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Preface 

The stimulus for this book was provided by two annual requests 
from students, the first being to recommend a suitable textbook 
to cover the contents of a given electronics syllabus, and the second 
to provide tutorial periods which in their opinion provided a suc
cessful way of teaching electronic theory and circuits. 

As most modern electronics syllabuses cover mainly semi
conductor devices, I have attempted to meet both these requests 
by devoting the contents of this book entirely to the treatment of 
semiconductor devices and their associated circuitry by means of 
worked examples, the majority of which are taken from past papers 
of various examining bodies. Wherever possible, the examples in 
each chapter have been graded to lead the student through the 
simpler to the more difficult questions. Both qualitative and quan
titative examples are solved and further questions are posed at the 
end of each chapter for the student to attempt. 

The majority of the questions are taken from past examination 
papers of the City and Guilds of London Institute Electronic Tech
nician Course No. 281, and Telecommunication Technician Course 
No. 271, the rest being from past examination papers of the Insti
tution of Electrical ,Engineers, the Institution of Electronic and 
Radio Engineers, the Union of Lancashire and Cheshire Institutes 
and Wigan and District Mining and Technical College. In this re
spect, I would like to thank the boards of the above bodies and 
the Principal of Wigan and District Mining and Technical College 
for permitting me to reproduce these problems; the responsibility 
for the accuracy of the solutions is entirely mine. 

Finally, I would like to thank my wife for her encouragement 
during my preparation of the manuscript and for her subsequent 
typing of it. 

Wigan 1974 F. BROGAN 
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1 Semiconductor diodes, 
rectifiers and stabilisers 
1.1 Current conduction in a semiconductor 

Explain the differences between intrinsic p-type and n-type con
duction in a semiconductor such as germanium. 

(ET3) 

Every atom contains a nucleus of neutrons and positively charged 
protons. This is surrounded by electrons, which are negatively 
charged, moving in orbits or shells around the nucleus. Each shell 
is at a fixed radius from the nucleus and can contain only a fixed 
number of electrons. The number of electrons in the outer shell of 
the atom determines whether the atom is a conductor or an insu
lator: for if the outer shell contains only a few electrons, these are 
easily attracted from the atom and the material is therefore a con
ductor; but if the outer shell is full of electrons, these will not 
easily be attracted from it, and the material is therefore an insu
lator. To see what constitutes a semiconductor, however, consider 
the germanium atom, which is a positive nucleus surrounded by 
32 electrons. 

For any atom 

Shell 1 contains 2 electrons 
Shell 2 contains 8 electrons 

Shell 3 contains 18 electrons 
Shell 4 contains 18 electrons 

The germanium atom will therefore have only 4 electrons in shell 
4, and these are termed valence electrons. 

Figure 1.1a shows that a crystal of germanium is built up by an 
atom sharing each of its four valence electrons with one valence 
electron from each of the four neighbouring atoms, so that the 
central atom now has effectively eight valence electrons. This 
sharing of two electrons is called a covalent bond, and the crystal 
of germanium is built up from these atoms. In this state the ger

manium crystal would be an insulator as there are no free electrons. 
However, the covalent bonds are weak, and the thermal energy 
that electrons receive at room temperature is sufficient to enable 
some of them to break free from the bonds and to become free 
electrons. When such an electron leaves the shell it leaves a gap 
into which another electron can move, and such a gap is termed a 
positive hole. This explains why the resistance of a semiconductor 
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decreases with increase in temperature, that is as temperature in
creases more covalent bonds break down and more free electrons 
are provided thereby causing resistance to decrease. 

In a semiconductor material the current flow consists of both a 
movement of electrons and a movement of holes. Electrons can 
flow towards the positive terminal of the battery, as they normally 
do in metals, without moving into any positive holes; this is known 
as electron motion or electron flow. Some electrons, however, 

move towards the positive holes. For example in figure 1.1 ban 

electron moving from an atom at B into a hole at A leaves a posi
tive hole at B; so that, although an electron has actually moved 

from B to A, it appears that the hole has moved from A to B. This 

is known as hole motion or hole flow. 



Doping these electrons form covalent bonds and the fifth remains free. If 

The indium atom has only 3 electrons in its outer shell. If this this process is repeated many times"the germanium is said to be 
atom is substituted for one of the germanium atoms in a germanium doped negatively, and is known as n-type germanium. 
crystal (as shown in figure 1.2a) then, as it has only 3 electrons to In a p-type material the holes are referred to as majority carriers, 
share, a positive hole will appear at the place where the fourth because there are many more holes than electrons, while electrons 

are referred to as minority carriers. Thus, current flow in a p-type 
material can be considered to consist mainly of a flow of majority 
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electron should be. If this is repeated many times, the germanium 
is said to be doped positively and is known asp-type germanium. 
(In practice, there is only one impurity atom for every 107 germa
nium atoms.) 

In figure 1.2b an antimony atom, which has 5 electrons in its 
outer shell, is substituted in place of a germanium atom. Four of 
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carriers which are holes. 
Similarly, in n-type materials electrons are the majority carriers 

and holes are the minority carriers. Current flow in n-type materials 
can therefore be considered to consist mainly of a flow of majority 
carriers which are electrons. 

1.2 Junction diode 

Describe with a cross-sectional diagram the structure and principle 
of operation of a junction diode. Mention the materials used and 
explain why a very high degree of purity is necessary in them. 

State, with reasons, the effect of excess voltage on a junction diode. 

(TT2) 

The structure of a pn-junction diode is shown in figure 1.3a and 

its corresponding circuit symbol appears in figure 1.3b. 

pn junction 

~--+-solder 

n - type germanium 

p - type germonlum 

Figure 1.3a 

Consider a piece of semiconductor, half of it doped n-type and 

the other half doped p-type; the initial situation is shown in figure 
1.4 with both pieces electrically neutral. When one of the free 



Figure 1.3b 

electrons moves away from its associated atom, the remaining part 
of the atom is left relatively positively charged and is then known 
as a positive ion (note that this is fixed in the crystal and cannot 
move). Similarly, when a hole moves away from its atom in thep
type material, the remaining part is a fixed negative ion. The holes 
in the p-type and the electrons in the n-type are known as majority 
carriers. 

fixed 
negative 
ions 

positive 
holes 

p - type 

+ 

n- type 

Ions 8 fixed 
positive 

_ _-----+-- free 8 8 electrons 

Figure 1.4 

At room temperature, thermal energy causes the breakdown of 
some covalent bonds in both the p-type and n-type materials (as 
previously described), thereby causing the formation of a few hole
electron pairs in both types of material (note that these are also 
formed if there are any impurities in the germanium initially). In 
the p-type, the few extra holes produced will be insignificant com
pared with the millions of holes present already. However, the few 
electrons do play an important part in current conduction. These 
few electrons in the p-type and the few holes in the n-type are 
known as minority carriers. 

Consider the semiconductor shown in figure 1.4; initially, 
majority holes from p-type diffuse into n-type and majority elec
trons from the n-type diffuse into the p-type, and these holes and 
electrons recombine when they meet. This flow of majority carriers 
across the junction eventually stops because of the force exerted 
by the ions near the junction, because the holes and the electrons 
in a very narrow layer near the junction have all recombined, leav
ing a row of negative ions on thep-side of the junction and a row of 
positive ions on the n-side of the junction (as shown in figure 1.5). 
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These ions form a potential barrier at the junction, known as 
the junction or barrier potential, which prevents the flow of further 
majority carriers. As there are no majority carriers in this region 
near the junction, it can be considered to be an insulator. This 
region is known as the depletion layer. (Note that although this 
junction potential will help the movement of the few minority 
carriers across the junction, this movement is balanced out by the 
flow of an equal number of majority carriers in the opposite 
directions. ) 

Reversed biased pn junction 

When the battery is connected as in figure 1.6, it will cause holes 
in the p-type and electrons in the n-type to move away from the 
junction, thereby increasing the depletion layer and reinforcing 

p n 

.L 
'1 

Figure 1.6 

the barrier potential. Thus, no flow of majority carriers can take 
place across the junction, and the only current that does flow 
across it consists of the small movement of minority carriers which 
is aided by the barrier potential. Hence, to ensure that the reverse 
current flow in a junction diode is small (that is a few (JoA), the 



initial semiconductor material should be extremely pure and the 
temperature should be as low as possible. 

Forward biased pn junction 

With the battery connected as in figure 1.7 it tends to overcome 
barrier potential, and when it is greater than the barrier potential 
(that is, between 0·2 and 1·0 V), a large flow of majority carriers 

p n 

I. 
I' 

Figure 1.7 

occurs. In practice, the forward voltage-drop across a diode is 
nearly equal to the barrier potential. As can be seen from figure 
1.8, a silicon diode normally has a larger forward voltage drop 
than a germanium diode and can normally withstand larger forward 
currents. 

-v -200 

sLiicon germanium 

[ 
(mA) 

Figure 1.8 
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In the reverse direction however, the small current through a 
germanium diode tends to increase with voltage whereas the lower 
silicon-diode current remains fairly constant with voltage. If the 
reverse voltage becomes too large however, it accelerates the min
ority carriers to such a high speed that when they collide with 
other atoms in the depletion layer they dislodge electrons, thereby 
causing the formation of other hole-electron pairs. The effect is 
cumulative and is known as avalanche breakdown; it results in 
destruction of the diode unless the reverse current is limited. 

1.3 Full-wave rectifier circuits 

Give the meaning of the term 'peak inverse voltage' as applied to 

the diode in a rectifier circuit. With the aid of suitable wave and 
circuit diagrams, explain the differences between a full-wave recti

fier which uses (a) two diodes; (b) four diodes. In particular men
tion the transformer required and the peak inverse voltage across 
the diodes, if the d.c. output voltage is the same in each case. 

(ET3) 

The peak inverse voltage of a diode is the maximum reverse voltage 
that may be applied across it without reverse breakdown occurring. 

acg 

mput 
voltage 

output 
voltage 

A 

B 

DI 

- I{, + 

Figure 1.9a 

Figure 1.9b 



Figure '1.9a is the circuit diagram of a full-wave bi-phase rectifier 
employing two diodes. This circuit uses a transformer with a centre
tapped secondary. Assuming a mains input voltage of 240 V, 240 V 
will be developed across each half of this secondary winding. On 
the first half cycle of the input voltage, point A goes positive with 
respect to earth and diode D 1 conducts, thereby passing current 
down the load. Meanwhile, voltage point B remains negative with 
respect to earth and D2 is cut off. At the peak input.voltage, the 
peak inverse voltage across D2 will be 2 x 240y2 V; that is 
240y2 V across the lower half of the secondary winding, and 
240y2 V across the load. Also, the peak forward current through 
D1 will be 240y21R A (where R is the forward resistance of the 
diode) and the average current will be 240y'2htR A. 

On the second half cycle of the input voltage, point B will go 
positive with respect to earth and D2 will conduct, thereby passing 
current down the load (that is, in the same direction as during the 
first half-cycle). Meanwhile, voltage point A will go negative with 
respect to earth and D 1 will be cut off. Thus, though the conditions 
of the diodes are reversed the direction of the load current is the 
same, so that the output voltage is as shown in figure 1.9b. 

a,c 
Input 

A 

B 

Figure 1.10 

+ 

Figure 1.10 is the circuit diagram of a full-wave bridge rectifier 
employing four diodes. This circuit either uses a l-to-l input trans
former or can have the mains input-voltage applied directly to its 

input. 
On the first half-cycle, as point A goes positive with respect to 

earth, current flows in through diode D2, down'the load, and out 
through diode 03' Meanwhile, diodes D1 and D4 are cut off. In this 
circuit, the peak inverse voltage across diodes D 1 and D4 is only 
240y2 V, but the values of the peak forward-current and average 

5 

current through diodes D2 and D3 are the same as the correspond
ing values in the bi-phase rectifier circuit. 

On the second half cycle, as point B goes positive with respect 
to earth, current flows in through diode D4, down the load, and 
out through diode D l' Again, although the conditions of the diodes 
are reversed, the direction of the load current is the same, and the 
output voltage is as shown in figure 1.9b. 

Thus, the advantages of the bridge rectifier circuit over the bi
phase rectifier circuit are that it does not require a centre-tapped 
transformer, and that the peak inverse-voltage across each diode is 
only half of that existing in the bi-phase rectifier circuit. When 
semiconductor diodes are employed the bridge rectifier is more 
commonly used as the cost of the two extra diodes is then not 
excessive. 

1-4 Operation of Zener stabiliser 

Briefly explain how the operation of a Zener diode differs from 
that of a conventional silicon diode. 

Draw the circuit diagram of a simple Zener-diode stabilising
circuit and calculate suitable component values to provide a 20 V 
dc. stabilised supply to a variable load, from a 50 V dc. input. A 
20 V, 4 W Zener is to be used, whose voltage remains constant 
down to a diode current of O' 5 mA. 

Explain how the circuit stabilises. (a) against supply voltage 
variations; (b) against load current variations. 

Also calculate (c) the maximum and minimum supply voltage 
between which stabilisation is satisfactory if the load resistance is 
1·5 kQ; (d) the minimum value of load resistance when the supply 
voltage is 50 V. 

In the forward direction the Zener diode has a similar characteristic 
to any other silicon diode, with a forward voltage drop of about 

,0'5 V, as shown in figure 1.11. In the reverse direction however, 
the Zener diode breaks down at much lower reverse voltages (from 
about -2 V). This is because the Zener diode is manufactured with 
a much narrower junction than a normal silicon diode by using an 
impurity content of only 1 in 105. Hence, at relatively small reverse 
voltages, the electric-field strength across the junction is sufficient 
to cause electrons to break away from their covalent bonds, thereby 
giving rise to what is known as field emission. Breakdown in a 
normal silicon diode occurs at much higher voltages, and it is caused 
by the minority carriers colliding with ions in the depletion layer, 
thereby releasing more electrons from the covalent bonds, and 
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breakdown 
voltage 
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linear 
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Figure 1.11 

0-5 V(volts) 

giving rise to what is termed avalanche breakdown. After break
down, as the voltage across the Zener diode increases only slightly 
with further increase in current through it, it can subsequently be 
treated as a linear resistor. Therefore 

A Vz / A Iz = R z = slope resistance of Zener 

+~------~~--~~--, 

t 
50V 20V 

I 
Figure 1.12 

The basic Zener-diode voltage-stabiliser circuit is shown in figure 
1.12. Consider an open-circuit load; the Zener will then take its 
maximum current, which is given by 

Imax = PowerlVoltage = 4/20 = 1/5 = 200 mA 

To stabilise at 20 V from a 50 V input, 30 V must be dropped 
across R s therefore 

Rs = 30/200 X 10-3 = 150 n 
To understand the action of the above circuit, the Zener can be 

considered to be a current reservoir as long as it remains broken 

6 

down. Its response to supply-voltage and load-current variations is 
as follows: 

(a) When the supply voltage increases, the Zener diode takes 
the extra current while the increase in voltage appears across Rs. 
Similarly, when the supply voltage decreases, the Zener supplies 
the extra current required by the load and the voltage across Rs 
decreases. 

(b) When the load current decreases because of increase in 
load resistance, the Zener current must increase by the same 
amount. Similarly, when the load current increases because of fall 
in load resistance, the Zener must shed an equal amount of current 
to the load. 

150.n. Is 
+ ~------~~--~~--.., 

v 

Figure 1.13 

(c) For minimum value of supply voltage, the data requires 
that the Zener must still pass 0·5 mAo In figure 1.13 

IL = 20/1500 = 13·33 mA 

therefore 

Is = 13·83 mA 

and 

Vmin = (13'83 X 10-3 x 150) + 20 = 22·07 V 

For maximum value of supply voltage, the Zener will pass its maxi
mum current of 200 mA. Therefore 

Is = 213·3 mA 

and 

Vmax = 0'2133 x 150 + 20 = 52 V 

(d) When V = 50 V, minimum value of RL occurs when 
Zener current is 0'5 mA; then 

Is = 30/150 = 200 mA 

and 

IL = 199'5 mA 



therefore 

20 
R = ""'lOOn 

L 199'5 x 10-3 

1.5 Zener-stabiliser calculations 

A Zener diode has a reverse breakdown-voltage of 5·8 V and after 
this can be considered to be a linear resistance of 10 n. It is to be 
used in a simple voltage stabilising circuit to stabilise the load volt
age at 6 V from a 12 V supply_ If the load resistor is 2 kn, draw a 
suitable circuit diagram and calculate the value of the required 
series resistor. Also determine (a) the change in load voltage, if the 
supply voltage increases by 10 per cent; (b) the minimum value of 
load resistor for which stabilisation will still be effective, with a 
12 V supply; (c) the minimum value of supply voltage for which 
stabilisation will still be effective, with a 2 kn load resistor. 

1. Rs 
+ 

I z 

12V 

Figure 1.14 

In figure 1.14, when V L = 6 V 

Also 

where 

6 
I L =---=3mA 

2 x 103 

VB = Zener breakdown-voltage 

R z = Zener slope-resistance 

therefore 

6=5'8+/ z 10 

I z = 0'2/10 = 20 rnA 

12 - 6 6000 

2k.a 

R = =--= 261 n 
s (3 + 20)10-3 23 

IL r 

RT 
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(a) When supply voltage increases by 10 per cent to 13'2 V 

Also 

V L = 2000 I L = 5' 8 + 1 0 I z 

I z = 200 IL - 0'58 

Substituting for I z in equation 1.1 

then 

13.2 = (lL + 200 IL - 0'58)261 + 2000 IL 

= 52 461/ L - 151-4 

164'6 
I L =--=3'13mA 

52'461 

V L = 6'26 V 

Change in the load voltage is 0·26 V. 

(1.1 ) 

(b) the minimum value of load resistance will be when Zener 
diode just breaks down; that is, when VL = 5'8 V and I z = O. Hence, 
conditions will be as shown in figure 1.15. 

261.a 
+ o-----C::J-------, 

t 
12V 2 k.a 58V 

I 
Figure 1.15 

12 - 5·8 
IL=/s= =23'8mA 

261 
5·8 

Minimum RL = 3 = 244 n 
(23'8)10-

(c) Similarly, for minimum supply-voltage, Zener just breaks 
down and conditions are shown in figure 1.16. 

261.a 
+~---~~----~ 

I 
2 k.a 58 v 

I 
Figure 1.16 



therefore 

5·8 
I =--= 2'9mA 
s 2000 

Vs = (261 x 2'9 x 10-3 ) + 5·8 = 0'757 + 5·8 = 6'557 V 

1.6 Other Zener circuits 

Explain two distinct uses for a Zener diode other than as a simple 
stabiliser. 

A Zener diode has a reverse characteristic equation V = 10 + 61 
(V in volts, I in amps) for values of I greater than 5 mAo It is used 
as a simple stabiliser for a load which can vary between 0 and 
200 mA from a dc. supply of nominal voltage 36 V which may 
vary by ±6 V. Estimate the maximum value of the series resistor 
which may be used if the Zener-diode current is not to fall below 
5 mA for all input and load conditions. For this value of series 
resistor determine (a) the minimum power-rating of the Zener 

diode; (b) the maximum variation in output voltage. 

There are three common uses of the Zener diode other than in the 
simple stabiliser circuit 

(1) as a voltage reference device in transistor stabilisers; 
(2) as a protection device against overload; 
(3) in a clipper circuit. 

In (1), a sample of the output voltage is compared with the 
Zener voltage and the difference between the two is used as the 
input to a transistor amplifier which is then used to restore the 
output voltage to its correct level. 

In (2), the Zener diode can be used to prevent overloading of 
sensitive meter movements without affecting meter linearity (see 
section 1.7). 

In (3), two identical back-to-back Zener diodes can be used in 
the circuit configuration shown in figure 1.17 to produce an 
approximate square-wave from a sine-wave input. 

To determine the maximum value of series resistor, the worst 

conditions of supply voltage and load current must be considered; 
that is, when the supply voltage is a minimum of 30 V and the load 
is taking maximum current of 200 mA, the Zener must still pass a 
current of 5 mAo 
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Figure 1.17 

Is Rs 
+ 

IL r I z 

IOV RL t, 
Figure 1.18 

Considering figure 1.18 

VL , = 10 + (6 x 0'005) = 10·03 V 

therefore voltage drop across Rs = 30 - 10·03 = 19'97 V 

19'97 
R = = 97'4 n 

s (200 + 5)10-3 

(a) to calculate the minimum power-rating of the Zener 
diode, the conditions when the Zener diode has maximum ,voltage 
across it and maximum current through it must be considered, This 
will apply when the load is open circuit and the supply voltage is a 
maximum of 42 V, as shown in figure 1,19, 

97-4,Q 

::-----Iv =~!l 
Figure 1.19 

From this figure 

42 = 97'4 I z + (10 + 6 I z) 

32 
I =--=309'5mA 
z 103.4 



when 

V L =10+(6xO·3095)=11·S57V 
2 

therefore 

minimum power rating = Viz = 3·7 W 

(b) The maximum variation in output voltage will be the 
change occurring between the two extreme circuit conditions; that 
is, between minimum supply-voltage with maximum load-current, 
and maximum supply-voltage with zero load-current. 
Therefore 

maximum variation in output voltage = VL2 - VL , 

1.7 Zener protection circuit 

= 11·S57 - 10·03 

= 1·S27 V 

The circuit shown in figure 1.20 represents a d.c. voltmeter which 
reads 20 V full scale. The meter resistance is 560 .0 and R I + R 2 = 
99· 5 kil. If the diode is a 16 V Zener, find R I and R 2 so that when 
V = 20 V, the Zener diode conducts and the overload current is 
shunted away from the meter. 

v 

200 fLA 

Figure 1.20 

When the input voltage is 20 V, the Zener diode just breaks down; 
that is, the voltage across it will be 16 V but it will not be taking 
any current. At that time the meter must indicate full-scale deflec
tion. The current through R I' R 2 and the meter will therefore be 

200 fLA. Then 

= 20 - 16 = 20 kil 
R2 20 x 10-6 

RI = 79·5 kil 

(Check) 
(R I + RM ) = SO kil 
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therefore 

(R I + RM ) x 200 x 10-6 = 16 

1.8 Stabilisation ratio of a Zener stabiliser 

Draw and describe the current/voltage characteristic of a Zener 
diode. Explain the operation of the voltage-stabiliser circuit shown 
in figure 1.21 and calculate the value of Rs if the stabilisation ratio 
is to be 0·005. What would be the effect of doubling Rs? The 
dynamic resistance of the diode, beyond its breakdown voltage of 
6V,is10il. 

R. 
+C>---

f 
I z IL 

20V 
Ik.D. RL V. 

I 
Figure 1.21 

The first part of this question is answered in section 1 A Stabilisa
tion r-atio 

small change in output voltage = AVo 
S = small change in input voltage AV I 

for constant value of load resistor. 
From figure 1.21 

Current flowing through the Zener, Iz, is given by 

Vo - Vz I = --"'----=-
z Rz 

(1.2) 

where Vz = Zener breakdown voltage. Also, current through the 
10ad,/L = VoIR L. Substituting these values of Iz and IL in equa
tion 1.2 

VI = (VoIRL + Vo~ V2 )Rs + Vo 

VzRs 
VI = Vo(1 + RslRL + RsIRz) - R 

z 



To calculate the approximate effect of a change in the input 
voltage, it may be assumed that Vz is constant and that R ~ RL , 

so that RsIRL may be neglected compared with RsIRz. Then, 
considering small changes of voltage 

~VI ~ ~Vo(1 + RsIRz } 

Rz 
S=~Vo/~VI =-~

Rs + Rz 

Substituting the values given 

10 
0'005=--

Rs + 10 

therefore 

0·005 Rs + 0'05 = 10 

9'95 
R =--= 1'99kil 

s 0'005 

(1.3) 

From equation 1'3, if Rs is doubled, as it is large compared with 
Rz, the stabilisation ratio S will be halved, which doubles the 
effectiveness of the circuit. 

1.9 Voltage-doubling circuit 

With the aid of a circuit diagram, describe the action of a voltage
doubler circuit using capacitors and diodes. 

(En) 

Vi. = V sin w! 

load R 2V 

Figure 1.22 

Considering figure 1.22, on the positive half-cycle of the input 
voltage, C1 will charge up through 0 1 to a voltage V volts, which 
is the maximum value of the a.c. input voltage. Similarly, on the 
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negative half-cycle of the input voltage, C2 charges through O2 to 
a voltage V volts. After one cycle of input voltage, the voltage 
across the load resistor R will be 2 V volts_ However, this assumes 
that the capacitors do not discharge through R in the time when 
they are not being charged. This circuit is only dffective for very 
high load-resistor values, and its regulation deteriorates rapidly at 
low values of R. The peak inverse voltage across the diodes in this 
circuit will be 2 V volts. 

1.10 Voltage-quadrupling circuit 

Give a circuit diagram of a voltage-quadrupler circuit employing 
diodes and capacitors. Describe the action of the circuit, stating 
its limitations, and suggest one practical use of it. 

(H.N.C.) 

04 

+ 
2V C4 

03 

+ 
2V C3 R 

02 
+ 

V L-=.J + 
2V C2 

C1 

Von = Vsin w! 01 

B .. 
Figure 1.23 

Figure 1.23 shows the circuit diagram of a voltage-quadrupler 
circuit. The main limitation on this circuit to ensure its effective 
operation, is that the load should take negligible current. To ex
plain the operation of the circuit, it will be assumed that the load 
is a very high value, so that the capacitors do not discharge 
through it. 

On the first half-cycle of supply voltage, C1 charges through 0 1 

to V volts. On the second half-cycle, C2 charges through O2 to 2 V 
volts, due to supply voltage and the voltage across Ct. On the third 
half-cycle, C3 charges through 0 3 to 2 V volts due to supply volt-



age, voltage across C2 minus the voltage across Cl' On the fourth 
half-cycle, C4 charges through D4 to 2 V volts due to supply volt
age, voltage across Cl , voltage across C3 minus the voltage across 
C2 · Therefore after two cycles of input voltage, the voltage across 
the load will be 4 V volts. 

This circuit could be used for the E.H.T. supply in a television 
receiver where the current requirement is very small. In practice 
the circuit can be extended to give multiplication factors up to 
approximately 10. 

1.11 Exercises 

Exercise 1. 1 

Explain the construction of a germanium pn-junction diode and 
how it functions as a rectifier. 

Show, with the aid of sketches, any differences between the 
current/voltage characteristics of a germanium diode and a vacuum 
diode valve. Comment on the shape of the characteristic. 

(ET3) 

Exercise 1.2 

Give the circuit diagram of a rectifier bridge circuit and add wave 
diagrams to show how it operates. How does the transformer sup
plying the bridge-rectifier circuit differ from that required for a 
full-wave rectifier using two diodes? State what is meant by peak 
inverse voltage and calculate its value in the circuit you have 
drawn, if the transformer secondary voltage is 20 V r.m.s. 
(Answer: 28'3 V) (ET3) 

Exercise 1.3 

A Zener diode has a breakdown voltage of 5 V and after this can 
be considered to have linear resistance of 25 n. It is to be used in 
a voltage-stabilising circuit to provide a load voltage of 5'5 V. If 
the supply voltage is 9 V and the load resistor is 1'1 kn, draw the 
circuit diagram and calculate the value of series resistor required. 
Also determine (a) the change in load voltage, if the supply voltage 

increases by 10 per cent; (b) the minimum value of supply voltage 
for which stabilisation will still be effective, with a 1·1 k n load; 
(c) the minimum value of load resistor for which stabilisation will 
still be effective, with a 9 V supply. 
(Answers: 140 n, 0'13 V, 5·64 V, 175 D.) (ET3) 
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Exercise 1.4 

Explain, with the aid of a suitable characteristic, how the operation 
of a Zener diode differs from that of a rectifying diode. 

The following data apply to a Zener diode 

nominal voltage at 5 mA = 9 V 

maximum slope-resistance at 5 mA = 10 n 

characteristic linear above 0·5 mAo 

Sketch a circuit diagram showing how this diode may be employed 
to supply a load of 15 mA at an almost constant voltage of 9 V 
from a d.c. source of 24 V (nominal). 

Explain how the circuit stabilises (a) against supply-voltage 
variations; (b) against load-current variations. 

Calculate the load voltage variation when the supply voltage 
varies by 2 V. What are the advantages of Zener diodes over gas 

stabil isi ng-valves? 
(Answer: 0'03 V) (ETS) 

Exercise 1.5 

A Zener diode and one resistor are joined in series to provide a 
16 V stabilised output from a 20 V supply. If the load resistor is 
200 n and the current through the stabiliser is 8 mA, determine 
the value of the series resistor and the power dissipated in it. 

I f the load is increased to 250 n, the output voltage rises to 
16'2 V. Determine the current which then flows through the 
stabiliser diode, the power dissipated in it and its slope resistance, 
given that the Zener breakdown voltage is 15·9 V. 
(Answers: 45'5 n, 352 mW, 20'9 mA, 338 mW, 14'3 n) 

Exercise 1.6 

Explain, with the aid of a suitable characteristic, how the operation 
of a Zener diode differs from that of a rectifying semiconductor
diode. 

A 56 V, 8 W Zener is to be used to supply a variable load from 
a nominal 100 V d.c. source. Design a suitable circuit so that the 
Zener diode is not overloaded under any load conditions if the 
source voltage is 100 V. Explain how the circuit stabilises (a) against 

supply-voltage variations; (b) against load-current variations. If the 
diode can be assumed to stay constant down to a diode current of 

1 mA, estimate (i) the maximum and minimum supply voltage 
between which stabilisation is satisfactory if the load resistance is 



560 n; (ii) the minimum value of load resistance when the supply 
voltage is 100 V. 
(Answers: Rs = 308 n, 130·8 V, 87·1 V, 395 m (ET5) 

Exercise 1.7 

Explain two distinct uses for a Zener diode other than as a simple 
stabi I iser. 

A Zener diode has a reverse characteristic equation V = 9·1 + 
5·011 (V in volts, I in amps) for values of I greater than 0·01 A. It 
is used as a simple stabiliser for a load which can vary between 0 

and 150 mA from a d.c. supply of nominal voltage 25 V which 
may vary by ±5 V. 

Estimate the maximum value of the series resistor which may be 
used if the Zener·diode current is not to fall below 0·01 A for all 
input and load conditions. For this value of series resistor, deter
mine (a) the minimum power rating of the Zener diode; (b) the 
maximum variation in output voltage. 
(Answers: 67·8 n, 3 W, 1·385 V) (ET5) 
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Exercise 1.8 

R 

Vin ; Vsin wI 

Figure 1.24 

Figure 1.24 shows an alternative form of voltage-quadrupler circuit. 
Describe its operation. 



2 Voltage and current 
common-emitter amplifiers 
2.1 Load line: dissipation, current gain, and input resistance 

The characteristics of a pnp transistor (assumed to be linear over 
the given range) are tabulated below. It is used in the common

emitter mode with a resistive load of 2 kSl and a supply voltage of 

10 V. Estimate, using a load line (a) the total power dissipated in 
the circuit under quiescent conditions when the base is biased to 

-50 (.LA; (b) the amplifier current gain; (c) the a.c. input resistance 

if the voltage gain is 8a Briefly state how a reduction in load 
resistance would affect your answers to (a) and (b). 

Collector current (mA) for 

Base current 
((.LA) 

-20 
-40 
-60 
-80 

The load line equation is 

Vee = leRL + Ve 

where 

Vee = the supply voltage 

Ie = collector current 

Ve = collector potential 

RL = load resistor 

collector voltages of 

-2V -8V 

-0,9 -1·5 
-1,8 -2,55 
-2,8 -3,85 
-3,9 -5,1 

(2.1 ) 

To fix the two points on the load line which lie on the axes of the 
graph, use equation 2.1 as follows 
when 

Ie = 0, Ve = Vee = 10 V 

when 

Ve = 0, 
Vee 10 

I =--=---=5mA 
e RL 2xl03 
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collector 
current 
Ie mA 

3·95 -1-
output 
current 

6 

swing 

IAJ __ 2 

° 

-1-

-2, -4 -6 

I output vottage I 

2~ swing ~2 

Figure 2.1 

-8 -10 

I e'-60p..A 

Ie' -50p..A 

collector 
voltage 
Vc volts 

Hence the load line can be superimposed on the characteristics 
as shown in figure 2.1. The. characteristic for a base current of 
-50 (.LA is drawn by taking the mean of those for base currents of 
-40 and -60 (.LA. At a collector voltage of -2 V the collector 
current will be -2,3 mA, and at a collector voltage of -10 V the 
collector current will be -3,5 mAo 

(a) From the characteristics and the load line, the quiescent 
collector current I Q is 2' 7 mA. Therefore, total power dissipated 
in the circuit under quiescent conditions is 

Vee/Q = 10 x 2·7 X 10-3 = 27 mW 

(b) ,From the characteristics and load line for an input base
current swing of 60 f1.A, the collector current varies from 1'4 to 
3'95 mAo Therefore current gain 

where 

2'5 x 103 2550 
A· =i Ii· = =---
lOIn 60 X 10-6 60 

= 42'5 

(c) Voltage gain 

ioRL 
Av = volvin =-.-

linRin 

Rin = input resistance of the amplifier 



therefore 

RL 
A =A--v I Rin 

2000 
80 = 42·5 x--

Rin 

42,5 x 2000 
R· = = 1'06 kD 

In 80 

Ie 
(rnA) 

2 kn load line 

o -10 

Figure 2.2 

As can be seen from figure 2.2, if load was reduced to 1 kD, 
then the point on the collector-current axis would move up to 
10 mA. Therefore the quiescent current in part (a) would increase 
and so would the power dissipation. 

Similarly, the output-current swing, for the same input-current 
swing, would increase; and hence, in part (b), the current gain 
would also increase. 

2.2 Load line; voltage, current, and power gains 
A pnp transistor has the following characteristics which may be 
assumed to be linear between the values of collector voltage given 

Collector current (mA) for 

Base current collector voltages of 

(!LA) -lV -6V 

-20 -O·g -1'27 
-40 -1'9 -2·4 
-60 -3,0 -3,65 

-80 -4·0 -4·79 
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The transistor is used as a common-emitter type amplifier with a 
load resistor of 1·5 kD and a collector supply of 7·5 V. The a.c. 
input resistance may be taken as 1·25 kD. Determine the voltage 
gain, current gain and power gain, when an input current of 30!LA 
peak varies sinusoidally about mean value of 50 !LP.... 

If this transistor were used as a common-base type amplifier 
with the same load resistor arid supply voltage, what values of the 
voltage gain, current gain, power gain and input resistance would 
be expected? 

Hence explain why the common-base circuit is not used for 
multi-stage RC-coupled amplifiers. 

(ET5) 

The load-line equation is Vee = leRL + Ve (as in section 2.1), 
which enables the points on the two axes to be determined. When 

Ie = 0, 

when 

Ve=O, 

collector 
current 
Ie mA 

output 
current 
swing 

6 

1,251 __ 2 

° 

Ve = Vee = -7,5 V 

Vee 7·5 
le= RL =1'5xl03 =5mA 

1 1 
I------ output :lOl1age ------.j 

,.4 sWIng 5.62 

Figure 2.3 

I. '-50p.A 

I. '-40p.A 

collector 
voltage 
"'c volts 

The characteristic for a base current of -50 (lA can again be 
drawn by taking the mean of the ones corresponding to base 
currents of -40 and -60 (lA. The load line can be superimposed 



on the characteristics as shown in figure 2.3. From figure 2.3, 
output-voltage swing Vo is 4·22 V. The input-voltage swing vin is 
ibrin, where ib is the base-current swing, and rin is the a.c. input 
resistance of the amplifier. 
Therefore 

vin = 60 x 10-6 x 1·25 X 103 = 75 mV 

Vo 4·22 
voltage gain A = -- = = 56·3 

y vin 75 X 10-3 

From figure 2.3, output-current swing io is 2·83 mAo Input base
current swing iin is 60 !LA 
therefore 

i 2·83 x 10-3 
current gain AL = -!!- = -6 = 47·2 

'in 60x 10 

power gain Ap = voiolviniin = AyAj 

= 56·3 x 47·2 

= 2657 
If this transistor were used in a common-base amplifier with 

the same load resistor and supply voltage, the voltage gain would 
be of similar value (that is, approximately 50). However, as the 
current gain of the common-base amplifier is approximately 0·95 
to 0·98, the power gain would be of the order of 45. Also the in
put resistance is very low, at approximately 30 to 100 Q. 

Hence, the common-base circuit is unsuitable for multistage 
amplifiers because its current and power gains are low when com
pared with the corresponding common-emitter values. Also its low 
input resistance seriously shunts the load resistor of the previous 
stage, thereby reducing the output voltage from that stage and 
causing a corresponding fall in overall gain. 

2.3 Amplifier with fixed bias 

The circuit shown in figure 2.4 is that of a simple transistor ampli
fier. Estimate the value of the collector load-resistor Rc and the 
bias resistor R B, if the mean (quiescent) d.c. collector current and 
voltage values are 9·2 mA and 4·4 V respectively. The transistor 
has a d.c. current gain of 115 and VBE is O· 7 V. 

To improve the d.c. stabilisation of the circuit the bias is to be 
obtained by returning the bias resistor to the collector. Draw a 
circuit diagram to show how this can be done without introducing 
unwanted a.c. feedback. Calculate suitable values for the com
ponents required and compare the relative merits of this method 
of d.c. stabilisation with other methods. 

(ET5) 

1-5 

r-----~~----------~9V 

Rc 

input 

~----------------~------------~ov 

Figure 2.4 

Voltage drop across Rc = 9 - 4·4 = 4·6 V 
therefore 

4·6 
Rc = = 500 Q 

9·2 X 10-3 

Base potential = O· 7 V 

therefore 

voltage drop across RB = 9 - 0·7 = 8·3 V 

Base current I B 

therefore 

8·3 
R B = 6 = 103·8kQ 

80 x 10 

.-----------~9V 

o 

input 

Rc 

.-__ --{=::J---1~_C=}__Is~ .. Ie + Is 
RI 

c 

~utPut 

~------------------+---------~----------~ov 

Figure 2.5 



Assuming the values of base and collector currents in figure 2.5 
to be the same as those in figure 2.4 

collector potential Ve = 9 - (Ie + I B)0'5 

= 9 - (9'28 x 0'5) 

= 4'36 V 

voltage drop across RB = 4'36 - 0'7 

= 3'66 V 
therefore 

3'66 
RB = 80 x 10-6 = 45'8 kil 

The capacitor C has to provide a low· resistance path to earth 
for the a.c. feedback component. If R J (which shunts Rd is small, 
it seriously reduces the effective collector load-resistance. Simi
larly, a small R2 reduces the input resistance of the amplifier. 
Usually therefore, R J and R2 are made approximately equal, and 
the capacitor is chosen so that its reactance at the lowest signal
frequency is small compared with the resistance value. In this 
example, R J and R2 would each be approximately 23 kil. A 4 (1.F 
capacitor could then be chosen, as it would have a reactance of 
approximately 800 il at a signal frequency of 50 Hz. 

Two alternative methods of stabilisation are 

(1) the use of a decoupled emitter-resistor alone (see section 
2.4) 

(2) the use of a decoupled emitter-resistor together with 
potential-divider stabilisation (see section 2.6). 

Both the collector-base resistor method used in this example and 
the decoupled emitter-resistor method are equally effective, but 
the latter method involves using one extra resistor (the emitter
resistor). In both uses, the value of the bias resistor RB is deter
mined by the required base current. When potential-divider stabilis
ation is used however, a bleed current as well as the base current 
flows through the upper bias-resistor, and this widens the choice 
of resistor value. This is the best method of stabilisation and is the 
most used in practical amplifier circuits. 

2.4 Amplifier with emitter resistor 

Explain why the circuit of figure 2.6 gives better d.c. stability than 
one in which the emitter is connected directly to the 0 V line. 

The transistor used has negligible leakage current at room tem
perature and a dc. current gain (hFJY of 100 Under quiescent 
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conditions the collector current is 4 mA and VBE is 660 mY. 
Determine a suitable value for R B. 

If the amplifier a.c. current gain (Ai) is 90 and the a.c. input 
resistance is 800 il, calculate the voltage gain, assuming that all 
capacitors have negligible reactance at the working frequency of 
operation. 

Explain briefly what the effect would be of removing CE from 
the circuit. 

IOV 

Rs Ikn 

output 

a 

Ikn 

input 
CE 

OV 

Figure 2.6 

In the circuit of figure 2.4, in which the emitter is connected 
directly to the 0 V line, the quiescent point is fixed by the base 
current flowing through R B. If the base-emitter voltage drop is 
negligible, th.en the value of the base current can be calculated 

from IB = Vee/RB' 
However, if the temperature of the transistor increases, the 

leakage current also increases, thereby changing the values of 
collector current, collector voltage, and base current; for d.c. 
collector current = Ie + leo (where Ie is the component due to the 
amplifying action on the base current IB' and leo is the leakage 
current), and d.c. base current = IB - leo. Hence, with increase in 
leakage current, the total collector current increases and the total 
base current decreases. 

These changes cause the operating point of the amplifier to 
drift, and this can distort the output voltage. I n power amplifiers, 
the increase in collector current can cause a further increase in 
temperature, which again increases the leakage current, thus pro
ducing a cumulative effect that can lead to the eventual destruction 
of the transistor, and is known as thermal runaway. 



When the emitter resistor is employed, as shown in figure 2.6, 
any increase in collector current produces an increase in emitter 
current, which thereby causes a larger voltage drop across the 
emitter resistor RE . This reduces the forward bias voltage VBE, 

reducing the collector current and restoring it very nearly to its 
original value. This reasoning applies equally well to variations in 
collector current caused either by supply voltage changes or by 
changes in the d.c. current gain of the transistor. Thus, the circuit 
of figure 2.6 gives better d.c. stability than the one in which RE 

is connected directly to the 0 V line. 
In the circuit of figure 2.6, the emitter current IE is given by 

(h FE + 1)Ie 
IE=~~-~ 

hFE 

101 x4x10-3 
-----=4·04mA 

100 

emitter voltage = 4·04 x 10-3 x 330 

= 1·33 V 
base voltage = 1·33 + 0·66 

~2V 

therefore voltage drop across RB is 8 V 

4 x 10-3 
base current I B = I e1h FE = = 40 fLA 

100 

therefore 

8 6 = 200 kil 
40 x 10-

output voltage Vo = icRL 

input voltage Vin = ibRin 

where 

RL = load resistor 

Rin = a.c. input resistance of the amplifier 

ic = a.c. collector current 

ib = a.c. base·current 

therefore 

icRL 
voltage gain Av = VolVin = -.-

IbRin 

AiRL 90 x 500 
=--= 

Rin 800 

= 56·25 
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(Note: RL comprises the 1 kil load resistor and the parallel output 
resistor of 1 kil; that is, 500 il.) 

If CE were removed, an a.c. voltage would be developed across 
RE and this would oppose the a.c. input voltage to the transistor. 
Therefore the net a.c. base-emitter voltage would fall and so would 
the a.c. output voltage, thereby effectively reducing the voltage 
gain of the amplifier. This effect is known as negative feedback. 

2.5 Amplifier with collector-base resi.stor 

What is meant by the expression 'stabilisation of the operating 
point' when used in conjunction with a common-emitter connec
ted transistor amplifier? Explain how d.c. stability is obtained in 
the amplifier circuit shown in figure 2.7. 

The circuit is modified by connecting a resistor in series with 
the emitter and increasing the supply voltage so that the value of 
quiescent base current is unchanged State how the following 
amplifier properties will alter (i) d.c. stability; (ii) voltage gain; 
(iii) input and output a.c. resistances. 

r-----------o vee 

output 

~~-+-------+~ 

input 

~-------------~------------~ov 
Figure 2.7 

Stabilisation of the operating point implies maintaining the d.c. 
conditions in the amplifier as constant as possible, when supply 
voltage, temperature, transistor d.c. current gain, or any other 
parameter, varies. 

In figure 2.7, if the collector current increases because of change 
in any of the above mentioned parameters, the collector voltage 
Ve will fall. Therefore, the d.c. base current IB will fall (as 
IB = VeIR2; neglecting the base-emitter voltage VBE ). Hence, the 
collector current Ie (that is, hFE/B) will also fall towards its original 
value. Similarly, if Ie decreases, Ve and IB will rise, so that Ie then 



rises to offset the original decrease. Thus, the operating point has 
been stabilised. 

I f a resistor is connected in series with the emitter 

(i) d.c. stability will be improved because of the d.c. negative 
feedback; 

(ii) voltage gain will be decreased because of the a.c. negative 

feedback; 
(iii) input and output a.c. resistances will both decrease. 

2.6 Amplifier with potential-divider stabilisation 

Explain why stabilisation of the operating point is necessary in a 
transistor amplifier and how it is achieved in the circuit shown in 
figure 2.8. 

.-------~----------~IOV 

Rc 

o-------;I~------~~--+_r 

~---------------+------~----~------OOV 

Figure 2.8 

The input characteristics of the silicon transistor used in the 
circuit of figure 2.8 are shown in the graph of figure 2.9. Under 
quiescent operating conditions, the d.c. voltage across RE is 3· 5 V 
and the base current is 30 fLA. Assuming zero leakage current, esti
mate the value of R B. Calculate the voltage gain of the stage, assum
ing that it is coupled to an identical stage via a capacitor of negli
gible impedance, that RE is adequately decoupled, and that the a.c. 
and dc. current gains are the same. 

(ETS) 

The necessity for stabilisation of the operating point in a transistor 
amplifier has been dealt with in the first part of section 2.4. 

In the amplifier shown in figure 2.8, which employs potential
divider and emitter-resistor stabilisation, the values of RB and RA 
are chosen such that the total current flowing through them is very 
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much larger than the d.c. base current of the transistor (usually by 
a factor of 10). Thus variations in d.c. base current arising from 
change in leakage current have little effect on the d.c. conditions. 

The effect of the emitter resistor RE is to compensate for any 
change in d.c. collector current (that results from leakage current 
change, supply voltage variations, etc.) by producing a change in 
transistor drive-voltage VBE, and thereby restoring the collector 
current towards its original value (as discussed in section 2.4). 
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~ 

E 
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Q) 
on 
0 
.0 

400 

~ F-

~ 
----~ 

~ 

~ 
( 

300 

200 

100 

10 20 30 40 50 60 
base current f' A 

Figure 2.9 

From figure 2.9, when 'B = 30 fLA, VBE = 625 mV 
therefore 

voltage at the junction of RA and RB = 3·5 + 0·625 

=4·125V 

4'125 
current through R A 1= = 0'737 mA 

5'6x103 

therefore 

10 - 4'125 5·875 
RB = 1+ 'B 767 x 10';:; 

= 7'7 kS1 



The transistor d.c. current gain 

hFE = Ie/Is"'" IE/Is 

IE = 3'5/560 = 6·25 rnA 

therefore 

hFE = 6250/30 = 208 

To determine the transistor a.c. input resistance hie, a tangent is 
drawn on figure 2.9 at the point corresponding to a d.c. base 
current of 30{LA. 

change in base-emitter voltage VSE (in mV) 
h· =----~----------------~~~-------

Ie corresponding change in base current Is (in (LA) 

(700 - 525) ro- 3 
----~- = 3·3 kn 

(53 - 0) 10-6 

For the amplifier, the effective a.c. input circuit is shown in 
figure 2.10. 

56 k~[) Ra 
77k.\l. 

Figure 2.10 

The amplifier a.c. input resistance rin is given by 

1 1 1 1 
-- = --- + --- + -
rin 5'6 7·7 3'3 

= 0'179 + 0'130 + 0·303 

= 0'612 mS 

When this amplifier is loaded by an identical stage, the input 
resistance of the second stage will shunt the load resistor of the 
first stage, thereby reducing the net resistance to R~, where 

1 1 1 1 1 
-=-+--=-+--
R~ RL rin 1 1'6 

= 2'6/1'6 
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therefore 

R~=615n 

Consider an r.m.s. input voltage llin of 33 mV, then r.m.s. base 
current 

33 X 10-3 

Ib=\I: /h- = =10"A 
In Ie 3'3x103 r 

As a.c. current gain hfe = d.c. current gain hFE = 208, r.m.s. 
collector current 

Ie = 2·08 rnA 

therefore r.m.s. output voltage 

Va = leR~ 

= 2'08 X 10-3 X 615 

= 1'28 V 

A I'f' I . / 1·28 mp I ler vo tage gain Ay = Va Vin = 3 
33 X 10-

= 38'8 

2.7 Design of practical amplifier 

In the common-emitter amplifier shown in figure 2.11, the collector 
current of the transistor is 5 rnA and its dc. current gain hFE = 50. 
If the voltage drop across RE is 2 V, and the collector-emitter and 

base-emitter voltages of the transistor are 4 V and 0·5 V respectively, 
determine the values of all the labelled components if the lowest 
signal frequency is 50 Hz. 

12 V 

RI 

J--o 
C 

I 

vin R2 RE 
CE 

OV 

Figure 2.11 



Voltage drop across load resistor = 12 - 4 - 2 

=6V 

therefore 

Transistor base current 

5 X 10-3 

IB = le1hFE = ---
50 

= 100 (.LA 

Emitter current 

IE = IB + Ie = 5·1 mA 

therefore 

2 
RE = = 392 n 

5·1xl0 3 

At the lowest signal frequency of 50 Hz, the reactance of CE 

should be approximately one tenth of RE . 

Therefore 

39·2=---
27tx 50 CE 

CE =81(.LF 

In practice, CE would be a 100(.LF capacitor. 

Let the bleed current I = 1 O/B = 1 mA 

Voltage on the base VB = 2 + VBE = 2·5 V 

therefore 

2·5 
R = = 2·5 kn 

2 1 x 10-3 

voltage drop across Rl is (12 - 2·5) = 9·5 V 
therefore 

9·5 
R = = 8·6 kn 

1 1.1 x 10-3 

In a practical circuit, the nearest preferred values of each resistor 
would be used (that is, the nearest values contained in the standard 
'list of preferred values' would be selected). 
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2.8 Voltage, current, and power gains 

In a common-emitter amplifier, an a.c. input voltage of 10 mV 
produces an output current of 2 mA in the 500 n load resistor. If 
the a.c. input resistance of the amplifier is 900 n, determine the 
voltage gain, current gain, and power gain of the amplifier in dB. 

Amplifier output voltage 

Vo = 2 X 10-3 X 500 = 1 V 

therefore 

1 
voltage gain Ay = VolVin = 3 = 100 

10 x 10-

voltage gain Ay in dB = 20 log 100 = 40 dB 

Input current 

10 X 10-3 

i· =v· Ir· = = 11·1"A 
In Ifl Ifl 900 r 

therefore 

2 X 10-3 

current gain Ai = ioliin = -6 = 180 
11·1 x 10 

current gain Ai in dB = 20 log 180 = 45·1 dB 

Power gain Ap = voiolviniin = AyAi = 18000 

power gain Ap in dB = 10 log 18000 = 42·55 dB 

2.9 Stability factor of amplifier with collector-base resistor 

A silicon transistor (VBE = 0·6 V) is used in the circuit of figure 
212. 

r----------o lice 

~II·~-+------~~~-V 
~ 

J RE 

~----------~-------~ov 
Figure 2.12 



Given Vcc = 24 V, RL = 10 kS1, RE = 270 S1 and hFE = 45. If 
under quiescent conditions VeE is 5 V, find from first principles 
fa) the value of the bias resistor RB and fb) the stability factor 
S = a Ie/a/co. 

(a) I n figure 2.12 

Vcc = (lc + IB)RL + VCE + (lc + IB)RE 

Also 

therefore substituting in equation 2.2 

Also 

24 = 46/B x 10+ 5 + 46/B x 0·27 
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IB = -- = 0·04 mA 

472·4 

5 = 0·04R B + 0·6 

RB = 4·4/0·04 = 110 kS1 

(H.N.C.) 

(2.2) 

(2.3) 

(b) Substituting for VCE from equation 2.3 into equation 
2.2 

(Vcc - VBE) = IB(RE + RB + Rd + Ic(RE + Rd 

MUltiply both sides by hFE 

hFE(VCC - VBE) == hFE/B(RE + RB + Rd 

Now 

collector current = d.c. component + leakage current 

therefore 

where Ico is the value of common· base leakage current. 
Then 

(2.4) 
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Substituting in equation 2.4 for hFE/B 

hFE( Vcc - VBE ) = (RE + RB + Rd [/c - (hFE + 1 )/col 

+ hFE/c(RE + RL) 

= Id(RE + RB + Rd + hFE(RE + Rdl 

- Ico(hFE + 1 )(RE + RB + Rd 

Considering small changes in Ic and Ico, a/c and a/co, respectively 

0= a/dRB + (h FE + 1)(RE + Rdl 

- a Ico(h FE + 1 )(RE + RB + Rd 

therefore stability factor 

46 x 120·27 
S = a/c/Slco = 110 + 46(10.27) = 9·5 

Note that the stability factor is a measure of the d.c. stability 

of the circuit when leakage current changes. In this example, if Ico 
increased by 1 fLA, the collector current would increase by only 
9·5 fLA. Therefore, a circuit should have as Iowa value of stability 
factor as possible, the minimum value being achieved in the 
common-base amplifier (where S = 1). 

2.10 Stability factor of amplifier with potential·divider 
stabilisation 

The circuit of figure 2. 13 uses a silicon transistor with hFE = 60, 

VBE = 0·6 V, Vcc = 20 V and RL = 4 kS1.lt is desired to establish 
a quiescent point at VCE = 10 V, Ic = 2 mA with a stability factor 
S = 5. Calculate the values of RE, R 1 and R2 , proving any formula 
used. (H.N.C.) 

r-----..------o vee 

o---~~----~~~~ 

~-----__ ----_+------~----------~ov 
B 

Figure 2.13 



The circuit shown in figure 2.13 contains three independent loops 
which makes the analysis fairly complicated. Thus. it is far easier 
to use the Thevenin equivalent of the input circuit; that is. an 
active network. having two terminals A and 8 with a load connec· 
ted across them. can be considered to be a single source of e.m.f. 
E with an internal resistance r. E is equal to the potential difference 
between A and 8 with the load disconnected. and r is the resistance 
of the network measured between A and 8 with the load discon· 
nected and any sources of e.m.f. replaced by their internal resist
ances. In this example 

A 0-----. 

and 

r = R1R 2/(R1 + R 2) 

r 
.-----(~}----oo A 

Therefore. the circuit of figure 2.13 now becomes effectively the 
circuit of figure 2.15. 

.-------0 vee 

r 

E 

~------~-----_oOV 

Figure 2.15 
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In figure 2.15 the current through RE is (Ie + I B) ~ Ie = 2 mAo 
Now 

Vee - VeE = IdRE + Rd 
therefore 

10 
RE + RL = -3 = 5 kil 

2 x 10 

= 1 kil 

Considering the input loop in figure 2.15 

E - VBE = (lB + IdRE + IBr 

= IB(RE + r) + leRE 

Multiplying both sides by hFE 

hFE(E - VBE ) = hFE/B(RE + r) + hFE/eRE 

Also 

hFE/B = Ie - (hFE + 1 )/eo 

Substituting this value in equation 2.6 

(2.5) 

(2.6) 

hFE(E - VBE) = [Ie - (hFE + 1 )/eol (RE + r) + hFE/eRE 

= Idr + (hFE + 1 )REl - leo(hFE + 1 )(RE + r) 

Considering small changes in Ie and leo. ale and a/eo respec
tively 

0= a/dr + (hFE + 1 )REl - a/eo(hFE + 1 )(RE + r) 

therefore 

s = 81c 

a/co 

(hFE + 1 )(RE + r) 

r + RE(hFE + 1) 

Substituting the values given 

5 61(1 + r) 
r+61(1) 

5r + 305 = 61 + 61r 

r = 244/56 = 4·36 kil 

Now base current 18 = le/hFE = 33·3(J.A 
Then substituting values in equation 2.5 

E - 0·6 = 2·033 x 1 + 0·033 x 4·36 

E = 2·78 V 



Also 

and 

Therefore 

and 

4'36 x 20 
RI = rVeciE = = 31-4 kn 

2'78 

2'78 x 31'4 
----=5kn 
20 - 2'78 

2.11 Directed coupled amplifier 

Explain briefly what is meant by the term 'drift' as applied to a 
direct-coupled transistor amplifier and state the factors upon which 
it depends. 

In the direct-coupled amplifier shown in figure 2.16, given that 

the dc. current gains hFE, and hFE, of Trl and Tr2 are 50 and 49 
respectively, and that the base potential of Tr2 is -2 V, determine 
the collector and emitter currents and voltages of Tr2' The base
emitter voltage of Trl can be neglected. 

Explain why the dc. stability of the second stage is superior to 

that of the first, and state how the first stage could be improved 
by using a thermistor. 

(H.N.C.) 

r-----~~------~--------__o-12V 

200 k'o' 

~--------------~~----~~-----------oOV 

Figure 2.16 

Drift is a gradual change in the output voltage or current of a d.c. 
amplifier when the input signal is maintained at a constant level. 
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In semiconductor d.c. amplifiers, drift depends upon (1) the para
meters of the transistor used; (2) the collector supply-voltage. Item 
1 refers to the temperature-dependent parameters of current gain, 
base-emitter voltage, and leakage current. The variations in item 2 
are due to mains-voltage variations, and this effect can be mini
mised only by using a stabilised power supply. As VBE of the first 
transistor can be neglected, the Tr I base current 

12 
I = = 60 "A 
B, 200 x 103 r 

therefore collector current of Trl 

Ie = hFE IB = 50 x 60 X 10-6 = 3 mA 
1 " 

The current flowing through RL , is (Ie, + IB,) and the voltage drop 
across it is 

(12-2)=10V 

therefore 

10 = 3'3(3 + IB) 

0'1 
IB = - = 0·03 mA 

, 3'3 

Tr2 collector current 

Ie, = hFE/B, = 49 x 0·03 = 1-47 mA 

Tr2 emitter current 

IE2 = Ie, + IB, = 1'5 mA 

Tr2 emitter voltage 

VE, = -(1'5 x 1'2) = -1,8 V 

Tr2 collector voltage 

Ve, = Vee -/e2R L , = -[12 - 3(1'47)J = 7'59 V 

The d.c. stability of the second stage is superior to that of the 
first stage because of the effect of the 1'2 kn resistor, as explained 
in previous questions. 

A thermistor has a negative Temperature-coefficient of resistance: 
that is, its resistance decreases with increase in temperature. Thus, 
if a thermistor is used as the collector load resistor, when leakage 
current increases with increase in temperature, the resistance of 
the thermistor will decrease; so that correct choice of thermistor 
temperature-coefficient will enable the collector voltage of Tr I to 
be maintained constant. 



2.12 Frequency-response curve of RC-coupled amplifier 

Sketch a gain/frequency characteristic for a typical RC-coupled 
common-emitter transistor amplifier. Explain the reasons for the 
fall-off in the curve, label the 3-dB points, and briefly explain their 
significance. 

hutput 
3 

L-------~~----~~--~-------oov 

Figure 2.17 

In the amplifier shown in figure 2. 17, the transistor has an a.c. 
current gain hfe of 99 and has an a.c. input resistance of 1-1 kn. 
It is connected via C 3 to another stage whose a.c. input resistance 
is 700 n. Calculate the current flowing into the second stage, 
assuming that all capacitors have negligible reactance at the operat
ing frequency. If C 3 is the main factor responsible for low-frequency 
cut-off, calculate its value such that the lower 3-dB point is 5 Hz. 
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Figure 2.18 

log f 

Figure 2.18 shows the gain/frequency response of an RC-coupled 
common-emitter amplifier. This is a graph of amplifier voltage gain 
Av against frequency, where frequency has a logarithmic SCale. 
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At low frequencies, the voltage gain decreases, because the react
ance of the coupling capacitor increases. In consequence, more of 
the signal voltage is dropped across the coupling capacitor and the 
actual input voltage to the transistor decreases, thereby decreasing 
the voltage gain. 

At high frequencies too, voltage gain falls off, because the react
ances of the internal capacitances of the transistor decrease; and as 
these effectively shunt the load and reduce the overall load imped
ance, there is an inevitable decrease in output voltage and voltage 
gain. 

Over the medium frequency range however, the voltage gain 
remains reasonably constant, as the capacitive reactances are 
negligible compared with the associated resistance values in the 
circuit. 

The 3-d8 points are defined as the points at which the voltage 
gain falls to 1/y'2 of its maximum value. This fall in gain is 
expressed in dB as follows 

Al A 1 
20 log A 1 - 20 log -y' = 20 10g-y' 

2 All 2 

20 log y'2 = 20 x 0'150 = 3 dB 

Hence, the name 3-dB points. The frequencies corresponding to 
these points define the bandwidth of the amplifier (see figure 
2.18). 

bandwidth = (f2 - f l ) Hz 

The a.c. equivalent input circuit (for figure 2.17) is shown in 
figure 2.19. 

1'5 kn 

22 kn 4·7 kn II kn 

Figure 2.19 

Considering the three resistors in parallel, then 

1 1 1 1 
-=--+-+-
R 22 4·7 1·1 

= 0·046 + 0·213 + 0·909 = 1'168 mS 

therefore 

R = 0'856 kn 



and 
0·856 

VI = x 70 X 10-3 = 25·4 mV 
1'5 + 0·856 -

Then a.c. base current 

and a.c. collector current 

ic = hfeib = 99 x 23'1 x 10-6 

= 2·29 rnA 

[22kn I 700n 

Figure 2.20 

Part of the collector current is the input current i to the second 
stage (as shown in figure 2.20). 
Therefore 

i = 2.29 X 10-3 x 2·2 = 1'74 rnA 
2·9 

At low frequencies, the output circuit is modified to that 
shown in figure 2.21 with its Thevenin equivalent circuit. 

ic + 
2-29 1 

rnA 
2-2 k.\). 700n 

2-2kn 

Figure 2.21 

700.\). 

Using Thevenin's theorem, the equivalent voltage generator is given 
by 

v = 2'29 x 2·2 = 5'04 V 

New value of current in the 700 il resistor is i'; and at the lower 
3-d8 point, 

., i 
I = ..;'2 
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Therefore 

5'04 1'74 

..;'(2'92 + X e2 ) = ..;'2 

which gives 

Xe2 = 8·37 

Xc = 2·89 kil 

At a frequency of 5 Hz 

__ 1 __ = 2'89 x 103 
27tx 5C3 

2.13 Exercises 

Exercise 2. 1 

The output characteristics of a transistor in common-emitter con
figuration can be regarded as straight lines between the following 
points 

1·0 8·0 1·0 8·0 1·0 8·0 
1·1 1·3 3·3 4·1 6·0 8'0 

Plot these graphs and add a load line for resistive load of 1 kil. 
The supply voltage is 9 V and the base current is 50 (LA. Calculate 
(a) the collector current at the operating point; (b) the total varia
tion in voltage across the 1 kil load, if the peak value of sinusoidal 
base current is 30 (LA. 
(Answers: 3'8 rnA, 5·2 V) (ETJ) 

Exercise 2.2 

The output characteristic of a silicon npn transistor consists of 
straight lines between the points given in the table below 

VCE(V) 
Ie (rnA) 

70 

1'0 a·o 
0'6 0'7 

40 10 

1'0 8'0 1'0 8'0 
2'5 3'0 4'6 5'5 



Plot the characteristics and draw a load I ine for a 1·6 kil load 
through an operating point at which 'B = 40!LA and VeE = 4 V, 
and hence calculate (a) the quiescent value of collector current; 
(b) the supply voltage required; (c) the current for a sinusoidal 
signal input of 30llA peak. 
(Answers: 2·7 rnA, 8·3 V, 65) (ET3) 

Exercise 23 

Apnp transistor has the following (linear) characteristics 

Collector voltage Base current 
3V 10 V !LA 

Collector current 1·0 1·6 -20 
(rnA) 2·1 2·9 -40 

3·2 4·2 -60 
4·3 5·4 -80 

This transistor, with a load of 1 kil and a collector supply of 7·5 V 
is to be used in a simple common-emitter amplifier. Plot the char
acteristics given in the table and draw the load line. Give a circuit 
diagram and explain why the output voltage changes when a sinu
soidal input signal is applied. State the phase relationship between 
the amplifier output and input. 

Estimate the voltage gain when an input current of peak value 
30!LA varies sinusoidally about a mean of 50 !LA. The a.c. input 
resistance may be taken as 1·25 kn. 
(Answer: 40·5) (ET4) 

Exercise 2.4 
Apnp power transistor has the following linear characteristics 

Soli ector current (amps) 

Base current for collector voltage of 

(rnA) -2·5 V -17·5 V 

-10 -0·67 -0·10 
-30 -1·45 -1·65 
-50 -2·33 -2·64 

For a collector voltage of 8 V, estimate the value of common-

The transistor is to be used as a common-emitter amplifier 
having a collector load resistor of 6 n. If under no-signal conditions 
the base current is 30 rnA and the collector voltage is 8 V, draw a 
suitable load line and estimate (a) the collector supply-voltage 
required; (b) the current gain of the amplifier; (c) the voltage gain 
of the amplifier, assuming that the input registance is 5 il. 
(Answers: 44, 0·98, 17·24 V, 41·1,50) (ET4) 

Exercise 2.5 

In a common-emitter amplifier, the bias is provided by a single 
resistor RB connected between the supply rail and the base. If the 
collector supply-voltage is 12 V, the base-em itter voltage of the 
transistor is 0·4 V and the transistor d.c. current gain hFE is 40, 
determine the value of RB and the load resistor required, if the d.c. 
base current is 50IL A and the collector voltage is 6 V. 
(Answers: 232 kn, 3 kn) 

Exercise 2.6 

If, in the amplifier of Question 2.5, an emitter resistor of 500 n is 
employed, decoupled by a capacitor C, determine the emitter 
current and emitter voltage. Also, determine the value of C if the 
lowest signal frequency is 50 Hz. 
(Answers: 1·88 rnA, 0·94 V, 64ILF) 

Exercise 27 

In the circuit shown in figure 2.22, the collector voltage is 8 V and 
the collector current is 5 rnA. Determine the value of the base 
current and of the d.c. current gain of the transistor. Also deter
mine the value of Rs. stating any assumptions made. 
(Answers: 60ILA, 83, 133 kil) 

r-------------~20V 

emitter current gain {3 ·for the transistor and hence calculate the OV 

value of the common-base current gain cx. Figure 2.22 
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Exercise 2.8 

In the common-emitter amplifier shown in figure 2.23, the collec
tor current is 4 mAo Determine the values of R 1, R 2, and R E, given 
that the transistor d.c. current gain hFE is 80, VBE is 0·5 V, and 
1 V is dropped across R E. Also determine the value of CE if the 
lowest signal frequency is 40 Hz. 
(Answers: 24·6 kn, 3 kn, 247 n, 162 [J-F) 

r-----~~--------~15V 

f------o 

~------~~----~~---+------~OV 

Figure 2.23 

Exercise 2.9 

In the amplifier of Exercise 2.8, an a.c. input vol~age of 20 mV 
r.m.s. produces an r.m.s. base current of 25 [J-A. Given that the 
transistor a.c. current gain hfe = hFE, determine the input resist
ance of the amplifier and its voltage gain in dB. 
(Answers: 800 n, 46 dB) 

Exercise 2.10 

(a) Explain how the circuit of figure 2.24 improves thermal 
stability compared with an unstabilised circuit. 

(b) State the purpose of capacitor Ct. 
(c) When a certain transistor is used in common-base con

figuration, it has a current gain of 0·99. A given change in tempera
ture causes the leakage current to increase by 10 [J-A. Calculate the 
change in collector current for the same change in temperature 
when used in common-emitter configuration (i) when unstabilised; 
(ii) when used in the circuit shown in figure 2.24. 
(Answers: 1 mA, 23·5 fLA) (ET5) 
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Figure 2.24 

Exercise 2 11 

The circuit shown in figure 2.25 is that of a basic transistor ampli
fier. Estimate the values of the collector load resistor RL, and the 
bias resistor RB, if the mean (quiescent) d.c. collector current and 
voltage values are 8·4 mA and 3·6 V, respectively. The transistor 
has a d.c. current gain hFE of 100, and V BE is 0·6 V. 

To improve the d.c. stabilisation of the circuit, the bias is to be 
obtained by returning the bias resistor to the collector. Draw a 
circuit diagram to show how this can be done without introducing 
unwanted feedback. Calculate suitable values for the components 
required, given the lowest signal frequency is 40 Hz. Compare the 
relative merits of this method of d.c. stabilisation with other 
methods. 
(Answers: 1 kn; 136 kn, 68 kn, 68 kn, C ~ 3 [J-F) (H.N.C.) 

r-----~~------------~-12V 

J----o 
output 

~--------------~---------------oOV 

Figure 2.25 

Exercise 2. 12 

Determine an expression for the stability factor S of a common
emitter amplifier, with a collector load resistor RL and an emitter 
resistor RE, the bias being suppl ied to the base through a single 
resistor R B . Why is it desirable to keep this ratio small? Explain, 



with the aid of circuit diagrams, two standard methods of reducing 
this ratio and state the effects that each has on the operation of 
the amplifier which conflict with their use in counteracting the 
effect of leakage current. 

(H.N.C.) 

Exercise 2.13 

In the amplifier shown in figure 2.26, determine the ou~put volt
age, the current gain of the amplifier, and lower 3-d8 frequency. 
(Answers: 4·6 V, 1450, 6·8 Hz) 

r-----------~~----~~----------~-~c 

~utPut 

~------~~--~----~~----~--~~----_oov 

Figure 2.26 
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Exercise 2. 14 

Explain why stabilisation of the operating point is necessary in a 
transistor amplifier and how it is achieved in the circuit shown in 
figure 2.27. Discuss the factors affecting the choice of resistors RI , 

R2, and R 4 . 

If under no-signal conditions the transistor is to operate at 

VeE = -6 V, Ie = 10 rnA, VBE = -250 mY, and IB = 0·2 rnA, 
estimate suitable values for RI and R 3. 

Estimate the lowest value of C2 which can be used to give 
negligible reduction in gain at 100 Hz. 
(Answers: 4·4 kst, 400 st, 80 p.F) (ET5) 

,---------<_------------<l - 12 V 

C3 

J-----<> 
output 

0>-------1 ~----_~-__+_{ 

input R2 1·5k,Q 

~----------~~----~----~----~ov 

Figure 2.27 



3 Equivalent circuits of 
small-signal, low-frequency 
amplifiers 

3.1 Common· base equivalent· T circuit 

Figure 3. 1 shows the layout of the equivalent- T circuit of a tran

sistor in its common-base configuration. Label the unmarked com

ponents and hence derive the equations for current gain and input 

impedance when a load RL is connected 

Given that re = 20 D., rb = 200 D., re = 2 MD. and a = 0'99, find 
the current gain for a load resistance of 100 kD.. Comment on the 
answer. 

(ET3) 

o-.. I,_--r--l--__ --1 ru )--(=::J-.... 1 ... c ..., 

V, 

Figure 3.1 

The resistor in the input circuit is re , which simulates the resistance 
of the forward-biased base-emitter diode, the one in the output 

circuit is re which simulates the resistance of the reversed-biased 
base-collector diode. The voltage generator has a value areie' 

Applying Kirchhoff's law around the input and output loops 

VI = iere + (ie - ie)rb 

0= (ie - ie)rb + aiere- ie (re + Rd 

From equation 3.2 

ie(rb + re + Rd = (rb + are)ie 

then current gain 
.. rb + arc 

Ai = Ie/Ie = --=---=-
rb + re + RL 

Substituting for ie from equation 3.3 into equation 3.1 

. rb(rb + are)ie 
vI = le(re + rb) --"--"---=-=-

rb + re + RL 

(3.1 ) 

(3.2) 

(3.3) 
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input resistance 

. rb(rb + arc) 
rin = vIlle = re + rb - --"---"-----"

rb + re + RL 

rb[RL + re(1 - a)] 
= re + 

rb + re + RL 

Substituting the values given into equation 3.3, current gain 

200 + 0'99(2 x 106 ) 
A·=------~~--~ 

1 200 + 2(106 ) + 105 

1'98 x 106 

"" 2'1 x 106 

= 0'943 

As expected the current gain of the common-base amplifier is less 
than unity. (Note although RL was large in this case, the actual 
current gain 0·943 is still very close to its short-circuit value of 
0'99.) 

3.2 Common-emitter equ ivalent-T circu it 

Draw a circuit diagram of a common-emitter amplifier employing 

potential-divider stabilisation and a decoupled emitter resistor. If 
the load resistor of such a stage is 4 kD., the resistance of the signal 

source is 600 D. and the T parameters of the transistor are re = 25 D., 

rb = 400 D., re = 1 MD., a = 0'98, determine from first principles 

(a) the voltage and current gains; (b) the power gain in dB; (c) the 

input and output resistances of the amplifier. 

(H.N.C.) 

The circuit diagram of the common-emitter amplifier has been 
drawn and discussed in chapter 2; the equivalent-T circuit is shown 
in figure 3.2. 

Figure 3.2 



(a) Using Kirchhoff's laws around the input and output 
loops 

Vs = 1000ib + 25(ib + icl (3.4) 

(3.5) 

The last term in equation 3.5 is negligible compared with the other 
two terms in the equation. Also, ie = ic + i b ; therefore, substituting 
in equation 3.5 

980ib - 980ic = 1004ic 

therefore current gain 

Ai = ic/ib = 980/24 = 40'8 

Substituting for ic in equation 3.4 

Vs = 1025ib + 25 x 40'8ib = 2045ib 

Also 

Vo = 4000ic = 163 200ib 

therefore voltage gain 

163200ib 
Av= =79,8 

2045ib 

(b) Power gain 

Ap = 10 log AvAi = 10 log 79'8 x 40·8 = 35·1 dB 

(c) Input resistance 

= 400ib + 25(ib + icl 
ib 

= (425 + 25 x 40'8) ib 

ib 

= 1445 n 
The output resistance of an amplifier is defined as the resistance 

of the amplifier viewed from the output terminals when all the 
signal sources have been replaced by their internal resistances. 
Hence, if the load resistor in the equivalent circuit is replaced by a 
voltage generator e, the output resistance can be determined by 
finding the ratio of e to i, where i is the current supplied by the 
voltage generator e as shown in figure 3.3. 

Using Kirchhoff's law around loops (1) and (2) 

(3.6) 
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400.0. 

600.0. CD 

Figure 3.3 

(3.7) 

Again the first term on the right·hand side of equation 3.7 is negli
gible compared with the other terms in the equation. From 
equation 3.6 

1000i 
il = -- = 0·976i 

1025 
Substituting for il in equation 3.7 

e = 106i - 0'98 x 106 x 0'976i = 0'044 x 106i 

therefore output resistance 

r 0 = eli = 44 kr2 

3.3 Measurement of h-parameters from transistor characteristics 

lIW7yare the h-parameters of a junction transistor more useful than 
T-parameters? 

Sketch the input and output characteristics of a transistor in the 
common-emitter mode and clearly indicate how the fol/owing 
parameters may be estimated, (a) hie (b) h fe (c) hoe. Assign suit

able units for each of these parameters and give typical values. 
Explain why the a.c. input resistance of the transistor when used 

as an amplifier is different in value from hie. 
(ET4) 

There are three main disadvantages of T-parameters as compared 
with h-parameters: 

(1) It is difficult to measure T-parameters directly, but h
parameters can be estimated directly from the static characteristics 
of the transistor or may be determined by simple experiment (see 
section 3.4). 

(2) The expressions derived for current and voltage gains 

and input and output impedances of an amplifier from its equiva
lent-T circuit are cumbersome. 

(3) A different equation is required for each of the three T
circuit configurations. 
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(a) hie = the input resistance of the transistor with the out
put short-circuited to a.c. with constant collector 
voltage VCE 

therefore from the input·characteristics shown in figure 3.4a 

hie = ~VBEJ~/BE 

(b) hfe = the forward current gain with the output short
circuited to a.c. at constant collector voltage VCE. 

From the output characteristics of figure 3.4b 

hfe = ~/CE I~/BE 

(c) hoe = the output admittance with the input open-circuited 
to a.c. at constant base current IB 

From figure 3.4b 

hoe = ~/CE/~VCE 

If it was required to find h re 

h re = the reverse voltage transfer with the input open
circuited to a.c. at constant base current IB 

From figure 3.4a 

hre = ~VBE/~VCE 

Typical values for an a.f. transistor are 

hie = 2·2 kn, hfe = 55, hoe = 12'5 fJ.S, h re = 3·e X 10-4 

The a.c. input resistance of a transistor am'plifier will normally be 
less than the hie value of the transistor because of the shunting 
effect of the bias resistors on hie' 

3.4 h-parameter equations for a network 

With reference to figure 3.5, write down the two equations relating 

VI, V 2, II and 12 in terms of the circuit h-parameters. Hence define 
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the h-parameters and explain how they may be obtained experi
mentally. 

I, I~ 

Figure 3.5 

Draw the equivalent circuit of a network in terms of its h-para
meters and insWt typical values for a low power common-emitter 
transistor. 

VI =hu/l +h12V2 

12=h21/l+h22V2 

(ET5) 

(3.8) 

(3.9) 

These parameters are defined for low frequency a.c. conditions. 
Therefore, considering a constant value of output voltage (that is, 
short-circuited output terminals for a.c.), V2 = O. 
Substituting in equations 3.8 and 3.9 

h 11 = Villi = the input resistance with short-circuited output 
terminals 

h21 = 12111 = the forward current gain with short-circuited 
output terminals 

Similarly, considering a constant value of input current (that is, 
open-circuited input terminals to a.c.), II = O. 
Substituting in equation 3.8 and 3.9 

h12 = V I IV2 = reverse voltage ratio with open-circuited input 

h22 = '2/V2 = output admittance with open-circuited input 

R 

r--------------------.----------~--~~c 

100 k.Q 

2 p.F 10 k.Q 
~1--c=I--~ 

rnput 

100 p.F 

~-------------------+----------~--~OV 
Figure 3.6 



These values may be obtained experimentally from a circuit 
similar to the circuit shown in figure 3.6, where the low reactance 
of the 100 flF capacitor simulates the short-circuit output condi
tion and the 100 kQ resistor simulates the open-circuit input con
dition. The operating point is initially fixed by the potentiometer 
setting, then a signal generator is connected between the input and 
o V line and a signal of about 20 mV is applied at a frequency of 
1 kHz. The a.c. collector and base voltages Vc and Vb are measured, 
from which the input base current and output collector current 
can then be calculated using the appropriate resistances; hence, 

hie and hfe can be determined. 
The signal generator is then reconnected in series with the 

470 Q resistor and a signal of about 800 mV is applied. The base
emitter voltage and the voltage across the 470 Q resistor are then 

measured, and from these hre and hoe are determined. 
The equivalent circuit of a low power common-emitter tran

sistor is shown in figure 3.7; the typical h-values have already 

been given in section 3.3. 

B 
lin hie I~ 

C 

hre Va t ~i'J I 
vin '"V hoe 

va 

E E 

Figure 3.7 

Often the voltage generator hrevo is negligible compared to Vin 
and can be replaced by a short-circuit. Also the current passing 
through the admittance hoe is small compared with the current 
generator hfeiin, so that the resistor 11hoe can be removed without 
appreciably affecting any results. The simplified equivalent circuit 
of figure 3.8 is then obtained. 

I~ 

Figure 3.8 
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3.5 Calculation of common-emitter amplifier voltage gain and 
input resistance using h-parameters 

The circuit shown in figure 3.9 is that of a single-stage amplifier. 
Draw an equivalent circuit in terms of the transistor h-parameters, 
incorporating only the labelled components (hoe and h re may be 
neglected). Using this equivalent circuit, if R 1 = 100 kQ, R2 = 

680 Q, hie = 1 kQ and hfe = 85 determine (a) the a.c. input 
resistance and (b) the voltage gain. 

Explain why the input resistance will not remain constant if 
Vee changes. 

r-----~~----------~~c 

OV 

Figure 3.9 

(ET4) 

Figure 3.10 shows the a.c. equivalent circuit of the amplifier of 

figure 3.9. 

Figure 3.10 

(a) Amplifier a.c. input resistance rin = vin1iin therefore 

100 x 1 

101 
= 0·99 kQ 



(b) Input voltage Vin = iinrin = 990iin 
Output voltage Vo = -hfeiinR2 = 57 800iin 

Voltage gain Ay = vo/Vin = -57 800/990 = -58·4 

The minus sign in the answer for Ay indicates the 1800 phase shift 
between input and output voltages. 

If Vee changes, the operating point will move to a different 
VeE curve on the input characteristics. The slope at the new 

operating point will be different from the original one; hence hie 
will change and so will the input resistance of the amplifier. 

3.6 Analysis of emitter-follower and common-emitter amplifiers 
using h-parameters 

The circuit diagram of an emitter-follower is shown in figure 3.11, 

together with the h·parameters (table 3. 1) of the transistor used 

Draw either (a) the common-emitter or (b) the common

collector equivalent circuit and determine approximately (i) the 

input resistance and (ii) the output resistance of the stage. 

r-----~~----------~+ 

390kn 

1-----<>0 Vo 

Ikn 

Figure 3.11 

Table 3.1 

Common emitter Common collector 

hie = 600 Q hic = 600 Q 

h re = 0 

hfe = 99 

hoe = 0 

hfc=-100 

hoc = 0 

(ET5) 
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The equivalent circuit of the common·emitter amplifier is shown in 
figure 3.12. 

GOOn 

Figure 3.12 

Neglecting the 390 kQ resistor compared with hie, the input 

resistance 

rin = Vin/iin = hie = 600 Q 

The input resistance viewed from the 1 V source would be 1200 Q. 

To determine the output resistance, the source must be replaced 
by its internal resistance of 600 Q as shown in figure 3.13. 

Figure 3.13 

I n figure 3.13, i = 0; therefore, the output resistance r 0 = e/99i 

= 00. That is, the output resistance is effectively infinite. 
Figure 3.14 shows the equivalent circuit of the common

collector amplifier. Again, for the approximate input resistance, 
the 390 kQ resistor can be neglected. 

Figure 3.14 

From figure 3.14 

vI = Vo + 0·6i l (3.10) 

Also 



Substituting for Vo in equation 3.10 

vI = 100i1 + 0'6i1 

therefore input resistance 

rin = Vin/iin = 100'6 kn 
To determine the output resistance, the circuit of figure 3.15 

is used. 

From figure 3.15 

il = -e/1200 

and 

i2 = -100i 1 

Output resistance 

Figure 3.15 

ro = e/i2 = -1200i1/-100i1 = 12 n 

3.7 Equivalent h-parameter circuit of common-emitter amplifier 

The h-parameters of a transistor are hie = 800 n, hfe = 47, hoe = 
80 (J.S and hre = 5 X 10-4 • Calculate the output voltage and output 
resistance of a common-emitter stage using this transistor with a 
load of 5 kn and fed from a 10 mV source of 500 n internal 
resistance. 

(H.N.C.) 

The equivalent circuit of the amplifier is shown in figure 3.16. 

I~ 

125 k,Q 5 k,Q 

Figure 3.16 

34 

Considering the input circuit of figure 3.16 

0'01 = 1300i1 + 5 X 1O-4 vo 

The effective load resistance in the output circuit R is 

12'5 x 5 
R = = 3·57 kn 

17·5 

therefore output voltage 

Vo = -47 x 3·57 x 103 i 1 = -167·8 X 10\1 

Substituting for i 1 in equation 3.11 

0·01 = -1300vo + 5 x 10-4v 
167·8 X 103 0 

= -77·5 X 10-4v + 5 X 10-4 V o 0 

-0·01 
v = = -1·38 V 

o 72.5 X 10-4 

(3.11 ) 

The output resistance is found by replacing the 10 mV source 
by its internal resistance as shown in figure 3.17. 

47/11 12·5 k,Q 

Figure 3.17 

Considering figure 3.17 

5 x 1O-4e = -1·3i1 

e = (i - 47i1)12·5 

Substituting for il from equation 3.12 

47 x 5 x 10-4 x 12·5e 
e= 12·5i+--------

1·3 

e = 12·5; + 0·226e 

Therefore output resistance 

ro = eli = 12·5/0·774 = 16·1 kn 

and the output resistance of the stage R 0 is given by 

(3.12) 



3.8 Voltage and current gains of common-emitter amplifier 

(a) Explain what is meant by the h-parameters of a transistor. 
(b) A common-emitter amplifier uses a transistor having the 

following h-parameters 

hie = 1· 5 kn, hfe = 90, hoe = 20 !J.S, h re = 5 X 10-4 

The amplifier stage is to have an input impedance of 1·3 kn. Find 
the value of load resistance to be connected in the collector circuit. 
Under these conditions, calculate the voltage and current gains of 
the amplifier. Prove any formula used. 

(H.N.C.) 

(a) The explanation of h-parameters has been covered in 
previous examples. 

(b) Figure 3.18 shows the equivalent circuit of the amplifier. 

Figure 3.18 

From figure 3.18 

Also 

vI = l'5i l + 5 X 1O-4 vo 

Vo = (io - 90i l )50 

io = - vo/RL 

Substituting for io in equation 3.14 

Vo = - (Vo/RL + 90i l )50 

therefore 

vo(RL + 50)/RL = -4500i l 

Substituting for Vo in equation 3.13 

. 2·25Rdl 
VI = 1' 5/ 1 - -_-'='-.!. 

RL + 50 

therefore input resistance 

2'25RL 
rin = vi/i l = 1·5 

RL + 50 
= 1'3 (given) 

I~ 

(3.13) 

(3.14) 

(3.15) 
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2'25RL = 0'2 
(RL + 50) 

RL = 10/2·05 = 4·9 kn 

Substituting in equation 3.15 for RL 

v0 54'9/4'9 = -4500i l 

Vo = -401·6i l 

Also as 

vI = l'3i l 

Voltage gain 

Av = Vo/Vi= -401·6i l /1·3i l = -308·9 

Also 

Vo = -ioRL 

substituting in equation 3.16 for Vo 

- i0 4·9= -401·6il 

therefore current gain 

Ai = 401'6/4'9 = 82 

(3.16) 

3.9 Equivalent h-parameter circuit of common-base amplifier 

A transistor employed in a common-base amplifier has the follow
ing h-parameters 

hib = 42 n, hrb = 4 X 10-4 , hfb = -0'98, hob = 0·4f1.S 

Determine the voltage gain, and the input and output resistances 
of the amplifier if the load resistance is 2 kn, and the signal source 
has an internal resistance of 400 n. Comment on the answers. 

(H. N.C.) 

The equivalent circuit of the amplifier is shown in figure 3.19. 

I~ 

2·5 Mil 2 kil 

Figure 3.19 



As the resistance l/hab = 2'5 Mn, it can be neglected compared 
with the 2 kn load resistor. From figure 3.19 

vI = 42il + 4 X 1O-4 vo 

Va = -(-0'98id2000 = 1960i l 

Substituting for i l in equation 3.17 

vI = 42va/1960 + 4 x 1O-4 va = 218·3 X 10-4 Va 

therefore voltage gain 

Av = Va/VI = 104/218'3 = 45·8 

Substituting for va in equation 3.17 

VI = 42i I + (4 X 10-4 x 145·8)vl 

therefore input resistance 

rin = vl/i l ~ 43 n 

(3.17) 

The equivalent circuit used to determine the output resistance 

is shown in figure 3.20. 

25M.a 

Figure 3.20 

From figure 3.20 

e = [i - (-0'98i l )] 2'5 X 106 

4 x 1O-4 e = -443i1 

Substituting for i I in equation 3.18 

e = 2'5 x 106 i - 980e/443 

therefore output resistance 

r 0 = eli ~ 777 kn 

(3.18) 

20k.a 5k.a 

Thus, although the common-base amplifier has a high voltage
gain, its low input-resistance shunts the load of the previous stage 
and its high output resistance is shunted by the input resistance of 
the following stage. Therefore, when used in a multistage amplifier, 
the effective voltage gain of a common-base stage is seriously 

reduced. 

3.10 Equivalent h-parameter circuit of 2-stage common-emitter 

amplifier 

Determine from first principles the overall current and voltage 
gains of an amplifier which has two similar common-emitter stages, 
both transistors having the following h-parameters 

hie = 2 kn, hfe = 100, hoe = 50 [J-S, hre = 5 X 10-4 

The load resistance for both stages is 5 kn. Neglect all other losses 
at the frequency considered. 

(H.N.C.) 

The equivalent circuit of the two stage amplifier is shown in 

figure 3.21. 

This reduces to the circuit shown in figure 3.22, from which 

Substituting for i2 in equations 3.20 and 3.21 

v2 = - (-Vo + 100il ) 4 = 100 X 10-4 Va - 400i l 
400 

I~ 

20k.a 5 k.a 

(3.19) 

(3.20) 

(3.21 ) 

(3.22) 

Figure 3.21 
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/1 /2 

100/lt/2 
f 2 kn ,1,[11, 1 

4kn 
V~4 t 

100/1 5.10 Vo 

Figure 3.22 

Also 

_ (-Vo + 100i I ) 4 = 5 X 1O-4vo- 2vo 
400 400 

100 X 10-4 V 0 - 400i I = 5 X 10-4 V 0 - 50 X 10-4 V 0 

. 145 X 10-4 Vo 
I -
1- 400 

= 3·625 X 1O-5vo (3.23) 

Substituting for i I in equation 3.22 

V2 = 100 X 10-4vo - 145 X 10-4vo = -45 X 10-4vo (3.24) 

Substituting from equations 3.23 and 3.24 into equation 3.19 

vI = 7·25 X 10-5 Vo - 225 X 10-8 Vo 

therefore voltage gain 

1 
Ay = volVI = 5 = 14235 

7·025 x 10-

Also from figure 3.21 

Vo = 5io (3.25) 

To determine the current gain, divide equation 3.25 by equation 

3.23 

5io = Vo 'I 3·625 x 10 5 vo 

therefore current gain 

Ai = iolil = 5517 

3.11 Exercises 

Exercise 3. 1 

Draw a clearly labelled equivalent-T circuit for a transistor in its 
common-emitter mode. The transistor in a common-emitter ampli

fier has the following T-parameters, re = 40 n, rb = 1 kn, rc = 
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1.2 Mn and 0: = 0'985 and uses a collector load resistance of 5 kn. 
Calculate from first principles the input impedance of the amplifier. 
(Answer: 3'1 kn) (En) 

Exercise 3.2 

A transistor has the following T-parameters, re = 50 n, rb = 1 kn, 
rc = 1 Mn, 0: = 0'98. If it is used in a common-emitter amplifier 
with a load resistor of 10 kn and a signal source resistance of 
2685 n, determine the current and voltage gains of the amplifier. 
(Answers: 32'6, 60'9) (En) 

Exercise 3.3 

If the transistor in Question 3.2 is used in a common-base amplifier 
with the same signal source resistance and load resistor, determine 
the current and voltage gains and the input and output resistances 
of the amplifier. 
(Answers: 0'97,3'6, 70 n, 739 kn) 

Exercise 3.4 

Give the circuit diagram of a common-collector transistor amplifier 
stage together with its equivalent-T circuit. State one important 
application of this type of amplifier. 

The parameters of 'the equivalent-T circuit of a common-collector 
transistor amplifier are as follows: re = 40 n, rb = 400 n, rc = 1 Mn, 
0: = 0'97. If the load resistance is 3 kn, and the signal source 

resistance is 1 kn, show that the voltage gain is approx.imately 
unity, and find the power gain in dB. Also calculate the input and 
output resistance of the amplifier. 
(Answers: 0'99, 14'8 dB, 91'3 kn, 82 n) (H.N.C.~ 

Exercise 3.5 

(a) Sketch typical input and output characteristics of a tran
sistor connected in either common-base or common-emitter con
figuration. Using these characteristics, show how the values of ho 

and hr may be estimated and give typical values. 
(b) A 500fl. F capacitor is charged to 20 V and is then con

nected as shown in figure 3.23. If the emitter current is adjusted 
to 0·505 rnA before the capacitor is connected, draw an accurate 
graph of capacitor voltage with respect to time from the instant 

that t~e connection is made. The h-parameters of the transistor 

are hFB = 0'99, hob = h rb = O. 



Figure 3.23 

500 fl-F 
+ 

(Answers: Note at t = 0, Ve = 20 V; after t = 0, Ve = 'et/C, where 
Ie = hFBI E) (ET4) 

Exercise 3.6 
The h-parameters for a transistor used in a common-emitter ampli
fier are hie = 1·5 kil, hre = 10-4, hfe = 70, hoe = 100 ILS. If the load 
resistor is 1 kil and the signal source resistance is 800 il, find the 
current and voltage gains and the input and output resistances of 
the amplifier. 
(Answers: 63·6, -2·77,1·5 kil, 10·3 kU) 

Exercise 3.7 

Calculate the approximate midband voltage gain of the amplifier 
stage shown in figure 3.24. Determine also its lower 3-d8 cut-off 
frequency. Assume that RI is zero for these calculations. The tran
sistor small·signal parameters are hfe = 50, hoe = 10-5, hie = 900 il 
at the operating point given by VCE = 10 V and Ic = 5 mAo The 
reverse gain h re may be neglected. 

~-------------------------020V 

~----------~-----+--------~~-----OOV 

Figure 3.24 
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Discuss the factors which limit the low-frequency response of an 
RC-coupled amplifier. Describe how the components RI and CI 
can reduce the lower cut-off frequency. Draw a complete circuit 
for the stage giving suitable values for biasing components, input 
capacitor and supply voltage. Mention all assumptions made. 
(Answers: -98·4, 131 Hz) (I.E.E.) 

Exercise 3.8 

The basic equations from 4-terminal network theory are 

VI = hji1 +hrv2 

and 

i2 = hfil + hoV2 

Using these equations, derive expressions for the input impedance 
and output admittance of a transistor amplifier having a load RL 
and fed from a source of internal resistance Rs. 

A transistor has the following h-parameters hic = 1 kil, 
hfc = -60, hrc = 1, hoc = 50ILS. If an emitter follower using this 
transistor has RL = 600 il and Rs = 35 kil, calculate the input and 
output impedances of this circuit. Comment on the results, giving 
an application of this stage. 
(Answers: rin = hi - (hfhrR L /l + hoRd, 36 kil, Yo = ho -
(hfhrlh i + Rs), 581 U) 

(H.N.C.) 

Exercise 3.9 

The common-base hybrid parameters of a transistor are hib = 40 il, 
hob = 0·4!J-S, hrb = 5 X 10-4, hfb = -0·98. The transistor is connec
ted in the common-base configuration with a load resistance of 
5 kil. Calculate the voltage gain and input resistance of the circuit. 
(Answers: 116·3, 42·5 il) (I.E.R.E.) 

Exercise 3.10 

The nominal hybrid parameters for a transistor are hfe = 50, 
hre = 4 x 10-4, hoe = 10-5 S, hje = 800 il. A 2-stage common
emitter amplifier uses this transistor with 2 kil collector load 
resistors. Calculate from the equivalent circuit the overall voltage 
gain and input resistance. Mention all approximations made in the 
calculations. 
(Answers: 4592, 789 U) 



Exercise 3. 11 
An amplifier consists of two transistor stages connected in the 
common-emitter configuration. The collector resistors of the first 
and second stages have values of 6 kil and 2 kil respectively. The 
transistor hybrid parameters at the operating point are 
. first stage: hie = 1 kil, hfe = 50, hoe = 20 fl-S 
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second stage: hie = 1'2 kil, hfe = 80, hoe = 60fl- S 

Assuming that the effect of hre , biasing components, and signal 
source impedance can be neglected, calculate the overall current 
gain and power gain of the amplifier. Derive any formulae used. 
(Answers: 2861, 16'4 x 106 ) (I.E.R.E.) 



4 Transistor power 
amplifiers 

4.1 Amplifier classification 

With the aid of a transistor input characteristic, explain what is 
meant by 'class·A', 'class·B' and 'class-C' operation. In each case 
give a typical application of their use. 

In a class-A amplifier, the input voltage causes load current to 
flow during the whole 3600 of the input voltage cycle. This is 
determined by the d.c. operating point, as shown in figure 4.1a; 
for class A, the operating point must be on the linear part of the 
input characteristic such that the a.c. base-emitter voltage cycle 
produces a complete cycle of base current and hence of collector 
current. 

In a true class-B amplifier, the'operating point is such that base 
current and collector current flow on only one half-cycle of the 
input voltage, as shown in figure 4.1 b. However, in practice the 
operating point is moved to Q' on figure 4.1 b, so that the nonlinear 
part of the input characteristic is avoided by the positive half-cycle 
of base current to keep it free from distortion. Thus collector 
current flows for more than 1800 but less than 3600

• This is known 
as class-AB operation. 

In a class-C amplifier, the operating point is such that the base 
and collector currents flow on only part of one half-cycle of the 
input voltage (that is for less than 1800 ) as shown in figure 4.1 c. 

Q I , LfJ---1- - -- Ib 
I I 

-:-~--- -
I I 
I I 
I I 
I I 
I I 
I I 
I I 

kf1 
I I 

Class-A amplifiers find their main applications in small power
output devices such as record players where only one transistor is 
used in the power-output stage. 

A single transistor working class B is rarely used in audio appli
cations because of the inherent distortion that is introduced. 
Instead, two transistors are used in a 'push-pull' configuration, 
thereby eliminating most of the distortion and increasing the out
put power (as will be discussed in later questions). 

Class-C amplifiers are normally used only at radio frequencies in 
the output stage for a transmitter or receiver. The load is normally 
a tuned circuit, thereby producing a sinusoidal output. 

4.2 Transformer ratio for power amplifiers 

Explain why it is necessary to match a load to a transistor or valve. 
Derive an expression for the effective collector load on the 

transistor in the circuit shown in figure 4.2, assuming an ideal 
transformer. Calculate a suitable turns ratio for the transformer if 
the effective collector load is to be 12 n and the load resistor R 
is4 n. 

If under the above conditions, the input resistance to the tran
sistor is 5 n and an input voltage of 100 mV r.m.s. produces a 
voltage across R of 2 V r.m.s., calculate the power gain in dB. 

How may matching be achieved without the use of a trans
former? 

The loads used in audio power-amplifiers are usually either loud
speakers or aerial coils having impedances of between 3 and 30 n. 
If these are connected directly in the collector circuit of a class-A 

(a) (b) 

Figure 4.1 

(e) 
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~----------------~--------------o+ 
Figure 4.2 

(ET4) 

amplifier, the output power and power gain are not high enough 
for most practical applications. To obtain maximum power gain, 

the load must be matched to the transistor, and this is achieved 

when the effective load resistance is equal to the output resistance 
of the amplifier. The commonest method of matching is to use a 
transformer with a step·down turl)s·ratio from collector circuit to 
load as shown in figure 4.3. 

Figure 4.3 

The effective resistance in the primary circuit is RAB , where 

RAB = vi/i l 

As the transformer is ideal 

VI/V2 = N I/N 2 and i l /i2 = N2/N I 

Therefore substituting in equation 4.1 for vI and i I 

NI2V2 (NI)2 RAB =--= - R 
N/i2 N2 

Substituting values given 

12 = N/4/N22 

therefore turns ratio = \,13:1 = 1·73:1 

Input power = (0·1)2/5 = 2 mW 

Output power = (2)2/4 = 1 W 

(4.1 ) 
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therefore power gain 

Ap = 10 log (1/0·002) = 27 dB 

In voltage amplifiers, an emitter follower can be used for match· 

ing a high output impedance to a low input impedance. In some 
push-pull power amplifiers, where an output transformer is not 
used, the load is connected into the output circuit in series with a 
blocking capacitor. (See later examples.) 

4.3 Load-line analysis of power amplifier 

An npn power transistor having the output characteristics shown 
in figure 4.4 is coupled to a 3 n load resistor through a 2: 1 output 
transformer. The dc. supply is 12 V and the base bias current is 
30 mAo If the sinusoidal input signal has a peak value of 25 mA 

and the a.c. input resistance to the transistor is 8 n, estimate (a) 
the power dissipated in the load,· (b) the power gain in dB; (c) the 
percentage efficiency. Assume negligible leakage current (ICEO) 

and that the transformer is ideal. 
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Superimpose upon the characteristics the collector dissipation 
curve for 16 Wand thus comment on the suitability of the given 
dc. operating I!0int. 

(a) Effective a.c. load in the collector circuit is 

R = n 2RL = 12 .n 

(ET4) 

Therefore the slope of the a.c. load line = b siemens. Under no
signal conditions, neglecting the d.c. voltage drop across the trans
former primary, the collector voltage will be 12 V. Therefore the 
quiescent point Q is at the intersection of the Ve = 12 V line and 
the characteristic for 18 = 30 mA, which gives a quiescent collector 
current IQ = 1'325 A. 
Therefore d.c. input power 

Pde = VeclQ = 12 x 1·325 = 15'9 W 

The a.c. load line is now drawn with a slope of b. siemens (that 
is for a 1 A change in Ie, there will be a 12 V change in Vel through 
the quiescent point Q as shown in figure 4.4. As the input swing of 
base current is 25 mA peak, the total output current and voltage 
swings io and Vo respectively, can be determined from the inter
section of the load line and the characteristics for 18 = 55 mA and 
18 = 5 mA, as shown in figure 4.4. (Note these two characteristics 
were not given on the original graph and must be drawn by taking 
the mean of the 50 and 60 mA characteristics and the mean of the 
o and 10 mA characteristics respectively.) 
From figure 4.4 

io = 1·8 mA peak-to-peak 

Vo = 20'5 V peak-to-peak 

therefore power dissipated in load = useful output power Po, that 
is 

20'5 1'8 
Po = vo(r.m.s.)io(r.m.s.) = 2.../2 x 2.../2 = 4'61 W 

( 0'025 )2 
(b) a.c. input power Pin = ib2 (r.m.s.) rin = .../2 x 8 

= 2'5 mW 

therefore power gain 

Po 4·61 
A p = 10 log - = 10 log ---

Pin 0'0025 

= 32'66 dB 
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(c) Percentage efficiency 

1'/ = 10OPo/Pde = 461/15'9 

= 29 per cent 

The collector dissipation curve for 16 W is now superimposed 
on figure 4.4 by considering the equation 

Ve/e = 16 

and constructing a table as shown below. 

0·8 1·0 
20 16 

1·1 
14·5 

1·2 
13·3 

1·3 
12·3 

1·4 
11·4 

1·5 2·0 
10·7 8 

It can be seen that the load line is nearly tangential to the maxi
mum power dissipation curve near the quiescent point. Thus, the 
choice of quiescent point is ideal, as the amplifier is now working 
near its maximum efficiency while still keeping the power dissi
pated in the transistor below its permissible maximum value of 
16 W. Note that the difference between the d.c. input power and 
the a.c. output power (15'9 - 4'6 = 11·3 W) is dissipated in the 
transistor itself, mainly at the collector junction, and that this can 
cause thermal runaway unless a heat sink is used. 

4_4 Efficiency of class-A power amplifier 

Give a circuit diagram of a class-A power amplifier using a single 
transistor, indicating suitable component values. Determine the 
maximum theoretical efficiency of such a stage and explain why 
this value is not achieved in practice. 

.------4~------_O vee = 12 v 

I.(/. 
500 f'F 

o-----~---4--~~-----OOv 

Figure 4.5 

Figure 4.5 shows the circuit diagram of a class-A power amplifier. 
Note that the resistor values are much lower than the correspond
ing ones used in voltage amplifiers, because the currents flowing 



in a power amplifier are much higher than those in the voltage 
amplifier. For example, for an emitter current of 1 A, 1 V will be 
dropped across the emitter resistor and the corresponding base 
current will be of the order of 40 mA; hence the potential-divider 
resistors used must pass a bleed current I of the order of 400 mA. 
The decoupling capacitor across the emitter resistor must be of the 
order of 500ILF if it is required to prevent negative feedback. 
However, in some amplifiers this capacitor is omitted as it de
couples effectively only at frequencies above 1 kHz (in the circuit 
of figure 4.5), when its reactance will be less than 0·32 n. 

Ie ~ maximum power hyperbola 

o 

\ 
\ 
\ 

Vee 

Figure 4.6 

18=40 mA 

Figure 4.6 shows a typical set of characteristics for the ampli
fier of figure 4.6 with the maximum power dissipation curve of 
the transistor superimposed. Neglecting the resistance of the 
primary, the operating point will be at the intersection of the 
Ve = Vee line with the curve for the quiescent base current 
(40 mAl. For maximum efficiency, the load line should be tangen
tial to the maximum power hyperbola at the Q point, so that the 
transistor never dissipates more power than the maximum value 
quoted by the manufacturer. At the same time, the transistor must 
be driven to the limits of its output power: that is, corresponding 
to a collector-current swing of 2/Q' and a collector-voltage swing 
of 2Vee . Therefore output power 

P = Vee x!.sL 
o v'2 v'2 

= Vee/Q 
2 
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d.c. input power 

P.n = VeclQ 

therefore efficiency 

11 = Po/Pin = 50 per cent 

In practice the maximum voltage swing of 2 Vee cannot be 
achieved if distortion is to be avoided, because of the voltage drops 
across the primary resistance and across the emitter resistor, and 
also because of the 'knee' voltage of the characteristics. Also the 
amplitude of the a.f. input signal will vary over a wide range and 
the practical efficiency depends upon this factor too. Note that the 
power dissipated in the transistor in a class-A amplifier is maximum 
under no-signal conditions, for it then has a value Vee/Q which is 
twice the maximum available output power, but that this dissipa
tion decreases as the input signal amplitude increases. 

4.5 Output power, efficiency and distortion of class-A power 
amplifiers 

The output characteristics of the transistor used in the circuit of 
figure 4.7 are shown in figure 4.8. On the characteristics plot fa) 
the 18 W collector dissipation curve and fb) the optimum a.c. load 
line. 

If a sinusoidal signal of 25 mA peak value is applied to the input, 
estimate the magnitude of the power output and the efficiency of 
the stage. Determine also the percentage second harmonic distor
tion of the output current. An ideal transformer may be assumed. 

.-----------~12V 

o---~------~------------~Ov 

Figure 4.7 

The 18 W collector dissipation curve is superimposed on the char
acteristics as shown in figure 4.8. The effective a.c. input resistance 
is n2R = 8 n. The optimum a.c. load line must be tangential to the 
maximum power curve at the operating point of Ve = 12 V; hence 
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Figure 4.8 (H.N.C.) 

this is superimposed on figure 4.8 with a slope of k siemens. The 
corresponding quiescent collector current IQ is 1'5 A. Therefore 
d.c. input power 

Pin = 12x 1'5= 18W 

From figure 4.8, the peak-to-peak collector current and voltage 
swings b.lc and b. Vc respectively, corresponding to a 50 mA swing 
of input base current are 

b.lc = 2·28 - 0·5 = 1·78 A 

b.Vc = 20- 5·8 = 14'2 V 

therefore power output 

1'78 14'2 
Po = 2y'2 x 2y'2 = 3·2 W 

and efficiency 

3'2x100 
T/ = P /p. = = 17'8 per cent 

o In 18 
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To determine percentage second-harmonic distortion, consider 
figures 4.9a, 4.9b and 4.9c. 

(a) 

(b) (c) 

Figure 4.9 

Figure 4.9a shows a sketch of a waveform at fundamental fre

quency together with the waveform at the second harmonic of 

that frequency. Figure 4.9b shows a sketch of the two added to

gether; note that the periodic times of the positive and negative 
half·cycles are now unequal. The other component that also 
appears with second-harmonic distortion is a d.c. component of 

the same amplitude as the second harmonic. Figure 4.9c shows the 
resultant output waveform with second-harmonic distortion, from 
which it can be seen that 

positive peak value = IF - 2/H = B 



negative peak value = IF + 2/H = A 

A-B 
IH =--

4 

Thus percentage second-harmonic distortion is 

(A - B) (1 - 0'78) 
D = 50 = 50 = 6'18 per cent 

A + B 1 + 0'78 

Note that this method assumes that no other harmonics are 
present. 

4.6 Class-8 push-pull amplifier 

What are the advantages of operating an amplifier in push-pull? 
Draw the circuit diagram of a class-B push-pull amplifier indicating 
how bias is obtained Explain with the aid of suitable waveform 
diagrams the operation of the circuit. Why is it necessary to have 
matched transistors or valves? (ET4) 

The advantages of operating an amplifier in push-pull are 

(1) Larger power output than a single transistor amplifier. 
(2) As the two collector currents flow in opposite directions 

in the output transformer primary, no magnetic saturation of the 

core can occur. 
(3) Similarly, there will be no net second-harmonic distor

tion as the second-harmonic components cancel each other out in 

the primary. 
(4) The resultant a.c. current flowing from the centre of the 

output transformer primary, through the supply line, is zero. 
Therefore, as no feedback through the supply line to the pre
amplifier stages occurs, distortion is reduced. 

(5) Quiescent base and collector currents are low in class-B 
operation. 

Figure 4.10 shows the circuit diagram of a class-B push-pull 
amplifier. Theoretically, the quiescent base and collector currents 
should be zero; but the transfer characteristics of the transistors 

are nonlinear at the lower end thereby giving rise to crossover dis
tortion in the output waveform (as shown in figure 4.12). By suit
able choice of Rl and R2 however, a small d.c. base current (usuallv 

about 5 per cent of the peak collector current) is allowed to flow 

and this largely eliminates crossover distortion. 
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.----------------.--------------~ Vcc 

L-----~----+------------------oov 

Figure 4.10 

The emitter resistor RE fixes the quiescent emitter voltage and 

provides a small amount of negative feedback which improves the 
d.c. stabil ity of the amplifier. 

The input transformer is connected in such a way that the 
signals applied to the transistors are in phase opposition. On the 
positive half-cycle of input voltage Trl becomes forward biased 
and its collector current waveform follows the input voltage wave
form; Tr2 conducts only briefly, as the signal voltage soon over
comes the small forward bias and thus cuts off Tr2' 

Figure 4.11 



Figure 4.12 

The conditions reverse on the negative half-cycle of input volt
age, as shown in figure 4.11. The current in the output transformer 
primary is the difference between the two collector currents, and 
this produces a sinusoidal waveform as shown. 

It is necessary to have matched transistors so that their output 
currents are identical, thereby giving a perfect sinusoidal output 
waveform and also providing cancellation of second harmonics in 
the output, and preventing saturation of the transformer core. 

4.7 Efficiency of class-B push-pull amplifier 

Compare class-A and class-B operation and hence explain why 
class-B is commonly used in the output stage of audio frequency 
push-pull amplifiers. Derive an expression for the theoretical 
maximum efficiency of such a stage. 

A class-B push-pull output stage has two transistors each rated 
at 5 W. Calculate the maximum power output for a sinusoidal 
input and an actual efficiency of 75 per cent. Determine also the 
maximum power output if the efficiency is 50 per cent. 

(H.N.C.) 

The advantages of class-B push-pull. over class-A are 

(1) It is possible to achieve much higher power outputs for 
any given pair of transistors at a given supply voltage. 

(2) Negligible power is dissipated in the transistors under 
no-signal conditions. 

(3) Much higher efficiencies are possible in class-B. 
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The disadvantages are 

(1) The harmonic distortion is higher in class-B. 
(2) Self-bias cannot be achieved if exact class-B is used. 
(3) The supply voltage must have good regulation. 

Ie 

Figure 4.13 

Figure 4.13 shows the output characteristics for one transistor 
in a class-B push-pull amplifier with a load line superimposed on 
them. If the bias is such that the quiescent collector current is zero 
and the transistor is subjected to extreme sinusoidal drive condi
tions, the corresponding collector current and voltage waveforms 
are shown in figure 4.13. The output current and voltage wave
forms of the two transistors connected in push-pull will be assumed 
to be perfectly sinusoidal. 
Therefore power output 

Vee 1m Vee 1m 
Po = y2 x y2 = -2-

The corresponding direct collector current in each transistor is the 
average value of the half sine-wave. As Ide = ImITtior this waveform 
the d.c. input power from the supply is 

Pin = 21m Veeht 

which is the total for both transistors. 
Therefore efficiency 

17 = 10OPo /Pin = 100n/4 = 78·5 per cent 



Now the input power PI is equal to the output power plus the 
power dissipated in the transistor. 
Therefore 

when 

Pin=Po +5 

T/ = 0'75 = Po/Pin = Po/(Po + 5) 

0'75Po + 3'75 = Po 

Po =15W 

In equation 4.2, if 

T/ = 0·5 = Po/(Po + 5) 

0'5Po + 2'5 = Po 

Po= 5W 

4.8 Transformerless push-pull amplifier 

(4.2) 

Draw a complete circuit diagram, including a driver stage, of a 
push-pull amplifier incorporating a complementary pair of tran

sistors as the output stage. 
Describe the operation of this circuit. State two advantages of 

this circuit over one using tr~nsformers. 
(ET4) 

~----_------o-12 V 

A..----f-.£ 

0·5D. 

~--------~-------~c 

R, 47kD. 

Tr, 

B 

05D. 

Ie 

1000 flF 

3D. 
load 

~ _______ ~ ____ ~_~ ________ ~~5~m~A~-4~ __ -oOV 

Figure 4.14 
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Figure 4.14 shows the circuit diagram of a push-pull amplifier 
using complementary transistors and also its driver stage. Under 
quiescent conditions, a current of about 5 mA (that is set by suit
able choice of R I and R 2 ) will flow through Tr2 and Tr3, and this 
eliminates crossover distortion. Considering quiescent conditions, 
the voltage at point C will be -6 V, as the complementary tran
sistors should be a matched pair. The voltage at point A will be 
slightly more negative than that at point C, to ensure that Tr2 
passes 5 mA. Similarly, the voltage at point B will be slightly more 
positive than that at point C, to ensure that Tr3 passes the same 
current. 

On the positive half cycle of input voltage, Tr2 is cut off and 
Tr3 is driven hard on and just saturates at the peak of the input 
signal; hence the output voltage at point C will be approximately 
o V. Similarly, on the negative half cycle of input voltage, Tr3 
cuts off and Tr2 saturates at the negative peak; and the output 
voltage rises to a maximum of approximately -12 V. Therefore, 
the output voltage varies sinusoidally between 0 and 12 V. In 
practice, however, the undistorted output voltage will be less than 
this, because of the voltage drops across the transistors and across 
the emitter resistors, and also because of the 'knee' voltage of the 
characteristics. 

Note that no output transformer is required in this circuit as 
the load connected to the 0 V line is in series with a 1000flF 
capacitor so as not to upset the d.c. conditions. Other points to 
note are (1) that the diode D while providing the small offset 
voltage required between the two bases, will also compensate for 
temperature-related variations of the transistor input character
istic; (2) that as RI is connected to the output of the circuit, d.c. 
and a.c. negative feedback is provided. 

One advantage of this circuit is that no input and output trans
formers are required, thereby saving cost, weight and space. A 
second advantage is that the output waveform will not suffer the 
odd·harmonic distortion that transformers introduce. 

The disadvantage of the circuit is that matched pairs of comple
mentary transistors with high output power ratings are difficult to 
obtain. If higher output powers are required, the complementary 
pair is used in the driver stage and this is then followed by a push
pull output stage using high-power transistors. 

4.9 Equivalent thermal circuit of power amplifier 

Briefly explain why an RC·coupled common-emitter amplifier 

stage has more 'built·in' thermal stability than is possible with an 
output stage using an output transformer. Indicate, by means of a 



suitable circuit diagram, the various paths through which the heat 
is dissipated from the collector junction of a power output tran
sistor to the surrounding air with the aid of a heat sink. 

Such an arrangement has the following thermal resistances: 
through the heat sink Ot = 4·7 °C/W; through the mica washer 
Ow = 2·2 °C/W; from junction to case 8j = 1'6°C/W; from the case 
to air direct 0d = 24°C/W; from the heat sink to air Oa = 3°C/W. 

If the transistor is required to operate with a maximum junction 
temperature of 95°C, and the maximum temperature of the sur
rounding air is assumed to be 28 °C, determine the allowable dissi
pation of the transistor under these conditions. 

(H. N.C.) 

The thermal stability of the RC-coupled amplifier is better because 
of the emitter resistor used and because of the negligible resistance 
of the transformer primary; for this makes the collector voltage of 
the transistor much higher and thus increases the power dissipation 
in the transistor. Heat sinks are normally used to conduct this 
heat away from the transistor to the air. 

It is found experimentally that the steady state temperature 
rise at the collector junction is proportional to the power dissi
pated at the junction, that is 

f). T = 7j - Ta 0: Po 

therefore 
Tj - Ta = OPo 

where Tj and Ta are the collector junction and ambient tempera
tures respectively (in degrees Celsius), andPo is the power (in 
watts) dissipated at the collector junction (neglecting the small 
amount of power dissipated at the base-emitter junction). The 
constant of proportionality, 8, is known as the thermal resistance; 
its value" depends upon (i) the size of the transistor; (2) the con
vection and radiation from the transistor to its surroundings; (3) 
the conduction from the transistor to its heat sink. 

Hence, ° can be considered as the resistance to the removal of 
heat from the collector junction, and is comparable with ohmic 
resistance. 

The equivalent thermal circuit of the transistor and heat sink 
is shown in figure 4.15. 

From figure 4.15 the total thermal resistance ° is given by 

0d(Ow + Ot + Oa) ° = 0· + --=......:..:-~---=-
J ° d + Ow + Ot + Oa 

9·9 
= l'6+24x-

33'9 
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Now 

collector junction 
temperoture 7j 

ambient temperature r. 

Tj - Ta = Po8 

95 - 28 = 8'6Po 

67 
Po =-=7'8W 

8'6 

Figure 4.15 

4.10 Heat-sink design 

A silicon power transistor operates in a class-A mode. In an ambient 
temperature of 30°C the transistor is to have a maximum junction 
temperature of 100 °c when its collec tor power dissipation is 10 W. 
Calculate the minimum area of heat sink required when the 
material used dissipates 1'25 mW/cm 2 for each degree Celsius 
above ambient. The junction-to-sink thermal resistance may be 
taken as 1 °C/W. 

What would be the maximum collector power dissipation for an 
infinite heat sink? 

(I.E.R.E.) " 

lj = 100°C 

Figure 4.16 



Figure 4.16 shows the equivalent thermal circuit for the transistor 
and its heat sink. 

Tj - Ta = P8 

where 8 = total thermal resistance from junction to air. 
Therefore 

100 - 30 = 108 

8 = 7°C/W 

Therefore, the thermal resistance of the heat sink 8s = 6°C/W 
Also 

Tj - Ts = lOx 1 

Ts = 90°C/W 

Hence, the heat sink is 60°C above ambient temperature. Let the 
area of the heat sink be A cm 2 ; therefore, the power dissipated by 
the heat sink is 

P = 1·25 X 10-3 x A x 60 = 10 W 

and 

A = 10/75 X 10-3 = 133·3 cm 2 

If the sink had infinite thermal capacity, then the case would be at 
ambient temperature. 
That is 

1 00 - 30 = P max X 1 

Pmax = 70W 

4.11 Exercises 

Exercise 4. 1 

Explain what is meant by class-A operation of a power amplifier. 
A transistor has the input and output characteristics given 

below. 

VBE(mV) 370 450 500 545 597 

IB(mA) 7·5 20 30 40 50 
623 

60 

VeE (V) 2 6 12 for 18 (mA) 

0·67 0·68 0·69 10 

Ie (A) 1·53 1·57 1·64 30 

2·32 2·4 2·52 50 
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This transistor is used in a common-emitter power amplifier with 
a load resistance of 2 n which is connected to the transistor by a 
2 : 1 step-down transformer. 

Under no-signal conditions the base current is to be 30 mA and 
the collector dissipation 15 W. Plot the characteristics; draw the 
a.c. load line; and, for a sinusoidal input base current of peak value 
20 mA, estimate (a) the load power; (b) the efficiency; (c) the 
collector supply voltage required; (d) the r.m.s. base input voltage; 
(e) the power gain. 
(Answers: 2·68 W, 18 per cent, 9·3 V, 99 mV, 62·8 dB.) 

(ET5) 

Exercise 4.2 

~~----------~12V 

;,~;::;:" '1'150: 1 . 1'5.0. 
0'67.0. 

Ie = 1'5 rnA 

C>-----------+----------------<) 0 V 

Figure 4.17 

The output characteristics of the transistor used in the circuit of 
figure 4.17 are given below. 

VCE(V) 2 10 20 for IB (mA) 

0·48 0·49 0·5 10 
1·25 1·31 1·38 30 
1·56 1·66 1·79 40 

Ie (A) 

2·2 2·36 2·56 60 

Plot these characteristics and superimpose on them (a) the 18 W 
collector diss,ipation curve; (b) the d.c. load line; (c) the a.c. load 

line for the circuit. 

Assuming a sinusoidal input of 25 mA peak value, estimate the 
power dissipated in the 1·5 n resistor, stating any further assump

tions made. 
(Answer: 3·6 W) (ET5) 



Exercise 4.3 

A power amplifier operating in class-A with a load of 5 il referred 
to the primary of the coupling transformer has a quiescent current 
of 2·7 A. During one half-cycle it is driven to Tc(max) = 4·9 mA 
where it saturates with VCE(sat) = 0·5 V. During the alternate half
cycle Ic(min) = 0·1 A. Calculate (a) the output power at the funda
mental frequency; (b) the percentage second harmonic distortion; 
(c) the supply voltage; (d) the maximum instantaneous power dissi· 
pation; (e) the maximum permissible thermal resistance between 
the collector junction and its surroundings if, in the interest of 
reliability, the junction temperature must not exceed 135°C, the 
maximum ambient temperature being 35°C. 
(Answers: 14·4 W; 4·16 per cent, 11·5 V, 31·25 W, 3·2°C/W) 

(H.N.C.) 

Exercise 4.4 

A germanium transistor is connected in its common-emitter mode 
with the load coupled by means of an ideal 3·5: 1 step-down trans
former. The operating point is determined by a resistor connected 
between the base and negative supply rail. If the supply voltage is 
16 V and the collector dissipation is not to exceed 250 mW, use 
the table below to find by a graphical method an operating point 
that delivers maximum undistorted output power to a load resistor 
of 75 il connected across the transformer secondary. Calculate the 
power output under these conditions and the value of the bias 
resistor required. The thermal resistance between the transistor 
case and the air is 200 °C/W. Find the temperature of the case if 
the ambient temperature is 20°C when the transistor is working 
under the given load conditions. 

VCE(V) 2·5 10 20 30 for 18 (mA) 

0·5 0·5 0·55 0·65 0 
5·5 6·4 6·9 7·5 0·1 

17 18·5 19·4 20·4 0·3 
Ie (mA) 

29·5 31·7 33·2 34·7 0·5 

(Answers: (16 V, 15 mAl, 100 mW, 67 kil, 48°C) (H.N.C.) 

Exercise 4.5 

What is meant by the terms class-A and class-B when applied to 
valve or transistor amplifiers? 

50 

Explain with the aid of diagrams the operation of a push-pull 
amplifier and list the possible reasons for its use. Show how the 
bias is obtained for (a) class-A operation and (b) class-B operation. 

(ET4) 

Exercise 4.6 

What are the advantages of operating valves or transistors in push
pull? What is meant by class-B push-pull and what are its advan
tages over class-A push-pull? Why is class-AB often used in practice? 

Draw a circuit diagram to show either a valve or transistor push
pull output stage fed via one type of electronic phase-splitting 
circuit (that is, a push-pull input transformer must not be used). 
Explain the operation of the phase splitter. 

(ET5) 

Exercise 4.7 

Two transistors, each having a rated dissipation of 500 mW, are 
used in a class-B push-pull output stage. Calculate the maximum 
power output if the input is sinusoidal and the actual efficiency is 
75 per cent. What would be the maximum power output if the 
efficiency were 50 per cent? 
(Answers: 1.5 W, 1 W) 

Exercise 4.8 

A silicon transistor can dissipate 6 Wand has a maximum junction 
temperature of 150°C. Determine the maximum temperature of 
the surrounding air if the thermal resistances are as follows 

through the heat sink 4·5°C/W 

through the mica washer 2·0°C/W 

from junction to case 

from case to air direct 

from heat sink to air 

Exercise 4.9 

1·5°C/W 

25°CIW 

3·5°C/W 

(H. N.C.) 

To prevent thermal runaway in a power transistor, it is required to 
limit its junction temperature to 80°C when it is dissipating 10 W 
at an ambient air temperature of 20°C. Calculate the minimum 
surface area of the heat sink required if 6 cm2 of the sink material 
has a thermal resistance of 100 °C/W and a mica washer is included 



in the mounting with a thermal resistance of 1·2 °CIW. Also assume 
that the transistor has a junction-to-case thermal resistance of 
0·8°C/W. 

(Answer: 150cm2) (I.E.R.E.) 

Exercise 4.10 

A silicon transistor can dissipate 8 Wand has a maximum junction 
temperature of 90°C. Find the maximum ambient temperature at 
which it can be operated in each of the following cases (i) with a 
mica washer of resistance 3°C/Won a heat sink of 4 °C/W; (ii) on 
the same heat sink but without the washer. The resistance from 
junction to case is 1·5 °C/W and from the case of the transistor to 
air direct is 28 °C/W. 

At what ambient temperature could the transistor operate on a 
heat sink of infinite thermal capacity assuming no washer is used. 
(Answers: 33·2°C, 50°C, 78°C) 
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Exercise 4. 11 

Derive an expression for the thermal resistance from junction to 
air as a function of the collector power dissipated, the junction 
temperature, and the ambient temperature. It may be assumed 
that the rate of removal of heat from a collector junction is pro
portional to the difference between the junction and ambient 
temperatures. 

A silicon power transistor with a maximum junction tempera
ture of 120°C dissipates 20 W when the ambient temperature is 
40°C. Calculate the area of the heat sink that would be required, 
with and without the mica washer, when using Ii) a matt black 
surface with a thermal resistivity of 50 °CW/in2; (ii) a polished 
surface with a thermal resistivity of 75 °CW/in2 . Assume that the 
thermal resistance from junction to transistor case is 1·8°C/W, 
from case through a mica washer to sink is 1·5 °CIW, and from case 
to air is 25 °CIW. 
(Answers: 54·8 in2, 82·2 in2) (I.E.R.E.) 



5 Tuned circuits and high
frequency transistor 
amplifiers 

5.1 Relationship between Q-factor and bandwidth 

Define the Q-factor of a tuned coil and deduce the relationship 
between Q and the bandwidth about the frequency of resonance. 

A tuned coil of inductance 1 mH in the collector of a high 
frequency amplifier resonates at 500 kHz with a bandwidth of 
50 kHz. What is its dynamic resistance at resonance? 

(H.N.C.) 

I 

c 
v 

Figure 5.1a Figure 5.1b 

Figure 5.1 a shows the circuit diagram of a tuned coil and figure 
5.1 b shows the corresponding phasor diagram for the resonant 
condition. The Q-factor is defined at resonance as 

then 

current through the capacitor at resonance 
Q=--------~----~-----------

total circuit current 

IL sin I/> 
= Ie/I = = tan I/>=Xdr 

IL cos rp 

woL 
Q=

r 

In general, at any frequency f, the Q-factor of a coil is defined as 

Q = wL/r where w = 21tf. 
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Considering figure 5.1 a, the circuit impedance is 

(r + jwLljwC) 
Z = -.:..--!..-~~~ 

r + jwL + l/jwC 

In general, r ~ wL; therefore equation 5.1 becomes 

LlC 
Z =----:..~--

r + j(wL - l/wC) 

(5.1 ) 

(5.2) 

The maximum circuit current occurs at resonance, which will be 
when Z is a minimum. 
Therefore, from equation 5.2, resonant frequency fo is given by 

1 
woL =--

woC 
or 

1 
f - -------
0- 21ty(LC) 

Similarly, the circuit impedance at this frequency is Z = LlCr. 
Note that this is purely resistive, is referred to as the dynamic 
resistance RD , and is usually of very high value. 

From equation 5.2 

LlCr 
Z=------~~------~ 

(1 + jwLlr) (1 - 1/w2LC) 

RD 
(5.3) 

The variation in circuit impedance Z with frequency is shown 

in figure 5.2. When this circuit is used as the collector load in a 
transistor ampl ifier, the output voltage is given by 

va = icZ = gmvinZ 

where gm is the mutual conductance of the transistor. 
Then voltage gain 

Ay = va/Vin = gmZ 

The frequency response curve of the amplifier will therefore have 
a similar shape to the impedance response curve. The bandwidth 

of the circuit is defined as the range of frequencies between which 

the circuit impedance falls to RD/Y2. Alternatively, when the 
circuit is used as an amplifier, the bandwidth is defined as the 
range of frequencies between which the voltage gain falls to 1/y2 
of its value at the resonant frequency. Therefore, bandwidth is 

defined when 

IZI= RD 
y2 

RD 
or Z=----

1 + jl 
(5.4) 
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Figure 5.2 

Comparing equations 5.3 and 5.4 to determine an expression for 
bandwidth 

( w02) a 1 - w 2 = ±1 

(f - fo)(f + fo) 
(5.5) 

As the bandwidth of a tuned circuit 2tlf is small compared with 
the resonant frequency f 0 then 

f,:><; f 0 f - f 0 ':><; tlf and 

In equation 5.5 

f 2 a= 0 
tlf x 2fo 

.!JL 
2tlf 

resonant frequency 
a=----~-

bandwidth 

f + fo ':><; 2fo 
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For the values given in the question 

a = 500/50 = 10 

Now 

L woL a 
Ro = - = -- = -- = aWoL 

Cr woCr woC 

= 10 X 27tx 500 X 103 X 10-3 = 31'4 kn 

5.2 Tuned-collector amplifier 

(a) If the voltage gain at the extremes of the bandwidth of 
an amplifier is 3 dB down on the maximum gain show that these 
two frequencies are the 'half-power points~ 

(b) The load of a tuned collector amplifier consists of a 
capacitor of 2fL F in parallel with a coil of inductance of 10 mH 
and a a-factor of 14·15 at the resonant frequency. The amplifier 

has an a.c. input resistance of 700 n and a current gain of 152. 
Assuming that the shunting effect of the transistor is negligible, 
calculate (i) the frequency at which the amplifier voltage gain is a 
maximum; (ii) the voltage gain at this frequency; (iii) the amplifier 

bandwidth. State the effect on the bandwidth if the tuned circuit is 
shunted by the a.c. input resistance of a second transistor stage. 

(ET4) 

(a) I n section 2.12, it was proved that at the extremes of the 
bandwidth the voltage gain was 3 dB down on the maximum voltage 
gain; that is, assuming the same input voltage 

vo/vo(max) = 1/y2 

Now output power is proportional to Vo 2 , that is Po = Kvo 2 

therefore 

Po 
po(max) Kvo 2(max) 2 

Hence, the frequencies at the extremes of the bandwidth are often 
referred to as the half-power points. 

(b) (i) Resonant frequency f 0 = _ / 
27tv (LC) 

1 

2Tt..j(10-2 x 2 x 10 6) 

= 1·125 kHz 

(ii) Input voltage vin = iinrin = 700hn 

Output voltage Vo = ioRo = AjijnRo 



Now 

Ro = OWoL = 14·15 x 21t X 1·1'25' X 10-2 = 1 kn 

then 

vo = 152 X 103;in 

Voltage gain 

152 x 103 iin 
A = v Iv· = = 217 

v 0 Ifl 700iin 

1·125 X 103 
(iii) Bandwidth = fo/O = = 79·5 Hz 

14·15 

If the load were shunted by the input resistance of another 
stage, the effective load would decrease and the bandwidth would 
increase. 

5.3 Skin effect and dynamic impedance 

(a) Explain what is meant by (i) 'skin' effect in a conductor, 
and (ii) O-factor of a coil. 

(b) Describe and explain one method by which skin effect 
can be reduced at high frequencies. 

(c) A coil is connected in parallel with a capacitor that is 
adjusted to give resonance at 1 MHz, the O-factor being 8D. If the 
impedance at resonance is Ro ohms, what are the upper and lower 
frequencies between which the impedance of the circuit will be 
greater than Ro/y2 ohms? 

(ET4) 

(a) (i) A wire carrying an electric current produces a magnetic 
field that exists both inside and outside the wire and is strongest 
at the centre of the wire. If the current is a.c., then an e.m.f. of 
self-induction is set up which opposes the flow of the current and 
which again is greatest at the centre of the wire. Therefore, the 
actual impedance of the wire increases progressively towards its 
centre; hence, the current tends to flow in the outer skin of the 

wire. This is known as the skin effect. It is negligible at low fre
quencies but can be considerable at radio frequencies, especially 

in a coil. 

(ii) The Q-factor of a coil was defined in section 5.1. 

(b) One common method of reducing skin effect is to use stranded 
cable, thereby effectively reducing the diameter of each current

carrying conductor. Other methods include the use of hollow con
ductors, and the use of conductors plated with silver (or some 
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other metal that has a very low resistivity) in order to reduce the 
resistance of the outer layer. 

(c) Bandwidth = fo/O = 106/80 = 12·5 kHz 

Lower frequency is (1000 - 6·25) = 993·75 kHz 

Upper frequency is (1000 + 6·25) = 1006·25 kHz 

5.4 Parallel tuned circuit as amplifier load impedance 

A coil of inductance 100!l.H has a O-factor of 60 at a frequency 
of 1 MHz. Calculate the required value of shunting capacitor to 
cause resonance at this frequency and determine the dynamic im
pedance of this resonant circuit. 

The circuit is to be used as the load of an amplifying device 
which has an internal resistance of 60 kn. Calculate the amplifier 
bandwidth. 

(ET4) 

Resonant frequency 

1 
f 0 = -21t-y-:-(L-C-) 

therefore 

C= 1 
41t2 X 10 4 X 1012 = 253 pF 

Dynamic impedance 

Ro = OWoL = 60 x 21t X 106 X 10-4 = 37·7 kn 

60k.\1 37,7 k.\1 1,· 

Figure 5.3 

Figure 5.3 shows the equivalent circuit of the amplifier, which 
now has an effective load 

60 x 37·7 
R= =23·2kn 

97·7 



therefore the effective a-factor 

R 
Oe=-

woL 

23'2 x 103 

27tx 106 X 10 4 

=36'9 

and the amplifier bandwidth = fo/O = lOfl/36'9 = 27'1 kHz. 

5.5 Radio-frequency amplifier 

A radio-frequency amplifier uses a transistor having rce = 500 kil 
and gm = 50 mS. Connected in its collector circuit is a 20(1. H 

coil of O-factor 50, and this is tuned to parallel resonance at 
1592 kHz. The output voltage is fed to a second stage of zin = 
500 kil, through a coupling capacitor of negligible reactance. 
Determine (a) the gain of the stage at resonance; (b) the bandwidth; 
(c) the reduction in gain in dB at a frequency 10 kHz above 
resonance. Prove any formulae used. 

(H.N.C.) 

It has already been shown in section 5.1 that the impedance of a 
parallel-tuned circuit, when wL ~ r, is given by 

Ro 
Z = -----='----

1 + j(wL/r - l/wCr) 
(5.6) 

Let 0 = a fractional amount of detuning away from resonance, 
then 

or 

w-wo 
0=---"-

Wo 

w = wo(1 + 0) 

In equation 5.6 

Z 

Ro 1 + j(wo(1 + 0 )L/r - l/wo(l + MCr) 

If 0 ~ 1 
Z 

1 

1 + jO(l + 0 - 1/(1 + 0)) 

1+0 

1 + b + jOo (2 + 0 ) 

Ro 1 + j200 
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then 

I ~I = y(1 +140202 ) 
(5.7) 

At any frequency the voltage gain Av = gmZ; then if Avo is the 
voltage gain at resonance, from equation 5.7 

I Av I I gmZ I 1 
Avo = UmRO = y(1 + 40202 ) 

Dynamic impedance Ro = OWoL 

= 50 x 27t x 1592 x 1 03 X 20 X 10-6 

=10kil 

(5.8) 

The dynamic impedance is shunted by rce of the transistor, so that 
the effective load R is given by 

10 x 500/510 = 9'8 kil 

from which the voltage gain at resonance (Avo = Urn R) is calculated 
as 50 x 9·8 = 490. 
Effective O-factor 

therefore 

9'8 
--------"7 = 49 
27t x 1592 x 20 x 10 6 

Bandwidth = foiOe = 1592/49 = 32·5 kHz 

Fractional detuning 

o = 10/1592 = 6'28 x 10-3 

In equation 5.8 
490 

A = = 417 
v [1 + 4 x 492(6'28 x 10 3)2]1/2 

therefore change in dB = -20 log (490/417) = -1·4 dB 

5.6 a-factor of series tuned circuit 

(a) In an experiment, series resonance is obtained at various 
frequencies between a coil of unknown inductance and a variable 
capacitor, the results being given below. The circuit is known to 
possess stray capacitance which is assumed to be of constant value 
in parallel with the variable capacitor. By plotting a suitable graph, 
or otherwise, deduce the values of the coil inductance and stray 
capacitance. 



Resonant frequency (kHz) 100 150 200 250 300 
C.apacitor setting (pF) 940 385 190 100 51 

(b) Measurements of Q-factor of the tuned circuit at the 
various frequencies show that the a-factor first rises with frequency, 
then reaches a maximum value, and finally falls as frequency con
tinues to rise. Explain why this occurs. 

(ITS) 

(a) 

L r C, 

~I' 
I I 
I I 
I I 
I I 
I I 
I I L_-tt-_-

o 

c. 
Figure 5.4 

Figure 5.4 shows the series tuned circuit. Series resonance occurs 
when the capacitive reactance is equal to the inductive reactance; 
that is when 

l/woC = woL 

The resonant frequency fo is then given by 

1 
f ---;--
0- 21tVLC 

(5.9) 

where C includes the stray capacitance (that is C = C1 + Cs). 

Therefore using these results in equation 5.9 at 100 kHz and at 
200 kHz 

1 
10s=--------~~ 

21t[L (940 + Cs )]1/2 

1 
2xl0s=---------~= 

21t[L(190 + Cs )]1/2 

Dividing equation 5.11 by equation 5.10 

(940 + C )1/2 
2= s 

(190 + Cs )I/2, 

Squaring both sides 
760 + 4Cs = 940 + Cs 

therefore 
Cs = 180/3 = 60 pF 

(5.10) 

(5.11 ) 
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Substituting for Cs in equation 5.10 

105 = 1 
27t(L x 10-9) 1/2 

L = 1/407t2 = 2·53 mH 

(b) At series resonance the circuit impedance is a minimum 
and is equal to the resistance of the coil; therefore, the circuit 
current is a maximum, and so are the voltages across the induct
ance and capacitance. The a-factor of the series tuned circuit is 
defined as the ratio of the voltage across the inductance or capaci
tor to the supply voltage. Therefore, as the frequency increases 
from zero, the circuit impedance is capacitive and decreases to a 
minimum at f o. As the frequency is further increased, the imped
ance becomes inductive and increases again. Hence, the circuit 
current, the voltage a~ross the inductance, and the a-factor all 
rise to a maximum value at fo and then fall again as frequency is 
further increased. 

5.7 Hybrid-nequivalent circuit 

Figure 5. 5 shows the high-frequency equivalent circuit of a tran
sistor used in a common-emitter resistance-capacitance-coupled 
stage. Discuss briefly the physical significance of each component 
shown in the equivalent circuit. 

R, B R, 

950.0. 50.0. 

E 

Figure 5.5 

(a) If a col/ector load resistance of 500 n is used, show 
that the circuit can be simplified to elimin~te the coupling between 
col(ector and base. Calculate the modified value of C2. 

(b) Calculate the frequency at which the gain is 3 dB down 
relative to the low-frequency value. 

(c) Describe two methods of improving the high-frequency 
response of this amplifier. 

(I.E.R.E.) 

In figure 5.5 

Rl = rbb' = the base spreading resistance, that is the resistance of 
the lightly doped base region and leads between the 
intrinsic base and the terminal 



R2 = rb'e = the resistance to account for the base-emitter junction 
G2 = Gb'e = the capacitance of the emitter-base junction, which 

takes into account depletion layer and transit time 
(diffusion) capacitances 

G I = Gb'e = the capacitance of the reversed-biased base-collector 
junction 

10-1 VI = gmvb'e = the current generator required to represent 
transistor action by del ivering hfeib into a 
short-circuit output 

R4 = ree = the collector-emitter resistance contributing to the 
output impedance 

IIA 12 .....:.. ..... 

I ~ v2! 

(a) Figure 5_Sa 

I, 12 
~ r--

!~ Z, I z,~! 
~ '---

Figure 5.Sb 

Miller's theorem states that the circuit of figure 5.6a can be re
placed by that of figure 5.6b by the following analysis. Let 
V2 /VI = K, in figures 5.6a and 5.6b 

'I = 
VI - V2 VI 

Z ZI 
therefore 

ZVI Z 
ZI= 

1 - K VI - V2 

also 

'2 = 
V2- VI V2 

Z Z2 

ZV2 KZ 
Z2= =--

V2- VI K-1 

57 

Hence, as replacing Z by ZI and Z 2 does not change the circuit 
current and voltage conditions, the two circuits are equivalent. 

For the hybrid-7t circuit terminated with a resistance RL, R 4 

can normally be neglected, as R 4 ~ RL 
therefore 

-gmvb'eRL 
K = V2 /VI = = -gmRL 

vb'e 

The modified value of G2 now becomes 

Gin =G2 +GI (1 +gmRd 

that is two capacitors in parallel. 
Therefore 

C;n = 57 + 2(1 + 10-1 x 500) = 159 pF 

Note that in the output circuit 

C - -gmRLGI ~ G 
0- ~ I 

-gmRL - 1 

This would be in parallel with RL but as it is so small it is usually 
neglected. 

(b) 

R, 

50Q 

950Q 

R2 I kQ 
C" 

I kQ c" 
159pF 

50Q . v, 
/"--

R,+R2 

Figure 5.7 

Figure 5.7 shows the input circuit together with its constant
current generator equivalent circuit. At low frequencies Gin is 
negligible and the voltage gain Avo is proportional to the resistance 
network. 
Therefore 

Avo= 500 KI (5.12) 

At high frequencies the voltage gain becomes 

Ay = KI X 500Xe/(500 2 +Xe2)1/2 

KI X 500 
(5.13) 



When the voltage gain is 3 dB down 

Ay = Ayo/V2 

Therefore from equations 5.12 and 5.13 this occurs when 

5002/Xc2 = 1 

that is, when 

1/(27tfC) = 500 

which is at frequency 

1012 

f= = 2 MHz 
27tx159x500 

(c) One method of improving the high-frequency response 
is to use inductance in series with the collector load resistor, there
by increasing the effective collector load at high frequencies. How
ever, the value of inductance depends critically on the transistor 
input and output capacitances, and the inevitable spread in the 
values of these capacitances in manufactured items makes it diffi
cult to predict an exact value for every amplifier. 

A better method is to use complex negative feedback to keep 
the frequency response curve level over a wider range of frequen
cies, though this has the attendant disadvantage that it lowers the 
overall gain. 

5.8 Exercises 

Exercise 5. 1 

Define a-factor of a tuned circuit and show how it is related to the 
bandwidth of the circuit. 

The resonant frequency of a parallel tuned circuit is 5 MHz and 
the effective shunt capacitance is 250 pF. When the signal frequency 
differs by 20 kHz from the resonant frequency, the circuit imped
ance falls to 70· 7 per cent of the dynamic impedance. Calculate the 
dynamic impedance and the a-factor of this circuit. 
(Answers: 15·9 kn, 125) 

Exercise 5. 2 

Show that a parallel tuned circuit of high a-factor, shunted by a 
high resistance, may be regarded as an unshunted parallel tuned 
circuit of lower effective a-factor. Determine an expression for the 
new a-factor in terms of the constants of the tuned circuit and 
the shlJnting resistor. 

A parallel tuned circuit has an inductance of 100!LH, a a-factor 
of 100, a resonant frequency of 955 kHz, and is shunted by a 
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resistance of 40 kn. I f a constant current of variable frequency is 
passed through this shunt combination, determine the bandwidth 
of the circuit. 
(Answer: 23·9 kHz) 

Exercise 5.3 

Draw labelled high-frequency equivalent circuits for (a) a valve 
and (b) a transistor. Describe for each device the methods em
ployed both in manufacturing techniques and circuit techniques 
to obtain good high-frequency amplification. What is meant by the 
cut-off frequency of a transistor? 

(ETS) 

Exercise 5.4 

A single stage, common-emitter, tuned transistor amplifier has an 
effective load resistance at resonance of 25 kn. The transistor h

parameters are hie = 2 kn, hfe = 55, and both h re and hoe are 
negligible. The signal source connected between base and emitter 
has an open circuit e.m.f. of 3 mV and resistive internal impedance 
of 500 n. Calculate (a) the signal voltage across the amplifier input 
terminals (b) the input signal current and (c) the signal power in 
the collector load. (Assume the effects of biasing and coupling 
components on the signal to be negligible.) Sketch a typical 
circuit diagram for the amplifier. 
(Answers: 2·4 mV, 1·2 !LA, 0·109 mW) (TIS) 

Exercise 5. 5 

The transistor in a tuned amplifier has Urn = 40 mS and 
rce = 250 kno' The collector load is a parallel circuit having a a
factor of 90 and resonant at 796 kHz. The coil is tuned by a loss
free capacitor of 200 pF. Calculate from first principles the voltage 
gain at resonance, and the reduction in gain (stated in dB) at a 
frequency 12 kHz away from resonance. 
(Answers: 2648, 7 dB) 

Exercise 5. 6 

(a) Show that the high frequency hybrid-7t~quivalent circuit 
of a transistor may be reduced to the form shown in figure 5.8. 
Discuss the physical significance of the components. What factors 
determine the value of the capacitance? 

(b) Calculate the high frequency current gain of the circuit 
shown in figure 5.9. Determine the upper cut-off frequency and 



B~--~~---'-------, ,--------._--0 C 

E~--------~------~------~------~--~E 

Figure 5.8 

,--------._--------------o-~c 

lout 

2kn 

~------~~----~~---+----~--__oOv 

Figure 5.9 
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sketch the high-frequency current-gain response curve. Neglect the 
effect of coupling and decoupling capacitors. 

Assume that rb'e = 1·5 kil, grn = 0·02 S, Cb'c = 1000 pF, 
Cb'c = 50 pF and rbb' = 100 il. State any assumptions made. 
(Answers: 44'7 kHz) (I.E.R.E.) 

Exercise 5. 7 

The frequencies at which the gain of an amplifier is 3 dB below 
that at midband are commonly used to define the bandwidth. 
Comment briefly on the merits or otherwise of this empirical 
definition. 

Two amplifiers, whose lower and upper cutoff frequencies 
(defined in the above way) are respectively 50 Hz and 2 MHz, and 
30 Hz and 3 MHz, are connected in cascade as part of a sensitive 
electronic voltmeter. 

What are the lower and upper frequencies for which the overall 
gain is 95 per cent of that at midband? Assume each amplifier to 
have a 6 dB/octave cutoff. 
(Answer 293 kHz, 179'2 Hz) (I.E.E.) 



6 Field-effect transistors 

6.1 Junction FET and common·source amplifier 

Sketch the construction and describe the principle of operation of 
a junction field-effect transistor. Explain what is meant by pinch
off and show its effect on the drain characteristic curves. 

Draw the circuit diagram of an automatically biased junction 
FET used as a class-A amplifier in the common-source mode. 

Compare its input resistance and voltage gain with (a) a voltage 
amplifying pentode; (b) a junction transistor connected as a 
common-emitter voltage amplifier. 

(ET4) 

source gate I drain 

r----- ohmic contact 

~~"~:L:;{L.:':'.::L.~::,I.~:::C!l--silicon dioxide 

P 

n epitaxial layer channel 

P - type substrate 

gate 2 

Figure 6.1 

Figure 6.1 shows the construction of an FET using a single n-type 
epitaxial layer on ap-type substrate. The FET is manufactured by 
the planar process described in chapter 2, and consists essentially 
of a length of n-type semiconductor with ohmic contacts made at 

each end, together with two p-type regions known as gates. The 
length of n-type material between the two gates is known as the 
channel. If the gates are short-circuited to the source terminal and 

a positive potential Vos is applied between drain and source, a 
flow of electrons will take place from source to drain. Note that 

one essential difference between the FET and the bipolar junction 
transistor is that only majority carriers are used for current flow in 

the FET, and it is known as a unipolar device. 
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As the channel has a finite resistivity, there will be an approxi
mately linear rise in potential along the channel from source to 
drain. As the gates are at the same potential as the source, they 
form reverse-biased pn junctions with the channel, and depletion 
layers are formed as shown in figure 6.2. Note that the depletion 

l,-=--p_J 
n-chan;el------ __ 
pinched off __ -

-------
p substrate 

17 depletion layers 
_/ 
--\ 

Figure 6.2 

layers will be widest at the drain end because the reverse bias is a 
maximum at that end. Thus, current flow is restricted to the 
wedge-shaped channel shown. If the drain voltage is increased, the 
depletion layers eventually meet, and the channel is said to be 
pinched-off. Further increase in drain voltage produces very little 
increase in drain current, as the pinched-off channel tends to spread 
back towards the source. 

o 

~~------------------------~S=Ov 

~~-------------------------~SI 

~---+-------------------------~S2 

,./-------.;-------------------------- ~s, 
/ 

drain-source voltage VDS 

Figure 6.3 

In figure 6.3, considering the characteristic for zero gate-source 

voltage VGS = 0, initially, as drain voltage Vos is increased, the 
channel acts as a semiconductor resistor, and the drain current 10 

increases approximately linearly with increase in Vos. When pinch
off occurs the characteristic becomes nearly flat, as can be seen 



from figure 6.3. The value of drain voltage Vos at this point is 
referred to as the pinch-off voltage Vp . 

If the gate-source is now negatively biased, then the depletion 
layers will be thicker for a given value of Vos than when there is 
no bias. This means that pinch-off and saturation of 10 will occur 

at lower values of Vos and ' 0 . Figure 6.3 shows a set of drain 
characteristics as VGS is increased negatively; a pinch-off locus can 
be drawn obeying the equation 

I vosl = I vpl-I VGsl 

To the left of this locus, the FET acts like a variable resistor and 
this region is referred to as the ohmic or triode region. To the right 
of the locus, the FET has a very low output conductance, and this 
is termed the pinch-off region. 

r--------.-------------o~D 

o-----------~------~----~----~Ov 

Figure 6.4 

Figure 6.4 shows the circuit diagram of a common-source 
amplifier which has a similar layout to that of the common-emitter 
transistor amplifier using potential divider stabilisation. The input 
impedance of the FET is very high (103 to 106 Mn), as its input 
circuit essentially consists of a reverse-biased diode, though this is 
shunted by the potential-divider resistors RI and R 2. Nevertheless, 
it is still higher than that of a pentode amplifier, and very much 
higher than a common-emitter transistor amplifier. Its voltage 
gain, however, is much lower than those of the pentode and 
common-emitter amplifiers. 

6.2 Depletion and enhancement type insulated gate FETs 

Describe the principle of operation and sketch the BS symbol of 
either of the fol/owing insulated gate field effect transistors 
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(MOSTs) (i) depletion type (ii) enhancement type. Illustrate your 
answer with appropriate sketches and draw typical gate/drain 

characteristic curves. 
What is the name given to' the value of gate voltage at which 

drain current ceases to flow, in the type you have described? 
(ET4) 

The metal oxide semiconductor field-effect transistor, which is the 
more usual form of insulated gate FET, differs from the junction 
FET by having its gate electrode isolated from the channel by a 
thin layer of insulating material, usually silicon dioxide, as shown 
in figure 6.5. 

source gale drain 
+Vos 

,1.------- aluminium 

"""~- sil icon dioxide 

induced n - channel 

p - subslra Ie 

Figure 6.5 

In figure 6.5, when a positive voltage VGS is applied between 
gate and source, a negative charge is induced in the silicon dioxide 
layer near the gate terminal, and this is counterbalanced by a 
positive charge in the silicon dioxide near its junction with the 
substrate. This positive charge repels the majority carriers at the 
surface of the p-substrate and causes the surface to change its 
conductivity type; that is, the minority electrons cause an n·channel 
to be formed in the p-substrate (because of thermal and other 
effects). Therefore, when a positive drain voltage Vos is applied, 
electrons flow from source to drain. If the gate-source voltage VGS 
is increased, the channel becomes wider or is said to be enhanced; 
hence, this is an n-channel enhancement type IGFET. 

Figures 6.6a and 6.6b show the drain and gate characteristic 
curves for an n-channel enhancement mode IGFET (note that, in 
the enhancement mode, the gate characteristic does not cross the 
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Figure 6.6a 

Figure 6.6b 

V-axis). The value of gate-source voltage at which the drain current 

falls to zero, is referred to as the threshold voltage Vt and is anal
ogous to the pinch-off voltage of a junction FET. 

.-J 
J~~t"" 

Figure 6.7 
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Figure 6.7 shows the BS symbol for an n-channel enhancement 
IGFET. Because these are normally-off devices, their symbols in
corporate broken lines to represent channels that are normally 
open circuit. The polarity is denoted by the arrow, which repre
sents the pn direction of the channel-substrate junction. The sub
strate is thus always marked even though no physical connection 
may be made to it. 

5 G 

diffused 
n -chonnel 

p substrate 

D 

depletion 
layer 

Figure 6.B 

A-o------- aluminium 

'1----silicon dioxide 

Figure 6.8 shows the construction of an n-channel depletion 
mode IGFET, in which the n-channel is introduced during manu
facture by moderate n-type doping of the surface layer of the 
substrate between source and drain n+ regions. Therefore, even 
with zero gate-source voltage, a positive drain voltage Vos causes 
a flow of electrons between drain and source. If a negative gate
source voltage is applied however, the n-channel is depleted (that 
is, narrowed) as electrons are expelled from the depletion layer, 
and the flow of electrons from drain to source is increased. Simi
larly, if a positive gate-source voltage is applied the channel is 
enhanced and electron flow increases. Therefore, this type of 
IGFET can operate both in the enhancement and depletion modes. 

Figures 6.9a and 6.9b show the drain and gate characteristic 
curves of an n-channel depletion mode IGFET. Note that the 
threshold voltage Vt now has a negative value and that the drain 
current for zero gate-source voltage is given the symbol loss. The 
BS symbol for this type of IGFET is shown in figure 6.10. 
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Figure 6.9b 

Figure 6.10 
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6.3 Mutual conductance of an FET 

For nearly all FETs operating in the saturation region, the follow

ing equation is true 

10 = 10ss(1 - VGSlVp )2 (6.1 ) 

Define each term in the equation and derive an expression for the 
mutual conductance (transconductance) of an FEr. Indicate how 

the value of mutual conductance can be calculated when VGS = O. 

In the above equation 

10 = drain current 
loss = drain current when gate-source voltage is zero 
VGS = gate-source voltage 
Vp = pinch-off voltage 

The mutual conductance of an FET, defined for small signal 
changes, is given the symbol gfs, and is the small change in drain 
current produced by a small change in gate-source voltage. 

dID 
gfs = dVGS 

Differentiating equation 6.1 

_ 2/0ss (1 VGS) gfs ---- -
Vp Vp 

When VGS = 0, from equation 6.2 

- 2/0ss 
gfso = Vp 

(6.2) 

This is the value of mutual conductance for zero gate-source volt
age. loss and Vp are easily found, by direct measurement, and 
hence gfso can be found. Alternatively, it can be found from the 
gate characteristics as shown in figure 6.11. 

I 
I 

I 

Vp/2 0 

Figure 6.11 
'1>s 



6.4 Equivalent circuit of common-source amplifier 

Draw the small-signal equivalent circuit of a junction FET in 
common-source mode, operating in the pinch-off region, explain
ing the significance of each term. Hence, derive an expression for 
the input capacitance of this FET. 

rGO 

'G io 
G 0 

VGS cGS cos rOS VOS 

S 

Figure 6.12 

Figure 6.12 shows the small-signal equivalent circuit of an FET. 
The gate leakage resistance rGS to source and rGO to drain have 
very high values (exceeding 109 n), though these are shunted by 
the gate-source and gate-drain capacitances respectively. 

S 

ros is the incremental resistance of the channel and is usually 
about 500 n. This is shunted by the channel capacitance Cos, 
which mainly consists of the encapsulation or header capacitance 
and is therefore much smaller than either CGS or CGo. Finally, as 
gfs is the mutual conductance of the FET, the output current 
generator is represented by gfsvGS, where gfs is positive for the 
direction of current shown in the diagram. 

If the drain and source are short-circuited for a.c., the input 
capacitance Ciss will be given by 

(6.3) 

However, when the drain and source are not short-circuited, the 
effective input capacitance will be increased by the Miller effect. 

t 
r=Av Vin 

Figure 6: 13 
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Figure 6.13 shows the block diagram of the FET regarded as an 

amplifier of gain Av with CGO connected across it. Therefore 

voltage across CGO = Vin - Vo = f i dt/CGo . Substituting for Vo 

vin(l - Av) = J i dt/CGO 

J i dt 
vin=-----

(1 - Ay)CGO 

Hence the apparent input capacitance is given by 

Cin = CGS + (1 - Av)CGO (6.4) 

Cin > Ciss, because Ay has a negative numerical value, and thus 
the apparent input capacitance is increased. As the reverse transfer 
capacitance Crss is equal to the gate-drain capacitance CGO, and as 
Cos is normally much smaller than Crss, then 

Crss "'" Coss 

In equation 6.3 

so that 

CGS = Ciss - Crss 

Substituting in equation 6.4 

Cin = Ciss - Crss + (1 - Ay)Crss 

= Ciss - AyCrss 

For a junction FET with Ciss = 4 pF, Crss = 1 pF and Av = 10, 

Cin =14pF 

6.5 Pinch-off region of junction FET 

Describe, with the aid of diagrams and characteristic curves, the 
operation of the junction FET. State an experimental expression 

for the drain current, 10 , in the pinch-off region. 

Figure 6.14 shows an amplifier using an n-channel FET, for which 

Vp = -3 V and loss = 2· 5 mA. It is desired to bias the circuit at 
10 = l' 2 mA, using Voo = 20 V. Assume that the resistance from 

drain to source ros ~ Rd' Find (i) VGS ; (ii) the transconductance 
gfs; (iii) Rs; (iv) Rd, such that the voltage gain is at least 20 dB, 
with Rs by-passed with a large capacitor. 

(H.N.C.) 



,..--------<> Vee 

Rg 
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Figure 6.14 

The operation and characteristic curves of the junction FET have 
al ready been dealt with in section 6.1. The expression for the 
drain current is 

10 = 10ss(1 - VGS/Vp)2 

(i) Substituting the values given 

1·2 = 2'5(1 + VGS/3)2 

VGs/3 =( -~:~ )"2 _ 1 

VGS = -0·922 V 

(ii) gFS = d/o/dVGS 

= - 2/0ss (1 _ VGS) 
Vp Vp 

From equation 6.5 

(loIIOSS) '/2 = 1 - VGsIVp 

Substituting in equation 6.6 

gFS = - 2/0ss (~)"2 
Vp loss 

= -2(~~)(~:~r2 
= 1·15 mS 

(iii) 
0·922 

Rs=-VGs/lo= _3=768il 
1·2x10 

(6.5) 

(6.6) 

(iv) Neglecting the capacitors, the equivalent output circuit for low 
frequency operation is shown in figure 6.15, neglecting the shunt· 
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ing effect of ros on Rd (as ros ~ Rd). 
Therefore voltage gain 

Av = VolVin = -gFsRd 

Figure 6.15 

As 20 dB corresponds to a voltage gain of 10, gFsRd ~ 10 
therefore 

that is 

10 
Rd~-----"7 

1·155 x 10 3 

Rd ~8·66 kil 

6.6 Voltage gain and input resistance of common-source amplifier 

(a) Explain the difference between the terms 'pinch-off 
region' and 'pinch-off voltage' in a field-effect transistor. 

(b) Why does the bias arrangement used in the class-A ampli
fier shown in figure 6.16 give good dc. stability? What is the pur
pose of R2? The FET used has a mutual conductance of 3 mS and 
the circuit output is connected to an external load of 3 kil. 

If R, = 47 kil, R2 = 1 Mil, R3 = 5·1 kil, R4 = 1 kil, Rs = 1 kil, 
determine (i) the voltage gain; (ii) the circuit a.c. input resistance. 
State any assumptions made. 

Figure 6.16 

(ET4) 



(a) The terms pinch-off voltage and pinch-off region have 

already been defined (see section 6.1). 

(b) The bleed current through R} and R3 is very large com
pared with the gate current, and the d.c. gate voltage is fixed by 
this bleed current, and is relatively unaffected by changes in tem
perature, etc. If the drain current increases, the voltage across Rs 
increases, and the consequent increase in gate-source voltage there
by decreases the drain current. Hence, the d.c. stability is 
improved. 

R2 rGO 

Vi" R, R3 rGS g"v in 1 ros R. R6 Va 

Figure 6.17 

Figure 6.17 shows the small-signal low-frequency equivalent 
circuit of the amplifier shown in figure 6.16, assuming that all 
the FET capacitances can be neglected at low frequencies. Nor
mally rGS and rGO are large compared with R 1 and R 3 and can 
therefore be neglected. Without R 2, the input resistance of the 
circuit would be R} and R3 in parallel; that is, 4·6 kn, which is 
very low for a voltage amplifier. With R2 in circuit, the a.c. input 
resistance is increased by the same amount. Thus, in practice, a.c. 
input resistance is R 2 = 1 Mn. 

(i) Assuming ros ~ R4 and R6 • output voltage Vo is given by 

R4 R6 
VO = -gfsvin 

R4 + R6 

Low-frequency voltage gain 

Avo = Vo/Vin 

= -3 x 1 x! 
= -2'25 

The minus sign indicates the 1800 phase shift between input and 
output voltages. 

6.7 ·Voltage gain and upper cut-off frequency of common-source 
amplifier 

Figure 6. 18 shows the basic form of a common-source amplifier, 

omitting the detailed bias circuit. RG is the equivalent series input 
resistance consisting of a combination of signal-source internal 
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resistance and bias components resistance. Show that the voltage 

gain remains appreciably constant for varying frequencies if 
I gfs/jwCGO I ~ 1 and ~ Avo (where Avo = low frequency gain). 

Determine the value of voltage gain if gfs = l' 5 mS and 
RL =8,2 kn. 

Determine also the upper cut-off frequency, given Rc = 1 Mn, 
and for the FET, CGS = 4 pF and CGO = 2 pF. Comment on this 
result. 

..--------oVoo 

output 

L--------~----_oov 

Figure 6.18 

The equivalent circuit of the amplifier at low frequencies is shown 
in figure 6.19. 

From figure 6.19 

Vo = -gfsvGsR 

where 

R = rOSRL/(rOS + Rd 

Figure 6.19 



Therefore, the low-frequency voltage gain 

Avo = vo/vs = -gfsR (6.7) 

At frequencies where the capacitive reactances cannot be neglected, 
the equivalent circuit is as shown in figure 6.20. 

Figure 6.20 

To determine the voltage gain at any frequency, it is convenient 

to use a constant voltage generator and equivalent series resistance 
as shown in figure 6.21. 

Figure 6.21 

In figure 6.21, it is assumed that the reactance of CDS is large 
compared with R at the frequencies under consideration; hence, 
it is neglected. ZGD is the impedance of RGD and CGD in parallel. 
From figure 6.21 

Vo = -gfsvGSR + iR 

R(Vin - vol 
= -v· gf R + --'.."':"::'_....0 

In s ZGD 

(vin - v 0 )Avo 
= VinAvo - . 

gfsZGD 

Voltage gain 
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therefore 

Av = Avo(gfsZGD - 1 )/(gfsZGD - Avo) (6.8) 

At frequencies where the reactance of CGD is much larger than 
rGD, equation 6.8 becomes 

Avo(gfs/jwCGD - 1) 
A =----~--~---

v gfs/jwCGD - Avo 

Hence if 

Igfs/jwCGDI ~ 1 and is also ~ Avo, Av ~ Avo 

If rDS ~ RL , then from equation 6.7 

Avo = -1·5 x 8·2 = -12;3 

The equivalent input circuit is shown in figure 6.22. 

Figure 6.22 

In this circuit, rGS is much larger than RG and than the reactance 
of Cin, and so it is neglected. 

Thus upper cut-off frequency 

f=----
21tCinRG 

1 
= = 5·2 kHz 

21t x 30·6 X 10-12 x 106 

This is a very low cut-off frequency and thus the common-source 
amplifier makes effective use of the very high input resistance at 
low frequencies only. 

6.8 Source-follower amplifier 

Determine the low frequency voltage gain and upper cut-off fre
quency of the simple common-drain (source-follower) amplifier 
shown in figure 6.23. 

The parameters of the FET are gfs = 1·5 mS, CGD = 4 pF, CGS = 

2pF. 

The equivalent circuit is shown in figure 6.24. 
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Figure 6.23 

G D 

VGSI gfs VGS I 
CGS 

Vi" 
S 

RL 1,· 

Figure 6.24 

The very high gate-source and gate-drain resistances have been 
neglected, and at low frequencies the reactances of the capacitors 
are very high and take negligible current. 

Therefore 

(6.9) 

Also 

VGS =Vin - Vo 

In equation 6.9 

this low-frequency voltage gain 

I gfs 
Avo = Vo vin 

gfs + 1/RL + l/ros 
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As the FET is working in the pinched-off region, rOS > RL 

A ~ gfsRL 
YO ~ 

1 + gfsRL 

1·5 x 5 
= = 0'88 

1+(1'5x5) 

At high frequencies, where the effects of CGS and CGO cannot 
be neglected, from figure 6.24 

hn = vinjwCGO + (Vin - vo)jwCGS 

thus 

Yin = iinlvin = jw[CGO + (1 - Ay)CGsl 

and effective input capacitance 

Cin = CGO + (1 - Ay)CGS 

= 4 + (1 - 0'88)2 (asAv ~Avo) 

= 4'24 pF 

This is much lower than that of the common-source stage. 
Cut-off frequency 

1 
f =----
c 2nCinRG 

1012 

2n x 4·24 x 1·2 x 106 

= 31·25 kHz 

Thus, the bandwidth is much larger than that of the corresponding 
common-source amplifier. 

6.9 Voltage gain of common-drain amplifier 

(a) Describe in detail the construction and principle of opera
tion of (i) the junction field-effect transistor; (ii) the insulated-gate 
field-effect transistor. 

(b) Define the terms mutual conductance, gfs, and slope 
resistance, r ds- as applied to the field-effect transistor. 

(c) Calculate the voltage gain VolVin of the common-drain 
stage, shown in figure 6.25. It may be assumed that gfs = 1·2 mS, 
rd = 20 kil and that rGO and rGS are very much greater than 1 Mil. 
The effect of the capacitor C can be ignored 

(I.E.R.E.) 
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Figure 6.25 

(a) This part of the question has already been covered in 
sections 6.1 and 6.2. 

(b) Mutual conductance is the ratio of a small change in 
drain current to the small change in gate-source voltage which 
caused it; and is expressed as 

gfs = d/o/dVGS 

The slope resistance is the ratio of a small change in drain-source 
voltage to the corresponding small change in drain current, and is 
expressed as 

r ds = d Vos/d/o 

(c) The equivalent circuit at low frequencies of the amplifier 
shown in figure 6.25, is given in figure 6.26. 

G 

IMn 

Figure 6.26 

In figure 6.26 

vGS = vin - 10iin - va 

vo=gfsvGs10= 12vGS 

(os 20 kn 

s 

(6.10) 

(6.11 ) 
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Also 

= 1000hn - 1200vGS 

. va /. = 1·201vGS +-
III 1000 

substitute for vGS from equation 6.11 

iin = 1213vo/12 000 

Substituting for iin and vGS in equation 6.10 

Vo 1213 
-=V· ---v -v 
12 III 1200 0 0 

therefore 

vo(100 + 1213 + 1200) = 1200Vin 

Voltage gain 

Ay = Vo/Vin = 1200/2513 = 0·477 

6.10 Common-gate amplifier 

Figure 6.27 shows the circuit diagram of a basic common-gate FET 

amplifier. 

~---~-------~ov 

Figure 6.27 

Calculate the a.c. input resistance and low-frequency voltage gain 
of this stage given the fol/owing FET parameters, gfs = 1·5 mS, 
ros = 50 kD., all other parameters being negligible. 

Discuss the use of this type of amplifier in practice. 
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Figure 6.28a 

Figure 6.28a shows the equivalent circuit of the cpmmon-gate 
amplifier and figure 6.28b shows the same circuit with the current 
generator and parallel rns replaced by the equivalent voltage 
generator and series rns. Thus 

vin - gfsrnSVGS = hn(rns + Rd 

But 

VGS = -vin 

therefore 

vin(1 + 1·5 x 50) = iin60 x 103 

Input resistance 

Also 
rin = Vin/iin = 60 x 103/76 = 789 n 

Vo= iinRL = Rdvin + gfsvinrns - vo)!rns 

= 0·2vin + 15vin - 0·2vo 

therefore voltage gain 

Av = Vo/Vin = 15·2/1·2 = 12·7 
It can be seen that the input resistance of this stage is lower 

than that of a common-emitter transistor amplifier. Its voltage 
gain also is lower. Thus, the main advantage of the FET amplifier 
(that is, its high input-resistance) has been lost. This mode of opera· 
tion is therefore used only occasionally, and then only at high 
frequencies. 

6_11 Voltage gain, input and output impedances of source
follower 

(a) State the properties of a source-follower. 
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Figure 6.28b 

(b) Estimate the voltage gain, input impedance and output 
impedance of the circuit shown in figure 6.29. 

(c) What is the purpose of capacitor C in the circuit? For 
the FET gfs = 3·6 mS. Other parameters may be neglected. 

r-----------------~voo 

Figure 6.29 

(ET5) 

(a) A source-follower has a very high input impedance 
(megohms), a low output impedance (a few hundred ohms), a volt
age gain just less than unity, and a zero phase shift from input to 
output. 

(b) Figure 6.30 shows the equivalent circuit of the source
follower of figure 6.29. 
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Figure 6.30 

From this 

Vin = iin 106 + (3·6 X 1O-3vgs + iin)4·7 x 103 

= iin 106 + 16·92vgs + iin4·7 x 103 

The last term is negligible with respect to the first term in this 
equation. 
Therefore 

Also 
_. 106 

Vgs - 'in 

substituting this in equation 6.12 

Vin = 17·92vgs 

From figure 6.30 

Substituting in equation 6.13 

Vin = 17·92(Vin - va) 

therefore voltage gain 

Av = Vo/Vin = 16·92/17·92 = 0·944 

Substituting for Vgs in equation 6.13 

Vin = 17·92 X 106 iin 

therefore input resistance 

rin = Vin/iin = 17·92 Mil 

(6.12) 

(6.13) 

Figure 6.31 shows the equivalent circuit required to determine 
the output impedance, with the load replaced by a voltage !Jenera· 
tor e and the voltage source replaced by its internal impedance 
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(which is negligible in this calculation). From this circuit 

e = (i + gfsVgs) 1 06 

Figure 6.31 

Also 
Vgs =-e 

e = 106 i - 3·6 x 103e 

Therefore output impedance 

ro = eli ~ 106/3.6 x 103 = 278 il 

(c) The capacitor C is used to decouple the unmarked 
resistor; that is, it will have negligible reactance at the operating 
frequency of the amplifier. Thus for a.c. the 1 Mil and 4·7 kil 
resistors are effectively connected to the FET source. 

6. 12 Exercises 

Exercise 6. 1 

A junction FET obeys the square-law relationship 

10 = 10ss(1 - VGS/Vp)2 

If loss = 5 mA and Vp = -8 V, calculate 10 and gfs at VGS = 0, 

-2, -4, -6 and -8 V. Hence plot a graph of 10 against VGs. The 
maximum slope of this graph occurs when VGS = 0; if this slope is 
extended show that it cuts the voltage axis at Vp /2. 

Exercise 6.2 

Show that the input capacitance of a field-effect transistor in the 
common-source mode is 



where 

CGS is the gate-source capacitance 
CGO is the gate-drain capacitance 
Av is the voltage gain of the stage 

Exercise 6.3 

(V.L.C.I.) 

The simple common-source amplifier shown in figure 6.32 is to 
have a voltage gain of 21'6 dB with Rs effectively decoupled down 
t031·8Hz. 

,...---------<l VDD 

Cs 

o----~---~-~~---~ov 

Figure 6.32 

For the FET, Vp = -2 V, loss = 2 mA, and at the operating condi
tion 10 = 1 mA. Calculate VGS , gfs' Rs, Cs and RL assuming 

ros ~ RL · 
(Answers: -0'59,1'41 mS, 590 D, 85 fJ.F, 8·5 kD) 

Exercise 6.4 

In the common-source amplifier shown in figure 6.32, if RL = 5 kD, 

Rg = 1·2 MD, Rs = 1 kD, Voo = 25 V, loss = 4 mA, Vp = -3 V, 
ros = 50 kD and gfs = 2 mS, all other parameters being negligible, 
determine (a) 10; (b) VGS ; (c) the quiescent drain voltage Vo; (d) 

the voltage gain Av at frequencies where Cg and Cs are negligible. 
(Answers: 2·25 mA, -0'75 V, 13'75 V, 9'1) 

Exercise 6.5 

In the common-source amplifier shown in figure 6.33, under 
quiescent conditions, VGS = -1,5 V and the drain current 10 = 5 mAo 
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Figure 6.33 

Assuming the input resistance of the FET is infinite, determine the 
values of Rl and R 2 such that the input resistance of the stage will 
be 1'5 MD. Determine also the low-frequency voltage gain if 

gfs = 10 mS. 
(Answers: 6 MD, 2 MD, 10) 

Exercise 6.6 

In a simple common-source amplifier, the equivalent series input 
resistance is 1·2lVJD. The parameters of the FET aregfs = 1·8 mS, 

CGO = 2'6 pF, CGS = 4 pF, ros = 100 kD, and the load resistor is 
20 kD. Determine the low-frequency voltage gain and upper cut
off frequency of the amplifier. 
(Answers: 30,1'6 kHz) 

Exercise 6.7 

An FET has the following equivalent circuit parameters, gfs = 50 mS, 
ros = 1 MD. When used as a simple source-follower, its voltage 
gain ,is found to be 0'95. Find the value of the source load. 
(Answer: 380 D) (V.L.c.I.) 

Exercise 6.8 

Show that at low frequencies the output impedance of a source

follower is given by 

Zo = 11Rs + gos + gfs 

where Rs is the source load resistor, gos is the FET output admit
tance (1 /ros) and gfs is the FET mutual conductance. 



Exercise 6.9 

Determine the voltage gain volvs of the source·follower stage 
shown in figure 6.34 given gfs = 3 mS, ros = 80 kn, and the effect 
of all other components may be neglected. 

~----------~~D 

L-----~~----~~----------~ov 

Figure 6.34 

(Answer: 0·96) 
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Exercise 6. 10 

In a simple common-gate amplifier, the parameters of the FET are 

gfs = 2 mS, ros = 100 kn, all other parameters being negligible. 
If the load resistor is 15 kn, determine the a.c. input resistance 
and low-frequency voltage gain of the amplifier. 
(Answers: 572 n, 26·2) 

Exercise 6. 11 

(a) Sketch the circuit diagram of a single-stage class-A ampli
fier in which the active device is an FET. 

(b) Describe how the operating point will alter with variation 
in the temperature of the device. 

(c) Explain the principle of operation of the particular type 
of transistor used in your diagram. 

(ET4) 



7 Negative feedback 

7.1 Gain of amplifier with negative feedback 

If the gain of an amplifier stage without feedback is represented by 

A, derive an expression for the gain when a fraction of the output 

voltage is fed back in opposition to the input. 

An amplifier has a gain of 1000 without feedback. Calculate 

the gain when O' 9 per cent of negative feedback is applied. If, due 

to ageing, the gain without feedback falls to 800, calculate the 

percentage reduction in gain (a) without feedback; (b) with feed

back. Comment upon the significance of the results of (a) and (b) 

and state two other advantages of negative feedback. 

(ET4) 

Figure 7.1 shows the block diagram of voltage feedback in series 

with the input. 

amplifier 

gain A 

Figure 7.1 

Voltage gain A of the amplifier without feedback = volvs 

Voltage gain A I of the amplifier with feedback = v~/vs 

When feedback is applied, output voltage V'o = AVin' But for 
negative feedback 

Vin = Vs - vfb 

therefore 

V'o = Avs- AVfb (7.1) 

Also, feedback voltage 

vfb = {jv'O 

Substituting in equation 7.1 

v'o = Avs - A{jv'O 

I I A 
A =v Iv =-- (7.2) 

os l+{jA 
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Hence, the gain of the amplifier has been reduced by the use of 

negative feedback. 
In equation 7.2, when {3 = 0'009 

A' = 1000 = 100 
1 + (0'009 x 1000) 

(a) Without feedback, percentage reduction in gain is 

(1000 - 800) 1 00 
= 20 per cent 

1000 

(b) With feedback, new gain 

A' = 800 = 97'56 
1 + 0'009(800) 

therefore percentage reduction in gain with feedback is 

(100 - 97'56) x 100/100 = 2'44 per cent 

Thus, with negative feedback, the percentage reduction in gain is 
much smaller, and the amplifier is said to be gain-stabil ised against 
the ageing of components and against variations in the supply 
voltage. The other advantages of negative feedback are 

(i) more linear frequency response; 
(ii) increase in bandwidth; 
(iii) reduction in harmonic, phase, and frequency distortion; 
(iv) reduction of any noise produced in the amplifier; 
(v) input and output impedance values can be modified to 

nearly any desired values. 

7.2 Effect of negative feedback on amplifier input-impedance 

Show that (a) negative feedback in series with the input voltage 

always increases the input impedance of an amplifier; (b) negative 

feedback in parallel with the input voltage always reduces the input 

impedance of an amplifier. 

(a) Figure 7.2a shows an amplifier with a feedback voltage 
vfb = {jvo in series with the signal voltage. Without feedback, input 
impedance 

Zin = Vs/iin 

therefore 

iin = Vs/Zin (7.3) 

With negative feedback applied, and with the signal voltage in

creased to v~ to maintain the same value of input current iin 

. v~ - Vfb 
'in = 

Zin 
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I 
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gain A 

Figure 7.28 

amplifier 

gain A 

fl I 

Figure 7.2b 

therefore 

v~ = iinZin + vfb 

With feedback input impedance 

Zln = v~/iin = Zin + Vfbliin 

substituting for iin from equation 7.3 

Zln = Zin + VfbZinlvs 

=Zin(1 + (3volvs) 

= Zin( 1 + (3Avs/vs) 

=Zin(l +(3A) 

Thus, with negative feedback in series with the input the input 
impedance is always increased by a factor (1 + (3A). 

r 

r 

(b) Figure 7.2b shows an amplifier with a feedback voltage 
Vfb = f3vo in parallel with the signal voltage. Without feedback 

iin = vsIZin 

With feedback, input impedance 

Zln = vsliin = vs/(iin + i) 
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Substituting this value for i and for iin from equation 7.3 

Z! = Vs 
10 VsIZin + VfblZin 

= Zinvs/(vs + (3Avs) 

= Zin/(l + (3A) 

Thus, with negative feedback in parallel with the input, the input 
impedance is always reduced by a factor (1 + (3A). 

7.3 Effect of negative feedback on amplifier output-impedance 

Show that (a) voltage (shunt-derived) negative feedback always 
decreases the output impedance of an amplifier and that (b) current 

(series-derived) negative feedback always increases the output 
impedance of an amplifier. 

t amplifier RI [) t--
gain A R2 

I I 
Figure 7.38 

v, 4 amplifier 

gain A 

R 
r--.. 

I -

Figure 7.3b 

Looking into the amplifier from its output terminals it may be 
regarded as a voltage generator e in series with its own internal or 
output impedance Z, as shown in figure 7.4. 

In figure 7.4, the open-circuit output voltage is e; the short
circuit output current i = elZ; and the output impedance Z = eli. 

(a) Figure 7.3a shows an amplifier using voltage negative 
feedback. The feedback voltage is usually obtained by connecting 
a very high-resistive potential-divider chain across load resistor RL 



Figure 7.4 

The feedback fraction is then ~ = R 2 I (R 1 + R 2). neglecting the 
shunting effect of the potential-divider chain on RL . The open
circuit and short-circuit conditions for this amplifier are shown in 
figures 7.5a and 7.5b respectively. 

to feedback 
network 

Figure 7.5a 

V~ 

In figure 7.5a, on open-circuit 

e~=v'o=Avs/(1 +pA) 

to feedback 
network 

Figure 7.5b 

(7.4) 

In figure 7.5b, on short-circuit, there will be no feedback voltage; 
so that e' = e = Avs, and the short-circuit current 

(7.5) 

Dividing equation 7.5 by equation 7.4 the output impedance with 
feedback is 

Z'=e'li=Z/(1 +pA) 

Thus, with voltage negative-feedback, the output impedance is 

always reduced by a factor (1 + pAl. 

(b) Figure 7.3b shows an amplifier using current negative 

feedback. The feedback voltage is usually obtained by connecting 
a small resistor R in series with the load resistor RL, and is given 
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by Vfb = ioR. The feedback fraction p is given by 

~= vfb = ioR = _R_ 
VO io(R+RL ) R+RL 

Usually R ~ R L, so that.B = RIRL . The open-circuit and short
circuit conditions for this amplifier are shown in figures 7.6a and 
7.6b respectively. 

z 

Va Va; 0 

R 

Figure 7.6a Figure 7.6b 

In figure 7.6a, on open-circuit, there will be no feedback. Therefore 
open-circuit output voltage 

v=e=Avs (7.6) 

In figure 7.6b, on short-circuit, if R ~ Z, then R can be neglected; 
and short-circuit current is 

i = e'IZ = AVs/(1 + ,BA)Z (7.7) 

Dividing equation 7.7 by equation 7.6, the output impedance with 
feedback is 

Z' = e'li = (1 + ~A)Z 

Thus with current feedback, the output impedance is always in
creased by a factor (1 + pAl. 

7.4 Shunt-series negative feedback 

A negative feedback amplifier is shown in figure 7.7. When the 
330 n resistor is short-circuited, the magnitude of the voltage gain 

volvin is 1000. What is the voltage gain when the short-circuit is 
removed? 

If the resistors used in the feedback network each have a 

tolerance of ±5 per cent, calculate the maximum and minimum 
values of voltage gain with feedback. (The effects of the input and 

output impedances of the amplifier may be assumed to be neglig
ible.) State how negative feedback affects the following properties 



of the amplifier shown in figure 7.7 (i) harmonic distortion; (ii) 

bandwidth; (iii) d.c. and a.c. stabilities. 

o>-------lII,I---+---o 

0--

I 

amplifier 

gain A 

Figure 7.7 

I 

(ET4) 

With the 330 n resistor short-circuited, the voltage gain A = 1000. 
With the 330 n resistor in circuit, the feedback fraction is 

p = 0'33/(10 + 0'33) = 0·0319 

Therefore amplifier gain with negative feedback is 

A' = AI(1 + pA) = 1000/(1 + 31'9) = 30-4 

If the resistors have tolerance of ±5 per cent, the maximum 
value of p is obtained when the 330 n resistor increases by 5 per 
cent and the 10 kn resistor decreases by 5 per cent; and vice versa 
for the minimum value of p_ 
Therefore maximum value of p = 0'3465/(9'5 + 0'3465) = 0·0352 

Minimum value of gain with negative feedback, assuming the gain 
without feedback remains at 1000, is therefore 

A' = 1000/(1 + 35-2) = 27-6 

Similarly, minimum value of (3 is 

(3 = 0'3135/(10'5 + 0'3135) = 0'029 

Maximum gain with feedback is 

A' = 1000/(1 + 29) = 33'3 

Negative feedback will (i) decrease harmonic distortion; (ii) increase 
the bandwidth; (iii) improve the d.c. and a.c. stabilities. 

7.5 Emitter-follower amplifier 

Sketch the circuit diagram of either an emitter follower or a cathode 

follower. Describe how the circuit acts as a matching stage between 

source and load. 
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Determine the approximate power gain (in dB) of an emitter 
follower having an a.c. input resistance of 50 kn and a load of 
500n. 

(ET4) 

r---------~--------o~c 

~------~---------*------~ov 

Figure 7.8 

Figure 7.8 shows the circuit diagram of an emitter-follower ampli

fier where the load resistor is in the emitter circuit. The base
emitter voltage of the transistor is very small, and the name 
emitter follower is therefore derived from the fact that as the base 
voltage changes sinusoidally the emitter voltage changes in the 
same manner; that is, it follows the base voltage. Note that in this 
circuit all the output voltage is fed back in series opposition, so 
Vbe = Vin - Vo and the feedback fraction i3 = 1; that is, 100 per cent 
negative feedback is applied. The voltage gain of an emitter 
follower is 

A ' =AI(1 + A) "'" 1 

Also, as it is voltage negative-feedback, the output impedance 
is reduced to a very low value; and, as the feedback is in series 
with the input voltage, the input impedance is increased to a very 
high value. Hence, this amplifier is ideal for matching a stage of 
high output impedance to one of low input impedance, as it does 
not shunt the output voltage of the first stage and its own output 
voltage is not seriously shunted by the low input impedance of 
the following stage. 

Let the input voltage to the emitter follower be Vin and let its 

output voltage be vo; then 

2 (Vin)2 
Input power PI' n = (v· ) /r. =--

In 10 50 

(v )2 
Output power Po = (Vo )2/ro = _0_ 

0·5 



Power gain Ap := Po/Pin := 10 log [50(vo )2 /(Vin )20·5] 

== 10 log 100 (asAy == 1) 

== 20 dB 

7.6 Gain stabilisation by negative feedback 

Discuss the effects of negative feedback on an amplifier in terms 
of (a) gain stability; (b) linearity of frequency response; (c) band
width. 

An amplifier has an open-loop gain of 270 which is found to 
fall by 10 per cent due to changes in supply voltage. If the gain is 
to be stabilised so that it falls by only 1 per cent, calculate the 
amount of negative feedback required. If the original upper 3 dB 
frequency was 50 kHz, calculate its value when this amount of 
negative feedback is applied. Prove any formulae used. 

(H.N.C.) 

(a) The gain of an amplifier with negative feedback is given 
by A I == A/( 1 + (3A). If {3A ~ 1, A '== 1/{3 from which it is apparent 
that the gain with feedback is virtually independent of changes in 
supply voltage, component tolerances, transistor parameters etc. 
Therefore the gain is stabilised against these changes. 

(b) If (3A ~ 1, the frequency response would be flat. Even 
in practice, the linearity of the response is greatly improved with 

negative feedback. 

(c) The bandwidth is increased with negative feedback, the 
lower 3-dB frequency f1 is reduced to f1/( 1 + (3A) Hz and the upper 
3-dB frequency f2 is increased to f 2(1 + (3A). Therefore, neglecting 
the lower 3-dB frequency, the bandwidth is increased by a factor 
(1 + (3A). 

The gain of the amplifier with negative feedback is 

A' == A/(l + (3A) (7.8) 

When A falls to 0·9A, A' must fall to only 0·99A ' therefore 

0·9A 
0·99A ' == (7.9) 

1 + (30·9A 

Dividing equation 7.9 by equation 7.8 

0.99 == O·g( 1 + (3A) 
1 + 0·9{3A 

0·09 == 0·9(1 - 0·99){3A 

{3A == 10 
(3 == 1/27 
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At high frequencies, the amplifier gain is 

A ==Ao/(1 + jf/f2) 

where Ao is the midband gain and f2 is the upper 3-dB frequency. 
With negative feedback the gain is 

A ' ==A/(l +(3A) 

Substituting for A 

I Ao A == ----'''----
1 + jf/f2 + {3Ao 

Dividing through by (1 + !3A o) 

I Ao/l + {3Ao 
A == -~-~--=---

1 + j[f/f2 (1 + (3Ao)] 

A'o 
(7.10) 

1 + j[f/f2 (1 + (3Ao)] 

The new upper 3-dB frequency is defined as the frequency at which 

IA'I == A'o/V2 

Let that frequency be f~, then from equation 7.10 

f;/f2 (1 + !3Ao) == 1 

f; == f 2(1 + (3Ao) 

== 50(1 + 270/27) 

== 550 kHz 

7.7 Negative feedback in an integrated-circuit amplifier 

An extract from the specifications of an integrated-circuit amplifier 
is as follows 

Nominal gain == 86 dB 
95 per cent sample range is 80-89 dB 
Input impedance 100 kD 

Frequency response characteristics are shown in figure 7.9. 
This amplifier is to be used with voltage negative feedback in series 

with the input to give a nominal gain of 1000. For the feedback 
amplifier determine (a) the gain spread of the system; (b) the 

input impedance of the system; (c) the bandwidth of the system. 
(ET5) 

(a) Nominal gain of the amplifier without feedback is 86 d~. 

Therefore 

201ogA==86 

A == 19950 
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Figure 7.9 

With feedback, nominal gain 

A' = 1000 = 19950/(1 + /319950) 

1 + /319 950 = 19·95 

= 18·95/19 950 = 9·5 x 10-4 

Minimum gain A I of the amplifier without feedback is 80 dB, 

therefore 

20 10gAI = 80 

A I =10000 

With feedback, minimum gain 

A'l = 10000/(1 + 9·5) = 952·4 

= 59·6 dB 

Maximum gain without feedback 

A2 = 89 dB 

Therefore 

20 logA2 = 89 

A2 = 28 180 

Then maximum gain of the amplifier with feedback is 

I 28180 
A = =1015=60·1dB 

2 1 + 26.77 

That is the gain spread is from 59·6 to 60·1 dB. 
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(b) Input impedance with series negative-feedback is 

rin = (1 + /3A)rin 

= (1 + 18·95)100 

= 1995 kn 

~2Mn 

(c) Neglecting the lower cut-off frequency, the bandwidth 
is equal to the upper cut-off frequency (that is, the frequency at 
which the gain is 3 dB down from its midband value). From the 
graph, without feedback the upper cut-off frequency fe ~ 14 Hz; 
therefore, with negative feedback the new upper cut-off frequency 
will be 

f~ = fe (1 + /3A) 

= 14 x 19·95 

= 279 Hz 

7.8 Instability in feedback amplifier 

List the effect of series voltage negative-feedback on the perform
ance of an amplifier. 

An amplifier with an open-loop gain of A has a fraction /3 of its 
output fed back to the input. With the aid of a diagram develop an 
expression for the new gain A I with feedback in terms of the other 

quantities. 
If the open-loop gain is toOOL 70° and the feedback factor is 

-O·02L20°, determine the gain of the amplifier with negative 
feedback. What limiting value and phase of the feedback fraction /3 
would be required to make the amplifier unstable? 

(H. N.C.) 

The effects of series voltage negative-feedback have already been 
discussed in previous questions. 

In section 7.1 it was shown that the gain of an amplifier with 
negative feedback was 

I A 
A=--

1 + /3A 
(7.2) 

It will be shown in section 8.1 that the gain with positive feedback 

is 

I A 
A=--

1 - /3A 
(7.11 ) 



Substituting the given values in equation 7.2 

, 1000L 70° 
A = -----------

1 - (1000L 70° x 0·02L 20°) 

1000L 70° 

1 - 20L90° 

1000L 70° 

1- j20 

1000L 70° 

20·02 L-87·1° 

= 49·9L-17·1° 

For instability, from equation 7.11 

pA = 1 L 0° 

f3 = 1/(1000L 70°) 

= 0·001 L-70o 

7.9 Compound negative feedback 

Explain clearly the importance of matching when designing a 
system with serially-connected devices. 

An amplifier with an output resistance of 600 Q has an overall 
voltage gain of 10 OOOL 180° when connected to a 600 Q load. 
The overall gain is to be reduced to 100 by the simultaneous appli
cation of current and voltage feedback in series with the input so 
that the output impedance remains unaltered. Calculate the necess
ary current-feedback resistance to be connected in series with the 
600 Q load and the percentage voltage feedback. 

(I.E.E.) 

The importance of matching has already been discussed in previous 
questions. 

Considering the general expression for the gain of an amplifier 
with negative feedback 

A· 
A'=---

1 + pA 

substituting the values given 

-10000 
100=----

1 - 10 000{3 

1 - 10 000{3 = -100 

p = 101/10000 = 1·01 X 10-2 
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Let the current-feedback factor be P1 and the voltage-feedback 
factor be {32. The output resistance change will then be in the ratio 
(1 + (31A )/(1 + (32A). But, as the output resistance must not change 
with the application of feedback 

{31 = P2 = {312 = 5·05 x 10-3 

Percentage voltage feedback is 0·505 per cent. 
Assuming the resistor R in series with the load is small compared 
with the load 

{31 = RI600 

R = 5·05 X 10-3 x 600 

= 3·03 Q 

7.10 Exercises 

Exercise 7. 1 

(a) Voltage negative-feedback is applied to an amplifier. 
Explain how it affects (i) the frequency response; (ii) variation in 
stage gain due to fluctuating supply voltage. 

(b) When voltage feedback is applied to an amplifier of gain 
100 the overall stage gain falls to 50. Calculate the fraction of the 
output voltage fed back. If this fraction is maintained, calculate 
the value of the amplifier gain required if the overall stage gain is 
to be 75. ' 
(Answer 0·01, 300) (ET4) 

Exercise 7.2 

State three reasons why negative feedback may be applied to an 
amplifier. 

An amplifier having a gain of 500 without feedback has overall 
negative feedback applied which reduces the gain to 100. Calculate 
the fraction of output voltage fed back. If due to ageing of com
ponents, the gain without feedback falls by 20 per cent, calculate 
the percentage fall in gain with feedback. 
(Answers: 0·008,4·76 per cent) (ET4) 

Exercise 7.3 

(a) An ampl ifier having a gain of 100 has 9 per cent voltage 
negative-feedback applied in series with the input signal. Calculate 
the overall stage-gain with feedback. 

If a supply voltage variation causes the gain with feedback to 
fall by 10 per cent, determine the percentage change in gain with
out feedback. 



(b) Draw circuit diagrams to show how (i) voltage feedback; 
(ii) current feedback, may be applied separately to a valve or tran
sistor amplifier. I n each case state the effect of feedback on the 
amplifier output impedance. 
(Answers: 10,52·6 per cent) (ET4) 

Exercise 1.4 

Explain the conditions which can give rise to oscillation in a multi
stage amplifier employing overall negative-feedback. A three-stage 
amplifier has an open loop gain of 5 x 105, input impedance of 
100 kD and output impedance of 100 D. Overall voltage negative
feedback is applied in series with the input to reduce the gain to 
103 . Determine (a) the feedback factor required; (b) the input 
impedance; (c) the output impedance. 
(Answers: 0·998 x 10-3, 50 MD, 0·2 D) (ET5) 

Exercise 7.5 

(a) A video amplifier consists of several common-emitter 
transistor stages followed by an emitter follower. The overall mid
band gain is 2000. At a frequency of 3 MHz the overall gain is 
20 dB below the midband gain. If 0·02 of the output voltage is fed 
back as negative feedback in series with the input, calculate the 
new midband gain and the relative gain at 3 MHz (expressed in 
dB). 

(b) Explain why an emitter follower is used for the final 

stage. 
(Answers: 48·8, 32 dB) (TT5) 

Exercise 7.6 

An amplifier has a gain of 1000, a bandwidth of 1 MHz, and input 
and output impedances of 1 kD and 20 kD respectively. The band
width is increased to 50 MHz by the application of voltage nega
tive-feedback in series with the input. Determine the new values of 
the gain, and of the input and output impedances. 
(Answers: 20,50 kD, 400 D) 

Exercise 7.7 

An amplifier of gain A without feedback, has feedback of factor {3 
applied from the output and added to the input. Develop an ex
pression for A', the gain with feedback, in terms of the other 

quantities. 
If the gain without feedback is (800-jl 00) and the feedback 

network of (3 = -1/(40-j20) modifies the output voltage to vfb, 
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which is combined in series with the signal voltage, determine the 
gain of the amplifier with feedback. List the effects of this type of 
feedback on the performance of the ampl ifier. 
(Answer: 38·3-j18·3) (H.N.C.) 

Exercise 7.8 

State the advantages and disadvantages of applying negative feed
back to an amplifier. 

The amplifier shown in figure 7.10 has a voltage gain of 1500 
and internal resistance of 7·5 kD measured at the output terminals 
before the feedback circuit is connected. Comment on the com
ponent values used in this feedback circuit. Hence, calculate the 
gain and output impedance of the feedback amplifier, proving any 
formulae used. 

r 
amplifier 

9 kn 
input --I Qutp ut 

gain A I kn 

0---

I I 

Figure 7.10 

(Answers: 9·9,49·7 D) (H.N.C.) 

Exercise 7.9 

List the effects of feedback on the characteristics of an amplifier. 
A three-stage transistor amplifier has an overall voltage gain which 
may be represented by the expression 

-1000 
A 

where f is the frequency in Hz. A resistive potential divider feeds 
back a fraction {3 = 1/150 of the output voltage in series with the 
input. Sketch the polar plot of {3A for frequencies between zero 

and infinity. Show that the amplifier is stable, and calculate the 
percentage increase in stage gain necessary to introduce instability. 

Mention all approximations and assumptions made. 
(Answer: 20 per cent) (I.E.E.) 



Exercise 7. 10 

A multistage amplifier has a gain tolerance of ±6 dB due to com
ponent and transistor tolerances. A fraction of the output voltage 
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is fed back in series with the input so that the overall gain is 
reduced by 20 dB with respect to its mean value without feedback. 
Calculate the new tolerance in overall gain in dB. 
(Answer: -0·44 to 0·82 dB) (I.E.E.) 



8 Transistor oscillators 

8.1 Amplifier gain with positive feedback 

(a) An amplifier having a voltage gain A without feedback 

has a fraction {3 of its output voltage fed back in series with its 
input. Derive a general expression for the amplifier gain when the 
feedback loop is closed. Hence, or otherwise, describe the require
ments for the maintenance of oscillations when the feedback is 
positive. 

(b) Draw the circuit diagram of a tuned-collector oscillator 
and explain its principle of operation. How could the feedback 
fraction be adjusted in a high frequency oscillator of this type? 

(ET4) 

(a) The expression for the gain of an amplifier using negative feed
back was derived in section 7.1. Using positive feedback, the only 
difference will be that the sign of the feedback voltage ~ill now be 
positive and it will add to the signal voltage Vs' The analysis used in 
section 7.1 will result in the expression 

t A 
A=--

1 - {3A 
(8.1 ) 

where A t is the gain of the ampl ifier with positive feedback. Con
sidering equation 8.1, if {3A = 1, the gain with positive feedback 
becomes infinitely large. In practice, {3A = 1 implies that the loop 
gain is unity and that zero phase shift occurs around the loop; the 
feedback voltage is therefore identical to the signal voltage. Thus, 
even if the signal voltage is zero, there will still be an output volt· 
age; hence, the amplifier becomes an oscillator. 

(b) Figure 8.1 shows the circuit diagram of a tuned·collector 
oscillator (dots indicate points of similar instantaneous polarity). 

In this oscillator there is 1800 phase shift through the transistor 
and a further 1800 phase shift is introduced by suitable connection 
of the transformer secondary winding, giving the total phase shift 
of 3600 required for oscillations. The current gain of the transistor 
hfe, must be high enough to make the loop gain {3A = 1 to sustain 
oscillations. 

The feedback fraction can be altered by using two inductances 
in series in place of L 1 and feeding back the voltage across only 
one of them; or, alternatively, by using two capacitors in series 
for C. 
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Figure 8.1 

8.2 Tuned-collector oscillator 

Draw a practical circuit of a transistor tuned·collector oscillator 
and describe its action. 

Draw the equivalent circuit of this oscillator and derive expres· 
sions for (i) the minimum gain to maintain oscillation; (ii) the 
frequency of oscillation. 

State carefully any assumptions. (I.E.R.E.) 

c L, 

• 

Figure 8.2 

The practical circuit of a transistor tuned·collector oscillator is 
shown in figure 8.1, and its action was described in section 8.1. 
Figure 8.2 shows the equivalent circuit using h'parameters, but 
neglecting the effect of the bias components, the voltage generator 
hrevo, and the transistor output admittance hoe. 

Considering the collector circuit 

(hfeib - i)(-j/wC) - i(r + jwLd = -jwMib 



therefore 

• J • L .. M . fe ( . ) ( h) , wC - JW 1- r = 'b -JW + J wC 

Considering the input circuit 

ib(hie + jwL 2) = -jwMi 

Dividing equation 8.2 by equation 8.3 

j(1/wC - wLd - r j(-wM + hfe/WC) 

-jwM 

therefore 

(8.2) 

(8.3) 

[j(1/wC - wL I ) - r1 [hie + jwL 21 = wM (-WM + ~; ) 
(8.4) 

For oscillations the imaginary part of equation 8.4 must be zero. 
That is 

(~C - wLI )hie - wL 2r = 0 

(1 - w 2L IC)hie - w 2L 2Cr = 0 

w 2 = ___ h..:.:ie=--__ 
LICh ie + L 2Cr 

The frequency of oscillation is given by 

f 

1 
f=----,:-:-::-

2n:(L IC) 1/2 

which is the frequency of oscillation of the tuned circuit. Equating 
the real parts of equation 8.4 

rhie + wL 2 (~C - wL I ) = wM ( -wM + ~~ ) 
rhieC + L2 - w 2L1L 2C = - w 2M 2C + hfeM 

For an iron-cored transformer M2 = LIL2 

therefore 

rhieC + L 2 = hfeM 

Minimum value of the transistor current gain is therefore 

rhieC + L2 
h f = --!.:::....---=-

e M 
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8.3 Colpitts oscillator 

The generalised diagram of an oscillator is shown in figure 8.3. 

Figure 8.3 

If Zl = 1/jwC1• Z2 = jwL and Z3 = 1/jwC2• show that the condition 
for oscillations is Ih fe I;;;. C2/CI and that the frequency of oscillation 
is given by 

1 
f=-----------~ 

21t[(1/L)(1/C1 + 1/C2)11/2 

The transistor parameters hoe and hre may be neglected Draw a 
practical circuit diagram for this oscillator. 

(I.E.R.E.) 

I, 

Figure 8.4 

Figure 8.4 shows the equivalent circuit of the oscillator of figure 

8.3. Considering the input circuit 

then 

(8.5) 



Considering the output circuit 

i 2Z 3 - (hfeil- i 2)Z2 - [(hfe + l)i l - i 2]ZI = 0 

then 

Dividing equation 8.6 by equation 8.5 

(hfe+l)ZI+hfeZ2 Z2 Z3 
------=-"-_----0_--'-''----''- = 1 + - + -

hie + (h fe + 1 )Zl Zl Zl 

(8.6) 

Dividing numerator and denominator of the left-hand side by ZI 
and substituting for Zl, Z2, and Z3 

(h fe + 1) - w 2CILhfe _ 2 CI 
------=-"-____ 0.....-...:...:::. - 1- w CIL +-

jwClh ie + (hfe + 1) C2 

2 (h fe + 1 )CI . ( 2 CI ) 
0= w CIL + + JwClh ie 1 - w CIL +-

C2 C2 

For oscillations, the imaginary part of equation 8.7 is zero, 
therefore 

therefore frequency of oscillation 

1 
f=----------------~ 

2n[(1/L)(1/CI + 1/C2)] 1/2 

Considering the real part of equation 8.7 

substituting for w 2 from equation 8.8 

Then minimum value of current gain 

C2 
h --fe - CI 

(8.7) 

(8.8) 

Figure 8.5 shows the practical circuit diagram of the oscillator of 

figure 8.3; it is known as a Colpitts oscillator. 
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r---~~----------~~c 

L 

..... ---+---00 v 

Figure 8.5 

8.4 Hartley oscillator 

The circuit diagram of a Hartley oscillator is shown in figure 8.6 
(a) Explain its principle of operation. 
(b) Show how the circuit can be modified to form a Colpitts 

oscillator. 
(c) Upon what factors does the frequency stability of an 

LC oscillator mainly depend? 

.------------~25V 

Cz 500 pF 

L-----4I---...... --+--o 0 v 

Figure 8.6 



(d) For the circuit given, estimate the frequency of oscilla
tion assuming that the coils have no mutual inductance and 
negligible resistance. 

(ET5) 

(a) The Hartley oscillator shown in figure 8.6 is based on 
the general oscillator principle of section 8.3. ZI and Z 3 are the 
inductances of 100 \LH and 400 \LH respectively, and Z 2 is the 
500 pF capacitor. The tuned circuit consists of Ll and L3 in 
series, with C2 in parallel. There is 180° phase shift between gate 
and drain and to obtain a loop phase shift of 360°, there must be 
a further 180° phase shift between the feedback and the output 
voltages. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 8.7 shows the phasor diagram for the tuned circuit, 
where I is the total current through the circuit at resonance. There
fore as I tends to zero, the phase shift between the feedback voltage 
VL and the output voltage VL tends to 180°. The FET must have 

1 , 

a sufficiently high current gain to ensure a loop gain of unity at 
this frequency. 

(b) The circuit could be modified to a Colpitts oscillator by 
using capacitors for ZI and Z 3, and an inductance for Z 2 (as in 
section 8.3). 

(c) The frequency stability of an LC oscillator depends upon 
variations in the parameters of both the transistor and the external 
circuit. Transistor parameters may vary as a result of changes in 
operating point, which in turn are caused by changes in the supply 
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voltage or by changes in temperature. The external circuit parameters 
may vary as a result of changes in load, which in turn are caused 
by changes in the coils or capacitors of tuned circuits in response 
to temperature variations, or by changes in effective capacitors 
that occur when the stray capacitance is affected by the movement 
of loads or components. 

(d) By a similar analysis to that used in section 8.3, it can 
be shown that the condition for oscillation is 

Z2 Z3 1 +-+-=0 
ZI ZI 

1 L3 
1---+-=0 

w 2L1C Ll 

w 2L1C-1 +w2L3C= 0 

therefore 

f 
27t[(L I + L 3 )C]1/2 

1 

27t(5 x 10 4 X 500 x 10 12)1/2 

= 318 kHz 

8.5 h-parameter analysis of common-emitter oscillator 
The block diagram of a common-emitter-connected transistor 
amplifier with feedback is shown in figure B.B. Show that the circuit 
will oscillate when the amplifier input is short circuited if 

0= (h ll + hie)(h 22 + hoe) - (h12 + hre)(h21 + hfe) 

where hll' h12' h22 and h21 are the network h-parameters and hie, 

hre , hoe, and hCe are the transistor h-parameters. 

. 
transistor t output 

-

input 

P R 
- .. f--

network 
Q 5 

Figure 8.8 



For the network shown in figure 8.9, determine the value of hfe 
required to maintain oscillations and the resulting frequency of 
oscillation if hll ~ hie, h22 ~ hoe and h12 ~ hre . 

R C 

p o--------e=J---: 
I 

~R 

I R :~c 

Q I S 

Figure 8.9 

(I.E.R.E.) 

Figure 8.10 shows the h-parameter equivalent circuit for the tran
sistor and network. 

Figure 8.10 

From figure 8.10 it can be seen that ii = ib and 

-i1(hfe +h 21) 

hoe + h22 

Considering the input circuit 

(h re + hdvo, = -i1(h ie + h ll ) 

Substituting for VOl from equation 8.9 

R 

s 

-i1(h re + h 12 )(hfe + h 21 )/(hoe + h 22 ) = -i1(h ie + h ll ) 

(8.9) 
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For oscillations 

(h ll + hie)(h 22 + hoe) - (h12 + hre )(h21 + hfe) = a (8.10) 

To determine the h-parameters of the network of figure 8.9, 
first consider the output terminals to be short-circuited. 
Therefore 

vin 1 
hll =-.-= R +-.-

'in JWC 

io 
h21 =-.-=-1 

'in 

as the input current also flows in the short circuit but in the oppo
site direction to io . Now consider the input terminals to be open
circuited, 

Vin 
h 12 =-=1 

Vo 

io 1 + jwCR 
h22 =-= 

Vo R 

In equation 8.10, with the conditions given 

hllh22 -h 12 (h 21 +hfe ) = a 

Substituting the values obtained 

(R + j~C )C + ~CR) - (-1) - hfe = a 

then 

1 - w 2C2R2 + j2wCR + jwCR - hfejwCR = a 
Therefore, considering imaginary parts, hfe = 3. This is the value 
of current gain required for oscillation; and, considering the real 
parts, 1 - w 2C2R2 = O. Therefore frequency of oscillation 

1 
f=--

2nCR 

8.6 Wien-bridge oscillator 

Determine expressions for the gain and frequency of operation of 
a Wien-bridge oscillator employing two similar capacitors C and 
two similar resistors R in the Wien-bridge network. Taking a basic 
two-stage, complementary-pair dc. amplifier, show how this can 
be modified to obtain a practical Wien-bridge oscillator. 

Indicate on your circuit diagram the following feedback paths; 

those (a) associated with the Wien-bridge network; (b) to control 
the gain and improve the performance; (c) to stabilise the amplitude 
of the output; explain the action of this. 



Include an output stage which prevents the output load from 
affecting the operation of the oscillator. 

(H.N.C.) 

The Wien-bridge network is the one used in section 8.5; however, 
a general proof will be given in this question. 

n R 

amplifier autput C 
voltage Vo 

R C 

Figure 8.11 

feedback voltage 
V,b 

~ 

It will be assumed in the following proof that (a) there is no 
phase-shift through the amplifier; (b) the amplifier has a low out

put impedance, so that the loading effect of the Wien-bridge 
network is negligible; (c) the amplifier has a high input impedance 

so that it does not shunt the network. 
Considering figure B. 11, the feedback fraction is given by 

RI(1 + jXR) 
R- V Iv -------~~--~---
,... - fb 0 - (1 + jXR)/jX + RI(1 + jXR) 

(where X = wC) 

jXR 

1 - X2R2 + j2XR + jXR 

XR 
(B.11 ) 

For oscillations, as the amplifier phase angle must be zero, there 

can be no j terms in equation B.11. 

Therefore 

8B 

and 
1 

f= ----
2rrCR 

At this frequency, the value of ~ is obtained from equation B.11 

XR 1 
~ = 3XR ="3 

Therefore to make the loop gain unity, the amplifier gain A must 

be 3. 
Figure B.12 shows a basic two-stage complementary-pair d.c. 

amplifier. 

,------<11.-----...... ------0 - vcc 

o----+---~~---~----~ov 

Figure 8.12 

Figure B.13 shows the practical circuit diagram of a Wien-bridge 
oscillator employing such an amplifier, followed by an emitter
follower stage which provides the low output impedance required. 

R 

r.; 
Tr2 :: c \.!:: 

r.; 
~ 

Tr, 

rv 
'----' ~ 

Tr3 
R, 

R R2 -I 

I l....-- :;: c 
R. 

R3 

ov 
Figure 8.13 



As the overall gain is required to be only 3, a considerable 
degree of negative feedback can be applied by means of R 1, R2 , 

and R 3 , and this provides the high input impedance required. The 
amplitude of oscillations is stabilised by employing a thermistor 
R 4 to provide variable negative feedback depending upon the output 

amplitude; that is, if the amplitude increases with increase in tem
perature the thermistor resistance decreases, thereby increasing 
the negative feedback and so decreasing the output voltage. The 
Wi en-bridge provides·the positive feedback path; and, by using 
ganged resistors and ganged capacitors, an audio-frequency oscilla
tor in the range 10 Hz to 100 kHz is easily designed. This type of 

oscillator is especially suitable for a.f. testing purposes or as a 
general-purpose laboratory instrument. 

8.7 Phase-shift oscillator 
State the conditions which must be fulfilled in order that a feed
back amplifier shall oscillate. Explain how the type of oscillator 
shown in figure 8.14 satisfies these conditions. Deduce an expres
sion for the theoretical frequency of oscillation ignoring the input 
and output impedances of the transistor. If the resistors and 
capacitors in the frequency-defining network are 6' 2 kn and 
O'005(LF respectively, verify that1:he theoretical frequency is 

2' 1 kHz. Explain how and why the RG circuit shown differs from 
that used in a valve phase-shift oscillator. 

.-----~----.---....... ------<> - vee 

output 

~----------~--~---<>ov 

Figure 8.14 

(H.N.C.) 

For oscillations, the loop gain must be unity: that is (3A = 1 L 00
• 

In this circuit, 1800 phase shift occurs through the transistor, and 
a further 1800 phase shift occurs through the three-stage RG ladder 
network. The gain of the amplifier multiplied by the attenuation 

of the phase-shift network must be at least unity. 
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c c 

R R 

Figure 8.15 

Figure 8.15 shows the equivalent circuit of the transistor and 
feedback network (neglecting the input impedances of the tran
sistor), where i1 is the signal current in the collector circuit, and i4 
is the signal current in the base circuit. 
Therefore 

(8.12) 

i2R = i 3(2R + jX) - i4R (8.13) 

i3R = i 4(R + jX) (8.14) 

where X = -l/wG. 
Substituting for i2 from equation 8.13 into equation 8.12 

(8.15) 

Substituting for i3 from equation 8.14 into equation 8.15 

i1R = (2R + jX)2(R + jX)i41R2 - (2R + jX)i4 - (R + jX)i4 

i1R3 = (4R 3 - 5X2R + j8XR2 - jX3 - 3R 3 - j2XR2)i4 

R3 
i Ii = ---:=---::-------=----::-
4 1 R3 _ 5Rx2 + j6XR2 _ jX3 

(8.16) 

For 1800 phase shift between i4 and i1, the j terms must be zero . 
. Therefore 

6XR2 _X3 = 0 

X2 = 6R 2 

1 
w 2 =---

6G2R2 

1 
f=---;-

2rtGRV6 

2rt(5 X 10-9 x 6'2 x 103)V6 

= 2'1 kHz 

Note that at this frequency in equation 8.16 

i4 R3 

i1 R3 - 5RX2 



Substituting X2 = 6R 2 

i4 R3 -1 

i1 R3 - 30R3 29 

Therefore, the current gain of the amplifier must be -29 to give 
the loop gain of unity that is required for oscillations. 

The RC network in this amplifier is a current-transfer network; 
that is, it must be driven from a high-impedance output source, 
and must feed into a low-impedance load. The common-emitter 
amplifier satisfies both of these conditions. 

Conversely, the equivalent valve circuit would use a voltage
transfer network, would require a low impedance source, and 

would have the high impedance load usually found in valve circuits. 

8.8 Astable multivibrator 

An astable multivibrator uses two pnp transistors in the common
emitter connection with 2 kD collector loads, base resistors RB, 
O· 05 fL F coupling capacitors and a - 10 V supply. Draw a circuit 
diagram of this multivibrator and with the aid of sketches of 
collector and base waveforms, explain its operation. 

Calculate the approximate value of RB if the collector output is 
to be a 400 Hz square wave. Prove any formulae used and state 
any assumptions made. (H.N.C.) 

.-------<_--~_---_---_o -10 V 

~-----------~---_oov 

Figure 8.16 

The circuit diagram of the astable multivibrator is shown in figure 

8.16 and its associated waveforms in figure 8.17. The astable 
multivibrator is probably the most common type of relaxation 

oscillator: that is, one which does not have a sinusoidal output. 
Note that the circuit is basically a two-stage RC-coupled amplifier 
with its output connected back to its input; hence, the 3600 phase 
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shift required for oscillation is achieved. Its operation is best 

explained by reference to the waveforms in figure 8.17. 

0 
5 
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> 
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~ 
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1'-------1 
I 

'2 
I 

'3 
Figure 8.17 

At time t l • Tr I is cut off by a positive signal on its base and its 
collector potential falls to -10 V (neglecting I~o). At the same 
time the base potential of Tr2 is sufficiently negative to saturate 
it, and its collector potential is approximately zero (neglecting 

VCE(sat)). Tr2 is now in a stable state but Trl is not, because its 
base potential is changing negatively as C2 discharges through RBo. 

At time t2, Trl base potential is sufficiently negative for Trl to 

conduct, thus its collector potential changes positively. As the 
voltage across a capacitor cannot change instantaneously, this posi

tive change is transferred by C1 without loss in amplitude to the 
base of Tr2, cutting off Tr2. This in turn causes the collector 

potential of Tr2 to go to approximately -10 V thereby accelerating 
the onset of conduction in Trl. The process is regenerative, Trl 
becoming saturated at t2 and Tr2 being cut-off. 

During time t2 to t 3, the circuit is governed by CI discharging 
through RBI until the base potential of Tr2 is sufficiently negative 



for Tr2 to conduct. The regenerative action this time results in 
Tr2 becoming saturated and Trl cut off. The whole cycle then 
repeats itself continuously. 

To determine the frequency of operation, it is necessary to 
determine the time for which each transistor is cut off. For this 
analysis, it will be assumed that VBE(on) = VCE(sat) = a v and also 
that I~o = O. Consider that at time t2 a positive charge of 10 Vat 
Trl collector has been transferred instantaneously to Tr2 base. The 
circuit conditions existing at this time are shown in figure 8.18. 

...----------0 -10 V 

Figure 8.18 

C1 will now start to discharge from +10 V towards -10 V 
through RB,. Note however that when the potential on Tr2 base 
falls to zero Tr2 will switch on again. 

+20 

+10 

o 

o 
I' 
I' 
I ' 
I ' I , 
I , 

: '" 
I .... 
I ................ 

-IOL-----'-'-------.... ----:..:-::....~_,...
time 

Figure 8.19 

The discharge curve is shown in figure 8.19. Its analysis is 
simplified if a false zero is used; that is, for this particular graph, 
all potentials are increased by 10 V. Then the time T2 , for which 
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Tr2 is cut-off, is given by 
10 = 20 exp (-T2 /C1RB,l 
2 = exp (T2 /C1RB,) 

T2 = C1RB, loge 2 = 0'69C1RB, 

Similarly, the time Trl is cut-off is given by 

TI = 0'69C2 RB2 

Therefore periodic time of waveform T = TI + T2 and frequency 
of waveform 

f=---------------
0'69(C1 RB, + C2RB2 ) 

For a square wave TI = T 2; therefore, if equal capacitors are used, 
the base resistors must also be equal. 
Using the values given in the question 

1 
400=----------~--

0'69 x 2 x 5 X 1Q-sRB 

therefore 
RB ~ 36 kn 

The ratio of TI to T2 is known as the mark-space ratio and can be 
varied by changing the values of one capacitor or resistor. Note 
that with a very high mark-space ratio, the collector waveform 
would then be ideal for producing the trigger pulses required for 
the gate of a thyristor. 

8.9 Astable multivibrator with separate base and collector supply-
voltages 

Explain, with the aid of time-related waveform diagrams, the opera
tion of the oscillator in figure 8.20. Determine either (a) graphic
ally or (b) from first principles, the frequency of oscillation. 

r--------------~5V 

.------------~r_--------~~------oIOV 

L-----------~---_oov 

Figure 8.20 
(ETS) 



The explanation of the astable multivibrator has been given in 

section 8.8. 
However, in figure 8.20, the base resistors have been taken to a 

separate supply. To determine the frequency of oscillation, con
sider the circuit conditions when Tr2 has just been cut off, as 
shown in figure 8.21. 

r-------------~5V 

Figure 8.21 

CI will be discharging from -10 V to 5 V with Tr2 switching on 
again when its base potential reaches zero, so the discharge curve 
will be as shown in figure 8.22. 

-15 -10 

-5 I', 
1 "-: .................... 
I ............... _ 

o 5L-----~----------~-~-~--__ 
Tz time 

Figure 8.22 

Again using a false zero on the graph, the time T2 for which 
Tr2 is cut-off is given by 

-5'" -15 exp (-T2 /C I R I ) 

3'" exp (T2 /CI R I ) 

T2 '" CIRIIoge 3 ~ 1·1 X 10-8 x 104 

'" 0·11 ms 
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As the circuit uses equal capacitors and equal resistors, periodic 
time T'" 0·22 ms, and frequency of oscillation'" 1/0·22'" 4·54 kHz. 
This problem illustrates another method of varying the multi
vibrator frequency; that is, by varying the supply voltage to the 
base resistors. 

8.10 Blocking oscillator 

Describe in detail the action of a simple transistor blocking oscillator 
and draw a circuit diagram. From the circuit diagram derive an 
expression for the time during which the transistor is turned off. 

• 
secondary II 

C, 

n 

• 
output 

L--------------4~---------oOV 

Figure 8.23 

(I.E.R.E.) 

Figure 8.23 shows the circuit diagram of a simple transistor block
ing oscillator. In this circuit, the transistor provides 1800 phase 
shift and the transformer is cOnnected to give a further 1800 phase 
shift, the dots indicating the points of similar instantaneous polarity. 

The base is biased negatively by -VBB through Rl so that the circuit 
will always revert to the state in which the transistor is conductive. 

As soon as the transistor conducts, positive feedback causes 
oscillation at the resonant frequency of the primary winding. The 

amplitude of the oscillation builds up quickly, and the capacitor 

CI is quickly charged by the base current of the transistor to a 

positive voltage which cuts off the transistor. After this, C1 will 
discharge through R I towards the negative supply - VBB . As soon 



as the voltage across C1 has fallen to zero and is just going negative 
however, the transistor conducts again, and the whole cycle repeats 
itself continuously. 

::,.u 0 
., 
'" E 
g 

2 
" .!! 
(5 

" 

-Vce 

Figure 8.24 

Figure 8.24 shows a sketch of the output waveform, provided 
that the pulse of collector current is large enough to bring the 
collector-emitter voltage down nearly to zero. The output pulses 
will be approximately rectangular and suitable, for example, for 
the trigger pulses required at the gate input of a thyristor. 

To determine the off·time of the transistor, note that when the 
transistor switches on, the change in voltage across the primary is 
approximately Vee; hence, the corresponding change across the 
secondary is Vee/n and C1 therefore charges to Vee/no 

Figure 8.25 shows the discharge curve of C1 through R1. If the 
initial part of the exponential curve is assumed to be linear, it will 

Vee 
VBB + -n-

Vc, 
Vee 
n 

Figure 8.25 
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have a slope of V/R1C1 where V is the initial voltage across the 
capacitor. Thus, the fall in voltage in a time t is given by 

[(Vce/n) + VBBl t 

R1CI 

Therefore, the time tl for which the transistor is off is derived 
from 

therefore 

RI CI (1 + nVBEIVecl 

1 +nVBBIVee 

Note that if (Vee/n) ~ VBE and VBB = Vee, then 

RICI t ---
1- 1 + n 

If the collector·current pulse-width is small compared with t l , then 
the frequency of oscillation f is approximately given by 

f = (1 + n)/RICI 

Hence the frequency can be controlled by RI or CI; though the 
method most often used is to vary the base supply voltage VBB. 

The collector-current pulse depends upon the resonant frequency 
of the primary winding: for example, if this resonates at 40 kHz, 
periodic time T = 1/(40 X 103) = 25 ILs, and the pulse width is 
therefore approximately 12·5 ILS. If a wider pulse-width is required, 
a capacitor can be connected across the primary to give the desired 
value. 

I n a practical circuit, a diode in series with a small resistor is 
usually connected across the transformer primary in order to 
eliminate the large overshoot that would otherwise occur across 
the primary winding when the collector current is cut off, as such 
overshoots can exceed the rated collector.:..emitter voltage of the 
transistor. 

8.11 Exercises 

Exercise 8. 1 

(a) What are the two essential conditions required for oscilla-
tion? 

(b) With reference to figure 8.26 (i) name the type of circuit; 
(ii) give the purpose of CIRI; (iii) calculate the frequency of opera-



tion; (iv) redraw the circuit for crystal-controlled operation, and 

explain why crystals may be used in oscillators. 
(Answer: 3·18 MHz) (ETJ) 

C, 

0·05 p.F 

Figure 8.26 

Exercise 8.2 

Figure 8.27 shows the essential features of an LC oscillator in 
which the frequency is mainly determined by the series combina

tion of Lo and Co. Explain the operation of the circuit and discuss 
its relative merits compared with oscillators using parallel resonance 
of Lo and Co. 

Re 
rl....:.....:J-+-----o + 

choke 

Figure 8.27 

In this circuit Co = 100 pF, Lo = 200 [LH, r = 20 n, C1 = 104 pF, 
and the only other significant factors are the transistor common
emitter parameters hie and hfe, where hie = 1 kn. Find the mini-
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mum value of hfe for sustained oscillations. Determine the percent
age difference between the angular frequency of oscillation and 

that given by 

1 
W =-----,:-:-::-

(L oCo )1/2 

(Answers: 103, 1 per cent) (I.E.R.E.) 

Exercise 8.3 

Sketch a typical circuit diagram for a Hartley-type oscillator using 
a transistor. Explain the operation of the circuit stating quite 
clearly the purpose of each component of the circuit. 

(TT5) 

Exercise 8.4 

Define the terms class-A, class-8 and class-C as applied to ampli
fiers. Explain how these terms may be interpreted in relation to 
the behaviour of oscillators, and mention briefly the features of 
each class. 

Derive an expression for the frequency of oscillation of the 
oscillator shown in figure 8.28. Show that oscillations will be 
maintained if the current gain of the amplifying stage is 

(C1 + C2 )IC1 · 

L 

~-----~---+-----o+ 

Figure 8.28 

(I.E. E.) 

Exercise 8.5 
(a) Two four-terminal networks are connected as shown in 

8.29a. Show that the condition for maintenance of oscillation is 



(hie + hll)(hoe + h 22 ) = (hre - h 12)(hfe - h211. where hie, etc. are 
the h-parameters of a transistor in common-emitter mode, and 
hll' etc. are the network h-parameters. 

" '2 

0 
-.--

transistor 1'2 
r- -

'I~ network ~1' 
c 

I I 
c 

V, V2 

IC~ IC' 
c c 

Figure 8.298 Figure 8.29b 

(b) Determine expressions for the frequency of oscillation 
and the gain required just to maintain oscillation for the network 
shown in figure 8.29b. It may be assumed that hoe and h re are 
very small. 

( 1 C1 ) Answers: f = 12' hfe =-
27t[LC1C2 /(C1 + C2 )] I C2 

(I.E.R.E.) 

Exercise 8.6 
Draw a circuit diagram of a Wien-Bridge oscillator which uses 
either valves or transistors. Show how frequency and amplitude 
control may be obtained. 

Explain the operation of the circuit and state the formula for 
the frequency of oscillation in terms of circuit components. Give 
reasons for any difference between the actual and theoretical 
frequency of oscillation. 

State a typical frequency range over which this oscillator may 
be used. 

(ET4) 

Exercise 8.7 

What components may be used as frequency-determining elements 
in an oscillator? Mention electro-mechanical components as well 
as purely electrical ones. Why are RC oscillators popular for 
laboratory generators of audio frequencies? 
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Figure 8.30 
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In figure 8.30, it may be assumed that the amplifier input 
resistance is very high and that its output resistance is very 101lV. 

The criterion for oscillation is a loop gain of 1 L O. Calculate the 
values of m, and the frequency of oscillation if the amplifier gain 
is (a) m L 0 and (b) m L 1·5°. 
(Answers: 3, 33·9 Hz, 3·002, 32·5 Hz) (I.E.E.) 

Exercise 8.8 

Describe, with the aid of a circuit diagram, the principles of opera
tion of a phase-advance, phase-shift oscillator. What controls (i) the 
frequency, and (ii) the amplitude of the oscillations? 

State why the amplifier must have a certain minimum gain in 
order to sustain oscillations. Explain the effect on the output wave

form if the open loop gain of the amplifier is appreciably greater 
than this minimum value. (ET4) 

Exercise 8.9 

Draw the basic circuit diagram of a single transistor phase-shift 
oscillator using capacitors and three resistors in the phase-shifting 
circuit. State the minimum gain necessary for its operation, and 
the expression for frequency in terms of the component values of 
the phase-shifting circuit. 

If one of the resistors is used to give a current of lOO!LA to the 
base, for a 6 V supply, determine the frequency of operation if 
the capacitors each have a value of 0·01 /LF. Suggest a modification 
that can be made to limit the amplitude of oscillations and explain 
its operation. Why is it desirable to limit the amplitude of 
oscillations? 
(Answers: -29, 108·2 Hz) (H.N.C.) 



Exercise 8.10 

Describe, with the aid of waveform sketches, the action of the 
multivibrator circuit shown in figure 8.31. 

r-----~~----~~------.-------~-12V 

4 kfl. 

L---------------------~~------~ov 

Figure 8.31 

Derive' a general expression for the cut-off period of one of the 
transistors. Calculate this time duration for each transistor using 
the values shown in figure 8.31. 

If a high mark-space ratio (say 20: 1) is required, describe briefly 
an alternative circuit arrangement giving reasons for your choice. 
(Answers: 1'73 ms, 0'28 ms) (I.E.R.E.) 

Exercise 8. 11 

A multivibrator has two pnp transistors with 1 kD load resistors 
and a 10 V supply. The coupling capacitors are each 0'5 {J-F, and 
the bases are connected through 100 kD resistors (a) to the nega
tive supply line and (b) to a subsidiary line at a potential of -15 V 
with respect to the emitters. Derive an expression for the frequency 
of oscillation and evaluate this expression for each of the two 
conditions. 
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Draw a circuit to produce positive pulses of 1 ms duration and 
5 V amplitude using the multivibrator to determine the repetition 
frequency. 
(Answers: 14'5 Hz, 19'5 Hz) (I.E. E.) 

Exercise 8. 12 

A free-running multivibrator uses two pnp silicon transistors in 
the common-emitter configuration. The collector load resistors 
each have a resistance of 1 kD and the resistors connected between 
the bases and the collector supply line have a resistance of 22 kD. 

Draw the circuit diC!gram and determine from first principles 
the approximate values of the coupling capacitors, if the oscillation 
frequency is 250 Hz and the output waveform has a mark-space 
ratio of 4: 1. State any assumptions made. 

Draw a circuit for an emitter-coupled multivibrator. Compare 
the characteristics of the two circuits. 
(Answers: 0·05 {J-F, 0'21 (J-F) (I.E.E.) 

Exercise 8.13 

Describe, with the aid of a suitable diagram, the operation of a 
transistor blocking oscillator, and derive an expression for the 
natural frequency of operation, stating any assumptions made. 

Design a blocking oscillator which has a frequency of 40 kHz 
with a peak collector current of 8 mA. The transistor has a current 
gain hfe of 40, and the transformer has a turns ratio of 5: 1, the 
supply voltage of 12 V being common to both base and collector. 
Find also the new frequency of oscillation if the supply to the 
base is reduced to 8 V. 
(Answers: R = 60 kD, C = 2500 pF, 28·9 kHz) (H.N.C.) 



9 Wave-shaping and 
computing circuits 

9.1 Differentiating and integrating circuits 

The following waveforms are applied in turn to each of the circuits 
shown in figures 9.1 and 9.2 

(a) a symmetrical squarewave of frequency 1 kHz and ampli
tude ± 10 V. 

(b) a sinusoidal voltage of 10 V peak and frequency 1 kHz. 

0·001 flF 

o I 

input 10kD. output 

Figure 9.1 

50kD. 
0 c::::J 

00, 'Ft 
0 

input output 

0 0 

Figure 9.2 

For each condition, sketch on the same time-scale two cycles of 
the input and output waveforms. State which circuit may be used 
as (i) an integrator and (ii) a differentia tor. 

Figure 9.1 is a differentiator: that is, it produces an output voltage 
proportional to the slope of the input voltage. This circuit is nearly 
ideal, as its time constant (10 !Ls) is very small compared with the 
periodic time of the input waveform (1 ms). Figure 9.4b shows 
the output from the circuit; the ideal waveform would be two 
infinite spikes of zero width. Similarly, figure 9.2 is the integrator, 
and this should produce an output proportional to the area under 
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Show on the same time-scale the input and output waveforms IOVt----------j 

when the waveform shown in figure 9.3 is applied to the circuit 
shown in figure 9.2. 

'::,-----1 _~I -='=--, _~,_ 
2 2·5 4·5 

Figure 9.3 
(ET5) 
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the input-voltage waveform, that is, a sawtooth wave from the 
square wave of figure 9.4a_ However, the actual output waveform 
is shown in figure 9.4c, and it can be seen that this is not the ideal 
sawtooth waveform; this is because the time constant (0·5 ms) of 
the integrator circuit and the time of the input pulse are only 
equal. If a more accurate sawtooth output is required, then the 
time constant should be approximately ten times this value. 

When the sine wave of figure 9.4d is applied to the circuit of 
figure 9.1, the output waveform is as shown in figure 9.4e. Note 
that as the reactance of the capacitor is about sixteen times the 
resistor value, the output amplitude is only about 0·59 V, and it 
will lead the input by approximately 90°. Similarly, when the sine 
wave of figure 9.4d is applied to the integrator of figure 9.2 as the 
capacitive reactance is only about one third that of the resistor 
value, the output amplitude is about 2·5 V and it lags the input 
by approximately 71° (see figure 9.4f). 

When the waveform of figure 9.3 is applied to the circuit of 
figure 9.2, the output waveform is as shown in figure 9.4g. After 
the first pulse of 2 ms width, the capacitor will be charged to 
approximately 9·8 V; during the next 0·5 ms it will discharge to 
about 3·5 V; and during the second 2 ms will charge again to 
nearly 10 V. 

9.2 Graphical analysis of RC circuits 

What is meant by the time constant of an RC circuit? 

A o· 1 fLF capacitor is charged to a potential difference of 200 V 
and then discharged through a resistor of 100 kn. Obtain by 
graphical construction a curve representing the current during the 
first 100 ms of discharge and determine the time taken for the 
capacitor to discharge to 100 V. 

If the resistor an..d capacitor were to be used as (a) a differentiat
ing circuit; (b) an integrating circuit, comment on a suitable input 
frequency in each case. 

(ETS) 

The instantaneous voltage Vc across a capacitor C when it is dis
charging through a resistor R is 

Vc = V exp (-tIRC) 

where V is the voltage across the capacitor when t = 0 

R is the resistor value in ohms 

C is the capacitor value in farads 

(9.1 ) 
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When t = RC seconds, the index of the exponential function 
becomes -1. Therefore 

vc=Vexp(-1) 

= 0·368 V 

Therefore, the voltage across the capacitor has fallen to 36·8 per 
cent of its initial value (or has lost 63·2 per cent of its initial volt
age). Similarly, for a capacitor charging through a resistor, RC is 
the time taken to reach 63·2 per cent of its final voltage. RC is 
therefore known as the time-constant of the circuit. 

For a capacitor discharging through a resistor, current through 
the resistor is i = vclR. Substituting the values given in the question 

i = [200 exp (-t/10-2 )]/105 (9.2) 

The initial current through the circuit will be 2 mA and figure 9.5 
shows how the approximate discharge curve can be constructed. A 
straight line is drawn from I = 2 mA at t = 0 to a point on the time 
axis equal to the time constant of the circuit. (From the values 
given in the question CR = 10 ms.) Any point A is selected on this 
line near to the initial current value, and a straight line is now 
drawn from A to meet the time axis at a point which is as far to the 
right of the time constant as A is to the right of the vertical axis. 
On this second line, any point B is selected, and a straight line is 
then drawn from B to meet the time axis at a point which is as 
far to the right of the time constant as B is to the right of the ver
tical axis. This procedure is repeated until the complete discharge 
curve is built up. Obviously the closer the points are together the 
more accurate the curve will be. When the capacitor voltage has 
fallen to 100 V, the current through the circuit will have fallen to 
1 mAo From the curve, the time is 6·7 ms which compares closely 
with the time of 6·9 ms derived from equations 9.1 or 9.2. 

For differentiating circuits, the time constant should be less 
than one-tenth of the input-pUlse width, to give fast discharge, 
therefore 

RC~ TI20 

1 
~-

20' 

where' is the frequency in Hz 
Therefore 

1 
,~ ~5 Hz 

20 x 10-2 

For integrating circuits, the time constant should be greater 
than ten times the input-pulse width, to give a slow discharge, 
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Figure 9.5 

9.3 Monostable multivibrator 

60 t (ms) 

Explain the action of the circuit shown in figure 9.6 when a trigger 
pulse is applied to the input. Illustrate your answer with scaled 
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time-and-voltage-waveform diagrams of the voltages at the base 
and collector of Tr2. It may be assumed that the collector and base 
voltages are zero. 

15V 

r-----------~------.-----~IOV 

trigger 
input 

O-------+-------4-------------------~~------OOV 

-v 
Figure 9.6 

(ET5) 

The circuit shown in figure 9.6 is a monostable multivibrator. 
Under quiescent conditions, Tr2 will be saturated, as its base is 
connected to the 15 V line through the 27 kil resistor. Its collector 
voltage will be zero volts; hence, the base of Tr 1 will be at a negative 
voltage, and Trl will be cut off. The action of the circuit is best 
illustrated by considering the waveforms shown in figure 9.7. 

trigger 
pulse 

ov~\~----------------------------
13~8 JLS 

Ov~------~~~------------------~ 

~,::;' ii 
-IOV 

10V I---------~ 

Trz collector 

voltage 

OV4-----------~----------------------

Figure 9.7 . 



On application of a positive trigger-pulse of sufficient amplitude 
to saturate Tr 1, the collector voltage of Tr 1 changes from 10 V to 
o V. The 1 nF capacitor passes this instantaneous negative 10 V 
change to Tr2 base thereby cutting off Tr2, whose collector voltage 
then rises from 0 V to 10 V. The circuit is now in a quasi-stable 
state and remains in this state until the 1 nF capacitor discharges 
from -10 V towards 15 V. However, when the capacitor voltage 

-25 -IOV 

-15 
1\ 
I \ 
I \ 

\ 
\ 

\ , 
" , 

"- .... .... .... 
OV 

..... _-
15V~T~----------------~~~------~ 

Figure 9.8 

reaches zero, Tr2 will saturate and will again cut off Trl. The 
circuit will now remain in this stable state until another trigger 
pulse is applied. 

The period T of the quasi-stable state can be found from the 
capacitor discharge curve, using a false zero on the voltage axis, as 
shown in figure 9.8. 

-15 = -25 exp (-TIRC) 

exp (TIRC) = 1·67 

therefore 

T= 27 x 103 x 10-9 loge 1·67 

= 13·8 ILs 

9.4 Bistable multivibrator 

Draw the circuit diagram of a bistable multivibrator suitable for 
counting in binary code from a single pulse source. Describe, with 
the aid of suitable waveform diagrams, its principle of operation; 
give reasons for the use of steering diodes and pulse differentiating 
circuits. Explain with the aid of a block diagram how a number of 
such stages can be connected to count in decades. 

(ET5) 
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Figure 9.9 
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Figure 9.9 shows a typical circuit diagram of a practical bistable 
mul tivibra tor. Initially this circuit is designed such that when one 
transistor is saturated, the other one i.s cut off. If Tr I is saturated, 
its collector voltage is approximately zero volts; therefore, the base 
of Trz will be held at some negative voltage due to the potential
divider action of R 1 and R 2 between Tr I collector and the - V z 
supply rail. Tr2 is cut off, and its collector voltage will nearly be 
VI (less the voltage drop across Rd. The choice of R I , R2 and -V 2 
should also ensure that Tr I base voltage is positive enough to keep 
Trl saturated. The circuit is now in the first of its two stable 
states and if the collector voltage of Trz represents binary '1' and 
that of Trl represents binary '0', this circuit can be used to store 
a binary digit or to count in binary. 

When a positive input pulse is applied, the capacitor C forms a 
differentiating circuit with the input resistance of the transistors 
and a short rise-time pulse is produced as shown in figure 9.10, 
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which is the ideal waveform for fast switching. The diodes DI and 
D2 block any negative pulses and are also used to steer the positive 
pulse to the base of the off transistor. As Tr 1 is saturated, its 
collector-base junction is forward-biased, thus reverse-biasing D I 
through R3 . However, as Trz is cut-off, its collector-base junction 
is reverse-biased, thus forward-biasing Dz through R 3 . Consequently, 
the first positive pulse passes through Dz and switches on Trz. The 
collector voltage of Tr2 then falls to zero volts, thereby cutting 
off Trl. The circuit is now in the second of its two stable states, 
with Trz saturated and Trl cut off. Note that in this state the 

output X is a '0' and the complemented output X is a '1 '. Each 
time an input pulse is applied, the circuit changes state as shown 
in figure 9.10 and the output counts in binary. The capacitors CI 

strapped across resistors RI are used to speed up the switching time 
of the circuit. 

I n practice, two further inputs are used: the Set input (S) and 
the Reset input (R). If a positive pulse is applied on the Set input, 
Trl will always saturate and Trz will be cut off, thereby giving an 
output '1 '; that is, the output is set to '1'. Sim ilarly, a positive 
pulse on the Reset input always resets the output to '0'. 

Figure 9.11 shows the block diagram of a decade counter using 
four bistable multibivrators. Initially, all the bistables are reset to 
zero. The first input pulse switches B1; BI output goes to '1 '; and 
BI complemented output goes to '0' (this voltage change at the 
complemented output is negative, and so it is blocked by the steer
ing diodes of Bz). Hence, after the first pulse, the counter reads 
0001. The second pu Ise switches B I output to '0'; and the accom
panying positive change at the X output of B 1 switches Bz output 
to '1'; while the negative change at theX output of Bz cannot 
switch B3 . The counter now reads 0010; that is, decimal 2. In this 
way, without the feedback from B4 output, the counter would 
count to binary 1111 (that is, decimal 15) after fifteen input pulses 
and would reset to 0000 on the sixteenth input pulse. To make the 
counter cycle on ten input pulses (that is, to operate as a decade 
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counter) the output of 8 4 is used to set 8 3 and 8 2, thus simulating 
the action of six input pulses. Thus on the eighth input pulse, the 
counter first reads 1000, then feedback occurs and the reading 
changes to 1110. After the ninth pulse, the counter reads 1111, 
and resets to 0000 after the tenth pulse. In practice, the counter 
can be made cyclic on any number between nine and fifteen by 
connecting the feedback line to appropriate bistables. 

9.5 Schmitt-trigger circuits 

(a) Figure 9.12 shows the circuit diagram of a 'Schmitt'
trigger circuit. Describe the action of this circuit and hence, state 
two uses for it. 

r---------------------~----__oIOV 

o-----------------~------~----------__oov 

Figure 9.12 

(b) In the circuit of figure 9.12, using the component values 
given, determine the remaining component values and the 'lower 
trigger potential' (L TP) given the fol/owing data 
Minimum current gain of the transistors h FE = 50 
Emitter current of Tr2 when conducting = 7 mA 
Base-emitter voltage of 'on' transistor VBE(on) = 0·5 V 

Collector-emitter voltage of 'on' transistor VCE(sat) = 0·2 V 
Upper trigger potential (UTP) = 4 V 

(H.N.C.) 

(a) This circuit is a special form of emitter-coupled bistable multi

vibrator that is switched between two stable states by the amplitude 
of the input voltage applied. 

In the circuit of figure 9.12, Tr2 is saturated because of the posi
tive voltage applied to its base by the potentiometer RLl , R I and 
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R 2' This is the first stable state, and the output on the collector of 
Tr2 is low. 

The circuit remains in this first state until the input voltage on 
Tr2 base exceeds the combined voltage VE, (across R E) and VBE(on), 

when Trl switches on. This voltage is known as the upper trigger 
potential (UTP). As collector current now flows i~ Trl, the collec
tor voltage falls and thereby reduces the positive voltage on the 
base of Tr2' Simultaneously, the addition of the Trl emitter 
current to the Tr2 emitter current flowing through RE results in 
the common VE voltage rising rapidly .. The combined effect of 
Tr2 base voltage falling and emitter voltage rising quickly cuts off 
Tr2, and the output voltage at Tr2 collector goes high. 

The circuit remains in this second state until the input voltage 
on Tr I base falls to a value that is lower than the combined voltage 
VEl (across RE) and VBE(on), when Trl switches off. This voltage 
is known as the lower trigger potential (L TP). With the cessation 
of collector current, VCl rises rapidly and carries with it the base 
potential of Tr2, with the result that Tr2 switches on again and 
rapidly self-biases to saturation. Note that VEl is less than VE, 

as the value of emitter current at which L TP is calculated is lower 
than the corresponding value for the UTP, the input voltage at 
L TP usually not being large enough to saturate Trl' In practice, 
the values of UTP and L TP can be varied or made equal by suitable 
choice of component values. 

Tr2 
collector 

ov~--------------------------~----

Figure 9.13 

The waveforms in figure 9.13 illustrate the action of the circuit 
for a sinusoidal input. The circuit can be used either as a level 
detector to discriminate between two given input levels, or as a 



pulse shaper to produce a rectangular pulse output from a smaller, 
distorted, or sinusoidal input. 

(b) At the UTP, Trl base voltage is 4 V; therefore its emitter volt
age is 4 - VBE(on) = 3'5 V, and RE = (3'5)/7 = 0·5 k.Q. As Tr2 is 
saturated, its collector voltage is 3'5 + VCE(sat) = 3'7 V; and there
fore, assuming Ic =IE, RL "" (10 - 3'7)/7 = 0·9 k.Q. The base 
current of Tr2, IB, = 7/50 = 0'14 mA, also the current 12 through 
R2 is 4/60 = 0-067 mAo The voltage drop across RL and RI is 
ili~g~n~ , 

(l2+/B)(RL +RI)=(10-4)=6 , , 
6 

(RL + R ) = = 29 k.Q 
, I (0'14 + 0.067) 

and RI = 28 k.Q 

At the L TP, the current 13 through RL has two components: 
the collector current Ic, of Trl, and the c~rrent 14 through RI 
and R2. Assuming Ic, = IE" Ic, is approximately equal (in milli
amps) to VE /(0'5); while 14 is given by 

Vc,l(R I + R2) 

which (in milliamps) 

= Vc,l88 

However, 13 is also given by 

(Vcc - Vc , )/RL , 

which (in milliamps) 

= (10 - Vc,) 

therefore 

VE Vc 
10- Vc =--=+ __ ' 

, 0'5 88 
(9.3) 

Also, the emitter voltage VE of Tr I is the same as the emitter 

voltage VE, of Tr2; that is, VB, - VBE(on) = (60/88lVc, - 0'5 volts. 
Substituting this value for VE in equation 9.3 , 

120Vc Vc 
10- Vc = ---' -1 +-' 

'88 88 
Vc , = 11 x (88/209) = 4·6 V 

Neglecting 14 (which is only Vc /88 = 0·05 mAl , 
Ic, = (10 - 4'6)/RL, = 5-4 mA 

As Ic is approximately equal to IE , , 
VE, = IE, x RE = 5'4 x 0·5 = 2'7 V 
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therefore 

L TP = VE, + VBE(on) = 2'7 + 0'5 = 3'2 V 

9.6 Operational amplifier as an inverter 

An inverter comprises a high gain amplifier of gain A, an input 

resistor RI and a feedback resistor R o. The input is VI and the 
output is Vo. Derive an expression relating input and output. 

If the input and feedback resistors are equal for a nominal gain 
of unity, what is the value of A for an error of 1 per cent in the 

inversion? 

Ro (TT5) 

" ~ V 
0 

Figure 9.14 

The amplifier shown in figure 9.14 is known as an operational 
amplifier. It usually has an overall phase shift of 1800 and a very 
high input resistance. Therefore, assuming the input current to the 

amplifier to be negligible 

Also 

i l = io 

VI-e=e-Vo 

RI Ro 

Vo = -Ae 

therefore 

VI Vo -Vo Vo -+--=----
RI ARI ARo Ro 

Vo(l + l/A + Ro/ARI) -VI 

-V}R 
V = 0 o 

Rdl + (l/A)(l + Ra/Rdl 

When Ro = RI 

Va -1 

VI 1 + 2/A 

= -(1 + 2/A)-1 

Using the binomial expansion to one place 

VolV} = -(1 - 2/A) 



In practice 

VoN! =-1 

2 
therefore the percentage error = - x 100 = 1 

A 

Thus 

A = 200 

9.7 Operational amplifier as a summer and integrator 

(a) Show from first principles that an operational amplifier 
may be used to perform the functions of summation and integra

tion. 
(b) It is required to add three voltages VI, V2 and V3 using 

an operational amplifier which has an infinite input impedance and 
infinite gain. The input resistors each have values of 100 krl. Calcu· 
late the value of the feedback resistor such that the output is equal 

to VI + V 2 + V 3. If the gain of the amplifier were only -200, 
calculate the exact value of the feedback resistor such that the 

output remains unchanged 
(c) Why are differentiators not often employed in practical 

analogue computer circuits? 

CH.N.C.) 
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Figure 9.15 

(a) In figure 9.15 as the amplifier has infinite input imped· 
ance, it will take no input current. Also, as it has infinite gain, its 
input will be virtually at earth potential. Therefore 

(9.4) 

and 

Vo = - VlRolRl - V2 RoIR2 - V3R01R3 

Therefore the output voltage is the sum of all the input voltages, 

if all the resistors are equal. 
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Figure 9.16 

Similarly, in figure 9.16, i l = io ' therefore 

VI dVo 
-=-C-
RI dt 

Vo = - _1_ I VI dt 
CR I 

Therefore, the output voltage of this circuit is the integral of the 
input voltage. 

(b) As shown in part (a) for Vo = VI + V2 + V 3 , all the 
resistors must be equal; therefore, the feedback resistor must be 
100 krl. 

When the amplifier has a finite gain, equation 9.4 becomes 

VI-e V2 -e V 3 -e e- Vo 
--- + --- + --- = ---

100 100 100 Ro 

Substituting Vo = -200 e in equation 9.5 

Hence, to obtain 

201 3 
-+--= 1 
2Ro 200 

201 x 200 
R = = 102 krl 

o 2 x 197 

(9.5) 

(c) Differentiators are not often used in analogue computers 
because any noise on the input signal appears as a much larger 
proportion of the output signal, as their output is proportional to 
the slope of the input voltage. 

9.8 Exercises 

Exercise 9. 1 

What is meant by the expression 'time constant of a circuit con
taining resistance and capacitance in series'? 



The operating time of a process timer is governed by the dis
charge of a 2 [l-F capacitor through a 1 MSl resistor. If the capacitor 
discharges from 100 V to 50 V during the timing period, determine 
this time either graphically or by calculation. 

Sketch the connection diagram of any simple process timer 

working on this principle and briefly explain its operation. 
(Answer: 1·38 s) (ET5) 

Exercise 9.2 

In the circuit shown in figure 9.17, (R 1 + R 2) = 20 kSl. 

r------4~--------~----------~-9V 

~----------------~------~--__OOV 

L-__ --() 4V 

Figure 9.17 

Determine their values if the base of Trl is 1'5 V positive with 
respect to its emitter when Tr2 is saturated and also calculate the 

values of the collector currents of Trl and Tr2' 
Show where a sharp positive pulse can be applied to change the 

state of the transistors, and trace the sequence of events until the 
transistors are restored to their original condition. 
(Answers: 7'5 kSl, 12'5 kSl, 4'5 mA, 4'3 mAl (H.N.C.) 

Exercise 9.3 

Describe the operation of the monostable multivibrator circuit 
shown in figure 9.18. 

Given that both transistors have a current gain hFE = 50 and 

negligible VBE(on) when conducting, and that the collector current 
of Tr2 is 8 mA. determine the height and width of the output 
pulse, proving any formulae used. 
(Answers: 7'7 V, 6'5 ms) (H.N.C.) 
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Figure 9.18 

Exercise 9.4 

What is meant by binary counting and what advantage has it over 
decimal counting? Convert 157 into binary form. 

The circuit shown in figure 9.19 is one stage of a binary counter. 
Explain in detail the action of the circuit and sketch the output 
waveform if positive-going trigger pulses of adequate amplitude 

and duration at a repetition rate of 500 per second are applied. 
Explain how a number of such stages form a binary counter. 

(ET5) 

Exercise 9.5 

Give a circuit diagram of a commercial bistable multivibrator circuit 
and explain its operation, commenting on the purpose of each 
component. 

With the aid of a block diagram, explain how four such circuits 
can be used as (a) a decade counter and (b) a counter cyclic on 
thirteen pulses. 

(H.N.C.) 

Exercise 9.6 

Sketch a circuit diagram for and explain the action of a 'Schmitt'

trigger circuit using either valves or transistors. 
Explain briefly with the aid of a block diagram the use of a 

'Schmitt'-trigger circuit in industrial equipment. 
(ET5) 



-4·5 V 

C1 

RI R2 

R3 

output 

Trl Tr2 

Rs 

R7 
DI D2 

OV 

C4 

1·5 V 

pulse input 

Figure 9.19 

Exercise 9.7 

(a) Draw and explain the action of a transistor 'Schmitt'

trigger circuit. 
(b) Design a 'Schmitt'-trigger circuit using npn transistors 

with a minimum common-emitter current gain of 40. The available 
supply voltage is 12 V. The circuit is to change state when the input 

is rising and passing through 3 V. Assume that the base-emitter and 
collector-emitter saturation voltages are 0·4 and 0·2 V respectively. 
Estimate the value to which the input voltage must fall for the 
circuit to revert to its original state. (Hint: Assume IE = lamA.) 
(Answer: 2·1 V) (I.E.R.E.) 

Exercise 9.8 

A d.c. amplifier has an input resistance of 1 MD and an open cir
cuit voltage gain of -400. The amplifier is to be used in an analogue 
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sign changer with input and feedback resistors of 1 MD. Determine 
the percentage error in this operation due to the finite values of 
input resistance and gain. 
(Answer: 0·74) (u.L.e.l.) 

Exercise 9.9 

(a) Show from first principles that an operational amplifier 
can be used to perform differentiation. 

(b) An operational amplifier used as a summer has infinite 
input impedance and infinite gain. If its input resistors are 200 kD, 
500 kD and 1 MD; with corresponding input voltages of 2 V, 1 V, 
and 5 V; and a feedback resistor of 1 MD, determine its output 
voltage. If the gain of the amplifier is reduced to -100, determine 
the percentage change in output voltage. 
(Answers: -17 V, 8· 3 per cent) 



10 Boolean algebra and 
logic circuits 
10.1 Diode logic gates 

Draw and explain the action of logic circuits which perform the 
functions (a) OR and (b) AND. Clearly indicate the polarities and 
type of logic used. Construct truth tables for three input OR and 
AND circuits. 

(ET5) 

-IOV IOV 

01 0 1 

A A 

output output 

02 02 

B B 

0 oOV 0 oOV 

Figure 10.1a Figure 10.1b 

Considering the circuit of figure 10.1 a, let 5 V be equivalent to 
binary '1' and 0 V be equivalent to binary '0'. When A and Bare 
both at 0 V, both diodes are forward-biased; and, assuming ideal 
diodes, the output will be 0 V. If A goes to 5 V, instantaneously 
both diodes would conduct. Wheo D2 is conducting, however, the 
output voltage is 0 V, which still leaves Dl forward-biased. There
fore, D 1 conducts and raises the output voltage to 5 V, which cuts 
off D2. Similarly, if B goes to 5 V while A is still at 0 V, the out
put is raised to 5 V and Dl is cut off. When both A and B go to 
5 V, both diodes conduct, and the output voltage is again 5 V. 

The logic used in this example is referred to as positive logic 
because the voltage used to represent binary' l' is more positive 
than that used to represent binary '0'. Therefore, this circuit per
forms the logical OR function using positive logic: that is, it gives 
an output '1' if A OR B OR both are '1'. 

If the logic levels are interchanged so that 5 V = '0' and 
o V = '1', the circuit is said to use negative logic. It would now 
perform the logical AND function: that is, it gives an output '" 
only when A AND Bare '1'. 
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In figure 10.1 b, using positive logic, when A and B are at 0 V 
the output is 0 V. If A goes to 5 V, D2 still conducts and keeps the 
output at 0 V, which reverse biases D1. Similarly, if B goes to 5 V 
while A is still at 0 V, the output still remains at 0 V and D2 is cut 
off. However, when both inputs go to 5 V, both diodes conduct 
and the output is raised to 5 V. Therefore, this circuit performs 
the AND function for positive logic or the OR function for negative 
logic. 

A truth table is a tabular method of expressing the logical func
tion of a circuit: that is, the circuit output is given for all possible 
input combinations. Tables 10.1 a and 10.1 b show the truth tables 
for three input OR and AND circuits respectively. 

Table 10.1a Table 10.1b 

INPUTS OUTPUT INPUTS OUTPUT 
A B C X A B C X 

0 0 0 0 0 0 0 0 
0 0 1 0 0 1 0 
0 0 0 0 0 
0 1 1 0 1 1 0 

0 0 0 0 0 
0 1 0 0 

0 0 0 

10.2 Transistor logic gates 

(a) Define positive logic. 

(b) State the main disadvantage of diode-resistor logic. 

(c) Draw the circuit diagram of a logic AND gate suitable for 
cascade operation and explain what is meant by 'fan-out' of such 
a circuit, indicating the factors upon which it depends. 

(ET5) 

(a) Positive logic has already been defined in section 10.1. 

(b) The main disadvantage of diode-resistor logic is that, as 
the diodes have a finite forward resistance, there is a finite voltage 
drop through each gate. Thus, the high logic level falls and the low 
level increases, which limits the number of gates that can be used in 
cascade. Other disadvantages are the relatively low switching speed 
and the high power dissipation in the load resistor. 



(c) 
-2V 

A B C 

output 

R 

IOV 

Figure 10.2 

Figure 10.2 shows the circuit diagram of a transistor AND gate 
using positive logic (that is 5 V = '1' and 0 V = '0'). Each input 
uses a transistor that is connected as an emitter follower. When all 
the inputs are at 0 V, all the transistors are saturated and the out· 
put voltage will be at 0 V plus the small base-emitter (on) voltage; 
that is, a '0' output. If any of the inputs go to the 5 V level, the 
corresponding base-emitter diode is reverse biased, because with the 
output clamped at 0 V that transistor is cut off. If, however, all 
the inputs go to 5 V, all the transistors saturate again, and the 
output level rises to 5 V plus the base-emitter voltage of the tran
sistor. The circuit thus performs the logical AND function. 

The fan-out of a circuit is defined as the maximum number of 
identical circuits which can be supplied from the circuit without 
serious deterioration in its performance. In this circuit the fan-out 
is mainly determined by how much current the transistors can 
accept from the following gates without seriously affecting the 
output level. When only one transistor is saturated, as the base 
currents from the following transistors must all flow through that 
transistor, the logical '0' level changes, and this limits the fan-out 
of the circuit. The fan-out will therefore depend upon the transistor 
parameters and the value of the load resistor. 

10.3 Venn diagrams 

(a) Using Venn diagrams verify the Boolean expression 

A + Be = (A + B)(A + e) 

(b) Define the logic terms OR and NOT and draw R. T. L. 
circuits which provide these functions. 

(c) Show how simple logic gates may be used to satisfy the 

truth table 10.2. 
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Table 10.2 

INPUTS OUTPUT 
A B S 

0 0 0 
1 0 1 
0 1 

0 

(ETS) 

(a) 

Figure 10.3a Figure 10.3b 

Figure 10.3a shows the Venn diagram for (A + Be) where the 
horizontal shading represents A, and the vertical shading represents 
BAND e; therefore, A OR Be is represented by all the shaded 
area. Figure 1 0.3b shows the Venn diagram of (A + B)(A + e), 
where the horizontal shading represents (A + B) and the vertical 
shading represents (A + e); therefore, the cross-hatch shading 
represents (A + B) AND (A + el, which is the same net area as in 
figure 10.3a. Consequently, the two expressions are identical. 

(b) Logical OR implies that an output '1' is obtained if any 
of the inputs is a '1'; that is, A OR B OR e OR any combination 
of them. Logical NOT implies that the output is always the oppo
site of the input; that is, NOT the input. Therefore, an input '1' 
gives an output '0' and vice versa. 

Figure 10.4a shows the circuit diagram of a two-input OR gate 
and figure 1 O.4b shows that of an inverter. 

(c) From the truth table 10.2, an output T is required for 
the input combinations shown in rows 2 and 3. Therefore 

S=AB+AB 

The required logic diagram is shown in figure 10.5. 
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Figure 10.5 

10.4 Logic design from truth table 

-IOV 

Figure 10.4a 

}--.... s 

output 

(a) From the truth table 10.3 give a Boolean expression for 
the output. 

Table 10.3 

A B C OUTPUT 

0 1 0 
0 1 0 0 
1 0 1 
1 1 0 
0 0 0 0 

1 0 0 0 
1 1 1 
0 0 0 

(b) Using Boolean algebra simplify the expression determined 
in (a). 

(c) Draw a logic diagram for the simplified expression given 
in (b). 

(TIS) 
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.------o~c 

output 

0-----------....... ----------0 0 v 
Figure 10.4b 

From the truth table the output X is 

(a) X = ABC + ABC + ABC 

(b) X = ABC + AB(C + C) 
=ABC+AB 

=A(B + BC) 

=A(B + C) 

(c) 

::-~, 
Figure 10.6 

Figure 10.6 shows the logic diagram for X = A (B + C). 

10.5 De Morgan's theorems 

(a) State De Morgan's theorems for two quantities A and B. 
Hence draw logic diagrams using NAND gates only for the logic 
functions NOT, OR and AND. 

(b) Simplify the fol/owing Boolean expression and also find 
its minimum complementary form 

X = ABC + ABC + ABC + ABC + ABC 

AB=A +B 

A +B=AB 

(10.1 ) 

(10.2) 

Equations 10.1 and 10.2 illustrate De Morgan's theorems for two 
variables A and B. Note that these give the rules for obtaining the 
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(0 ) (e) 

( b) 

Figure 10.7 

complement of a complete Boolean expression which are (i) com
plement each variable in the expression and (ii) change all logical 
mUltiplication signs to logical addition signs and vice versa. 
For the NOT function 

X=A 
which is a one input AND gate. 
For the OR function 

X=A+B=A+B 

=AS 

For the AND function 

X=AB =AB 

The corresponding logic diagrams are shown in figures 10.7a, 

10.7b and 10.7c. 

(b) X = ABC + ABC + ABC + ABC + ABC 

therefore 

= AB(C + C) + AB(C + C) + ABC 

=AB +AB + ABC =A(B + B) +ABC 

=A +ABC 

=A +BC 

X=A +BC 

=A(B+ C) 

10.6 Resistor-transistor logic 

ra) With the aid of a circuit diagram, explain the operation 
of a resistor-transistor NOR logic element. 

rb) Show, in logic form, how one or more such elements 
may be used together to produce a logic AND function, a logic OR 
function and a logic NOT function. 

(TI5) 
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v -vee 

R 
A RI RL 

R output 
B 

R 
C 

ov 

Figure 10.8 

Figure 10.8 shows the circuit diagram of a R.T.L. NOR gate where 

-Vee == '" and 0 V == '0'. When all the inputs are at 0 V, the base 
of the transistor must then be held positive by the positive supply. 
Therefore, the transistor is cut off and the output voltage is Vee 
volts. If any input goes to - Vee volts, the choice of the values of 
Rand Ri must be such that the base voltage of the transistor is 
made sufficiently positive to saturate it, and thereby cause the 
output to rise to approximately 0 V. Similarly, if more than one 
input goes to - Vee volts the base will tend to go more negative 
and keep the transistor saturated. Hence, the circuit performs the 
NOR function using negative logic; if the logic levels were reversed, 
the circuit would perform the NAND function. 

(b) For the AND function 

X=AB 

therefore 
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8~ 
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Figure 10.9 

Also 

X=X=A+B 

For the OR function 

. X=A +B 

therefore 

X=X=A+B 

For the NOT function, X = A, which is simply a one input NOR 
gate. 

Figures 1O.9a, 1 0.9b and 1 0.9c show the corresponding NOR 
logic diagrams for the AND, OR and NOT functions. 

10.7 Logic design from Boolean expression 

(aJ With the aid of logic drawings for the following two cir

cuits construct a truth table to show that they are equivalent. 

Circuit 1: Inputs Band C to an OR gate whose output is AND 
gated with input A to give output X,' 

Circuit 2: Two AND gates with separate inputs Band C share 
input A. The outputs of these gates enter an OR gate to give 

output Y. 

(bJ Draw the logic diagram of the following expression and 
using Boolean algebra with all working shown, simplify the expres
sion and then draw the single logic element which it represents. 

X = A [B + A(C + BC)] 

(TTS) 

(a) Figures 10.1 Oa and 10.1 Ob show the logic diagrams of circu its 1 
and 2, and the corresponding truth tables are shown in table 10.4. 
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Figure 10.10 

Table 10.4 

B+C AB AC X=A(B+C) Y=AB+AC 

o 0 0 0 0 
o 0 0 a 
o 0 0 0 
o 0 0 0 

o 0 0 0 0 
1 0 1 

o 

Therefore, as the X and Y columns are identical, X = Y. 

(b) Figure 10.11 shows the logic diagram to obtain X. 

8--+--9 
c-__ ---B 

A-----------~~ 

f----x 

Figure 10.11 



x = A [B + A(C + BC)l =A{B[A + C(B + C)l} 

= AB(A + BC + CC) 

(as CC= 0) 

=AAB+ABBC 

=AB(1 + C) 

=AB 

Hence, this is the AND gate function. 

10.8 Karnaugh maps 

The permissible states in a safety system are expressed in the logic 
function 

f=AC+ BC +ABC+ABC 

By means of a Karnaugh map, or other suitable means, simplify 
this expression and draw a block diagram to realise it using (a) any 
combination of AND, OR and NOT gates and (b) NAND gates 
only. 

Using Boolean algebra 

f=AC+ BC+ BC(A +A) 

=AC+BC+BC 

=AC+ B(C+ C) 

=B+AC 

The Karnaugh map for f is shown in figure 10.12. 

(ET5) 
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From this map 

f = B + AC = B + AC 

=BAC 
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Figure 10.12 
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I , 
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Figure 10.13 shows the logic diagrams to obtain f in (a) AND, 
OR, and NOT logic and (b) NAND logic. 

10.9 Simplification of Boolean expressions 

(a) Simplify the Boolean function 

f = AD + ABC + BCD + ACD + ABCD 

(b) Find the minimum complementary expression. 
(c) Using De Morgan's theorem find another expression 

representing the function f. 
(d) Using AND, OR and NOT gates draw logic diagrams 

showing how the expressions obtained in (a) and (c) can be derived 
from inputs A, B, C, and D. 

(U.c. L.l.) 

( b) 

Figure 10.13 
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The Karnaugh map for f is shown in figure 10.,14, from which 

f=AD +AB +AC 

(b) The expression for 1 is obtained from the blanks on th~ 
Karnaugh map, that is 

I=AC+ABD 

0----1 

A-~~-l 

C----4 

C -------i 

A--_----i 

B-----<A1 
O-------i 

(0 ) 

( b) 

Figure 10.15 

(10.3) 
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(c) Using De Morgan's theorem on expression 10.3 

f ="1 = AC + ABD = (A + C)(A + B + D) 

(d) Figures 10.15a and 1O.15b show logic diagrams for the 
two expressions for f. 

10.10 Diode-transistor and transistor-transistor logic gates 

With the aid of circuit diagrams. describe the operation of (a) a 

diode-transistor (D. T.L.) NAND gate (b) a transistor-transistor 
(T. T. L.) NAND gate. 

(a) 

,----------..... ----<l vee 

output 

~---------_+--~---~ov 

'---------0 - V 

Figure 10.16 

Figure 10.16 shows the circuit diagram of a D.T.L. NAND gate. 
Assume the following logic levels, binary '1' is approximately Vee 
and binary '0' is Vee(sat) which can be considered to be 0 V. 

When all the inputs are '1', all the input diodes are cut off, and 
a current flows through R1, Dl and D2 and R2 making the base 
voltage of the transistor sufficient to saturate it. Therefore, the 
output voltage is approximately 0 V, that is binary '0'. 

If anyone or more of the inputs goes to 0 V, the corresponding 
diode conducts and the voltage at point X is Vn volts, where Vn 
is the voltage drop across a forward· biased diode. Again a current 
flows through D1, D2 and R 2 making the base voltage of the tran· 

sistor -Vn volts, which cuts it off. Therefore, the output rises to 
the binary '1' level. Thus, the circuit performs the NAND function. 



(b) Figure 10.17 shows the basic circuit diagram of a T. T. L. 

NAND gate; in which the input diodes of the D.T.L. gate are 

replaced by the multi-emitter transistor Tr l' 

,------..... -------<) 'Icc 

output 

Figure 10.17 

If all the inputs are at the '1' level, all the base-emitter diodes 
of Trl are reverse-biased. However, the base-collector junction is 
forward-biased and current flows through R 2, across the base
collector junction and into the base of Tr2, saturating it. The out
put voltage thus drops to the '0' level. 

If any of the inputs go to the '0' level, the corresponding base
em itter diode becomes forward-biased and saturates Tr l' I ts collec
tor voltage falls to VCE(sat) which is insufficient to switch on Tr2' 
Therefore Tr 2 is cut off and the output voltage rises to the' l' level. 
Thus, the circuit performs the NAND function. 

10.11 Use of logic gates 

Explain why it is preferable to use only one type of gate in a logic 
circuit. The logic circuit shown in figure 10. 18 is required to be 
changed into a circuit containing only one type of logic gate. 

(a) Determine the logic equation for the circuit. 
(b) By use of a suitable mapping technique, or otherwise, 

obtain a simplified expression. 

(c) Draw a logic circuit to realise the simple expression using 

only NOR gates. 

The advantages of using only one type of logic gate are 

(1) relatively low cost for bulk buying; 

(ET5) 

(2) ease of interchangeability, hence easy maintenance; 

114 
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4 

D-------------------~ 

Figure 10.18 

(3) logic levels will remain nearly constant throughout the 

circuit. 

(a) Output from AND gate 1 = ABC 
Output from AND gate 2 = ABC 
Output from AND gate 3 = Be 

Output from AND gate 4 = AB 

therefore 

f = DCA-Be + ABe + Be + AB) 

= ABeD + ABeD + BeD + ABD 

(b) The map of f is shown in figure 10.19. 
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Figure 10.19 



From the map 

f= CD +ABD 

(c) Using De Morgan's theorems on the expression for f 

f=C+O+A +B+O 

Also, as f= T 

f=C+D+A+B+D 

This expression requires seven NOR gates. To obtain a logic circuit 
using fewer gates, consider the minimal expression for 7 obtained 
from considering the 'D's in figure 10.19. 

7= 0 + AC + BC 

therefore 

f=D(A +C)(B+C) 

But 

f=7=0+A +C+B+C 

The logic circuit for this expression is shown in figure 10.20 and 
uses only five NOR gates. 

O------j 

A---------, 

C------1 

8--------------1 

10.12 Exercises 

Exercise 10. 1 

Figure 10.20 

Draw logic circuits which perform the functions of (a) AND and 
(b) OR and explain their action. Polarities and the type of logic 
used must be clearly indicated. Explain the limitations of your 

circuits. 
With the aid of a block diagram explain the use of these devices 

in a simple system. (At least three logic elements must be included. 
(ET5) 

115 

Exercise 10.2 

Draw and explain the operation of a semiconductor diode AND 
logic element for use with positive·going logic. Is this circuit still 
an AND if negative-going logic is used? If not, what is it? 

(TT3) 

Exercise 10.3 
Explain, using suitable diagrams, the operation of diode logic 
circuits for performing the AND and OR functions, using (a) 
positive-going logic and (b) negative-going logic. What are the major 
disadvantages of diode logic compared with resistor-transistor 
logic? 

Exercise 10.4 

Explain briefly why Boolean algebra is used in the design of 
modern digital systems. 

(TT5) 

By means of (a) Boolean algebra and (b) truth tables, prove the 
following Boolean equations 

A +AB =A + B 

(TT5) 

Exercise 10.5 

Prove the following Boolean relationship by means of a truth table 

P+ Q =PQ 

Exercise 10. 6 

Prove the following relationships using Venn diagrams 

(A +B)(A +B) =AB+AB 

(A + B) (A + C) = A + BC 

Exercise 10.7 

(V.L.c.i.) 

Develop equations to determine the minimum number of com

ponents for a logic circuit to satisfy the truth table 10.5. 



Draw the necessary logic diagram. 
(Answer: BC + BC) 

Exercise 10.8 

The truth table 10.6 gives the output X that is required in a partic
ular automated process for various combinations of its four inputs 

A, B, C and D. 

Table 10.6 

A B C D 

1 
1 0 

0 0 1 
0 0 1 0 
0 0 0 1 
0 0 0 0 
All other combinations 

X 

1 
o 
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(a) Express the output as a Boolean function of the inputs 

in canonical form. 
(b) Using the techniques of Boolean algebra reduce the 

function to a minimal. 
(c) Verify your result using a Karnaugh map. 
(d) Draw the logic diagram using the minimum number of 

AND, OR and NOT elements. 
(Answer: AB+ ABC) (I.E.R.E.) 

Exercise 10.9 
Write the Boolean equation given by the truth table 10.7 and show 
how a circuit containing NAND gates only can be connected to 
perform the required operation. 

INPUTS 

X Y Z 

1 0 
0 

1 0 0 
0 
0 1 0 
0 0 1 

0 0 0 

(Answer: xt + }it) 
Exercise 10.10 

Table 10.7 

OUTPUT 
F 

o 
o 
o 
1 
o 

o 

(a) Simplify the Boolean expression 

f = ABD + ABCD + ABCD + ABD +ABCD 

(V.c.L.I.) 

(b) Find the minimum complementary expression and draw 
the corresponding logic diagram. 
(Answers: f = BD + AD + CD f = D + ABC) 



11 Principles and 
applications of thyristors 

11.1 Operation of the thyristor 

Describe using appropriate diagrams the operation of a controlled 
semiconductor rectifier (thyristor). Sketch the anode characteristics 
of the device and indicate curves for (a) zero gate current (b) normal 
forward gate current. 

Draw a circuit diagram showing how a single thyristor can be 
used to control a unidirectional load current. Assume a sinusoidal 
load supply voltage. Discuss the merits and limitations of the 
method of gate control used 

(ET4) 

The thyristor is a four layer pnpn device which has three terminals 
known as the anode, the cathode and the gate. These are shown in 
figure 11.1 a and the circuit symbol is shown in figure 11.1 b. 

J, 

A~L_p_,~ __ n_'-L-rp2~ __ n_2~~K 
L 

Figure 11.1a Figure 11.1b 

If the thyristor is forward biased (that is, with the anode at a 
positive voltage with respect to the cathode) junction J 2 is reverse
biased, so that the thyristor is in its blocking state with only leak
age current flowing. If the anode-cathode voltage is increased to 
such a value as to cause the current carriers to produce more 
carriers by collision, avalanche breakdown of h occurs, and this 
value of anode-cathode voltage is known as the breakover voltage 
VBO' A second method of causing breakdown of J 2 at lower 
anode-cathode voltages, is to inject a small current into the gate 
terminal. This causes a regenerative action (as the thyristor is 

effectively composed of a PIn IP2 and an n2P2nI transistor: see 
section 11.2) which produces breakdown of J2 and a correspond
ingly high anode current, as the thyristor is now in its conducting 
state. Once the thyristor has broken down, the gate current can be 
removed and the anode current will remain high. The only method 
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of bringing the thyristor back to its blocking state is to reduce the 
anode current below a critical value known as the 'holding' or 
'maintenance' current, and this is usually achieved either by 
reducing the anode-cathode voltage to zero or by making it 
negative. 

When the thyristor is reverse biased, junctions J I and J 3 are 
reverse biased, and only a small leakage current flows until the 
reverse voltage is large enough to cause avalanche breakdown of 
junctions J I and J 3 • 

-V 

anode current 

IA(mA) 

-fA (I-'A) 

Figure 11.2 

Veo 

anode voltage VA (V) 

Figure 11.2 shows a typical set of anode characteristics for a 
thyristor. The forward breakover voltage VBO and reverse break
down voltage VB can be up to 250 V for thyristors of planar con
struction, and up to 2000 V for those using °a mesa construction, 
while the corresponding maximum current ratings are 2 A and 
1000 A respectively. Note that increasing the forward voltage 
increases the anode current (mA) slightly until breakover occurs. 
IH is the holding current, and this can be as low as 20 mA for 
small thyristors. VF , which can be as low as 1 V, is the forward 
voltage-drop across the thyristor when it is in the conduction 
state. Note that VBO drops with increasing gate current, blocking 
ceasing when IG = 10 mA; after which the thyristor acts as a diode. 

Figure 11.3 shows the basic circuit diagram of a single thyristor 
controlling a unidirectional load current. On the positive half-cycle 
of the input voltage, the thyristor will fire at some value VBO 

corresponding to the gate current IG . On the negative half-cycle, 
the thyristor will block. Hence, the output will be pulses of voltage, 
each pulse being a fraction of one half-cycle. 

The main advantage of this method is its simplicity. The series 



c.c. 
input" 

Figure 11.3 

cutput 

resistor RG must be included, however, so that the maximum gate
cathode power is not exceeded. Also, the thyristor can be fired 
only in the first half of the positive half-cycle; that is, the maxi
mum firing angle is 90°. 

11.2 Two-transistor analogy of thyristor and a.c. control of gate 

(a) Using the two-transistor analogy of the thyristor, deter
mine an expression for the forward current of the device. Hence, 
state the condition for the thyristor to switch from the blocking 
to the conduction state. 

(b) 

r------,L 

'---t-....JN 

Figure 11.4 

240 V 
50 Hz 
supply 

Figure 11.4 shows a thyristor employing a.c. phase-shift control 
on its gate. Determine the firing angle when R = TODD Q, proving 
any formulae used. State the purpose of the Zener diode in this 
circuit. 

(H.N.C.) 

(a) The two-transistor analogue of the thyristor is shown in 
figure 11.5. 
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From this 

IB, = (1 - al)/A -leBO, (11.1 ) 

where al is the common-base current gain of thePlnlP2 transistor 
and leBO, is the corresponding leakage current. 

(11.2) 

where a2 is the common-base current gain of the n2P2n I transistor 
and leBO, is the corresponding leakage current. 
But 

and 

Ie, = IB, 

therefore equating equations 11.2 and 11.1 

a2/A + a2/G + leBO, = (1 - al)/A - leBO, 

that is 

a2/G + leBO + leBO 
IA = " 

1 - al - a2 

Thus when (al + (2) ='1, IA will tend to infinity. In practice, this 
corresponds to the conduction state of the thyristor. Usually, the 
critical condition is brought about by increasing the current gain 
a2' which increases with increase of the current density at junction 
J2 . This is increased when gate current is injected, and thus causes 
the thyristor to break over. 



(b) In the circuit of figure 11.4, the phase of the voltage at 
point A shifts through 180° as R is varied from infinity down to 
zero. 

supply 
voltage 

gate
cathode 
voltage ~M 

load current 

I 

I 
I 

.... - .... ] , 

Figure 11.6 

Figure 11.6 shows sketches of the supply voltage, gate-cathode 
voltage, and load current, for a given firing angle O!. By varying R 
from zero to infinity, O! can-be varied from 0° to 180°. At 180°, 
the thyristor never fires, and the circuit is said to be fully phased

back. 
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Figure 11.7 shows the phasor diagram of the phase-shift circuit 
(neglecting the loading effect of the gate circuit). As VR and Vc 
are always mutually at right angles, the locus of point A is a semi
circle of diameter LN. The firing angle O! is the phase shift of V AM. 

From figure 11.7 

L LMA = (180 - O!) 
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L M LA = L MAL (isosceles triangle) 

= 0!/2 

Therefore in triangle LAN 

tan 0!/2 = VRIVC = IRIIXc = RIXc = wCR 

therefore 

al2 = tan-1 wCR 

or 

O! = 2 tan-1 wCR = 2 tan-1 27t50 x 2 x 10-6 x 103 

= 64° 

The Zener diode protects the gate-cathode junction from excessive 
forward voltages on the positive half-cycle and on the negative half
cycle shunts the current from the cathode gate circuit . 

11.3 Thyristor inverse parallel a.c. controller 

Sketch a typical thyristor characteristic and hence explain the 
meaning of the terms (a) forward breakover voltage; (b) reverse 
breakdown voltage; (c) maintenance current. 

Draw the basic circuit diagram for a phase-controlled inverse 
parallel a.c. controller. Such a controller is used to supply a resist
ance furnace of 10 n resistance from a 400 V r.m.s. supply. Calcu
late the power supply to the furnace if the delay angle is 90°. 

(ETS) 

The first part of this question has been answered in section 11.1. 

a_c. supply 

Figure 11.8 

Figure 11.8 shows the circuit diagram of a phase-controlled 
inverse parallel a.c. controller using two thyristors. The gate wave
forms to T 1 and T 2 will be exactly 180° out of phase: on the 
positive half-cycle of the input voltage, Tl fires at an angle eO; 
while on the negative half-cycle, T 2 fires at an angle (180 + (})o, 

giving the output waveform shown. 



r.m.s. load voltage 

[ 
11" ] 1/2 

Vr.m .s . = (1ht) f 400y(2) sin wtd2 (wt) 

11"/2 

[ 
11" ] 1/2 

= 400 (1/n) f (1 - cos 2wt) d(wt) 
11"/2 

= 400!y'2 volts 

Power supplied to the furnace 

p=~(400)2 
10 y2 

=8kW 

11.4 Pulse firing of thyristors 

Give reasons why pulse firing of controlled rectifiers is often pre
ferred to other methods. 

Draw the diagram of a circuit which will produce a delayed 
pulse or pulse train suitable for firing a silicon-controlled rectifier 
and explain how the circuit operates. 

Sketch a curve showing how the average output voltage of a 
controlled rectifier system varies with firing delay angle. Explain 
the shape of the curve. 

Pulse firing of silicon-controlled rectifiers has the following 
advantages 

(ET5) 

(1) The thyristor may be fired anywhere in the positive half-cycle 
of anode supply. 
(2) The thyristors may be coupled to the gate circuit by a trans
former, so that 

(a) electrical isolation is provided between the power side 
and the control circuitry; 

(b) several gate circuits can be supplied simultaneously; 
(c) pulses in one direction may fire one thyristor while 

pulses in the opposite direction may fire another. 
(3) Pulse powers can be very high, so ensuring reliable firing of 
the thyristor under all conditions and allowing for a decrease in 
the output of the firing circuit because rated gate power dissipa
tion is determined by the average power supplied. 
(4) A chain of pulses may be generated and synchronised to the 
anode supply, when a continuous firing signal is required. 
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(5) Pulses have fast rise-times, and are thus ideal waveforms for 
firing thyristors. 

Circuits whose outputs are ideal for firing thyristors include the 
astable multivibrator and the blacking oscillator, and these have 
already been examined in chapter 8. 
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Figure 11.9 shows a sketch of the graph of average output
voltage against firing-delay angle. To explain the shape of this, 
consider its equation 

11" 

Vav = (1/n) J Vm sin wt d(wt) 
() 

= (1/n):[-Vm coswtl 

= Vm (1 + cos O)/n 

where 0 is the firing-delay angle. Hence the graph is that of 

cos wt against wt with each point on it lifted by 1. 

11.5 Thyristor speed-control 

(a) With the aid of a circuit diagram, explain how thyristors 
can be used to control the speed of a dc. series motor. 

(b) A thyristor has the relationship VBO = 480 - 20lG 

between the breakover voltage VBO volts and the d.c. gate current 
IG mA. If this thyristor is employed in the circuit of figure 11.10, 
derive an expression for the mean load current and hence calculate 



its maximum and minimum values and the corresponding values of 
IG. What are the main limitations of using the device in the circuit 
shown? 

240V 
RMS 

C>-__ ---J .----~ output 

I k.l1 

Figure 11.10 

CH.N.C.) 

(a) Figure 11. 11 shows a circuit for speed control of a d.c. 
series motor; the motor takes negligible current until the thyristor 
fires. 

full - wove 
rectified supply 

series motor 

Figure 11.11 

R 

c 

Firing takes place when the capacitor C has charged high enough 
to drive sufficient gate current through the trigger diode DT and 
the gate-cathode circuit to cause breakover. Note that the charging 

time of the capacitor depends upon how hard the transistor 
conducts; which, in turn, depends upon the base current, and 
hence upon the setting of R 1. R has little effect on the charging 
rate as the collector voltage of the transistor has little effect on 
the collector·current after conduction has commenced. 

If it is required to maintain a constant-speed drive, feedback 

through the tachogenerator is used. If the load increases and the 
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motor speed tends to fall, the output voltage from the tacho
generator falls, the transistor base and collector currents decrease, 
and thus there is more charging current available for the capacitor. 
It therefore charges to the critical value faster, and the thyristor 
fires earlier in the cycle, thus increasing the voltage supply to the 
motor and restoring the speed to its original level. 

(b) Mean current taken is 

11" 

1 f 240y2 sin wt 
Id.c. = 27t 1000 d(wt) 

wt 

= 120y2( 1 + cos wt)/7t mA 

The thyristor breaks over when 

VBO = 240y2 sin wt = 480 - 20/G 

The maximum current occurs when cos wt = 1 or wt = O. 

(11.3) 

( 11.4) 

From equation 11.4, the corresponding gate current IGmax = 24 
mA. From equation 11.3, the minimum load current = 120y2/7t = 

54 mAo The limitations of d.c. gate control have been dealt with 
in section 11.1. 

11.6 Spurious firing of thyristors 

Describe in detail the two methods by which a thyristor is triggered 
spuriously in practice and hence state typical precautions taken to 
prevent these kinds of triggering. 

R 
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Figure 11.12 
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Figure 77.72 shows a thyristor with a fixed bias connected 
across a capacitor C, which is allowed to charge up via a large valued 
resistor R. The bias is arranged so that the rectifier fires when the 
voltage across the capacitor is 750 V and stops conducting when 



the capacitor voltage is 75 V. Derive an expression for the power 
dissipated in RL in each operation and calculate its value when 
RL = 100 n, stating any assumptions made. 

It has been shown in section 11.2 that for a thyristor to be 
triggered into the high-conduction region 

Ql + Q2 = 1 

(H.N.C.) 

This condition is brought about in practice by increasing the current 
across J 2 as the current gain Q2 increases with it. 

If the thyristor is blocking and there is a voltage transient on 
the supply (that is, a voltage ri~e that is rapid, though the actual 
size of the change may be small), a charging current will flow 
through the internal junction capacitances, and this current can 
make Ql + Q2 = 1 and trigger the t~yristor. To prevent this, a series 
resistor-capacitor combination is connected in parallel with the 
thyristor to reduce the rate of increase in anode voltage and there
by make the charging current negligibly small. 

Similarly, if the temperature of the thyristor is increased, the 
leakage current (which increases exponentially with temperature) 
can increase to such a level as to make Ql + Q2 = 1 and thus to 
trigger the thyristor. To prevent this, adequate cooling must be 
provided; and this may be either in the form of a heat sink for the 
smaller thyristors, or of forced air or water cooling for the high
rated thyristors. 

Energy stored in a capacitor = 0'5CV/, where Vl is the volt
age across the capacitor C. I f the capacitor discharges through 
resistor RL to V 2 volts in t seconds, energy loss from the capaci
tor = 0'5(Vl2 - V/). Therefore power dissipation in resistor RL 
in this time is 

(11.5) 

I n the following analysis assume that thyristor switching actions 
occur instantaneously and that the forward voltage-drop across the 
thyristor is negligible. Then time taken for C to discharge from 
150Vt075Vis 

75 = 150 exp (-tI16 x 10-6 x 100) 

625t = loge 2 

t = 1'11 ms 

Substituting in equation 11.5 

0·5 x16 x 10-6 (1502 - 752 ) 
p 

1'11x10 3 

= 121'6W 
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11.7 Triac theory and application 

What is a triac? Sketch a set of !IV characteristics for a triac and 
explain its operation. 

Explain with the aid of a circuit diagram how a triac can be 
used to control the current through an a.c. load. 

A triac is a four layer pnpn device having the circuit symbol shown 
in figure 11.13. 

MT 2 O>---.......,.~GO MTI 

Figure 11.13 

MT2 is known as main terminal 2 (corresponds to the anode of a 
thyristor) and is normally the case of the device. MT1 is main 
terminal 1 (corresponds to the cathode) and G is the gate. Triacs 
can be designed to turn on with either polarity of gate to MT1 
voltage and with either polarity of applied voltage between MT1 
and MT2. Thus, it can conduct large currents in either direction, 
and it is similar to two thyristors operating in inverse parallel 
connection. 

-v veo 

principal current I 

I 
I 
I 

-----1- IH 
-h 

h =20mA 

-J 

Figure 11.14 

voltage across main terminals V 

Figure 11.14 shows a typical set of IIV characteristics for a 
triac. Note that, as with the thyristor, a high breakover voltage is 



required in the forward direction with no gate current applied. 
The situation in the reverse direction is approximately the same: 
as the gate current is increased, the breakover voltage decreases. 
However, in this direction, the gate current must be maintained 
until the principal current exceeds a critical value IL' which is 
known as the latching current. Once this value is exceeded the 
gate current can be removed, as the triac is then in its high conduc
tion state and will remain so until the principal current falls below 
a second critical value IH which is lower than IL and is known as 
the holding current The reverse characteristics are nearly identical. 
Triacs are normally of a mesa construction and have ratings up to 
200 A, 1000 V. 

load 

o.c. supply 

Figure 11.15 

Figure 11.15 shows a simple circuit for controlling the a.c. 
current through the load. The trigger circuit that is used depends 
mainly upon the application to which the triac is being put. The 
essential point is that the gate turn-on current and the latching 
current must both have minimum levels. As there is a spread in 
gate turn-on currents, a bidirectional diode (diac) is used to ensure 
that the triac conducts at the same value of supply voltage each 
time. The diac detects both polarities, and provides a voltage 
threshold that must be overcome before gate current can flow. 
Note that, in this circuit, gate current is positive when MT2 is 
positive and negative when MT1 is negative, so that the possibility 
of positive gate current with negative MT2 (which is an undesirable 
operating mode) is eliminated. The triac will turn off each time 
the principal current goes through zero and the gate will regain 
control. 

123 

11.8 Exercises 

Exercise 11. 1 

Explain briefly the basic principles of operation of a controlled 
semiconductor rectifier (thyristor). 

Describe two advantages in triggering the gate with voltage 
pulses and explain why a train of pulses may be required for each 
cycle of anode supply when the load is inductive. 

(ET4) 

Exercise 11.2 

(a) Explain with the aid of a sketch and suitable graphs, the 
principle of operation of a silicon controlled rectifier. 

(b) Draw a circuit diagram of a typical application of a silicon 
controlled rectifier and explain its operation. 

(TT5) 

Exercise 11.3 

Explain in detail the principle of operation of a silicon controlled 
rectifier and describe with the aid of circuit diagrams at least two 
different practical applications. 

(I.E.R.E.) 

Exercise 11.4 

A thyristor has the relationship Vb = 500 - 20/g between the 
breakdown voltage Vb and the gate current Ig mAo 

250 V 
RMS 

Figure 11.16 

output 

This thyristor is employed in the circuit of figure 11.16. Derive 
an expression and plot a graph showing how this current varies 
with the gate current Ig • What are the main limitations of using this 
device in the circuit of figure 11.16? 

(I.E.R.E.) 



Exercise 11.5 

Show with the aid of a circuit diagram how a rectifier bridge and a 
silicon controlled rectifier can be used to regulate the alternating 
current through a load resistor RL when the input to the bridge is 
a sinusoidal voltage. Briefly mention any advantages and disadvan
tages of the method of gating used for the silicon controlled rectifier. 

Devise an expression for the r.m.s. current in the load resistor 
RL in terms of the silicon controlled rectifier firing angle. Plot a 
graph of the current in RL against the rectifier firing angle. 

(I.E.R.E.) 

Exercise 11.6 

Sketch an !IV characteristic of a triac, indicating typical voltage 
and current values. 

(V.L.c.i.) 

Exercise 11.7 

(a) Draw a circuit diagram to show how two thyristors may 
be used to provide full-wave rectification using either (i) a biphase 
arrangement or (ii) a bridge circuit arrangement. Indicate clearly 
how the control signal is applied to the gates. 
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(b) A controlled full-wave rectifier is used to regulate the 
power dissipated in a resistance furnace. Determine the percentage 
of maximum possible power delivered to the furnace if the firing 
angle is delayed by 45°. 

(c) What would be the effect on the load-voltage waveform 
of highly inductive resistors in the furnace? 
(Answer: 90·9 per cent) (ET5) 

Exercise 11.8 
(a) A single-phase half-wave controlled recti.fier is to be used 

to regulate the current through a resistive load of 100 Q from a 
sinusoidal supply of 240 V r.m.s. Determine the average load 
current if conduction is delayed by 90°. 

(b) If this resistive load is exchanged for an inductive load 
having a resistance of 100 Q, sketch typical waveforms of load 
current and voltage to a common time-scale and for the same 
conduction angle. What protective device is normally added to this 
circuit? 

(c) Sketch a circuit diagram showing how the gate of a 
thyristor can be a.c. controlled from the anode supply. State the 
theoretical limits of the range of conduction angle. 
(Answer: 0·54 A) 

(ET4) 



12 Photoelectric devices 
and solid state manu
facturing techniques 

12.1 Photoemissive cell and control circuit 

Sketch a circuit diagram of a simple alarm circuit incorporating a 
photoemissive cell operating from a d.c. supply. Sketch the charac
teristics, on suitably labelled axes, of the cell used in the circuit. 

Explain the operation of the circuit and show how an indication 
of supply voltage failure may be obtained. 

(ET4) 

r---------~------~ ~c 

I~ 

L-________ ..... ______ ~ 0 V 

Figure 12.1 

Figure 12.1 shows a simple alarm circuit employing a photoemissive 

cell being used to control the base current of a transistor. When the 
light shines on the cell, the base current is high enough to cause a 
sufficient collector current flow to energise the relay; but as the 
alarm circuit uses a normally-closed contact, no al-arm is given. 
When the light reaching the photocell is interrupted however, the 
base current and collector current fall considerably, thus de
energising the relay and operating the alarm. The diode is used to 
protect the transistor from the voltage spikes that are caused by 
the inductive load when the transistor switches off. 

Figure 12.2 shows the characteristics of a vacuum photoemissive 
cell. As can be seen, after the initial rise of anode current further 

increase in anode voltage has negligible effect on the current, but 

changes in incident light on the photocell cause a relatively large 
change in anode current. If a gas-filled cell is used, the same 

currents can be achieved by smaller amounts of light. Larger anode 

currents, however, are not possible as they would cause damage to 
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Figure 12.2 

the cathode because of positive ion bombardment. Note that in 
this circuit if the supply voltage fails, the contacts will close, and 
the alarm will be raised; hence, this is a fail-safe system. 

The cathode of a photoemissive cell emits electrons when light 

falls upon it. A common material used for such a cathode is caesium
antimony, which is sensitive to all visible wavelengths except the 
far red ones. The cathode is normally made in the shape of a half
cylinder, and the anode is in the form of a metal rod which is of 
small diameter so that it does not interrupt the light falling on the 
cathode. In some cells the anode may consist of a length of wire 
in the shape of a loop or rectangle which is placed in front of the 
cathode. Both anode and cathode are then enclosed in a single 
evacuated tube. 

12.2 Photoconductive cell and photodiode 

Describe the construction and principle of operation of either (a) 
a photoconductive cell or (b) a photodiode. 

Sketch the current/voltage characteristics of the cell described 
and show how it can be used to control the collector current of a 
transistor in a simple counter circuit. What simple precaution is 
necessary when using a relay as a collector load? 

(ET4) 

Figure 12.3a shows the construction of a photoconductive cell 

and figure 12.3b shows the corresponding circuit symbol. The 
photoconductive materials most commonly used are cadmium 

sulphide and cadmium selenide; the former has a spectral response 



Figure 12.3a Figure 12.3b 

similar to that of the human eye, and the latter has one that 

matches the light output of an incandescent lamp or neon discharge 
tube. When light falls on the photoconductive material, which is a 
semiconductor, the energy contained in the light breaks more of 
the covalent bonds, thereby causing the formation of more hole
electron pairs. The overall effect is an increase in the conductivity 
of the cell as a result of the decrease in its electrical resistance. The 
semiconductor material is deposited on an insulating substrate 
with the electrodes evaporated on to its surface through a mask, 
and the whole is then enclosed in an evacuated glass envelope. The 
meandering pattern of the semiconductor film is used to increase 
the cross-sectional area available in the limited length, thereby 
decreasing the resistance of the cell and allowing a higher current 
and power rating. The dark resistance of the cell can be up to 
10 MD, reducing in daylight to less than 1 kD. Typical character
istics are shown in figures 12.4a and 12.4b. 
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de-energised relay recloses its contacts, thereby operating the 
counter. The diode across the relay coil is used to prevent the back 
e.m. f. from the coil damaging the transistor. The advantages of the 
type of cell used in figure 12.5 are (1) high sensitivity, (2) high 
power rating, (3) non-polarisation, (4) robust construction, (5) low 
cost, (6) good response to infra-red light. 

The construction of a photodiode is similar to the conventional 
pn diode, except that the diode outer casing is left transparent 
near the junction, so that light may fall on the junction. The 

photodiode is always reverse-biased so that the only current flow
ing is the leakage current, and this is about 10 [LA for a germanium 
diode. When light falls upon the junction, more hole-electron pairs 
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Figure 12.5 shows a simple circuit for operating a counter, anode voltage (V) 

alarm system, automatic street-lighting control, or any similar Figure 12.6a 

process. 
When light falls on the cell, the transistor base current is high; 

hence the transistor collector current is also high and the relay is 

energised, thereby opening its normally-closed contacts. When the 
light is interrupted, the base and collector currents fall, 'and the Figure 12.6b 
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are formed and the leakage current increases. Typical characteristics 
for a photodiode at constant temperature are shown in figure 
12.6a and the appropriate symbol is shown in figure 12.6b. This 
photodiode could replace the photoconductive cell in figure 12.5 
and the circuit would operate in- a similar manner. 

12.3 Photovoltaic cell and control circuit 

(a) Describe the principle of operation of a photovoltaic 
cell and sketch a typical current/illumination curve. 

(b) The circuit outlined in figure 12.7 shows how this type 
of cell may be used as part of an on/off circuit. Explain how the 

circuit functions and describe two of the factors governing the 

choice of R I' 

r----------+------~Vcc 

output 

"------------4---------<l 0 V 

Figure 12.7 
(ET4) 

(a) Silicon photovoltaic cells consist of a thin piece of n-type 
silicon into which ap-type impurity is diffused to a depth of 
between 0'5 and 1 fLm. This shallow layer allows light to fallon 
thepn junction with negligible loss in energy. If no external bias 
is appl ied to the pn junction, hole-electron pairs are formed when 
light falls on the junction region. The holes so formed diffuse into 
the p-type material and the electrons into the n-type material. 
These extra majority carriers on each side of the junction cause 
the electrode attached to the p-type to become positive with respect 
to the electrode connected to the n-type; that is, an e.m. f. is gener
ated across the terminals. When an external load is connected 
across the terminals, the photovoltaic e.m.f. tends to fall. 

Figure 12.8a shows a typical current/illumination curve and 
figure 12.8b shows typical current/voltage characteristics. 

(b) In the circuit of figure 12.7, when light is falling on the 

cell, the photovoltaic e.m. f. is sufficient to bias the base negatively, 
thereby cutting off the transistor and giving an output voltage of 
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Vee. When no light falls on the cell, the base will be biased 
positively and the transistor will saturate, thus giving an approxi
mately zero output-voltage. 

When the transistor is cut off, R 1 must have a high value so as 
to limit the current flow through the cell and so keep the base of 
the transistor negative. However, when light does not fall on the 
cell, RI must have a value low enough to permit the flow of suffi
cient base current to saturate the transistor. 

12.4 Phototransistor and light-emitting diode 

(a) Describe the principle of operation of a phototransistor 
and sketch a typical set of current/voltage characteristics. 

(b) Describe the construction and principle of operation of 
a light-emitting diode (LED) and state practical applications of this 

device. 

(a) A phototransistor has essentially the same construction 
as a normal transistor, but it is designed so that light can fall on to 
the base region. Most modern phototransistors are silicon planar 
transistors, as their performance is far less dependent on tempera
ture than is that of germanium transistors. 

In the npn phototransistor, the collector is biased positively 
with respect to the emitter so that the base-collector junction is 
reverse-biased. Thus, when no light falls on the base, only normal 
leakage current flows, and this is very small. However, when light 
falls on the base, more hole-electron pairs are formed in this 
region, and the current arising from these is amplified by transistor 
action. 

Figure 12.9a shows the current/voltage characteristic of a photo
transistor, for which the circuit symbol is shown in figure 12.9b. 

Hence, a relay coil can be used as the collector load of this device 
to give a simple light-activated system that can be used either as 
an alarm or for counting. 
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(b) There are two main types of semiconductor pn light
sources: gallium arsenide, which emits infra-red light; and gallium 
arsenide-phosphide (GaAsP) which emits visible light. The principle 
of operation of these devices is that in any forward-biased junction 
diode, recombination of holes and electrons occurs at the junction 
when forward current flows. When a hole-electron recombination 
occurs, the energy released by the electron returning to the valence 
band appears as a quantum of electromagnetic radiation. The fre
quency of this radiation is determined by the width of the for
bidden-energy gap between the highest valence band and the lowest 
conduction band. The semiconductor must have an energy gap 
between 1·5 and 3 eV for visible light emission. If the gap is 
narrower than 1·55 eV, infra-red emission will occur. To enable 
light to escape from the device special geometries have to be 
employed in manufacture if the bulk of the material is not to re
absorb it. Basically, this means providing a large junction area and 
arranging the emitting surface so that total internal reflection 
does not occur. This is not easy with the high refractive-indexes 
of most semiconductors. 

Figure 12.10a 
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Figures 12.10a and 12.10b show two types of LED structure 
which have been used in practice to allow the light to escape. 
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Figure 12.11a shows the characteristics of a silicon diode and 
an LED, the only difference being that the forward-voltage drop 
of an LED is about 1·6 V. The symbol for the LED is shown in 
figure 12.11 b. 

The most common application of LEDs is in alpha-numeric 
readouts where they are arranged in a dot matrix or bar matrix to 
form the figure or character. They are normally laid out on a single 
slice of semiconductor material, the whole chip being then enclosed 

in a package similar to an integrated circuit, except that the pack
aging compound is transparent. 

The advantages of LED readouts are (1) small size (typically 
5 mml, (2) long life, (3) high reliability, (4) compatibility with all 
types of drive circuit, (5) ability to run from a large range of 



supply voltages from 2 V upwards. Difficulty in reading from 
distances of more than two or three metres is one possible dis
advantage, and another is the fact that at present the cheapest 
devices emit only red I ight, so there is a consequent increase in 
cost if amber or green is required. 

12.5 Alloy-junction and planar transistors 

(a) Describe with a sketch the construction of either (i) a 
planar transistor or (ii) an alloy junction transistor. 

(b) State four differences in the electrical properties between 
(i) a germanium alloy-junction transistor and (ii) a silicon planar 
epitaxial transistor of comparable size. Why is silicon used more 
than germanium in the construction of modern transistors? 

b 

substrate -~--l/ 

e 

c 
Figure 12.12 

(ET4) 

metal aluminium film 

(a) Figure 12.12 shows the construction of a silicon planar 
transistor. To manufacture this, a polished slice of n-type silicon 

(substrate) is put into a furnace in which the temperature is approxi
mately 1200°C and steam is passed over it for several hours. This 
causes a layer of silicon dioxide (Si0 2 ) to be formed on the surface. 
A window is then cut through this Si02 layer by a photochemical 
process. The surface is first coated evenly with a photoresist liquid 
which has the property of hardening when exposed to ultraviolet 

light. A mask is next placed on the surface to prevent the ultra

violet light from reaching the area required for the base, and the 
slice is then exposed to the ultraviolet light. The surface is now 

. washed to remove the unhardened photoresist and the Si02 layer 

is thereby exposed in the base area; after which, the remaining 
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photoresist is further hardened by baking the slice. A strong acid 
is now used to etch away the exposed area of Si02 to provide 
direct access to the silicon, and then the remainder of the hard 
photoresist is removed from the slice. 

The slice is again placed in an oven, this time with a trivalent 
impurity, usually boron, that evaporates and diffuses into the ex
posed portion of the silicon to the required depth of three or four 
micrometres to form the p-type base region. A new Si02 layer is 
next formed over the slice. The whole photolithographic process is 
then repeated with a suitable mask to form the n-type emitter 
region, but this time using an impurity of the pentavalent type, 
usually phosphorus; and a further Si02 layer is then formed over 
the slice. 

The process is repeated yet again to etch windows through the 
Si02 layer to the base and emitter, and a thin layer of aluminium 

wire is then alloyed to these regions. Finally, fine gold or aluminium 
wire is connected to each aluminium layer to form the transistor 
leads. The whole transistor is then encapsulated in a metal case, 
which is often in direct electrical contact with the collector. 

b 

Figure 12.13 

The construction of the alloy-junction transistor is shown in 

figure 12.13. This method is normally used for germanium pnp 
transistors. Two pellets of trivalent material, usually indium, are 
placed in a jig on each side of an n-type germanium wafer of 



typical dimensions 3 x 15 x 0·3 mm. The collector pellet is norm
ally about three times larger than the emitter pellet. The whole 
assembly is then heated to about 500°C. The indium melts and 
dissolves some germanium from the wafer, which is then allowed 
to cool and recrystallise. Hence, two regions of p-type material are 
formed as shown. Finally, connections are made to both regions; 
the base connection is made to a nickel tab that has been pre
viously bonded to the base region during the heating process; and 
the whole assembly is then encapsulated. 

(b) Silicon transistors have the following advantages over 
germanium transistors 

(1) lower leakage currents; 
(2) higher reliability as the Si02 layer prevents the ingress 

of dirt or moisture to the pellet over a long period; 
(3) higher operating frequencies, above 1 GHz; 
(4) the planar process is well suited to mass-production tech

niques and allows much closer tolerances to be obtained; 
(5) higher current gains are possible with the planar process; 
(6) lower noise factors. 

Silicon is used more than germanium in the planar process be
cause germanium does not readily lend itself to this process, only 
low yields of transistors being obtainable and these of relatively 
low current gains. 

12_6 Construction of planar epitaxial transistor 

Describe the steps taken in constructing a silicon npn epitaxial 
planar transistor, using sketches as necessary. Briefly explain why 
this transistor will have the following electrical properties 

(i) high collector-to-emitter breakdown voltage; 
(ii) low collector-to-emitter leakage current; 
(iii) low collector-to-emitter saturation 'voltage. 

(ET4) 

Figure 12.14 shows the construction of a silicon planar epitaxial 
transistor. In this transistor, a heavily doped n+ substrate is used, 
and this acts as a low resistivity foundation. A high resistivity n 
epitaxial layer is then grown as a crystal formation on the sub
strate in a special reactor, and a p-type base region is diffused into 
the n epitaxial layer by the photolithographic process described in 
section 12.5. The emitter region and the base and emitter contacts 
are also subsequently formed by the photolithographic process. 
Note that the transistor is now essentially contained in the epitaxial 
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layer, and that the substrate is no more than a low-resistance back 
contact to take the mechanical stress that would otherwise be 
borne by the thin collector-region. Note also that practical dimen
sions for the thickness of substrate, epitaxial layer, and collector 
are respectively 200 [J-m, 10 [J-m and 5 !J.m. 

In the planar epitaxial transistor, the epitaxial layer makes 
possible two normally-conflicting requirements (1) a high collector
to-emitter breakdown voltage resulting from the high collector 
resistivity; (2) a low collector-to-emitter saturation voltage result
ing from the very low resistance of the thin collector. Also, as the 
material is silicon, there are relatively few minority carriers in the 
base region, and the collector-to-emitter leakage current is therefore 
low. 

12.7 Formation of capacitors, resistors and diodes, on an inte
grated circu it 

(a) Explain with appropriate sketches how (i) a capacitor, 
(ii) a resistor, (iii) a diode can be formed on a silicon slice in the 
manufacture of an integrated circuit 

(b) Describe any method which can be used to isolate elec
trically each component on the wafer. 

(ET4) 

(a) Figure 12.15 shows the construction of a resistor in an 
integrated circuit. The foundation of the integrated circuit is again 
a slice of heavily doped p-type silicon, about 200fLm thick, which 
forms the substrate. The additional n- and p-type regions are then 
successively diffused into thep substrate by the photolithographic 
process. The final p-type region has a high resistivity; and, when 



terminals 

substrate 

Figure 12.15 

contacts are formed at each end of it, a resistor is obtained whose 
resistance depends on the amount of doping, length and width of 
thep layer. In practice, there is an upper limit of 50 kn which is 
fixed by the available area. Such resistors have an accuracy of 20 
per cent and this is determined by the accuracy with which the 
width can be defined. 

b e 

Figure 12.16 
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Figure 12.16 shows the construction of an integrated circuit 
bipolar npn transistor. The foundation is again the heavily doped 
p substrate, and the n epitaxial layer is grO\l\(n on the substrate. The 
base and emitter regions are again diffused in by the photolitho
graphic process. Note that in this transistor, a heavily doped n+ 
buried layer is added to the collector in such a way that it shun~s 
the thin collector-layer, thus reducing the effective collector
resistance and allowing very low collector-emitter saturation volt
ages. An n + region may also be diffused into the collector region 
at the contact terminal in order to give a better contact at the 
surface. 

To form a diode, various p and n regions could be used. How
ever, one main method is to use a transistor with the base and 
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collector contacts connected together to form thep-type anode 
while the emitter is used as the cathode. 

As all practical junction diodes have a finite capacitance, any 
diode can be used as a capacitor. The diode is reverse-biased to 
reduce resistive loss and its capacitance value C then depends upon 
the applied voltage V; approximately, C is proportional to v-to 
Capacitors are often formed by using a transistor with its emitter 
and collector regions shorted together so that the two transistor
junction capacitances are in parallel. Capacitors are also formed 
by using the surface oxide as dielectric, with an n + region electrode 
on one side and an aluminium layer electrode on the other. The 
capacitance per unit area is smaller for this type of capacitor but 
they have higher operating voltages, and changes in this voltage 
have negligible effect on the capacitance value. 

(b) The most common method of isolating components 
electrically is to connect the p substrate to the most negative 
potential in the circuit. In this way, components effectively have 
a reverse biased diode between each other, and this provides the 
necessary isolation. 

12.8 Enhancement-type MOST and bipolar transistors in 
integrated circuits 

(a) Describe using appropriate sketches how either (i) an 
enhancement-type MOST or (ii) a bipolar transistor can be fabri
cated in integrated form. 

(b) Briefly explain why high-value resistors and capacitors 
are not included in monolithic integrated circuitry. 

(ET4) 

(a) The fabrication of a bipolar transistor has been described 
in section 12.6. 

Si02 

Figure 12.17 

Figure 12.17 shows the construction of an integrated cin;:uit 
p-channel enhancement-type MOST. Note that in this transistor, 
the source and drain diffusions are made directly into the n-type 



substrate. This is possible because, as the channel is induced, no 
separate isolation diffusion is necessary. The gate isolation is pro
vided by the surface"oxide layer, which is carefully grown to an 
accurate thickness (0'1 (J-m) as this affects the value of mutual 
conductance Ufs. The photolithographic process is essentially the 
same as that used in the manufacture of bipolar transistors. 

If the MOST has to be used with bipolar transistors on the same 
chip, the n region first has to be diffused into the p substrate 
before the source and drain regions are formed. 

(b) High-value resistors are not included in monolithic 
integrated circuits because of the extra surface area which would 
be required; the practical limit is about 50 kil. To achieve this, 
practical resistors are often meandered as shown in figure 12.18 in 
order to provide the required value in as small an area as possible. 

IT ~ 
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Figure 12.18 

As most capacitors are formed using reverse-biased diodes, 
their values are restricted to the picofarad range. 

12.9 Exercises 

Exercise 12. 1 

How do photoemissive. photoconductive. and photovoltaic cells 
differ from each other in their principle of operation? Sketch on 
suitably labelled axes. typical characteristic curves for (a) vacuum 

and (b) gas-filled photoemissive cells and explain why the charac
teristics of the gas-filled cell differ from those of the vacuum type. 

Draw a load line on one set of characteristics and indicate the 

change in anode voltage produced by a given change in illumination. 
(ET4) 
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Exercise 12.2 
An electromagnetic counter and a photocell with their associated 
circuitry are to be used to count the number of objects passing 
along a conveyor belt. Draw a simple circuit and explain its action. 
Briefly explain the action of the type of photocell you choose. 

(ET4) 

Exercise 12.3 
With the aid of a circuit diagram, explain the operation of a photo
electric cell and amplifier for the indication of smoke density and 
incorporating an audible alarm. Show how zero and full-scale 
deflection would be checked and adjusted. Indicate the type of 
photocell you would use giving reasons for your choice. 

(ETS) 

Exercise 12.4 

Photocells are used in many applications where protection of 
operating personnel is required. Briefly describe one such system. 

Explain what is meant by a fail-safe circuit. Draw such a circuit 
for the system you have described and explain how fail-safe 
operation is achieved. 

(ETS) 

Exercise 12.5 

Sketch the circuit and explain the operation of a photoelectric 
counting system. How are the effects of background light and 
stray reflection minimised? 

State the characteristics of photoelectric devices used for (a) 
high-speed cour.ting and (b) colour-selective counting. 

(ETS) 

Exercise 12.6 

Draw a circuit diagram and explain the operation of a photoelectric 
furnace-temperature indicator and controller. Discuss the required 
characteristics of the photosensitive device and show how the 
desired value of temperature could be adjusted. 

(ETS) 

Exercise 12.7 

(a) Compare and contrast the characteristics of a number of 
different types of photocell which are commonly available. 

(b) A motorised trolley must follow a painted track on a 
factory floor. Its sensor head incorporates a lamp and two photo
cells which respond to the light reflected from the track. Show 



how a system might be devised so that the trolley follows the track. 
Comment on any special problems which might be encountered. 

(I.E.R.E.) 

Exercise 12.8 
Describe briefly the function and operation of each of the following 
(i) a photoemissive cell, (ii) a photoconductive cell, (iii) a photo
voltaic cell, (iv) a phototransistor. 

(I.E.R.E.) 

Exe;cise 12.9 

Write brief notes and include a simple diagram of three of the 
following techniques used in the manufacture of integrated circuits 
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(i) diffused-collector process, (ii) triple-diffusion method, (iii) epi
taxial process, (iv) oxide-isolation process, (v) thermo-compression 
bonding process. 

(I.E.R.E.) 

Exercise 12. 10 

Briefly describe how the following may be produced in an inte
grated circuit form (i) a resistor, (ii) a capacitor, (iii) a transistor, 
(iv) a field-effect transistor (FET). 

(I.E.R.E.) 
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