, Module 3.

A motor with brushes, consists of a strong magnetic field in which an armature, containing an
electromagnet rotates when an electric current is applied to it. An essentia part of a dc motor
isamechanica switch which reverses the direction of the current flowing through the armature
coils and so ensures its continuous rotation. Because the current is being switched to the
armature coils, it is necessary for the semiconductor driving the motor to be protected, by
means of a diode, from the large voltages produced when the current switches off.

The current required by a motor depends upon the resistance of the coils and the speed of
rotation of the coils. When electric power isfirst supplied to a stationary motor, the current
passing can be calculated by applying Ohm's law to the supply voltage and the resistance of the
coils. Thiscurrent is often severa amps even for smal, low powered motors. The
semiconductor driver must be able to pass this current without being damaged. As the motor
starts to rotate, the armature coils which are moving in a magnetic field, generate their own
voltage. This opposes the applied voltage and reduces the overall current flowing. So the
current passing through the motor when it isrotating is much less than the initid start up
current.

The direction of rotation of a dc motor is dependent upon the direction of the current passing
through the motor. A convenient way of being able to change the direction of rotation of a
motor isto use arelay with two sets of change-over contacts (double pole, double throw).
The circuit diagram of such a circuit is shown in figure 7.4

0 +Vs
protection Qi NC NC
diode
A
NO NO
inputT
fe) r & o Qv
Figure 7.4

It isa useful exerciseto verify that the direction of rotation of the motor will change when an
input is applied to the circuit.
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10.8 OPERATIONAL AMPLIFIERS

Although alogic gate is able to decide whether an analogue voltage is below or above a
specific value (alogic 0 or alogic 1), there isaregion of uncertainty about this fixed specific
value which is often as much as several hundred millivolts. The operational amplifier, when
used as a comparator, overcomes these problems.

An operational amplifier (op-amp) is a voltage amplifier which amplifies the difference between
the voltages on its two input terminals. Op-amps are often require a dua balanced d.c. power
supply, eg £ 15V. The power supply connections are often omitted from circuit diagrams for
smplicity. Figure 8.1 shows the typical connections for an op-amp.

0o
+VS

V
V_']_ V2 VOUt +VS
oV
SV | E— Vot
O-Vs Figure 1.8 eIPoL

The + input terminal is known as the non-inverting input and the — input termind is known as
the inverting input terminal.
The output voltage is given by
Vour =A(V1-V>)
A isthe open loop voltage gain, i.e. when there is no feedback.

For the purposes of the written tests, the op-amp is assumed to behave idedly i.e.

e theopenloop gainisvery large (in practice it isonly very large at low frequencies),

¢ the maximum output voltage is equal to the power supply voltage, (in practice it is about
2V less),

e it hasinfinite input impedance so no current passes into the input terminals, (in practice the
input impedance is not infinite so there is a current of a few nano-amps),

e theoutput impedance is zero so it can supply any required current, (in practice the op-amp
is designed to limit the current to afew milliamps),

¢ theoutput voltage is zero when the two inputs are equal, (in practice there isa small offset
voltage which needs a variable resistor to balance out).

Open loop

In practice an op-amp is voltage gain .
frequency compensated for 10
stability internally by alow value 10°
capacitor connected between the 104
inverting input terminal and the 3
output terminal. The voltage 10
gain decreases as the frequency 107
increases as shown in figure 8.2. 10"

102

10° 10" 102108104105 106 Frequency / Hz

Figure 8.2 el
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The Op-Amp As A Voltage Compar ator
The output voltage of an op-amp is given by

Vout =A(V1-V2)

Vout / volts , .

Since the op-amp has a very large open loop gain, A,
saturation only avery smdl difference between V1 and Vo is
(_V1 >\) needed for the output to be saturated. The transfer
characteristic for an op-amp is shown in figure 8.3.
This characteristic enables the op-amp to compare
the two voltages on itsinput terminals.

(V1- Vo) /uV If V1 isgreater than V5 the output saturates at the
positive supply voltage. If Vo isgreater than V1 the
output saturates at the negative supply voltage. This

(Vo >Vy) principle can be used to compare two voltages, a

. 'VS ©IPKO1 ; :
reference voltage and a varying input voltage.
saturation Figure 8.3 ag ying inpl ag

+ VS

VP Vo2=>Vout =+Vs
V2V1i=Vout =—Vs

An op-amp can be used as a comparator either with adua power supply or with asingle
power supply. Both are considered below, as each have their own specific problems when
used with real op-amps.

Dual Power Supply Comparator

Consider the circuit diagram in figure 8.4.

0+Vg

©IPKO1

A ° oV
Figure 8.4

The op-amp operates from +V g and -V 4 but the rest of the circuit operates from just +V,
Resistors R, and Rz set the voltage at the op-amp inverting input termina which then sets the
reference voltage for the non-inverting input terminal. If Ry isequal to R, then the reference
voltage will be +¥42V



Resistor Ry forms a voltage divider with the LDR; the voltage to the non-inverting input of the
op-amp being larger than the reference voltage when the LDR isin the dark.

When the LDR isin the dark, V4 is greater than V5 and so the output of the op-amp saturates
at the positive supply voltage, +V. (In practice the output of the op-amp will be
approximately 2 volts less than the supply voltage). Diode, D, conducts and the resistor Ry
limits the current passing into the base of the transistor. The transistor will be switched on,
which in turn will switch on therelay. The relay could be used to power alarge lamp, ie so
that when it isdark the circuit switches on alamp. Diode D, isthere to protect the transistor
from the large induced voltage produced when the relay is switched off.

When the LDRisin thelight, V5, isgreater than V4 and so the output of the op-amp saturates
at -V (inpractice—Vg+ 2 volts). If this negative voltage were applied to the base of the
transistor, it could cause damage to the base-emitter junction of the transistor (it can make it
behave like a zener diode). Diode D1 prevents this happening becasue it is reverse biased for
negative voltages. The transistor and relay are therefore switched off.

The actual light intensity at which the relay switches is determined by considering the voltages
Vqiand Vs, Asan example, if Ry = Ry, = Rz = 10kQ and the LDR has the same characteristic

asinfigure 5.1, then the relay will switch when V1 =V, iewhen the LDR has a resistance of
10kQ. This occurs when the light intensity is 100 lux.

Single Power Supply Compar ator

Consider the circuit diagram in figure 8.5.

® ® T O +Vg
b [ | =@
¢ V1 } Rq
Vv
N g
[~ ]
©IPKO1 Py ® Py ® o OV
Figure 8.5

It is essentialy the same as the circuit for the dual supply except that diode D4 is no longer
needed. If the op-amp behaved in an ideal manner its output would be at OV when 'V, > V.
In redlity, the output of the op-amp will never be less than approximately 2 volts. If Rg were
not present, the transistor would therefore be permanently switched on. Rg has to be chosen
so that when the output of the op-amp is at its lowest voltage, the voltage at the base of the
transistor must be less than approximately 0.6V.
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There are other possible solutions to the problem of op-amps not saturating at OV, including
the use of azener diode or aLED in serieswith resistor R4. Thecircuit using an LED is
shown in figure 8.6. When the circuit isin use, the LED will always be illuminated, though its
brightness will change depending upon whether the output of the op-amp is high or low.

* * ' 0+Vg
R = | =@

%
—)
&

<

/

' o0V
Figure 8.6

46



10.9 CAPACITORS

With dl of the systems considered so far, the output changes as soon as there is an appropriate
change in input. For some applications thisis unsuitable and it would be more appropriate for
the output to change some time after the input change has occurred. In other applications it
could be appropriate for the output to revert back to itsinitia state after a certain time has
elapsed, even if the input has not changed. In order to implement these timing functionsit is
necessary to use capacitors.

Figure 9.1 shows the construction of capacitors.
dielectric
/

interleaved metal plates

connagting lead dicectric ©~ ama
Figure9.1

interleaved metal plates

A capacitor consists of two overlapping conducting plates separated by an insulator caled the
dielectric. The separation of the two platesis often very small. When avoltage, V, isapplied
across the two conducting plates they store electrica charge, Q (+Q on one plate and —Q on
the other). The charge stored per volt is caled the capacitance, C.

Q

= C==
\Y

The unit of capacitance isthe farad (F). Thisisthe capacitance required to store a charge
of 1 coulomb when there isavoltage of 1 volt across the plates.
Thisisavery large unit and sub-units are used:-

1 microfarad (1uF) =1x 106F
1 nanofarad (1nF) =1x 109F
1picofarad  (1pF) =1x 10°12F

The capacitance increases when:
the area of overlap of the platesisincreased,
the distance between the plates is decreased,
an insulator (dielectric) with a higher dielectric constant is used.

When selecting capacitors for a particular use, the factors to be considered are as follows:
the capacitance
the tolerance
the working voltage (Thisisthe largest voltage which can be applied across the plate
before the dielectric breaks down and conducts.)
the leakage current  (No dielectric is a perfect insulator but the loss of charge
through it should be smdll.)
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The Markings On A Fixed Capacitor

©IPK01
N—_ T A
N\ N\
100 pF - 100pF
ol 220nF  10%
1% 350V
16V
(© T(d) \

(@ (b)

— 1 1

Figure 9.2

Figure 9.2 shows some typical component outlines of capacitors and the typica markings
found on them.

Types (a) and (b) are typica of close tolerance capacitors which have their value, working
voltage and tolerance marked.

Type (c) represents a ceramic capacitor with its value (474 = 470000pF = 0.47uF) and
working voltage marked.

Type (d) represents an electrolytic capacitor and has its value, maximum working voltage and
polarity marked.

Electrolytic capacitor s are made by electrolysis; the two plates are coated with liquid and a
current passed between them. Thisforms avery thin layer of dielectric on one plate.
Electrolytic and tantulum capacitors are polarised and must be connected the correct way
round.

Asaresult of the smal size of surface mounted resistors and capacitors, their values are
identified by a number, as shown in figure 9.3.

5% 1%
/ . L// / - L// M
L L 1
surface surface surface
mounted mounted mounted
resistor resistor ©IPKOL capacitor
Figure 9.3

The code used for the value consists of three numbers for a 5% (or greater) tolerance or four
numbers for a 1% tolerance. The first two (or three) numbers give the significant figures of
the value and the third ( or fourth) figure gives the multiplier.
eg. in the surface mounted resistors in figure 9.3 the value of the 5% deviceis 5600 ohms
i.e. 5.6kQ
The 1% resistor has the same value 5600 ohmsi.e. 5.60kQ
For capacitors the valueis given in picofarads (pF), so the value is 47 000pF
i.e. 47nF or 0.047uF
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For an idedal capacitor direct current does not pass through it since there is an insulator
separating the metd plates that form the capacitor. However, if avoltage larger than the
insulator will withstand (the working voltage) is applied, then the electrons will have enough
energy to break through the insulator and cause a current to pass. Any passage of current will
cause energy to be dissipated and so the capacitor will be rapidly destroyed. It isvery
important therefore, to ensure that the maximum working voltage of a capacitor is greater than
the voltage that the capacitor will actually experience.

Large valued capacitors using separate meta plates and insulators will be physicaly large.

In order to produce large valued capacitors with a smal physical sizeit is necessary to usea
different technique. This consists of using thin duminium foil for the plates. Thisfoil hasa
chemical coating which causes a layer of duminium oxide to form between the plates which
acts asthe dielectric. This oxide layer is produced by eectrolysis, which means that there must
be a small current passing between the plates. In other words, the capacitor must have a
leakage current to maintain the dielectric and the capacitor istherefore polarised, i.e. it must be
connected the correct way round in the circuit. Such capacitors are known as electrolytic
capacitors. Usually the negative terminal ismarked with (= = =0 =7

Electrolytic capacitors have the following weaknesses:

e poor tolerance (often +50%) of their stated value,

e poor stability (the value changes with time),

e poor high frequency response as a result of the tightly coiled auminium plates,
e noise which isintroduced by the leakage current and

e aleakage current can interfere with critical timing circuits.

They are, however, the only way to obtain large value capacitors that are physicaly small.
Capacitors made from Tantalum have better characteristics than normal electrolytic capacitors
but are considerably more expensive.

Electrolytic capacitors are mainly used for smoothing and decoupling (removal of high and low
frequency signals) from power supplies. Wherever possible, their use in the signa path of
circuits should be avoided so asto minimise signal distortion. Non polarised capacitors should
be used instead.

Uses Of Capacitors

e smoothing out variations in power supplies,

e removing alternating signals,

e blocking the passage of direct current while alowing the passage of aternating current,
e combination with inductors for resonant tuned circuits,

e combination with resistors as charging and discharging circuits.
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Two Capacitorsin Series

When two capacitors are connected in seriesin a circuit the same charge is stored in both. The
applied voltage, V, isthe sum of the voltages across the separate capacitors:

V=V 1 + V2 Vl V2
. . Q . . . + +QI I—Q I I -
Using the equation C=—=the resultin acitance is
g the eq Vv g cap ol [
found from Cl C2 ©IPKOL
Figure 9.4
1 1 1
L
C Cc C
Two CapacitorsIn Parallel
When two capacitors are connected in parallel, the voltage, +Q —Q;
V, across each capacitor isthe same. I I
The total charge stored, Q, isequal to the sum of the charges + ’ C, ‘ -
stored in the separate capacitors. I I
Q= Qj_ + Q2 +Q2 Co _Q2 ©IPKOL
Figure 9.5

Using the equation, C = % the resulting capacitanceis
found from:

C=C1+C2

50



10.10 RC NETWORKS (dc only)

For capacitors to actually be used in timing circuits it is necessary to consider how the voltage
across a capacitor varies with time when the current in the circuit is being limited by aresistor.

Consider the circuit shown in figure 10.1.

©IPKO1

1 R 100k  © 200nF

o @ :

2
Centre zero
microammeter @ ®
Figure 10.1

With the switch in position 1 the graphsin figure 10.2, are obtained for the current in the
circuit and the voltage across the capacitor, as the capacitor charges.

/uA VIV
100 + 10 4
80 - g
60 T 6
40 T s
20 T o
—t————1— 11—
Ol 20 40 60 80 1200 120 140" O] 20 40 60 80 100 120 140 ¥

Figure 10.2.

With the switch in position 2 the corresponding graphs are obtained for the discharge as shown
infigure 10.3.
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Figure 10.3
Anadysis of the graphs shows:

On charging or discharging, the current | in the circuit is maximum at the start and
decreases more and more dowly until it findly becomes zero. On discharging, the
current isin the opposite direction to when charging.

On charging, the voltage, V, across the capacitor rises rapidly from zero and dowly
approaches its maximum va ue when the capacitor isfully charged and | is zero.

On discharging, the voltage, V, fadlsrapidly from its maximum value and sowly
approaches zero when the capacitor is fully discharged.

The time constant for the circuit, T, defined as RC, isthe time taken to discharge to
37% of theinitia voltage or to charge to 63% of the fina voltage. The derivation of
these vaues is not required.

T=RC

The time 5RC istaken as the timeto charge or discharge completely.
The time taken to charge or discharge to haf of the supply voltage is0.69RC

Timing Circuits

A simple timing circuit is shown in figure 10.4. * o +Vg
When the push switch is pressed, the capacitor push |4
charges very quickly so that the voltage across it switchlo \
is+V ¢ and the LED lights. When the switch is AN
released the capacitor discharges through R, and
keeps the transistor switched on. When the
voltage across the base-emitter junction of the Ro
transistor becomeslessthan 0.7V, the LED is +
switched off. The time taken for this to occur ; C
depends upon the supply voltage, the capacitor olpKoL ¢
and the resistor Ry. Figure 10.4
If V4is9V, Cis 100uF and R, is 100k€2, then the time taken for the LED to switch off is
about 6 seconds.

A serious disadvantage of this circuit isthat there is no definite switch off point for the LED,
instead it just becomes dimmer and dimmer.

oV
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A better timing circuit uses alogic gate o +Vg
as the switching device since it has more l

definite switching characteristics. Such ~ push @@ \

acircuit is shown in figure 10.5. switch
Ry

In this circuit the LED will light when
the switch is pressed and remain on until
the voltage across the capacitor +
decreases to lessthan hdf of thesupply  C R
voltage. The time taken for thiswill be
approximately 0.7RC.

R

¢ oQV
Figure 10.5 ©IPKOL

The circuit in figure 10.6 shows how a change in an input can be delayed from acting on the
output. Thecircuit isavariant of figure 8.5.

TS T O +Vg

o0V
Fi gure 10.6 ©IPKO1

Thetime delay for the relay to switch on is determined by the value of R4, C and V4. Thetime
delay in the relay switching off will depend on Ry, Rg, C and Vg

Figure 10.7 shows how the circuit above could be modified so that when the output of the op-
amp goes high, the relay switches on, but only for a set time.

¢ * T O +Vg
o (o | =@

\Y N
L7

NS
N

o0V
Figure 10.7 L

When the output of the op-amp goes high, the capacitor will charge through R4 and the base-
emitter junction of the transistor and the transistor will be switched on. When the capacitor is
charged, the transistor will switch off. Diode D4 helps the capacitor to discharge when the op-
amp output goes low.
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10.11 THE 555 TIMER IC

The timing circuits shown in the previous section are dl relatively inaccurate and it is difficult
to predict the actual time periods that will occur. A much better solution isto use a dedicated
timing I C, the 555.

This very versatile integrated circuit was first produced in 1973. The circuit and its derivatives
are ill used in large quantities. Whileit is not necessary to know the interna structure of this
device, it does aid understanding if the main interna features are known. These are as follows:

three precision resistors connected in series across the power supply as a voltage divider
and so giving voltages of V¢ and 74V, where Vg isthe supply voltage;

two comparators, one switching at %,V ¢ viathe TRIGGER input and the other switching at
Vg viathe THRESHOLD input;

alatch, SET by the output of the TRIGGER comparator and RESET by the output of the
THRESHOLD comparator;

a high current output capable of sinking or sourcing 200mA;

an open collector transistor switch, which connects the DISCHARGE terminal to OV when
the output terminal isat OV.

The pin diagram for a 555 timer 1C is shown in figure 11.1.

top view

ovl]1@ Y 81 +Vg

©IPKO1

TRIGGER[L ] 2 7] DISCHARGE

OUTPUTL ] 3 6] THRESHOLD

RESET[ ] 4 51 CONTROL
Figure 11.1

The operation of a 555 can be summarised as follows.

If the voltage at the TRIGGER input isless than %V ¢ then the output goesto V¢ and
remains there until the voltage at the THRESHOLD input rises above %,V , at which
value the output is set to OV.

The RESET terminal can be used to set the output to OV at any time by being
connected momentarily to OV. Normally, the RESET terminal is connected to V4to
prevent any spurious resetting of the output.

The CONTROL terminal is connected to the 34V point of the voltage divider and can

be used to alter the voltage switching levels of the comparators. Normally itis
decoupled by a 10nF capacitor connected to OV.



The 555 Monostable
A monostable is a circuit which, having received atrigger signa, produces an output for a

predetermined time. It has one stable state and one unstable state.
The circuit diagram for a 555 monostable is shown in figure 11.2.

—

RESET  +Vg

OUTPUT O
o TRIGGER A
A THRESHOLD

DISCHARGE Vot
Vin ‘ ‘ GND CONTROL
C -l- 10nF
©IPKOL O I I o OV

Figure 11.2

The resistor connected to the TRIGGER input ensures that it is held above %,V in the absence

of aninput signal. Typicaly the value of this resistor would be 10k or greater; itsvaueis
not critical. Before being triggered, the output of the monostable isat 0V, and the
DISCHARGE terminal of the 555 isalso at OV, ensuring that the timing capacitor is
discharged.

When V;,, goes below %V, the output voltage, V o+, becomes Vg and the DISCHARGE
termina becomes open circuit, so allowing the capacitor, C, to charge through resistor R. The
output will stay at V¢ until the voltage across C becomes greater than the threshold switching
voltage, Vs When this happens, the output voltage will return to OV and the DISCHARGE
terminal will again connect to OV, so discharging C very quickly. Thisstateis STABLE and
the circuit will remain like this until V;,, becomeslessthan %V

In theory any combination of R and C is possible to achieve arequired time period. In
practice, however, there are several things to remember.

The transistor connected to the DISCHARGE terminal, as well as having to conduct
the short-circuit current of the timing capacitor when the monostable resets, also hasto
carry the current flowing through the timing resistor. To prevent destruction of this
transistor the minimum value of R should be 1kQ.

The minimum value of C should be considered as 100pF, since any smaller value will
be amilar to the input capacitance of the timer circuit and so the time periods will be
inaccurate.

There are two factors to consider when looking at the maximum value of C. The first
isthat any large value capacitors will be electrolytic and so have aleakage current
which must pass through R. If the leakage current istoo large for the value of R then
the time period will be inaccurate. It could well happen, if there isalarge leakage
current, that the voltage across C never reaches 3,V g and so the threshold switching
voltage level isnever reached!
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The second factor isthe current that will pass through the discharge transistor at the
end of the timing period. If the short circuit current istoo large then the transistor will
be destroyed. The maximum value of C should therefore be limited to 1000uF.

All électrolytic capacitors are inaccurate and their values change with time, so accurate
time periods cannot be produced by monostable circuits with electrolytic capacitors.
Tantalum bead capacitors will give alittle more accuracy and stability than normal
electrolytics.

The THRESHOLD input requires a current of afew pA, so this, combined with the
leakage current of the capacitor C, needs to be taken into account when using very
large valuesfor R. In practice it isworth limiting the maximum value of R to IMQ.

Taking dl these factors into account, the minimum time period of a 555 monostable is about
0.1us and the maximum time period is approximately 1000s.

For the monostable, the time that the output voltageis at V4 is calculated by using the
formula.

T=11xRxC

where T isin seconds, R isin ohmsand C isin farads.

For example, if R has avalue of 100kQ2 and C has a value of 100uF then the time for which the
output will be at the supply voltageis

T =1.1x 100000 % 0.0001 = 11seconds.

The 555 Astable

An astable circuit has no stable states but continuously switches from a high output to alow
output. The common circuit for a 555 astable is shown in figure 11.3.

T T T O +Vg
Ry

RESET +Vs

I— DISCHARGE

OUTPUT O
I TRIGGER

THRESHOLD vV
GND CONTROL out

e
_|- C 10nF
J I o OV ora

Figure 11.3

Ro

When first switched on the capacitor, C, is discharged and so the voltage across this capacitor
isless than the TRIGGER voltage and so the output goesto V¢ The capacitor, C, charges
through Ry and R, until the voltage across C is greater than the THRESHOLD switching
level, at which point the output voltage becomes OV and the DISCHARGE terminal becomes
connected to OV.
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The capacitor now discharges through R, until the voltage across C becomes less than the
TRIGGER switching voltage. When this happens, the output voltage becomes V 4 and the
process repeats. 1t should be noted that the first pulse islonger than the remainder, since C has
to charge from OV and not V<. The same restrictions apply to the values of C and R (R and
Ry) as for the monostable.

The timing diagram for the astable is shown in figure 11.4.

Vs output voltage
2/3Vg
voltage across C
¥3Vs «
ov time
©IPKO1
Figure11.4

The time that the output is high can be calculated from
ty =0.7(R1+ Ry)C

and the time that the output is low can be calculated from
t, =0.7R,C

The timing period is given by

T =O.7(R1+2R2)C=%

For example, if Ry has avaue of 100kC2, R, has avaue of 47k and C has a value of 100nF
then the time period is

T  (100000+ 2x47000)x0.0000001

1.44
_194000x0.0000001
- 1.44

=T = 0.0135s.

But
1

frequency = ———
SYUency time period

So the frequency of the astable circuit is given by

144

f=rF—————
(R1+ 2R2)C

and so for the above example the frequency will be 74.1Hz.
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With the usual circuit for a555 astable it is not possible to obtain a square waveform, i.e. when
the output is at the supply voltage for aslong asitisat OV.

It might be thought that this could be achieved by making R equal to zero (to makety and t_
equal). If thisis attempted, then as soon as the output goes low the DISCHARGE termind is
connected to OV, so short circuiting the power supply and damaging the DISCHARGE
transistor.

The minimum value for Ry should be considered to be 1kQ. If, however, R, has a vaue of
IMQ then the error in the ratio of the time for which the output is high to that for which the
output islow (mark to space ratio) will be about 0.1%, which may well be adequate.

The only way to obtain a mark to space ratio of exactly 1:1 is by the use of frequency divison
which is considered in the next module.

Asaresult of the internal construction of the 555 IC, the output voltage does not, in practice,
actually equal +V4. The actual voltage will depend upon the current flowing through the
output, but even with only a current of afew mA, the actual high output voltage is
approximately 1V lessthan +V
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11.1 DESIGN AND SIMPLIFICATION OF COMBINATIONAL LOGIC
SYSTEMS

A logic system is usually designed to satisfy a description or specification
for an intended process or operation.

Consider the logic system needed to decode afour bit binary number so f
that its value could be indicated on a 7 segment array. Such an array is
shown alondside with the segments labelled a to g.

To design this system, each segment is considered separately and the
conditions under which each segment is lit clearly defined.

The electronics engineer will have to trandate these conditionsinto a
working circuit that is reliable but also as cheap to produce as possible.
One possible way of implementing this would be to use a dedicated IC or _
amicroprocessor control system using a PIC or AVR controller. This Figure 4.3
approach will be considered in Module 3. For now, a solution based on logic gates will be
used.

)

I |m

S\
o

D
N
Q_l «Q
/AEER.N
o

Consider segment e. It hasto be lit when the numbers 0, 2, 6 and 8 are displayed. If A, B,
C, and D represent the binary inputs, with A representing the least significant and D the most
significant bit, then the truth table for eis

L I I I R == = =]l (=l=) =] lv)
i === R L L = ==l =)o)
R|R|O(O|R|FR|[O|O|R|R|O|0|kR|(Rr|Oo|O|T
R|lOo|r|lOo|rR|O|rR|O|rR|O|rR|lOo|r|lo|r|lo|>
ellellelilellellellell Jdlell Jdlellellell el il0]

It would be very difficult to produce a subsystem for lighting e directly from the truth table so
it isusua to trandate the truth table into a Boolean equation or expression. To do this each
row whereeisa"1" iswritten asan AND expression. The top row of the table represents the
input forOandsoD =0, C=0, B=0and A =0. For theseto form alogic 1 when ANDed
together requires the inverse of each of these terms to be used

i.e. D-C-B-A.
Thisisrepeated for the other three conditions that e isto be lit and then they can be ORed
together to form the complete expression for e.
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e=D-C-B-A+D-C-B-A+D-C-B-A+D-C-B-A
Before constructing the logic subsystem from the Boolean equation it is always good practice
to see whether the equation can be smplified. Using the Distributive Law (see page 15 of the
Foundation Module support booklet) the first and last terms of the equation can be combined
as

e=(D+D)-C- .C-B-A+D-C-B-A

ol

A+

|

but D+D=1

—=e=C-B-A+D-C-B-A+D-C-B-A

which has successfully removed one complete term and smplified another. The same process
can aso be applied to the two remaining 4-bit terms giving

=e=C-B-A+(C+C)-D-B-A
but C+C=1
=>e=C-B-A+D-B-A

Thisisobvioudy more appropriate ior construction than the first expression produced for e. It
can be further smplified by taking A out of both terms giving

=e=(C-B+D-B)-A

which could now be constructed from two input logic gates.

M or e Boolean | dentities

Consider the truth table, shown below, for atwo input NOR gate.

Q B

ROl W
RlOo|r|lo| >

=A+
1
0
0
0

If the complement of the two inputs were used instead, then the truth table becomes

Q

R~|lo|lo|®m|
R|o|lk|lo|>]
R{O|O|O

This has the same form as the truth table for an AND gate i.e.

|
+
|
I
P
w

|
+
|
I
P
w
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Thisisone of the theorems discovered by Augustus De Morgan who was a friend of George
Boole. His second theorem can be demonstrated inasmilar way and is

A+B=A-B

Both of these can be extended to include as many variables as required i.e.
A+B+C+D=A-B-C-D

and
A+B+C+D=A-B-C-D

De Morgan's theorems are useful for smplifying Boolean expressions for logic systems and can
be used to convert OR functionsto AND functions or vice versa. This can be particularly
useful when, for example, an OR function isrequired but there are unused NAND gates on the
circuit board.

It isauseful exerciseto use De Morgan's theorems to work out how a NAND gate can be
made from three NOR gates and aso how a NOR gate can be made from three NAND gates.
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Karnaugh M aps.

Karnaugh maps represent an alternative method for depicting and smplifying logic systems.
They can be considered as a truth table that has been turned inside out and as such, displays the
output of the logic system in amore visua and accessible manner. Asusua A, B, C, D, etc.
represent inputs and Q represents the output.

Consider the truth table shown below, for atwo input AND gate.

R, (O|O|m
R Oo|l|lo|>
R|lo|o|lolO

If the table isturned insde out with A and B forming the horizontal and vertical column
headings respectively, then the output states, Q, can be written inside the table. This
representation is called a Karnaugh map and is shown below for the truth table above.

A

B 01
0100
1101

Karnaugh maps for dl of the other two input logic gates can be produced in asmilar way by
having the row and column headings as the input states and then filling in the table with the
output states, Q.

e.g.
A A A A
B 0 1 B 0 1 B 0 1 B 0 1
0|01 0|11 0|1]0 0|01
11111 1(1]0 11010 11110
OR NAND NOR EXOR

A smilar system can be used to represent three, four (and even greater) input logic gates. For
these, two (or more) inputs are combined to form the rows and columns.
The truth table for athree input AND gate is shown below.

=l == [=](®)
RO |O(R|Ik|IO|C|W
R|lolk|lo|r|lo|r|lo>
R|o|lo|lo|lo|o|lo|olO
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The Karnaugh map for this AND gate is shown below.

BA
CN\_00 01 11 10

0|0f0|o0O
1{0({0f1]0

NOTE: For the smplification process used later in this section to work, the dual |abels for
BA must only change by one binary digit at atime. The labelsfor BA are therefore NOT in
binary order.

Similarly afour input AND gate has the following truth table and Karnaugh map.

D C B A Q
0 0 0 0 0
0 0 0 1 0
0 0 1 0 0
0 0 1 1 0
0 1 0 0 0
0 1 0 1 0
0 1 1 0 0
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 1

BA

b\ 00 01 11 10

oo|olo]o]o

oL{o|o]o]o

11{ofo]1]0

10{o|ofofo

NOTE: Therow labels now have the same form as those of the columns with only one binary
digit changing at atime. Thisisimportant if the smplification processisto work.



Consider again the logic system needed to decode a four bit binary

number so that its value could be indicated on a seven segment N—

array. Such an array is shown opposite with the segments labelled f b

atog. Segment eislit for the following numbers:-

0, 2 6,8

The truth table for this is redrawn below. 9

e c
N\ ®
d

D C B A e
0 0 0 0 1
0 0 0 1 0
0 0 1 0 1
0 0 1 1 0
0 1 0 0 0
0 1 0 1 0
0 1 1 0 1
0 1 1 1 0
1 0 0 0 1
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 0

The Boolean expression for thisis

e=D-C-B-A+D-C-B-A+D-C:-B-A+D-C-B-A

The Karnaugh map for thisis

BA
DC 00 01 11 10

oof1(0f0f1
010
11|10
101

0101
0|0fO0
0|0fO0

To begin the simplification process it is necessary to look in the Karnaugh map for horizontally
or vertically adjacent "1s".

In this map there is only one apparent such occurrence and that isringed in the map drawn
below
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BA
DC 00 01 11 10

oof{1]ofo]fr
/

010
11|10
101

010
0]0|0
0]0|0

Thisshowsthat whenD =0, B=1 aﬂd A =0, eison (1) irrespective of whether C =0 or 1.

This term therefore becomes D-B-A
Taking the remaining terms from the Karnaugh map where thereisa 1 gives

=e=D-C-B-A+D-B-A+D-C-B-A
It can be seen that this corresponds to one of the smplifications of the Boolean expression
The Karnaugh map makes these simplifications easier to spot.

Further smplifications are also possible since groupings of "1s" can take place by folding
around the edges of the map as shown below

BA
DC\. 00 01 11 10

e B a)

oflgo o\l

11(0]ofo]o
JE

10|_1

The left hand corners can be folded vertically to give the term C-B-A.

The top corners can also be folded horizontaly to givetheterm D-C-A but since both of

these "1s" are incorporated into other terms, the term D.C-A isredundant.
So therefore

=e=D-B-A+C-B-A

which is the same as the original Boolean expression after smplification.
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Consider as another example, element ¢ of the seven segment array. Thiseement islit for
numbersO, 1, 3, 4, 5, 6, 7, 8,and 9. Thetruthtableis

D C B A c
0 0 0 0 1
0 0 0 1 1
0 0 1 0 0
0 0 1 1 1
0 1 0 0 1
0 1 0 1 1
0 1 1 0 1
0 1 1 1 1
1 0 0 0 1
1 0 0 1 1
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 0
and the Karnaugh map becomes
BA
DC 00 01 11 10

oof1f21f{1]0

OL|(1(1(1(1

110|000

10{1(1]10]0

There are several ways in which this can be smplified; one such way is shown below.
BA

Dc\ioo 01 11 10
oof1|1y1Yo
o1 (@] AL D
11(0|0f0]0
1o{1[1)ofo
Grouping together the "1s":- the bottom line yields the term D-C-B
the second line yields the term D-C
the left hand top corner yields the term D-B

the third column term yieldstheterm D-B-A
So therefore

:C=D-E-§+5-C+5-§+5-B-A
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Using Karnaugh maps to simplify Boolean expressions.
In al the following examples A, B, C, and D areinputs and Q isthe output.

Consider the three input example Q=A:-B-C+A-B-C+B-C
Thisis put into a Karnaugh map as follows:
a"l1"isput into the place representing A=1, B=1, C=1i.e. A-B-C;
a"1" isput into the place representing A =0, B=0, C=1 i.e. A-B-C;
for theterm B - C, the value of A isnot needed and so "1s" are put in each location
where B=0and C =0, i.e. two places.

BA
CN\_ 0001 11 10

0/1]11]10]|0
1{1({0f1]0

Grouping together the "1s" gives
BA
C\_ 00 01 11 10
N
0(1}1}0]0
1\1jof1)o0

So therefore Q=C-B+B-A+A-B-C

Consider theexample Q=D-C-B-A+C-B-A+C-A+A-B
"1s" must be inserted into the grid for each term:-
whee D=0, C=0, B=1, A=1,;
whee C=1, B=0, A=1, andD=0and 1 i.e two places,
where C=0, A =0, andwhereD =0and 1 and whereB =0and 1 i.e. four places,
where A=0, B=1, andwhereD =0and 1 and where C =0and 1 i.e. four places.

BA
DC 00 01 11 10

oof1f0f1]1
010
11|10
101

1101
1101
0101

Grouping the "1s" gives
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BA
DC 00 01 11 10

APRas
0
‘O

or|of1}ol 1
11 |
10 | 1\

(1/0]1
0[]0

So therefore Q=C-A+C-B-A+D-C-B+B-A

[

The operation of Combinational L ogic Systems.

Aswell as being able to trandate the specification of an electronic sub-system into a Boolean
expression it is also necessary to be able to take a Boolean expression and turn it back into a
sub-system specification. This becomes particularly useful when, as an electronics engineer
you are called upon to repair an electronic system for which the available documentation is
incompl ete.

For example, a7 segment array is programmed to display symbols for the norma numbers
from 0 to 9 but some new symbols from 10 to 15. Consider element e again. With the new
symbols the Boolean expression becomes

e=D-C+B-A+C-B-A+D-B-A

So the problemisto work out for which numbers element eislit. To do thiseach terminthe
expression isinterpreted in turn.

Term D-C means that eement eislitwhen D =1, C =1 and for al combinations
of Band A. i.e. the numbers 12, 13, 14 and 15.

Term B-A means that eement eislitwhen B =1, A =0 and for al combinations
of Dand C. i.e.thenumbers2, 6, 10, and 14.

Term C-B-A means that eement eislitwhenC =0, B=0, A =0 and for dl vaues
of D i.e. the numbers 0 and 8.
Term D-B-A means that dement eislitwhenD =1, B=1, A =1 and for dl values

of C i.e. the numbers 11 and 15

Therefore dement eislit for the numbersO, 2, 6, 8, 10, 11, 12, 13, 14, and 15.
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11.2 SEQUENTIAL LOGIC SYSTEMS

Apart from the very smdl transition time for logic signals to pass through a logic gate, any
change in the inputs to a combinationa logic system are immediately translated through to the
output. For smple systems this is desirable but there are many systems where events need to
take place sequentially. Such systems therefore need to contain sub-systems that can produce
time delays and remember whether operations have occurred.

Bistable Latch
+Vg

Assume that the Q output is0 and the Q output is1. It isworth I'_
checking that this state is stable. When a short pulseto OV is j | )
applied to the S (SET) input, the Q output becomes 1 and the Q _”_R

becomes 0. It isagain worth checking that this state is also
stable.

If ashort pulseto OV isnow applied to the R (RESET) input, then Q becomes 0 and Q
becomes 1, i.e. theinitid state.

The two resistors act as 'pull-up’ resistors and keep the Sand R inputs at logic 1 and it is
known as a bistable flip-flop because it has two stable states.

A bistable latch (bistable flip-flop) isacircuit that has two stable

states and will remember one bit of information. It formsthe

basisfor static computer memories. The circuit of a bistable latch -
made from NAND gates is shown in the diagram alongside. —”_S

D-Type Flip-Flops.

While the smple bistable flip-flop shown above will remember whether an event has occurred
it isimpossible to synchronise several of these circuits together. The smple bistable flip-flop
also has an unstabl e state corresponding to the condition when both Sand R = 0. In order to
overcome these difficulties a more complex circuit is used which is known as a D-type flip-flop
(Data-type flip-flop). Fortunately these circuits are fabricated as 1Cs and so do not need to be
constructed. The circuit symbol for a D-type flip-flop is shown below together with its truth
table.

dp S ob CKDQ§
0]0|Q[Q

—+CK OlQG
R QF T1olof1

I T11]1]0

D isthe Data input and it is the information on thisinput that is stored in the flip-flop.

CK isthe Clock input and it is the state of this input that determines when the information on
the Data input is stored in the flip-flop.

Q istheoutput and Q istheinverse of Q.

Sisthe SET input and makes the output Q logic 1 whenitisalogic 1 irrespective of the state
of D and CK..
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R isthe RESET input and makes the output Q logic O when it isalogic 1 irrespective of the
state of D and CK..

The > symbol in front of the CK shows that the information on D is stored in the flip-flop
when the clock input goes from 0 to 1. Thistype of D-type flip-flop is said to be risng edge
triggered.

An example of such adeviceisthe 4013 IC.

An important use of a D-type flip-flop is as a Data latch for the output from a microprocessor
system. The diagram below shows how four D-type flip-flops would be arranged to store the
output from a microprocessor system which iswritten to the four least significant bits of the
data bus (D3, D,, Dy, DQ)

|
D, 0——D ° Q—o0 Q
SCK
R 9
|
|
D, 0 D S Q—o Q,
—CK
R 9
|
|
D, o D ° Q—o0Qq,
¢—PCK
R 9
|
|
Ds 0 D S Q—o Q,
—PCK
R 9
|
| —

The microprocessor would set up the information to be stored in the latch on D;, D,, Dy, Dg
and would then apply a positive going pulse to the clock input. All four D-type flip-flops

would then store the data on the rising edge of the pulse. This data would then appear on the
outputs Q3, Q,, Q1, Qo. For thisapplication dl the S and R inputs are connected to logic O.
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Shift Registers

A shift register isadevice that enables data to be passed from one flip-flop to the next, on each
successive clock pulse. The very first electronic computer memories were based on this
principle. The main use of shift registers now isfor the conversion of serial data to parallel
dataand vice-versa. The circuit diagram of afour bit shift register, made from risng edge
triggered D-type flip-flops is shown below.

QO Ql Q2 Q3

[ N

. I . d 4 h ologicO
data input
o p S Q—l—D S Q—l—D S Q—l—D S QJ
>CK >CK >CK —>CK
R Qr R Qr R Qr R Qr
_ ' i ¢ i ¢ ¢ ologic0
clock input

The timing diagram for the shift register is shown below. It assumesthat there is a single data
input signal of logic 1, and shows how the data pulse moves from flip-flop to flip-flop on each

successive clock pulse.

clock input

data input ‘

Qo

Qq
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Seria-to-parale conversion can be accomplished by connecting the seria data input to the
D input termina and then reading the parallel data from Qg to Qg after four clock pulses.
For parallel data to be converted to serial data, it is necessary to use the SET facility of the
flip-flops. Thisfunctions in much the same way asthe RESET input, in that alogic 1 on the
SET input will set Q to logic 1, alogic 0 having no effect. The parallel input data hasto be
AND gated with aL OAD input signa to ensure that the SET inputs only receive data at the
correct time. The circuit diagram of such a shift register is shown below.

Do D, D, D,
load ?
C é g é
datainpu o)
o D S Q D S Q D S Q D S Q 53
seria output
>CK >CK >CK —>CK
R 6_ R 6_ R 6_ R 6_
| ® PY ' Ologic 0
_ . . 0
clock input

The sequence of operation is as follows:
a). A pulseisapplied to the RESET input to set dl of the Q outputsto O
b). The pardlel dataisset up on the D inputs.
C). A short pulse to logic 1 isapplied to the LOAD input.
This sets the parallel datainto the flip-flops.
d). Four clock pulses are applied to the CLOCK input at the desired data rate, and
the seria data is obtained from Qs.

An interesting application of alarge shift register isits use to generate pseudo random numbers
by EX-ORing together two of the Q outputs and then connecting the output of the EX-OR
gateto the DATA input. For a 17 bit shift register with the Q outputs from the 14th and 17th
EX-ORed together, the sequence length is 131,017 steps before repetition.
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The NAND Gate Monostable Circuit.

The 555 monostable circuit has been covered in the support booklet for the Foundation
module. Monostables can also be constructed from logic gates, though their timing is not as
consistent or as accurate as that of a 555.

The circuit diagram for a monostable usng NAND gates is shown below.

+VS

SO D%T

C
v] R Vout | |

o ov

The input voltage, Vin, isheld at logic 1 by R1. Theinputs of NAND gate Y are held at logic
0 by theresistor R. Therefore the output, Vout, isat logic 1. Since both inputs of gate X are
at logic 1, the output of X will be at logic 0. With the capacitor, C, discharged thisisa stable
state. Consider what happen when Vi, becomes logic O for a short time. The output of X will
become logic 1 and the supply voltage will appear across R as the capacitor beginsto charge
through R. Thismakesthe input to Y logic 1, so making the output from Y logic 0. Thisin
turn makes the top input of gate X logic 0 and so will keep the output of gate X at logic 1 even
when Vip, returns to logic 1.

Meanwhile the capacitor is charging through R and as it does, the voltage across R, V, will
decrease. Thiswill continue until V isjust below the switching threshold of gate Y, i.e. haf of
the supply voltage. When this happens the output of gate Y will become logic 1, whichin turn
will make the top input of gate X logic 1. With both inputs to gate X now at logic 1, its output
becomes logic 0 and the capacitor discharges as the stable state is again restored.

For the monostable to function successfully, the duration of the input pulse must be shorter
than the time period of the monostable.

The duration of the output pulse, in seconds, of the monostable is given approximately by

T=CR
where C isinfarads and R isin ohms.
The sketch graphs below show the operation of the monostable.

VS
Vin
0 time/s
VS  —
VOUt
OV_ time/ s
S
V YoV, \

0 )
time/s
_1/2VS /'
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NAND gate monostables are triggered with 'negative going' pulse, and so are said to be 'fdling
edge triggered.'.

The NAND Gate Astable Cir cuit.

Aswell as being able to form monostables, two NAND gates can be used to form an astable.
The basic circuit is shown below.

+VS

Ry C

control .
1 D»T
O

o

VOUt

ov

When the astable circuit is switched off, the capacitor is discharged. When the circuit is
switched on and there is no connection to the control input, imbalances between the two
NAND gates will ensure that one of the NAND gate outputs will become logic 1. Assume that
gate Y's output becomeslogic 1. This meansthat the input to gate Y must be logic 0, as must
the output of gate X. Thisin turn meansthat the input to gate X must be logic 1, which it will
be since the capacitor will be charging through R from the output of gate X. So the circuit is
semi-stable. Asthe capacitor charges, V will decrease until it isjust less than haf of the
supply voltage. When this happens, the input to gate X becomes alogic 0 and so the output of
gate X will becomelogic 1. Thisinturn makesthe input to gate Y logic 1, so the output of
gate Y becomeslogic 0. The voltage that was across the capacitor, as aresult of it partly
charging, will now be moved down by the supply voltage, V, so that

V=%V,

The capacitor will now charge up in the other direction, through R, until V, isjust greater than
+%2V . When this happens the input of gate X will be alogic 1, so making its output alogic O,
which in turn will make the output of gate Y logic 1 again. The capacitor will again have a
voltage of %2V ¢ across it and so when the output of gate Y becomes logic 1, the voltage levels
of the capacitor will be shifted up by V¢ so making V; = 12V The capacitor will now start
to discharge through R until V, fdlsto just lessthan %2V, and so the whole process repeats.

It should be noted that the initid output pulseis shorter than the consequent pulses due to the
fact that the capacitor was initidly discharged. It should aso be noted that since the capacitor
has to charge up in both directions, electrolytic capacitors are not suitable for this application.
This effectively limits the maximum value of C to 1uF.

To afirst approximation, the frequency of oscillation of the astable is given by

1
2RC

It isfound in practice that the value of the supply voltage and the ambient temperature affect
the frequency of operation.
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The sketch graphs below show the operation of the astable when there is no connection made
to the control input.

VS
Vout
0 time/s
1Y\
Vs
2
YV
0 V time/ s
_1/2VS

The control input provides a convenient way to stop and start a NAND gate astable. If the
control input isat logic 1 the astable operates normally. If the control input isat logic O then
the output of gate X becomes logic 1 so making the output from gate Y logic 0 and so
stopping the oscillation. Theresistor R4 isa'pull up' resistor so that if nothing is connected to
the control input then it will be held at logic 1. If the control facility is not required, R, can be
omitted and the two inputs of NAND gate X connected together.
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11.3 COUNTERS

To enable a D-type flip-flop to toggl_e, i.e. change state on each successive clock pulse, the
D input should be connected to the Q output. The D input isthen aways opposite to Q and

so toggling occurs on each successive clock pulse. The arrangement is shown below, where
the D-type flip-flop is shown with its normal logic symbol.

|

\\ S | |
| | | | DCK o ou?put

o—

input

Ql

R
1

Both the SET and RESET inputs are connected to logic O.
This circuit has many applications since it effectively has an output frequency that is haf the
input frequency. The circuits can aso be combined together to form binary counters.

Binary, Decimal and Hexadecimal Numbers
The number system that isin common everyday use is founded on ten different numbers:-
0,123 456,78 9

This number system isknown asthe DECIMAL or DENARY system. (Denary means 10).
These numbers on their own are caled UNI T (s) and enable numbersin the range 0 to 9 to be
represented.

For numbers that are larger than 9 a second column of numbers is needed.

This second column is called the TEN(s) column. So 9+1 would be represented by putting a1
in the tens column and a 0 in the units column eg.

10

For 9+2, aoneis put in the tens column and the one unit left over is put into the units column,

e.g.
11

For 9+5, ten is subtracted and a 1 is put in the tens column. Thisleaves4 unitsand so a4 is
put in the units column, e.g.
14

In this way numbers up to 99 can be represented. For numbers greater than this another
column is needed to represent 99+1 i.e. the HUNDRED(s). So for 99+1, alisputinthe
hundreds column. Thiswould leave no tens and no units, so a0 is put in the tens column, and
a0 in the units column, e.g.

100
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For the number given by 99+5 a 1 is put in the hundreds column, leaving no tens and four units
and so 99+5 iswritten as
104

In this way numbers up to 999 can be represented. Beyond this another column needs to be
introduced. Thisis caled the THOUSAND(S) column, etc.

The units column represents single numbers
i.e. nx1 (nx100)
where n is any number between 0 and 9.
The tens column represents numbers multiplied by ten
i.e. nx 10 (nx 10}
where n is any number between 0 and 9.
The hundreds column represents numbers multiplied by 100 (10 x 10),
i.e. nx10x 10 (n x 109
The thousands column represents numbers multiplied by 1000 (10 x 10 x 10),
i.e. nx10x 10x 10 (n x 109)
And so on.

Computers are very basic machines compared to even the most innumerate human.
Computers, since they work using digital eectrical circuits, only have two states; ON which is
represented by a 1 and OFF which isrepresented by a0. Such a number system is cdled
BINARY.

This means that a computer can only count to 1 before it needs to introduce another column,
the TWOs column (compare with the tens column in decimal).

Sofor 1+ 1alisputinthetwos column, leaving a0 in the units column,

iee 1+1=10
Therefore 1+1+1=11

But for the next number it is necessary to introduce another column, the FOURS column so
that
1+1+1+1=100

(Compare this with the hundreds column in decimal.)

The next column to introduce isthe EIGHTs column.

It should be clear that each time it is necessary to introduce another column it is multiplied by
two again. (Compare this with the way in which each new column was multiplied by ten in the

decimal system.).

S0 in the binary system the columns are:
UNITs (20)
TWOs (21
FOURs (22)
EIGHTs (23)
SIXTEENS (2%
THIRTY TWOs (2°)
etc.

Addition, subtraction, multiplication and division are dl done in the same way as in the decimal
system except that the largest number in any columniis 1.
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As computers have become faster, they now treat the columns of the binary system in blocks of
four. This meansthat they now count in SIXTEENS instead of TWOs. Such a number system
isknown asHEXADECIMAL.

Thismeansthat it is necessary to represent numbers larger than 9 as a single character and the
characters that are used are the first six letters of the aphabet, i.e. A, B, C, D, Eand F

DECIMAL 123456789 101112131415
HEXADECIMAL 12 3456 789 ABCDEF

Using this system, numbers up to fifteen can be represented in the units column. The next
column isthe SIXTEENS column and so the decima number 16 would be written as

10
in hexadecimal. (Compare this to the tens column in the decimal system).

The third column in the Hexadecimal system is the 16x16 column or the
TWO-HUNDRED-AND-FIFTY-SIX column.

In Module 3 it will be necessary to be able to convert large numbers between binary, decimal
and hexadecima. This module only requires such conversions up to and including the number
15. The easiest way of converting such numbers is by using a conversion table as shown
below.

DECIMAL BINARY HEXADECIMAL
0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9
10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F
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4-Bit Up or Down Counters

D-type flip-flops that are wired to toggle can be cascaded together to produce a BINARY
Counter. Four such flip-flops are shown below connected together as an ASY NCHRONOUS
counter. All of the flip-flops considered are rising edge triggered.

Qo Q Q, Qg
ol Sl Sl I
M D S0 D S0 p S o D S0
o0—>CK >CK >CK >CK
input _ _ _ _
R O R O R Q R O
o— r3 Py Py I
logic O al Sinputs connected to logic O

The waveforms obtained from each of the Q outputs can be seen in the timing diagrams below.
Note how the circuit counts down in binary, the decima numbers being included at the bottom
of the figure asaguide. The counter counts down from 15 and resets back to 0, the process
then repeating. Thiscircuit isa'down counter'.

= [UTULL LTI

Qo

Qg

Q,

Q%

0/15/14/13|12/11/10/ 9, 8, 7|6 |54 /3|2 1|0

It should aso be noted that the Binary counter circuit will also act as a frequency divider, with
Q being half the frequency of the input, Q, being haf the frequency of Q, and so on.

To make abinary up counter it is necessary to connect each successive clock input to the
preceding Q output as shown in the next diagram.
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al Sinputs connected to logic O
Qo Q Q, Q,

| L | L | L |
rw I_] [-D S Q D S Q D S Q D S Q
o—pCK ¢ —p>CK —>CK —>CK
input

RG_ RG_ RG_ RG_
® ® ® I

o
logic O

The corresponding timing diagrams showing the Q outputs are shown below.

oo (LU LU UL

0O 1 2| 3/ 4 5 6/ 7, 8 9|10 11 12 13/ 14 150

Thistime the circuit counts upwards, the decima numbers being included at the bottom of the
diagrams as aguide.

Often a counter isrequired that counts up to a number other than 15 before resetting itsalf.
The most common isthe Binary Coded Decima (BCD) counter which counts up to 9 and then
resets. Thisisachieved by AND gating together the Q, and Q5 outputs. When both of these
are at logic 1, i.e. on the 10th input pulse, the output from the AND gateisused to RESET all
the flip-flops. The circuit diagram of such a counter is shown below together with the
waveform timing diagrams.
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al Sinputs connected to logic O
Qo gl Q, Qs

| | | |

input

e [T LU LU UL L]
o | | B

O 1/ 2/ 3| 4 5 6 7| 8 9100 1| 2| 3| 4 5|6

This circuit can also be used to frequency divide the input by ten. However, the output
waveform from Q5 does not have amark to spaceratio of 1:1. If asymmetrica output is
required from a divide by ten counter then it is necessary to separate the circuit into a divide by
five circuit followed by a divide by two circuit.

Such an arrangement is shown below together with the waveform timing diagram.
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al Sinputs connected to logic O
Qo Q Q, Q,

input

0 1| 2| 3| 450/ 1| 2| 3 450 1 2| 3 4501

The same principles can aso be applied to any even numbered binary counter / frequency
divider.

Unfortunately there is a serious problem that occurs with asynchronous counters operating at
high frequency which originates from the fact that there isafinite time delay between a clock
input pulse going high and the Q output responding. Thisis called the propagation delay and
for the 74HC series of countersistypically 20ns. Whilethisisa short time for one counter it
becomes very noticeable for long chains of counters operating at a high frequency.

Consider achain of 12 flip-flops arranged as an asynchronous counter, each with a propagation
delay of 20ns. Now, before the last flip-flop can change state, the one before must change as
must the one before and so on. So for the Situation where dl the counters are going to change
state, the difference in time between the first and last flip-flop changing will be 240ns. If the
frequency of the input signal is4MHz (period 250ns), the last flip-flop will be changing state
almost one complete clock cycle after the first flip-flop. This could cause very serious
problems if the last flip-flop's output was being gated with an output from a flip-flop near the
beginning of the chain. The problem can be overcome by using synchronous countersin which
al of the flip-flops are clocked together, but a knowledge of thisis not required in this
specification.
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Using 7-segment arrays with BCD and Hexadecimal counters.

The decoding of binary and hexadecimal numbers for use with a 7-segment array has already
been considered in the first section of this booklet. The use of smplelogic gatesis
prohibitively complex for this task, but fortunately there are severa 1Cs available that will take
abinary, BCD or hexadecimal input and decode it to operate a 7-segment array directly.

The most common 7-segment decoder isthe 4511 I1C and apart from the decoder it aso
contains afour bit latch so as to remember the number that is being decoded. For numbers
greater than 9 the display is blanked.

An old 7-segment decoder IC isthe 7447. This does not contain alatch but does display
symbols when the input number is greater than 9. Unfortunately the symbols displayed are not
the standard hexadecima symbols.

The 4026 and 4033 I1C not only contain 7-segment array decoders; they also contain decade
counters aswell. Again they do not display symbols for inputs greater than 9.

The options available to produce a full hexadecima display on a 7-segment array include:
a). designing one's own using Karnaugh maps, Boolean algebra and logic gate ICs,
b). programming a Programmable Interface Controller 1C (PIC) to form the display,
C). using an EPROM, by programming into it the required outputs,

d). using a programmable Logic Array (PAL) in asmilar way to an EPROM.

Some of these techniques will be considered in Module 3.



11.4 OPERATIONAL AMPLIFIERS

The genera properties of operational amplifiers were discussed in the chapter for the
Foundation module. This section extends the use of op-amps beyond comparators to their use
as voltage amplifiers.

General Amplifier Definitions

An amplifier isdesigned to produce an output voltage or current which is an enlarged copy of
the input voltage or current. When power amplification occurs the extra power is provided by
the external power supply. The peak power output is limited by the power supply voltage.
The gainis calculated by the ratio of the output quantity to the input quantity.

. output voltage
voltage gain = 2P ge (Vout)
input voltage (Vin)

. output power
power gain = putp (Pout)

input power (P;,)

Bandwidth.

The bandwidth of an amplifier isthe range of frequencies within which the power gain does not
fal below half of its maximum value. Since
V2
power = R
the bandwidth is also the range of frequencies within which the voltage gain does not fall
below J/ V2 (i.e. 0.7) of its maximum value.

The gain of a capacitor coupled amplifier decreases at the lower frequencies due to the
increasing reactance of the capacitors, and at the upper frequencies due to stray capacitance in
the circuit.

A typical voltage gain - frequency curveis shown below. The frequency is plotted on alog
scale to accommodate the large range.

voltage
gan 100 —
" // N\
70 50 // \\
4 \
40 .
«—+—bandwidth \
20
0
10 102 103 10 10° 10°

frequency / Hz
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Most op-amps have very large voltage gains, often as high as 106. Such large voltage gains
require considerable care to be taken if the circuit isto be stable and not prone to oscillation.

It isessentia for the output terminas to be well separated from the input terminals to prevent
positive feedback occurring through stray capacitance. To help ensure that an op-amp is stable
asmal capacitor is connected between the output terminal and the inverting input terminal.
The effect of thisisto make the voltage gain of the op-amp decrease with increasing

frequency. Consider an op-amp with an open loop voltage gain of 106. The graph below
shows how the open loop voltage gain varies with frequency.

Open loop
voltage gain.

10°

1 2 3 4

10 6

10° 100 10° 10 10° 10 Frequency / Hz
As can be seen from the graph, the voltage gain decreases with frequency so that at a

frequency of 1IMHz, the voltage gain hasfallento 1. This can be summarised by the formula
voltage gain x bandwidth = constant

In the case of the example given above the constant is 106.

Using such frequency compensated op-ampsit is therefore not possible to have a single op-
amp circuit with alarge voltage gain and alarge bandwidth. Therefore in order to produce
amplifiers with large voltage gains and large bandwidths it is necessary to use severa low gain
op-amp circuits cascaded together.
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11.5 INVERTING AMPLIFIER

For most amplifiers, the open-loop voltage gain of an op-amp istoo large to be of practical
use. Sinceitisnot possible to adjust the open loop gain of an op-amp, to enable them to be
used in normal amplifier circuits, Negative Feedback is used to reduce the overal gain of the
circuit. With negative feedback a proportion of the output signal is fed-back'’ to the input with
aphase shift of 1800. This has the effect of cancelling out part of the input signal and so
reduces the apparent gain of the whole circuit. With an op-amp, negative feedback is the only
way of controlling the voltage gain of the circuit. The voltage gain of the op-amp itself is
unchanged but the overall voltage gain of the circuit isreduced significantly. The smplest
example of thisisthe Inverting Amplifier.

The circuit diagram of an inverting amplifier is shown below. The power supply connections
are not shown, but it is assumed that the circuit is operating from a dual voltage power-supply.

Since it is assumed that the open loop gain of the op-amp isvery large, if the output voltage is
to be less than the power supply voltage then the difference in voltage between the two input
terminals will be very smal. The positive input terminal is connected to OV and so the
negative input termina will be virtualy at OV, i.e. itisaVirtual Earth point. The input
voltage, V,,,, appears across the resistor R, so acurrent of V,, / R, passesthrough R;. This
therefore makes the input resistance of the circuit equal to R;. It isassumed that the input
impedance of the op-amp is so large that no current passes into itsinput terminals. Therefore
the only path for the current passing through R, isthrough R;. As the negative input terminal
of the op-amp is at virtual earth, the output voltage V ,, ; appears acrossthe resistor R;. This

causes acurrent of V. / R to pass through R;.

Vin_ _Vout
R1 Rt
Rearranging gives
- Vout __Rf
Vin R1

Therefore the voltage gain of the inverting amplifier is determined solely by the two external
resistors; the negative sign indicating that the amplifier is inverting.

It should be noted that the voltage gain of the op-amp has not been altered; it is ill very large
at low frequencies. But the voltage gain of the overall circuit (closed-loop gain) has been
reduced significantly. Also it isimportant to realise that the equation isonly valid when the
open-loop gain is significantly greater than the voltage gain of the whole circuit. At high
frequencies the voltage gain of the whole circuit will decrease in line with the frequency
compensation of the op-amp itself. The bandwidth of the amplifier will depend on the product
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of the closed-loop gain of the circuit and the bandwidth. For the purpose of this syllabus, the
product of voltage gain and bandwidth is assumed to be 106

i.e. voltage gain x bandwidth = 106

So for an amplifier with a closed-loop voltage gain of 100, the bandwidth will be 10kHz. This,
and other examples are shown in the diagram below.

voltage gain.
10°

10° 10 10° 10° 10* 10° 10°  frequency/Hz

The oscilloscope screen diagram below shows the input and output waveform for an inverting
amplifier with avoltage gain of four. Ascan be seen, the output waveform isfour times as
large as the input waveform and the output waveform isinverted (out of phase by 18009)
compared to the input signal.

f/ /
N
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// \‘ input

.
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LTTTTTrTT

VAl

output
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11.6 NON-INVERTING AMPLIFIER

The circuit diagram of a non-inverting amplifier is shown below. The circuit uses negative
feedback to reduce the overall voltage gain of the circuit, but the input signal is connected to
the positive input of the op-amp. This has the advantage of providing an input impedance for
the circuit equal to the input impedance of the op-amp itself, which can be as high as 10120,

o +:
R f
Vi n
Vout
Rq
o I o OV

When considering the voltage gain of thiscircuit it isimportant to remember that the output
voltage of an op-amp is equal to the differential input voltage multiplied by the open loop
voltage gain. Since the open loop gain of the op-amp isvery large at low frequencies, the
voltage at the positive input termina and the voltage at the negative input terminal of the op-
amp will be amost identical, so long as the output has not saturated at the power supply
voltage. The voltage at the negative input terminal of the op-amp will be the same as that of
the junction of the two resistors R; and R4 and will equal:

Vout XR1
(Rf+R1)

But this will also be equal to the input voltage V;,, since the two op-amp input terminals must
have amost the same voltage, if the op-amp is not to saturate.

Vout XR
= Vi = out 1
(Rf +R1)
+
— Vout _ (Rf +R1) —1+ R
Vin R1 R1

The non-inverting amplifier has the same limitations at high frequencies as the inverting
amplifier owing to the frequency compensation of the op-amp, but it does have the advantage
of having a very large input impedance.
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The Voltage Follower

The circuit diagram of a voltage follower is shown below and should be thought of as a specia
case of anon-inverting amplifier, where R; has a vaue of zero onms and R, has an infinitely
large value.

n
Vout

o o OV

The equation for the non-inverting amplifier then smplifiesto

VOUt = 1
Vin

i.e. the output voltage 'follows the input voltage. Thiscircuit isused as a buffer amplifier and
has a very large input impedance and a low output impedance. So although it has avoltage
gain of 1, it does have considerable current and power gain and can very effectively isolate a
source from aload.

Practical applications for the voltage follower include:

a) Increasing the input resistance of a moving coil meter so that the meter does not affect
the measurements in any circuit that it is connected to.

o ov

b) A charge meter, so that electric charge can be measured. With a 1uF capacitor
connected as shown, the reading on the meter, in volts, is equa to the charge stored in the
capacitor, in microcoulombs.

C]in

ov

This circuit can also be used as a'sample and hold' circuit by placing an electronic switch in
series with the input.
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Feedback.

Feedback occurs when a portion of the output is allowed back into the input. This can occur
intwo ways, it can cancel out part of the input signa and so is caled Negative Feedback, or it
can reinforce the input signa and so is called Positive Feedback.

Negative Feedback.

Thisiswhen a proportion of the output signal is 'fed-back’ to the input with a phase shift of
1800. This has the effect of cancelling out part of the input signal and so reduces the apparent
gain of the whole circuit.

The use of negative feedback has already been considered in the inverting and non-inverting
op-amp amplifier circuits in order to reduce the voltage gain of the circuit to the required
amount. In doing so, it also has the advantage of increasing the bandwidth of the circuit and
reducing any distortion that may be introduced by the amplifier.

Positive Feedback.

This iswhen a proportion of the output signal is 'fed-back’ to the input with a phase shift of 0°,
i.e. in phase with the input signal. This has the effect of increasing the input signal and so
increasing the apparent gain of the whole circuit. All oscillator and astable circuits rely on
positive feedback to make them unstable and oscillate. The NAND gate bistable latch uses
positive feedback to force the change of state once it has been triggered. The 'Schmitt trigger
circuit', which is studied in Module 3, also uses positive feedback to increase its switching
Speed.

When constructing amplifiers with alarge voltage gain, especialy radio frequency amplifiers, it
isimperative to ensure that the output circuit iskept as far away as possible from the input
circuit. Fallureto do so will amost certainly lead the amplifier system to be unstable at certain
frequencies or in the worst case, oscillate very strongly at a particular frequency and be
completely uncontrollable.

A good indication of the stability of an amplifier isto measure its voltage gain for a range of
frequencies. Any unexplainable increase in voltage gain at a particular frequency isagood
indication that the system is not as stable as it should be.
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11.7 SUMMING AMPLIFIER

Thisisavariation of the inverting amplifier, where, instead of there being one input resistor
there are severa. The circuit diagram of a summing amplifier is shown below.

Aswith the inverting amplifier, the negative input termina of the op-amp isavirtua earth

point and so the current at this point is the sum of the currents passing through the individua
input resistors, i.e. the total current is

_Vi,V2, V3

R1 R2 R3

and this current must be equal to the current passing through Ry asaresult of V 4,

e |=-You
Rf
V1, V2, Vs__ Vou
R1 R2 R3 Rs

Vv \/ Vv
= Vou==Rp| T+ 242
R1 R2 R3

IfR;=R,=R3=R then
Rt
Vout=_E(V1+ Vo+ V3)

i.e. the output voltage is proportional to the sum of the input voltages.
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IfV{=V,=V,=V then

1 1 1
> Vot =—Rf XVxX| —+—+—
R1 R2 R3

i.e. the output voltage is proportional to the sum of the reciprocals of the input resistors. This
circuit can be used to make asmple Digital to Analogue Converter (DAC) asisshownin
the diagram below.

R3 =R;, R, = 2R;, R, =4R;, Ry = 8Rs
Thelogicinputs, Dy, Dy, D,, D5 dl have the same voltage, with D5 being the most

significant bit. The output voltage will therefore be directly related to the digital number
applied to the inputs, but will be a negative voltage.

93



11.8 FILTER CIRCUITS

Capacitative reactance.

Consider the circuit diagrams below. When power is applied to circuit (a), the lamp flashes
briefly but does not light. Thisis because there isonly abrief flow of current through the lamp
which charges the capacitor.

However, when power is applied to circuit (b), the lamp lights. These results suggest that a
capacitor blocks direct current (dc) but allows aternating current (ac) to pass.

12V r.m.s., 50Hz
12v < Y
lanp 6V, 60mA® lanp 6V, 60mA®
BI I A B I I A
10 uF 10puF
(@ (b

When termind Y of the ac supply is positive, current flows and charges the capacitor with
plate A positive and plate B negative. The direction of the current then reverses and the
capacitor discharges. When the termina X of the ac supply becomes positive, the capacitor
charges up with the plate B positive and plate A negative, discharging again as the ac supply
becomes zero at the end of the cycle. This processisrepeated at the frequency of the supply.
No electrons pass through the capacitor since its two plates are separated by an insulator. But
electrons flow backwards and forwards in the connecting wires and this makes it appear that a
current passes through the capacitor. The current flowing through the lamp can be measured
using an ac ammeter.

The opposition of a capacitor to ac is caled its capacitive reactance, X..

1

Thisis calculated from Xce=
2nfC

X¢ ismeasured inohmsif f isin hertz and C isin farads.

The capacitive reactance decr eases if either the frequency or the capacitance increases asin
the diagram below.

capacitive capacitive
reactance, X reactance, X o

frequency (f) capacitance (C)
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Passive RC Filters

These are used to suppress or enhance parts of a signd's frequency spectrum, e.g. to
compensate for the imperfect frequency response of a transducer and so restore the frequency
baance of the signa from that transducer.

Passive low passfilter.

A filter which attenuates high frequenciesis known as alow pass or treble cut filter, and is
shown in the diagram below. The filter allows low frequencies to pass through without much
attenuation.

R
o— ] ¢ )
| ]
in C o Vout
O @ O

The circuit is essentially a voltage divider. To estimate the output voltage, V;, at acertain
frequency, f, first calculate the reactance, X, then replace this reactance with a resistor of
equal vauein the voltage divider formula.

Xc

= Vout =VinX
R+XC

There is a phase shift of 90° between the current passing through the capacitor and the voltage
across it, so the capacitor does not strictly behave like aresistor for aternating signals. The
error isvery smal if the reactance of the capacitor is much larger or much smaller than the
resistance of R.

Taking into account the phase shift, it can be shown that

Vour ___ 1 (Equation A)
Vi 2
RN B
Xc

This equation is known as the transfer-function of the filter.
The cut-off frequency, f, of the filter is the frequency when the reactance of the capacitor is
equal to the resistance.

1
= =R=
Xe 21t oC
- 1
°" 2nRC
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Vout _ 1

Equation A can be written as

Vin §2
1+
fo
Vour _ 1
So at the cut-off frequency, f,, —=—=0.71
Vin V2
When the frequency is below f, NVout _ 4
Vin
- Vout _ fo
when the frequency is above f, —= )
Vin

The transfer-function of the filter is displayed in the diagram below on alog-log graph of
Vout/Vin @gainst frequency. The graph can be simplified by using the

two line approximation.
For frequencies less than the cut-off frequency the graph is drawn as a horizonta line, and
above the cut-off frequency the line drops at an angle of 45°.

Vout 1 ' 'H\\
N
Vin
N
0.1 h
N
N
0.01 )
N
N
N
0.001 | N
0.0If,  0Tf, i 10, 100f,  1000f,

Passive high passfilter.

The circuit for a high pass or bass cut filter, alowing high frequencies to pass and suppressing
low frequencies, is shown in the diagram below. The output is taken from across resistor R.

C
—I .

Vi R Vout

(e, O

By agmilar andlysisto the passive low pass filter it can be shown that
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Vout __ Xc fo

Vi 2 2
" \/1+R2 \/1+f2
XC fo

Below the cut-off frequency, X islarger than R and so Vout =L
Vin fo

Above the cut-off frequency, X ¢ is smaller than R and NVout _ 4
Vin

At the cut-off frequency, fo, Vour _ 1 71
Vin V2

The transfer-function of the filter is displayed in the diagram below on alog-log graph of
Vout/Vin @gainst frequency. The graph can again be smplified by using the two line
approximation.

0.01

0.001
0.001f, 001f,  0.1f, 1f 10f 100f

(0]
frequency

The behaviour of passive filters depends on the current supplied by them. Their performanceis
only as described when the output signal isfed into avery large impedance. Thisiseasly
achieved by a buffer amplifier. However the most serious disadvantage of passivefiltersisthat
they aways lead to an attenuation of the signal. This can be overcome by using active filters.
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Active Filter Circuits

Passive filters can be made into active filters by incorporating them into op-amp amplifier
circuits. For convenience the inverting op-amp amplifier will be used for the following
examples, but the same principles can be applied to the non-inverting amplifier as well.

An op-amp inverting amplifier is shown in the diagram below.

Itsinput resistance isequal to R4. So if a capacitor is connected in series with R4, the input
circuit can be considered to be a high pass filter as shown in the diagram below.

o o OV
equivaent input circuit

So the overall circuit will function as a high pass filter with a cut-off frequency, f, (i.e. the
frequency at which the reactance of the capacitor equals the resistance of R4), given
approximately by

1

- 2nCR1

fo

and agan of

Vout __ Rt
Vin R1

=

for frequencies above the cut off frequency.
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If the inverting amplifier has a capacitor connected in parallel with the feedback resistor Ry, as
in the diagram below, then it will function as alow pass filter.

)
o
Q
<

The approximate cut off frequency, f,, (i.e. the frequency at which the reactance of the
capacitor equals the resistance of Ry), isgiven by

_ 1
2nC Rf

fo

and the voltage gain at frequencies below the cut-off frequency is given by

Vout __Rf
Vin R1

=

These ideas can be combined together with an additional feedback path asin the diagram
below.

i

— ¢

Ry

o
o
Q
<

R, and C, form a high passfilter. C, and R, form alow passfilter. At low frequencies the
reactance of C, isso large that R, can beignored. At high frequencies, the reactance of C, is
so small that R, and Ry are effectively in paralel, which determines the voltage gain of the
system at high frequencies.
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11.9 POWER AMPLIFIERS

Sour ce Followers.

Most of the amplifiers so far examined have been voltage amplifiers. While these are fine for
increasing the size of signals, they are unable to produce an output with much power. To
achieve a substantial power output a circuit that provides current gainisrequired. Source
follower circuits provide no voltage amplification but do provide considerable current
amplification. The circuit diagram for a source follower is shown below.

+V,

L 2 0 'S

(o]

V.
in Rl Tvout

. o OV

For the MOSFET circuit, asV;,, increases so does the drain current. This causes a
corresponding increase in the voltage across R;. It can be shown that so long as the product
of the mutual conductance of the MOSFET and R, are large, then the voltage gain of the
circuit isunity. The current gain, though, isa different matter. Since the input resistance of
the MOSFET isvery high, there will be very little input current to the MOSFET (usualy much
lessthan 1nA). So for adrain current of 1A, the current gain will be 109! This property of
MOSFET s enables them to be used as very effective Buffers, where the output is amost
completely isolated from the input.

The power gain of these circuits can be approximated by using the formula

) power output
power gain=—————
power input

The output power can be calculated from the formula

W=
R

where V isthe rms vaue of Vin and R isthe load resistor R,

MOSFETs are voltage operated devices, unlike bipolar transistors which are current operated.
To make adrain current flow a voltage is applied between the gate and source. The
relationship between this gate voltage and the drain current is known as the
Mutual transconductance (g), where
A ld
g =
AVgs

The unit of gissemens(S) if | isinampsand V isin volts.
Value of g ranges from 20mS to 30S or more for high power devices.
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For the source follower the input resistance is so large that the input power is amost
negligible. Thisleadsto apower gain that isvery large.

Push-Pull Output Circuits.

A singletransistor or MOSFET amplifier, when suitably biased, isknown asa CLASS A
amplifier and is not very efficient in terms of power supplied compared to the useful power
delivered to the load. The theoretical maximum efficiency can only be 50% and in most cases
an efficiency of between 10% and 20% can be expected. Whilethisis of little importance for
smal signa amplifiersit becomes a serious problem when a power output of 100W or moreis
required for an audio amplifier! It isan interesting exercise to calculate the power dissipated in
the transistor or MOSFET in this case.

The main reason for this gross inefficiency isthe need to bias the drain to be at a voltage that is
half of the supply voltage. A way of overcoming this difficulty isto use two power supplies,
one positive and the other negative and then use two matched output MOSFETS, one n-
channel and the other p-channel, connected as source followers, to provide the power gain. It
isimportant that both MOSFETs are matched so that they have very smilar characteristics. A
very basic MOSFET push-pull amplifier circuit is shown in the diagram below.

. o +VS

n-channédl

load
ov

in

OVe

p-channel

o _VS

In this circuit, no steady current flows through the MOSFETs. Consider an input signal
applied to the circuit. Because of the non-linearity at very smal values of the gate to source
voltage Vs the output will be distorted as shown in the oscilloscope diagram on the next

page.

The distortion that occurs in the output is caled CROSS-OVER DISTORTION, and isdue
to the non-linearity of the MOSFETs for small input voltages. Such distortion may be
acceptable at very large output power levels, but at low output power levelsit would be
unacceptable.

Since current only flows through the MOSFETs when there is an input signal greater than
approximately 0.5V, the efficiency of the circuit (power-out / power-in) is high and can
approach 90%.
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To diminate the cross-over distortion it is necessary to ensure that the MOSFET s are biased
so that asmall current (quiescent current) flows through them even when there is no input
signa. Thisreduces the effect of this type of distortion by overcoming the non-linearity of the
MOSFETs. The overal efficiency of the circuit is reduced to about 70% , but thisis
dependent on the quiescent current flowing through the MOSFETSs.

There are many ways of providing bias for the MOSFETS, one such arrangement is shown in
the diagram below.

. o +VS

ov

p-channel

o —VS

The variable resistor enables the quiescent current to be set for the required value. Thiswill
range from afew mA for alow power amplifier up to 100mA or more for a high power
amplifier. The use of diodes provides some degree of temperature stability, for asthe
temperature of the diodes rise, the voltage across them fals and so reduces the voltage applied
to the MOSFETs. MOSFETSs are adso inherently more temperature stable than transistors. As
the temperature of a MOSFET increases, its channel resistance increases and so reduces the
current flowing through it, so reducing its temperature.
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Assuming that the power supply for a push-pull amplifier is symmetrica (+ V) then the
maximum power output from the amplifier can be estimated as follows.

Assume that when fully conducting, there is 2V between the drain and source of the output
MOSFETSs.

Therefore the amplitude of the voltage that can appear across the load is

(Vg—2) volts
For a sine wave, this results in a maximum rms output voltage of

(VS - 2)
1414

volts

The power isnow calculated from

p=Y_
R
2
-2
{(VS %414}
R

2
_ (Vs—2)
2R

=P=
=P

where V¢ is the supply voltage of one of the supplies and R isthe load resistance.

e.g. If an amplifier has a power supply of + 50V and an 8Q speaker connected to it then the
maximum output power is

p_ (50-2)° _ 487
2x8 16

= 144W

P =144W

If the amplifier is 75% efficient then the output transistors will be dissipating 48W, which will
result in the need for some way of removing al of the excess heat that this creates.

Experimental Push-pull amplifier.

A smple but effective push-pull amplifier circuit is shown below. It can be cheaply, quickly
and easily constructed on a protoboard and modified to demonstrate the effects of cross-over
distortion and clipping. The circuit uses a TLO71 op-amp, an-channel MOSFET type IRF630
and a p-channed MOSFET type IRF9630. Both MOSFETSs need a gate to source voltage of
approximately 3V before they begin to alow current to pass from drain to source. To help
provide this bias voltage, red LEDs are used since they need approximately 2V across them
before they conduct.

The circuit below contains no biasing of the output MOSFETSs and negative feedback is
restricted just to the op-amp. The output contains significant cross over distortion which can
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be observed on an oscilloscope and heard in the loudspeaker. The OV from the power supply
should be connected directly to the OV point on the speaker. A wire should then link this point
to the OV of the input. Thiswill help to keep the circuit stable.

47kQ °+12V
IRF630
80
IRF9630 0V
0 —12V

The next improvement isto provide some bias for the MOSFETs as shown in the diagram
below. Thetwo LEDs are the standard red type and the two diodes are 1N4001 types.

o +12V
IRF630
8Q
IRF9630 ° 0V
s o —12V

The fina improvement isto incorporate the MOSFET output stage into the negative feedback
loop as shown below.

o +12V

IRF630

8Q

IRF9630 © 0V

s o —12V

The metal tab of each MOSFET is connected to its drain so each MOSFET should be mounted
on its own heatsink.
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Heat Sinks

Whenever large currents are being controlled by semiconductors there is inevitably heat
dissipated within the semiconductor device. The maximum temperature that a semiconductor
can withstand is about 120°C before it becomes damaged. To keep the temperature within
safe limits, the semiconductors must be physically secured to materials that will conduct the
heat away from them and allow the heat to dissipate. Such materials are usualy metals and
they are available in a variety of shapes and sizes.
There are four main ways in which the semiconductor can be kept cool,
a) by physicaly attaching the semiconductor to a metal heat sink, (usually made from
aluminium); to conduct away the heat,
b) by allowing the semiconductor to cause convection currents by providing a
large surface area of heat sink and by ensuring that there isa good, unrestricted  flow
of surrounding air,
C) by painting the heat sink matt black and by having alarge surface areato allow the
heat to be radiated away,
d). by using afan to blow cooler air over the semiconductor.

The large surface area of a heat sink is achieved by having fins, which when arranged vertically
will ensure that the surrounding air is warmed and is then able to move away alowing cool air
to replace the warm air. This cooling can be further enhanced by using a fan to blow cool air
through the fins of the heat sink.

A problem that occurs with cooling semiconductors is that the metal cases of the
semiconductors are not usualy electrically isolated. This means that they cannot smply be
bolted onto a metal heat sink since their cases would short circuit together. This problem can
be overcome by using a thin micaor mylar washer as an electrical insulator in-between the
semiconductor and the heat sink. To ensure a good thermal contact between the
semiconductor and the heat sink silicone grease is often smeared on each side of the insulator.

Heat sinks are usudly rated in terms of their temperature increase per watt of power
dissipated. This quantity isknown as Thermal Resistance and is measured in

degrees C per watt (°C/W). A smdl heat sink fitted to a smdl transistor may have athermal
resistance of 30°0C / W, which means that for every watt of power dissipated in the transistor,
the case temperature can be expected to rise by 30°C.

When deciding what the thermal resistance of a heat snk needs to be, there are severa

assumptions to make. These are:-

a). the maximum permitted temperature of the semiconductor case, which should be no
more than 100°C,

b). the maximum ambient air temperature, which should be taken as 35°C to alow for use
in warmer countries,

C). the maximum power that the semiconductor is ever going to dissipate even under fault

conditions,

d). the thermal resistance between the semiconductor and the air is very large but the
thermal resistance between the semiconductor and the heat sink isvery smdl and can
beignored. If slicone grease is used then thisis a reasonable approximation.

eg. If the maximum current passing through a MOSFET is5A when thereisadrain to
source voltage of 6V, calculate the thermal resistance of the heat sink required.
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The maximum power dissipation in the transistor =V x | =6 x 5= 30W,
The maximum temperature rise allowed is from 35°C to 100°C, arise of 65°C.

temperaturerise
power dissipated

= thermal resistance =

thermal resistance= %: 2.17°C/W

Thiswould be afairly substantial heat sink and in practice a2°C / W heat sink would be
selected from one of the many electronics catalogues that are available.

Although the assumptions made do produce errors, dl the errors err on the side of caution and
so the only redl effect of the errorsisthat the heat Ssnk may be alittle larger than absolutely
necessary.

Thermal Runaway

Both transistors and MOSFET s have their advantages and disadvantages as high power output
devices. Some have aready been mentioned in earlier sections.

Bipolar transistors are current operated devices which means that they have alow input
resistance. Their current gain isnot constant. It varies with collector current, decreasing as
collector current increases. It aso varies with temperature, increasing substantially as
temperature increases. They have a smdl voltage across the collector -emitter junction when
they are saturated (usually about 0.2V), which ensures that they dissipate little power when
saturated. Transistors aso suffer from a problem known as Second Order Current
Breakdown. This occurs when there is high collector currents and a large voltage between the
collector and emitter. The collector current, instead of passing uniformly through the
collector-base-emitter junction, become channelled through a small section causing local
heating which destroys that section of the junction. The destruction of the remaining part of
the junction quickly follows.

As aresult of the current gain being a function of both temperature and collector current,
temperature being the dominant effect, a phenomenon known as thermal runaway can occur
with bipolar transistors. When the transistor is passing a large current, it dissipates power and
warms up. This causes the current gain to increase, thereby causing a larger collector current
to pass. Thisinturn leadsto alarger dissipation of power, and a corresponding increase in
temperature. Thisinturn leadsto an increasein current gain etc. The result, especialy for a
circuit with no negative feedback to control temperature, is rapid over dissipation of power
and the corresponding destruction of the transistor. It isimportant that this effect is taken into
account when designing high power circuits.

MOSFETSs are voltage operated devices and so have a very large input resistance (though not
necessarily a high input impedance, especially at high frequencies). The mutua conductance,
once the drain current is above afew mA, isfarly constant, and is not significantly affected by
either temperature or drain current. Their drain to source resistance (the resistance of the
conducting channel) is now low for modern MOSFETS, being typicaly 0.5Q2 for medium
power audio amplifier devices. This means that they dissipate more power than a bipolar
transistor. They do not however, suffer from either second order breakdown or thermal
runaway. In fact they are inherently temperature stable, for as the temperature increases, the
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channd resistance between drain and source increases, which leads to areduction in drain
current and, correspondingly, areduction in temperature.

Any circuit designer usng power MOSFET s should be aware of their extremely good high
frequency response. A common problem encountered when building high power audio
amplifierswith MOSFET output devicesisthat the amplifier will be unstable and may produce
many watts of very high frequency oscillations (>10MHz) to the speakers. This has the effect
of causing excessive power dissipation of the output MOSFETSs as well as the speakers. It also
does little for the quality of the sounds being amplified!
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APPENDIX A
Using Multimeters

Analogue Multimeter

An analogue multimeter consists of a sensitive moving coil meter
(often 50uA full scale deflection, FSD). The deflection of the
pointer over a scale represents the value of the quantity being
measured, figure A.1.

To alow the meter to measure larger currents, low vaue resistors

are connected in parallel with the meter by the range switch. To
allow the meter to measure voltages, high value resistors are

connected in series with the meter again by the range switch. Asa

result of the current that passes through the meter wheniit is

measuring voltages, the meter affects the circuit being tested and so

can alter the quantity to be measured.

A voltmeter should have avery large resistance so that only avery
small current passes. The sendsitivity of a voltmeter isexpressed in

ohms per volt, i.e. the resistance that the meter must have when
reading 1V full scale deflection. So a 50 uA meter will need to
have atotal resistance of 20kQ when it hasa FSD of 1V. The
sengitivity of such ameter isthen 20,000Q2 /V.

CIFK%
k Q

60 301510 5
2468

V mA

mA

o N @
—) Ca
QOMMON V, mA, ky

10

OHM ADJUST

Figure A1l

Onthe 10 V range its resistance is therefore 200 kQ, the increase in resistance being due to
extra resistors connected in series by the range switch. For a given sengtivity the higher the

voltage range the less the disturbance to the circuit.

Digital multimeter

The reading on the decimal display is produced by a voltage
measuring analogue to digital converter. The binary output
from the A to D converter is applied to a decoder which
controls the display, figure A.2. Very smdl input voltages (a
few millivolts) are amplified before being measured. For
varying voltages a latch system is used to hold the display
steady at the latest value while a further sampling occurs.
With extrainterna circuitry brought in by various range
switches, currents and resistances can be measured.

The advantages of the digital over the analogue multimeter
include:-

The input resistance on voltage ranges is high (11MQ)
and isthe same on al ranges so the disturbance effect on the
circuit under test isreduced.

Errors are lesslikely to occur from reading the wrong
scale or from estimating the reading when the pointer is not
exactly over amarking on the scale.

It has a much higher operating frequency on its ac
ranges.
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APPENDIX B

Using An Oscilloscope

The oscilloscope is a very useful test instrument in electronics. It isessentidly a voltmeter
with a very rapid response to changing input voltages. A diagram of atypica modern
oscilloscope is shown in figure B.1.

TIME / DIV ©IPK95 TRIG. IN
POSITION -@-
ms 572 .15 R. <> LEVEL
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0
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1
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5
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MODE
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O A OADD ; O

v N\ mv
INT. TRIG

AC GND DC CH.1

:] CH.2
°'[1 O O O ©

POWER INTENSITY FOCUS ROTATE CH.1

Figure B.1

An oscilloscope can be used for measuring the following quantities:-
the peak voltage of asignd,
the peak current of asignal by measuring the peak voltage across a known resistor,
the time period of a signal, from which the frequency can be calculated,
the phase difference between two signals, using a dual trace oscilloscope.

M easurement Of Peak Voltage And Frequency

a) Set up the oscilloscope according to the manufacturer's instructions.

b) Connect the voltage signal to the input terminals.

C) Adjust the y gain control so the trace covers at least haf the height of the screen.

d) Adjust the trigger control so that the trace is stable.

€) Adjust the time base control to give between three and six cycles.

f) Measure the vertical peak to peak displacement of the signd on the screen in cm and
divide by two to find the amplitude. Usethey gain sensitivity setting in V/cm to
calculate the amplitude.

Peak voltage (V) = amplitude (cm) x y gain sensitivity (V/cm)

0) Measure the horizontal distance occupied by one cycle on the screen and use the time
base setting to calculate the time period.

Time period, T(ms) = distance of one cyclein cm x time base (ms/cm)

To caculate the frequency use f = %
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eg. Consider figure B.2.

Y sensitivity =2V/cm. [
Time base setting = 5ms/cm

From figure B.2,

peak to peak valueis4cm.

So the amplitude of the signa

= 2.0cm.

Voltage amplitude =2cm x 2V/cm
=4.0V

From figure 1.32 the period distance of the

signd =4.0cm

Time period, T = 4.0cm x 5ms/cm \
=20ms

TTTTrfrrrrprrTgy

N\ okor
Figure B.2

1 1
Frequency f = = = =50Hz
equency T 20ms

M easurement Of Phase Differ ence Between Two Signals

Use adual trace oscilloscope to obtain the two signa traces.

Measure the horizontal distance, in cm, between corresponding peaks of the two signals and
the period distance of one of the waves.

Determine the phase difference using the fact that one period distance represents 360°.

€g. Cdculate the frequency and phase /. O\
difference for the signalsin figure B.3, if
the time base is set to 0.2ms/cm.

N

-
N

Period distance of each wave

=4.8cm. \ /

<

[TTTTTPr T T TTIr rrrTryrrTt

(HEEEN e NN

Time period, T = 4.8cm x 0.5ms/cm HARHHHHH HHH FHHH
=0.24ms
B \
Frequency \
1 1
f = T = 0.24ms =4.17kHz \ \
' \ N_A /
N olpkol _J/

Figure B.3

Phase difference = 2.0cm. But 360 ° represents 4.8 cm.
So 1.0 cm represents 75°. Therefore the phase shift is 2 x 750 = 1500,

Signal A leads signal B by 150°.
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APPENDIX C

Types And Uses Of Capacitors

Types Polyester Mica Poly- Ceramic Electrolytic | Metallised | Poly- Poly- Tantalum
propylene film carbonate | styrene
Range 10nF — 10uF | 1pF—10nF | InF—1uF 1pF —470nF | 100nF -1F. | 100nF - 10nF — 10uF | 1pF—10nF | 10nF -
16uF 100uF

Tolerance +20% +1% +20% +20% +50% +20% +20% +2.5% +20%

Stability Good Excellent Good Fair Poor Far Excellent Good Fair

Working Upto400V | Upto400V |Upto Upto Upto Upto 600V | Upto 600V | 160V Up to 63V

voltage 1500V 1000V 1000V

Leakage Low Low Low Low High Small Low Low Small

current

Temperature | +200 ppm +50 ppm -200 ppm -5000 to >1000 ppm | +200 ppm +60 ppm -50to +100 | +200 ppm

coefficient | per OC. per OC. per OC. +100 ppm per OC. per OC. per OC. ppm per OC. | per OC.

per OC.

Uses Generd. Tuned High Decoupling, | Decoupling, | High voltage | Filters, Filters, Generd,
circuits, aternating temperature | smoothing in | power oscillators oscillators. timing,
Filters, voltage compensa power supply and timers. decoupling.
Oscillators. | circuits. tionin supplies. smoothing.

oscillators.
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APPENDIX F

Here is some of the AS electronics specification (exam syllabus) in a slightly modified form. You
should use the specification to maximise your marks when preparing for exams or completing
coursework. For the latest full specification see http://www.aga.org.uk/ .

AS Module 1 (ELE1)

Foundation Electronics
90 marks (30% of AS marks)

Candidates should be able to:

10.1 System synthesis
recognise that simple systems consist of an input, a process, an output and possibly
feedback;
analyse and design system diagrams;
represent complex systems in terms of sub-systems;
describe one modern electronic system which makes use of several sensors.

10.2 Logic gates and Boolean algebra

Introduction
identify and use NOT, AND, OR, NAND, NOR and EX-OR gates in circuits;
construct and recognise truth tables for these gates and simple combinations of gates
with up to four inputs to the system;
use combinations of these gates to form other logic functions;

Boolean algebra
generate the Boolean expression from a truth table or logic diagram.

10.3 Current (1), voltage (V), power (P), resistance (R)
understand the need for identifying a zero volt point in a circuit;
define power as V |;

define resistance as I_ ;

calculate the combined resistance of resistors connected in seties and/or parallel;
select appropriate preferred values from the E24 series;
identify resistors using the colour code and BS 1852 code.

10.4 Diodes
Light emitting diodes
sketch and interpret | . V characteristic curves of LEDs and
calculate the value of the series resistor for dc circuits;
Silicon diodes and zener diodes
sketch | . V characteristics for silicon diodes and zener diodes;
select appropriate silicon diodes and zener diodes from given data
sheets;
describe how a zener diode can be used with a current limiting
resistor to form a simple regulated voltage supply;
calculate the value of a suitable current limiting resistor.
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10.5 Resistive input transducers
interpret and use characteristic curves;

Light dependent resistors, thermistors and variable resistors
describe the use of LDRs and negative temperature coefficient thermistors in a voltage
dividing chain to provide analogue signals;

Voltage dividers

calculate suitable values for series resistors for use with and for protection of LDRs and

thermistors;
perform calculations on voltage dividers consisting of resistors and devices described
above.

10.6 Transistors and MOSFETs
npn junction transistor
describe its use as a switch;
n-channel (enhancement mode) MOSFETs
describe its use as a switch;
compare the advantages and disadvantages of a MOSFET with a junction transistor
when both are used as switch.

10.7 Output devices

Electromagnetic relays, solenoids, buzzers and motors
describe their use, but not construction details;
understand and explain circuit protection provided by a diode in parallel with a relay;
understand and use NO and NC notation.

10.8 Operational amplifiers

General properties
know the characteristics of an ideal op-amp and be aware that the
characteristics of a typical op-amp may be different;
know the difference between inverting and non-inverting inputs;
understand power supply requirements and output voltage swing limitations of real op-
amps leading to saturation;

The op-amp as a voltage comparator
understand and explain the use of an op-amp in a comparator circuit.

10.9 Capacitors

understand that a capacitor, whether isolated or as part of a circuit, is capable of storing

electrical charge and energy;
realise that the farad is a large unit and that practical capacitors are usually measured in
pF, nF or UI;

calculate the combined capacitance of capacitors connected in seriesand/or parallel;
select appropriate capacitors given data on maximum working voltage, temperature
coefficient, polarisation and leakage current.
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10.10 RC networks (dc only)
understand the meaning of and calculate the value of the time constant for RC circuits;
know that after one time constant:
V = 0.63V; for a charging capacitor,
V = 0.37V; for a discharging capacitor, where Vsis the supply voltage and V is

the voltage across the capacitor;
know that:

V = 0.5V;s after time 0.69RC,

V™ Vsafter time 5RC for a charging capacitor,

V™ 0 after 5SRC for a discharging capacitor;
sketch voltage/time graphs for charging and discharging.

10.11 555 timer circuit

555 monostable circuit
draw, recognise and use the circuit diagram for a 555 monostable,
treating it as a functional block;
calculate its time period using T = 1.1 RC;

555 astable circuit
draw, recognise and use the circuit diagram for a 555 astable, treating
it as a functional block;

. 1.44
calculate frequency using f = —————;
(Ry+2Rg)C
calculate the time that the output is low (tr)using

t.= 0.7 RsC ;
calculate the time that the output is high (tn) using
ti= 0.7 (Ra+ Rs)C.
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AS Module 2 (ELE2)

Further Electronics
120 marks (40% of AS marks)

Candidates should be able to:

11.1 Design and simplification of combinational logic systems
design a logic system from a truth table or description using combinations of gates;
simplify logic systems using either Boolean algebra or Karnaugh maps;
convert logic systems comprising mixed gates into NOR or NAND gates only;
explain the operation of combinational logic systems.

11.2 Sequential logic systems
draw a bistable latch based on NAND gates and describe its function;
draw the symbol for a D-type flip-flop and describe its function;
describe the use of D-type flip-flops to make a shift register;
explain the operation of monostable circuits based on NAND gates and estimate the
time petiod using T~ RC;
explain the operation of an astable circuit based on NAND gates andestimate the

1
2RC

operating frequency using f =

11.3 Counters
describe the use of feedback to make a D-type flip-flop divide by 2;
convert a 4-bit binary number to decimal or HEX notation;
design 4-bit up or down counters based on rising edge triggered D-type flip-flops;
design 4-bit modulo-N counters and draw timing diagrams for these counters;
describe the use of a BCD or HEX decoder with a seven-segment display.

11.4 Operational Amplifiers
define the bandwidth of an amplifier as the frequency range over which the voltage gain
is within 70% of maximum;
know that for a real op-amp system the product gain x bandwidth isconstant;

i . V
use the equation voltage gain=—2*

in

11.5 Inverting amplifier
draw and recognise the inverting amplifier circuit and describe its applications;

f
use the formula —2% = ——

Vi n R|

know that the input resistance is equal to the value of the input resistor.
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11.6 Non-inverting amplifier
draw and recognise the non-inverting amplifier circuit;

R
use the formula voltage gain =1+ Ef

know that the input resistance is equal to that of the op-amp;

draw and recognise a voltage follower (buffer) based on a non-inverting op-amp;
show that the voltage follower has a gain of 1;

describe and explain a use for the voltage follower;

describe the effects of negative and positive feedback in op-amp circuits.

11.7 Summing amplifier
draw and recognise a summing amplifier circuit;
describe and explain applications, including mixing audio signals and digital to analogue
conversion;
calculate resistor values for the above applications;
use the formula

vV, V, V
Y
2

11.8 Filter circuits
calculate the reactance of a capacitor using the formula

1
Xe=7—"7=
27 RC
draw and explain passive filters using RC circuits;
draw and explain first order active filters including treble cut, treble boost, bass cut and

bass boost;
calculate the break point of active filter circuits.

11.9 Power amplifiers
describe and recognise a source follower as a power amplifier;
draw circuits for push-pull output circuits using p- and n- channel enhancement mode
MOSFETS;
explain the operation of push-pull output circuits;
explain crossover distortion and describe how it can be reduced;
describe the advantages of push-pull output circuits over single ended output circuits;
estimate the maximum power output from a push-pull circuit;
calculate the power dissipated in a transistor and select an appropriate heat sink;
explain the features of heat sinks which make them efficient.
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AS Coursework (ELE3)

Electronics Project
90 marks (30% of AS marks)

The coursework undertaken by the candidates will be to design and construct a single artefact to
satisfy an initial design problem identified by the candidate. The work for the coursework unit is
expected to be an independent piece of work carried out alongside the theoretical studies of the
candidates. The aim for the candidate is to design, assemble and evaluate an electronic artefact
and produce a written report of the work.

Candidates should be encouraged to select projects in which they are interested and which are
considered achievable. Teachers should also ensure that the work undertaken is both of an
appropriate standard and within the capability of the candidate. Having decided upon the aim of
the project the candidates should undertake appropriate research so that a list of performance
parameters (Specification) can be given. It is expected that the specification will contain realistic
numerical values against which the final performance of the work can be judged. Candidates are
expected to consider alternatives and give reasons for selecting the

chosen solution.

The overall system for each module should be developed as subsystems which should be tested
and evaluated in isolation before being incorporated into the complete system. This will ensure
that the complete system grows by a gradual and incremental process, having been assessed at
each stage of its development.

Candidates will be expected to develop their coursework systems on protoboard and may use
computer simulations to help them. The systems can be left in protoboard form; there is no
requirement for candidates to transfer their work to strip board or printed circuit board. For all
modes of circuit, the layout and mounting of components, section and wiring should be neat
and logical in order to assist in the design, testing and fault finding processes. Candidates will be
expected to undertake Risk Assessments during their coursework in order to ensure the safety of
themselves, associated workers, the components and test equipment.

When the project is completed, testing of the complete system should take place but only for
the conditions likely to be encountered in normal operation. It should not be tested to
destruction. The testing should be fully documented with results being displayed in tables and
graphs as appropriate. These tests will enable the candidate to assess the system and identify
faults and limitations. The candidate should aim to modify the final system to correct for any
limitations and then produce a final set of performance figures for the completed system. The
candidate should then evaluate the final system against the initial specification and so
recommend possible further developments.

Where candidates quote directly from a source, e.g. circuit diagrams or sentences, quotation
marks should be used and the reference provided in a foot note at the bottom of the page.
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Coursework marking arid

The report MUST contains CL EAR photographic evidence, a completed cover sheet and a
Record of Supervision.
A AIM

The candidate:- | () | defined the problem to be solved with minima guidance.
Expect most to gain this - beware centres which limit
choice of possible projects

B RESEARCH

The candidate:- | (@) | carried out research from two or more named sources.
Research on the problem.

Magazines, Catalogues, (page numbers) Internet sites
(URL).

Sources must be given.

(b) | carried out investigations of two or more relevant factors.
e.g. loudness of alarm, time to boil egg, frequency
response of ear etc

Does not have to be practical - allow research into
specific, fundamental components e.g. best type of
microphone etc for specific application.

Detailed sources must be given.

C SPECIFICATION

The candidate:- | (@) | gave adetailed description of the system requirements
specifying at least one parameter.

Description of what it is to do, including a qualitative
parameter, e.g. it must use blue LEDS!

(b) | specified at least one numerica parameter.
e.g. Range of supply voltages. Allow if just give a
specific value e.g. 9V

(c) | specified numerically and realistically three or more
parameters.

e.g. Range of supply voltages, current plus one other!
Expect good specification if this mark awarded. Expect
range of supply voltages etc if this awarded e.g. 7V to
9V. Current, Voltage and Power not acceptable as
three parameters.

D _GENERATION OF POSSIBLE SOLUTIONS

The candidate:- | (@) | considered more than one solution in outline. 3%

Can be a single subsystem so long as an alternative
considered.

Beware those who have 'Pressure pad alarm' as title
and then consider IR beams as an alternative!
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(b)

gave some reasons for the choice of solution.
e.g. cost, implementation, effectiveness etc

SUB-SYSTEM D

EVELOPMENT

The candidate:-

(@

developed the system using subsystems. s&

Individual subsystems should be identified: Expect to
see a System diagram.

If not then there should be clear evidence that separate
sub-systems have been built and tested as part of the
work

(b)

performed at least one relevant calculation on a subsystem. 3z
A simple Ohm's law type calculation will do.

Beware reverse calculations - AOT and then justify the
value.

Truth tables can be accepted for this mark if nothing
else.

Can allow if done empirically and then verified.

(©)

devised circuit details of at |east one subsystem with minimal
guidance. 3

Minimal guidance refers to that of supervisor,
technician, family etc.

Text books and support books OK, magazines with
component values - you need to be satisfied that some
design has taken place.

(d)

made and recorded measurements on at least one subsystem.
More than one measurement.

Each sub-system should be tested separately. Must be
real measurements not Croc Clips measurements. May
be located near end of report.

(€)

assessed the performance of at least one subsystem.
Each sub-system should be assessed separately. How
well do they work.

(f)

considered the interfacing between subsystems.

Must be evidence of realistic interfacing issue and some
reasons given for action taken.

e.g. resistance matching, voltage matching, fan-out,
MOSEFET to interface to logic gate etc.

Look for one example.

SYSTEM DETAI

LS

The candidate:-

(@

gave aclear description of how the system works.

Does not have to be the complete system for this mark -
allow omissions.

EXxpect prose.
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(b)

gave aclear and detailed description of how the complete
system works. 3

Should be succinct and cover the complete system.
EXxpect prose.

(©)

performed at least one relevant calculation on the complete
system. 3%

If really desperate calculate power consumption!
Expect gain for amplifiers etc.

COMPONENT LAYOL

JT

The candidate:-

(@

produced a circuit board layout.

This refers to the process and can include a little
assistance.

Not allowed if layout from magazine etc.

(b)

produced a well organised circuit board layout with minima
guidance.

A witness statement and/or photograph will provide
evidence. Again process.

Not allowed if layout from magazine etc.

CONSTRUCTION

The candidate:-

(@

worked safely at dl times.
A Risk Assessment will provide evidence as will a
witness statement.

(b)

constructed two or more subsystems of the complete
electronic system.
They do not have to work for this mark.

(©)

produced a neat and well organised electronic system.
Photographic evidence, component layout diagram etc.
This mark is for neatness.

(d)

made part of the system function.
A part of the system must do something for this mark a
little assistance.

(€)

made most of the system function.
Can including a little assistance.

(f)

made al of the system function with minimal guidance.
The candidate basically makes the whole system
function on his/her own.

May often not be awarded.

TESTING THE SYSTEM

The candidate:-

(@

devised an appropriate test procedure for the complete system.
Including a little assistance. Needs to be done
BEFORE the testing occurs!

(b)

devised a full and appropriate test procedure with minimal
guidance for the complete system.
The candidate basically devises the whole system tests

on his/her own.

MEASUREMENTS
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The candidate:-

(@

made and recorded basic numerical measurements on the
complete system.

The WHOLE system must be complete and work to
some extent for this mark.

Allow if whole system can be powered but does not fully
function.

Beware calculations that look like measurements.
Measurements must be taken from circuit not Croc Clips
etc.

K _ASSESSING

L

(b)

made and recorded detailed numerica measurements on the
complete system.

The WHOLE system must be complete and work
(including software) to some extent for this mark.

(©)

made and recorded all reasonable numerical measurements on
the complete system.

The WHOLE system must be complete and work
(including software) to some extent for this mark.

The candidate:-

(@

made some assessment of the overall performance of the
complete system.

BASIC statements about how well the WHOLE system
is functioning.

System must be complete and capable of being
powered, for this mark.

(b)

assessed the working parts of the complete system and referred
to the measurements made.

DETAILED statements about how well the working parts
of the WHOLE system are functioning. System must be
complete and capable of being powered, for this mark.

LIMITATIONS AND MODIFICATIONS

The candidate:-

(@

identified some limitations in the performance of the complete
system. 3%

The WHOLE system must be complete and work to
some extent for this mark.

Not sufficient to say it does not work! Must be real
limitations - eg swapping 2 x 555 for a 556 or adding an
ON/OFF switch is not acceptable.

(b)

suggested modifications to overcome the limitations in the
performance of the complete system.

The WHOLE system must be complete and work to
some extent for this mark.

Modifications to be made to improve the performance of
the COMPLETE system, not individual subsystems to
make it work.

eg do not allow the repair of one subsystem in order to
make the complete system function.
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(©)

carried out the modifications. s

The WHOLE system must be complete and work to
some extent for this mark.

Modifications made to the COMPLETE system and
need to be more than just making it work! If system
perfect then award these three marks but only if Cc has
been awarded. Can award if supervisor suggests
modification but candidate carries it out.

EVALUATION OF FINAL SYSTEM

REPORT

(@

The candidate evaluated the performance of the fina system
against the initia specification.

The WHOLE system must be complete and work to
some extent for this mark.

The final complete system (is retested and)
performance is evaluated by comparison with initial
specification. Must be numerical.

(b)

The initial specifications and fina performance agree very
closdly.

The final performance must agree with or exceed the
initial specification. Only award if Cc awarded. Must be
numerical.

The report:-

(@

contains a clear account of most stages of the development of
the project.

Detailed and succinct, minor omissions allowed for this
mark.

(b)

adequately covers dl stages of the development of the project.
The report needs to chart the development of the
project. Complete circuit diagram needed (in some
form) for this mark.

(©)

contains an acknowledgement of all sources of information
and help.

Candidates need to be aware of penalties for
plagiarism!!
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APPENDIX G
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O {2 T T TsF [s] G 12

Gnd

Shift register (parald to serial)

=

V,
1§cﬁFMI§IIﬁIMNW

Q a Q
[CLEAR CLEARP
CKk O 0 CK

T——

3

Eans IOCLé‘A
dCLEAR_. o
a Q Q Q

[ERERERURCRUREROY
4-bit latch

v )
ﬁ‘clcﬁflfﬁlﬁﬂ[‘-ﬂfﬁlﬁﬂm

ACLEAR BORROW CARRY LOAD C J

8 ]
COUNT COUNT
Q8 OA pown UP QC QD
.

I EERERORERORERT)

Gnd

Synchronous counter
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SAQ03
a

CATHODEa 1 — 14 COMMON ANODE

CATHODEf 2 f b 13 CATHODEbD

COMMON ANODE 3 o 12 NOPIN

NOPIN 4 A— 11 CATHODEg

NOPIN 5 ] . 10 CATHODEc
CATHODED.P. & N 9 NOCONNECTION

CATHODEe 7 T 8 CATHODEd

[‘:P.

COMMON ANODE

Common anode 7-segment display

ANODEF 1

ANODEG 2

NOPIN 3

COMMON CATHODE 4
NOPIN 5

ANODEE &

ANODED 7

.
DP

COMMON CATHODE

14 ANODEA

13 ANODEB

12 COMMON CATHODE
11 NOPIN

10 NOPIN

9 ANODEDP

8 ANODEC

Common cathode 7-segment display

NE555 741 & TLO71 & TLO81 LM393
N~ b ouTPUT A — u LI
GND []1 8] Ve [ 8] ne
Trigger |2 7|_] Discharge S E >_LI| L L e
output (|3 6] Threshold | NON-NV.INPUT [Fl—ed’r” LIF] OUTPUT|  sormvesmae 2 : weurs
Reset[ |4 5 ] 83&%2 v-[4] ] oo < s nowimvenrvg
Timer Op-amp Comparator
BS170 IRF520 and IRF9520 BC237 & Metal BD139 &
BC327 transistor BD140
SOURCE
DRAIN
GATE
/ & .
DRAIN (FLANGE) .
MOSFET Power MOSFET Small signa Medium Large signa
transistor signd transistor
transistor
RPM20PB IS1U60 & ATO0S2313
RPM 7100
O — _J
RESET 4 1 20 g vCc
O O (RXD)PDO O 2 19 [ PBT (SCK)
7 (TXDyPDY1 O 3 18 [0 PB& (MISO)
.J F] XTAL2 OO 4 17 8 PBS (MOSI)
L XTAL1T O 5 18 O PB4
[ El[ ]Lll] (INTO) PD2 O & 15 O PB3 (DC1)
(INTHyPDIOQ 7 14 O pB2
(TO)PD4 O & 12 B PB1 (AINT)
(T1YPDE ] 9 12 @ PBO (AIND)
GND O 10 11 & PDE (ICF)

LED

E C
IR
phototransi stor

V{)UI-F GND -V(;c}

IR remote
control receiver

Microcontroller
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5 F

555 timer - 54 feedback - 87, 91

filter - 95, 96, 97, 98, 99

flip-flop - 5, 70, 71, 72, 77, 83

7 forward biased - 26, 27, 36
frequency - 109, 110

7-segment array - See seven segment array

G
A
giga- 18
activefilter - 98
AND gate - 11, 12, 13, 14, 60, 63, 64, 81
astable - 56, 75 H
heat sink - 105, 106
B heatsink - 104
hexadecimal - 77, 79, 84
bandwidth - 85, 86, 87, 88, 91 high passfilter - 96
bias - 26, 28, 40, 101, 102, 103, 104
biasing - 103
binary - 77, 78, 79, 80, 81 |
bistable - 70
boolean algebra - 14, 15, 16 inverting amplifier - 87
boolean identities - 16, 60
BS1852 - 24
buzzer - 41 K
Karnaugh map - 63, 64, 65, 66, 67, 68, 84
C kilo - 18
capacitor - 47
capacitor markings - 48 L
capacitorsin parallel - 50
capacitors in sevies - 50 LDR -7, 8, 31, 33, 35,45
colour code - 25 LED - 26. 27. 46
comparator - 44, 45 Light Dependent Resistor - See LDR

counter - 77, 80

! . logic gates - 10
cross-over distortion - 101, 102, 103

low pass filter - 99

current - 18
current amplification - 36, 100
cut-off frequency - 95, 96, 97, 98, 99 M
mark to space ratio - 58, 82
D
mega - 18
micro - 18
DAC - 93 milli - 18
De Morgan's theorem - 62 monostable - 55. 74
Digital to Anaogue Converter - See DAC MOSFET - 36, 38, 39, 40, 41, 100, 101, 102, 103, 104,
diode - 27 105, 106, 107
motors - 42
multimeter - 108
E
E24 - 25 N
electrolytic capacitors - 48
Exclusive-OR - See EX-OR NAND - 11, 12, 13, 14, 17, 28, 34, 62, 70, 74, 75, 76, 91
EX-OR -4, 11, 14, 73
nano - 18
NC - 40

negative feedback - 91
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NO - 40 resistor tolerance - 24

non-inverting amplifier - 89, 90, 98 resistorsin paralel - 21

NOR - 11, 12, 14, 28, 60, 62 resistorsin series - 21

NOT gate - 11, 13, 14, 28 reverse biased - 27, 45

O S

Ohm'slaw - 20 series - 19

op-amp - 6, 43, 44, 45, 46, 53, 86, 87, 89, 91, 92, 98, seven segment array - 27, 84
103 shift register - 72, 73

operational amplifiers - See op-amp solenoid - 40

OR gate - 11, 14, 15, 73 source follower - 100, 101

oscilloscope - 88, 101, 104, 109, 110 summing amplifier - 92

P T

paralel - 20 thermal resistance - 105

pico - 18 thermal runaway - 106

positive feedback - 91 thermistor - 31

potentiometer - 35 time constant - 52

power - 10, 18, 19, 23, 24, 27, 29, 30, 32, 35, 36, 37, 39, time period - 55, 56, 57, 74, 109
40, 42, 43, 44, 45, 49, 54, 58, 85, 87, 89, 90, %4, transistors - 27, 36, 37, 38, 39, 40, 100, 102, 103, 106
100, 101, 102, 103, 104, 105, 106, 107 truth table - 10, 11, 12, 13, 15, 59, 60, 63, 64, 65, 67, 70

power amplifiers - 100
preferred value - 25, 26, 30, 33

prefixes - 18 Vv

pull-down resistor - 28

pull-up resistor - 28 variable resistor - See potentiometer
push-pull - 101, 103 voltage - 18

voltage divider - 32, 33
voltage follower - 6, 90

R

reactance - 85, 94, 95, 98, 99 Z

relay - 40

res? stance - See Ohm's law zener diode - 29
resistor - 23

resistor band colour coding - 25
resistor printed code - 24
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