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Preface 

This document, the second to appear on the teaching of electronics in the ‘Science 
and technology education document series’, has been prepared as part of Unesco’s 
science and technology education programme. The previous title, Base physique 
d’électronique dans l'enseignement secondaire: module méthodologique (Science and 
technology education document series, 34) exists in French only. 

Electronics Teacher’s Guide has been specially written by John Lewis for 
Unesco, He was one of the leaders of the well known Nuffield O-Level Physics 
Curriculum project and later the director of the Science & Society Project in the 
United Kingdom. He has contributed worldwide to many innovations in science 
education. Mr. Lewis has been Secretary of the International Commission of 
Physics Education, which awarded him its medal in 1988, and Secretary of the 

Committee on the Teaching of Science of the International Council of Scientific 
Unions. His committee organized the Bangalore Conference on ‘Science and 
Technology Education and Future Human Needs’ in 1985. He was awarded the 
OBE for his work in science education. 

This work is based on material developed at the Independent Schools 
Microelectronics Centre (ISMEC) at Westminster College, Oxford. ISMEC itself 
ceased to exist when its work was completed in 1986. Its place has been taken by 
the Westminster Centre for Design and Technology. 

Unesco wishes to express its appreciation first to John Lewis, Michael 
Summers and Geoffrey Foxcroft for the original development of the material and 
then to John Lewis, Geoffrey Foxcroft and David Haynes for the development of 
this modified version for Unesco. The views expressed in this report are those of 
the author and not necessarily those of Unesco. 

Comments on the contents of this docurrent are welcomed; they should be 
sent to: 

Science and Technology Education Section 
Educational Development Division 
Education Sector 
Unesco 
7 Place de Fontenoy 
75700 Paris 
France 

Base physique d’électronique dans l'enseignement secondaire: module méthodologique is 
available free of charge from the same address.
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Electronics as Part of the Physics Curriculum 

Whereas most educators are now agreed on the importance of including electronics within the school 
curriculum, there are conflicting views on how this should be done. Traditionally, of course, some 
electronics has always been part of school physics. In the past it has largely been confined to the higher 

levels, but most people would now agree that a much wider exposure Is necessary (in fact many would 
argue that electronics should be a compulsory part of the curriculum). The problem with the traditional 
approach to electronics within physics is that it has been centred on particular devices and their 

characteristics. In earlier days, valves and their uses for rectification and amplification were a focus of 
attention, and more recently, transistors (both bipolar and FET) and other solid state devices have been 
prominent in physics curricula at advanced levels. 

However, any approach which places too much emphasis on the structure and characteristics of specific 

devices suffers from two major drawbacks. The first is that these devices are likely to be of only transient 

importance (witness valves, or indeed, transistors). Secondly, not enough time will be left over to provide 
experience of designing and building electronic systems to perform useful tasks. The latter is vital if 
students are to acquire some appreciation and understanding of the power of modern electronics, of its 
réle in technology, and of its influence on human societies. 

Of course, not all physics courses have adopted this traditional device-centred approach. The most 
notable exception is the Nuffield Advanced Physics course, which pioneered an approach to electronics 
teaching using conceptual building bricks. Electronics is still about logic gates, bistables, astables, 
counters, and so on, even though we now use integrated circuits Instead of valves or transistors. The real 
insight of the Nuffield course (which in fact used transistors) was to realise this basic conceptual durability 
in the face of rapid technological development at the device level. {tis this kind of approach - known as the 

systems approach - which is now so urgently required at an earlier stage. 

Despite the success of the systems approach within the Nuffield course, there are still many physics 
teachers who argue that this kind of electronics has little to do with physics, and has no place in a physics 
curriculum. Before considering this fundamental question, let us first identify some of the very practical 
advantages of keeping electronics (but now a systems approach) within school physics courses. 

Of paramount importance is the difficulty of finding time for a new subject - electronics - within an already 
crowded school curriculum. This problem is resolved if electronics is taught within the existing curriculum 
structure (physics, of course, is part of that structure). 

One has only to look at the requirements of electronics syllabuses to realise the tremendous overlap with 

the content of physics syllabuses. The physics syllabuses have always dealt with the basic concepts 
necessary for a sound understanding of electronics and its uses - current, voltage, resistance, power, 
potential dividers, capacitors, transducers, feedback, measurement and instrumentation, and so on. 
Electronics can show how these concepts are used and usefully applied, and should be accepted as part 

of the physics curriculum in the same way that optical instruments have always been accepted. If it is 
accepted, problems of repetition and of overcrowding the curriculum are removed. 

In practice, physics teachers are most likely to have had the widest exposure to electronics, and are the 
people who most ofien teach electronics in schools. At the time of writing, there is a shortage of qualified 
physics teachers, and it Is undesirable that they should be taken away from physics and asked to teach 

electronics. This again argues against the introduction of electronics as a separate subject in the school 
curriculum. 

All of the above are practical reasons for making electronics an integral part of physics courses. So what 

contrary arguments are there? Why do so many physics teachers themselves resist the introduction of 
some electronics into the school physics curriculum?



A key argument put forward is that physics and electronics (as manifested in the modern systems 

approach) are fundamentally different. Whereas physics Is concemed with analysis and explanation of the 
physical world, electronics is concerned with synthesis and application - with the work of the engineer, 
rather than the physicist. How valid is that argument? How relevant is it in an educational context? 

it is suggested that such an argument is based on an inadequate and rather outdated view both of physics 

itself and of the desirable objectives of a modern school physics curriculum. In the first place, the rather 
“pure science” conception of physics as a discipline concerned solely with analysis and explanation of the 
physical world does not adequately reflect the activities of most of the world's physicists. If we accept that 
a discipline should be defined, at least in pan, by what its practitioners actually do, then the need for a 

wider view soon becomes apparent. In practice, very few physicists are engaged in fundamental research 
directed at explanation of the natural world. Most are concerned with using accepted ideas and theories 
with their creative use for solving problems in industry, with development rather than pure research. Such 
activities often have an applied engineering flavour, but they are the legitimate concern of physics and 
physicists. tt Is this broader view of physics that should be reflected in the objectives, and therefore the 
processes and content, of a school physics curriculum. Indeed many would argue that this is the only way 

in which the subject can be made relevant and useful to the majority of pupils. 

Of course, the skills required of even the research physicist have never been predominantly analytical. 
Physicists at all levels are concerned with synthesis whenever they are applying physical concepts to 

solve problems. 

Indeed, that key element in scientific method - the generation of hypotheses - Is inextricably concerned 
with both analysis and synthesis. Likewise, it is equally wrong to consider electronics as being concerned 
predominantly with synthesis. There will inevitably be elements of analysis (for example, thinking out how 
a particular system functions in terms of simpler conceptual building bricks) in both the work of the 
electronics engineer and in electronics within the classroom. 

There is one last point which should be of great concern to all physics teachers. Considerable evidence 

now exists to suggest that a systems approach to electronics generates widespread enthusiasm and 
interest amongst students of all backgrounds and abililies. The inclusion of electronics can do nothing 

but strengthen physics as a school subject. At the moment there Is a considerable danger that physics will 
lose electronics altogether, and with it a natural source of pupil motivation and involvement. It would be a 
sad day for physics if this were to happen.



AN OUTLINE OF CONTENT 

Guidelines determining content 

The programme of work for Electronics was developed In accordance with a number of guidelines. A 

brief description of these is necessary If the rationale for the proposed work Is to be fully appreciated. 

From the start, the intention was that the proposed work should form part of a lower school physics 
curriculum. That represents the end of formal contact with physics for many students. Because of this it is 
important to identify a worthwhile end-point for the study of electronics at this level, and devise content 
which progresses systematically towards this end-point. Binary counting systems have been chosen for 
this course. 

The next important guideline was that the work had to be concerned primarily with the conceptual building 

bricks of electronics. There Is no need to elaborate the point here, since the rationale for this approach 
has already been discussed in the Preface. But having decided on an approach, there remains the 
problem of identifying an appropriate level of complexity. 

Modern digital electronics is not particularly difficult. In principle, it is certainly possible to explain how 
devices such as decoders, various bistables and counters, memories, and so on, are built up from simpler 
building bricks (often NAND gates). However, although not difficult, this can be extremely complicated, 
and many students will lose their way and possibly their interest. The secret Is to give a “taste” of how 
more complex units are built up from simpler building bricks, without making things too complicated. So, 
for example, we can explain how a simple RS bistable is built up from two NAND gates, but it is probably 

inappropriate to describe how the more complex master-slave JK bistable is constructed from the same 
bullding bricks. The Electronics work tries to avoid too much complexity while providing some insight into 
the relationship between complex units and simple building bricks such as the NAND gate. 

An obvious factor which had to be taken into account was the question of how much time could be 
afforded for the study of electronics in a physics course. The assumption underlying the present 

proposals Is that about 9 weeks will be available. This assumes one double and one single period per 
week for the proposed work, making a total of about 27 periods in all. 

A tinal guideline was that throughout the proposed work there should be an emphasis on the ways in 

which electronics is used to perform useful tasks. Although several schemes for a systems approach to 
learning electronics have been published, they are often concerned predominantly with what electronic 

units do in a purely electronic environment. So, for example, LEDs and seven segment displays are used 

to show what bistables and counters do, and so on. Only a few schemes show how electronic systems 
interact with the real world to control external devices, and that is an important aspect of this Electronics 
course.



Useful electronic components 

Part 1 Switches 

Logic circuits using a relay 

Electronic logic gates 

The bistable circuit 

Drivers 

Part 2 
Coding 

The pulser, the astable and the clocked bistable 

Counting circuits 

The route mapped out in the diagram above Is intended to facilitate a smooth progression to the end-point 
- some understanding and use of counters. Work which is not essential to this progression (shift registers, 
multiplexers, comparators, and so on) Is not Included. Most of the topics fall naturlaly into the sequence 
indicated. 

The work is coriveniently divided into Part 1 and Part 2. The theme of Part 1 is switching. It does not use 

any active semi-conductor devices and so is eminently suitable for weaving into the early stages of 
education when circuits are first met. The modules required for this work are comparatively simple. 

The work of Part 2 uses modules constructed with various integrated circuits (as well as the modules of 
Part 1). The CMOS family of integrated circuits has been chosen for these modules - for reasons given in 
Appendix B. 

Note that a section dealing with drivers is included falrly early on to pave the way for experimental work 
using devices such as electric motors. Applications involving control are an important part of the course, 
and are prominent in much of the suggested experimental work. Note also that the approach to the 
astable is operational and no explanation of the ways in which astable circuits function is required. This 

means that the concept of capacitance need not be covered at this level. 

There is one final and very important point to make here. The proposed work assumes that some of the 

necessary conceptual background will be dealt with in the electricity section of a physics course. For this 
reason, topics such as, for example, voltage and its measurement, the potential divider, transducers, do 
nol appear above. An advantage of this approach is that the electronics work can go fairly quickly and 

smoothly with the necessary emphasis on uslIng devices.
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Introduction to Part 1 

The work of Part 1 Is divided into three sections as below. The theme is switching. 

Section 1: Some useful electronic components 

Section 2: Switches 

Section 2: Logic circuits 

Liming 

This work could be done during the first two years of a five-year physics course. !t should not take up more 
than about 8 lessons. It Is important that this introductory work should link smoothly with the circuit work of 

the physics syllabus; indeed, Sections 1 and 2 could usefully be woven into that work. 

The Experiments 

The course Is essentially experimental, and, if possible, pupils should work in pairs. Some work in Section 
3 requires modules from two kits so that pupils will then need to work as a group of four. For each 

experiment, the pupil worksheet is reproduced, followed by ‘notes’ written for teachers to help them with 
any teaching which may be required. The worksheets are printed without ‘notes’, in Electronics : 
Worksheets, Part 1. 

Projects 

In Part 1, there are four experiments in which a problem is posed and pupils are invited to find a solution. 

These problem-type experiments have been called ‘Projects’. They illustrate electronics be.ng put to use, 

and there are many more in Part 2. The pupils’ booklet Electronics : Worksheets, Part 1 does not 
give the solutions to these projects. Teachers will need to give help and encouragement in solving the 
problems without immediately revealing a solution. Pupils should be urged to think out a circuit first, and 
draw a circuit diagram, before connecting it up to see if it works. Then, if the circuit does not behave as 

expected, they should try to think out why before making any changes. 

Protective components 

Teachers should note that some of these modules incorporate protective components to guard against 

damage which might occur if a circuit were connected incorrectly. So, for example, the reed relay module 

may have a resistor to limit the current flowing through the relay contacts. Likewise, a push-button switch 
module may be protected by a series resistor to limit the current through the contacts to a value which will 

not cause damage even if the battery is connected directly across the switch terminals. Inthe diagrams on 
the modules and in the circuit diagrams throughout this booklet, protectic components are NOT shown. 
The only exception is the series resistor on each LED module. This is shown because it is an accepted 
part of standard circuit design, rather than a device to guard a module against abuse. 

There is no need to mention any of this to pupils unless they notice the protective components and raise 
questions. Even then, it Is best to dismiss the matter quickly and avoid detailed explanations. 

Ihe voltage supply 

All the experimental work can de carried out using a 6V supply from batteries but the modules will also 
work from a 4.5V supply. Apart from batteries, each group of pupils will require connecting leads. 
Teachers may wish to build up their own collection of useful items for demonstration purposes.



SECTION 1. SOME USEFUL ELECTRONIC COMPONENTS 

Experiment 1.1; Resistor and light emitting diode (LED) 

Connect up the circuit shown, using an LED on the LED module and a battery. 

6vL. 

Investigations and questions 

1 What happens to the LED in the above circuit? 
2 Reverse the connections so that the diode is the other way round. 

What happens? 
3 Why do you think this happens? 

Notes 

(1) LEOs are inexpensive and widely used as indicators. The circuit diagram symbol for an LED is shown 
below. Like ordinary diodes (which pupils have already met), an LED will allow current to pass in only one 
direction. Unlike an ordinary diode, the passage of current causes the emission of light. The intensity of 
this light depends on the magnitude of the current. 

—ey- 

Note that the direction in which current will flow is the same as that of the arrowhead in the symbol. 

(2) If connected directly across the battery in the conducting direction, the LED will be destroyed. In 
practical circuits a series resistor must be included to limit the current to a value which will not damage the 
LED (10 milliamperes is a typical value). Note that LEDs are now cheap enough for teachers to 

demonstrate that the diode js destroyed if connected directly across the battery. This demonstration 
establishes the need for the resistor. 

(3) In their earlier circuit work pupils will have explored the concept of resistance using lamps and 

resistance wire. They now meet the electrical component known as a resistor. The rdle of resistors in 
Circuits will be explored more fully in the next experiment. 

(4) The modern symbol for a resistor should be used in circuit diagrams. 

—_——_—t +



Experiment 1.2 (Optional): Brightness and current 

Connect up the circuit shown, using an LED module, a resistor and a battery. Use a low value resistor first. 

low value resistor 

évT 

“ 

Investigations and questions 

1 Note how brightly the LED glows. Replace the resistor first by the one of medium value, then by 
one of high value. What happens to the brightness of the LED? 

2 How does the brightness of the LED depend on the current passing through it? 

Notes 

(1) In this experiment three resistors are required. A suitable value for the high value resistor is 27kQ, 
while the medium and low values could be 2.7kQ and 270Q respectively. The resistors in series with the 
LEDs on the LED module have a value of 3302. There is no need for pupils to be given any of these 
numerical values. 

(2) In the same way that they know current is measured in amperes, pupils should know that resistance is 

measured in ohms (symbol Q). No attempt should be made to give any formal definition of these units. 

(3) At this fevel resistor values can be classified as either high, medium or low. Teachers might like to 
mention that in electronics a resistance of a few hundred ohms or less Is usually regarded as a fairly low 
value. A medium value would probably be a few kitohms (symbol kQ), while a resistance of a few tens of 
kitohms and above would be regarded as a large value. 

(4) There is no need to mention the colour code for identifying resistors of different value unless pupils 

ask why the colours are there. They do not need to know how to use the code and on no account should 
they be required to learn it. 

Experiment 1.3; LEDs in parallel 

Set up the circuit shown using one red LED, one green LED and a battery. 
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investigations and questions 

i Explain why both LEDs glow. 
2 If a second red or green LED were connected in parallel with the above two, how brightly would you 

expect it to glow? Borrow an LED module from another group and test your answer. 

Notes 

(1) This experiment is included to reinforce earlier circuit board work on parallel circuits and to introduce 
LEDs of different colour. 

(2) Two LEDs of the same colour connected in parallel will glow with the same brightness because the 

currents through each are equal. This, of course, assumes that the series resistors are equal (which they 
are on the LED module). An LED of different colour with the same value of series resistor may not glow 
with the same brightness. Measurements with a milliameter would in fact show that the currents through 
red and green LEDs with equal series resistors are almost exactly the same. Variations in apparent 

brightness are due to differences in the materials used to construct LEDs of different colours, and to 
variations in the sensitivity of the eye to different colours. 

(3) It is important that pupils should be able to trace the current paths from the battery through each 
cranch of a parallel circuit. For this experiment the path from the battery through each resistor and LED is 

shown below. 

L( Tt 6vi 
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(4) The above experiment can be used to introduce the concept of positive and negative supply rails, as 
the diagram below shows. 

positive supply rail 

  

negative supply rail 

Experiment 1.4 Pmiect : a current direction indicator 

This is the first of a number of projects of varying complexity which pupils should tackle during their 

electronics work. A problem is presented and pupils attempt to solve it with guidance from the teacher. In 
ihe present case the problem Is very simple and little guidance should be necessary. 

Problem: 

Use the LED module to construct a current direction indicator. When a battery is connected one way 
round to the indicator one of the LEDs should glow. If the battery connections are reversed the other 
LED should glow.



Solution: 

  

    

  

Experiment 1.5: Light dependent resistor (LDR) 

Set up the circuit below which shows a light dependent resistor in series with an LED and a battery. 

‘“ 
* 

ovE 

Investigations and questions 

1 What happens to the brightness of the LED when the LDR is covered and uncovered? 
2 What does this tell you about the resistance of the LOR in the light and in the dark? 

Notes 

(1) The circuit diagram symbol for an LDR is shown in the diagram above. 

(2) The current will flow in either direction as with an ordinary resistor. However, the resistance of an LDR 

is very high in the dark (perhaps a million ohms or more) but falls to a low value (typically one or two 
hundred ohms) in bright tight. 

(3) LDORs are known by a variety of different names. Cadmium sulphide cell or resistor is common (most 
LDRs are made from this substance), as Is the term photocell. For simplicity and to avoid confusion with 
cells in batteries, teachers are advised to use only “light dependent resistor’. 

10



Experiment 1.6 Project : a very simple burglar alarm 

The problem is to use an LDR module, a buzzer module and a battery to construct a circuit which will 
sound an alarm when a light comes on. If a burglar were foolish enough to tum on the light In a room, such 

a Circuit could be used to warn the householder. Altematively, the circuit could be used to detect the light 
from the burglar's torch. 

Solution: 

buzzer 

lve q 
  

This Is the first of a series of burglar alarm circuits appearing in the course. Alarms of increasing 
sophistication are constructed. 

Note that the buzzer is likely to be a device with a definite polarity (in other words, current will pass through 
it in one direction only). If no sound is emitted when the LDR is illuminated, reverse the connections to 
the buzzer module. 

11



SECTION 2. SWITCHES 

Experiment 2.1: Manual control of an LED 

Connect a battery, an LED and a push-button switch together in a series circuit. Test whether you have 
done it correctly by pressing the svitch and then releasing it. The LED should light only when the switch 
is pressed. 

1 Draw a circuit diagram for this experiment. 

2 Explain how the push-button switch works. 

Notes 

(1) This gives practice in drawing circuit diagrams. Pupils will need to know the symbol! to use for the 
Switch. They should be encouraged always to draw good, neat circuit diagrams. 

(2) The circuit diagrams below are both correct. 

Experiment 2.2: Reed switch and magnet 

Take the reed switch module and examine the two metal contacts inside the glass envelope with a 
magnifying glass. These contacts are normally open. Now connect the switch in series with a buzzer and 
a battery. 

ay magnet 

Co masse 
vt ={] 

Investigations and questions 
1 Bring a small bar magnet close to the reed switch in the manner shown above. What happens? 
2 What must have happened inside the glass envelope? Use your magnifying glass to see if you are 

right. 

  

Notes 

(1) The reed switch consists of two metal contacts (called “reeds”) inside a glass envelope filled with an 

inert gas to prevent corrosion. Since the contacts are made of a ferrous metal (a metal containing iron), 
they can be magnetised by a magnet. ff the magnet is brought close to the switch in the manner shown 
below, the metal strips are magnelised and attract. 

12
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glsee envelope reeds 

When the contacts close a current flows through the buzzer. There is no need to involve pupils in a 
detailed explanation of how the reed switch works. Direct experience of its switching action in the 

presence of a magnet is all that is required. 

(2) In this experiment a magnet is used to produce a force which closes the switch contacts. From their 

earlier circuit board work, pupils will know that a current-carrying coil has a magnetic effect. In the next 
experiment pupils will meet a device in which switching is controlled by the magnetic effect of such a coil - 

the electromagnetic relay. The purpose of the present experiment is to bridge the gap between direct 
manual operation and electromagnetic control of switching. The progression is from direct manual contro! 

to magnetic control, and then to electromagnetic control. 

(3) Note that the reed switch contacts are either open or closed. Such a switch Is called a single pole 
single throw (SPST) switch. In the present case the contacts ar normally open, and are shown as such in 
the circuit diagram. This Is in line with convention. 

Experiment 2,3: Reed switch and coil - the reed relay 

Using a reed relay module, set up the circuit shown below. Note that two separate battery supplies are 
required. Do NOT use either of the diode connections to the coil of the relay. 

a‘ 

aS 

a 

  

  
Investigations and questions 

1 What happens to the LED when the switch Is closed? 
2 Try to explain why this happens. 

3 Now change the switch connections at the relay so that the LED fs on until the push-button switch is 
pressed. 

Notes 

(1) The relay uses a ‘change-over’ reed switch, also called a single pole double throw (SPDT) switch. 

Teachers should explain how it works. A c | ——=———_"- 
The reed C and contact A are made of magnetic metal; contact B is a non-magnetic metal. C Is normally in 

contact with B, but when a magnetic field magnetises A and C, they are attracted together so that contact 

with B is broken and C contacts A instead. C springs back to Its original position when the field is removed. 
in this course the reed switch in the relay is shown as below. 
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(2) This is an important experiment since it introduces the electromagnetic relay. If a current flows through 

the coil, the reed switch changes over and the LED lights. 

(3) The important points to appreciate are (a) the switching is now determined by the flow of an electric 
current, (b) although the two circuits are separate, what happens in one is controlled by what happens in 

the other. 

(4) In practice the current through the coil, which is needed to operate the switch, is usually far smaller 

than the current which is allowed through the switch contacts themselves. So if the LED and resistor were 
replaced by an electric motor requiring a large current to make it rotate, it could be operated by a much 

smaller current passing through the coil circuit. This principie is important in electronics, and there are 
other devices which provide the same capability (the transistor, for example). The particular case of motor 

control appears in experiment 2.4 and in later experiments. 

Experiment 2.4; The reed relay used to contro! a motor 

Use the LDR module, the reed relay, the motor module and two batteries to set up the circuit below. 

a Onm 

+ 

ay 

    

    
Ww To | 

ee 
Investigations and questions - 
1 What happens when the LOR is covered and uncovered? (You may have to shine a torch on the 

LDR when you have uncovered it.) 

2 If possible, use ammeters to measure the current flowing from each of the batteries in the circuit 
when the motor is running. 

3 Now connect the LDR module, the motor module and one battery as shown below. What happens 
this time when the LDR is covered and uncovered? 

soe 

bt 

4 Try to explain why it was necessary to use the reed relay in the: sirst circuit. 

Notes 

(1) When the LDR Is covered, its resistance is high, and not enough current flows through the relay coil to 
operate the reed switch and switch the motor on. When the LOR is well illuminated, its resistance 

becomes low and the relay operates. 
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(2) Ammeters (1A) placed in series with the coil and with the motor will show that the current through the 

motor (perhaps 0.2A) is a lot more than the current through the coil (a few milllamps). In other words, the 
flow of a small current is being used to control the flow of a much larger current - an important use of the 

relay. Of course more sensitive ammeters could be used. 

(3) It the reed relay is not used, the change in the resistance of the LDR is not enough to allow the motor 

to operate. The relay is necessary for the reason given above. 

(4) Electric motors require a relatively large current. If pupils leave them running for a long time, the 
batteries become exhausted.. 

Experiment 2.5; The reed relay with coil and contacts in parallel (using a single power s.‘pply) 

Connect up the circuit shown below. 

; 

  
Investigations and questions 
1 What happens to the motor when the switch is closed? 
2 In this circuit the relay coil and the relay contacts are connected in paralle!. Copy the diagram and 

mark on it the closed current paths from the battery, through each branch of the circuit and back to 
the battery again. 

Notes 

(1) This circuit uses the concept of positive and negative supply rails tirst mentioned in Experiment 1.3. 

(2) In experiment 2.4 (and 2.6), a small current in one circuit controlled a much larger current in another 

circuit which was completely separate with its own power supply. In the present experiment, a current 
through one branch of a parallel circuit (the coil branch) controls a much larger current through another 

branch (the motor branch). There Is only one battery. This latter principle is introduced here because it is 
fundamental to the operation of the relay module Introduced in the next section. H pupils meet transistors 
in later work , they will again see this same principle in action. 

Experiment 2.6 Project : automatic washing line 

The problem is to use two batteries, the reed relay module, the electric motor module and the rain sensor 

to make a circuit which switches on an electric motor when rain falls. Such a circuit could be used as the 
basis for an automatic washing line. 

Solution: 

wT Tév 

(—<_ f 

) tain sensor (snail Veroboard 

( atrip) 
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Notes 

(1) The rain sensor can be made from a srnall piece of stripboard on which are six copper strips connected 

in the way shown below. If any of the strips are bridged by a conducting solution, the two leads are short- 
circuited. This allows current to flow throug. the relay coil. 

leads 

(2) This experiment will not work with ordinary tap water. However, if a pinch of salt is added the water 
becomes an excellen’ conductor and the necessary short circuit is provided. Alternatively, see note (3) 

below. 

(3) Rain water conducts electricity, but not sufficiently to operate the reed relay in the above circuit. 
However the experiment will work with rain if the copper strips are covered by dry blotting paper which has 
been previously soaked in a solution of salt in water. The salt solution is made simply by adding plenty of 

table salt to tap water and stirring well. After immersion in the solution, the blotting paper should be dried 
thoroughly and taped so that it covers the copper strips. If rain falls on the blotting paper, the salt renders 

it conducting and the necessary short circuit is provided. 

Experiment 2.7 Project: Reversing an electric motor 

The problem is to use a push-button switch, the reed relay and three batteries to make a circuit so that the 
direction of rotation of the motor is reversed when the switch is pressed. Pupils should first draw a circuit 
diagram and show it for approval. 

Solution: 

--
-4
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—
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  —%. 

Notes 

(1) Pupils will probably find the need for 3 batteries confusing and care is needed to ensure their correct 

connection. 

(2) The number of batteries required can be reduced to one if a 3V motor is used. 
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SECTION 3. LOGIC CIRCUITS 

Experiment 3.1: Simple AND circuit 

Connect two push-button switch modules in series with an LED and a battery as shown in the diagram 

below. 

oS oO. S, 
— 

§, 8: LED 
Not pressed | Not pressed 

Pressed Not pressed 
avrT Not pressed Pressed 
a Pressed Preased 

~ 

Investigations and questions 
1 Use the circuit to help you complete the table shown above. 

2 Why is the circuit called an AND circuit? 

3 Suggest a use for a circuit such as this. 

  

  

          

Notes 

(1) The above circuit is a simple example of an AND circuit, and the table which pupils complete is known 
as a “truth table”. A truth table is a useful way of summarising the behaviour of the clicuit. In this case, the 
table tells us that the LED is on when S1 AND S2 are pressed. This Is why the circuit is called an AND 

circuit. 

(2) There are many situations in which such a circuit might be useful. For example, in a motor car we might 

want the Ignition light to come on (indicating the car can be started) only when the driver has engaged his 

safety belt AND closed his door. 

Experiment 3.2; Simple OR circuit 

Using the same modules, connect up the circuit shown below. 

  

  

    
        

S$, 
—I o—~ 

S, S, LEp 
Not pressed | Not pressed 

os, oO Pressed Not pressed 
Not pressed Pressed 

Pressed Pressed 
  wr 

Investigations and questioris 
1 Use the circuit to fielp you complete the table shown above. 
2 Why ts the circuit called an OR circuit? 

3 Suggest a use for such a circuit. 
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Notes 

(1) This time the circuit is an example of an OR circuil, and the completed table is the truth table for an OR 

circuit. It tells us that the LED Is on when either S1 OR S2 (or both) is pressed. 

(2) An obvious use for such a circuit is as a simple burglar alarm. !t is possible to purchase pressure pads 

for home security systems which are really no more than a normally open SPST switch. A pad is placed 

under a Carpet near a door so that the switch is closed by the pressure of an intruder’s fool. The above 
circuit could be used with two such switches to protect two doors. An alarm would sound (replace the LED 
by the buzzer) if entry was through door 1 OR door 2. 

Experiment 3.3; Relay as a NAND circuit 

Using the reed relay module, an LED and a battery, set up the circuit shown. Take great care in 
connecting up the relay. Note that the polarity of the battery must be as in the diagram. 

_+ 
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NRAND céveuik 

Connect leads to the diode input terminals of the relay module, A and B. When the other end of one of 

these leads is connected to the positive supply rail we say that the particular input Is HIGH. If the lead is 
connected fo the negative supply rail, the input is said to be LOW. The cutput is HIGH if the LED is on and 
LOW if the LED is off. 

Investigations and questions 
1 By connecting the inputs high and low complete the truth table for the NAND circuit. 

2 Try to explain why the output is high when one or both of the inputs is low. (HINT: consider whether 
an input has to be high or low for a current to flow through the relay coil.) 

3 Why do you think a diode is used at each of the two reed relay inputs? (HINT: consider what would 
happen if input A were high and input B were low in the absence of diodes.) 

Notes 

(1) In electronics, a logic circuit is a switching circuit in which the state of the output at any instant depends 

on the present state of all the Inputs. The output is high only for certain input combinations. 

(2) If the logic module were an AND circuit one would expect its output to be high when input A AND input 

B were high, as in the left-hand truth table below. In fact the output Is low when Input A and input B are 
high. The module behaves as a NAND circuit (a contraction of negative AND). Its truth table is exactly the 
inverse of that for an AND circuit (see the second truth table below). 

    

    

AND evweulk NAND relay module 

INPUT] INPUT {OUTPUT INPUT] INPUT [OUTPUT 

La Low | Low Low Low |] HIGH 

Low HICH] Low Low ica! HIGH 

BRIGH LOW | Low HIGH] Low | HIGH 

aIGH RICH] HIGH BRIGH| SIGH] Low                   
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(3) NAND circuits are the most commonly found circuits in modern electronics, and this is one reason why 

this particular circuit has been chosen for use in the rest of the experiments in this course. Other logic 

circuits can be constructed using NAND circuits. 

(4) The operation of the circuit is easy to understand. The first thing to note is that the contacts at the 

output form an SPDT switch: the pole of this switch is normally connected to the negative supply rail, that 
is the output Is low. This is the position at the output when there is no current through the relay coil. 
When gither or both inputs are taken low, current flows through the coil and the output contact changes 
over. The output goes high and the LED module is connected directly to the positive supply rail. 

(5) Note that no current can flow through an input if it is high. This is also the case if the input is totally 

unconnected or “floating”. In electronics jargon this would be expressed by saying that the input floats 
bigh. All that is meant by this is that an unconnected input behaves as though it were high. 

(6) Diodes must be included at the inputs for an obvious reason. If there were no diodes and one Input 

were taken high and the other low, there would be a direct short circuit across the battery. The diodes 
prevent this condition from arising. 

(7) Note that this circuit uses a number of concepts developed in earlier work, Including the use of 
positive and negative supply rails and the actions of relays, SPDT switches and diodes. This systematic 
development of concepts is in line with the general philosophy of the course. 

(8) The NAND relay circuit is constructed with its coil and contacts in parallel with the supply, and its inputs 
and output are either high or bow. In these respects it is similar to electronic logic circuits constructed from 

transistors or available in integrated circuit form. The use of a relay as a logic circuit is therefore a sound 
introduction to modern digital electronic circuits. 

Experiment 3.4; A simple burglar alarm 

Connect up the circuit shown. Take care to make the supply rails the correct polarity. 
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Investigations and questions 
1 What happens when switch A or switch B Is pressed (or both are pressed together)? 
2 Explain why this happens. 
3 How viould you modify this circuit so that the alarm sounded either when a switch was closed or 

when a tight was shone on a LDR? 

Notes 

(1) This clreuit is again more realistic if pressure pads are used instead of the switch modules (see Note 2 
of Exper ment 3.2). 

(2) The alarm can be triggered by a light beam (the burglar’s torch) simply by replacing one switch module 
by an LDR module. Hf the LOR Is covered (or the room is dark) it will have a very high resistance and virtually 
no current can flow through the relay coil. When light falls on the LOR its resistance rapidly falls to a low 
value and current can flow through the coil, and the LOR thereby operates the relay (the input is now low). 
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Experiment3.8; NAND circuit as an inverter 

Connect an LED to the output and a flying lead to one of the inputs of the NAND circuit. 
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Investigations and questions 

INVERTER 

  

terut OUTPUT] 
  

wica 

  low       

1 Use the flying lead to take the input high and low and then complete the table above. 
2 In terms of the currents flowing through the coil and the LED, explain the completed truth table. 

Notes 

(1) When only one input of a NAND circuit is used (or the two inputs of a NAND circuit are joined together 
and treated as a singie input), it behaves as an inverter. Inverters will be used extensively in the rest of the 

course. 

(2) It follows therefore that when the input is high, the output is low. When the input is low, the output is 

high. 

Experiment 3.6 Group experiment: Making an AND circuit 

Using two NAND circuits (one as an inverter), an LED and a battery, set up the circuit below. Connect a 

flying lead to each input terminal of the first NAND circuit. 
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Investigations and questions 

1 By connecting the inputs high and low,complete 
the table. Does it behave as an AND circuit? 

2 Compare the table for this circuit with the table for 

  

— ow oe we oe wale ee ee ee ss 

” NAND cirewik INVERTER 

INPUT | INPUT | OUTP 
B 
low low 

low high 
high |] low 

NAND circuit). high ] high the circuit of Experiment 3.3 (the 
What has the inverter done? 

3 Remove the flying lead from input B and connect a push-button switch between input B and the 

negative supply rail. Connect the flying lead from input A to the positive supply rail (i.e. high), and 

then operate the switch several times. Now connect the flying lead from input A to the negative 
supply rail (i.e. low), and operate the switch. Can you see why the circuit is sometimes called a gate? 
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Noles 

(1) The explanation of how this circuit operates is given in the notes to Experiment 3.3. The inverter 
inverts the output of the NAND circuit. 

(2) When the lead from input A is connected to the positive supply rail (i.e. high), operating the switch 

connected to input B causes the LED to go on or off (i.e. the output follows the changes at input B). 
When input A is low, the LED is off and operating the switch has no effect on it. The action of the circuit 

can be likened to a gate (hence the name). With input A high, the gate is opened and the signals pass 

through it; with input A low, the gate is closed and the output is not affected by changes at input B. 

Experiment 3.7 Group experiment (Optional): Detection of an object of a length greater than a specified 
maximum 

Use two NAND circuits (one connected as an inverter), two LDR modules and a buzzer to connect up the 

circuit below. Each LDR should be illuminated with a light beam. (Such a circuit might be useful to reject 
overlong objects passing along a conveyor belt in a factory.) 
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Investigations and questions 
1 What happens when you shade one or both of the LDRs? 

2 The buzzer sounds only when both the LDRs are shaded. Try to explain why. 

3 If objects of greater length than the distance between the LDRs pass in front of them, the buzzer 
sounds. Where might this circuit be useful? 

4 How would the circuit behave if the inverter were left out and the buzzer connected to the output of 
the NAND circuit? 

    

  

    

Notes 

(1) When light shines on the LDRs their resistance is low. The inputs of the first NAND circuit are 

therefore low, so its output must be high. The second NAND circuit is an inverter, so its output is low and 
the buzzer does not sound. If one of the LDRs Is covered (but not the other), one of the inputs is still low, 
a Currem still flows in the coil, the output of the first NAND circuit is still high, the output of the inverter is 
low, and nothing happens. 

But if both LORs are covered, the output from the first NAND is low, so that the output from the second is 
high and the buzzer sounds. 

(2) A more realistic set-up can be achieved by fitting tubes over the ends of the LDRs and illuminating 
them with “pencil” torches. 
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(3) Note that the two relay modules (a NAND circuit followed by an inverter) are together acting as an AND 
circuit. In other words, the output is high (the buzzer sounds) only when input 1 AND input 2 are high. 

The work with the reed relay NAND circuit might conclude with a demonstration of two NAND circuits 
connected together as a bistable. 

Experiment 3.8 Demonsiration (Optional): Two NAND circuits as a bistable 
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NAND | RED NAND 2 GREEN 

To demonstrate the circuit, first press 'RESET’ and show that the green LED is on, the red LED is off. Now 
press ‘SET’, when the circuit ‘switches over’ to red LED on, green LED off. Continued pressing of ‘SET’ 

has no further effect. Finally press ‘RESET’ again (and several times) when the circuit ‘switches back’ to 
the original state. 

Notes 

(1) This experiment introduces a useful electronic circuit known as the “bistab’2". When the RESET 

Switch is pressed the output of NAND circuit 2 goes high and the output of NAND circuit 1 is lbw. When 
the SET switch Is pressed the output of circuit 1 goes high and the output of circuit 2 goes low. The 
bistable circuit has two stable states. One stable state is when the output of 2 is high and the output of 1 is 
low (the RESET state). The second stable state is when the output of 1 is high and the output of 2 is low 
(the SET state). . 

(2) After the SET switch has been pressed, further depressions of this same switch have no effect. The 

same is true of the RESET switch. This is an important property of the bistable. 

{3) Note that the SET and RESET inputs are normally uncennected (they float high). To change from one 
Stable state to the other the appropriate input must be taken low briefly. 

(4) The operation of the circuit is quite easy to follow in terms of current flow through the coils and the 

connections between the two NAND circuits. However, it would be unwise to dwell on these explanations 
with pupils who find them confusing. 

Explanation of the circuit 

The two NAND circuits are joined together as shown. The circuits share the same power rails. 
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The output C of the first circuit is connected to the input D of the second circuit. Similarly the output F of 

the second is connected to the input A of the first. 

Ared LED is connected between C and M. If C is high, the LED will light; if it is low, it will not. 

A green LED is connected between F and N. If F is high, the LED will light; if F is low, it will not. 

The important thing is that if C is high, the red LED is lit, D will be high and F will be low and the green LED 
will be out. As F is low, Als low, so C remains high. This is one of the stable states. 

Similarly if C is tow, the red LED will be out, and D is low. F will then be high, the green LED will be lit. A will 

be high, so that C remains low. This is the second stable state - and hence the name BISTABLE as it has 
two stable states. 

The significant connections in a bistable are 

- the output of the 1st module is connected to the input of the 2nd 
- the output of the 2nd module is connected to the input of the ist. 

In order to set the bistable in one stable state or the other, push-button switches are connected between 
input B and the negative rail (say, at P) and between input E and the negative rail (say, at Q). When the 

first push-button switch is pressed, a current tlows through the relay coil and C becomes high and the red 
LED is lit - and we have the first stable state. If however the second push button is pressed, F would be 
high, the green LED is lit - and we have the other stable state. 

Pupils may have noticed that the circuit is ideal for the contro! of simple traffic lights since the red light and 
the green light cannot be on together. Further simple demonstrations of its use can follow immediately. 

Experiment 3.9 Demonstration (Optional): A latched burglar alarm 

Replace the red LED in the circuit of Experiment 3.8 with a buzzer. Remove the green LED. If the buzzer 
sounds, press the ‘reset’ switch to silence it. 

The ‘set’ switch is now the ‘trip’ switch of the alarm. If it is pressed, the alarm sounds and it cannot be 
turned off by releasing the ‘trip’ switch or pressing it again. We say the output is “latched” - the bistable is 
locked in its second stable state. The alarm can only be turned off by pressing the ‘reset’ switch. The 
latched nature of the alarm makes it far more effective than the version constructed in Experiment 3.4. 

Experiment 3.10 Demonstration (Optional): Using a bistable to contro! an electric motor 

Remove the buzzer from the circuit of Experiment 3.9 (or both LEDs from the circuit of Experiment 3.8) 
and connect the motor between the outputs of the two NAND circuits (C & F in the diagram on p 22). 

Pressing the ‘set’ and ‘reset’ switches alternately changes the direction of rotation of the electric motor. 

The bistable circuit here is used simply to reverse the polarity of the motor supply. 

Much cheaper, more convenient and more versatile ways exist for producing bistable circuits by using 
micro-electronic logic circuits. Work with these circuits is in Part 2 of the course. 
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THE MODULES FOR PART 2 
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Introduction to Part 2 

This part of the course has been divided into six sections as below. 

Section 4 : Electronic logic circuits - logic gates 
Section & : The bistable circuit 
Section 6 : Drivers 
Section 7 : Coding 
Section 8 : The pulser, the astable and the clocked bistable 
Section 9 : Counting circuits 

Timi 

The work can be conveniently covered in three years if Sections 4, 5 and 6 are taken together in the first 
year, Sections 7 and 8 in the second year and Section 9 in the third year. If teachers wish to cover the 
ground in only two years, then Sections 4 to 6 form a suitable group for the first year, leaving Sections 7 to 
9 for the second. 

The work described follows naturally from Electronics, Part 1. If pupils have not followed that course, 

the introductory work described In the first experiment will have to be approached in a different way and 
taken more slowly. 

The experiments 

The course Is essentially experimental. {n this booklet, for each experiment there is a ‘worksheet’ together 
with ‘investigations and questions’ for the pupils to consider. These are. followed by ‘notes’ written for 

teachers to help them weave in any teaching which may be required. These notes also include some 
background information which may be useful In answering questions. The worksheets are reproduced, 

without the notes, in Electronics : Worksheets, Parts 1 & 2. 

Projects 

Most sections finish with ‘Applications” In which electronics is put to use. Pupils and/or teachers are able 
to select from a number of experiments which pose a problem, and pupils are invited to apply their 

knowledge to find solutions. These problem-type experiments have been called Projects. The pupils’ 
booklet Electronics : Worksheets, Part 2 lists the projects without solutions. 

aitempt two in each case. The wise teacher will make sure that each group starts with an easy one, for it is 
better to succeed with one than fail to solve two. Teachers will need to give help and encouragement in 

this work without immediately revealing the ‘correct’ circuit. Before making up any circuits, pupils should 

be urged to think out a design on paper. And then, if their circuit does not behave as expected, to think 
out why before making any changes. There are useful hints in reference 6 of the Bibliography 
(Appendix A). 

Power requirements for the modules using integrated circuits 

A major advantage of CMOS integrated circuits is that they operate over a fairly wide voltage range (3 V to 
18 V) and require very litle supply current. Indeed, CMOS circuitry only requires significant current when 

driving external devices such as LEDs and 7-segment displays. Dry cells capable of driving the LEDs and 
the 7-segment displays are therefore a suitable power source since the current required will rarely exceed 

0.2 A. 

Clearly the time spent on projects must be limited, and it is suggested that, as a general rule, pupils should 
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The performance of CMOS integrated circuits (speed, drive capability, noise immunity) does vary with the 
supply voltage chosen, but there is no space here to describe the technical details (interested readers are 
referred to reference 2 In the Bibliography). Vollages near the centre of the allowed range are more 

satisfactory than those near the limits. However, LEDs (and 7-segment displays) require resistors to limit 
the current flowing through them, and the resistance value is dependent on the supply voliage used. 
Because 5 V or 6 V supplies are readily available to schools, the modules using LEDs have been 

designed for these supply voltages. 

Using the modules - module protection 

integrated circuits will be damaged if used with the supply polarity reversed. To protect the modules 
against this possibility, a diode has been connected between the power rails of each module so that the 
diode conducts if the supply connections are inadvertently crossed (see the circuit diagrams at the end of 
this book). The reverse voltage is then about 1 V. A 3 A diode (IN5401) has been chosen for this 
purpose since 3 A is the current, approximately, if any of the power supplies described above is short- 
circuited. (In the case of the-regulated 5 V supply, the 7805 regulator incorporates circuitry which 
eventually results in the 7805 ‘closing down’ (without damage) when it is short-circuited in this way. 
Clearly, olher components in the supply circuits should also be able to carry a current of 3 A.) 

In the experimental work, it will generally be necessary to connect two or more modules together. To 
minimise the risk of damage, it is wise to cultivate the habit of always linking the corresponding power rails 
of the modules before connecting them to the supply. Other inter-modular connections can then be 
made. !tis also wise, when adding modules to a circuit, to disconnect the power supply whilst the addition 

is being made. 
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SECTION 4. ELECTRONIC LOGIC CIRCUITS - LOGIC GATES 

Experiment 4.1: The LED indicators 

Set up the circuit shown below using the LED Indicators module and a suitable power supply. Take care 

to connect the power supply correctly. 
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Now plug a lead into the top input socket of the Indicator module. The other end of this lead may be 
connected to the positive power supply rail or to the negative power supply rail. Such a lead is called a 
flying lead. !f connected to the positive rail, the input Is said to be high. If connected to the negative rail, it 
is said to be low. 

investigations and questions 
1 Find out how the top LED behaves when its input is connected first high and then low. 
2 Do the other LEDs behave in the same way? 

Circuit diagranis 

In the circuit diagram, an indicator Is represented by the symbol below. 

——-® 

Using this symbol! saves having to draw the LED and its associated circuitry every time we need to have an 

indicator in the circuit. That simplifies the diagram. Indeed, it will be necessary to simplify circuit diagrams 

even more, for they become difficult to understand and very tedious to draw when several modules are 
being used. To simplify further, the power supply is not drawn and only those parts of each module in use 
are included. The diagram above then simplifies to that below. Note that the + and - signs near the power 
rails show that a power supply is connected between them even though it has not been drawn. 

+ 

Experiment 4.2: The NAND gate ™ 

4.2 (a) Truth table _ 

Set up the circuit shown below using one of the four NAND gates on the Quad NAND Gate module, and 
one of the LED indicators. 
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Make sure that the modules have their power supply rails linked correctly. 

Each of the inputs A and B can be connected to the positive power supply rail (high) or to the negative 
power supply rail (low) using a flying lead. The output is high if the LED is lit and low if the LED is unlit. 

  Investigations and questions 
  

        

1 By connecting the Inputs high and low, complete the truth table vow vow ae 
for a NAND gate. Low | HaH 

2 Does an unconnected input behave as ff it Is high or low? HIGH | LOW 
3 Draw a simplitied circuit diagram of the above circuit. HIGH | HIGH   

4.2 (b) NAND gate as an Inverter (NOT circuit) 

Connect the two inputs of a NAND gate together as shown in the diagram below. 

+ 

  
FUVING INPUT | OUTPUT 
BAD L + \-+{[ >»>——® HIGH 

Low 

  

        

Note that the two joined inputs can now be thought of as a single input. This single input can be taken 

high or flow using the flying lead. 

Investigations and questions 
1 By taking the input high and then fow, complete the truth table for the inverter (also known as a NOT 

circuit). 
2 Instead of joining the two inputs of the NAND gate, connect one of thern permanently high (or 

simply leave it unconnected), and connect the flying lead to the other input. How does the circuit 
now behave if the input is taken high and low? What happens if one input is tied permanently low? 

4.2 (c) AND, OR and NOR gates from NAND gates 

Connect the circuit shown below using two gates from the Quad NAND Gate module. Note that the 

second NAND gate is connected as an inverter (NOT circuit). 

+ 
  

8 A_ [OUTPUT 

Low | Low 

sary Low | HIGH 

HIGH { LOW 

HIGH | HIGH 

  

          

Investigations and questions 

1 The above circuit should behave as an AND gale. Check this by taking the inputs high and low, and 

completing the truth table. 
2 Draw and complete the truth table for an OR gate. Compare this with the truth table for a NAND gate. 

(You should notice that if every high input to the NAND gate became a low, and every low input a 
high, it would give the OR gate you want. How can you change the inputs to the NAND gate? Clue: 
you have just learnt about Inverters.) Now design an OR gate using three NAND gates. Build the 

circuit and check that it produces the correct truth table. 
3 Draw the complete the truth table for a NOR gate. Use the remaining NAND gate on the module to 

convert your OR gate to aNOR gate. Check that your circuit produces the correct truth table. 
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Notes 

(1) The approach to logic gates adopted in the present experiment is appropriate for pupils who have 
previously followed Electronics, Part 1. Such pupils will have already met and used resistors, light 
emitting diodes (LEDs), and light dependent resistors (LDRs}. in addition, they wiil have been introduced 
to simple AND and OR circuits, and to the use of a relay as a two-Input NAND gate. The truth tables 

summarising the switching behaviour of these circuits will be familiar, and this is why much of the work in 
the present experiment is orientated towards checking the properties of gates rather than an Initial 

exploration. Integrated circuits were not used in Electronics, Part 1 so the practical context in which 
pupils are using familiar concepts is now different. 

(2) Pupils who have not previously followed Electronics, Part 1 will need some background in the 

areas mentioned above. An adequate preparation for the present course requires at least some 
experimental work with LEDs, resistors and LDRs, as well as an introduction to truth tables. 

(3) When introducing logic gates it is Important that pupils should see as early as possible that these 
circuits have important practical uses. Pupils who have followed Electronics, Part 1 will already know 
that gates are useful. For those who have not seen gates performing useful tasks before, it would be a 

good idea to follow Experiment 4.2 (a) immediately with an application such as that in Experiment 4.3 (a). 

(4) In Electronics, Part 1 pupils did not meet logic symbols. Before starting this experiment, they must 
be introduced to the symbol for a two-input NAND gate. The symbol used throughout this booklet is as 
below. 

= 

(5) It is vital to point out that in circuit diagrams using logic gate symbols, it is conventional to draw the 
symbol without power supply connections. Some books, however, do show power supply lines joining 

on to the symbol. The two methods are shown below for a NAND gate. 
+ 

ob 
If the power supply lines were included in the circuit diagram for the thirc of ihe above experiments (AND 
gate from a NAND gate followed by an INVERTER), it would appear as follows. 

+   

i> 

      

This latter method does have the advantage of emphasising the essential power supply connections to 

the electronic devices inside the NAND gate, and teachers may wish to use it initially. Omitting power 

supply connections does, of course, considerably simplify circuit diagrams and, once one is accustomed 
to the convention, makes them easier to read. 

(6) Once the experimental work has been completed, the fogic gate symbols for an inverter (the term NOT 

circuit can now be used) and for AND, OR and NOR gates can be introduced. Pupils should also be able 

to write down the truth tables for each of these gates. In the case of AND, OR, NAND and NOT this will be 
revision of Part 1 work. The truth table for NOR should now be added. A summary of the above- 
mentioned logic gates is given below. 
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AND NAND 

  
  

  
  

                  
  

  
  

    

Aa A 

st )— 5 
8 A OUTPUT 8 A OUTPUT 

Low | LOW Low LOW | LOW HIGH 

tow | HIGH Low tow | HIGH HIGH 

HIGH | LOW Low HIGH | LOW HIGH 

HIGH | HIGH HIGH HIGH | HIGH Low 

OA NOR 

——_) > >) > 8 8 

[:] a OUTPUT 8 A OUTPUT 

LOW | LOW tow Low | LOW HIGH 

LOW | HIGH HIGH Low | HIGH Low 

HIGH | LOW HIGH HIGH | LOW Low 

HIGH ] HIGH HIGH HIGH ] HIGH Low                     

The syrnbol for an INVERTER (or NOT circuit) is shown on the left below. As an inverter can be made from 

a NAND gate, the second symbol below will also be used in this booklet. 

  

INPUT | OUTPUT 

wu ons {>} HIGH | LOW 
low HIGH 

  

        

Teachers should point out the presence of an inversion circle at the output of a gate with an inverting 

function. So, for example, the output of a NAND gate is the inverse of that expected from an AND gate 
with the same inputs. The same is true of a NOR gate when compared with an OR gate. Pupils should 
realise that NAND and NOR are contractions of NOT AND and NOT OR, respectively. In terms of symbols, 

~{_)— _ is equivatent to — H>- 

and 

—) >— __ is equivalent to 2 

(7) In the present experiment, NAND gates are used to make NOT circuits, AND, OR and NOR gates. One 
reason for basing logic work in this course on the NAND gate is that the NAND gate can be used for 

inverting so that other gates can be built from it. This is also true of the NOR gate, but not of the AND gate 
and OR gate. NAND gates and NOR gates can also be used {o build bistable circuits, and this is another 
reason why they are preferred to AND and OR gates. Both NAND and NOR gates are equally suitable as 
fundamental building bricks for an introductory course in digital electronics, but in the wider world of 

electronics NAND gates are encountered more often and are probably the better choice. 

(8) Note that a two input NAND gate can be used as an inverter in two ways (See question 2 of Experiment 
4,2 b). 

COMECT TO POSITAT SUPPLY 

aire OR LEAVE UNCOMMEC TED 

LL a we 

The NAND gate module used in the present course has inputs which are high when unconnected. The 
simplest way to make an inverter is therefore to use just one Input of a NAND gate and connect the other 

to the positive rail or leave it floating. There is some advantage in using the NAND gate In this way. If the 

two inputs are connected in parallel, the input capacitance is increased and the nolse immunity is thereby 
greater. However, it seems to cause less confusion to pupils if the inverter is shown as in the diagram on 

the left above, and that will be used in this booklet. 
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Further information concerning the behaviour of unconnected inputs of the NAND gate module are given 

in the Appendix B Technical Detalls. 

(9) For readers who have not previously used NAND gates to make OR and NOR logic gates, the circuits 

expected in the answers to questions 2 and 3 following Experiment 4.2 (c) are as below. 

—- OF geste 

NOR gete 

(10) There is one final point which teachers will wish to introduce to pupils. In Part 1, the switching circuit 

in which the state of the output at any instant depends on the state of the inputs at that instant was called a 
logic circuit, Now we are using the term gate, rather than circuit. While the use of circuit is not incorrect, no 

indication has been given why the term gate is appropriate. One way of explaining this is to consider an 
AND gate and regard one of its inputs as performing a control function. 

  

CONTROL | INPUT OUTPUT 
Conmno tow | tow | tow 

LL ) Low HIGH | LOW 
ovteur Non . ‘tow . tow wee 

wwrur 
HIGH HIGH HIGH 

  

            

Consider a succession of high and low pulses arriving at the other input. If the control input is held low, 
the output will be held low irrespective of the state of the other input. The gate is closed. However, if the 

contro! input is held high, the output state follows the state of the other input. In other words, the gate is 
open. The impression of a gate is well conveyed in this way. NAND, OR and NOR gates can be viewed in 

the same way. ANAND gate is open when its control input is high as with an AND gate, but the pulses 

arriving at the other input are inverted when they arrive at the output. OR and NOR gates are both open 
when their control inputs are low, but the output pulses are inverted in the case of the NOR gate. 

Question 2 of Experiment 4.2 (b) does, of course, introduce this kind of interpretation. Pupils should see 
a simple practical demonsiration which will clearly illustrate the gating effect. This can be set up using the 

astable module. Although pupils do not explore the behaviour of this module until much later in the 
course, it can be introduced earlier by the teacher as a convenient means of taking the input of a gate 
repeatedly high and tow. It is probably best to start wilh two NAND gates connected as an AND gate. 

  

\ 
ore | | -®     
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When the control input is high, pulses will pass througti the AND gate and the two LEDs will flash on and 
off together. If the control input is taken low, the LED at the output will be permanently low. If a single 
NAND gate is used and the control input is high, the output LED will flash on and off but it will be on when 
the LED at the input is off, and vice versa. When the control input Is low, the output LED will be 
permanently on. 

Other gates can, of course, be investigated in the same way. 

Experiment 4.3: Applications using NAND gates 

The projects (and solutions) are detailed below together with notes. The booklet Electronics : 
Worksheets, Part 2 lists the problems without solutions. 

Notes 

(1) An essential requirement of this course is to show how electronic circuits can perform useful tasks and 
control devices such as LEDs, buzzers and motors. Pupils must also be encouraged to apply their 

knowledge to circuit design and think out how combinations of gates will operate. To achieve these ends, 
they should be set problems to solve. Experiment 4.3 Is a collection of such problems or projects. 

(2) Time constraints will inevitably mean that it is impractical for all pupils to attempt all projects, though it is 
hoped they will attempt two or three of them. Some of these are simple, other are quite difficult and pupils 
may need a lot of help. Teachers will no doubt ensure that the projects chosen match the ability of their 

pupils: it is better to succeed with a simple one than to fail with a difficult one. Perhaps a good approach is 
to allow groups to select problems to work on, and then to have a plenary session in which solutions are 
discussed and demonstrated. 

(3) Some of the applications repeat the work of Part 1, but this time integrated circu NAND gates are 

used rather than NAND circuit relays. Note that the circuits are identical whether relay or integrated circuit 
NAND gates are used. This should facilitate the transition from relays to ICs. 

(4) Note that these applications make extensive use of illuminated LDRs to hold inputs low. This is 
discussed in relation to module circuitry in Appendix B. As far as pupils are concerned, an LDR can simply 

be regarded as a switch which is open in the dark and closed when illuminated. 

It is worth emphasising to pupils that it is necessary to connect input devices such as LDRs between gate 

inputs and the negative supply rail. Because an unconnected input floats high, an LDR connected to the 

Positive supply rail will not change the logic level at the input when the illumination changes. Connected 
to the negative supply rail, an LDR will cause a low level input when brightly illuminated (low resistance) 
and a high level input when dark (high resistance). 

A suitable LDR for the work in the present course is the popular ORP 12. 

(5) Buzzers are also used extensively in this and later experiments. These are low current (a few mA) d.c. 
devices which typically operate over a voltage range from, say, 3 V to 15 V. They emit a constant 
frequency audible tone. 

(6) Further suitable projects will be found in reference 6 of the Bibliography (Appendix A). 

Project 4.3 (a): Burglar alarm (NAND application) 

Use a single NAND gate, an LDR, a push-button switch and a buzzer to make a simple burglar alarrn. The 
alarm should sound when the LDR Is illuminated (the burglar's torch) or the switch is closed (the burglars 
foot). , 
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Solution to 4.3 (a): 

  

  

Project 4.3 (b): Length detector (AND application) 

Use two NAND gates (one connected as an Inverter) together with two LDRs and a buzzer to construct a 
system which will sound an alarm when an object ts longer than a specified maximum length. Such a circuit 
might be used to reject overlong objects passing along a conveyor belt in a factory. 

Solution to 4.3 (b): 

  

  

    

  

      

The LDRs are positioned a distance x apart (where x is the specified maximum length of the object) and 
illuminated by “pencil” torches. The alarm sounds when both beams are interrupted. 

Project 4,3 (c): Automatic night light 

Use two NAND gates (both connected as inverters), an LDR and an LED indicator to make a circuit in which 
a light (the LED) will come on automatically in the dark. A circuit of this kind would be useful to light up the 
display In a shop window automatically when darkness fails. 

Solution to 4.3 (c): 

+ +   
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Notes 

(1) This apptication uses two NAND gate inverters to ‘drive’ 
an LED indicator. The circuit on the left above is not very 
sensitive to changes of light intensity. This is because the 
LOR and the internal circuitry of the NAND gate module 

effectively form a potential divider between the supply rails 
(see right). As R has a high resistance, it needs a large 
change in the resistance of the LDR to change the voltage 
level at the NAND gate input appreciably. 

  

  

  

(2) The second circuit at the top of the page allows the sensitivity to be changed. The variable resistor 

should be set so that the LED is on the verge of switching on. Then any darkening of the LDR will cause 
the LED to light. The value of the variable resistance to use depends somewhat on ambient light 
conditions, but 10 kKQ should suit most circumstances. It is important that pupils should meet the potential 
divider and teachers could demonstrate the right-hand circuit as an example of its use. If teachers choose 
to introduce the potential divider as part of the work on Electricity, then this project might well be done 
there and omitted here. 

Project 4.3 (d): Fire alarm 

Use a NAND gate connected as an inverter, a thermistor, a variable resistor and a buzzer to make a simple 
fire alarm. The alarm should sound when the thermistor is heated. 

How would you adjust the circuit so that the alarm sounded when the temperature reached a higher value? 

Solution to 4.3 (d): 

sko 

THERPES TOR 

Noles 

(1) It is important that pupils should have previously met the potential divider and the thermistor if they are 
to solve this problem. : 

(2) An inexpensive TH3 thermistor can be used for this fourth application. {ts resistance at room 

temperature is about 400Q, and decreases to about 209 at 100°C. At room temperature, the 5 kQ 
variable resistor (a 5 kQ potentiometer connected as a variable resistor) should be set so that the buzzer is 
just off. Warming the thermistor with the hand will then cause the buzzer to sound. To increase the 

temperature at which the alarm responds, the value of the variable resistance should be decreased. Note 

that a 2.5 kQ variable resistor provides greater sensitivity in this application, but with care, a5 kQ or evena 
10 kQ value can be used satisfactorily. 

Project 4.3 (e): Safety circuit for a safe 

A safety circuit for a large safe sounds an alarm only if the door is closed but not locked. Closing the door 

opens a switch, whilst locking the door closes another switch. What sort of logic gate is required to do 
this? Set up the circuit and test it. Now adapt your circuit for a safe which has two locks. 
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Solutions to 4.3 (e): 

  + 

\ 

  

  

This project introduces the 3-input AND gate which will be used in several projects later in the course. 

Note that if NAND gate 4 is omitted, the circuit is a 3-input NAND gate. 

Project 4.3 (f): The skittle alley winner-indicator! 

In a fairground skittle alley, customers try to bowl over three skittles. Each skittle stands on a small switch 
-vhich it keeps closed until it is bowled over. Design a circuit which lights a lamp only when a customer is 

successful. 

Solution to 4.3 (f): 

  

  

  

Notes 

(1) This is a similar problem to that of Project 4.3 (e) but somewhat easier to think about. It can, of course, 

be introduced as a two-skittle problem first. 

(2) The project introduces the 3-input AND gate which occurs in later projects. Note that if gate 4 is 
omitted, the circuit is a 3-input NAND gate. 

Project 4.3 (g): Car doors waming light 

Design a circuit which will cause a warning lamp on the dashboard of a two-door car to light if either of the 
doors Is not closed. Closing a door closes a switch. 

neoee 
\\ 

Solution to 4.3 (g): 

  + 
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Project 4.3 (h): Circuit Investigation 

This Is a circuit to investigate rather than a problem to solve. In the truth table, ‘0' stands for ‘low’, and ‘1’ 
stands for ‘high’. 

  

  

  

  

              
  

  

Investigations and questions 
1 Copy the truth table and complete it to show the voltage level at each of the lettered points for each 

oi the level combinations at A and B. 

2 Set up the circuit and check your predictions for the output F. If you have made an error, use a flying 
lead from another LED indicator to check your predictions for the level at each of the points C, D and 
E. Do this by touching the free end of the flying lead on to each of those points in turn. 

3 Suggest a use for this circuit. 

Note 

The circuit is an exclusive OR gate. The correct truth table is as shown. Note that F is high when A or B is 
high, excluding the case when both are high. 

  

  

  

BIAYC{/DIEEF 

OjFOF1,1;, 1470 
Oo; 1g 1/O, 144 
1;OP1)1); O41 
1,1 fO;1, 170             
  

it is a “light at the top of the stairs” circuit. 
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SECTION 5. THE BISTABLE CIRCUIT 

Experiment 5.1: Making a bistable using two NAND gates 

Set up the circuit shown below using two gates from the Quad NAND Gate module. 

  

  

  
    

Investigations and questions 
1 First of all press and release the switch marked RESET. Which LED is on and which one off? 

2 Now press and release the switch marked SET. What happens? 
3 Press and release the SET switch several more times. What happens? 
4 Now press and release RESET. What happens? 

Circuit diagrams 

Notice that the LED indicator connected to the output of NAND gate 1 is not drawn beneath the LED 
indicator of gate 2, even though that is where it is placed on the indicator module. Circuit diagrams are 

easier to understand if the parts are drawn in convenient places rather than as they are placed on the 
modules. Notice too thal the positive power rail is drawn in the above diagram even though no lgads are 
shown connected to it. Frequently such a power rall is omitted from circuit diagrams. However in this 
course both power rails will be drawn to remind you that a power supply is needed to make the circuits 
work. 

Notes 

(1) In Electronics Part 1, work with bistable circuits was optional. The bistable is such a vitally important 

building block in digital electronics that all pupils must now meet it. 

(2) Teachers are strongly recommended to start work on bistable circuits by quickly demonstrating, 
without explanation, the action of a latched burglar alarm (see Experiment 5.2 (a)). This very clearly 

illustrates the existence of two stable states in a way that pupils are not likely to forget. The usefulness of 

such a circuit is also readily apparent. When they come to Experiment 5.2 (a) pupils will have to work out 
how to use a bistable circuit to make this alarm themselves. 

(3) The circuit of the present experiment behaves in the following way. When the RESET switch is 
pressed, the output of NAND gate 2 goes high and the output of NAND gate 1 is bw. When the SET 
switch is pressed, the output of NAND gate 1 goes high and the output of NAND gate 2 goes low. The 

bistable circuit has two stable states. One stable state is when the output of 2 is high and the output of 1 is 
tow (the RESET state). The second stable state is when the output of 1 Is high and the output of 2 is low 

(the SET state). 

(4) After the SET switch has been pressed, further depressions of this same switch have no effect. The 
same is true of the RESET switch. This is an important property of the bistable. 

(5) Note that the SET and RESET inputs are normally high. To change from one stable state to the other, 

the appropriate input must be taken briefly tow. 
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(6) Electronics Part 1 explained how a bistable circuit built from two NAND circuit relays worked. In the 

case of integrated circult NAND gates, teachers might like to use the following explanation. 

Consider two NAND gates connected such that the output of one Is joined to the Input of the other. If the 
second input of each gate is not used, both gates act as inverters. 

FLYING i 
LEAD [ef [ae =| el | mei 

LOW ree LOW GH 

  

        

if the input of the first gate Is made high, its output will be low (above left). The input of the second gate Is 
therefore low and its output high. If the output of the second gate is now connected to the input of the 
first gate (dotted line - above right), the original high input to the first gate provided by the flying lead can 
be removed and the system will be in a completely stable state. The high output of the second gate 
maintains the high input to the first gate. 

A different situation arises if the flying lead to the first gate is originally tied low (below left). 

Ot ane neeew erences esaneveranenesenseaseg 

Low 

          

Since the input of the first gate is now low, the output of the second gate Is also low. If the output of the 
second gate is connected back to the input of the first gate, the original flying lead can be removed and 
we again have a completely stable system. This time, however, the output conditions at the two gates are 

reversed. 

So we see how a system consisting of two inverters can be connected in such a way that there are two 
stable states. However, for such a system to be useful, a means must be provided of switching between 

these two states. The second (and so far unused) input of each NAND gate can be used for this purpose. 

  + 

  

  
    

a - [el 
q SET q RESET 

Consider the initial stable state shown in the above diagram. The inputs of the first NAND gate are both 

high, and its output is, of course, low. But if the SET switch is pressed, one input of the first NAND gate is 
taken low and so its output goes high. The output of the second gate therefore goes low and this low 

State is fed back to the other input of the first gate. If the SET switch Is now released, the system is in the 
second completely stable state. Note that pressing the SET switch a second time has no effect. The 
system can only be switched back to its original state by pressing the RESET switch. 

The tine shown dotted in the earlier diagrams provides a positive feedback link. In other words, the output 
of the system is fed back to provide an input of the same polarity. 

(7) In electronics literature, the above bistable would usually be drawn as below. 
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q at q RESET 

The connections are in fact identical, but the gates are shown one beneath the other. Note that the 

output of the top gate (with the SET input) is usually labelled Q, and that of the other (with the RESET 

input) is labelled Q. 

Q and Q are often referred to as complementary outputs, meaning that each is the inverse of the other. 

(8) The above diagram is rather cumbersome to use in circuit diagrams. A more convenient symbol! in 

common use is as follows. 
  

    —da 5- 
  

The circles on the S and R input lines indicate that they are active: low i.e. the S and R inputs are normally 
high and must be taken momentarily low to have an effect (this notation to identify active low inputs is 

conventional in digital electronics). 

In suramary, this important bistable building block, which is often kiown as an RS bistable or as an RS filip- 

flop, has the following properties. 

(a) There are two stable states: SET state (Q high, Q low) and RESET state (Q low, Q high). 

(b) Normally the system will be in one of its stable states. In both states the S and R inputs will be 

high. 

(c) To change fromthe SET state to the RESET state the R indut must be taken momentarily low, If 

R is taken low again, nothing happens. 

(d) Tochange from the RESET state to the SET state the S input must be taken momentarily low. If 

S is taken low again, nothing happens. 

This behaviour can be summarised in a truth table, but pupils do pot need to know how to do this. For the 

benefit of teachers, the truth table is given below. 

$s R Q a 

HIGH HIGH | STAYS THE SAME 
tow HIGH HIGH Low 

HIGH LOW low HIGH 

Low low DISALLOWED 

  

  

        
Note that the state with both S and R low is disallowed, since both Q and @ are then forced to go high at 

the same time and the system will be in neither of its stable states. It is perhaps more accurate to say that 
this state is avoided rather than disallowed, although the latier term is frequently encountered. 

(9) Teachers should make sure that pupils understand the difference between a bistable and a logic gate. 
After all, if we omit the Q output of the former, there are some surface similarities. 
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The key point is that a logic gate requires retention of its input signals to remain in a given state. The 
bistable remains in a stable state when the inputs are removed (the particular state will depend upon which 
input was last taken low). 

Experiment 5.2: Bistable applications using NAND gates 

The projects (and solutions) are detailed below, together with notes. The booklet Electronics: 
Worksheets, Part 2 lists the problems without solutions. 

Project 5.2 (a): Latched burglar alarm 

Use two NAND gates, two push-button switches and a buzzer to make a latched burglar alarm. One switch 

should correspond to the “trip” switch. If this is closed (by the burglar's foot, perhaps) the alarm should 
sound and stay on even when the switch is released or pressed again. The second switch should 
correspond to the”reset” switch, and would be hidden away in a place known only to the householder. 

Only when this switch is pressed should the alarm be silenced. 

Once you have built this circuit, convert it to an alarm which will come on and stay on when a light (the 

burglar’s torch) shines on an LDR. 

Solution to 5.2 (a): 
  

  

  

Notes 

(1) Replace the “trip” switch by an LDR to make a light activated latched alarm. A variable resistor 

connected between the LDR and the positive supply rail, to form a potential divider, will allow the 
sensitivity to be adjusted (See ‘Notes’ to Project 4.3 (c)). 

(2) With CMOS modules, the cutput of NAND gate 1 may be unable to drive both the buzzer and the input 
to NAND gate 2. If this is the case, possible courses of action are (a) to use an LED indicator rather than a 
buzzer, (b) to try “buffering” the buzzer by connecting it to the output of another NAND gate whose inputs 
go to the output of NAND 2 in the circuit above. 

(3) When the “trip” switch is pressed, the alarm sounds and cannot be turned off by releasing the switch 

or by depressing it again. We say that the output is latched. The bistable is now locked in its second 

stable state (the state with the output of the NAND gate connected to the buzzer high, and the output of 
the other NAND gate low). 

(4) The alarm can only be turned off by pressing the “reset” switch. In a practical system the trip switch 

might be contained in a pressure pad of the type designed especially for home security systems. Such a 

pad (effectively a normally open push-button switch) is placed under a carpet near a door so that the 
Switch is closed by the pressure of the intruder’s foot. Pressure pads of this kind are available. 
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Project §.2 (b): Latched fire alarm using a bistable 

Build a fire alarm which, once triggered, will continue to sound until It is reset. 

Solution to 5.2 (b): 

  

  

  

    

See ‘Notes’ to Project 4.3 (d) for information regarding a suitable thermistor, and Note (2) of Project 5.2 (a) 
regarding possible problems with driving the buzzer. 

Project 5.2 (c): Simple stop-go traffic lights 

Trattic in a one-way street has to cross a bridge which can only have one car on it ata time. The bridge is to 
be controlled by a set of stop-go lights, activated by switches in the road, so that the lights go red when a 
car enters the bridge and then green as the car leaves it. Design a circuit to do this job. 

Solution to 5.2 (c): 
  

  

    
  

Project 5.2 {d): Traffic lights operated by an SPST switch 

A simple set of stop-go traffic lights is to be operated by an SPST switch so that either the red light is on or 
the green light is on, but not both together. Design a circuit, using a bistable, which will do this. 

Solution to 5.2 (d): 

  

a1 

REO 

When ‘set is high, ‘reset’ is low and the green LED Is on. Since both inputs to NAND gate 1 are high, the 
red LED is off. When ‘set’ is low, the red LED is on, and since both inputs to gate 2 are now high, the 

green LED goes off. 

    
  

  

Project 5.2 (e): Quiz master 

A quiz master circuit is used to Kdentify the first contestant to push his or her answer button in a quiz game. 

Each contestant has a push-button and an indicator light (in this case, an LED). The light of the first 

person to answer sheuld come on and stay on. At the same time all other lights should be prevented from 
coming on. 
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To make such a quiz master is not easy, and you may need help from your teacher. Each contestant in the 
game will need four NAND gates (two connected as a bistable), a push-button switch and an LED 
indicator. The best approach is to wire up the four gates for one contestant, and then wire up the four 
gates for another contestant separately. Finally connect the two sets together and see if your quiz master 
works! 

Solution to 5.2 (e) (for each contestatit): 
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Note 

The above application (the quiz master) is rather complex, and may be too difficult for the majority of 

students to work out on their own. However, it is worth constructing a quiz master of this kind even if the 
teacher has to explain its design. Pupils will have great fun playing with it, and the use of logic gates is 
instructive. 

The principle of operation is in fact quite simple. If the B inputs of the two quiz stations are taken tow, the 
bistable circuit formed by the two right hand gates will be reset. In other words, the Q outputs at the 

Stations will be high and the LEDs off. 

Consider the station of one particular contestant. The A input will initially be high because it is connected 
to the Q output of the other station (which has just been reset). The A input effectively “opens” the NAND 
gate to which it is connected, so if this contestant is the first to press his or her switch, the bistable is set by 

a low going pulse and the LED indicator comes on. At the same time Q goes low, and since this output is 

connected to the A input of the other station, the NAND gate controlled by this A input is “closed”. This 
means that a low going pulse from the other contestant's push-button cannot pass to his or her bistable. 
The bistable therefore remains in the reset state with the indicator light off. 

Simpler quiz master stations can be built using fewer NAND gates. However, they are unlikely to have the 
required properties of simultaneously latching the victor’s indicator LED and permanently disabling the 

switches of all other contestants. 
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SECTION 6. DRIVERS 

Buffers play an important part in electronics, but in order not to introduce too many new concepts for 

pupils to understand, they are not referred to in this course. On the other hand drivers are essential to 

drive heavy current devices such as motors. An operational approach to the driver is therefore advocated 

below. 

Experiment 6.1 (probably a demonstration): Loading an output 

+ + + 

4 i 4 _f i 

Investigations and questions 
1 Set up the first circuit shown above. What happens when the push-button is pressed? 
2 When the switch is closed, is the output of the NAND gate high or low? 

3 Replace the LED with an electric motor module as shown in the second circuit above. What 
happens when the push-button is pressed? 

4 To investigate why the motor did not operate in (3), connect an LED in parallel with the motor as 

shown in the third circuit above. When the push-button is pressed, is the output of the NAND gate 
still high as in (1) or is it now low? 

    

Notes 

(1) The purpose of this experiment - and teachers may prefer to do it as a demonstration - is to show thata 
logic gate only operates satisfactorily when smal! currents (a few milliamps or so) are Involved, and that 
attempts to involve a larger current, as was needed for the motor, may change the logic level of the output. 
The next experiment shows how this difficulty is overcome using a driver. 

(2) Teachers are warned that this experiment may not work if the LED indicator module is used for it. It may 

be necessary to use an LED in series with a 330Q resistor, as in the LED module used in Part 1. 

Experimert 6.2: Using a NAND gate to switch an electric motor on or off 

Connect the circuit shown below using the Driver Amplifier module and the reed relay. 

t 

_ 4 

Investigations and questions 

1 What happens when the switch Is pressed? 
2 When the switch Is pressed, will the output of the NAND gate be high or low? 

3 The driver amplifier is a special kind of inverter. When the switch Is pressed, will its output be high or 
low? 
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4 The relay is connected between the positive supply line and the output of the driver. The motor 

operates when a current flows through the relay coll. When this happens is the output of the driver 
high or low? 

5 Replace the switch by an LDR. What happens to the motor when the LDR Is covered and 
uncovered? Can you think of a use for a circuit such as this? 

Notes 

(1) The function of a driver is to provide an interface between a device such as an integrated circuit which 
is capable of controlling only a small current, and a device, such as a relay or.an electric motor, which 

usually requires a relatively large current for its operation. 

(2) The simplest and cheapest inverting driver amplifier consists of a single transistor and one resistor. 
However, pupils do not need to know anything about the way in which drivers are built. The transistor is 
not part of the present course, and the following information is for teachers only. 

+ oO, 
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A relay and its protective diode (essential when switching inductive loads) would then be connected 

between the positive supply line and the transistor collector in the way shown. When the transistor input 
goes high, the collector current flows through the relay coil into the transistor. 

In practice, it is better to use two transistors connected as a Darlington pair. The current gain of such a 
system is far higher than that of a single transistor, and the base current needed to switch the collector 

current on is then easily supplied by the high output of any integrated circuit. 

(3) Note that the circuit diagram shows the motor being driven by a separate power Supply. If separate 
supplies are not available, the motor may be driven by the supply used for the modules, provided, of 
course, that this supply is capable of delivering the necessary current. It is a wise precaution to connect a 
1000 uF capacitor between the power lines In those circumstances. 

(4) Inthe present experiment the driver amplifier operates a relay which controls the motor. The same job, 

of course, could be done in other ways. 

In the circuit below on the left the relay is omitted entirely. This would be a satisfactory arrangement 
provided the motor current does not exceed the maximum current allowed by the driver. One possible 
problem with this arrangement is that the motor and the logic circuitry share the same power supply. This 

would Certainly be a disadvantage with CMOS integrated circuits where only a small battery is needed for 
the ICs. A motor would soon run this flat, or might not operate at all. 

In the circuit on the right, the driver is omitted! Reed relays are available which will operate satisfactorily off 

a low voltage supply with a coil current of only a few milliamperes, and these can be operated directly using 
the logic gate output. However, a disadvantage of this type of relay is that the contact ratings are often 

rather small, and could possibly overheat when used with a motor requiring a large current. 
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The most versatile arrangement Is probably the one actually used in the experiment. 

(5) When using the relay module, teachers should ensure that the current requirement of the device to 
be operated by the relay lies within the current rating of the relay contacts. 

Experiment 6.3: Applications involving the driver amplifier and reed relay 

The projects (and solutions) are detailed below together with notes. The booklet Electronics: 
Worksheets, Part 2 lists the problems without solutions. 

Project 6.3 (a): Reversing an electric motor 

Using a push-button switch, a NAND gate and the driver amplifier and reed relay, set up a circuit so that the 
direction of rotation of a motor is reversed when the switch is pressed. Three batteries will be needed, 
one for the modules and two for the motor (see Experiment 2.7). 

Is the NAND gate really necessary? 

Solution to 6.3 (a): 

  

  

  

f = 
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The NAND gate is not necessary if the switch is connected between the driver input and the positive 

supply rail. See Note (1) to Project 6.3 (b). 

Project 6.3 (b): Reversing an electric motor with a bistable circuit 

Using two push-button switches, two NAND gates, a reed relay and the driver module, set up a circuit 
which reverses the direction of rotation of a motor when one of the switches is pressed and released. 
Three batteries will be needed, one for the modules and two for the motor (see Experiment 2.7). Explain 
how your circuit works. 

Solution to 6.3 (b): 

  

1
0
 

' i a 

    

Notes 

(1) In this and the previous project, care must be taken to ensure that the motor supply is not shon- 

circuited when connecting if to the switches. A low value resistor connected in series with the motor 
supply will prevent this happening, and teachers may wish to make sure that this protection is 
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incorporated. However, care must be taken to ensure that the resistor value is ow enough not to interfere 
with the operation of the motor. 

(2) The way the circult operates is very simple. The two NAND gates form an RS bistable. The contact of 
the relay switch will be in the lower position when Q Is low, and the motor will rotate in a certain direction. 
When the bistable is switched to its other state, Q goes high, the relay operates and the switch goes to 

the higher position. This reverses the polarity of the supply to the motor which now rotates in the 
opposite sense. A reversal thus occurs everytime the bistable is switched. 

Project 6.3 (c): An automatic light 

Use a driver module, a reed relay, an LDR and any necessary gates, to make a circuit in which a filament 
lamp will come on automatically in the dark. 

Solution to 6.3 (c): 

  . 
    Ot 
  

Notes 

(1) The lamp should be as bright as possible to make the point that this circuit is controlling a much larger 
power than the circuit of Project 4.3 (c). Both the lamp voltage and current have limitations, the former 
because of safety, the latter because of the relay switch contacts. A 12 V 3 W lamp would be ideal, but it is 
not normally found in schools. A 12 V 0.1 A MES bulb is probably the most easily obtainable. 

(2) If a variable resistor is used to adjust the sensitivity so that the lamp is just on, and the lamp is moved to 
illuminate the LDR, the circuit becomes astable. This is because light from the lamp reduces the LDR's 
resistance and this switches the lamp off. The fall in light intensity then causes the circuit to switch the 
lamp on again. Pupils might be shown this effect and asked to explain it. 

Project 6.3 (d): Motor vehicle moving backwards and forwards between two light beams 

Use the circuit of Project 6.3 (b) together wilh two inverters and two LDRs to make the motor reverse every 
time a light beam is interrupted. 

Solution to 6.3 (d): 
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Notes 

(1) The point about this application is that, when illuminated, the resistance of the LDRs will be low. For 
this reason, they cannot be connected directly to the SET/ RESET inputs of the bistable, since these 

must both be high. The answer is to use inverters between the LDRs and the SET/RESET inputs. 
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(2) The application has greatest impact if a motor with wheels is available. Two long leads are attached to 

the motor and connected to the appropriate points in the circuit. If the LDRs are set up in the way 
indicated above and illuminated by pencil torches, the vehicle should oscillate happily backwards and 
forwards between the light beams. 

A 4.5 V LEGO motor from technical set 107 can be fitted with wheels and works well. A length of LEGO 
railway track along which the vehicle will run is also useful. 

47



SECTION 7. CODING 

Experiment 7.1: Sending messages using a 4-bit binary code 

Connect a flying lead to each of the four inputs of the LED Indicator module. © 
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The LEDs are turned on or off by taking the flying leads at the inputs high or low. When an input is high 

and the corresponding LED is on, we will let it represent the binary digit 1. When an input is low and the 

corresponding LED is off, we will let it represent the binary digit 0. 

Note that the term binary digif is usually shortened to bit. The four LEDs can therefore represent a 4-bit 

binary pattern. 

Investigations and questions 
1 Together with your partner, invent a 4-bit binary code for sending messages. Write your code ina 

table like that shown above on the riyht. A few words have been added to start you off, but you can 

replace them by your own if you prefer. 
How many words can you represent with a 4-bit pattem? 

3 Give a copy of your code to another group, and then send them a message using the LED 

indicators. Send the message, word by word, by lighting the agreed 4-bil binary pattern for each 

word. 

4 Apart from a copy of your code, what other information did you have to give the other group before 

they were able to decode your message? 

Nh 

Notes 

(1) Although very simple, this is an important experiment and should not be omitted. Its purpose Is to 
show that a 4-bit binary pattern can be used to represent non-numerical information, and that an agreed 
code is necessary if information is to be represented by a binary pattem. The experiment also introduces 
the important ideas of ‘encoding’ and ‘decoding’ which will be explained later. 

(2) Pupils will probably have met binary numbers before, but the idea of using a binary pattern to 

represent non-numerical information may be new to them. Perhaps the most well known example of this 
latter type of code is the 7-bit ASCII code (American Standard Code for Information Interchange). Pupils 

may well have come across this code in the instruction manuals for personal computers. Information in 

computers of this kind is often stored in the ASCII format. 

(3) With a 4-bit code it is possible to store 16 (24) words, since there are 1£ distinct binary patterns. In 

general, an N-bit code provides 2N distinct patierns. An 8-bit microprocessor is so called because it 

recognises an 8-bit binary code. In principle, this means that it can recognise up to 28 . 256 different 
instructions. {tn practice, typical microprocessors are designed to recognise less than a half of this total 

number of possibilities. 

(4) Whether using a binary pattem to represent numeric or non-numeric information, it is vital that we know 
which way round to read the pattern, ie left to right or right to left. Pupils will have come across this 

problem when they tried to use their own code to send their own messages (see question 4). 
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Having met the problem, pupils can be introduced to the terms MSB (most significant bil) and LSB (least 

significant bil). When using any binary code, numerical or non-numerical, it is vital that we know which Is 
the LSB and which is the MSB. 

(5) In the present booklet, the LSB will always be shown on the right when binary patterns are written 

horizontally. This fs in line with the normal conventions for numbers, l.e. 

MSB LSB 
23 22 21 2° 
1 1 0 1 

represents the number 13 in the scale-of-10 (decimal) notation. 

(6) In this experiment, pupils are introduced to using the binary digit 1 to represent a high logic level, and 
the binary digit 0 to represent a low logic level. This convention is prevalent throughout digital electronics, 
and will be used hereafter in this book. 

(7) The terms ‘encoding’ and ‘decoding’ should also be introduced. 

Encoding means that information is put into a binary pattem. For numerical information, encoding usually 
means changing from a scale-of-ten (decimal) to a binary notation. 

Decoding is the reverse process. The information is extracted from the binary pattern. In the case of 
numerical information, this will usually mean changing from a binary to a scale-of-ten (decimal) represen- 

tation. Decoders are very important in digital electronics. 

Experiment 7.2: Investigating a seven segment LED aisplay 

You should use the seven segment LED display on the Seven Segment Display module for this 

experiment. The module also includes a decoder, but that Is not part of this experiment and can be 
ignored until experiment 7.3. 

  

        

  

  

The display has seven segments, labelled a to g in the diagram. A single segment behaves like an 
ordinary LED, and lights up when current flows from positive (anode) to negative (cathcde). 

AROOL €1)- CATHOCE 
’ 

Inside this common cathode display, all the cathodes are connected together and to a single lead (the 

common cathode lead) which Is connected to the negative supply line. 

investigations and questions 
1 Connect a flying lead to the point marked TEST and touch the other end on to the pins marked a to 

g, one at atime. What happens? 
2 Copy the tables below and complete them to show how you would display the digits 0 to 9. 

49



    

nunber segments which nuaber seeguents which 
are lit are lit 
    

r
u
n
e
 

W
D
y
A
W
 

              
  

Notes 

(1) To save the expense of including a separate seven segment display module in the recommended set 
of modules, provision has been made on the Display/Decoder module to perform the present experiment. 

Terminal pins and a test point have been provided to allow pupils to light individual display segments with a 
flying lead. A safety resistor is connected between the test point and the supply line to limit the current 
and prevent any damage to the display in the event of direct contact between the flying lead and wires on 
the display side of the other resistors. 

An additional safety feature is the location of the terminal pins on the decoder side of these resistors. This 
will prevent damage to the display should a pupil be tempted to make direct contact between a terminal pin 

and the positive rail (which would damage the module). 

(2) If pupils wish to check their answers to question 2, it will be necessary to connect the terminal pins 

directly to the appropriate power supply rail. This is because the current flowing through each segment 

also flows through the resistor in series with the test socket. Eventually the voltage drop across this 
resistor is too large to allow sufficient current to flow to light the segments clearly. 

However direct connection of the decoder/driver outputs (ie the terminal pins) to the power rail is not 

recommended and teachers are advised to remove the integrated circuit before this experiment is done. 

Experiment 7.3: Using a seven segment display with a decoder 

in this experiment you will again use the Seven Segment Display module. However, this time the four 

decoder inputs will be used to light the display. 

+ 

+ 
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Flying leads are used to take the decoder inputs (A, B, C. and D) high or low. In this and future 

experiments we will let a high input represent the binary digit 1, and a low input the binary digit 0. 

Investigations and questions 
1 Use the flying leads to help you complete the tables below 

  
  

  
  

digit digit 
DC BAT displayed DC BA displayed 
0000 1000 
0001 1001 
0010 1010 
0011 1011 
0100 1100 
0101 1101 
0110 11210 
0111 1.111               
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2 When the digit 1 is displayed, segments b and c of the display are lit. Which outputs of the decoder 

must then be fow, and which ones high? 

Notes 

(1) As there are four inputs (A, B, C and D) to the decoder, 24 or 16 separate messages can be conveyed. 
Thus when the binary number 0000 is received, the decoder gives the message that a, b, c, d, e, f should 

light - and the number 0 is displayed. Likewise when the input 0001 is received the message goes out 
that b and c should light - and hence the number 1 displayed. Thus, in the case of a common cathode 
module, the inputs b and c are high, and all the others low. 

(2) The integrated circuit used In this present experiment is called a BCD-to-seven segment 

decoder/driver. BCD stands for “Binary Coded Decimal’. The input is a decimal digit in the binary code (ie 

0000 to 1001) and the decoder decodes the input to drive a seven segment display. 

In practice, a BCD-to-seven-segment-display decoder may or may not respond to the numbers beyond 

1001 (that is, from 1010 to 1111) depending on the particular integrated circuit used. For the 
recommended CMOS decoder/driver, the display will be blank beyond 1001. 

(3) In the remaining experiments in this booklet, a decoder/driver linked to a seven segment display will be 
represented by the following simplified symbol. 

aA 

8 ‘TEH 
0 

It must be pointed out that this is not an officially recognised symbol (there Is no standard symbol for such 

a system), and it will be used merely as a matter of convenience. 

  

| 

      

Notes jabout decoders 

(1) In digital electronics an N-bit binary code is said to be completely decoded if 2N distinct output signals 
are produced from N input signals. The diagrams below provide examples. 
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In each case every possible binary pattern present on the input lines activates a distinct output line. 

With two inputs there are four possible binary patterns (00, 01, 10 and 11) and therefore four output lines 

are required. Similarly, with three inputs, eight output lines are required, and with four inputs, 16 output 

lines are required. In general N inputs require 2" outputs tor complete decoding. 

(2) The maximum possible memory size of a microcomputer illustrates the above principle well. In some 
computers there are typically 16 lines running from the microprocessor to the computer memory. Each 

memory location Is identified by a different binary pattern present on these lines. Moreover, a separate 
and unique signal must be generated for each location when it is selected for the storage or retrieval of 

information. If we completely decode the 16 memory Input lines, we can generate 216 .. 65536 distinct 
signats to select memory locations. This explains why some microcomputers have a memory size of 64 K. 

in the computing world 1 K = 1024 (not 1000!), so 64 K means that there are 64 x 1024 = 65536 memory 
locations. 
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(3) Note that the BCD-to-seven-segment-display decoder used earlier is not a complete decoder since it 
has 4 inputs, but only 7 (rather than 16) outputs. It is an example of a partial decoder. 

Experiment 7.4: A 2-line to 4-line decoder from NAND gates 

To begin with, consider the pattern of gates shown below. 

x—— 

v ° (3a >—8 
  

x KY Y 

On the left are two inputs labelled X and Y which are inverted by NAND gates 1 and 2 to produce X and Y. 
On the right is an AND gate, formed Irom NAND gates 3 and 4, with two inputs A and B. 

Investigations and questions 
1 lf X = 0 and Y = 0, how would you connect A and B in order to light the LED? How would you 

connect A and B to light the LED if X = 0 and Y = 1? How would you do it if X = 1 and Y=07 Andi X 

= 1 and Y= 1? Build the circuits and check your predictions. 
2 Use your results from above to draw a circuit diagram of a 2-line to 4-line decoder. If the NAND gates 

are available, build the decoder. 
3 NAND gates with 3 inputs are also available in integrated circuit form (the output is low only when all 

3 inputs are high). Try to draw a circuit diagram showing how a 3-line to 8-line decoder could be built 
from 2-input and 3-input NAND gates. 

4 A 3-line to 8-line decoder can be built using 2-input NAND gates only. How many of these gates 
would be required? Explain your reasoning. 

Notes 

(1) It should be noted that gate 4 is there merely to provide the high output to light the LED and is not 
essential to the decoding function. Integrated circuit decoders are often available with high or with kw 

ouiputs and the choice between these depends on the task the decoder is to perform. 

{f the 2-line to 4-line decoder in the present application is built as shown in the circuit diagram, ten NAND 

gates are required. This means that three groups of pupils will have to work together to provide the 

necessary three Quad NAND Gate modules. An alternative which teachers might preter is to have pupils 
build the decoder with low outputs (only six NAND gates required), and provide voltmeters to detect the 
logic levels. This approach requires only two Quad NAND Gate modules, and means that only two groups 
of pupils need work together. 

(2) Any decoder can be built In the way illustrated by this first application. A 3-line to 8-line decoder would 
require Ihree NAND gates to invert the three inputs X, Y and Z to produce X, Y and Z. Eight 3-input NAND 
gates would then be required to produce a distinct low output for each of the eight possible combinations 
of X, Y and Z at th> decoder inputs. Hf high outputs are preferred (to light indicators, perhaps) a further 

eight NAND gates connected as inverters would be needed. 

(3) Since three 2-input NAND gates are required to produce one 3-input NAND gate, a total of (3 + (8 x 3) 
+ 8] = 35 2-input NAND gates would be required to produce a 3-line to 8-line decoder with high outputs! 
Fortunately such decoders are available as single integrated circuits - an impressive Illustration of the 
benefits of integration. 
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SECTION 8. THE PULSER, THE ASTABLE AND THE CLOCKED 
BISTABLE 

Experiment 8.1: Observing the voltage outputs from the Pulser/Astable module 

In this experiment you will use the Pulser/Astable module shown below. 
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This module has two independent sections. The first is known as a pulser, and has one output socket and 
a switch. Below this is an astable section also with one output socket and a switch. The two circuits for the 

pulser and astable sections are completely separate. 

Connect the lower astable output to an LED indicator in the way shown in the diagram and move the 
switch alongside the output socket to the 1 Hz position. Make sure that the module is connected to ils 
power supply. 

investigations and questions 
1 Observe the LED and describe what the astable output is doing. Check by connecting a voltmeter 

between the output and the negative rail. Sketch the output waveform. 

2 Move the astable switch to the 100 Hz position. What do you observe? What do you think is 
happening now? If possible, check your prediction by using an oscilloscope. Can you measure the 
output frequency? 

3 Now transfer the LED lead to the pulser output socket from the astable output socket. Operate the 
switch and see what happens. 

Notes 

(1) Like other digital circuits, the output of an astable can be high or low. However, in the case of an 

astable the output continually and automatically switches between these two states. The output is stable 
in neither state - hence the name astablie. 

Other terms used to describe such a circuit include square wave oscillator, square wave generator, and 
(free running) mulivibrator. 

(2) The approach to astables.in the present course Is operational. Pupils investigate how astables 
behave, but do not need to know why they behave in this way. Details of internal circuitry are not required. 

(3) The astable module used produces square output voltage pulses with a mark-space ratio of 

approximately 1 (in other words, the period for which the output is high equals the period for which it is 
low). 
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In the present case, two fixed frequencies are available, approximately 1 Hz and 100 Hz. These will be 
useful in several applications later in the course. 
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(4) Pupils can be introduced to the term clock signal to describe a constant frequency waveform of the 

above kind. Clock pulses from the astable unit will be used to provide timing signals for a number of 

different electronic circuits. 

(5) The pulser output goes high when the switch is pressed and returns to low when the switch is 
released. This provides a convenient way of producing a single pulse and controlling its duration 
manually. 

The pulser is In fact a bounceless switch, although this should not be mentioned to pupils at this stage. In 
a later section of work the phenomenon of switch contact bounce can be explored experimentally, and it 
may be possible for pupils to convert an ordinary switch into a bounceless switch using a bistable circuit. 

Experiment 8.2: Investigating a clocked bistable 

In this experiment you will use the Pulser/Astable module to help you investigate the behaviour of one of 

the bistables on the Clocked Bistables module. The set-up is shown below. 
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The SET and RESET inputs behave in the same way as with an ordinary bistable. 

If the SET input (S) is taken briefly low, the bistable enters the state with Q = 1 and Q = 0 (the SET state, in 

which Q has been set to 1). 

When the RESET input (R) is taken brietly tow, the state with Q = 0 and Q = 1 Is entered (the RESET state, 
in which Q has been reset to 0). 

However, the bistable now has a third input - the clock input. In this experiment you will find out what this 
input does. 

Investigations and question 

1 First of all, without the pulser connected, use flying leads to take the SET and RESET inputs low 

alternately. Check that the bistable behaves in the expected way. 
2 Now remove the flying leads and leave the SET and RESET Inputs unconnected. Apply pulses 

one at a time to the clock input using the pulser. What happens? 

3 Does the bistable change state when the pulse [s applied (‘the rising edge of the clock pulse’) or 
when it Is switched off (‘the falling edge’)? 

4 Now try clocking the bistable with the 1 Hz output from the astable part of the Pulser/Astable 

module. What is the frequency of the Q output? 

Notes 

(1) In this experiment, pupils use the pulser to investigate a new type of bistable circuit - a clocked 
bistable. Like the bistable built from NAND gates earlier in the course, there are SET and RESET inputs, 
and Q and © outputs. In fact if the clock input is not used, the new bistable behaves In exactly the same 

way as the NAND gate version with which pupils are already familiar. However, when the pulser is 
connected to the clock input and the SET and RESET inputs are not used, it will be found that the 

bistable changes state every time the pulser is operated. In other words, the bistable changes state every 
time a clock pulse Is applied to its clock input. 

(2) Pupils will find that the actual change of state occurs on the falling edge of an applied clock pulse, that 
is, when the pulser switch is released rather than when it Is pressed. 
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(3) Because the change occurs on the falling edge of the pulse, the consequent changes in Q and Q are 

summarised in the following diagram. 

falling edge     
e.30cKk 

Ol
 

—_—_— time 

Note that the bistable only changes state on the falling edge of a clock pulse. One complete low-high-low 
pulse from the Q (or Q) output is therefore produced for every two complete clock pulses at the input. In 

other words, the bistable produces one output pulse for every two input pulses. 

(4) For the purposes of this course it is unnecessary for pupils to know how clocked bistables work. Inthe 
Introduction it was mentioned that while digital electronics is rarely difficult, it can frequently be extremely 

complicated. The aim of our teaching must therefore be to give some indication of how complex systems 

are built up from simpler building bricks (NAND gates, for example) white avoiding the kind of complicated 
detail which would result in many pupils losing their way and possibly thelr interest. Teachers with a strong 
electronics background will know that clocked bistables make use of two bistable systems connected ina 

master-slave contiguration, Explanations of such an arrangement are likely to be too complicated for most 
pupils, and are totally unnecessary for the present course. 

(5) A suitable approach at this level Is to regard the clock input on the bistable as one through which 
pulses are routed alternately to the SET and RESET inputs. {t is not the basic bistable behaviour which ts 
different, but merely the way in which the switching between stable states is carried out. 

Experiment 8.3: Constructing 4-bit binary counters from clocked bistables 

8.3 (a) Binary up-counter 

Connect four clocked bistables together as shown below, and connect an LED indicator to each of the Q 

  

        
      

outputs. 
P +r 

Qa ®s Qc _F° 

Q Q Q Q 
“as 43 as as 
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Use the flying lead connected to the RESET inputs to turn all indicators off (all Q outputs low). 

Investigations and questions 

1 Apply pulses one at a time to the left hand bistable using the pulser. Complete the following tables, 

noting that the states of indicators ABCD are entered in the order DCBA in the right hand columns. 
    
    

PulseNumber {| 0 C BA Pulse Number | O C BA 

0 0000 8 
1 9 
2 10 
3 "i 
4 12 
$ ’ 43 
6 14 
? 15                 
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Note that the right hand columns represent the number of pulses as a 4-bit binary number. In other 
words, the four clocked bistables act as a 4-bit binary counter. 

2 Replace the pulser by a 1 Hz clock signal from the astable. Watch the system continually counting 
from 0 to 15 in binary. 

3 Remove the astable and reset all outputs to zero (all indicators off). Use the pulser to gpply 16 
pulses one at a time to the left hand bistable. Complete the following. 

Number of clock pulses at input = 16 

Number of pulses at output A = 
Number of pulses at output B = 

Number of pulses at output C = 
Number of pulses at output D = 

4 If a clock signal of frequency 1 Hz were applied to the left hand clock input, what would you expect 
the frequency of the pulses produced at the D output to be? Use the 1 Hz output from the astable 
and a stopwatch to check your prediction. 

8.3 (b) Binary down-counter (Optional) 

Change the above circuit so that the clock inputs are driven by the Q outputs, and all the SET inputs are 
connecled together. 

* flying <r “ " - 
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Use the flying lead connected to the SET inputs to tum all indicators on (all Q outputs high). 

Investigations and questions 
Apply pulses one at a time to the left hand bistable. Complete the table below, again noting that the 
States of the indicators are entered in the order DCBA in the right hand columns. 

  

  

PulseNumber |] D C 8 A PulseNumber | O C 8 A 

0 1101 8 
1 9 
2 10 
3 {1 
4 12 
$ 43 
6 14 
7 15               

Note that at each pulse, 1 is subtracted from the count represented by the LED indicators. This is 
called a binary down-counter. 

Notes 

(1) Since two Clocked Bistable modules are required for this experiment, two groups of pupils will have to 
work together. 

(2) The experiment illustrates how clocked bistables can be linked together to count pulses in binary. 

With four bistables, counts from 0 to 15 (binary 0000 to 1111) can be displayed. To extend the maximum 

count, more bistables are added. The maximum count with N bistables is 2N-1. 

(3) Note that in experiments where clocked bistables are linked to form binary counters, it is conventional 
to feed the external clock pulses into the left hand bistable. The Q output of this bistable therefore 
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represents the least significant bit (LSB) and the Q output of the right hand bistable the most significant bit 
(MSB). This, of course, results in a display in the reverse order to which binary numbers are usually 

written. Teachers may need to emphasise this point 

(4) Pupils should be able to draw a diagram showing how each of the Q outputs changes as the clock 
pulses are fed into the left hand bistable. Consider the timing diagram below for a binary up-counter. 

PULSE NUMBER— 

  

    

  

@, -020:10'0!0: 0:0! 0 Wii mMTE 

            

In the diagram, ail outputs are initially bw. Each bistable changes state on the falling edge of the pulse at 
its own clock input. In other words, Q, changes state on the falling edge of the clock input; Q, changes 

on the falling edge of Qa; Q¢ on the falling edge of Qu; Qp on the falling edge of Qo. 

We have a binary up-counter, which changes by adding 1 to the count for every clock pulse. 

(5) In the final part of their work with the binary up-counter pupils are led to look al the system in a different 
way (see question 3 of the first part of the experiment). When they feed 16 pulses into the left hand 
bistable one at a time they will obtain the following results: 

Number of clock pulses at input = 16 
Number of pulses at output A = 8 
Number of pulses at output B = 4 

Number of pulses at output C = 2 
Number of pulses at output D = 1 

Each bistable in the chain produced one output pulse for every two pulses at its clock input. If 16 pulses 
per second arrive at the input of the first bistable, 1 pulse per second will leave the Q output of the fourth 
bistable. In other words, we have a system which divides the input frequency by 16. Such a system Is 
often called a divide-by-16 counter. 

A single bistable divides the frequency of a clock signal at its input by 2, while chains of two, three, four or 

five bistables provide division by 4, 8, 16 and 32 respectively. In general, a divide-by-N counter will 

produce output pulses at a frequency 1/N times the input frequency. If it contains x bistables, then 2% = N 

Divide-by-N counters are used extensively in electronics systems when it is necessary to generate signals 
which are known, exact multiples of each other. In one popular contemporary microcomputer, for 

example, the signal from a master oscillator operating at 16 MHz Is divided down in this way to produce the 
1MHz clock signal driving the microprocessor. 
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SECTION 9. COUNTING CIRCUITS 

Experiment 9.1: 4-bit binary counter integrated circuit 

9.1 (a) Counting pulses 

Connect the pulser to the input of one of the 4-bit counters of the Binary Counter module. Monitor each 
of the four output lines with an LED indicator. 

+ 
from 

pulser 

    

If any of the indicators are lit, use a flying lead to take the RESET input briefly high. Note that the countey 
can be reset to zero at any time by taking this RESET input high. 

Investigations and questions 
1 Apply pulses to the counter one at a time. Does the display change on the rising or falling edge of 

the clock pulse? 
2 Send 16 pulses to the counter and check that the indicators correctly display the number of pulses 

in binary. 

3 Now replace the pulser by the 1 Hz output signal from an astable unit. Watch the system repeatedly 
cycle from 0000 through to 1111 and back to 0000 again. 

4 With the 1 Hz signal still connected, disconnect indicators A, B and C. What Is the frequency of the 
output signal at D? Is this what you expect? Explain. 

9.1 (b) Linking the counter to a decoder and seven segment display 

Remove the LED indicators and connect the Seven Segment Decoder/Display module as shown below. 

+ 
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Investigations and questions 

First reset the counter by taking the RESET input briefly high. Then use the pulser to apply pulses 
one at a time to the clock input of the counter. Copy down the display after each pulse. 

Wie 
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Notes 

(1) As mentioned earlier, it depends on the particular type of modules whether the display will be blank or 

show strange patterns for the numbers 10 to 15. This is because the BCD-to-seven-segment decoder 
and the seven segment display are only designed to show the scale-of-ten (decimal) digits 0 to 9 (binary 

0000 fo 1001). The binary numbers 1010 to 1111 are of course still generated by the counter, but result 

in either a blank display or odd patterns. 

(2) Rather than use a chain of bistables every time we wish to count pulses, it is far more convenient to 

use a single integrated circuit to do the same job. The IC used in the 4-bit binary counter module does the 

job of four bistables in sequence. {It counts from 0000 to 1111, then resets itself automatically to 0000 
and starts counting up again. The number of different states a counter goes through before repeating is 
known as the modulus of the counter (see the next experiment for further details). 

(3) The 4-bit binary counter has the following additional properties: (a) it changes state on the falling 
(negative) edge of an applied clock pulse; (b) it has a RESET input which is normally held low and taken 

briefly high to set all outputs to zero. 

(4) The advantage of negative edge clocking in the present course Is that several of these counters can 
be directly cascaded if mult-digit readouts are required. 

first 
stege 

input 

pulses 

second 
stage     

to next stege 

Clock pulses for the second stage are provided by the D output of the first stage. Since this D output has 
a falling edge after every sixteenth pulse, the system continues to count upwards In the required manner. 
With counters which change state on the rising edge of a clock pulse, an inverter would be needed 
between each stage. 

(5) A multi-digit binary-to-scate-of-ten (binary-coded-decimal or BCD) counter can be produced in much 

the same way except that it Is necessary to reset each stage after it has received 10 pulses at its input. 

This is achieved by using an AND gate (rnade from two NAND gates) as shown below. The output from the 
first NAND gate is used to clock the next stage. 
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Experiment 9.2: Counters of different moduli 

Connect an AND gate (use two NAND gates) between the B and D output lines and the RESET input as 
shown below. 

  

    

  

  

  

    

+ 
Rf A 

8B 8 
VHz —>—d erocn 

RESES D 0     
        

  
  

investigations and questions 
1 Apply a 1 Hz signal from the astable unit to the clock Input of the counter. Notice that the system 

now counts from 0 to 9 and then resets itself and starts counting upwards from zero again. Try to 

explain why this happens. 
Now connect the same AND gate so that the counter 
(a) counts to 2 and resets, 

(b) counts to 4 and resets, 
(c) counts to § and resets, 
(d) counts to 8 and resets. 

In each case draw a diagram showing the way you connected the AND gate. 
How many AND gates do you need to make a counter which 

(a) counts to 1 and resets, 
(b) counts to 3 and resets, 
(c) counts to 6 and resets, 
(d) counts to 7 and resets? 
In each case draw a diagram of the connections, and check that the system really does behave in 
the way you expect. 

Nojes 

(1) In this experiment pupils build and test counters of different moduli using the 4-bit Counter module 

and NAND gates. The key to understanding this work is the 4-bit binary counting sequence. Consider, 
for example, a counter with modulus 5. 

D Cc B A Number 

0 0 0 0 0 
0 0 0 1 1 These digits must be displayed 
0 0 1 0 2 on the counter 
0 0 1 1 3 
0 1 0 0 4 

0 1 0 1 § Counter must reset immediately 
0 1 1 0 6 AandC goto 1 
0 1 1 1 7 
1 0 0 0 8 
1 0 0 1 9 
1 0 1 0 10 

The numbers 0 to 4 must be displayed. The counter must then reset to zero immediately the next state 
(0101) appears at the outputs. This is done by using an AND gate (or two NAND gates) to detect when 

the A and C digits are both 1 and provide the high state necessary to reset the counter. 
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(2) Counters of other moduli are designed In the same way. The connections for all moduli between 2 
and 9 are as follows. 

Modulus Connections 

2 RESET +———¥8 

A 3 Reset (78 

a RESET <———C 

6 5 reset —( [§ 

¢ 6 reset —C}-¢ 

7 Reset «—(C fs 

RESET +———0 

A 2 Reset «—C [8 

e 10 Reser +-CT5 

The only time more than two NAND gates are required is for the modulo-7 counter. In this case high states 
must be detected on three lines. Two AND gates (or four NAND gates) will do the job. 

a 
A 6 

RESET c 5 ABSET c 

Experiment 9.3: Switch contact bounce (Optional) 

9.3 (a) Experimental illustration of contact bounce 

In the circuit below a flying lead is connected to a clock input of the 4-bit Binary Counter module. 

ae 
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Set up the circuit with the flying lead connected Initially to the negative rail. 

Investigations and questions 

Note the number displayed and then pulse the clock input once by touching the lead to the positive 
rail and then the negative rail. Note the number displayed again. Do this several times. Does the 

count displayed increase In steps of one? 

9.3 (b) Using a bistable circuil to eliminate contact bounce 

Connect the bistable circuit, made from two NAND gates, as shown below. 
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Note that the Q output of the bistable Is connected to the clock input of the counter. Connect a flying lead 
to the negative rail. 

  

Investigations and questions 

1 Use the flying lead to send pulses to the counter by touching it first to Input 1 and then to input 2 

and so on. Does the count displayed now increase by one each time? 
2 Try to explain the action of the bistable in the above circuit. 

Notes 

(1) In their work with clocked bistables and counters pupils have frequently used a pulser unit to provide 

the necessary clock pulses. The purpose of the present experiment is to show why such a special unit is 
necessary, and the way it Is constructed. 

(2) In the first part of the experiment pupils will find that the counter behaves erratically - the count 

displayed may increase by more than one for each cycle of operation. This is because of contact bounce. 
Any ordinary switch also suffers from contact bounce. Indeed, Experiments 9.3 (a) and 9.3 (b) would be 
better done with an SPDT switch rather than a flying lead, as in the notes which follow. 

(3) Contact bounce arises when the moving contact of the switch bounces on and off a fixed contact 
before settling in position. This results in the production of a series of pulses rather than a single ‘clean’ 
pulse. (Note that the clock input Is normally high when unconnected.) 

+ 

| puise expected 

( crock 

| ih pulses produced 

Note that, if the clock Input is normally high (which it is on the counter module), the extra pulses are 
positive going and are generated when the switch goes to its low position. Contact bounce does, of 

course, also occur when the switch goes to its high position, but in this case extra pulses are unlikely to be 
produced. This is because the clock input itself will remain in its normally high position during bouncing 

unless the bounce is so severe that the moving contact touches the low voltage line again. 

    

  

  

          

(4) Contact bounce plays havoc with circulls such as clocked bistables and counters, because the extra 
pulses are real pulses which clock the system. Hence it is necessary to use some electronic circuitry to 
remove the effect. 

(5) In the present experiment (b) two NAND gates connected as a bistable are used. Pupils should be 
given the following explanation. . 

62



From earlier work pupils will know that the R and S inputs are normally high and that the R input must be 
taken briefly low to enter the state with Q=0 and Q=1. To enter the other stable state (Q=1 and Q=0) the S 

input must be taken briefly tow. The key point in the present application is that once the S or R input has 
been taken low a first time, taking the same input low a second or further time has no effect, provided the 

switch does not move back to its original position in between. 

  
qe— SL 

      

Thus if the bistable is initially in the state with Q=0 and the moving switch contact is pushed from position 2 
to position 1, the S input will be taken low and Q will be set high. If the moving contact bounces on and off 
the fixed contact at position 1, but not so severely as to touch 2 again, the S Input will be taken repeatedly 
low, but this will not affect the state of the bistable (Q remains high). 

When the moving contact is pushed back to position 2, the R input will be taken low and Q will be reset to 
zero. Again, contact bounce will have no effect because the bistable was reset at the moment of first 

contact and taking the R input low several times in succession produces no further changes. In this way a 
single low-high-low pulse is produced at the Q output every time the moving contact is moved from 
position 2 to 1 and back to 2 again. 

(6) The single pulser output on the Pulser/Astable module used in this course is, in fact, made in this way 
in order to avoid contact bounce. 

Experiment 9.4: Constructing a 1-bit memory from NAND gates and an RS bistable 

Set up the circuit below and connect a 1 Hz signal from the Pulser/Astable module to the data input and a 
flying lead to the hold input. 

+ _, 

data input : 

mise | >-# 3] 
CLOCK 
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investigations and questions 

1 Take the hold input high. What happens? Now take the hold input low. What happens? 
2 Try to explain how the circuit works. 

Notes 

(1) The way the circuit works can be explained as {cllows. Suppose first the HOLD input is high. Then 
when the data input is high, the vottage levels are as shown below. 

_4   
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When the data input is low, the voltage levels are as follows. 

  

  

      

Thus the final output FOLLOWS the input (the two indicators are either both high or both low). When the 

data input is high, Q is high. When the data input is low, Q is low. 

But making the HOLD input low, we have the following. 

With high data input 
HOH 

HIGH HH HOH 

Low s 
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With low data input 
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low 
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In these two cases, whether the data input Is high or low, the outputs of the two NAND gates are both 
high. But the RS bistable only changes when one of the points S or R goes low, so the output stays as it 
was when the hold went low. What was tien showing is still showing: it ls HELD, or MEMORISED. 

Experiment9,5: Linking two single digit counters to make a dual decade counter 

This experiment might be done as a project. 

The aim is to produce a counter which will display counts from 0 to 99 on two seven segment LED displays 

using an astable (to produce the pulses to be counted), two binary counters, two seven segment displays 
with decoders and a Quad NAND module. 

The solution is: 

+   
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Notes 

(1) The dual decade counter above consists of two linked binary counters each with its own AND gate and 

decoder/display. in practice, a dual decade counter would be made using BCD counters. BCD counters 
count from 0000 to 1001 only and are then reset to zero by circuitry inside the chip. External NAND gates 
are not then required. The BCD chip also has a reset facility which allows the outputs to be set to 0000. 

(2) A dual decade counter would normally incorporate hold/oltow latches as well. A hold/ollow fatch is 

also known as a ‘storage latch’ or a ‘storage register’. The chip contains 4 of the memory circuits of 
Experiment 9.4 each sharing a common hold input. When the hold input is taken low, the output voltage 

levels of the latch are held at the values present at the inputs at the moment ‘hold’ went low. This has the 
effect of freezing’ the display so that the numbers can be read. Naturally the use of latches is essential 

when the input frequency exceeds a few Hz. Pupils should be able to understand the simple block 
diagram of a dual decade counter, below. 
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(3) When a dual decade counter is used with an astable of known frequency, the combination provide a 
versatile timing facility. For example, when used with an input signal of frequency 100 Hz, the counter 

registers time in steps of 0.01s up to a maximum time of 0.99 seconds. 

Experiment 9.6: Applications using counting circuits 

The projects (and solutions) are detailed below together with notes. The booklet Electronics: 
Worksheets, Part 2 lists the problems without solutions. 

Project 9.6 (a): Divide-by-N counting 

Build a divide-by-256 counter from two 4-bit binary counters. Use the counter to measure the frequency 
of the a.c. mains. 

Solution to 9.6 (a): 

  +- 

  

    see 
notes 

41) and (2) 
—————— flashes at Voge 

of mput frequency 
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Notes 

(1) Teachers must provide pupils with a suitable source of mains frequency pulses for this experiment. 

The simple half wave rectifying circuit shown above works well, bul the transformer supply for it must be 
different from any used to provide a stabilised power supply for the modules. An alternative is to use the 
100 Hz output of the astabie. 

(2) There is one important safety precaution. Only positive going pulses should be applied to the input of 
the NAND gate if it is not to be damaged. Teachers should check pupils’ circuits to ensure correct polarity 
before allowing them to switch on the a.c. supply. 

Further, the peak voltage across the 1 kQ resistor should not exceed the power supply voltage applied to 
the modules. For modules operating from 5 V, a 2 V a.c. supply to the half-wave rectifier should be 

adequate. For modules operating from 6 V, a 4 V a.c. supply should be satisfactory. 

(3) Pupils actually measure the frequency at which indicator D on the second counter flashes. They can 
simply use a stopwatch and measure the time for a number of complete cycles, say 10. 

A typical measurement is about 10 cycles in 50s. The frequency f of the mains is then calculated as 

f = 10 y 256 = 51.2 Hz. 
0) 

Project 9.6 (b}: Down-counting (1) 

Using a 4-bit binary counter, design a circuit which counts down from 15 (binary 1111) to zero (0000). Use 
LED indicators to display the count. 

  Solution to 9.6 (b): + 

pvlses from . 
priser /aglable c 

  
  

Project 9.6 (¢): Down-counting (2) 

Using a 4-bit binary counter, design a circuit which counts down from 7 (binary 111) to zero (000) and then 

returns to 7. Display the count with a 7-segrnent indicator. 

Solution to 9.6 (c): 
  + 

  

pulses from 
pulser /astabie 

        
  

  

Note 

The D Input of the 7-segment display must be connected to the negative supply rail in order to display the 
digits 0 to 7. 

Project 9.6 {d): Counting the ‘swings’ of a pendulum 

Build a circuit which will count the ‘swings’ (ie ', 2"cycles) of a pendulum. Use a 4- bit counter and a 7- 

segment Decoder/Display module for this. 
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Solution to 9.6 (d): 

  

  

Notes 

(1) The circuit above will count the ‘y-cycles of the pendulum if a light beam is arranged to fall on the LDR 

and if the pendulum bob passes through the light beam. 

(2) If the counter is set to zero, it will count ‘1' the first time the bob passes through the beam, no matter 

from where the bob is released. Pupils might be challenged to add to the circuit so that counting starts 

following the first interruption of the beam. 
LATCH   
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Replacing the direct connection between X and Y af. v 

above with the circuit opposite should result in the gal 
first transit activating the counter if the Q cutput of | + 
the bistable is initially reset to 0 by means of the 5 J 
flying lead. 

kr 4       
Project 9.6 (e): Controlling a motor (1) 

Built a circuit which tums an electric motor on for 10 s in every 20 s. 

Solution to 9.6 (e): 

  + 

    
  

  He TUL 
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This is a relatively simple control problem. 

Note that the negative going pulse, produced by the NAND gate connected to the B and D outputs of the 
modulo-10 counter every time the count reaches ten, is used to change the state of the clocked AS 

bistable. Since the Q output is therefore alternately high for 10 s and low for 10 s, the motor is on for 10 s 
in 20s. 

Project 9.6 (f): Controlling a motor (2) 

Build a circuit which tums an electric motor on for 5 s In every 20 s. 

Solution to 9.6 (f): 
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Note that the first bistable Is driven by a modulo-5 counter so that its Q output is high for 5 s and then low 

for5s. The Q output of the second bistable Is high for 10 s and low for 10 s. The output of NAND gate 1 
is therefore low for 5 s in every 20 s. 

Project 9.6 (g): Reversing a motor at regular intervals 

Design a control circuit for an automatic liquid mixer. The circuit should reverse the direction of rotation of 
the mixer motor every 5 s. 

Solution to 9.6 (9): 
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Note that the circuit is similar to that of Project 9.6 (e) except that a modulo-5 counter is required and the 
relay switch is used with 2 batteries to reverse the motor. 

Project 9.6 (h): Flashing a lamp six times - six ‘pips’ 

Design a circuit which will flash a lamp six times when a switch is pressed and released, using the 1 Hz 

output from an astable. Then modify the circuit so that it will sound a buzzer six times. 

Solution to 9.6 (h): 

  

  

    

  

  

Notes 

(1) The counter counts 6 input pulses and NAND gate 3 then causes the AND gate, formed by gates 1 

and 2, to close. Pressing the switch resets the counter and the process repeats. 

(2) To sound a buzzer 6 times, the LED indicator should be replaced by the buzzer. See note (2) of 

Project 2.2 (a) for possible difficulties with driving buzzers from CMOS gates. A non-inverting buffer may 
be needed. 

Project 9.6 (i): An automatic light-buoy 

A warning buoy in a shipping channel Is to have a light which flashes. It is to be on for 1s and off for 4s. 
Design a circuit which will do this. Use the Pulser/Astable module to provide 1 Hz pulses. 
Then adapt the circuit so that the light only operates when it is dark. 

  Solution to 9.6 (i): “e + 
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Project 9.6 (i): An electronic die 

Bulld an electronic die using clocked RS bistables, an astable, a seven-segment decoder/display and 
NAND gates. The display should normally cycle from 1 to 6 at high speed. When the hold input on the 
input gate is taken low, the display should freeze and show the result of the “throw”. 

  Solution to 9.6 (j): +    
i 

Notes 

(1) The tricky part of this experiment is to make the display count from 1 to 6, Le. to reset the count to 1 
rather than to 0 after each cycle. This can be done using three clocked RS bistables as a modulo-7 
counter and resetting just the two providing the B and C inputs when the count reaches 7. Note that 

NAND gates 1, 2 and 3 form a 3-input NAND gate which provides the necessary negative going reset 
pulse when all three Q outputs are high. 

(2) The unused D input to the decoder/display must not be allowed to float in this application, since it will 

assume a high state and upset the display. Tie this input low. 

Project 9.6 (k): Traffic lights 

Build a control circuit for a set of traffic lights. Use the 1 Hz astable output for all timing, and the red, yellow 
and green LEDs on the Indicator module for lights. The lights must, of course, come on in the normal 

traffic light sequence (yellow, red, red and yellow, green, and back to yellow again). 

Solution to 9.6 (k): 
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Note 

A number of different solutions to the traffic lights problem Is possible. The above is one of the 
simplest. To see how the circuit works, consider the following timing diagram. 

4 e 394 383 6 7 8 

crock aa 

i 

  

@     

      LAMPS LIT Y,RjRYV aly A |RAY; G 

The yellow LED fs driven directly from the astable, and lights when the clock is high. With the red LED 

driven from the Q output, the initial yellow, red, yellow and red output sequence is obtained during the 
first three hatf-cycles of the clock. On the fourth half-cycle, both yellow and red are off (as required), and 

the green LED must be turned on. At this time, both the clock and Q are low, so an AND gate driven by Q 
and the inverse of the clock will provide a high output to light the green LED. 
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Project 9.6 (i): Batch counting 

Artictes in a factory are delivered from an assembly room to a packing room along a conveyor belt. Design 

a system which will stop the conveyor belt (tum off its motor) every time a batch of five articles has entered 
the packing room. Provide a switch in this room which can be used to restart the conveyor belt motor once 
the articles have been removed from the belt for packing. 

  

    
  

  

  
  

  

            

        

  
  

  

Solution to 9.6 (I): 

+ 2. 
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Notes 

(1) In a practical system, the LDR would perhaps be placed at the entrance of the packing room. Each 

article would be counted as it interrupted a light beam falling on the LOR when entering the packing room. 

(2) The NAND gate connected to outputs A and C of the modulo-5 counter produces a negative going 
Pulse every time five articles have been counted. This pulse resets an RS bistable which turns the 

conveyor belt motor off. A manual switch is used to set the RS bistable to re-start the motor. 

Project 9.6 (m): Reaction time 

Build a circuit which can be used to test people's reaction times. A switch should be provided which starts 

a dual decade counter (see Experiment 9.5) counting 100 Hz pulses from an astable. This switch Is 
operated secretly by the person controlling the test. A second switch should freeze the display. This Is 
operated by the person under test directly the display Is seen to change. The dual decade module 

should then show the time difference between the two switch closures, i.e. the reaction time of the 
person under test. 

Solution to 9.6 (m): 
  

  

Notes 

(1) The principle of a solution Is shown above. First, a flying lead Is used to reset the dual decade counter 

to zero. Then the person controlling the test opens the NAND gate 1 by disconnecting lead L from the 

negative rail. The person under test responds directly the display is seen to change by using switch S to 
take the Input of NAND 2 low. This freezes the display with the reaction time shown in one hundredths of 
a second. 
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(2) In practice, the experiment is likely to be unreliable because of contact bounce problems. Bounce- 
free switches could be made but that would require four more NAND gates. 

An alternative method Is to replace the input circuitry to the left of X in the circuit above with that below. 

from ostalle 2048 4 >_* 

$ @ 

from pulser te >——a cit t 4 

ro 

  

    

The NAND gate is closed by pressing S so making the Q output low. Counting is started by clocking the 
bistable once from the pulser output, so opening the NAND gate. The gate Is closed again by pressing S 

when the counter is seen to start. 

(3) The experiment can be extended in various ways. One possibility is for a buzzer to sound at the same 
time as the NAND gate opens. The reaction of the person under test to an audible signal can then be 

investigated, and compared with the response to a visual stimulus. 
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APPENDIX A: BIBLIOGRAPHY 

1 TIL Cookbook Don Lancaster (Howard W Sams, 1974) 

A masterful exposition of basic digital electronics and an authoritative and comprehensive account 
of TTL devices and thelr application. Highly recommended. 

CMOS Cookbook Don Lancaster (Howard W Sams, 1977) 

As brilliant and authoritative a guide as its TTL predecessor. 

Microelectronics - practical approaches for schools and colleges (BP Educational Service, 1981) 

Sections 3.4 to 3.6 of this are particularly good. They describe a modular approach to digital 
electronics which is much less comprehensive than that of the present course, but which uses 
electronic systems in a similar way and progresses to memory as an end-point. 

The European CMOS selection 
Low power Schotiky TTL 

The standard Motorola reference books containing information on thelr products and complete sets 
of data sheets. Reprinted and up-dated regularly. 

ith digital electrenics Tom Duncan (John Murray, 1982) 

Describes plenty of advanced CMOS projects likely to appeal to youngsters. The initial chapters 
provide a very condensed but clear account of selected aspects of basic digital electronics. 

Electronics G E Foxcroft, JL Lewis and MK Summers (Longman, 1985) 

This is a pupil text written to accompany the work of this Electronics course. It contains a larger 
number of projects than this book does. Teachers may find these useful in the earlier parts of this 
work. There is also a Teacher's Guide. 
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APPENDIX B: 

1 MODULES FOR PART 1 

TECHNICAL DETAILS 

The following diagrams are module ‘plans’ for the modules required in Part 1. In these diagrams R is a 
protective resistor chosen to limit the maximum current through the device to a safe value. In the cases 
where R protects a switch, its value is given by R = 6/max. switch current. In the case of the LDR, 

R = (36/9) — X, where P is the maximum power dissipation and X is the minimum resistance of the LDR. 

For the motor and buzzer, R is only necessary if the devices are designed to operate from a smaller 
voltage than 6 V. If these items are designed for V volts, then R = (6 ~ V)/I whera I is the normal device 
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2 INTEGRATED CIRCUIT FAMILIES 

The electronic functions that the modules of Part 2 perform can be implemer:ted with a variety of different 
devices - relays, transistors, integrated circuits, for example. Integrated circuits are used in this course for 
the obvious reasons that they are modern, cheap and provide the necessary circuitry for experimental 
work in a very compact and convenient form. In addition, they provide the opportunity to show pupils the 

real meaning of microglectronics - not some new type of electronics but miniaturisation, which has been 
known to be valuable for a long time. Pupils should have the opportunity, early in the course, of viewing a 
silicon chip with a microscope. 

There are several different families of integrated circuits, which perform the same basic tasks in different 
ways. For example, a NAND gate from one family will perform the same logical function as one from 

another family, but the internal processes may be very different. In recent years, two families have gained 
particular prominence. One is ihe CMOS family (Complementary Metal Oxide Semiconductor), while the 
other is the TTL family (Transistor-Transistor Logic). The latter has now been superceded for many 
applications by a sub-family known as LSTTL (Low power Schottky TTL). LSTTL ICs can directly replace 
standard TTL chips in most applications. 

Since this course is concerned mainly with ways in which building bricks such as NAND gates are used, 
the particular methods of implementation within an IC are of no great importance. The experimental work 
can therefore be carried out using any IC family. The relative merits of using CMOS, TTL or LSTTL !Cs for 
this work are discussed below. 

3 SELECTING AN IC FAMILY FOR WORK AT SCHOOL LEVEL 

CMOS 

The features of CMOS integrated circuits are as follows. 

(a) They will operate from any supply voltage from 3 V to 18 V (extremes best avoided). 

(b) The supply current for the ICs is minute (a few microamps in most cases). 

(c) Noise im:nunity Is high (relatively large fluctuations in the voltage level at an input can be tolerated 
before the output voltage level is affected). 

(d) They can be damaged by static electricity and need handling carefully. 
(e) Inputs cannot be left floating - they must go somewhere (discussed later). 

(a) and (b) above are obviously useful for schoo! work, because ordinary batteries can be used and with 

reasonably long life. However, batteries have also to supply the current to operate LEDs and 7-segment 
displays, and the current might then be as high as 0.2 A. High noise immunity is a major advantage for 

complex circuitry, especially if high speed switching is necessary, but it is not important for work in this 
course. 

With modules, the problem of static electricity is not important since pupils will not be handling the ICs 
directly. However, the need to ensure that all inputs go somewhere is a nuisance, since more wiring and 
additional resistors are needed. 

TTL 

This family of ICs has the following features. 

(@ A5 V smoothed power supply Is essential (the supply voliage range Is 4.75 V to 5.25 V). A 
regulated supply is to be preferred. 

(b) The IC supply current is relatively large (milliamps, or sometimes, tens of milliamps). 
(c) Noise immunity is not so high as for CMOS devices. 
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(d) Floating inputs assume a high logic state and can be left floating. 

(e) The ICs are not susceptible to electrostatic damage and are more robust than CMOS ICs. 

For work at school level, a regulated supply will almost certainly have to be used, but this can be built quite 

cheaply (see below). In some of the more complex experiments in the course, the supply current may be 

as high as '/, A or more. 

The fact that TTL inputs can be allowed to float is very useful when constructing modules, since the 

necessary wiring is reduced to a minimum (for furiher information see later). If pupils are to handle chips 
directly, TTL should be preferred to CMOS and especially as noise immunity problems are unlikely to arise 
in this experimental work. 

LSTTL 

These ICs are functionally identical to TTL. The pin connections are the same and, in most cases, direct 
replacement is possible. With work at school level, the major advantage of LSTTL compared with TTL Is 
that only about “6 of the power supply current is needed. Otherwise, the comments above on TTL apply 

to LSTTL. 

The CMOS family have been chosen for this course because of the less stringent demands on power 
supply requirements, and because pupils will not be handling ICs directly. However, some teachers may 
wish to use TTL/LSTTL, and so, details are provided in this Appendix for the TTL/LSTTL families as well as 
the CMOS family. Great care has been taken with circuit design to ensure that modules behave in the 

same way whichever family is used. 

4 POWER REQUIREMENTS 

CMOS circuits are recommended because they operate over a wide supply voltage range (3 V to 18 V) 
with higher noise immunity and lower power requirements than TTULSTTL. A simple dry-battery supply at 
6 V can be used, for rarely will the current required exceed 0.2 A. 

For TTULSTTL ICs, power requirements are more stringent. For reliability, manufacturers recommend a 

Stabilised supply of between 4.75 V and 5.25 V. (Maximum supply voliaga is 7.6 V and maximum input 
voltage is 5.5 V.) Batteries can be used with the circuit 

shown. Inuse, the voltage drop across the INS401 ptr 
diode produces an output voltage which is just w= as cunt 
acceptable for TTULSTTL operation. The IN5401 is T ‘ou 
used for reasons given on page 26. -———o-   

However, it Is very convenient to use a fully regulated, mains driven supply. An effective and inexpensive 

5 V 1 A supply is shown below. The circuit converts an a.c. or d.c. input in the range 8 V to 12 Vtoa 
regulated 5 V supply suitable for CMOS modules as well as TTULSTTL modules. Using low voltage 

transformers, this circuit represents a very cheap way of obtaining a mains operated supply. Note that a 
bridge rectifier, rated at 3 A, should be used for the reasons given on page 26. 
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The high output voltage level for a TTL/LSTTL logic gate is usually about 3.4 V. If the full supply voltage is 
required a 2.2kQ resistor can be connected between the output and the positive power supply rail. The 

measured output voltage will be near § V in this 
case. The resistor is called a pull-up resistor. SV 
When connecting TTL/LSTTL ICs to each other, 22k0 

pull-up resistors are not required for a voltage 
input in excess of 2.7 V Is recognised as a 
high voltage. They are useful,however, when 
interfacing TTL to other families or to non-TTL 

devices. 

Unconnected inputs float high and for work in this course, this is permissible. In the TTLLSTTL module 
designs which follow, nearly all inputs are left iioating so simplifying construction. In the case of a more 
permanent electronic circuit, an unused input should be connected to the positive rail to increase noise 
immunity. 

If the input of a TTL gate is to be normally low, but to go high when a switch is closed, a pull-down resistor 

must be used to keep the input normally low, for 

otherwise switch closure would short-circuit the TOY 
battery. For TTL gates, the pull-down resistor q 

Must be less than about 5000 (see reference 1, 
Appendix A). Thus, when using an LDR to 
switch a gate, switching only occurs when the ° 
LDR is well enough illuminated for its resistance 
to have fallen below 500 9. In the dark, the 
resistance Is several hundred thousand ohms and the input floats high. A pull-up resistor is unnecessary, 

except when ‘sensitivity’ is to be Increased. 

CMOS 

The case of CMOS gates Is different because unconnected Inputs have an undefined state. Each input 

acts as a small capacitor. Once the capacitor 

is charged, the p.d. across it remains —_,_[ )- 
constant because the input resistance of the = 

gate is virtually infinite. Thus, the input —__+——— 0 
voltage depends on the past history of the 

gate and logic states cannot be predicted. 
All unused inputs must be connected to one of the supply rails, not only because of the above fact but 
also to ensure small supply currents (see reference 2, Appendix A). 

In the case of inputs which are to be used, It is necessary to ensure that they have a definite logic state 

when unconnected. This is done by using a pull-up or a pull-down resistor as required (typically 100kQ). 
Thus CMOS gates can be made to behave like TTL gates by using pull-up resistors to hold unconnected 

inputs high. [n the CMOS module designs which foliow this has been done. For example, in the case of 

ai {> 
CMOS NANO Gata TTL NANO Gete 

(Pull-up resistors hold {Unoonnected inputs 

unconnected Inputs high) float hgh? 
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the CMOS NAND gate, the pull-up resistors are part of the CMOS NAND gate module and have not been 

shown on the circuit diagrams for the pupils’ experiments. Diagrams such as that on the right above have 
been used throughout. The advantage of ensuring that TTL and CMOS modules behave similarly Is that 

the circuit diagrams for the experimental work are then the same for both families. 

6 

  

The Quad NAND Gate module is constructed with a quad Schmitt NAND gate IC. The input/output voltage 

characteristic of an ordinary CMOS NAND gate anda Schrnitt NAND gate are shown. The latter exhibits 
hysteresis, switching from high to low when the Ordinary emos Schmitt 
input voltage reaches V,, but not going back to NAND Bete NAND gate 
high until the input voitage falls to V,. The $| 
output logic level of the Schmitt NAND changes Ye 
very rapidly even if the input voltage changes Nv 
comparatively slowly. Clocked circuits need 

rapid changes at the clock input if they are to 
function reliably, and the Schmitt gates must be 
used between bistables etc and components o 
such as LDRs which respond relatively slowly 

and are somewhat noisy. The effect of using a 
Schmitt circuit with a slowly changing and noisy 
input is illustrated in the diagram opposite. The 
logic level of the output of the Schmitt gate 
changes rapidly and cleanly, despite the rather 
erratic and slowly varying input voltage. The 
hysteresis (V,-V,) amounts to about 0.5 V using 
a 5 V supply. 
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7 = CIRCUIT DIAGRAMS OF MODULES FOR PART 2 

The circuit diagrams on the following pages are drawn for CMOS and for LSTTL ICs. TTL circuits are 
identical with those for LSTTL, except that the IC type numbers do not include the letter LS. Note that the 

7-segment decoder/display for LSTTL ICs uses @ Common anode display, and has a test socket 
connected to the negative rail. This is because an active output on the decoder is at a low voltage ievel. 
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QUAD NAND GATE 

(a) CMOS version (b) LSTTL version 
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(a) CMOS version (b) LSTTL version 
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NB Terminal pins are required at each of the decoder outputs. 
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CLOCKED BISTABLES 

(a) CMOS version (b) LSTTL version 
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BINARY COUNTERS 

(a) CMOS version (bj) LSTTL version (two on one board) 
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ELECTRONICS 

WORKSHEETS



This booklet, Electronics: Worksheets, Parts 1 and 2, is the experimental work which is being 

recommended for use by pupils. 

The experiments here are presented as circuit diagrams, together with suggestions for investigations and 
questions to be answered. It is intended that this work should be carried out using the special modules 
developed for the course. 

Further details of all the experimental work and explanations of the electronics involved can be found in 
ihe companion booklet Electronics: Teacher's Guide.



PART 1 

THE MODULES 

The modules used for the experiments in Part 1 will be similar to those illustrated below. One set is 

needed for each pair of pupils. The modules work best from a 4-cell battery (6 V) but a 3-cell battery (4"", V) 

may be used also. 
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SECTION 1. SOME USEFUL ELECTRONIC COMPONENTS 

Experiment 1.1: Resistor and light emitting diode (LED) 

Connect up the circuit shown below, using an LED on the LED module and a battery. 
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investigations and questions 

1 What happens to the LED In the above circuit? 
2 Reverse the connections so that the diode is the other way round. What happens? 
3 Why do you think this happens? 

Experiment 1.2 (Optional): Brightness and current 

Connect up the circuit shown below, using an LED module, a resistor and a battery. Use a low value 
resistor first. 

low value resistor 

évi 

“Wf
 

Investigations and questions 

1 Note how brightly the LED glows. Replace the resistor first by one of medium value, then by one of 
high value. What happens to the brightness of the LED? 

2 How does the brightness of (he LED depend on the current passing through it?



Exveriment 1,3: LEDs in parallel 

Set up the circuit shown using one red LED, one green |.ED and a battery. 
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Investigations and questions 
1 Explain why both LEDs glow. . 
2 If a second red or green LED were connected In parallel with the above two, how brightly would you 

expect it io glow? Borrow an LED module from another group and test your answer. 

Experiment 14 Project : A current direction Indicator 

Probiem: 

Use the LED module to construct a current direction indicator. When a battery is connected one way 

round to the indicator one of the LEDs should glow. If the batlery connections are reversed the other 

LED should glow. 

Experiment 1.5: Light dependent resistor (LOR) 

Set up the circuit below which shows a light dependent resistor in series with an LED and a battery. 

“A 
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Investigations and questions 

1 What happens to the brightness of the LED when the LDR is covered and uncovered? 
2 What does this tell you about the resistance of the LDR in the light and in the dark? 

  

Experiment 1.6 Pmiect : A very simple burglar alarm 

Problem: 

Use an LDR module, a buzzer module and a battery to construct a circuit which will sound an alarm when a 
light comes on. If a burglar were foolish enough to turn on the fight in a room, such a circuit could be used 

to warn the householder. Alternatively, the circuit could be used to detect the light from the burglar’s 
torch.



SECTION 2. SWITCHES 

Experiment 2.1: Manual control of an LED 

Connect a battery, an LED and a push-button switch together in a series circu. Test whether you have 
done it correctly by pressing the switch and then releasing it. The LED should light only when the switch 
is pressed. 

1 Draw a circuit diagram for this experiment. 

2 Explain how the push-button switch works. 

Experiment 2.2: Reed switch and magnet 

Take the reed switch module and examine the two metal contacts inside the glass envelope with a 

magnifying glass. These contacts are normally apen. Now connect the switch in series with a buzzer and 
a battery. magnet 

Ce 
evr mq 

Investigations and questions 

1 Bring a small bar magnet close to the reed switch in the manner shown above. What happens? 
2 What must have happened Inside the glass envelope? Use your magnifying glass to see if you are 

right. 

  

Experiment 2.3: Reed switch and coil - the reed relay 

Using the reed relay module, set up the circuit shown below. Note that two separate battery supplias are 
required. Do NOT use either of the diode connections to the coil of the relay. 

i |, 
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investigations and questions 

1 What happens to the LED when the switch Is closed? 
2 Try to explain why this happens. 

3 Now change the switch connections at the relay so that the LED Is on until the push-button switch Is 
pressed. 

 



Experiment 2.4: The reed relay used to contro! a motor 

Use the LOR module, the reed relay, the motor module and two batteries to set up the circuit below. 
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Investigations and questions 
1 What happens when the LOR Is covered and uncovered? (You may have to shine a torch on the 

LDR when you have uncovered it.) 
2 tf possible, use ammeters to measure the current flowing from each of the batteries in the circuit 

when the motor is running. 

3 Now connect the LDR module, the motor module and one ballery as shown below. What happens 
this time when the LDR is covered and uncovered? 
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4 Try to explain why it was necessary to use the reed relay in the first circuit. 

Experiment 2.5: The reed relay with coil and contacts in parallel (using a single power supply) 

Connect up the circuit shown below. 
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investigations and questions 
1 What happens to the motor when the switch is closed? 

2 In this circuit the relay coll and the relay contacts are connected in parallel. Copy the diagram and 

mark on it the current paths from the battery, through each branch of the circuit and back {o the 
battery again.



Experiment 2.6 Project : Automatic washing line 

Problem: Use two batteries, the reed relay module, the electric motor module and the rain sensor to make 
a circuit which switches on an electric motor when rain falls. Such a circuit could be used as the basis for an 
automatic washing line. 

Experiment 2.7 Project : Reversing an electric motor 

Problem: You are to use a push-button switch, the reed relay and three oatteries to make a circuit so thal 
the direction of rotation of the motor is reversed when the switch is pressed. 

First draw a diagram of your circuit and show fl to your teacher. If you teacher agrees, connect up the 
circult and try ft.



SECTION 3. LOGIC CIRCUITS 

Experiment 3.1: Simple AND circuit 

Connect two push-button switch modules in series with an LED and a battery as shown in the diagram 

below. 
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investigations and questions 

  

  

      
1 Use the circuit to help you complete the table shown above. 
2 Why ts the circuit called an AND circuit? 

3 Suggest a use for a circud such as this. 

Experiment 3.2: Simple OR circuit 

Using the same modules. connect up the circuit shown below. 
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Investigations and questions 

  

St se «| LED 
Not pressed} Not presse 

Pressed | Not presse 

Not pressed) Pressed 
Pressed Pressed 

S) 2 LED 

  

  
Not pressed 

Pressed 

Not pressed 

Pressed   
Not pressed 

Not pressed 

Pressed 

Pressed     

1 Use the circuit to help you cornplete the table shown above. 
2 Why is the circuit called an OR circuit? 

3 Suggest a use for such a circuit 

  

 



Experiment 3.3: Relay as a NAND circua 

Using the reed relay module, an LED and a battery, set up the circuil below. Take great care in connecting 
up the relay. Note that the polarily of the battery must be as in the diagram. 
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NAND civreuck 

Connect leads to the diode input terminals of the relay module, A and B. 
When the other end of one of these leads is connecied to the positive supply rail we say that the particular 
input is HIGH. H the lead is connected to the negative supply rail, the input is said to be LOW. The output 
is HIGH if the LED is on and LOW ff the LED is off. 

Investigations and questions 

1 By connecting the inputs high and low, complete the table for the NAND circuit. 
2 Try to explain why the output is high when one or both of the inputs is low. (HINT: consider whether 

the input has to be high or low for a current to flow through the relay coil.) 

3 Why do you think a diode is used at each of the two reed relay inputs? (HINT: consider what would 
happen if input A were high and input B were low in the absence of diodes.) 

Experiment 3.4: A simple burglar alarm 

Connect up the circuii shown. Take care to make the supply rails the correct polarity. 
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NAND civeuik, 

Investigations and questions 
1 What happens when switch A or switch B is pressed (or both are pressed together)? 
2 Explain why this happens. 

3 How would you modify this circult so hal the alarm sounded either when a switch was closed or 

when a light was shone on a LDR? 
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Exeeriment 3.5: NAND circuil as an inverier 

Connect an LED to the output of the NAND circuit. Also connect a flyirg lead to one of ihe inputs of the 
NAND circuit. 

  

   [ 

  
7 INVERTER 

Investigations and questions 

loutTrut 
  

twror | OUTPUT 
  

uca 

        

1 Use the flying lead to taka the input high or low, and then complete the table above. 

2 In terms of the currents flowing through the coil and the LED, explain the completed truth table. 

Experiment 3.6 Group experiment: Making an AND circuit 

Using two NAND circuits (one as an inverter), an LED and a battery, set up the circuit shown below. 
Connect a flying lead to each input terminal of the first NAND circuit. 

  

    

  
  

   
    

    

investigations and questions 

AND circuit? 
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1 By connecting the Inputs high and low, ~ ae OUTPU 
complete the table. Does it behave as an 

low Jow 

2 Compare the table for this circuit with the low high 
ble for the circuit in Experi h high | Tow table for the circuit in Experiment 3.3 (the high | high 

NAND circuit). What has the inverter done?           
3 Remove the flying lead from input B and connect a push-button switch between input B and the 

negative supply rail. Connect the flying lead from input A to the positive supply rail (i.e. high), and 

then operate the switch several times. Now connect the flying lead from input A to the negative 
supply rail (i.e. low), and operate the switch. Can you see why the circuit is sometimes called a gaie? 
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Experiment 3.7 Group Experiment (Optional): Detection of an object of a length greater than a specified 
maximum 

Use two NAND circuits (one connected as an inverter), two LOR modules and a buzzer to connect up the 
circuit below. Each LDR should be illuminated with a light beam. (Such a circu might be useilul to reject 

overlong objects passing along a conveyor belt in a factory.) 
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investigations and questions 
1 What happens when you shade one or both of the LDRs? 

2 The buzzer sounds only when both the LDRs are shaded. Try to explain why. 
3 lf objects of greater length than x, the distance between the LDNs, pass in front of them, the buzzer 

sounds. Where might this circuit be useful? 
4 How would the circuit behave if the inverter were left oul and the buzzer connected to the output of 

the NAND circuit? 
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SECTION 4. ELECTRONIC LOGIC CIRCUITS - LOGIC GATES 

Experiment 4.1: The LED indicators 

Set up the circuit shown below using the LED Indicators module and a suitable power supply. Take care 

to connect the power supply correctly. 
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Now plug a lead into the top input socket of the Indicator module. The other end of this lead may be 
connected to the positive power supply rail or to the negative power supply rail. Such a lead Is called a 
flying lead. H connected to the positive rail, the input Is said to be high. If connected to the negative rail, it 
is said to be low. 

investigations and questions 
1 Find out how the top LED behaves when its input Is connected first high and then low. 
2 Do the other LEDs behave in the same way? 

Circuit dlagrams 

In the circuit diagram, an Indicator is ropresented by the symbol below. 

——® 
Using this symbol saves having to draw the LED and its associated circuitry every tine we need to have an 

indicator in the circuit. That simplifies the diagram. Indeed, it will be necessary to simplify circuit diagrams 
even more, for they become difficult to understand and very tedious to draw when several modules are 
being used. To simplify further, the power supply will not be drawn and only the parts of a module actually 
in use will be shown. The diagram at the top of the page then simplifies to that below. Note that the + and 
— signs near the power rails show that a power supply is connected between them even though it has not 
been drawn. 

+ 
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Experiment 4.2: The NAND gate 

4.2 (a) Truth table 

Set up the circuit shown below using one of the four NAND gates on the Quad NAND Gate module, and 
one of the LED indicators. 
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Make sure that the modules have their power supply rails linked correctly. 

Each of the inputs A and B can be connected to the positive power supply rail (high) or to the negative 
power supply rail (low) using a flying lead. The output is high if the LED is lit and Jow if the LED is not lit. 

investigations and questions 
  

  1 By connecting the inputs high and low, complete the truth table for a Bj A fOuTeuy 
NAND gate. vey mae 

2 Does an unconnected input behave as if it is high or low? Hon | Low 

3 Draw a simplified circuit diagram of the above circuit. wan | HoH           
4.2 (b) NAND gate as an inverter (NOT circuit) 

Connect the two inputs of a NAND gate together as shown in the diagram below. 

  
  

FLYING Le WPUT | OUTPUT 

™ + \-—{] >)>-—® HIGH 

Low         

fNote that the two joined inputs can now be thought of as a single input. This single input can be taken 

high or low using the flying lead. 

investigations and questions 
1 By taking the input high and then tow, complete the truth table for the inverter (also known as a NOT 

circuit). 
2 Instead of joining the two inputs of the NAND gate, connect one of them permanently high (or 

simply leave it unconnected), and connect the flying lead to the other input. How does the circuit 
now behave if the Input Is taken high and low? What happens if one input Is tied permanently low? 
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4.2 (c) AND, OR and NOR gates from NAND gates 

Connect the circuit shown below using two gates from the Quad NAND Gate module. Note that the 
second NAND gate is connected as an inverter (NOT circuit). 
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Investigations and questions 
1 The above circuit should behave as an AND gate. Check this by taking the inputs high and low, and 

completing the truth table. 
2 Draw and complete the truth table for an OR gate. Compare this with the truth table for a NAND gate. 

(You should notice that if every high input to the NAND gate became a low, and every low input a 
high, it would give the OR gate you want. How can you change the Inputs to the NAND gate? Ciue: 
you have just learnt about inverters.) Now design an OR gate using three NAND gates. Build the 
circuit and check that it produces the correct truth table. 

3 Draw and complete the truth table for a NOR gate. Use the remaining NAND gate on the module to 
convert your OR gate to a NOR gate. Check that your circuit produces the correct truth table. 
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Experiment 4.3: Applications using NAND gates 

Project 4.3 (a): Burglar alarm (NAND application) 

Use a single NAND gate, an LDR, a push-button switch and a buzzer to make a simple burglar alarm. The 
alarm should sound when the LOR is illuminated (the burglar’s torch) or the switch is closed (the burgilar’s 

foot). 

Project 4.3 (b): Length detector (AND application) 

Use two NAND gates (one connected as an inverter) together with two LORs and a buzzer to construct a 

system which will sound an alarm when an object Is longer than a specified maximum length. Such a circuit 
might be used to reject overlong objects passing along a conveyor belt in a factory. 

Project 4.3 (c): Automatic night light 

Use two NAND gates (both connected as inverters), an LOR and an LED indicator to make a circuit in which 
a ligtt (the LED) will come on automatically in the dark. A circuit of this kind would be useful to light up the 

display in a shop window automatically when darkness falls. 

Project 4.3 (d): Fire alarm 

Use a NAND gate connected as an inverter, a thermistor, a variable resistor and a buzzer to make a simple 
fire alarm. The alarm should sound when the thermistor is heated. How would you adjust the circuit so that 
the alarm sounded when the temperature reached a higher value? 

Pmiject 4,3 (e): Safety circult for a safe 

A safety circuit for a large safe sounds an alarm only if the door is closed but not locked. Closing the door 
opens a Switch, whilst locking the door closes another switch. What sort of logic gate is required to do 
this? Set up the circuit and test it. Now adapt your circuit for a safe which has two locks. 

Project 4.3 (f): The skittle alley winner-indicator! 

In a fairground skittle alley, customers try to bowl over three skittles. Each skittle stands on a small switch 
which it keeps closed uniil it is bowled over. Design a circuit which lights a lamp only when a customer is 

successful. . 

Project 4.3 (9): Car doors waming light 

Design a circuit which will cause a warming lamp on the dashboard of a two-door car to light # either of the 
doors Is not closed. Closing a door closes a switch. 

17



Project 4.3 (h): Circuit Investigation 

This is a circuit to investigate rather than a problem to solve. In the truth table ‘0’ stands for ‘low’, and ‘1’ 
stands for ‘high’. 
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investigations and questions 
1 Copy the truth table and complete it to show the voltage level at each of the lettered points for each 

of the level combinations at A and B. 
2 Set up the circuit and check your predictions for the output F. if you have made an eror, use a flying 

lead from another LED indicator to check your predictions for the level at each of the points C, D and 
E. Do this by touching the free end of the flying lead on to each of those points in tum. 

3 Suggest a use for this circuit. 

18



SECTION 5. THE BISTABLE CIRCUIT 

Experiment 5.1: Making a bistable using wo NAND gates 

Set up the circuit shown below using two gates from the Quad NAND Gate module. 

Wy 2 p---® 4 
q SET RESET 

- 1 I _ 

  + 
  

  
    

Investigations and questions 
1 ‘First of all press and release the switch marked RESET. Which LED Is on and which one off? 
2 Now press and release the switch marked SET. What happens? 

3 —- Press and release the SET switch several more times. What happens? 
4 Now press and release RESET. What happens? 

More about circuit diagrams 

Notice that the LED indicator connected to the output of NAND gate 1 Is not drawn beneath the LED 

indicator of gate 2, even though that is where it is placed on the Indicator module. Circuit diagrams are 
easier to understand if the parts are drawn in convenient places rather than as they are placed on the 
modules. 

Notice too that the positive power rail is drawn in the above diagram even though no leads are shown 

connected to it. Often such a power rail Is not drawn in the circuit diagrams. However, in this course we will 
draw both power rails to remind you thal a power supply is needed to make the circuits work. 

19



Experiment §.2: Bistable applications using NAND gates 

Project 5.2 (a): Laiched burglar alarm 

Use two NAND gates, two push-button switches and a buzzer to make a latched burglar alarm. One switch 
should correspond to the “trip” switch. If this is closed (perhaps by the burglar's foot) the alarm should 

sound and stay on even when the switch is released or pressed agail. The second switch should 
correspond to the “reset” switch, and would be hidden away in a place known only to the househoWer. 
Only when this switch fs pressed should the alarm be silenced. 

Once you have built this circuit, convert it to an alarm which will come on and stay on when a light (the 
burgiar's torch) shines on an LDR. 

Project 5.2 (b): Latched fire alarm using a bistable 

Build a fire alarm which, once triggered, will continue to sound until it is reset. 

Project 5.2 (c): Simple stop-go traffic lights 

Trattic in a one-way street has to cross a bridge which can only have one car on it at a time. The bridge is to 
be controlled by a set of stop-go lights, activated by switches in the road, so that the lights go red when a 
car enters the bridge and then green as the car leaves it. Design a circuit to do this job. 

Project 5.2 (d): Tratfic lights operated by an SPST switch 

A simple set of stop-go traffic lights is to be operated by an SPST switch so that either the red light is on or 

the green light Is on, but not both together. Design a circuit, using a bistable, which will do this. 

Project 5.2 (e): Quiz master 

A quiz master circuit is used to identify the first contestant to push his or her answer button in a quiz game. 
Each contestant has a push-button and an indicator light (in this case, an LED). The light of the first 

person to answer should come on and stay on. At the same time all other lights should be prevented from 
coming on. 

To make such a quiz master Is not easy, and you may need help from your teacher. Each contestant in the 
game will need four NAND gates (two connected as a bistable), a push-button switch and an LED 
indicator. The best approach Is to wire up the four gates for one contestant, and then wire up the four 

gates for another contestant separately. Finally connect the two sets together and see if your quiz master 
works! . 
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SECTION 6. DRIVERS 

Experiment 6.1: Loading an output 

    + * + 
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Investigations and questions 
1 
2 

3 

4 

Set up the first circuit shown above. What happens when the push-button is pressed? 

When the switch is closed, is the output of the NAND gate high or low? 
Replace the LED with an electric motor module as shown in the second circuit above. What 

happens when the push-button Is pressed? 
To investigate why the motor did not operate in (3), connect an LED in parallel with the motor as 

shown in the third circult above. When the push-button is pressed, is the output of the NAND gate 
still high as in (1), or Is K now low? 

Experiment 6.2: Using a NAND gate to switch an electric motor on or off 

Connect the circuit shown below using the Driver Amplifier module and the reed relay. 
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investigations and questions 
1 
2 

3 

4 

What happens when the switch is pressed? 
When the switch Is pressed, will the output of the NAND gate be high or low? 

The driver amplitier is a special kind of inverter. When the switch is pressed, will its output be high or 
low? 

The relay ts connected between the positive supply line and the output of the driver. The motor 

operates when a current flows through the relay coil. When this happens Is the output of the driver 
high or low? 

Replace the switch by an LOR. What happens to the motor when the LDR is covered and 
uncovered? Can you think of a use for a circuit such as this? 
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Experiment 6.3: Applications involving the Driver Amplifier module and reed relay 

Project 6.3 (a): Reversing an electric motor 

Using a push-button switch, a NAND gate, the driver amplifier and reed relay, set up a circuit so that the 

direction of rotation of a motor Is reversed when the switch is pressed. Three batteries will be needed, 

one for the modules and two for the motor (see Experiment 2.7). 

is the NAND gate really necessary? 

Project 6.3 (b): Reversing an electric motor with a bistable circuit 

Using two push-bution switches, two NAND gates, the driver amplifier and reed relay, set up a circult which 
reverses the direction of rotation of a motor when one of the switches is pressed and released. Three 
batteries will be needed, one for the modules and two for the motor (see Experiment 2.7). Explain how 

your circuit works. 

Project 6.3 (c): An automatic light 

Use a driver amplifier, a reed relay, an LDR and any necessary gates, to make a circuit in which a filament 
lamp will come on automatically in the dark. 

Project 6.3 (d): Motor vehicle moving backwards and forwards between two light beams 

Use the circuit of Project 6.3 (b) together with two inverters and two LDRs to make the motor reverse every 
time a light beam is interrupted. 
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SECTION 7. CODING 

Experiment 7.1: Sending messages using a 4-bit binary code 

Connect a flying lead to each of the four inputs of the LED indicator module. 
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The LEDs are tumed on or off by taking the flying leads at the Inputs hign or low. When an input is high 

and the corresponding LED is on, we will let # represent the binary digit 1. When an input is low and the 
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corresponding LED is off, we will let it represent the binary digit 0. 

Note that the term binary digit is usually shortened tv bit. The four LEDs can therefore represent a 4-bit 
binary pattem. 

investigations and questions 

1 Together with your partner, invent a 4-bit binary code for sending messages. Write your code in a 
table like that shown above on the right. A few words have been added to start you off, but you can 
replace them by your own if you prefer. 

o
r
m
 

word. 

4 Apart from a copy of your code, what other information did you have to give the other group before 

they were able to decode your message? 

How many words can you represent with a 4-bit pattern? 

Give a copy of your code to another group, and then send them a message using the LED 
indicators. Send the message, word by word, by lighting the agreed 4—bit binary pattern for each 
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Experiment 7.2: Investigating a seven segment LED display 

You should use the seven segment LED display on the Seven Segment Decoder/Display module for this 
experiment. The module also includes a decoder integrated circult, but i Is not part of this experiment and 
can be ignored until Experiment 7.3. + 

  

  

  

  

      
  

The display has seven segments labelled a to g in the diagram. A single segment behaves like an ordinary 
LED, and lights up when current flows from positive (anode) to negative (cathode). me — ae 

O ] 

inside this common cathode display, ail the cathodes are connected together and to a single lead (the 
common cathode lead), which Is connected to the negative supply line. 

Investigations and questions 
1 Connect a flying lead to the point marked TEST and touch the other end on to the pins marked a to 

g. one at atime. What happens? 
2 Copy the tables below and complete them to show how you would display the digits 0 to 9. 
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Experiment 7.3: Using a seven segment display with a decoder 

in this experiment you will again use the Seven Segment Display module. However, this time the four 

  decoder inputs will be used to light the display. ‘ + 
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Flying leads are used to take the decoder inputs (A, B, C and D) high or low. In this and future 
experiments we will let a high input represent the binary digit 1, and a low input the binary digit 0. 

investigations and questions 
1 Use the flying leads to help you complete the table below. 

digit digit 
displayed displayed 
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2 When the digit 1 is displayed, segments b and c of the display are lit. Which outputs of the decoder 
must then be low, and which ones high? 
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Experiment 7.4: A 2-line to 4-line decoder from NAND gates 

To begin with, consider the pattern of gates shown below. 

"fb ‘I >[>—@   

  

On the left are two inputs labelled X and Y which are inverted by NAND gates 1 and 2 to produce X and Y. 
On the right is an AND gate, formed from NAND gates 3 and 4, with two inputs A and B. 

investigations and questions 

1 Ht X = 0 and Y = 0, how would you connect A and B in order to light the LED? How would you 
conneci A and B to light the LED if X = 0 and Y = 1? How would you do it if X = 1 and Y = 0? And if 

X=wtandY=1? 
Build the circults and check your predictions. 

2 Use your results from above to draw a circuil diagram of a 2-line to 4-line decoder. If the NAND gates 
are available, build the decoder. 

3 NAND gates with 3 Inputs are also available in integrated circuit form (the output is low only when all 

3 inputs are high). Try to draw a circuit diagram showing how a 3-line to 8-line decoder could be built 

from 2-input and 3-input NAND gates. 
4 A 3-line to 8-line decoder can be built using 2-input NAND gates only. How many of these gates 

would be required? Explain your reasoning. 
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SECTION 8. THE PULSER, THE ASTABLE AND THE CLOCKED BISTABLE 

Experiment 8.1: Observing the voltage outputs from the Pulser/Astable module 

In this experiment you will use the Pulser/Astable module shown below. 
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This module has two independent sections. The first is known as a pulser, and has one output socket and 
a switch. Below this is an astable section also with one output socket and a switch. The two circuits for the 

pulser and astable sections are completely separate. 

Connect the lower astable output to an LED Indicator in the way shown in the diagram and move the 
switch alongside the output socket to the 1 Hz position. Make sure that the module is connected to its 
power supply. 

investigations and questions 
1 

2 

Observe the LED and describe what the astable output Is doing. Check by connecting a voltmeter 

between the output and the negative rail. Sketch the output waveform. 
Move the astable switch to the 100 Hz position. What do you observe now? What do you think is 

happening? If possible, check your prediction by using an oscilloscope. Can you measure the 

output frequency? 
Now transfer the LED lead to the pulser output socket from the astab!e output socket. Operate the 

switch and see what happens. 
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Experiment 8.2: Investigating a clocked bistable 

in this experiment you will use the Pulser/Astable module to help you Investigate the behaviour of one of 

the bistables on the Clocked Bistables module. The set-up is shown below. 
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The SET and RESET inputs behave in the same way as with an ordinary bistable. 

tf the SET Input (S) is taken briefly low, the bistable enters the state with Q = 1 and (= 0 (the SET state, in 

which Q has been set to 1). 

When the RESET input (R) Is taken briefly low, the state with Q = 0 and O = 1 Is entered (the RESET state, 
in which Q has been reset to 0). 

However, the bistable now has a third input - the clock input. in this experiment you will find out what this 
input does. 

Investigations and questions 

1 First of all, without the pulser connected, use flying leads to take the SET and RESET inputs low 

alternately. Check that the bistable behaves in the expected way. 
2 Now remove the flying leads and leave the SET and RESET inputs unconnected. Apply pulses one 

at a time to the clock input using the pulser. What happens? 
3 Does the bistable change state when the pulse is applied (‘the rising edge of the clock pulse’) or 

when it Is switched off (‘the falling edge’)? 

4 Now try clocking the bistable with the 1 Hz output from the astable part of the Putser/Astable 
module. What is the frequency of the Q output? 
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Experiment 8.3: Constructing 4-bit binary counters from clocked bistables 

  

    
    

      

8.3 (a) Binary up-counter 

Connect four clocked bistables together as shown below, and connect an LED indicator to each of the Q 

outputs. 
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Use the flying lead connected to the RESET inputs to turn all Indicators off (all Q outputs low). 

investigations and questions 
1 Apply pulses one at a time to the left hand bistable using the pulser. Complete the following tables, 

noting that the states of indicators ABCD are entered in the order DCBA in the right hand columns. 

    

    

Pulse Number | 0 C 8B A | Pulse Number] 0 C BOA 

0 oo00 9 
4 9 
2 10 
3 iB} 
4 12 
$ 13 
6 14 
1 1§             
    

Note that the right hand columns represent the number of pulses as a 4-bit binary number. In other 

words, the four clocked bistables act as a 4-bit binary counter. 
2 Replace the pulser by a 1 Hz clock signal from the astable. Watch the system continually counting 

from 0 to 15 in binary. 
3 Remove the astable and reset all outputs to zero (all indicators off). Use the pulser to apply 16 

pulses one at a time to the left hand bistable. Complete the following. 

Number of clock pulses at input =16 
Number of pulses at output A = 
Number of pulses at output B = 

Number of pulses at output C = 
Number of pulses at output D = 

4 If a clock signal of frequency 1 Hz were applied to the left hand clock input, what would you expect 
the frequency of the pulses produced ai the D output to be? Use the 1 Hz output from the astable 

and a stopwatch to check your prediction. 
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8.3 (b) Binary down-counter (Optional) 

Change the above circuit so that the clock inputs are driven by the Q outputs, and all the SET inputs are 

connected together. 
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Use the flying lead connected to the SET inputs to tum all indicators on (all Q outputs high). 

investigations and questions 
Apply pulses one at a time to the left hand bistable. Complete the tables below, again noting that 
the states of the indicators are entered in the order DCBA in the right hand columns. 

    

    

  

Pulse Number | O C BOA [Pulse Number | 0 ¢ BA 

0 uit 0 
1 9 
2 10 
3 " 
4 12 
$ 13 
8 14 
7 13               

Note that at each pulse, 1 is subtracted from the count represented by the LED indicators. This is 

called a binary down-counter. 

29



SECTION 9. COUNTING CIRCUITS 

Experiment 9.1: 4-bit binary counter integrated circuit 

9.1 (a) Counting pulses 

Connect the pulser to the input of one of the 4-bit counters of the 4-bit Binary Counter module. Monitor 
each of the four output lines with an LED indicator. 
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if any of the indicators are lit, use a flying lead to take the RESET Input briefly high. Note that the counter 
can be reset to zero at any time by taking this RESET input high. 

investigations and questions 
1 

2 

3 

4 

Apply pulses to the counter one at a time. Does the display change on the rising or falling edge of 
the clock pulse? 
Sent 16 pulses to the counter and check that the indicators correctly display the number of pulses 
in binary. 

Now replace the pulser by the 1 Hz output signal from an astable unit. Watch the system repeatedly 

cycle from 0000 through to 1111 and back to 0000 again. 
With the 1 Hz sigiial still connected, disconnect indicators A, B and C. What Is the frequency of the 

output signal at D? Is this what you expect? Explain. 

9.1 (b) Linking the counter to a decoder and seven segment display 

Remove the LED indicators and connect the Seven Segment Decoder/Display module as shown below. 
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investigations and questions 
First reset the counter by taking the RESET input briefly high. Then use the pulser to apply pulses 
one at a time to the clock Input of the counter. Copy down the display after each pulse. 

Ole. 
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Experiment 9.2: Counters of different modull 

Connect an AND gate (use two NAND gates) between the B and D output lines and the RESET input as 
shown below. 

  + 
  

  A 

1   

Amz Leon 
  

o
n
 

a
D
 

          
  

    

  

Investigations and questions 
1 Apply a 1 Hz signal trom the astable unit to the clock input of the counter. Notice that the system 

now counts from 0 to 9 and then resets itself and starts counting upwards from zero again. Try to 

explain why this happens. 
Now connect the same AND gate so that the counter 

(a) counts to 2 and resets, 
(b) counts to 4 and resets, 
(c) counts to 5 and resets, 
(d) counts to 8 and resets. 
in each case draw a diagram showing the way you connected the AND gate. 
How many AND gates do you need to make a counter which 
(a) counts to 1 and resets, 
(b) counts to 3 and resets, 
(c) counts to 6 and resets, 
(d) counts to 7 and resets? 

In each case draw a diagram of the connections, and check that the system really does behave in 
the way you expect. 
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Experiment 9.3: Switch contact bounce (Optional) 

9.3 (a) Experimental illustration of contact bounce 

in the circult below a flying lead is connected to a clock input of the 4-bit binary counter module. 
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Set up the circuit with the flying lead connected to the negative rall initially. 

investigations and questions 
Note the umber displayed and then pulse the clock Input once by touching the flying lead to the 

positive rail and then the negative rail. Note the new number displayed. Do this several times. Does 
the count displayed Increase in steps of one? 

9.3 (b) Using a bistable circuit to eliminate contact bounce 

Connect the bistable circuit, made from two NAND gates, as shown below. 
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ad 

Note that the Q output of the bistable is connected to the clock input of the counter. Connect a flying lead 
to the negative rail. 

Investigations and questions 

1 Use the flying lead to send pulses to the counter by touching it first to Input 1 and then to input 2, 

and so on. Does the count displayed now increase by one each time? 
2 Try to explain the action of the bistable in the above circuit. 

Experiment 9.4: Constructing a 1-bit memory from NAND gates and an RS bistable 

Set up the circuit below and connect a 1 Hz signal from the Pulser/Astable module to the data input and a 
flying lead to the hold input. 
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investigations and questions 

1 Take the hold input high. What happens? Now take the hold input low. What happens? 
2 Try to explain how the circuit works. 
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Experiment 9.5: Linking two single-digit counters to make a dual decade counter 

Produce a counter which will display counts from 0 to 99 on two seven segment displays using an astable 

(to produce the pulses to be counted), two binary counters, two seven segment displays with decoders, 
and a Quad NAND module. 

Experiment.9.6: Applications using counting circuits 

Project 9.6 (a): Divide-by-N counting 

Build a divide-by-256 counter from two 4-bil binary counters. Use the counters to measure the frequency 

of the a.c. mains. 

Project 9.6 (b): Down-counting (1) 

Using a 4-bit binary counter, design a circuit which counts down from 15 (binary 1111) to zero (0000) . 
Use LED indicators to display the count. 

Project 9.6 (c): Down-counting (2) 

Using a 4-bit binary counter, design a circuit which counts down from 7 (binary 111) to zero (000) and then 
returns to 7. Display the count with a 7-segment indicator. 

Project 9.6 (d): Counting the ‘swings’ of a pendulum 

Build a circuit which will count the ‘swings’ (i.e. '.-cycles) of a pendulum. Use a 4-bit counter and a 7- 

segment Decoder/Display module for this. 

Project 9.6 (e): Controlling a motor (1) 

Build a circuit which tums an electric motor on for 10 s in every 20 s. 

Project 9.6 (f): Controlling a motor (2) 

Build a circuit which turns an electric motor on for 5 s in every 20s. 

Project 9.6 (9): Reversing a motor at regular intervals 

Design a control circuit for an automatic liquid mixer. The circult should reverse the direction of rotation of 

the mixer motor every 5 s. 

Project 9.6 (h): Flashing a lamp six times - six ‘pips’ 

Design a circuit which will flash a lamp six times when a switch is pressed and released, using the 1 Hz 
output from an astable. Then modify the circuit so that it will sound a buzzer six times. 
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Project 9.6 (i): An automatic light-buoy 

A warming buoy in a shipping channel Is to have a tight which flashes. It is to be on for 1s and off for 4s. 
Design a circuit which will do this. Use the Pulser/Astable module to provide 1 Hz pulses. Then adapt the 

circuit so that the light onty operates when it Is dark. 

Project 9.6 (i): An electronic die 

Build an electronic die using clocked RS bistables, an astable, a seven-segment decoder/display and 
NAND gates. The display should normally cycle from 1 to 6 at high speed. When the hold input of the 

input gate is taken low, the display should freeze and show the result-of the “throw”. 

Project 9.6 (k): Traffic lights 

Build a contro! circult for a set of traffic lights. Use the 1 Hz astable output for all timing, and the red, yellow 

and green LEDs on the Indicator module for lights. The lights must come on in the normal traftic light 
sequence (yellow, red, red and yellow, green, and back to yellow again). 

Project 9.6 (I): Batch counting 

Articles in a factory are delivered from an assembly room to a packing room along a conveyor belt. Design 

a system which will stop the conveyor belt (tum off its motor) every time a batch of five articles has entered 
the packing room. Provide a switch in this room which can be used to restart the conveyor belt motor once 
the articles have been removed from the belt for packing. 

Project 9.6 (m)}: Reaction time 

Bulld a circuit which can be used to test people's reaction times. A switch should be provided which starts 
a dual decade counter (see Experiment 9.5) counting 100 Hz pulses from an astable. This switch is 
operated secretly by the person contro!ling the test. A second switch should freeze the display. This is 
operated by the person under test directly the display is seen to change. The dual decade module 

should then show the time difference between the two switch closures, I.e. the reaction time of the 
person under test. 
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