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INTRODUCTION

This support booklet is written for candidates following the AS Module 2, Further Electronics, from the AQA Electronics specification.  It is not intended to be a rigorous academic text, nor a teaching scheme, but rather that it should provide candidates and teachers with a working knowledge of the Electronics required for this module specification.  The text from the specification is given at the beginning of each chapter to help readers.

It is assumed that candidates will have a knowledge and understanding of Electronics as defined in the National Curriculum for Science up to, and including level 7 and that they will have already studied and understood the material of AS Module 1.
In the Unit test, candidates will be expected to draw appropriate circuit diagrams and perform calculations using the equations as given on the Data sheet in the specification.
I am grateful for the help and advice given by Graham Kemp in the preparation of this booklet.

If you find this booklet of help, please consider making a donation to 

SightSavers International  www.sightsavers.org
OVERVIEW OF THE MODULE SPECIFICATION

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

The previous module introduced combinational digital electronics subsystems which process the information immediately (apart from the transition time within the gate).  While this can be helpful, there are many situations where it is desirable for information that is passed into the logic system to be processed sequentially or after a delay.  This module begins with a review of capacitors and looks at how they can be used in timing circuits.  Monostable and astable circuits, based on the 555 timer IC are used to provide both single and multiple time delays.  NAND gate latches are introduced as simple memory units along with the D-type flip-flop.  The use of the D-type flip-flop is then extended to include counters, latches and shift registers.  As in first module, all logic circuits have a very large input resistance and a low output resistance as found in CMOS and high speed CMOS ICs.  (4xxx, 74HCxxx and 74HCTxxx series), and it is strongly recommended that these devices are used in all practical work.

Binary and modulo-n counters are then introduced along with the conversion of numbers between binary, decimal and hexadecimal notations.  Numbers are restricted in this module to four bits only and although details are included of how to convert larger numbers, since the method will be needed for module 4, many candidates may choose simply to learn the conversion table instead.  Consideration is also given of how to display numbers on a seven segment array.  In the majority of cases the decoding of binary coded decimal (BCD) numbers for the display is carried out using dedicated ICs.

Operational amplifiers were introduced in the Introductory Electronics module as effective comparators.  In this module they are used as amplifiers in inverting, non inverting, summing, difference and buffer modes by employing negative feedback to reduce the overall voltage gain of the system.  Consideration is given of how the gain of these amplifiers can be calculated along with the bandwidth that can be expected.  The relationship between bandwidth and gain is investigated.  All op-amp circuits are based on devices with a very large input resistance, as found in the BiFET range of op-amps i.e., TL071, TL081 etc.

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

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

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

Candidates should be able to:

· recall that a capacitor is capable of storing electrical charge and electrical energy;

· recall that a capacitor will block a direct current but will allow the passage of an alternating current;

· recall that the unit of capacitance is the farad and that practical capacitors are usually measured in pF, nF and µF;

· calculate the combined capacitance of capacitors connected in series and parallel combinations;

· select appropriate capacitors given data on maximum working voltage, polarisation and leakage current.
With all of the systems considered in the Introductory Electronics module, the output changes as soon as there is an appropriate change in input.  For some applications this is unsuitable and it would be more appropriate for the output to change some time after the input change has occurred.  In other applications it could be appropriate for the output to revert back to its initial state after a certain time has elapsed, even if the input has not changed.  In order to implement these timing functions it is necessary to use capacitors.

The diagram below shows the construction of capacitors.
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A capacitor consists of two overlapping conducting plates separated by an insulator called the dielectric.  The separation of the two plates is often very small.  When a voltage, V, is applied across the two conducting plates they store electrical charge, Q (+Q on one plate and –Q on the other).  The charge stored per volt is called the capacitance, C.
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The unit of capacitance is the farad (F).  This is the capacitance required to store a charge 

of 1 coulomb when there is a voltage of 1 volt across the plates.

This is a very large unit and sub-units are usually used:-





1 microfarad
(1µF)
= 1 x 10-6F





1 nanofarad
(1nF)
= 1 x 10-9F





1 picofarad
(1pF)
= 1 x 10-12F

The capacitance increases when:


the area of overlap of the plates is increased,


the distance between the plates is decreased,


an insulator (dielectric) with a higher dielectric constant is used.

When selecting capacitors for a particular use, the factors to be considered are as follows:


the capacitance,

the tolerance,

the working voltage,
(This is the largest voltage which can be applied across the plate 



before the dielectric breaks down and conducts.)


the leakage current,
(No dielectric is a perfect insulator but the loss of charge 




through it should be small.)

The Markings on a Fixed Capacitor
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The diagram above shows some typical component outlines of capacitors and the typical markings found on them.

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

Type (c) represents a ceramic capacitor with its value (474 F) and working voltage marked.
 0.47 470000pF 
Type (d) represents an electrolytic capacitor and has its value, maximum working voltage and polarity marked.

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

As a result of the small size of surface mounted resistors and capacitors, their values are identified by a number, as shown in the diagram below.
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The code used for the value consists of three numbers for a 5% (or greater) tolerance or four numbers for a 1% tolerance.  The first two (or three) numbers give the significant figures of the value and the third ( or fourth) figure gives the multiplier.
e.g.
in the surface mounted resistors in the diagram the value of the 5% device is 5 6 00 ohms 


i.e. 5.6k
The 1% resistor has the same value 5 6 0 0 ohms




i.e. 5.60k
For capacitors the value is given in picofarads (pF), so the value is 47 000pF




i.e. 47nF or 0.047F

Direct current does not pass through an ideal capacitor since there is an insulator separating the metal plates that form the capacitor.  However, if a voltage larger than the insulator will withstand (the working voltage) is applied, then the electrons will have enough energy to break through the insulator and cause a current to pass.  Any passage of current will cause energy to be dissipated and so the capacitor will be rapidly destroyed.  It is very important therefore, to ensure that the maximum working voltage of a capacitor is greater than the voltage that the capacitor will actually experience.

Large valued capacitors using separate metal plates and insulators will be physically large.

In order to produce large valued capacitors with a small physical size it is necessary to use a different technique.  This consists of using thin aluminium foil for the plates.  This foil has a chemical coating which causes a layer of aluminium oxide to form between the plates which acts as the dielectric.  This oxide layer is produced by electrolysis, which means that there must be a small current passing between the plates.  In other words, the capacitor must have a leakage current to maintain the dielectric and the capacitor is therefore polarised, i.e. it must be connected the correct way round in the circuit.

Such capacitors are known as ELECTROLYTIC capacitors.

Usually the negative terminal is marked with 
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Electrolytic capacitors have the following weaknesses:

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


poor stability (the value changes with time),


poor high frequency response as a result of the tightly coiled aluminium plates,


noise which is introduced by the leakage current and


a leakage current can interfere with critical timing circuits.

Uses of Capacitors


smoothing out variations in power supplies,


removing alternating signals,


blocking the passage of direct current while allowing the passage of alternating current,


combination with inductors for resonant tuned circuits,


combination with resistors as charging and discharging circuits.

A table showing a summary of different types of capacitors is given in Appendix A.

Two Capacitors in Series

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

V = V1 + V2
Using the equation
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the resulting capacitance is found from:-
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Two Capacitors in Parallel

When two capacitors are connected in parallel, the voltage, V, across each capacitor is the same.
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The total charge stored, Q, is equal to the sum of the charges stored in the separate capacitors.
Q = Q1 + Q2
Using the equation,
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the resulting capacitance is found from:-
CT = C1 + C2
Students will need to be able to carry out calculations on capacitors in series and parallel and also convert between different sub units.

There are self marking assessment exercise on the IKES website in the IKES ‘Online’, Homework section, which should be used to provide practice.

dc RC NETWORKS

Candidates should be able to:

· explain the meaning of and calculate the value of the time constant for RC circuits;

· recall that after one time constant:

for a charging capacitor, V = 0.63Vs;

for a discharging capacitor, V = 0.37Vs;

where Vs is the supply voltage and V is the voltage across the capacitor;

· recall that:

after 0.69RC, V = 0.5Vs;

after 5RC for a charging capacitor, V ( Vs;

after 5RC for a discharging capacitor, V ( 0;

· sketch graphs of voltage against time for a capacitor charging and discharging.
For capacitors to actually be used in timing circuits it is necessary to consider how the voltage across a capacitor varies with time when the current in the circuit is being limited by a resistor.

Consider the circuit below.
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With the switch in position 1, the capacitor charges and the graphs below are obtained for the current in the circuit and the voltage across the capacitor.
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With the capacitor fully charged and the switch moved to position 2, the corresponding graphs are obtained as the capacitor discharges.
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Analysis of the graphs shows:


On charging or discharging, the current I in the circuit is maximum at the start and 
decreases more and more slowly until it finally becomes zero.  On discharging, the 
current is in the opposite direction to when charging.


On charging, the voltage, V, across the capacitor rises rapidly from zero and slowly 
approaches its maximum value when the capacitor is fully charged and I is zero.


On discharging, the voltage, V, falls rapidly from its maximum value and slowly 
approaches zero when the capacitor is fully discharged.


The time constant for the circuit, T, defined as RC, is the time taken to

discharge to 
37% of the initial voltage or to 

charge to 63% of the final voltage.  

The derivation of these values is not required.

T = RC

The time 5RC is taken as the time to charge or discharge completely.

The time taken to charge or discharge to half of the supply voltage is 0.69RC
Timing Circuits

A simple timing circuit is shown below.
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When the push switch is pressed, the capacitor charges very quickly so that the voltage across it is +Vs and the LED lights.  When the switch is released the capacitor discharges through R2 and keeps the transistor switched on.  When the voltage across the base-emitter junction of the transistor becomes less than 0.7V, the LED is switched off.  The time taken for this to occur depends upon the supply voltage, the capacitor and the resistor R2.

If Vs is 9V, C is 100, then the time taken for the LED to switch off is about 6 seconds.
F and R2 is 100k
A serious disadvantage of this circuit is that there is no definite switch off point for the LED, instead it just becomes dimmer and dimmer.

A better timing circuit uses a logic gate as the switching device since it has more definite switching characteristics.
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In this circuit the LED will light when the switch is pressed and remain on until the voltage across the capacitor decreases to less than half of the supply voltage.

The time taken for this will be approximately 0.7RC.

The circuit below shows how a change in an input can be delayed from acting on the output.
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The time delay for the relay to switch on and off is determined by the value of 
R4, R5, C and Vs.

The circuit below shows how the circuit above could be modified so that when the output of the op-amp goes high, the relay switches on, but only for a set time.
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When the output of the op-amp goes high, the capacitor will charge through R4 and the base-emitter junction of the transistor and the transistor will be switched on.  When the capacitor is charged, the transistor will switch off.  Diode D1 helps the capacitor to discharge when the 
op-amp output goes low.

TIMING SUBSYSTEMS

Candidates should be able to:

· recall that a monostable circuit has one stable output state and one unstable output state;

· recognise, draw and use the circuit diagram of a monostable based on a 555 timer circuit;

· describe the operation of a monostable based on a 555 timer;

· calculate the time period of such a monostable using T = 1.1RC;
· recall that an astable circuit has no stable output states but continually changes;

· recognise, draw and use the circuit diagram of an astable based on a 555 timer circuit;

· describe the operation of an astable based on a 555 timer;

· calculate the time, tL, that the output is low using tL = 0.7RBC;

· calculate the time, tH, that the output is high using tH = 0.7(RA+RB)C;

· calculate the output frequency using 
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The timing circuits shown in the previous section are all relatively inaccurate and it is difficult to predict the actual time periods that will occur.  A much better solution is to use a dedicated timing IC, the 555.

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


three precision resistors connected in series across the power supply as a voltage divider and so giving voltages of ⅓Vs and ⅔Vs, where Vs is the supply voltage;


two comparators, one switching at ⅓Vs via the TRIGGER input and the other switching at ⅔Vs via the THRESHOLD input;


a latch, SET by the output of the TRIGGER comparator and RESET by the output of the THRESHOLD comparator;

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


an open collector transistor switch, which connects the DISCHARGE terminal to 0V when the output terminal is at 0V.

The pin diagram for a 555 timer IC is shown below.
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The operation of a 555 can be summarised as follows.


If the voltage at the TRIGGER input is less than ⅓Vs then the output goes to Vs and 
remains there until the voltage at the THRESHOLD input rises above ⅔ Vs, at which 
value the output is set to 0V.


The RESET terminal can be used to set the output to 0V at any time by being 
connected momentarily to 0V.  Normally, the RESET terminal is connected to Vs to 
prevent any spurious resetting of the output.


The CONTROL terminal is connected to the ⅔ Vs point of the voltage divider and can 
be used to alter the voltage switching levels of the comparators.

Normally it is 
decoupled by a 10nF capacitor connected to 0V.

The 555 Monostable

A monostable is a circuit which, having received a trigger signal, produces an output for a predetermined time.  It has one stable state and one unstable state.

The circuit diagram for a 555 monostable is shown below.
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The resistor connected to the TRIGGER input ensures that it is held above ⅓ Vs in the absence of an input signal.  Typically the value of this resistor would be 10k or greater; its value is not critical.  Before being triggered, the output of the monostable is at 0V, and the DISCHARGE terminal of the 555 is also at 0V, ensuring that the timing capacitor is discharged.

When Vin goes below ⅓ Vs, the output voltage, Vout, becomes Vs and the DISCHARGE terminal becomes open circuit, so allowing the capacitor, C, to charge through resistor R.  The output will stay at Vs until the voltage across C becomes greater than the threshold switching voltage, ⅔ Vs.  When this happens, the output voltage will return to 0V and the DISCHARGE terminal will again connect to 0V, so discharging C very quickly.  This state is STABLE and the circuit will remain like this until Vin becomes less than ⅓ Vs.
In theory any combination of R and C is possible to achieve a required time period.  In practice, however, there are several things to remember.


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


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


There are two factors to consider when looking at the maximum value of C.  The first 
is that any large value capacitors will be electrolytic and so have a leakage current 
which must pass through R.  If the leakage current is too large for the value of R then 
the time period will be inaccurate.  It could well happen, if there is a large leakage 
current, that the voltage across C never reaches ⅔ Vs and so the threshold switching 
voltage level is never reached!


The second factor is the current that will pass through the discharge transistor at the 
end of the timing period.  If the short circuit current is too large then the transistor will 
be destroyed.  The maximum value of C should therefore be limited to 1000F.


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


The THRESHOLD input requires a current of a few A, so this, combined with the 
leakage current of the capacitor C, needs to be taken into account when using very 
large values for R.  In practice it is worth limiting the maximum value of R to 1M.

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

For the monostable, the time that the output voltage is at Vs is calculated by using the formula.

T = 1.1 × R ×C
where T is in seconds, R is in ohms and C is in farads.

For example, if R has a value of 100kF then the time for which the output will be at the supply voltage is
 and C has a value of 100
T = 1.1 × 100000 × 0.0001 = 11 seconds.
Students will need to be able to carry out calculations on 555 monostable circuits.

There is a self marking assessment exercise on the IKES website in the IKES ‘Online’, Homework section, which should be used to provide practice.
The 555 Astable

An astable circuit has no stable states but continuously switches from a high output to a low output.  The common circuit for a 555 astable is shown below.
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When first switched on, the capacitor, C, is discharged and so the voltage across this capacitor is less than the TRIGGER voltage, so the output goes to Vs.  The capacitor, C, charges through R1 and R2 until the voltage across C is greater than the THRESHOLD switching level, at which point the output voltage becomes 0V and the DISCHARGE terminal becomes connected to 0V.

The capacitor now discharges through R2 until the voltage across C becomes less than the TRIGGER switching voltage.  When this happens, the output voltage becomes Vs and the process repeats.  It should be noted that the first pulse is longer than the remainder, since C has to charge from 0V and not ⅓ Vs.  The same restrictions apply to the values of C and R (R1 and R2) as for the monostable.

The timing diagram for the astable is shown below.
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The time that the output is high can be calculated from





tH = 0.7(R1 + R2)C

and the time that the output is low can be calculated from 





tL = 0.7 R2 C

The timing period is given by 
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For example, if R1 has a value of 100k and C has a value of 100nF then the time period is 
, R2 has a value of 47k
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But  
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So the frequency of the astable circuit is given by 
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and so for the above example the frequency will be 74.1Hz.
With the usual circuit for a 555 astable it is not possible to obtain a square waveform,

i.e. when the output is at the supply voltage for as long as it is at 0V.

It might be thought that this could be achieved by making R1 equal to zero (to make tH and tL equal).  If this is attempted, then as soon as the output goes low the DISCHARGE terminal is connected to 0V, so short circuiting the power supply and damaging the DISCHARGE transistor.

The minimum value for R1 should be considered to be 1k.  If, however, R2 has a value of 1M then the error in the ratio of the time for which the output is high to that for which the output is low (mark to space ratio) will be about 0.1%, which may well be adequate.

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

As a result of the internal construction of the 555 IC, the output voltage does not, in practice, actually equal +Vs.  The actual voltage will depend upon the current flowing through the output, but even with only a current of a few mA, the actual high output voltage is approximately 1V less than +Vs.

Students will need to be able to carry out calculations on 555 Timer monostables and astable circuits.

There is a self marking assessment exercise on the IKES website in the IKES ‘Online’, Homework section, which should be used to provide practice.

SEQUENTIAL LOGIC SYSTEMS

Candidates should be able to:

· recall the circuit diagram of a bistable latch based on NAND gates and describe its operation and function;

· recall the symbol for a rising edge triggered D-type flip-flop and describe its operation and function;

· recall that in a shift register information is passed along from one element to the next on each clock pulse;

· recall how rising edge triggered D-type flip-flops can be used to form a shift register and describe its operation and applications.

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

Bistable Latch

A bistable latch (bistable flip-flop) is a circuit that has two stable states and will remember one bit of information.  It forms the basis for static computer memories.  The circuit of a bistable latch made from NAND gates is shown in the diagram below.
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Assume that the Q output is 0 and the Q output is 1.  It is worth checking that this state is stable.  When a short pulse to 0V is applied to the S (SET) input, the Q output becomes 1 and the Q becomes 0.  It is again worth checking that this state is also stable.

If a short pulse to 0V is now applied to the R (RESET) input, then Q becomes 0 and Q becomes 1, i.e. the initial state.

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

D-Type Flip-Flops.

While the simple bistable flip-flop shown above will remember whether an event has occurred it is impossible to synchronise several of these circuits together.  The simple bistable flip-flop also has an unstable state corresponding to the condition when both S and R = 0.  In order to overcome these difficulties a more complex circuit is used which is known as a D-type flip-flop (Data-type flip-flop).  Fortunately these circuits are fabricated as ICs and so do not need to be constructed.  The circuit symbol for a D-type flip-flop is shown below together with its truth table.
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D is the Data input and it is the information on this input that is stored in the flip-flop.

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

S is the SET input and makes the output Q logic 1 when it is a logic 1 irrespective of the state of D and CK...

R is the RESET input and makes the output Q logic 0 when it is a logic 1 irrespective of the state of D and CK...

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

An example of such a device is the 4013 IC.

An important use of a D-type flip-flop is as a Data latch for the output from a microprocessor system.  The diagram below shows how four D-type flip-flops would be arranged to store the output from a microprocessor system which is written to the four least significant bits of the data bus (D3,  D2,  D1,  D0).
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The microprocessor would set up the information to be stored in the latch on D3,  D2,  D1,  D0 and would then apply a positive going pulse to the clock input.  All four D-type flip-flops would then store the data on the rising edge of the pulse.  This data would then appear on the outputs Q3,  Q2,  Q1,  Q0.  For this application all the S and R inputs are connected to logic 0.

Shift Registers

A shift register is a device that enables data to be passed from one flip-flop to the next, on each successive clock pulse.  The very first electronic computer memories were based on this principle.  The main use of shift registers now is for the conversion of serial data to parallel data and vice-versa.  The circuit diagram of a four bit shift register, made from rising edge triggered D-type flip-flops is shown below.
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The timing diagram for the shift register is shown below.  It assumes that there is a single data input signal of logic 1, and shows how the data pulse moves from flip-flop to flip-flop on each successive clock pulse.
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Serial-to-parallel conversion can be accomplished by connecting the serial data input to the D input terminal and then reading the parallel data from Q0 to Q3 after four clock pulses.

For parallel data to be converted to serial data, it is necessary to use the SET facility of the flip-flops.  This functions in much the same way as the RESET input, in that a logic 1 on the SET input will set Q to logic 1, a logic 0 having no effect.  The parallel input data has to be AND gated with a LOAD input signal to ensure that the SET inputs only receive data at the correct time.  The circuit diagram of such a shift register is shown below.
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The sequence of operation is as follows:


a).
A pulse is applied to the RESET input to set all of the Q outputs to 0

b).
The parallel data is set up on the D inputs.


c).
A short pulse to logic 1 is applied to the LOAD input.



This sets the parallel data into the flip-flops.


d).
Four clock pulses are applied to the CLOCK input at the desired data rate, and 

the serial data is obtained from Q3.

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

COUNTERS

Candidates should be able to:

· describe the use of feedback to make a rising edge triggered D-type flip-flop divide by 2;

· design 4-bit up or down counters based on rising edge triggered D-type flip-flops, and draw timing diagrams for these counters;

· design 4-bit modulo-N counters based on rising edge triggered D-type flip-flops, and draw timing diagrams for these counters;

· convert a 4-bit binary number to decimal or hexadecimal notation;

· describe the use of a BCD or hexadecimal decoder with a seven segment display.
To enable a D-type flip-flop to toggle, i.e. change state on each successive clock pulse, the D input should be connected to the Q output.  The D input is then always opposite to Q and so toggling occurs on each successive clock pulse.  The arrangement is shown below, where the D-type flip-flop is shown with its normal logic symbol.
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Both the SET and RESET inputs are connected to logic 0.

This circuit has many applications since it effectively has an output frequency that is half the input frequency.  The circuits can also be combined together to form binary counters.

Binary, Decimal and Hexadecimal Numbers

The number system that is in common everyday use is founded on ten different numbers:-

0,  1,  2,  3,  4,  5,  6,  7,  8,  9

This number system is known as the DECIMAL or DENARY system. (Denary means 10). These numbers on their own are called UNIT(s) and enable numbers in the range 0 to 9 to be represented.

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

This second column is called the TEN(s) column.

So 9+1 would be represented by putting a 1 in the tens column and a 0 in the units column.

e.g.

10

For 9+2, a one is put in the tens column and the one unit left over is put into the units column, e.g.

11

For 9+5, ten is subtracted and a 1 is put in the tens column.  This leaves 4 units and so a 4 is put in the units column, e.g.

14

In this way numbers up to 99 can be represented.  For numbers greater than this another column is needed to represent 99+1 i.e. the HUNDRED(s).  So for 99+1, a 1 is put in the hundreds column.  This would leave no tens and no units, so a 0 is put in the tens column, and a 0 in the units column, e.g.

100

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

104

In this way numbers up to 999 can be represented.  Beyond this another column needs to be introduced.  This is called the THOUSAND(s) column, etc.

The units column represents single numbers

i.e.  n  1  (n  100)
where n is any number between 0 and 9.

The tens column represents numbers multiplied by ten

i.e.  n  10  (n  101)
where n is any number between 0 and 9.

The hundreds column represents numbers multiplied by 100 (10  10),

i.e.  n  10  10  (n  102)
The thousands column represents numbers multiplied by 1000 (10  10),
 10 
i.e.  n  10  10  10  (n  103)
And so on.

Computers are very basic machines compared to even the most innumerate human.

Computers, since they work using digital electrical circuits, only have two states; ON which is represented by a 1 and OFF which is represented by a 0.  Such a number system is called BINARY.

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

So for 1 + 1 a 1 is put in the twos column, leaving a 0 in the units column,

i.e.     1 + 1 = 10

Therefore




1 + 1 + 1 = 11

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

(Compare this with the hundreds column in decimal.)

The next column to introduce is the EIGHTs column.

It should be clear that each time it is necessary to introduce another column it is multiplied by two again.  (Compare this with the way in which each new column was multiplied by ten in the decimal system.).
So in the binary system the columns are:


UNITs


(20)


TWOs


(21)


FOURs

(22)


EIGHTs

(23)


SIXTEENs

(24)

etc
Addition, subtraction, multiplication and division are all done in the same way as in the decimal system except that the largest number in any column is 1.

As computers have become faster, they now treat the columns of the binary system in blocks of four.  This means that they now count in SIXTEENs instead of TWOs.  Such a number system is known as HEXADECIMAL.

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

	
	DECIMAL
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	
	HEXADECIMAL
	1
	2
	3
	4
	5
	6
	7
	8
	9
	A
	B
	C
	D
	E
	F


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

10

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

The third column in the Hexadecimal system is the 16x16 column or the

TWO-HUNDRED-AND-FIFTY-SIX column.

In Module 4 it will be necessary to be able to convert large numbers between binary, decimal and hexadecimal.  This module only requires such conversions up to and including the number 15.  The easiest way of converting such numbers is by using a conversion table as shown below.

	DECIMAL
	BINARY
	HEXADECIMAL

	0
	0000
	0

	1
	0001
	1

	2
	0010
	2

	3
	0011
	3

	4
	0100
	4

	5
	0101
	5

	6
	0110
	6

	7
	0111
	7

	8
	1000
	8

	9
	1001
	9

	10
	1010
	A

	11
	1011
	B

	12
	1100
	C

	13
	1101
	D

	14
	1110
	E

	15
	1111
	F

	
	
	


4-Bit Up or Down Counters

D-type flip-flops that are wired to toggle can be cascaded together to produce a BINARY Counter.  Four such flip-flops are shown below connected together as an ASYNCHRONOUS counter.  All of the flip-flops considered are rising edge triggered.
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The waveforms obtained from each of the Q outputs can be seen in the timing diagrams below.  Note how the circuit counts down in binary, the decimal numbers being included at the bottom of the figure as a guide.  The counter counts down from 15 and resets back to 0, the process then repeating.  This circuit is a 'down counter'.
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It should also be noted that the Binary counter circuit will also act as a frequency divider, with Q0 being half the frequency of the input, Q1 being half the frequency of Q0 and so on.

To make a binary up counter it is necessary to connect each successive clock input to the preceding Q output as shown in the next diagram.
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The corresponding timing diagrams showing the Q outputs are shown below.
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This time the circuit counts upwards, the decimal numbers being included at the bottom of the diagrams as a guide.

Often a counter is required that counts up to a number other than 15 before resetting itself.  The most common is the Binary Coded Decimal (BCD) counter which counts up to 9 and then resets.  This is achieved by AND gating together the Q1 and Q3 outputs.  When both of these are at logic 1, i.e. on the 10th input pulse, the output from the AND gate is used to RESET all the flip-flops.  The circuit diagram of such a counter is shown below together with the waveform timing diagrams.
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This circuit can also be used to frequency divide the input by ten.  However, the output waveform from Q3 does not have a mark to space ratio of 1:1.

If a symmetrical output is required from a divide by ten counter then it is necessary to separate the circuit into a divide by five circuit followed by a divide by two circuit.

Such an arrangement is shown below together with the waveform timing diagram.


[image: image41.wmf]input

Q

Q

>CK

D

S

R

Q

Q

>CK

D

S

R

Q

Q

>CK

D

S

R

Q

Q

>CK

D

S

R

Q

0

Q

1

Q

2

Q

3

all S inputs connected to logic 0

logic 0



[image: image42.wmf]0

1

2

3

4

5

0

0

1

1

1

2

2

3

3

4

4

5

5

0

input

Q

0

Q

1

Q

2

Q

3


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

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

Consider a chain of 12 flip-flops arranged as an asynchronous counter, each with a propagation delay of 20ns.  Now, before the last flip-flop can change state, the one before must change as must the one before and so on.  So for the situation where all the counters are going to change state, the difference in time between the first and last flip-flop changing will be 240ns.  If the frequency of the input signal is 4MHz (period 250ns), the last flip-flop will be changing state almost one complete clock cycle after the first flip-flop.  This could cause very serious problems if the last flip-flop's output was being gated with an output from a flip-flop near the beginning of the chain.  The problem can be overcome by using synchronous counters in which all of the flip-flops are clocked together, but a knowledge of this is not required in this specification.

Using 7-segment arrays with BCD and Hexadecimal counters.

The decoding of binary and hexadecimal numbers for use with a 7-segment array has already been considered in the first section of this booklet.  The use of simple logic gates is prohibitively complex for this task, but fortunately there are several ICs available that will take a binary, BCD or hexadecimal input and decode it to operate a 7-segment array directly.

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

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

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

The options available to produce a full hexadecimal display on a 7-segment array include:

a).
designing one's own using Karnaugh maps, Boolean algebra and logic gate ICs,

b).
programming a Programmable Interface Controller IC (PIC) to form the display,

c).
using an EPROM, by programming into it the required outputs,

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

Some of these techniques will be considered in Module 4.

OPERATIONAL AMPLIFIERS

Candidates should be able to:

· recall the properties of an ideal op-amp;

· recall that for a real op-amp, the product of voltage gain and bandwidth is a constant;

· recall that negative feedback is used to reduce the overall voltage gain of an op-amp amplifier subsystem.
The general properties of operational amplifiers were discussed in the support booklet for the Introductory Electronics module.  This section extends the use of op-amps beyond comparators to their use as voltage amplifiers.
An operational amplifier (op-amp) is a voltage amplifier which amplifies the difference between the voltages on its two input terminals.

Op-amps are often require a dual balanced d.c. power supply, e.g. ± 15V.

The power supply connections are often omitted from circuit diagrams for simplicity.

The diagram below shows the typical connections for an op-amp.


[image: image43.wmf]V

+

V

–

V

out

+V

s

-V

s

0V

+

V

out

+V

s

-V

s

+

–

©IPK01

V

+

V

–


The ‘+’ input terminal is known as the non-inverting input and the ‘–‘ input terminal is known as the inverting input terminal.

The output voltage is given by 

Vout = A ( V+ - V–)
A is the open loop voltage gain, i.e. when there is no feedback.

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


the open loop gain is very large (in practice it is only very large at low frequencies),

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

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


the output impedance is zero so it can supply any required current, (in practice the op-amp is designed to limit the current to a few milliamps),


the output voltage is zero when the two inputs are equal, (in practice there is a small offset voltage which needs a variable resistor to balance out).
Gain Bandwidth Product

Most op-amps have very large voltage gains, often as high as 106.  Such large voltage gains require considerable care to be taken if the circuit is to be stable and not prone to oscillation.  It is essential for the output terminals to be well separated from the input terminals to prevent positive feedback occurring through stray capacitance.

To help ensure that an op-amp is stable a small capacitor is connected between the output terminal and the inverting input terminal.  The effect of this is to make the voltage gain of the op-amp decrease with increasing frequency.

Consider an op-amp with an open loop voltage gain of 106.
The graph below shows how the open loop voltage gain varies with frequency.
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As can be seen from the graph, the voltage gain decreases with frequency so that at a frequency of 1MHz, the voltage gain has fallen to 1.

This can be summarised by the formula:-

voltage gain  bandwidth = constant
In the case of the example given above the constant is 106.

Using such frequency compensated op-amps it is therefore not possible to have a single op-amp circuit with a large voltage gain and a large bandwidth.

Therefore in order to produce amplifiers with large voltage gains and large bandwidths it is necessary to use several low gain op-amp circuits cascaded together.

Feedback.

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

Negative Feedback.

This is when a proportion of the output signal is 'fed-back' to the input with a phase shift of 180°.  This has the effect of cancelling out part of the input signal and so reduces the apparent gain of the whole circuit.

Negative feedback is used in the inverting and non-inverting op-amp amplifier circuits in the next section in order to reduce the voltage gain of the circuit to the required amount.  In doing so, it also has the advantage of increasing the bandwidth of the circuit and reducing any distortion that may be introduced by the amplifier.

Positive Feedback.

This is when a proportion of the output signal is 'fed-back' to the input with a phase shift of 0°, i.e. in phase with the input signal.  This has the effect of increasing the input signal and so increasing the apparent gain of the whole circuit.  All oscillator and astable circuits rely on positive feedback to make them unstable and oscillate.  The 'Schmitt trigger circuit', which is studied in ELEC4, also uses positive feedback to increase its switching speed.

When constructing amplifiers with a large voltage gain, especially radio frequency amplifiers, it is imperative to ensure that the output circuit is kept as far away as possible from the input circuit.  Failure to do so will almost certainly lead the amplifier system to be unstable at certain frequencies or in the worst case, oscillate very strongly at a particular frequency and be completely uncontrollable.

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

AMPLIFIER SUBSYSTEMS

Candidates should be able to:
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· recall and use the definition of bandwidth of an amplifier as the frequency range over which the voltage gain is within 70% of the maximum;

· draw and recognise the inverting op-amp amplifier circuit and describe its applications;
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;


· recall that the input resistance is equal to the value of the input resistor, and that the circuit has a virtual earth point;

· draw and recognise a summing op-amp amplifier circuit and describe its applications;
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· recall that the input resistance of each input is equal to the value of its input resistor, and that the circuit has a virtual earth point;

· draw and recognise the single op-amp difference amplifier circuit and describe its applications;
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· recall that the input resistance of each input is different and comparatively low;

· draw and recognise the non-inverting op-amp amplifier circuit and describe its applications;
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· recall that the input resistance is equal to that of the op-amp;

· draw and recognise the voltage follower op-amp amplifier circuit and describe its applications;

· recall that the voltage gain of a voltage follower is 1, but that the current and power gain can be very large;

· recall that the input resistance is equal to the resistance of the op-amp.
General Amplifier Definitions

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

The bandwidth of an amplifier is the range of frequencies within which the power gain does not fall below half of its maximum value.  Since
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the bandwidth is also the range of frequencies within which the voltage gain does not fall below 1/√2 (i.e. 0.7) of its maximum value.

The gain of a capacitor coupled amplifier decreases at the lower frequencies due to the increasing reactance of the capacitors, and at the upper frequencies due to stray capacitance in the circuit.
A typical voltage gain - frequency curve is shown below.
The frequency is plotted on a log scale to accommodate the large range.
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Negative Feedback
The open-loop voltage gain of an op-amp is too large to be of practical use as an amplifier.  Since it is not possible to adjust the open loop gain of an op-amp, to enable them to be used in normal amplifier circuits, Negative Feedback is used to reduce the overall gain of the circuit.  With negative feedback, a proportion of the output signal is 'fed-back' to the input with a phase shift of 180o.  This has the effect of cancelling out part of the input signal and so reduces the apparent gain of the whole circuit.  With an op-amp, negative feedback is the only way of controlling the voltage gain of the circuit.  The voltage gain of the op-amp itself is unchanged but the overall voltage gain of the circuit is reduced significantly.

The simplest example of this is the Inverting Amplifier.
Inverting Amplifier

The circuit diagram of an inverting amplifier is shown below.  The power supply connections are not shown, but it is assumed that the circuit is operating from a dual voltage power-supply.
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Since it is assumed that the open loop gain of the op-amp is very large, if the output voltage is to be less than the power supply voltage then the difference in voltage between the two input terminals will be very small.  The positive input terminal is connected to 0V and so the negative input terminal will be virtually at 0V, i.e. it is a Virtual Earth Point, P.

The input voltage, Vin, appears across the resistor R1, so a current of  Vin / R1 passes through R1.  This therefore makes the input resistance of the circuit equal to R1.  It is assumed that the input impedance of the op-amp is so large that no current passes into its input terminals.  Therefore the only path for the current passing through R1 is through Rf.  As the negative input terminal of the op-amp is at virtual earth, the output voltage Vout appears across the resistor Rf.  This causes a current of Vout / Rf to pass through Rf.
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Rearranging gives
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Therefore the voltage gain of the inverting amplifier is determined solely by the two external resistors, the negative sign indicating that the amplifier is inverting.

It should be noted that the voltage gain of the op-amp has not been altered; it is still very large at low frequencies.  But the voltage gain of the overall circuit (closed-loop gain) has been reduced significantly.  Also it is important to realise that the equation is only valid when the open-loop gain is significantly greater than the voltage gain of the whole circuit.  At high frequencies the voltage gain of the whole circuit will decrease in line with the frequency compensation of the op-amp itself.  The bandwidth of the amplifier will depend on the product of the closed-loop gain of the circuit and the bandwidth.  For the purpose of this syllabus, the product of voltage gain and bandwidth is often assumed to be 106
i.e.  voltage gain  bandwidth = 106
So for an amplifier with a closed-loop voltage gain of 100, the bandwidth will be 10kHz.  

This, and other examples are shown in the diagram below.
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The oscilloscope screen diagram below shows the input and output waveform for an inverting amplifier with a voltage gain of four.  As can be seen, the output waveform is four times as large as the input waveform and the output waveform is inverted (out of phase by 180o) compared to the input signal.
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Summing Amplifier

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


[image: image59.wmf]R

R

1

f

0V

V

out

+

_

V

1

V

2

V

3

R

2

R

3


As with the inverting amplifier, the negative input terminal of the op-amp is a virtual earth point and so the current at this point is the sum of the currents passing through the individual input resistors, i.e. the total current is 
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and this current must be equal to the current passing through Rf as a result of Vout,

i.e.
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If R1 = R2 = R3 = R   then


[image: image64.wmf](

)

V

V

V

R

R

V

3

2

1

f

out

+

+

-

=


i.e. the output voltage is proportional to the sum of the input voltages and this circuit forms the basis for an analogue sound mixer for use with audio systems.
If V1 = V2 = V3 = V   then
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i.e. the output voltage is proportional to the sum of the reciprocals of the input resistors.  This circuit can be used to make a simple Digital to Analogue Converter (DAC) as is shown in the diagram below.
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R3 = Rf,
R2 = 2Rf,
R1 = 4Rf,
R0 = 8Rf
The logic inputs, D0,  D1,  D2,  D3  all have the same voltage, with D3 being the most significant bit.  The output voltage will therefore be directly related to the digital number applied to the inputs, but will be a negative voltage.

Difference Amplifier

The circuit diagram of a difference amplifier is shown below.  The power supply connections are not shown, but it is assumed that the circuit is operating from a dual voltage power-supply.
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Since it is assumed that the open loop gain of the op-amp is very large, if the output voltage is to be less than the power supply voltage then the difference in voltage between the two input terminals will be very small.
To match the small bias currents that pass into the op-amp inputs, it is normal for

R1 = R2 and R3 = Rf
Using the voltage divider formula and assuming that the input resistance of the op-amp is very large, the voltage at the positive input terminal of the op-amp is
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The corresponding voltage at the inverting input terminal of the op-amp is
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Combining these together with the op-amp formula

Vout = A(Vnon-inverting – Vinverting)
and assuming that the open loop gain, A, is very large, the formula for the voltage gain of the difference amplifier is
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This circuit suffers from several disadvantages including the input resistance being relatively low and different for the two inputs.  These can be remedied by buffering each of the inputs with op-amp voltage followers, which are described later.

Difference amplifiers are used extensively in modern electronic systems to aid the transmission of signals through electrically noisy environments.

For example, consider a microphone, which needs to be connected to a mixer desk via a long cable.  The output of a typical microphone will only be a maximum of 0.1V, and even using expensive screened cable to keep out noise and interference, the microphone signal is likely to be corrupted.  The problem can, however, be solved simply by turning the microphone signal into two signals, one of which is the inverse of the other, transmitting both signals together, and then combining them with a difference amplifier at the mixer desk.  The oscilloscope diagrams below show how this happens.
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Both of these signals are sent along a twin core cable to the mixing desk.  As they travel they both receive the same interference which distorts the signals, as shown below.
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[image: image74.wmf]
At the mixing desk, the signals are subtracted from each other using a difference amplifier.  Since the microphone signals are opposite, they will add together to form a signal twice as large.  The interference signal, however, being the same in each signal will be subtracted and so cancel, leaving just the resulting microphone signal as shown below.
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A similar system is used with computer networks.  Most computer network cables (Cat5) are now not screened, but rely on differential signals receiving exactly the same interference.  When these signals are received, they are subtracted, so removing any common mode interference.

Non-Inverting Amplifier

The circuit diagram of a non-inverting amplifier is shown below.  The circuit uses negative feedback to reduce the overall voltage gain of the circuit, but the input signal is connected to the positive input of the op-amp.  This has the advantage of providing an input impedance for the circuit equal to the input impedance of the op-amp itself, which can be as high as 1012.
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When considering the voltage gain of this circuit it is important to remember that the output voltage of an op-amp is equal to the differential input voltage multiplied by the open loop voltage gain.  Since the open loop gain of the op-amp is very large at low frequencies, the voltage at the positive input terminal and the voltage at the negative input terminal of the op-amp will be almost identical, so long as the output has not saturated at the power supply voltage.  The voltage at the negative input terminal of the op-amp will be the same as that of the junction of the two resistors Rf and R1 and will equal:
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But this will also be equal to the input voltage Vin since the two op-amp input terminals must have almost the same voltage, if the op-amp is not to saturate.
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The non-inverting amplifier has the same limitations at high frequencies as the inverting amplifier owing to the frequency compensation of the op-amp, but it does have the advantage of having a very large input impedance.

The Voltage Follower

The circuit diagram of a voltage follower is shown below and should be thought of as a special case of a non-inverting amplifier, where Rf has a value of zero ohms and R1 has an infinitely large value.
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The equation for the non-inverting amplifier then simplifies to
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i.e. the output voltage 'follows' the input voltage.  This circuit is used as a buffer amplifier and has a very large input impedance and a low output impedance.  So although it has a voltage gain of 1, it does have considerable current and power gain and can very effectively isolate a source from a load.

Practical applications for the voltage follower include:

a)
Increasing the input resistance of a moving coil meter so that the meter does not affect the measurements in any circuit that it is connected to.
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b)
A charge meter, so that electric charge can be measured.  With a 1F capacitor connected as shown, the reading on the meter, in volts, is equal to the charge stored in the capacitor, in microcoulombs.
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This circuit can also be used as a 'sample and hold' circuit by placing an electronic switch in series with the input.

POWER AMPLIFIERS

Candidates should be able to:

· use the formula  
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;

· recall and use the definition of bandwidth of an amplifier as the frequency range over which the power gain is within 50% of the maximum;

· draw and recognise the enhancement mode MOSFET (both n- and p-channel) source follower amplifier circuits and describe their applications;

· estimate the power dissipated in a source follower and describe methods for removing the excess heat generated;

· draw and recognise the push-pull amplifier circuit using p- and n-channel enhancement mode MOSFETs and describe its operation and applications;

· describe the common types of distortion associated with push-pull amplifier subsystems (cross-over and saturation/clipping) and how they can be reduced;

· describe the advantages of push-pull amplifier subsystems over single ended output subsystems;

· estimate the maximum power output from a push-pull amplifier subsystem.
Bandwidth.

The power gain of an amplifier is defined as the ratio of the output power to the input power.
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The bandwidth of an amplifier is the range of frequencies within which the power gain does not fall below half of its maximum value.
A typical power gain - frequency curve is shown below.
The frequency is plotted on a log scale to accommodate the large range.
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Source Followers.

Most of the amplifiers so far examined have been voltage amplifiers.  While these are fine for increasing the size of signals, they are unable to produce an output with much power.  To achieve a substantial power output a circuit that provides current gain is required.  Source follower circuits provide no voltage amplification but do provide considerable current amplification.  The circuit diagram for a source follower is shown below.
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For the MOSFET circuit, as Vin increases so does the drain current.  This causes a corresponding increase in the voltage across R1.  It can be shown that so long as the product of the mutual conductance of the MOSFET and R1 are large, then the voltage gain of the circuit is unity.  The current gain, though, is a different matter.  Since the input resistance of the MOSFET is very high, there will be very little input current to the MOSFET (usually much less than 1nA).  So for a drain current of 1A, the current gain will be 109!!

This property of MOSFETs enables them to be used as very effective Buffers, where the output is almost completely isolated from the input.

The power gain of these circuits can be approximated by using the formula
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The output power can be calculated from the formula
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where V is the rms value of Vin and R is the load resistor R1.

MOSFETs are voltage operated devices, unlike bipolar transistors which are current operated.  To make a drain current flow a voltage is applied between the gate and source.  The relationship between this gate voltage and the drain current is known as the Mutual transconductance (g), where
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The unit of g is siemens (S) if I is in amps and V is in volts.

Values of g range from 20mS to 30S or more for high power devices.

For the source follower the input resistance is so large that the input power is almost negligible.  This leads to a power gain that is very large.

MOSFETs require a certain gate to source voltage (Vgs) before they will pass any drain current.  This varies with the different types of MOSFET but can be as much as 2V.

When an alternating signal is fed into a n-channel MOSFET source follower, the output becomes severely distorted as shown below.
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This can be overcome by biasing the MOSFET into conduction, but it also wastes a significant amount of power.

Push-Pull Output Circuits.

A single transistor or MOSFET amplifier, when suitably biased, is known as a CLASS A amplifier and is not very efficient in terms of power supplied compared to the useful power delivered to the load.  The theoretical maximum efficiency can only be 50% but in most cases an efficiency of between 10% and 20% can be expected.  While this is of little importance for small signal amplifiers it becomes a serious problem when a power output of 100W or more is required for an audio amplifier!  It is an interesting exercise to calculate the power dissipated in the transistor or MOSFET in this case.

The main reason for this gross inefficiency is the need to bias the source to be at a voltage that is half of the supply voltage.  A way of overcoming this difficulty is to use two power supplies, one positive and the other negative and then use two matched output MOSFETs, one n-channel and the other p-channel, connected as source followers, to provide the power gain.  It is important that both MOSFETs are matched so that they have very similar characteristics.  A very basic MOSFET push-pull amplifier circuit is shown in the diagram below.
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In this circuit, no steady current flows through the MOSFETs.

Consider an input signal applied to the circuit.  Because of the non-linearity at small values of Vgs, the output will again be distorted but the negative portion of the signal will now be amplified.
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The distortion that occurs in the output is called CROSS-OVER DISTORTION, and is due to the non-linearity of the MOSFETs for small input voltages.  Such distortion may be acceptable at very large output power levels, but at low output power levels it would be unacceptable.

Since current only flows through the MOSFETs when there is an input signal greater than approximately 1-2V, the efficiency of the circuit (power-out / power-in) is high and can approach 90%.

To eliminate the cross-over distortion it is necessary to ensure that the MOSFETs are biased so that a small current (quiescent current) flows through them even when there is no input signal.  This reduces the effect of this type of distortion by overcoming the non-linearity of the MOSFETs.  The overall efficiency of the circuit is reduced to about 70% , but this is dependent on the quiescent current flowing through the MOSFETs.

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


[image: image97.wmf]0V

load

+V

s

–V

s

V

in

0V

n-channel

p-channel


The variable resistor enables the quiescent current to be set for the required value.  This will range from a few mA for a low power amplifier up to 100mA or more for a high power amplifier.  The use of diodes provides some degree of temperature stability, for as the temperature of the diodes rise, the voltage across them falls and so reduces the voltage applied to the MOSFETs.  MOSFETs are also inherently more temperature stable than transistors.  As the temperature of a MOSFET increases, its channel resistance increases and so reduces the current flowing through it, so reducing its temperature.

Assuming that the power supply for a push-pull amplifier is symmetrical (± Vs) then the maximum power output from the amplifier can be estimated as follows.

Assume that when fully conducting, there is 0V between the drain and source of the output MOSFETs.  (In practice there will be approximately 2V)
Therefore the amplitude of the voltage that can appear across the load is Vs.

For a sine wave, this results in a maximum rms output voltage of 0.71×Vs
The power is now calculated from
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where Vs is the supply voltage of one of the supplies and R is the load resistance.

In practice the output power will be less than this because of the voltage drop across the drain to source of each MOSFET.

e.g.  If an amplifier has a power supply of + 50V and an 8 speaker connected to it, then the maximum theoretical output power is 
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P = 156.25W

The rms current passing through the speaker (and MOSFETs) is found using P = I2 R
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The power supplied to the amplifier by the power supply can then be found by using W = V I
The input voltage is constant, 50V, so the input power is

W = 50 × 4.42 = 221W

Therefore the maximum efficiency of an ideal push-pull amplifier is
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In practice, a power output of 100W is more realistic for this example, which means that 

the output MOSFETs will be dissipating over 100W as heat.  If this heat energy is not dissipated then the output MOSFETs will be quickly destroyed.

Experimental Push-Pull Amplifier.

A simple but effective push-pull amplifier circuit is shown below.  It can be cheaply, quickly and easily constructed on a protoboard and modified to demonstrate the effects of cross-over distortion and clipping.  The circuit uses a TL071 op-amp, a n-channel MOSFET type IRF630 and a p-channel MOSFET type IRF9630.  Both MOSFETs need a gate to source voltage of approximately 2.5V before they begin to allow current to pass from drain to source.  To help provide this bias voltage, red LEDs are used since they need approximately 2V across them before they conduct.
The MOSFETs should each be mounted onto heat sinks consisting of at least 20cm2 of aluminium.
The circuit below contains no biasing of the output MOSFETs and negative feedback is restricted just to the op-amp.  The output contains significant cross over distortion which can be observed on an oscilloscope and heard in the loudspeaker.  The 0V from the power supply should be connected directly to the 0V point on the speaker.  A wire should then link this point to the 0V of the input.  This will help to keep the circuit stable.
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The next improvement is to provide some bias for the MOSFETs as shown in the diagram below.  The two LEDs are the standard red type and the two diodes are 1N4001 types.
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The final improvement is to incorporate the MOSFET output stage into the negative feedback loop as shown below.
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The metal tab of each MOSFET is connected to its drain so each MOSFET should be mounted on its own heatsink.
Heat Sinks

Whenever large currents are being controlled by semiconductors there is inevitably heat dissipated within the semiconductor device.  The maximum temperature that a semiconductor can withstand is about 120oC before it becomes damaged.  To keep the temperature within safe limits, the semiconductors must be physically secured to materials that will conduct the heat away from them and allow the heat to dissipate.  Such materials are usually metals and they are available in a variety of shapes and sizes.

There are four main ways in which the semiconductor can be kept cool,

a)
by physically attaching the semiconductor to a metal heat sink, (usually made from 
aluminium); to conduct away the heat,

b)
by allowing the semiconductor to cause convection currents by providing a 
large surface area of heat sink and by ensuring that there is a good, unrestricted 
flow of surrounding air,

c)
by painting the heat sink matt black and by having a large surface area to allow the 
heat to be radiated away,

d).
by using a fan to blow cooler air over the semiconductor.

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

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

Heat sinks are usually rated in terms of their temperature increase per watt of power dissipated.  This quantity is known as Thermal Resistance and is measured in 
degrees C per watt (oC/W).  A small heat sink fitted to a small transistor may have a thermal resistance of 30oC / W, which means that for every watt of power dissipated in the transistor, the case temperature can be expected to rise by 30oC.

When deciding what the thermal resistance of a heat sink needs to be, there are several assumptions to make.  These are:-

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

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

c).
the maximum power that the semiconductor is ever going to dissipate even 
under fault conditions,

d).
the thermal resistance between the semiconductor and the air is very large but the 
thermal resistance between the semiconductor and the heat sink is very small and can 
be ignored.  If silicone grease is used then this is a reasonable approximation.

e.g.
If the maximum current passing through a MOSFET is 5A when there is a drain to source voltage of 6V, calculate the thermal resistance of the heat sink required.

The maximum power dissipation in the transistor  = V  I = 6  5 = 30W, 

The maximum temperature rise allowed is from 35oC to 100oC, a rise of 65oC.
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This would be a fairly substantial heat sink and in practice a 2oC / W heat sink would be selected from one of the many electronics catalogues that are available.

Although the assumptions made do produce errors, all the errors err on the side of caution and so the only real effect of the errors is that the heat sink may be a little larger than absolutely necessary.

Thermal Runaway

Both transistors and MOSFETs have their advantages and disadvantages as high power output devices.  Some have already been mentioned in earlier sections.

Bipolar transistors are current operated devices which means that they have a low input resistance.  Their current gain is not constant.  It varies with collector current, decreasing as collector current increases.  It also varies with temperature, increasing substantially as temperature increases.  They have a small voltage across the collector -emitter junction when they are saturated (usually about 0.2V), which ensures that they dissipate little power when saturated.  Transistors also suffer from a problem known as Second Order Current Breakdown.  This occurs when there is high collector currents and a large voltage between the collector and emitter.  The collector current, instead of passing uniformly through the collector-base-emitter junction, become channelled through a small section causing local heating which destroys that section of the junction.  The destruction of the remaining part of the junction quickly follows.

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

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

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

APPENDIX A

Types And Uses Of Capacitors

	Types
	Polyester
	Mica
	Poly-propylene
	Ceramic
	Electrolytic
	Metallised film
	Poly-carbonate
	Poly-styrene
	Tantalum

	Range
	10nF – 10F
	1pF – 10nF
	1nF – 1F
	1pF – 470nF
	100nF –1F.
	100nF – 16F
	10nF – 10F
	1pF – 10nF
	10nF – 100F

	Tolerance
	±20%
	±1%
	±20%
	±20%
	±50%
	±20%
	±20%
	±2.5%
	±20%

	Stability
	Good
	Excellent
	Good
	Fair
	Poor
	Fair
	Excellent
	Good
	Fair

	Working voltage
	Up to 400V
	Up to 400V
	Up to 1500V
	Up to 1000V
	Up to 1000V
	Up to 600V
	Up to 600V
	160V
	Up to 63V

	Leakage current
	Low
	Low
	Low
	Low
	High
	Small
	Low
	Low
	Small

	Temperature coefficient
	+200 ppm per oC.
	+50 ppm

per oC.
	-200 ppm per oC.
	-5000 to +100 ppm per oC.
	>1000 ppm per oC.
	+200 ppm per oC.
	+60 ppm

per oC.
	-50 to +100 ppm per oC.
	+200 ppm

per oC.

	Uses
	General.
	Tuned circuits,

Filters,

Oscillators.
	High alternating voltage circuits.
	Decoupling,

temperature compensa-tion in oscillators.
	Decoupling,

smoothing in power supplies.
	High voltage power supply smoothing.
	Filters, oscillators and timers.
	Filters,

oscillators.
	General,

timing,

decoupling.
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APPENDIX C
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The microphone signal (left) is passed through an inverting amplifier with a gain of -1 to give the inverted signal (right).








The input signal (left) becomes the output signal (right).  The differences are caused by the gate to source turn on voltage.





The input signal (left) becomes the output signal (right).  Note the negative part is now present.
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