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11. Electricity
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1.1 Electricity
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Consider a circuit in which a battery is connected to a light bulb through a 
switch. 

Light & heat 
energy

+

Chemical 
energy

Switch

In this simple electrical system, chemical energy is converted into 
electrical energy in the battery. The electrical energy travels along the 
wires to the light bulb where it is converted into heat and light. The switch 
is used to interrupt the flow of electrical energy to the light bulb. 
Although such an electrical system may seem commonplace to us now, it 

Electrical 
energy

g y y p ,
was only invented about 100 years ago. For thousands of years before this, 
light and heat were obtained by burning oil or some other combustible fuel 
(e.g., wood). Although the concept of electric charge was known to the 
ancient Greeks, and electricity as we know it was well-studied in the 19th 
century, it remained a scientific curiosity for many years until it was put to 
use in an engineering sense. 
In the early part of the 20th century, electrical engineering was concerned 
with motors, generators and generally large scale electrical machines. In 
the second half of the 20th century, advances in the understanding of the 
electronic structure of matter led to the emergence of the new field of 
l t i I iti ll l t i i it b ilt d l ti l lelectronics. Initially, electronic circuits were built around relatively large 

scale devices such as thermionic valves. Later, the functionality of valves 
was implemented using solid-state components through the use of 
semiconductors. 
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1.2 Electric Charge

Electrical (and magnetic) effects are a consequence of a property of 
matter called electric charge. Experiments show that there are two types 
of charge that we label positive and negative. Experiments also show that 
unlike charges attract and 
like charges repel. 

2
21

d

qq
kF  distance between 

charges

magnitude of 
the charges

The charge on a body usually refers 
to its excess or net charge. The 
smallest unit of charge is that on 
one electron qe = 1.60219  1019 

coulombs.

• if F is positive, the charges repel; 
if F i ti th h tt t

+

-
F

q

q

d

The force of attraction or repulsion can 
be calculated using Coulomb’s law:

1

In vector form, the direction of F is 
determined by the direction of the unit vector r and the 
sign of the charges. If the charges have the same sign, then the direction of 
F is the same as that of r. 

o = 8.85  1012

farads/metre (F m1)

• if F is negative, the charges attract. 

If the two charges are in some substance, e.g., air, then the Coulomb force
is reduced. Instead of using o, we must use  for the 
substance. Often, the relative permittivity
r is specified.  

Material r
vacuum 1
water 80
glass 8

229

o
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1. imagine that one of the charges 
is hidden from view;

2. the other charge still 
experiences the Coulomb force 
and thus we say it is acted 
upon by an electric field;

3. if a test charge experiences a 
force when placed in a certain 
place, then an electric field q

d

qq
kF

2

2
21

Note: the origin of the 
field E may be due to the 
presence of many 
charges but the 

Now,

The units of 
E are 
newtons/
coulomb

p ,
exists at that place. The direction 
of the field is taken to be that in 
which a positive test charge 
would move in the field.

EqF
d

q
kE

1

2
2



let

thus

magnitude and direction 
of the resultant field E can 
be obtained by measuring 
the force F on a single 
test charge q. 
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An electric field may be represented by lines of force. The total number of 
lines is called the electric flux. The number of lines per unit cross-
sectional area is the electric field intensity, or simply, the  magnitude of 
the electric field.

Uniform electric 
field between two 
charged parallel 
plates

• Arrows point in the direction 
of the path taken by a positive 
test charge placed in the field.

• Number density of lines 
crossing an area A indicates 
electric field intensity.

• Lines of force start from a 
positive charge and always 
terminate on a negative charge 

A

Q
kE 4

+ + + + + + + + 

- - - - - - - - - - -

Q

Q

Non-uniform 
field surrounding 
a point charge

g g
(even for an isolated charge
where the corresponding 
negative charge may be quite 
some distance away).

r

+

2

2

ˆ
r

q
k

r

q
kE

rE 



How  to calculate electric flux (e.g., around a point charge)Note: for an isolated 
charge (or charged

In vector form, the unit vector has a 
magnitude of 1, but provides direction 
for the field lines.  When q is a positive 
charge, the electric field E is in the 
same direction as the unit vector.

area of a sphere radius r
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But

Thus

independent of R but 
ti l t

by definition

electric flux

k = 1/4o

charge (or charged 
object) the termination 
charge is so far away 
that it contributes little 
to the field. When the 
two charges are close 
together, such as in 
the parallel plates, 
both positive and 
negative charges 
contribute to the 
strength of the field. 
For the plates, Q in 
the formula is the 







o

q proportional to N

electric flux

charge on one plate; a 
factor of 2 has already 
been included in the 
formula.
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Atoms consist of a positively 
charged nucleus surrounded by - valence 

electronsnegatively charged electrons. 
Solids consist of a fixed 
arrangement of atoms usually 
arranged in a lattice. The position 
of individual atoms within a solid 
remains constant because 
chemical bonds hold the atoms in 
place. The behaviour of the outer 
electrons of atoms is responsible 
for the formation of chemical 
bonds. These outer shell electrons

+
-

-

-

-

-

-

- electrons

1. Conductors

2. Insulators

Valence electrons are 
weakly bound to the atomic 
lattice and are free to move 
about from atom to atom.

Valence electrons are tightly 

bonds. These outer shell electrons 
are called valence electrons.

3. Semiconductors

bound to the atomic lattice 
and are fixed in position.

In semiconductors, valence 
electrons within the crystal 
structure of the material are not as 
strongly bound to the atomic 
lattice and, if given enough 
energy, may become mobile and 
free to move just as in a conductor

Valence electrons only 
shown in these figuresfree to move just as in a conductor. 

Electrons, especially in conductors, are mobile charge carriers (they 
have a charge, and they are mobile within the atomic lattice). 
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Mobile charge carriers may be either positively charged (e.g., positive 
ions in solution) or negatively charged (e.g., negative ions, loosely bound 

Let there be n1 positive carriers per unit 
volume and n2 negative carriers per unit 
volume. Charge carriers move with drift velocities v1 and v2. In time t, 
each particle moves a distance l = v1t and l = v2t.
Th l i i h i i f h i h ( d i f h l f )

valence electrons). Consider the 
movement during a time t of 
positive and negative charge 
carriers in a conductor
of cross-sectional area A and 
length l placed in an electric field E:

v2
+v1

Cross-
sectional 
area A

l

E

-

-

-
-

-

+

+
+ +

+
A

The total positive charge exiting from the right (and entering from the left) 
during t is thus:

total charge
coulombs

volume

The total negative charge exiting from the left is: 
The total net movement of charge during t is thus:

charge on one 
mobile carrier

No. of charge carriers 
per unit volume

tAvnqtAvnqQQ   )()( 222111

 AtvnqQ 
111

The total charge passing any given point in coulombs per second is called

AtvnqQ )()( 222 

The total charge passing any given point in coulombs per second is called 
electric current:

 )()(

)()(

222111

222111

vnqvnqAI

AvnqAvnq
t

QQ





 

Current density J = I/A
amps m2 or
coulombs m2 s1

1 amp is the rate of flow of 
electric charge when one 

coulomb of electric charge 
passes a given point in an 

electric circuit in one second.

In metallic conductors, the mobile 
charge carriers are negatively 
charged electrons; hence n1 = 0dt

dq
i 

Lower case quantities refer to 
instantaneous values. Upper case 
refers to steady-state or DC values

In general,

charged electrons; hence n1  0.

Note that the amp is a measure of quantity of charge per second and on its 
own provides no information about the net drift velocity of the charge 
carriers ( 0.1 mm s1). 

refers to steady state or DC values.



1.6 Conventional Current

71. Electricity

Electric current involves the net flow of 
electrical charge carriers which in a metallicelectrical charge carriers, which, in a metallic 
conductor, are negatively charged electrons. 
Often in circuit analysis, the physical nature of 
the actual flow of charge is not important -
whether it be the flow of free electrons in a wire 
or the movement of positive ions in a solution.

But,  in the 1830s, no one had heard of the electron. At that 
time, Faraday noticed that when current flowed through a 
wire connected to a chemical cell, one electrode, the anode, 
lost weight and the other electrode, the cathode, gained 
weight. Hence it was concluded that charge carriers, g g ,
whatever they were, flowed through the wire from the anode 
to the cathode. The anode was therefore thought to be 
positively charged with electricity and these electric charges 
went from the anode to the cathode through the wire. 

We now know that the gain and loss of weight at each electrode is due to 
movement of both positive and negative ions in the solution of the cell 
rather than movement of charge carriers in the wire and in fact, 
negatively charged electrons flow from the anode to the cathode along 
the wire. The anode is charged with electricity all right, but the electric 
charges there are negative and flow towards the cathode. 

For historical reasons, all laws and rules for 
electric circuits are based on the direction 
that would be taken by positive charge 
carriers if they were present, and mobile, in 
the wire. Thus, in all circuit analysis, 
imagine that current flows due to the motion 
of positive charge carriers. Current then 
travels from positive to negative. This is 
called conventional current.

If we need to refer to the actual physical 

I+
Positive 
mobile 
charges 
travel in 
this 
direction

process of conduction, then we refer to 
the specific charge carriers appropriate 
to the conductor being considered.



1.7 Potential Difference
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When a particle carrying an electric charge is moved from one point P1 to 
another P2 in an electric field, its potential energy is changed since this 2
movement involved a force F moving through a distance d.

d

+

+q

q

If +q is moved against the field by an external 
force, then work is done on the particle against 
the field and the potential energy of the particle 
is increased.

The work done is thus:

The work done per unit charge is called the 
l t i l t ti l V b t i t P d P

Joules

qEF 

qEd

FdW




P1

P2

In the diagram 
here, the 
electric potential 
at P1 is greater 
than that at P2. 

electrical potential V between points P1 and P2:

Joules/
Coulomb 
(volt)

If a charged particle  is released in 
the field, then work is done by the field on the particle and it acquires kinetic 
energy (=1/2mv2 where v is the velocity acquired after travelling a distance d) 
and loses potential energy. The force acting on the particle is proportional to 
the field strength E. The stronger the field, the larger the force – the greater 
the acceleration and the greater the velocity at distance d. 

EdV
q

W


A uniform electric field E exists between two parallel charged plates since aA uniform electric field E exists between two parallel charged plates since a 
positive test charge placed anywhere within this region will experience a 
downwards force of the same value. The electric field also represents a 
potential gradient. 
If the negative side of the circuit is 
grounded (where we set our 
reference potential to be zero), then 
the electrical potential at the negative 
plate is zero and increases uniformly 
through the space between the plates 
to the top plate, where it is +V. 

+ + + + + + + 

+V
E

0

0
V/2

V

- - - - - - - - -
d 

EdV 

In a uniform electric field, the 
potential decreases uniformly along the 
field lines and is a potential gradient.

The potential gradient (in volts per 
metre) is numerically equal to the 
electric field strength (newtons per 
coulomb) but is opposite in direction.



1.8 Resistance

91. Electricity

A voltage source, utilising chemical or mechanical means, raises the 
electrical potential of mobile charge carriers (usually electrons) within it. 
There is a net build up of charge at the terminals of a voltage source. This 
net charge results in an electric field which is channelled through the 
conductor. Mobile electrons within the conductor thus experience an 
electric force and are accelerated.  
However, as soon as these electrons 
move through the conductor, they 
suffer collisions with other electrons 
and fixed atoms and lose velocity and 
thus some of their kinetic energy. 
Some of the fixed atoms 
correspondingly acquire internal

E

Heat

correspondingly acquire internal 
energy (vibrational motion) and the 
temperature of the conductor rises. 
After collision, electrons are 
accelerated once more and again 
suffer more collisions. 
Alternate accelerations and decelerations result in a net average velocity of 
the mobile electrons (called the drift velocity) which constitutes an electric 
current. Electrical potential energy is converted into heat within the 
conductor. The opposition to the free flow of electrons is called electrical 
resistance.

Note: negatively charged electrons 
move in the opposite direction to that 
of electric field E.

Ohm’s lawR
I

V


Experiments show that, for a particular specimen of material, when the 
applied voltage is increased, the current increases. For most materials, 
doubling the voltage results in a doubling of the current. That is, the current 
is directly proportional to the voltage: VI 
The constant of proportionality is called the 
resistance. Resistance limits the current flow 
through a material for a particular applied voltage.

Units: ohm 

but IRV

VIP




The rate at which electrical potential energy is 
converted into heat is the power dissipated by 
the resistor. Since electrical potential is in 
joules/coulomb and current is measured in but

thus RIP

IRV
2

joules/coulomb, and current is measured in 
coulombs/second, then the product of voltage 
and current gives joules/second, which is 
power (in watts).



1.9 Resistivity
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Experiments show that the resistance of a particular specimen of material 
(at a constant temperature) depends on three things:
• the length of the conductor, l
• the cross-sectional area of the conductor, A
• the type of material, 

l
R 

Material   m @ 20 oC
silver 1.64  10 8

copper 1.72  10 8

aluminium 2.83  10 8

tungsten 5.5  108

IRVN
The units of  are 
m the units of 

The material property which characterises 
the ability of a particular material to 
conduct electricity is called the resistivity 
(the inverse of which is the conductivity ). 
The resistance R (in ohms) of a particular length l of material 
of cross-sectional area A is given by:

A
R 

but

thus

Anqv

A

I
E

l

V
E

A

I

l

V
A

l
I

IRV


















Sum of the positive and 
negative mobile charge

The quantity 
I/A is called 
the current 
density J.

Now,

hence

E

m, the units of 
are S m1.

I

The number density of mobile charge 
carriers n depends on the material. If the 
number density is large, then, if E (and hence 
v) is held constant, the resistivity must be 
small. Thus, the resistivity depends inversely 
on n. Insulators have a high resistivity since 
n is very small. Conductors have a low 
resistivity because n is very large.

nqv

E
A

Anqv



 




negative mobile charge 
carriers nqvA = n1q1v1 + 
n2(q2)(v2)A

For a metal, only one type of 
mobile charge carrier (-).

E

-

--

-

-
-

-
-

-
A

For a particular specimen of material, n, q, A and l are constants. Increasing 
the applied field E results in an increase in the drift velocity v and hence 
an increase in current I. 
The resistivity of a pure substance 
is lower than that of one containing 
impurities because the mobile 

Presence of impurity atoms 
decreases the average drift velocity.

electrons are more likely to travel 
further and acquire a larger velocity 
when there is a regular array of 
stationary atoms in the conductor. 



1.10 Variation of Resistance

111. Electricity

Consider an applied voltage 
which generates an electric field 

E

--
-

I

E within a conductor of resistance 
R and of length l and area A.

Evidently, if the area A is increased, there will be more mobile charge 
carriers available to move past a given point during a time t under the 
influence of the field and the current I increases. Thus, for a particular 
specimen, the resistance decreases with increasing cross-sectional area.

Now, the field E acts over a length l. 
+V

1. Variation with area

2. Variation with length

0 l

-- -
- -

-
A

If the applied voltage is kept 
constant, then it is evident that if l is 
increased, E must decrease. The 
drift velocity depends on E so that if 
E decreases, then so does v, and 
hence so does the current. 

0 V

E

l

ElV 

3. Variation with temperature
Increasing the temperature increases 
the random thermal motion of the atoms in the conductor thus increasing g
the chance of collision with a mobile electron and reducing the average 
drift velocity and increasing the resistivity. Different materials respond to 
temperature according to the temperature coefficient of resistivity .

RT = resistance at T
Ro = resistance at To (usually 0 oC)

  
  oo

oo

1
1

TTRR

TT

T

T







This formula applies to 
a conductor, not a 
semi-conductor.

Material  (C1 1)
tungsten 4.5  103

platinum 3.0  103

copper 3.9  103



1.11 Resistor Circuits
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Resistors in series Resistors in parallel 111
RRR


A BR R

Variable resistorsVoltage divider

R1 21

21
AB

21AB

RR

RR
R

RRR




21AB

21AB

21AB

III

VVV

RRR





21AB

21AB

III

VVV




A B

R2

V1

V2

A BR1 R2

V1 V2

BA

C

Potentiometer 
connection

V

Vout

V
R1

R2

RL

Rheostat 
connection

RL

V

 

21

2

2

21

RR

R

V

V

IRV

RRIV

out

out









1.12 Electromotive Force

131. Electricity

Consider a chemical cell:
rather than 
“electrostatic”Excess of Excess of Electric 

Chemical attractions cause 
positive charges to build up at 
(a) and negative charges at (b).

electrostatic

Electrostatic repulsion due to 
build-up of positive charge at (a) 
eventually becomes equal to the 
chemical attractions tending to 
deposit more positive charges and 
the system reaches equilibrium.

h ( l i f ) i d fi d h f

positive charge negative charge
+ -E

+
+

+

+

+ -
-

-
- -

(a) (b)

field

C
at

ho
de

A
no

de

The emf (electromotive force) is defined as the amount of energy 
expended by the cell in moving 1 coulomb of charge from (b) to (a) within
the cell. “Force” is a poor choice of 

words since emf is really 
“energy” (joules per coulomb).

At open-circuit, emf = Vab

Now connect an external load RL across (a) and (b). The terminal voltage
Vab is now reduced.

+ -(a) (b)

RL

Vab is the drop in 
potential across 
load resistance RL

Vab

Loss of positive charge from 
(a) reduces the accumulated 
charge at (a) and hence 
chemical reactions proceed and 

The circuit has been drawn to emphasise 
where potential drops and rises occur.

+

Internal 
resistance 
of cell

Rin

emf

I

Positive current carriers given 
energy by chemical action

But, the continuous conversion of chemical potential energy to electrical 

Assume positive carriers –
conventional current flow.

more positive charges are 
shifted from (b) to (a) within 
the cell to make up for those 
leaving through the external 
circuit. Thus, there is a steady 
flow of positive charge through 
the cell and through the wire. 

energy is not 100% efficient. Charge moving within the cell encounters 
internal resistance, which, in the presence of a current I, means a voltage 
drop so that:

At closed-circuit, emf = Vab+ IRin



1.13 Capacitance
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Consider two parallel plates across which is placed a voltage V.
When a voltage V is connected across the plates,

But, for parallel plates holding a total 
h Q h l l l i h

For a point charge in space, E depends 
on the distance r away from the charge: 2

o4
1

r

q
E




When a voltage V is connected across the plates, 
current begins to flow as charge builds up on each 
plate. In the diagram, negative charge builds up on 
the lower plate and positive charge on the upper 
plate. The accumulated charge on the two plates 
establishes an electric field between them. Since 
there is an electric field between the plates, there is 
an electrical potential difference between them. 

+ V

Uniform 
electric field

+ + + + + + + 

E

- - - - - - - - -

A

Q
E

o


charge Q on each plate, calculations show 
that the electric field E in the region 
between the plates is proportional to the 
magnitude of the charge Q and inversely 
proportional to the area A of the plates. 
For a given accumulated charge +Q and 
Q on each plate, the field E is 
independent of the distance between the 
plates. 

Q in these formulas refers 
to the charge on ONE 
plate. Both positive and 

+Q

˗Q

E

Capacitor

d

A

permittivity of free space 
= 8.85  1012 F m1

d
A

Q
V

EdV

o

o




Now,
p p
negative charges contribute 
to the field E. A factor of 2 
has already been included 
in these formulas.

A charged particle released 
between the plates will 
experience an accelerating force.thus

Capacitance is defined as the ratio of the magnitude of the charge on each 
plate (+Q or Q) to the potential difference between them.
A large 
capacitor will 
store more 
charge for 
every volt 
across it than 

If the space between the plates is filled 
with a dielectric then capacitance isQd

A
Q

V

Q
C

o

 d
A

Q
V

o
but

a small 
capacitor.

Units: farads

with a dielectric, then capacitance is 
increased by a factor r. A dielectric is an 
insulator whose atoms become polarised 
in the electric field. This adds to the 
storage capacity of the capacitor. 

d

A
C o

d

A
C r o



If a capacitor is charged and the voltage source V is then disconnected 
from it, the accumulated charge remains on the plates of the capacitor.

1.14 Capacitors

151. Electricity

Since the charges on each plate are 
opposite, there is an electrostatic 
force of attraction between them 
but the charges are kept apart by the 
gap between the plates. In this 
condition, the capacitor is said to be 
charged. A voltmeter placed across 
the terminals would read the voltage 
V used to charge the capacitor.

dV
A

Q
kE 4

When a dielectric is inserted in a capacitor, the molecules of the dielectric 
align themselves with the applied field This alignment causes a field of

o4
1


k

+ + + + +

- - - - - - -

If the plates are separated by 
a dielectric, then the field E is 
reduced. Instead of using o, 
we must use  for the 
substance. Often, the relative 

align themselves with the applied field. This alignment causes a field of 
opposite sign to exist within the material, thus reducing the overall net 
field. For a given applied voltage, the total net field within the material is 
small for a material with a high permittivity . The permittivity is thus a 
measure of how easily the charges within a material line up in the presence 
of an applied external field. In a conductor, charge carriers not only align but 

actually move under the influence of an applied 
field. This movement of charge carriers 
completely cancels the external field. The net 
electric field within a conductor placed in an 
external electric field is zero! 

permittivity r is specified.

o
 r

Material r
Vacuum 1
Water 80
Glass 8

When a capacitor is connected 
across a voltage source, the 
current in the circuit is initially 
very large and then decreases as 
the capacitor charges. The 

i

VC

ivC

vC

p g
voltage across the capacitor is 
initially zero and then rises as the 
capacitor charges. t t



Energy is required to charge a capacitor. When a capacitor is connected 
across a voltage source, the current in the circuit is initially very large and 

1.15 Energy Stored in a Capacitor
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then decreases as the capacitor charges. The voltage across the capacitor is 
initially zero and then rises as the capacitor charges.

t

i

V

C
vC

Energy is expended by the voltage source as it forces charge onto the 
plates of the capacitor. When fully charged, and disconnected from the 
voltage source, the voltage across the capacitor remains. The stored electric 
potential energy within the charged capacitor may be released when 
desired by discharging the capacitor. 

Power

dUvdqPdt
dt

dq
i

viP





 Lower case letters refer to 
instantaneous quantities.

Energy stored 2

2
0

0

1
2
1

CVU

C

Q

dq
C

q

dqvU

q

Q

Q













v

q
C 

V

Q
C 

Energy

in a capacitor 2
CVU



1.16 Capacitor Circuits

171. Electricity

QQQQ 

Capacitors in series

The combination of capacitors behaves

321

3
3

2
2

1
1

321

321

1111

111

;;

CCCC

CCC
QV

C

Q
V

C

Q
V

C

Q
V

V

Q
C

VVVV

QQQQ

total




















charge on 
one plate

+Q1 +Q2 +Q3

C1 C2 C3

Q1 Q2 Q3

V

Ctotal

The combination of capacitors behaves 
like one large capacitor Ctotal with charge 
+Q1 on one end and –Q3 at the other end 
and so +Q1 = +Q2... 

321 CCCCtotal

Capacitors in parallel

total

Q
V

Q
V

Q
V

V

Q
C

VVVV

QQQQ








3
3

2
2

1
1

321

321

;;

+Q1

+Q2

+Q3

V

Q1

Q2

Q3

Ctotal

C1

C2

C3

 

totalC

CCC
V

Q

CCCV

CVCVCVQ

C
V

C
V

C
V








321

321

332211

3
3

2
2

1
1 ;;

In this case, the same voltage is applied 
across all capacitors and since C = Q/V, Q
must distribute itself according to C for 
each capacitor. 



1.17 Inductance
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In a conductor carrying a steady electric current, there is a magnetic field 
around the conductor. The magnetic field of a current-carrying conductor 

l

N
IB o

number of 
turns

length of 
solenoid

may be concentrated by winding the conductor around a tube to form a 
solenoid. Application of 

Ampere’s law gives:

magnetic field

I
x x x x x x

. . . . . .

fingers in direction of current, 
thumb is direction of field.

A

l

permeability of free space

B

magnetic field 
strength
(Units: tesla)

dt

di

l

N
A

dt

d

o

emf






When the current in the coil changes, the resulting change in magnetic flux 
induces an emf in the coil (Faraday’s law).

magnetic 

magnetic flux

l

N
I

A
B o




permeability of free space 
(or air) in this example. 
o = 4  107 Wb A1 m1

where

field cross-sectional area 
of coil

The induced emf tends to oppose the 
change in current (Lenz’s law).

But, this is the emf induced in each loop of the coil. Each loop lies within 
a field B and experiences the changing current. The total emf induced 
between the two ends of the coil is thus N times that for one loop:

dt

di

l

N
A














2

oemf 

Inductance: determines the magnitude of the emf induced 
within the coil for a given rate of change ofl

N
AL

2

o
within the coil for a given rate of change of 
current.Units: henrys



1.18 Inductors

191. Electricity

In a circuit with an inductor, when the switch closes, a changing current 
results in a changing magnetic field around the coil. This changing
magnetic field induces a voltage (emf) in the loops (Faraday’s law) which 
tends to oppose the applied voltage (Lenz’s law). Because of the self-
induced opposing emf, the current in the circuit does not rise to its final 
value at the instant the circuit is closed, but grows at a rate which depends 
on the inductance (in henrys, L) and resistance (R) of the circuit. As the 
current increases, the rate of change of current decreases and the 
magnitude of the opposing voltage decreases. The current reaches a 
maximum value I when the opposing voltage drops to zero and all the 
voltage appears across the resistance R.

voltage vL

rate of 
change of 
current 
through the 
inductor

induced by 
the changing 
current

inductance (henrys)

When the switch is closed, the rate of

i

Switch

vL

V

R

dt

di
LvL 

The minus sign indicates that if 
the current is decreasing (di/dt
is negative) then the voltage vL
induced in the coil is positiveWhen the switch is closed, the rate of 

change of current is controlled by the 
value of L and R. Calculations show 
that the voltage across the inductor is 
given by: 

L

Rt

L Vev




vL

V

i

I

Switch is closed
vR

V

induced in the coil is positive 
(i.e., same direction as V). 

t t t



Establishing a current in an inductor requires energy which is stored 
in the magnetic field. When an inductor is discharged, this energy is 

1.19 Discharge and Stored Energy
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released. If the inductor is discharged through a resistor as shown, 
then the rate of decrease in current in the circuit is given by:

L

Rt

L

L

Rt

R

L

Rt

Vev

Vev

Iei

 

 

 













i R

0

0

 

idiL

dt
dt

di
LiU

dt

di
Liiv

dt

di
Lv

I

t













Rate at which energy is 
supplied and stored in the 
inductor: P = vi

Energy stored in the inductor

Voltage induced in the inductor 
when current is switched on

This is the amount of energy stored in an 
inductor carrying a final current I. It is the 
energy needed to establish the current I in

2
2
1

LIU 

final steady-
state current

energy needed to establish the current I in 
the circuit. The energy is released when 
the current decreases from I to 0 (i.e., 
when the circuit is broken).

VR
t

V

t
VL

V



1. A negative charge of 0.1 C exerts an attractive force of 0.5 N on 
an unknown charge at a distance of 0.5 m. Determine the magnitude 

1.20 Review Questions

211. Electricity

(and sign) of the unknown charge. (Ans: 138.9 C)
2. Three electrically charged billiard balls are placed at positions as shown 

in the diagram. Determine the magnitude and direction of the resulting 
forces on the black ball.

(Ans: 19.9 N, 67o)

Q1 = 3; Q2 = 4; Q3 = 2 C
d1 = 10; d2 = 5; d3 = 5 cm

d1

d3

Q1

Q

Q3

+ + + + + + + + 
3. A uniform electric field exists between 

two oppositely charged parallel plates. 
An electron is released from rest at the 
surface of the negatively charged plate 
and strikes the surface of the positively 
charged plate. The distance between the 
plates is 2 cm and it takes 1.5  108

( , )

d2

Q2

Q

2 cmE

- - - - - - - - - - -seconds for the electron to travel from 
one plate to the other. (a) Find the 
electric field strength, and (b) the 
velocity of the electron as it strikes the 
positively charged plate. 

(Ans: 1012 NC1, 2.67  106 ms1)

me = 9.11  1031 kg
qe = 1.6  1019 C

4. A steady current of 6 A is maintained in a metallic conductor. What 
charge (in coulombs) is transferred through it in 1 minute?

(Ans: 360 C)

5. Two parallel plates are 1 cm apart and are connected to a 500 V 

Q

p p p
source. What force will be exerted on a single electron half way 
between the plates? (Ans: 8  1015 N)



6. Calculate the resistance of 100 m of copper wire which has a 
diameter of 0.6 mm.

(A 6 08 )
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(Ans: 6.08 )

f i hi l l i l h i f

7. A steady voltage source V = 1 V is connected to a coil which consists of 
a 50 m length of copper wire of radius 0.01 mm. Given that the 
number density of mobile electrons in copper is 8.5  1022 cm3 and 
 = 1.72  108  m, calculate: 
(a) the electric field E which acts on the mobile electrons in the coil. 
(b) the drift velocity v of the mobile electrons. 
(c) the resistance R of the coil.
(d) the steady DC current I in the coil.

(Ans: 0.02 V m1; 8.6  105 m s1; 2738 W; 0.36 mA)

10. A capacitor consists of two parallel plates each of area 200 cm2 separated 
by an air gap of 0.4 mm thickness. 500 V is applied. Calculate:

8. A fuse in a motor vehicle electrical system has a resistance of 0.05 .  
It is designed to blow when the power dissipation exceeds 50 W. What 
is the current rating of the fuse? (Ans: 31.6 A)

9. A 12 volt battery in a motor vehicle is capable of supplying the starter 
motor with 150 A. It is noticed that the terminal voltage of the battery 
drops to 10 V when the engine is cranked over with the starter motor. 
Determine the internal resistance of the 12 volt battery.

(Ans: 0.013 )

y g p pp
(a) capacitance of this capacitor;
(b) charge on each plate; 
(c) energy stored in the capacitor; 
(d) electric field strength between the plates. 

(Ans: 442 pF, 2.24  107 C, 5.6  105 J, 1.25  106 V m1)
11. A coil has an inductance of 5 H and a resistance of 20 . If a DC 

voltage of 100 V is applied to the coil, find the energy stored in the 
coil when a steady maximum current has been reached. (Ans: 62.5 J)



2 DC Circuits

232. DC Circuits

2. DC Circuits

Summary

1st law:

2nd law: In any loop in a circuit, the sum of the voltage drops 
equals the sum of the emf’s.

Kirchhoff’s laws

Current into a junction = current out of a junction.

uitshort-circ

itopen-circu
int I

V
R 

Thevenin’s theorem



In a circuit containing several sources of emf, the current flowing in any 
branch of the circuit will be equal to the sum of the current components

2.1 Superposition
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We proceed as follows: replace 
all sources with their internal 
resistances except one and calculate the current component flowing in the 
branch of interest by combining resistors in serial or parallel as required.

that would flow in the branch if each source of emf were to be acting alone.
60 30 

6 V 9 V20 

3 V

Find the current in the 20 
resistor in the circuit shown.

1 Combine 60 and 20  3 Repeat procedure for each emf as

Example:

Solution:

1. Combine 60 and 20 
into one resistance.

11 1





 



R

30 
6 V

15
 

a

b
2. Analyse for unknown 

current component.

3. Repeat procedure for each emf as 
if it were acting alone.

A 075.0
40
3

 40
2020

 20

2

30,60










I

R

R

T

72
 1220,30





R

R

60 30 

3 V

20 

I1 I3I2

60 30 

995.1
)15)(133.0(

 133.0
45
6

45
3015

 15
6020

1

20,60



















V

V

A

I

R

R

ab

T

4 Add current components together for
A 075.0

20
5.1

V 5.1
)12(125.0

A 125.0
72
9

72

2

3













I

V

I

R

ab

T 9 V20 

I1 I3I2

A 1.0
20
995.1

2



I

4. Add current components together for 
final answer.

A 25.0
075.0075.01.0


totalI



2.2 Kirchhoff’s Laws

252. DC Circuits

1st law: Current into a junction = current out of a junction
I = I1 + I2

I2

I1

2nd law: In any loop in a circuit, the sum of the voltage 
drops equals the sum of the emf’s

In the circuit shown, 
calculate R1 and the 

R1

4 V

6 V
30 

A

I1 I2

20 mAExample:

current through the 
section A-B

1. Divide the circuit up into current loops and draw an arrow which 
indicates the direction of current assigned to each loop (the direction 
you choose need not be the correct one. If you guess wrongly, then 
the current will simply come out negative in the calculations).

150 

B

2. Consider each loop separately:

Solution:

Current going the 
right a thro gh a

3. Solve simultaneous equations for unknown quantities

      
      
 

       










125
3003.03002.002.04

A 03.0
6.0180

3002.0301506
303002.002.04

1

2

2

22

21

R

R

I

I

II

IR

substitute back into (1)

Current going 
the wrong way 
is negative.

I

I

I2 is going in 
the opposite 
direction to I1

In loop #2, I1 is 
going in the 
opposite 
direction to I2
through the 
section AB; 
therefore ve.

A

right way through a 
voltage source is 
positive.

(1)

(2)

1251R 1
through the 
section AB; 
therefore ve.

0.030.02
4. From 1st law:

A

A05.0
03.002.0AB


I



Determine the current in the two 1  resistors in the following circuit.

2.3 Kirchhoff’s Laws Example
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     111110912 321 III 

1  1 

8 5 

10 

12 V 9 V

I1

I2 I3

(1)      

   
   1189

11512
123

111110912

13

12

321

321

II

II

III

III







Three simultaneous 
equations. Solve by matrix 
method to give:

9
3

12
    

901
1112

061

9
12

3
    

901
061
1112



















Arrange coefficients in this 
format. The aim is to 
obtain a pattern of 0’s and 
1’s on the left to give the 
value of the unknown 
values on the right by 
manipulating rows (R).

Swap R1, R2 and multiply 
new R1 by -1

A 972.1
A 170.0

2

1




I

I

(1)

(2)

(3)

9721
170.0

010
001

084.9
9861
0840

    
916.800
014.010
084.001

21
9861
12

    
960
014.010
061

21
141

12
    

960
1710

061

.

.

.

























 Add -12  R1 to R2
Add R1 to R3

Divide R2 by 71

Add 6  R2 to R1
Add 6  R2 to R3

Divide R3 by 8.916
Add 0 014 R3 R2

I1

I

A 849.0
019.1170.0

A 142.2
170.0972.1

A 019.1

31

12

3









II

II

I

Thus:

0191
9721   

100
010

.

.


Add 0.014  R3 to R2
Add 0.084  R3 to R1

I2

I3

The minus signs indicate that 
the currents I1 and I3 are 
opposite in direction to that 
shown in the diagram above. 



Consider a voltage source VT with internal resistance Rint.

2.4 Thevenin’s Theorem

272. DC Circuits

With no load connected across the output, 
the output voltage Vout = VT.
This is the open-circuit voltage Voc = VT.

If we reduce RL from an infinitely high 
value, the current drawn from the 
power supply increases and the output 
voltage Vout decreases. Why? Because 
of the voltage drop across Rint.

As RL 0, the current reaches a maximum 
called the short circuit current and all of V

VT

Rint

Vout

Rint

V
RL called the short-circuit current and all of VT

is dropped across Rint.

uitshort-circ

itopen-circu
int I

V
R 

With RL = 0, it is evident that all of VT must 
be dropped across Rint. However, Voc = VT. 
That is, VT can be measured by measuring 
the open-circuit voltage. Hence, Rint can be 
obtained from Voc and Isc, both of which 
may be measured.

VT

Vout
RL

VT

Rint

RL = 0
Isc

VT and Rint are useful tools for reducing a complicated power supply circuit 
to a simpler circuit. This is Thevenin’s theorem. That is, any two-terminal 
voltage source, no matter how complicated, can be represented by VT and 
Rint.

Analysis
1. Calculate open-circuit voltage VT

using Kirchhoff or superposition

2. Determine Rint by replacing all 

Measurement
1. Or, measure short-circuit 

current and open-circuit 
voltage with multimeter to 
obtain Rinternal voltage sources with 

their internal resistances and 
analysing resistance network

obtain Rint



Reduce this circuit to a single voltage source VT and internal resistance Rint.

2.5 Thevenin’s Theorem Example
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(1) Determine VT by calculating open-circuit voltage using Kirchhoff or 
superposition.

B

VT

Rint

Vout

A

5 

10  10 

15 

6 V 3 V

I1

A

B

C

D

superposition.

 

 
V 5.4

1.0153

A 1.0
5151036

DC









T

T

V

VV

I

I

5 

10  10 

15 

6 V 3 V

I1

A

B

C

D

5 

10  10 

15 

A

B

C

D

(2) Determine Rint by replacing all emf’s with their internal resistances
(zero in this example).

  





5.17
30

151510intR

Look back into terminals 
A and B and calculate 
total resistance.

mA 257
5.17
5.4


int

oc
sc R

V
I

(3) Calculate short-circuit current if desired.



Imagine a black box contains a special generator that produces a 
completely variable voltage but always produces a constant current I

2.6 Norton’s Theorem

292. DC Circuits

(equal to the short-circuit current).

I is a constant.
VAB varies as RL varies.

Rint must be in parallel with 
the power source so that I 
remains constant when 
RL  infinity. When RL = 0,
I = Isc = constant.

Rint VAB

I

A

B

RL

uitshort-circ

itopen-circu
int I

V
R 

B

Rint

Isc A

Vopen-circuit
“constant”

Consider open-circuit conditions:

Circuits (or parts thereof) may be reduced to equivalent circuits in terms 
of either constant voltage (Thevenin) or constant current (Norton) 
sources with an internal resistance. We shall see shortly that Thevenin 
and Norton equivalent circuits are exactly the same thing from the point 
of view of the voltage and current seen by an external load.

B

constant



Reduce this circuit to a constant current  source Isc with a parallel internal 
resistance Rint.

2.7 Norton’s Theorem Example
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int

(1) Determine the open-circuit voltage by Kirchhoff or superposition.

Rint

Isc
A

B5 

10  10 

15 

6 V
3 V

A

B

C

D

(1) Determine the open circuit voltage by Kirchhoff or superposition.

 

 
V 5.4

1.0153

A 1.0
5151036

DC









TVV

I

I

5 

10  10 

15 

6 V 3 V

I1

A

B

C

D

(2) Determine Rint by replacing all emf’s with their internal resistances 
(zero in this example).

  





5.17
30

151510intR

517
5.4




int

oc
sc R

V
I

5 

10  10 

15 

A

B

C

D

mA 257
5.17


(3) Calculate short-circuit current



Consider these two representations of a two-terminal power supply. If 
both of these can replace the actual circuitry of the power supply and 

2.8 Equivalence of Norton and Thevenin

312. DC Circuits

Lint

Lint
sc

Lint

T
L

RR

RR
IV

RR

V
I







AB

from 
Thevenin 
circuit ….(1)

from Norton 
circuit …(2)

appear to be the same from the point of view of whatever is connected to 
the output terminals A and B, then the terminal voltage VAB and load 
current IL must be the same for each circuit.

VT

Rint RL

A

B

IL

intscT

Lint

T

Lint

intsc

Lint

intsc
L

Lint

Lint
scLL

LL

RIV

RR

V

RR

RI

RR

RI
I

RR

RR
IRI

RI















dividing (2) 
through by RL

substituting into (1)

IL

Rint

Isc

Thevenin

RL

A

B

B

Terminal voltage 
VAB is the same 
for both circuits.

But this expression holds for both
Norton

B

Thevenin and Norton equivalent circuits are two different ways of representing a

But this expression holds for both 
Thevenin and Norton circuits (as shown in 
previous pages). Hence, VT, Isc and Rint are 
exactly the same for each circuit.

Equivalence of Norton and Thevenin
Thevenin and Norton equivalent circuits are two different ways of representing a 
complicated circuit, either as a simple series or a simple parallel circuit. Which 
one do we use? It depends on the circuit being analysed. For transistor circuits, 
the Norton equivalent circuit is better and leads to a simpler analysis because 
transistors are mostly current controlling devices.



Transfer from an output device (e.g., amplifier) to an input device 
(e.g., loudspeaker)

2.9 Maximum Power Transfer
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Vo

Ro

RI

output input

 I

Io

RR

RV
P


 2

2

RI acts as a load resistor for output circuit

Power dissipated in RI = I2RI

Power dissipated in Ro = I2Ro

Power generated by Vo = VoI

 

I

o

oIo

RR

V
I

RRIIV




 2
thus:

 

 

  

   

 

Io

IoI

oI

I

oI

Io

oI

o

oIIo

ooI
I

oI

RR

RRR

RR

R

RR

RV

RR

V

RRRV

VRR
dR

dP

RR























2

21

2

0
2

3

2

2

2

32

22

Power dissipated in RI: 

By finding

it can be shown that PI is a maximum when RI = Ro

Max power at RI: RI = Ro

Max voltage drop RI:  RI >> Ro

Max current at RI: RI << Ro

oI RR 

  I
oI

o
I R

RR

V
P 2

2




0
I

I

dR

dP

Note: Ro is usually constant or 
fixed by the apparatus.



332. DC Circuits

2.10 Review Questions

1. Using Kirchhoff’s laws, find the current in the 4  resistor in the 
network below:

2  4 

3 2 

2 

12 V
5 

(Ans: 0.122 A)( )

2. Find the current through the load resistor RL when it takes the following 
values:
(a) 650 
(b) 1150 
(c) 1650 
(d) 3650 

3.3 K

1.2 K

470 

RL
45 V

Hint: use Thevenin’s theorem.

(Ans: 6, 4.8, 4, 2.4 mA)
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3. A Wheatstone’s bridge is used to measure temperature with the aid of a 
temperature sensitive resistor (a thermistor). If the meter (G) across the 
bridge has a resistance of 1200 , and the resistance of the thermistor 
h f 1500  1600  f h i f 60 Cchanges from 1500  to 1600  for a change in temperature of 60 oC to 

61 oC, determine the change in current through the meter.

1 K

1.5 K

1 K

Temperature 
sensitive resistor 
(thermistor)

6 V
G

( )

(Ans: 0.038 mA)



3 AC Circuits

353. AC Circuits

3. AC Circuits

SummarySummary

 tVv p sin

p
p

rms V
V

V 707.0
2


p
p

rms I
I

I 707.0
2
 rms current

rms voltage

Instantaneous voltage

 XXjRZ

2

C
X C 

1


LX L 

rmsrmsR IVP 

Capacitive reactance

Inductive reactance

Reactive power

cosrmsrmsav IVP  Average (active) power

rmsrms IVS  Apparent power

 XXRZ 22  







 



C
LjR

XXjRZ CL


 1

 






 




R

XX

XXRZ

CL

CL

tan

22

Impedance

2221

1

CRV

V

in

out




1CR

Low-pass filter

1222 


CR

CR

V

V

in

out




High-pass filter

3 dB point



3.1 AC Voltage
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Consider a conductor at constant angular speed ():
• at (0) motion of conductor is parallel to B, hence ( ) p ,

induced voltage = 0;
• at (1), conductor has begun to cut magnetic field 

lines B, hence some voltage is induced;
• at (2), conductor cuts magnetic field lines at a greater 

rate than (1) and thus a greater voltage is induced;
• at (3), conductor cuts magnetic field lines at 

maximum rate, thus maximum voltage is induced;
• from (3) to (6), the rate of cutting becomes less; 
• at (6), conductor moves parallel to B and v = 0; 
• from (6) to (9), conductor begins to cut field lines 

again but in the opposite direction hence induced

0
1

2

3

6

9
B





The induced voltage is directly proportional to the 
rate at which the conductor cuts across the 
magnetic field lines. Thus, the induced voltage is 
proportional to the velocity of the conductor in the 
x direction (Vx = V sin q). The velocity 
component Vy is parallel to the field lines and thus 
does not contribute to the rate of “cutting.”

• fingers: direction of field
• thumb: direction of Vx

Right-hand rule:







V Vy

Vx

B

Velocity

again but in the opposite direction, hence induced 
voltage is reversed in polarity.

sinoVvinduced 

maximum (peak) voltage Vo induced at  = /2
Vo depends on:

• total number of flux lines through 
which the conductor passes

• angular velocity of loop
• no. turns of conductor in loop

x
• palm: force on positive charge carriers
Thus, current is coming out from the page.

t

 since radians

Vo

t
2

 tVv
t

sinothen

Instantaneous 
voltage

Peak voltage 1 cycle
Time for one cycle is 
called the period.



3.2 Resistance

373. AC Circuits

The instantaneous voltage across the 
resistor is:

V i
v

The instantaneous 
current in the 
resistor is:

t
R

V
R

v
i

p sin



The maximum 
current in the 
resistor is when 
sin t = 1 thus: tIi

R

V
I

p

p
p

sin



i

v

+

t
2

R vRtVv pr sin

Maximum value of V

-

 

tPp

RIP

tRI

RtI

Ri

vip

p

pp

p

p







2

2

22

2

2

sin

sin

sin












Instantaneous power:

Both instantaneous voltage and 
current are functions of (t). Thus, 
they are "in-phase.”

max or peak 
power when 
sin t = 1

Pp

po er into

Ip
+

p

• power is a function of sin2 t
• power is sinusoidal in nature 

with a frequency of twice the 
instantaneous current and 
voltage and is always 
positive, indicating power 
continuously supplied to the 
resistor.

 or t

power into 
resistor

Current
-

2

Resistance is the opposition to alternating 
current due to the motion of charge carriers 
within the resistor. The opposition tendered pp
depends upon the magnitude of voltage across 
the resistor.



3.3 rms Voltage and Current
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The area under the power vs time function is energy. Thus, it is possible to 
calculate an average power level which, over one voltage cycle, is 
associated with the amount of energy carried in two cycles of instantaneous 
power.

Pp

2
 or t

Instantaneous 
power

Pav

This energy would be that given by an equivalent DC, or steady-state, 
oltage and c rrent o er a certain time period compared to that from an










2

0
2
1

2Area

dpP

P

iav

av

voltage and current over a certain time period compared to that from an 
alternating current and voltage for the same time period.

2
1

2

2

2

0

2

2

0

Rdi

dp

P

i

av




















Average power:

What equivalent steady-state current and 
voltage would give the same average power as an 
alternating current and voltage?

Let: p
rms

p
av

I
I

R
I

P





2

2

2

2
Now:

For resistor circuit only See

This result is only for 
sinusoidal signals.

sin
2

sin
2

2

2

2

0

2
2

2

0

22

2

0

2

RI

d
RI

dI
R

di
R

p

p

p




























this 
integral

Thus:

rmsrmsav

rmsav

VIP

RIP



 2

or Irms and Vrms are 
equivalent steady-state 
values which give the 
same power dissipation 
as the application of an 
alternating current with 
peak values Vp and Ip.

p

p

V

V

707.0
2




p

p

I

I

707.0
2





For resistor circuit only. See 
later for LCR series circuit.

In general:
 

T
21  

T
21

2
p integral 

evaluates 
to 

In AC circuits, V and I without subscripts 
indicate rms values unless stated otherwise.

 rms dttv
T

V

0

21  rms dtti
T

I

0

21



3.4 Capacitive Reactance
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The AC source supplies an alternating voltage v. This 
voltage appears across the capacitor.

dt

dv
Ci

dt

dv
C

dt

dq

Cvq
V

Q
C







In general,

C is a “constant”

thus

Instantaneous current is proportional to the rate of change of voltage.

differentiating
w.r.t. time

(q,v are instantaneous 
values and thus 
functions of t)

The instantaneous current is a 
maximum I when the rate of  iN

C
v

vC

maximum Ip when the rate of 
change of voltage is a 
maximum. Also, the 
maximum voltage Vp

only appears across the 
capacitor after it has 
become charged, 
whereupon the current 
I drops to zero. Thus, 
maximums and minimums in 
the instantaneous current lead 
th i d i i

 

 
 

 

p

pp

p

p

p

p

tIi

CVI

tCV

tCVi

tV
dt

d
Ci

tVv







 









 



















2
sin

2
sin

cos

sin

sinNow,

since

dt

dv
Ci 

@ i = Io

Maximums in 
current in 
capacitor 
precede 
maximums in 
voltage across it.

thus

the maximums and minimums 
in the instantaneous voltage by 
/2.

i

v

t

+

2

C

p

p

X

I

V

C








1

2

capacitive 
reactance ()

Can be peak or rms 
but not instantaneous

Capacitive reactance is the opposition to 
alternating current by capacitance. The 
opposition tendered depends upon the rate of 

-

pp p p
change of voltage across the capacitor. 







 



2
sin

sin





tIi

tVv

p

p
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What is capacitive reactance? How can a capacitor offer a resistance to 
alternating current?

+

+ + + + +

V E

- - - - - - -i
When the switch is first closed, 
it takes time for the charge Q to 
accumulate on each plate. 
Charge accumulation proceeds 
until the voltage across the 
capacitor is equal to the voltage 

Consider a capacitor connected 
to a DC supply so that the 
polarity of the applied voltage 
can be reversed by a switch.

tof the source. During this time, 
current flows in the circuit. 

t

When the polarity is reversed, the capacitor initially discharges and then 
charges to the opposite polarity. Current flows in the opposite direction 
while reverse charging takes place until the voltage across the capacitor 
becomes equal to the supply voltage, whereupon current flow ceases.

V
E

- - - - - - -

-i

+
+ + + + +

Now, if the switch were to be operated very quickly, then, upon charging, 
the current would not have time to drop to zero before the polarity of the 
supply voltage was reversed. Similarly, on reverse charging, the reverse 
current would not have time to reach zero before the polarity of the source 
was reversed. Thus, the current would only proceed a short distance along 
the curves as shown and a continuous alternating current would result. The 
faster the switch over of polarity, the greater the average or rms AC p y, g g
current. Thus, the “resistance” to AC current is greater at lower frequencies 
and lower at high frequencies.



3.5 Inductive Reactance
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Let the inductor have no resistance. Thus, any voltage that appears across 
the terminals of the inductor must be due to the self-induced voltage in 
the coil by a changing current through it (self-inductance).

At any instant,  v = vL by Kirchhoff

 

 

 







sin

sin

sin







t
L

V

dt

di

tV
dt

di
L

tVv
dt

di
Lv

p

p

p

L

Changes in current 
in inductor follow 
changes in voltage 
across it.

vLL

v

Note: if we had included the – sign for 
Ldi/dt, then we would be treating vL
as a voltage source of opposite 
polarity to v and it would appear on 
the left hand side of the equation.

 

 







 













 

2
sin

cos

sin









t
L

V

t
L

V
i

dtt
L

V
i

p

p

p

  





 

2
sincos 

Note:

iv

t

+

-

2

 sin tVv

L

p

p

p
p

X

I

V
L

L

V
I











inductive reactance ()

Now, i will be a maximum Io when 1
2

sin 





 

t

Can be peak 
or rms but not 
instantaneous.

Inductive reactance is the opposition to 
alternating current by inductance. The 
opposition tendered depends upon the rate 
of change of current through the inductor.

F hi h f i th it d f th i d d b k f i l d

 







 



2
sin

sin





tIi

tVv

p

p

For high frequencies, the magnitude of the induced back emf is large and 
this restricts the maximum current that can flow before the polarity of the 
supply voltage changes over. Thus, the reactance increases with increasing 
frequency.



3.6 LCR Series Circuit
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L CR
A varying voltage vtotal from the 
source will cause a varying 
i t t t i t fl i

vtotal

instantaneous current i to flow in 
the circuit. Because it is a series 
circuit, the current must be the 
same in each part of the circuit at 
any particular time t.

• For the resistance, changes in vR are in phase with those of i
• For the inductor, changes in vL are ahead of those of i by /2
• For the capacitor, changes in vC follow those of i by /2

CAN ONLY ADD

 
 sin

sin









tVv

tIi p

CAN ONLY ADD 
INSTANTANEOUS 
VALUES
CANNOT ADD PEAK 
(OR RMS) VALUES 
BECAUSE THEY ARE 
OUT OF PHASE
- Except for a resistive 

circuit.

+

t

vR

vL

vC

vtotal

2
0

 
 
 2sin

2sin

sin













tVv

tVv

tVv

pC

pL

pR

From Kirchhoff, vtotal = vR + vL + vC at any instant. Note that each of these 
voltages do not reach their peak values when vtotal reaches a maximum, 
thus |Vptotal| <> |VpR| + |VpL| + |VpC|. Also, since the rms value of any voltage 
= 0.707 Vp, then |Vrmstotal| <> |VrmsR| + |VrmsL| + |VrmsC|
Algebraic addition generally only applies to instantaneous quantities (can

Note: we can put vL on 
the right hand side of 
this equation as long 
as we remember that 
there is a change of 
sign of Ldi/dt. 

-

Algebraic addition generally only applies to instantaneous quantities (can 
only be applied to other quantities, e.g., peak or rms, if current and 
voltage are in phase – such as resistor circuit).
Note also that the resultant of the addition of sine waves of the same frequency is 
another sine wave of the same frequency.



3.7 LCR circuit – Peak and rms Voltage
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In an LCR series circuit, how then may the total or resultant peak (or rms) 
values of voltage and current across the series components be determined 
from the individual peak (or rms) voltages across each component?

A VECTOR approach is needed (can use complex numbers).

Consider the axes below which indicate either peak (or rms) voltages VR, 
VC and VL.

VL

V

• vL precedes vR by /2, therefore 
peak or rms values of VL precede VR

by /2 and V is drawn upwards on

peak or rms

In a series circuit, the current is the same in each 
component. The instantaneous voltage across the 
resistor is always in phase with the instantaneous 
current. For the inductor and the capacitor:

VC

VR

VTotal by /2 and VL is drawn upwards on 
the vertical axis.

• vC follows vR by /2, therefore peak 
or rms values of VC always follow 
VR by /2 and VC is downwards on 
the vertical axis.



Current is common 
point of reference in 
series circuit.

The resultant peak or rms voltage VT is the vector sum of VR + VL + VC

For an AC series circuit:
• same current flows in all components

The angle  is the phase angle of the resultant peak (or rms) voltage w.r.t. 
the peak (or rms) common current and is found from:

R

CL

V

VV 
tan

• vector sum of rms or peak voltages must equal the applied rms 
or peak voltage VT = VR + VL + VC

• algebraic sum of instantaneous voltages equals the applied 
instantaneous voltage vtotal = vR + vL + vC

Magnitudes of the peak or 
rms voltages

In complex number form:

 CLRT VVjVV 
Complex numbers are a convenient 
mathematical way to keep track of 
directions or “phases” of quantities.



3.8 Impedance
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The total opposition to current in an AC circuit is called impedance. For 
a series circuit, the impedance is the vector sum of the resistances and 
the reactances within the circuit.

V
I

V
R R

Now, from a consideration of the voltages:

XL

XC

R

Z



Z

XXR

I

V

I

V

I

V

I

V

VVVV

CL

CLRT

CLRT









22

2

2

2

22

Dividing 
through by I

since

XL XC

I

V
X

I

V
X

L
L

C
C





 






 




R

XX

XXRZ

CL

CL

tan

22

Phase angle between the maximums in 
the current and the voltage

For an RC series circuit: For an RL series circuit:

I

V
Z

Z





Can multiply and divide
magnitudes but must 
add as vectors

For an RC series circuit:

CR

R

X C





1

tan











For an RL series circuit:

R

L

R

X L











tan

If XC > XL, circuit is capacitively reactive.
If XC < XL, circuit is inductively reactive.
If XC = XL, circuit is resonant.



In a low-pass filter, low frequencies are let through; high frequencies are 
attenuated.

3. 9 Low-Pass Filter

453. AC Circuits

The cut-off frequency f defined IZVin

Calculating values of 
RC for 3 dB point:

Hz

in

out

V

V

fo

C

RVin Vout

The cut off frequency fo defined 
as that at the 3 dB point:

2
1


in

out

V

V Peak-to-peak or rms 
quantities only
(not instantaneous).

1
1

1

1
1

222

22
2

22














CR

C
RC

V

V

IXV

XRI

in

out

Cout

C






at the 3 dB point

Now move 
C inside the 
square root  
as 2C2.

%70

1
1
1

1
2
1

2

222

222









CR

CR

CR






at the 3 dB point

3
2

1log20

log20

log10
2

















i

o

i

o

V

V

V

V
dB

The 3 dB pointThus:

Gives the 
frequency at the 
3 dB point. This 
frequency is 
called the cut-off 
frequency 3

When the ratio of the output voltage 
to the input voltage is        , then this 
corresponds to a drop of 3 dB. 

frequency. 

21



In a high-pass filter, high frequencies are let through; low frequencies are 
attenuated.

3.10 High-Pass Filter
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Hz

in

out

V

V

fo
in

IRV

IZV 
R–L circuit

R–C circuit
C

R

Vin Vout

22
Cin

out

out

XR

R

V

V

IRV






1
1

1

222

22
2










CR
CR

CR
C

R

R







Let

Multiply 
top and 
bottom by 
C.

222 

in

LRI

IZV



R–L circuit

L

RVin Vout

2
1

1





in

out

V

V

CRLet

which is the 3 dB point.

1

1

2

22

2

222













in

out

Lout

R

L

R

LR

L

V

V

LI

IXV

LRI









Peak-to-peak or rms 
quantities only
(not instantaneous)

2
1

122





in

out

V

V
L

R


Let

3 dB point



For a series circuit, the impedance is the vector sum of the resistances 
and the reactances within the circuit.

3.11 Complex Impedance (Series)

473. AC Circuits

 
 

 
















XXjRZ

I

VV
j

I

V

I

V

VVjVV
I

V
Z

CL

CLR

CLR

1

by definition

I

V
X

I

V
X

I

V
R

L
L

C
C

R







but
thus

(V, I can be either peak or rms. 
Note, all quantities are vectors.)

including Z







 

C
LjR


 1 I

Note:
I

V
Z 

Magnitudes of the peaks 
or rms voltages. For 
series or parallel circuits, 
cannot simply add peak 
or rms values.

XL

R

Z


If XC > XL, circuit is capacitively reactive.
If XC < XL, circuit is inductively reactive.
If XC = XL - then resonant.

CL XXX 

XC

 






 




R

XX

XXRZ

CL

CL

tan

22

Modulus of Z

Phase difference between the

e.g. for an RC
series circuit,

R

X Ctan 






 

for an RL series 
circuit,

R

X L 



tan

Phase difference between the 
current and the voltage

CR
1


R

L




1

Consider a series LCR circuit where:

3.12 Resonance (Series)
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L CR

LX
C

X

L

C







1

and at some frequency, XC = XL.

the resonant 
frequency R

LC

C
L

R

R
R

1

1

2 








i

High Q factor
0.707i

vtotal

LC

LC

R

R

1
 condition for 

resonance

At the resonant frequency, with 
XL = XC, the impedance Z will be 
a minimum. 

RZ 
The current i will then be a 
maximum (and in phase with 
the voltage v) 12

Low Q factor

High Q factor

Bandwidth

Resonant 
frequency



LR
Measured 
at 0.707i

the voltage v).
LCR 

C

L

R

CRR

L
Q

R

R

1

1








The Q factor is an indication of 
the sharpness of the peak. High 
Q indicates sharp peak, low Q
broad peak.

Note: this is resonance for an LCR series 
circuit. L, C and R must be present for 
resonance to occur. If R = 0, then the 
resonance peak is infinitely high.

Th Q f t d ib th l ti it f thThe Q factor describes the selectivity of the 
circuit as well as the magnification of the 
voltage across the inductor and the capacitor. 
At resonance, VC = QV, VL = QV



A parallel circuit is one in which the same voltage appears across all 
components. For parallel circuits, the voltage is the common point of 

3.13 Impedance (Parallel)

493. AC Circuits

reference (rather than the current as was the case in series circuits).

L

v
CR

• IC always precedes IR by /2 thus IC

is upwards on the vertical axis;
• IL always follows IR by /2 thus IL is 

downwards on the vertical axis.

In a parallel circuit, the instantaneous 
current across the resistor is always in 
phase with the instantaneous voltage; 
thus, for the capacitor and the inductor:

I

peak or 
rms

• same voltage across all components;
• vector sum of rms or peak currents 

must equal the rms or peak current;
• algebraic sum of instantaneous 

currents equals the total instantaneous 
current.

Voltage is the common point of 
reference for a parallel circuit:

IC

IL

IR

I



In complex number form:











C XX
j

RZ

1111 Note: this formula is consistent with 
addition of parallel impedances Z. The 
“j” has been moved to the numerator



 LC XXRZ

Y = 1/Z is admittance
(units: siemens).

j  has been moved to the numerator 
by multiplying through by j/j and 
remembering that j2 = 1 (hence 
positions of XL and XC reversed).

At resonance, XC = XL and total 
current i is a minimum since Z is a 
maximum.

LCR
12 

Parallel circuits exhibit high 

i

Resonant frequency R

g
impedance at resonance. 



Impedances must always be added as vectors.

S i i d

3.14 Impedances (Series and Parallel)

The Electronics Companion50

Series impedances

• change into complex form
• add real parts
• add imaginary parts
• express final answer in 

complex form or 
find modulus and angle

...321 ZZZZ t

Z1 Z2 Z3

Procedure for analysis

Parallel impedances

• change into complex form
• invert (see hint)
• add real parts
• add imaginary parts
• invert and express final answer 

in complex form

Z1

Z2

Z3

Procedure for analysis

in complex form 

...1111

321 ZZZZ


t

Hint: complex numbers can 
be handled very 
conveniently by inverting:

22

11

b

bja

bjaZ







22 ba 



Determine the total impedance of this circuit at a frequency f = 3 kHz 
( 18850 rad s1)

3.15 Impedances (Example)

513. AC Circuits

70  coil 
resistance

1 k0.1 F
10 mH

1 F

1. Express each component in complex form.

   16 
0.1 F

1 k

10 mH

1 F

  
j

jZ

5300
101.0188500

16


 

  
j

jZ

530
101188500

16






  
j

jZ

5.18870
10101885070 3


 

 01000 jZ 

3. Combine with 
capacitor in series

4 Combine with capacitor

 
j

jZ

1064.92
531594.92




2. Combine inductor and 
resistor

4. Combine with capacitor 
in parallel

  

j

j

jj

j

jZ

107.41073.2
355324900

5.18870
1000

1
5.188705.18870

5.18870
1000

1
5.18870

1
1000

11

33 







































4102138
1038.3

1046.31067.4

1046.31067.4
19773

1064.92
280900
530

1064.92
1

530
11

5

33

33

j
Z

j

jj

jjZ

   
j

j
Z

1594.92
107.41073.2

107.41073.2
2323

33














6.63  , 8.171
4.102138

Z

j



Series AC circuit

3.16 AC Circuits
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The total peak or rms voltage V is

VL

VR

Vtotal



Current is common point of reference:
• same current flows in all components
• vector sum of rms or peak voltages must 

equal the applied rms or peak voltage
• algebraic sum of instantaneous voltages 

equals the applied instantaneous voltage

IC

It t l

The total peak or rms voltage Vt is 
the vector sum of:VC

Voltage is the common point of reference:Parallel AC circuit
• same voltage across all components
• vector sum of rms or peak currents must 

equal the rms or peak current
• algebraic sum of instantaneous currents 

equals the total instantaneous current

CLR VVV 

IL

IR

Itotal



The total peak or rms current It is the 
vector sum of:

CLR III 



Calculate the impedance of the network shown at  = 1000 rad s-1 and 
also the current in the 20 F capacitor.

3.17 AC Circuits (Example)

533. AC Circuits

50 

10 F10 Vrms

20 F

5 F

10 Vrms

Z1

Z2 Z3

V1

V2,3

I2 I3

IZV

jZ

jZZ

jZ

jZ

jZ

T 2355
355||

500
10050

2000

32

3

2

1









1. By methods of the previous 
example, determine total 
impedance:   

  

010
5.1

181.0488.1
3550425.0109

181.05.8
20000425.0109

3,21

3

4
3,2

4
1
















ZIV

jVV

V

j

jjV

j

jjV

2. Then apply Kirchhoff’s laws:

j

j
I

IZV

0425.0109

2355
10

4 








Note: all quantities are vectors.

A 03.0
5.1

A03.0
02976.01062.3

500
181.0488.1

3

3

3

3

333


















rms

rms

I

ZI

or

I

j

j

j
I

ZIV

Note: can do multiplication with 
magnitudes but not additions.



low-pass filter

IZV

3.18 Filters: Complex Form

high-pass filter
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 

 

1

1

1

1





















 




out

Cout

C

in

j
CV

j
C

I

jXIV

j
C

RI

jXRI

IZV







 

jXR

R

V

V

IRV

jXRIV

cin

out

out

Cin







RR

Peak, peak-to-peak 
or rms quantities 
only

1

1

1
1

1
1

1

2222

222














in

out

in

CRV

V

CjR

CR

CjR

j
C

RV










2
1

1
1

11

222

22
2













in

out

in

out

V

V

CR
CR

CR

V

V

C
Rj

C
R








Let

which is the 
3 dB point

For a fixed R and C, the frequency at the 3 dB 
point is called the cut-off frequency fo at 

2
1

1





in

out

V

V

CRLet

which is the 
3 dB point

p q y fo 
which point: 

2
in

out
V

V 
Peak, peak-to-peak or 
rms quantities only
(not instantaneous)



3.19 Signal Generator and Oscilloscope

600 

553. AC Circuits

The input and output impedances 
of signal generating and measuring 
devices have a marked effect on 
the attenuation of voltage signals 
th t b d d d

22
11

11
 Cj

RZ


V
ou

t

e.g., high frequency 3 dB point

Vs

(peak-to-peak)

2 K

20
 p

F10 F

Vin

Oscillator Amplifier

Vout

that may be produced or measured. 
For example, an oscillator with an 
output impedance of 600  may 
be connected to the input of an 
oscilloscope with an input 
resistance of 2 k and a series 
capacitance of 10 F (on the AC 
setting of the oscilloscope). The 
capacitance of the signal leads 
shunts the input of the oscilloscope 
and may be around 20 pF. At low 

 

1
2

1

2

1

21

2

22
2
2

2

1

1

1

1

1

1













CRj
R

R

Z

Z

ZZI

IZ

V

V

C
R

Z

in

out





Multiply top

C
R

2
V

IN

R
1

frequencies, the shunt capacitance 
may be ignored. At high 
frequencies, the series capacitance 
may be ignored. In the mid-
frequency range, we may assume 
that both capacitances have a 
negligible effect on the signal. 
By determining the 3 dB points for 
the equivalent high and low 
frequency circuits,  two frequencies 
flo and fhi can be found at which the 

21

2

2
1

2

21

21

2
1

22
1

2
2

2

21

1
2

21

1

.

1

1

1



















































 








R

RR

R

C
RR

RR

CR
R

RR
V

V

CRj
R

RR

in

out






Multiply top 
& bottom by 
R2/R1+R2

flo fhi

input voltage Vin drops by 3 dB 
relative to its mid-frequency value 
(assuming that Vs is constant at all 
frequencies).

2

21

21
21

2

1

1
















C
RR

RR
RR

R





For the galvanometer to read zero, 
the voltage across its terminals 

31
ZIZI

VV




3.20 AC Bridge
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must be zero. Thus, the voltage 
across Z1 and Z3 must be equal in 
magnitude and phase.

 
 

43

3
33

21

1
11

43
3

21
1

433

211

3311

  ;

  ;

ZZ

VZ
ZI

ZZ

VZ
ZI

ZZ

V
I

ZZ

V
I

ZZI

ZZIV

ZIZI


















G

Z1 Z3

At balance condition, no current 
flows through the galvanometer.
Thus

V

4
4141

1

R

j
C

RRZZ 










3241

21

1

43

3

ZZZZ

ZZ

VZ

ZZ

VZ








General bridge 
equation at 
balance condition

Z4Z2

Z1 Z3
RuR1

Example

 

334

1
41

33

3
32

4

1
41

10

L
RR

j
C

R

C

L
j

C

R
RR

j
C

R

C

L

jLRj
C

ZZ

j
C

R
RR

u

uu

uu

uu





























V

G

Z4Z2

Lu

R4

C4

C3

3
2

11
10

jC
Z

RZ






34

1

3
41

C

R

C

R

C
RR

u



4
44

3

3

1
C

RZ

LRZ

jC

uu












573. AC Circuits

1. Determine the rms voltages of the waveforms shown below from first 
principles. In both cases, assume that the circuits are resistive 

3.21 Review Questions

(voltage and current are in phase).

Vp

t

1 cycle

2

VP

(a)

(b)

(Ans: Vp/2)

t

(Ans: Vp/3)

2. The average (i.e., rms) power of a soldering iron is 55 W and the iron 
has a resistance of 250 . Calculate the (a) rms current, (b) rms voltage 
and (c) peak voltage. If the power supply in is 240 V rms, determine the 
peak voltage Vp. (Ans: 469 mA, 117.25 V, 166 V, 340 V) 

3. An electric toaster draws 3 A rms from a 240 V, 50 Hz source. 
C l l t th d th k l f th

4. What is the capacitive reactance of a 47 pF capacitor when the frequency 
is (a) 5 MHz, (b) 1 kHz?

(Ans: 676.9 , 3.39 M)

Calculate the average power and the peak value of the 
instantaneous power to the toaster. (Ans: 720 W, 1440 W)

5. What value of capacitor is needed to limit the rms current through it 
to 3 mA when it is connected across a 50 V, 500 Hz AC source?

(Ans: 19 nF)
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6.  The inductance of an ignition coil in a motor vehicle is 0.005 H. The 
resistance of its windings is 1.5 . Determine the impedance of the coil  

7.  Determine the impedance of a 200 pF capacitor connected in series with a 
1.2 k resistor when the frequency is 5 MHz. 

(Ans: 1210 )

when the current in the circuit turns on and off 1000 times per second.
(Ans: 1.59 )

8.  Find the magnitude and phase with respect to V of each of the following for 
the circuit shown below: 
(a) current;
(b) voltage across R;
(c) voltage across L;
(d) li d b

300 

2HVrms= 250 V
f = 100/ Hz

9. Three impedances Z1, Z2 and Z3 are connected in series. Calculate 
the total impedance. 







10 , 1000

40 , 40

10 , 240

3

2

1







Z

Z

Z

(d) average power supplied by source.

(Ans: 0.5 A, 53o, 150 V, 53o, 200 V,+37o, 75 W)

f = 100/ Hz

(Ans: 1256 4.85)

11. In the circuit shown, determine the frequency corresponding to the 
3 dB point.

(Ans: 534 Hz)

47 k

Vout14 HVin

10. Determine the value of capacitor which must be connected in series 
with a 600  resistor to limit its power dissipation to 5 W when 
connected to a 240 V, 50 Hz source. (Ans: 276 nF)

(peak-to-peak) (Ans: 534 Hz)



4 Diodes

594. Diodes

4. Diodes

Summary

 1 kTeV
o eII Diode equation

I
r

25
 Dynamic resistance 

(I in mA)



There are three classes of materials:
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4.1 Semiconductors

1. Conductors

3. Semiconductors

2. Insulators

Valence electrons are weakly bound to the atomic lattice and are free to 
move about from atom to atom.

Valence electrons are tightly bound to the atomic lattice and are fixed in 
position.

In semiconductors, thermal vibration of atoms in a crystal causes 
electrons to break away and become free. The solid then becomes 
weakly “conducting”: e.g., these two 

electrons shared 
equally between 
neighbouring atoms 
i.e., a covalent bond

Electrons which have broken 
away enter what is called the 
conduction band and have a 
higher energy than those left 
behind in the valence band.

The place left vacant by such an 
electron is called a hole.

Conductivity increases 
with increasing 
temperature.

What is an energy band?

Conduction 
band

Valence 
band

energy gap

Intrinsic semiconductor

gy
A popular model of the atom describes the 
structure of atoms in terms of a series of 
electron energy levels (1s, 2s, 2p, etc). In a 
solid (as distinct from a single atom), the 
effects of neighbouring atoms give rise to 
the condition that each electron energy 
level splits into a number of closely spaced 
sub-levels. In a solid, there are many 
neighbouring atoms to any one atom and 
the total effect is for the sub-levels to 
become continuous and thus the energy 
level is more correctly called an energy 
band. In a metal, the valence band 

l ith th d ti b d Ioverlaps with the conduction band. In an 
insulator, there is a considerable energy 
gap. In a semiconductor, some electrons 
escape from the valence band across a 
small energy gap into the conduction band.



The addition of certain impurities (doping) to the silicon lattice can 
increase conductivity. P atom is still 

4.2 P- and N-Type Semiconductors

614. Diodes

1. Introduction of a 
phosphorous atom 
(5 valence electrons)

electrically neutral.

The now available 
electron is free to 
wander around in the 
conduction band.

This results in increased conductivity due to 
availability of negative mobile charge carriers

and hence is called an
n-type semiconductor..2. Introduction of a 

boron atom (3 valence 
electrons) B atom is still 

electrically neutral.

The available hole is 
free to “move” 
around as valence 
electrons fall intoelectrons fall into 
them.

This results in increased conductivity due to an excess  
of positive mobile charge carriers

In both types of semiconductor, the increased conductivity arises due to the 
deliberate increase in the number of mobile charge carriers – all still 
electrically neutral material. 

and hence is called a
p-type semiconductor..

• The majority carriers in an n-type material are electrons, the majority 
carriers in a p-type material are holes. 

• Both types have thermally generated electrons and holes which are 
called minority carriers.



1 Electrons attracted by

n-type (majority carriers: electrons)

4.3 Response in an Electric Field
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2. Electrons from 
wire enter 
conduction 
band

1. Electrons, attracted by 
positive charge of battery, 
enter wire from conduction 
band. 

3. A few (intrinsic) 
holes drift towards 
negative.

or may fall 
into a hole, 
but since 
not many 
holes 
(minority 
carriers) in 
n-type –
small effect.

Small current flows

+

Note: In these types of solid state diagrams, the electron current 
will be shown, not conventional current. Conventional current will 
be assumed for regular circuit diagrams. Here we are interested 
in events on the atomic scale, hence our need to show the 
movement of electrons (and also holes).

p-type (majority carriers: holes)

2. Electrons from 
wire enter into 
holes that 
arrive here and 
become 
valence 
electrons.

1. Electrons, attracted by 
battery positive enter wire 
from valence band, 
leaving a hole. 

Electrons jump from atom 
to atom, causing hole to 
appear to move to right.

3. A few (intrinsic) 
conduction band electrons 
move towards positive.

p type (majority carriers: holes)

+ Small current flows



1. Near the junction, free electrons from the n side diffuse across the 
junction and fall into holes on the p side, becoming valence electrons.

4.4 P-N Junction

634. Diodes

2. The resulting build-up of negative charge on the p side and positive 
charge on the n side establishes an increasing electric field Ed across the 
junction, leading to what is called the barrier potential Vb.

Vb = 0.7 V (Si) @ 25 C, decreasing with increasing 
temperature.

Thermal energy causes free electrons to have “random 
motion.” Excess of free electrons on the n side constitutes a 
“concentration gradient.” These two conditions permit a net 
transfer of free electrons from the n side to the p side by 
“diffusion” … and vice versa on the p side. 

3. Balance between diffusion process and electrostatic repulsion due to p p
field is quickly established; no more net movement of charge carriers.

Note, the barrier potential cannot be measured with a 
voltmeter due to the presence of “contact” potentials.

Ed

p n+ve-ve

barrier 
potential

0

reference 
potential

0

The contact potential cancels 
Vb where the external 
conductor is attached.

Vb dxE

The area near the junction becomes free of majority carriers (and is therefore 

p n

an insulator) and is called the depletion region. Any thermally generated 
minority carriers within the depletion region are swept across it by field Ed. 
Accumulation of charge is reduced somewhat and diffusion then re-
establishes equilibrium and Ed resumes its former value.



When a metal is placed in contact with a semiconductor (or even another 
metal), the difference between the density of free electrons on either side 

4.5 Contact Potential
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of the contact, or junction, causes a concentration gradient which results 
in diffusion of electrons across the contact junction. 
Whether or not electrons diffuse from the metal to the semiconductor or 
from the semiconductor to the metal depends upon whether the 
semiconductor is p- or n-type and the nature of the metal. 

The “nature” of the metal and the contact is beyond the scope 
of our discussion. It is connected with the energy levels of the 
conduction electrons in each of the materials and how they 
compare with each other.

This movement of electrons across the contact gives rise to an electric 
contact potential Because of contact potentials you cannot measure the

For the contact between the n-
type semiconductor and a copper 
wire, electrons flow from the metal 
to the semiconductor. This cancels 
the positive potential at the end of 
the n-type material.

0 0
V dE

contact potential. Because of contact potentials, you cannot measure the 
barrier potential of a p-n junction by connecting a voltmeter across it.

0
Vb dxE

For the p-type material, electrons 
actually flow from the 
semiconductor to the metal due to 
the difference in work functions
of these two materials. This 
cancels the negative potential in 
the semiconductor at this contact.

Relative energy levels of conduction and 
valence bands in both materials. A full 
understanding of contact potentials 
requires a study of solid state physics. 

p n



In this type of diagram, electrons are like marbles or round beads. 
Electrons are given a boost upwards by emfs or voltage sources. Electrons 

4.6 Potential Diagram

654. Diodes

may only move if there is a downhill path or slope. If the slope is 
frictionless (i.e., an electric field), then electrons gain “kinetic” energy. If 
the slope has friction (i.e., resistor), then energy is converted to heat.

Diffusion acts like a “force” D to push electrons from the n side to 
the p side. As electrons accumulate on the p side, the slope becomes 
steeper and steeper until it is too difficult for the diffusion force 
(which remains constant) to transfer any more electrons from p to n.

The slope (barrier potential) arises due to 

p-n junction

the accumulation of charge on either side 
of the junction. Diffusion acts to transfer 
electrons up the slope. If the slope is too 
steep, then no electrons are transferred. 
Electrons cannot be transferred part-way 
up the slope; they are either transferred to 
the top or wait at the bottom. 

p

-

+
D

0

If an electron-hole pair should appear on the slope 
(via thermal agitation) then the electron rolls downhill 
to the n side. This electron cancels some of the +ve 
charge on the n side, thus reducing the steepness of 
the slope slightly. Diffusion can then transfer one 
more electron to the p side whereupon the steepness 
of the slope resumes its previous value and diffusion 
i t t h t t f f th l t

Vb

n

0

is not strong enough to transfer any further electrons.



1. Battery voltage V causes an external field E across the 
depletion layer to cancel the internal field Ed. Majority 

4.7 Forward Bias
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d

carriers in both materials can cross the junction because 
the applied emf overcomes the barrier potential. The 
depletion region disappears.

Potential due to diffusion Ed shown for comparison.

contact 
potential

contact 
potential

Ed

E

0
Vb

p n

+ V

VR

2. Build-up of negative charge on 
the p side is prevented as 
electrons drain away to the 
battery positive terminal.

3. Continuous flow of electrons on the n 
side and holes on the p side constitute 
electric current, the magnitude of 
which is given by I = (VVb)/R.

V = VR+Vb

Note, from now on in these diagrams, we shall refer voltages (i.e., potentials) 
to the (-) or “earth” side of the applied emf. 



1. Free electrons on the n side are attracted to the battery 
positive, causing them to move away from the junction, 

4.8 Reverse Bias

674. Diodes

causing additional build-up of positive charge near the 
junction. The depletion region widens.

Ed

E

V

Vb/2

Vb/2

p n

+

-ve          +ve

V

3. After a very short period, equilibrium is established 
where the attraction of mobile carriers to the 
externally applied voltage source is balanced by a 
build-up of charge on either side of the junction. 
Movement of majority carriers ceases; no current 
fl

2. Holes on the p side are attracted 
towards the battery negative, 
causing additional negative charge 
near the junction.

Thermally generated minority carriers in the 
depletion layer may be swept cross junction 
by the field. This is called leakage current.

flows.



Forward bias
After being given an initial boost uphill by the voltage source V, electrons

4.9 Potential Diagrams
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After being given an initial boost uphill by the voltage source V, electrons 
(now with potential energy) have a downhill run all the way around the 
circuit. Potential energy is lost after going through the resistor (heat), and 
then again through the contact potentials (overcoming diffusion “force”).

V

p

n

In these diagrams, we are 
concerned with electron flow, 
not conventional current flow.

Vb

R

Reverse bias p

n

-

+

Slope depends 
on both 
diffusion and V.

Electrons are given 
a boost uphill by V but 
encounter a barrier at the contact 
with the p material. No matter how high V is raised, the contact barrier is 
raised along with it. Since there is never any downhill path to the + 
terminal of V, no current flows. 
If an electron appears on the slope (i.e., thermally generated within the 
depletion region) then the electron immediately rolls downhill to the n

V

n

+

depletion region), then the electron immediately rolls downhill to the n 
side, acquiring sufficient “kinetic energy” to overcome the contact barrier 
and thus be transported around to the emf and given a boost uphill. This is 
reverse bias leakage current.



A p-n junction will conduct current in forward bias and act as an open 
circuit in reverse bias. Such an action is called rectification and the device 

4.10 Diode
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as a whole is called a diode.
p nA perfect diode 

would present 
zero resistance in 
forward bias and 
infinite resistance 
in reverse bias. 

I

V

I

V

Vb

A simple model of 
a diode includes 
the potential 
barrier Vb. 

(anode) (cathode)

Ideal diode

slight slope 
indicates

Simple diode

A real diode has a slight forward resistance, 
the potential barrier, leakage current and a 
reverse breakdown voltage. 

p

(anode)

V

I

Vb (or knee voltage)

leakage 
current

B
re

ak
do

w
n

indicates 
small forward 
resistance r
(510 )

Real diode

Vb

r

n
(cathode)

Equivalent circuit



Maxwell–Boltzmann statistics applied to the diffusion of charge carriers 
can predict current density across the junction in forward and reverse bias. 

4.11 Diode Equation
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 1 kTeV
o eII

current through 
diode (+ve indicating 
conventional current 

leakage 
current in 

Boltzmann’s constant 
1.38  1023 J K1

bias voltage (+ve 
indicating forward bias)

Electron charge
+1.6  1019 C
(Conventional 
current)

The resulting equation is:

absolute 
temperature

V

I

I

Diode equation

from p to n) reverse bias

Forward bias

kTeV
oeII 

Iforward becomes very much 
larger than Io, hence:

At room temperature, 
T = 300 K, e/kT = 40; thus, 
for forward bias: V

oeII 40
F li i t V/I R b t h th l ti hi b t V d I i

V

I

Leakage 
current

Io

Vb

Reverse bias

oII 

V is negative and hence 
the exponential term is 
very small; thus:

Leakage current is 
i ll f A N

For a linear resistor, V/I = R, but here, the relationship between V and I is 
not a constant, but is exponential. Hence, the slope of the line at any point 
gives the “resistance” of the forward bias junction.

I

eI
dV

dI V
o

40

40 40





Hence,

r
IdI

dV




40

1

typically a few A. Note, 
the diode equation says 
nothing about the 
possibility of breakdown. 

Dynamic resistance of 
forward biased junctionI

r
25



when I is expressed in mA



As the magnitude of the reverse bias voltage is increased, the current 
remains at Io but eventually the reverse bias field is so strong that thermally 

4.12 Reverse Bias Breakdown
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o
generated electrons (or holes) acquire enough kinetic energy to ionise 
atoms within the crystal structure. These in turn ionise other atoms, leading 
to a very swift multiplication effect and a large current. This is called 
avalanche breakdown.

The reverse bias breakdown 
voltage is about 500 V for germanium 
and about 1 kV for silicon.
If the impurity doping density is high enough, then the depletion region is 
narrow enough (even in reverse bias) to allow the electric field across the 
region to be very high. The high accelerating field and narrow depletion 
region allow electrons to tunnel through. This is called zener breakdown. 
Zener diodes are designed to break down in reverse bias. They can 
withstand a relatively large reverse current without damage. The reverse 
bias voltage leading to zener breakdown is adjustable during manufacture 
of the device.
T i l di d h ITypical zener diodes have 
breakdown voltages anywhere 
between 2 and 200 V, depending on 
the application.

V

I

Vz

Vz

+



One very common application of diodes is in rectification of an AC signal, 
that is, the conversion of AC into DC. In many cases, mains AC voltage 

4.13 Rectification
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has to be converted into a low DC voltage. The conversion from high 
voltage to low voltage is usually accomplished by a transformer, the 
output of which is a low voltage AC signal. This then has to be converted 
to a stable, DC output.

Vp

t

Half-wave 
rectified output

RL

Vin Vout

0 V

Vp

AC Input+

t

2
2

Vin

Full-wave rectification involves a clever arrangement of diodes to produce a 
DC signal but with a large ripple. This may be smoothed to give a fairly 
steady DC signal using various methods.

0 V

Vp

t
2Vin

RL

Vout

Full-wave rectified output

1 cycle
-

RL

A steady “DC” output can be obtained by filtering the 
full-wave rectified signal with a capacitor.

R
Vin

C
t

2

Vp

The peak to peak ripple

Vr

Note: V means peak-to-peak voltage 
where Vp means the amplitude of the 
sine wave signal. 

RL
in

CfR

V
V

L

p
r 2


The peak-to-peak ripple 
voltage is found from:

f is in Hz



Zener diodes find special application as voltage regulators. They have a 
very sharp reverse bias breakdown characteristic. In a voltage regulator, 

4.14 Regulation
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the supply voltage can change significantly but the zener diode voltage VZ

does not change.
RSVS

RL

VZ

IS

IZ IL

load 
resistor

VL = VZ and IS is thus fixed and independent of RL. If RL increases, the 
zener passes more current to keep VL = VZ. When RL is infinite, IZ = IS. Care 
must be taken to ensure that the maximum current through the zener diode 
does not cause overheating. Maximum current in the zener occurs at open-
circuit conditions (no RL connected).

Example:
What resistor RS is required to limit the power dissipation in the 4.8 V 
zener diode shown in the diagram above to 25 mW if VS is 10 V?

S l ti

kΩ 1
102.58.410

mA 2.5
8.4mW 25

3









s

s

R

R

I

I

Solution:



A diode clipping circuit is useful for signal shaping. For example, in a 
Geiger counter, a click is heard when an ionizing particle strikes the 

4.15 Clipper
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detector. Now, the detector itself does not produce voltage pulses of equal 
magnitude, but instead, an irregularly shaped signal. For the measurement 
of radiation, we simply require the rate at which pulses are produced and 
we are not concerned with the amplitude or shape of the pulse. A diode 
clipper can be used to produce a squared-up waveform which can then be 
fed into an audio amplifier or digital counter. The clipper ensures that the 
pulses fed to the counting circuit are uniform and that the counting circuit 
needs to only display the count rate.

Signal output from clipper
RS

V V

AC Input
Vin

+Vz

0 V

+VZ

Vin Vout

RS
Vout

Vp

+

-

Vp

+

in

t

Vin

+0.7 V

-0.7 V

-Vz

0 V

RS
Vout

-

Vp

+

-

Vin

0 V



The diode clamp is used for changing the reference 
voltage of an AC input signal.

4.16 Clamp
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The diode conducts on the 
negative part of the input 

C
+-

0 V

C
Vin Vout

Vp

+

-

Vp

+

-

Vp

+

cycle. When this happens, 
the capacitor C charges up 
to Vp, the peak voltage. 

The potential of the right hand side of the capacitor with respect to the left 
hand side is +Vp. That is, when Vin is at Vp, the potential of the right hand 
side of the capacitor is 0 V. When the input Vin reaches 0 V, Vout = +Vp

since the capacitor remains charged – the diode does not allow the capacitor 
to discharge.
On the positive half cycle, the left hand side of the capacitor is brought to a 
potential of +Vp. The right hand side of the capacitor must now be at a 

t ti l f +2V ith t t 0 V

i-

potential of +2Vp with respect to 0 V. 

+V

+
_

V+
_

+2 V

+

_

V

Thus, the output swings 
between 0 V and +2Vp. If a 
voltage source Vref is inserted 
“b th” th di d th th

C
Vin Vout

“beneath” the diode, then the 
reference voltage is held at Vref 

and the output swings between 
Vref and Vref + 2Vp.

Vref

0 V



A diode pump is a circuit which produces a steady DC signal whose 
magnitude is proportional to the rate of arrival of voltage pulses at the input. 

4.17 Pump
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C1
D2

We have seen how a clipper may be used to square up irregularly shaped 
pulses, now we shall see how to convert the train of pulses into a “rate” (i.e., 
an output voltage which is proportional to the number of pulses per second).
The diode pump is how a tachometer works. Pulses from the ignition 
system are received and converted into a steady DC voltage whose 
magnitude thus depends on engine rpm. The DC voltage then drives a 
moving coil meter which is calibrated to read rpm.

Positive

Meter 
output

Pulses from

Pump

C2
D1

A positive pulse Vp charges capacitor C1 via D1. The value of C1 is such that 
it can charge fully during the positive value of the input pulse (small time 

Positive 
pulses Vp

Clipper

Pulses from 
sensor

Varying height Same height

V

Q
C 

constant). Thus, a single pulse fully charges C1. The right hand side of C1 is 
negative w.r.t. the left hand side. When the left hand side returns to 0 V, the 
right hand side of C1 is negative w.r.t. the top side of C2. The negative charge 
is now distributed between C1 and C2 since D2 is now conducting. Most of 
the charge on C1 is transferred to C2 (capacitors in parallel – voltage across 
each is the same, charge on each depends on C and here, C2>>C1). 
Now, if another pulse Vp arrives at the input, D1 turns on as C1 charges up 
and D2 turns off. This leaves most of the original -ve charge on the “top” 
plate of C2. C1 accepts more charge from the input pulse and this is again 
transferred to C2 on the next fall to 0 V at the input. The current through the 
meter depends upon the amount of accumulated charge on C The faster themeter depends upon the amount of accumulated charge on C2. The faster the 
rate of input pulse, the greater the accumulation of charge on C2. In order to 
indicate pulse rate, it is important that the peak voltage of the input pulses are 
all the same. The shape or width of them then does not matter. 



A photodiode employs the photovoltaic effect to produce an electric 
current which is a measure of the intensity of incident radiation.

4.18 Photodiode
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Diffusion of electrons and holes 
across the junction lead to the 
formation of a barrier potential
leading to field Ed and a depletion 
region. When a photon creates an 
electron-hole pair in the depletion 
region, the resulting free electron is 
swept across the junction towards 
the n side (opposite direction of Ed). 
Current will flow in the external 
circuit as long as photons of

Ed

p n+ve-ve

V

circuit as long as photons of 
sufficient energy strike the material 
in the depletion region.

Even though the photodiode generates 
a signal in the absence of any external 
power supply, it is usually operated with a small 
reverse bias voltage. The incident photons thus cause 
an increase in the reverse bias leakage current Io.

V

I

Io

dark

illuminated

The reverse bias leakage current is directly 
proportional to the luminous intensity. 
Responsivity is on the order of 0.5 A W1.

Avalanche photodiodes operate in reverse bias at a 
Io

Phototransistors provide current amplification within the structure of the device. 
Incident light is caused to fall upon the reverse-biased collector-base junction. The 
base is usually not connected externally and thus the devices usually only have two 
pins. Increasing the light level is the same as increasing the base current in a normal 
transistor. 

voltage near to the breakdown voltage. Thus, a large 
number of electron-hole pairs are produced for one incident 
photon in the depletion region (internal ionisation). 

Schottky photodiodes use electrons freed by incident light at a metal-semiconductor 
junction. A thin film is evaporated onto a semiconductor substrate. The action is 
similar to a normal photodiode but the metal film used may be constructed so as to 
respond to short wavelength blue or ultraviolet light only since only relatively high 
energy photons can penetrate the metal film and affect the junctionenergy photons can penetrate the metal film and affect the junction.

A PIN photodiode is a p-n junction with a narrow region of intrinsic semiconductor 
sandwiched between the p- and n-type material. This insertion widens the depletion 
layer, thus reducing the junction capacitance and the time constant of the device –
important for digital signal transmission via optical cable. 



The light-emitting diode (LED) operates in forward bias and generates a 
photon when electrons and holes recombine near the junction.

4.19 LED
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Recombination of 
electrons from conduction 
band and holes leads to 
photon emission.

hf

The wavelength of the light 
emitted depends upon the energy 
gap of the semiconductor (called 
the “band gap energy”).

The recombination 
of electrons and 
holes in an LED 
leads to spontaneous 
emission of 
radiation. 

Semiconductor Band Gap Wavelength
(eV) (m)

InAs 0.36 3.44
GaSb 0.72 1.72
InP 1.35 0.92
GaAs 1.42 0.87
GaP 2.26 0.55

Note: 1eV = 1.6  1019 J.

Note: recombination of charge 
carriers occurs in “ordinary” diodes 
as well, but LED’s are constructed 
with materials in which the energy 
released is in the form of photons 
of light. Ordinary diodes release 
the energy as heat.

p n

+ V

Note: 1eV  1.6  10 J.

In a laser diode, photons arising from spontaneous emission are reflected 
back and forth between the polished faces of the device. These photons are 
absorbed within the crystal, releasing an electron into the conduction band. 
However, simultaneously with this absorption, electrons in the conduction 
band also fall back into the valence band and a photon of the same 
frequency is emitted. This is stimulated emission. 
Absorption and stimulated emission occur simultaneously and with equal 
probability. However, in a laser diode, the geometry of the mirrored faces 
and the doping of the crystal ensure that when the current through the device 
is sufficient, there are more electrons in the conduction band than in the ,
valence band (population inversion) and the stimulated emission of 
photons has a greater chance of occurring than absorption. The emitted 
photons all have the same phase and frequency and are emitted as laser light 
out through one of the partially mirrored sides of the device.
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4.20 Review Questions

1. Briefly describe the essential features of an electrical insulator, semi-
conductor and a conductor.

2. Explain the origin of leakage current in a reverse-biased p-n junction. 

3. It can be shown that the barrier potential of a p-n junction can be 
calculated from: 











 2ln

i

DA
B

n

NN

e

kT
V

Assuming that for germanium the NA is 5  1016 cm3 and ND is 1  1018 

cm3, calculate the value of the barrier potential VB at T = 300 K. 
Assume ni = 1  1015 cm3.

(Ans: 0.28 V)

4. Calculate the apparent resistance of a forward-biased p-n junction at room 
temperature (300 K) when the current through the junction is 5 mA.

(Ans: 0.28 V)

(Ans: 5 )
5. In the circuit below, calculate the value of RZ required so that the 

power dissipated by the 4.8 V zener diode does not exceed 25 mW.

RZ

10 V

(Ans: 1 k)

10 V 

6. In a logic gate which implements the logic “OR” function, a steady 5 V 
DC signal is produced at the output when either one of 3 inputs is at 5 V. 
Implement this circuit using diodes.

A

? OutputInputs B

C
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7. A motor vehicle battery charger consists of a step-down 
transformer, a resistor and a diode. The transformer supplies a 
peak-to-peak voltage Vs to the diode and resistor as shown.

Output from 
secondary winding 
of step-down 
transformer R

VT
Vs

Battery to be charged 
(12 V nominal voltage)

Charging 
portion of cycle

Vp

t

VT

2 4

The battery voltage VT rises as charging progresses. The peak charging 
voltage is 14 V. At low charge conditions,(VT is low), we require 
maximum charging current (6 amps rms).
(a) Determine a value for the resistance R. Hint: when the battery is 

completely flat, the charging current is a maximum; further, the rms 
current for a half sine wave is Ip/2. 

(b) Determine the maximum reverse voltage applied to the diode.
(c) Calculate the peak value of the charging current when the battery voltage 

reaches 12 V.
(d) Determine the rms current when the battery terminal voltage reaches 

12 V (hint: this is NOT Ip/2).
(Ans: 1.17 , 26 V, 1.7 A, 0.67 A)



5 Bipolar Junction Transistor

815. Bipolar Junction Transistor

5. Bipolar Junction Transistor

Summary

fe
b

c h
I

I
 Current gain

c

cc
ce

c
c R

V
V

R
I 

1 Load line (simple bias)

bebbb VRIV 

cecccc VRIV 

Simple bias

ec

cc
ce

ec
c RR

V
V

RR
I







1
Load line (emitter bias)

v
in

out A
V

V





Voltage gain



Step 1. Start with a reverse-biased p-n junction.
How does it work?

5.1 Bipolar Junction Transistor – Construction
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Step . Sta t w t a eve se b ased p ju ct o .

Note: the field E + Ed

only exists across 
the depletion region. 
Thus, once 
equilibrium is 
established, the 
electrical potential 
between the p- and 
the n-type material is 
equal and opposite 
to V. Only mobile 
charge carriers 

i i ti ithi th

Ed

E

originating within the 
depletion region are 
accelerated by the 
field, causing 
reverse bias leakage 
current to flow.

p n

+

-ve          +ve

V

Step 2. Create an additional p-n junction on the left by adding some n-
type material and make the new junction forward-biased by 
applying Vb. Voltage Vb makes the b-e 

junction forward biased.
Voltage V makes the c-b

+Vb Ib
Rb

Voltage Vce makes the c-b 
junction reverse biased.

Note: Rb is 
included to 
allow the 
current Ib to 
be readily 
adjustable. 

p nn
E E

Ic

Ie

+Vce

EdEmitter Base CollectorEd



Here’s what happens:
• Base-emitter junction is a forward-biased p-n junction so when the 

voltage Vbe > 0.7 V (for silicon) then the junction becomes conducting 
(just like a diode)

835. Bipolar Junction Transistor

(just like a diode).

- Because the base is made lightly doped (so that recombination in the 
base is unlikely to occur) and is made very thin (so that electrons 
coming across the forward-biased b-e junction do not have far to go 
before they “overshoot” and fall into the field across the c-b junction).

- If the electrons coming across into the base were not attracted across

• Electrons coming from the heavily doped emitter cross the junction but 
before they have a chance to combine with holes in the p-type base and 
travel to the Vb positive terminal, they get swept up by the strong field 
which exists around the collector base junction, which is reverse-biased. 

• Hence, only a few electrons go towards +ve Vb and most are attracted 
across the collector base junction and cause a large current in the 
collector.

E

+

E
Vb

npn 
transistor

Ib

Rb

Vbe

If the electrons coming across into the base were not attracted across 
the c-b junction (e.g., if Vce = 0) then they would simply go towards Vbb

and there would be a large base current. But, because of the large 
field surrounding the reverse-biased c-b junction, these electrons are 
“siphoned off,” thus causing Ic >> Ib, and that any increase or 
decrease in Ib would be reflected by an increase or decrease in Ic.

collector.

p n

+V

n

EdEmitter Base Collector

I

Ie

Ed

The result is that a very small current in the base circuit causes a very 
large current to flow in the collector circuit.

+Vce
Ic



5.2 Bipolar Junction Transistor – Operation

How is the collector current controlled? 
Electrons only cross the b-e junction 

Vb

I

Rb
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ect o s o y c oss t e b e ju ct o
because it is forward biased by Vb. 
Hence, all electrons which cross this 
junction initially want to go to +Vb. If 
the base current were to be increased, 
(by increasing the magnitude of Vb), 
then there would be more electrons 
(per second) wanting to go towards +Vb

and hence more electrons (per second) being siphoned off towards the 
collector by the reverse bias field at the c-b junction. The magnitude of the 
base current controls the magnitude of the collector current. The ratio of the 
two currents is called the current gain and given the symbol h

Vce

e b c

Ic

Ib

Ie

Electrons which do go to the collector find their way around to the 
emitter again joining those which went through the base. Thus, in 
the emitter, there are two currents, Ib and Ic. Thus: Ie = IC + Ib.

two currents is called the current gain and given the symbol hfe.

fe
b

c h
I

I


If Vce were to be turned off, then one might expect that all these electrons 
would go towards +Vb and the base current would increase quite dramatically.

In practice, something else actually 
happens. This is where the resistance 
Rb comes into operation. Rb can be 
deliberately put there by us as an 
external resistor, or if no external 

Vb

Ib

Rb

resistor, may represent the internal 
resistance of the voltage source Vb. 
Now, we know that the voltage Vb

supplies a voltage drop across the b-e 
junction of about 0.7 V and the 
remainder appears across Rb. 

e b cIe

Vce

Now, if Vb is held constant, but Ib were to increase due to the removal of the 
reverse bias field at the c-b junction, then there would be an increase in the 
voltage drop across Rb. But, since Vb is a constant, this must mean that there is 
a reduction in the voltage across the forward bias b-e junction. Now, if Vbe is 
decreased then due to the exponential nature of the IV characteristics of thedecreased, then due to the exponential nature of the IV characteristics of the 
p-n junction, there is a substantial reduction in Ib. But this reduction in Ib also 
reduces the voltage drop across Rb, hence tending to increase Vbe – negative 
feedback. The net result is a new equilibrium with Vbe reduced slightly and a 
less-than-expected Ib is observed.



The base current is controlled by a resistor Rb which is inserted between 
the voltage supply Vb and the base so that Ib may be adjusted by adjusting 

855. Bipolar Junction Transistor

b b

Vb. Thus, consider the circuit below, which shows the “base-emitter” half 
of the transistor:
In this circuit, Vbe remains at somewhere 
near  0.7 V and increasing the voltage Vb

simply increases the voltage drop across 
Rb due to the increased current Ib. (A large 
change in Ib does not change Vbe all that 
much compared to the change in voltage 
across Rb.) Thus, with the resistor Rb in 
place, we may adjust Ib by adjusting Vb.

0.7 V

Rb

Vb

Vbe

Ib

Increasing Vb means an 
increase in Ib since Vbe and R
are “constant.”

A plot of I vs I shows that the current gain h is fairly constant In

A bipolar junction transistor (BJT) is a current controlled device. Resistors 
may be used to convert current control into voltage control, but the 
essential feature is that for a given base current Ib, there is a fixed value of 
collector current Ic.

Vbe

0.7 V

bebbb VRIV 

A plot of Ic vs Ib shows that the current gain hfe is fairly constant. In 
practice, hfe depends on manufacturing variables and is very different 
between actual transistor components. Values between 100 and 300 are 
typical.

Ic

slope = hfe

b

c
fe I

I
h 

Ib



Transistor action can be summarised in one figure, which is 
called the transistor characteristic.

5.3 Transistor Characteristic
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Ic

mA
Normal operating region

I = 4 A

Ib = 6 A

Ib = 8 A

1 0

1.5

2.0

Fix Ib by 
adjusting Vb to 
some value.

Increasing Ib increases 
Ic but increasing Vce

(once set to a value 
> 0 1 V) has no effect

Vce

Ib = 2 A

Ib = 4 A

0.5

1.0

Approx Vce < 0.1 V

> 0.1 V) has no effect. 
The transistor is a 
current controlling 
device. Ic is constant 
for a given value of Ib.

Note: in practice there is some slight increase in Ic when Vce is increased. As Vce is 
increased, the width of the depletion region associated with the reverse-biased c-b 
junction increases and the reverse bias field also increases. When this happens, for a 
given base current Ib, a greater proportion of the electrons are “collected” by the 
collector and Ib reduces. However, a reduction in Ib leads to a reduction in the voltage 
across the base resistor and an increase in voltage across the b-e forward bias junction. 
This leads to an increase in Ib due to the feedback mechanism discussed previously. b p y
The overall effect is for a fairly constant Ib and a slightly increasing Ic with increasing Vce.



Consider this circuit: Now consider the voltage drops down 
the right hand side of the circuit.

5.4 Load Line

V

Supply 
voltage

875. Bipolar Junction Transistor

c

cc
ce

c
c

c

ce

c

cc
c

cecccc

R

V
V

R
I

R

V

R

V
I

VRIV







1

slope y axis intercept

RbVb

Vce

Rc

Vcc

Vc

Ib

Ic

This linear equation describes 

Vce here is determined by the circuit. That is, Ib controls Ic, which results in 
a voltage drop across Rc. Hence, if Ib goes up, Ic goes up and voltage Vc

goes up and Vce goes down.

The load line is drawn 
between the saturation 
current and the cut-off 
voltage. Note that the load 
line depends on the circuit

q
the load line for this circuit. 

The load line may be superimposed on the transistor characteristic.
Ic 

Ib

cc

R

V
line depends on the circuit
(i.e., values of Rc, Vcc, etc.). 
Each circuit has its own 
load line. 

The equation is the load 
line for this circuit

Vce

Q

Vcc

If the base current is 
set here (by adjusting 
Vbb), then the circuit is 
operating at the Q 
point as shown.

cR

The load line shows the allowable values of Ic and Vce for a particular circuit. 
The Q point is the value of Ic and Vce which might be measured for a circuit 
at some particular value of Vb. The corresponding base current may be 
obtained from the transistor characteristic curve, which is coincident with 
the Q point.



1. At low values of Vce (i.e., high values of Ib) the circuit follows the load 
line until the transistor saturates.

5.5 Saturation
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Ic 

Q point at saturation
Ib sat

Saturation 
region

3. When saturated, the value 
of Ic depends on the 
particular values of Vcc

and Rc and is not affected 
by any further increases in 
Ib. However, if Ib is 
reduced, then the reverse 
bias field re-establishes 
itself and normal transistor 
operation is resumed.

Saturation 
region

Virtually the same value 
so Ic sat can be obtained 
from intercept of load 
line equation.

Vce

Vce sat

operation is resumed.

Ic

Ib sat

I t = V /R

2. In the operating region, increasing Ib results in an increase in 

Ic sat  Vcc/Rc

Operating
region

p g g , g b

Ic and operating point moves up the load line. Eventually, a 
point is reached Ib sat where an increase in Ib results in no 
further increase in Ic. i.e., characteristic curves for Ib > Ib sat

all intersect the load line at the same place Ic sat.



When the base current Ib is zero, no collector current Ic will flow (no 
matter how high Vce might be) since there are no charge carriers present to 

5.6 Transistor Switch

895. Bipolar Junction Transistor

ce

be swept across the reverse-biased collector-base junction.

Ic = hfeIb

In this circuit, a resistor Rc has 
been inserted between the 
supply voltage and the 
collector. This resistor limits 
the value of the collector 
current Ic to some maximum so 
as to not overload the LED.

If Vbb is reduced to zero, then Ib

goes to zero and so does Ic. 

1. Transistor is OFF

LED

RbVb = 0
Vce

Rc

Vcc

Ib

Vbe

A transistor is a current 
controlled device.

With Ic = 0, no current 
flows through the LED 
and the LED does not 
light up.

Increasing Vb increases Ib hence allowing
2. Transistor is ON

ce

Ie  Ic

LED

Rc

Vcc

Increasing Vb increases Ib hence allowing 
greater Ic to pass through the collector to 
the emitter. 

The presence of Rc limits the value of 
Ic. The maximum value of Ic is given 
by Vcc = IcRc and occurs when Vce =  0.

In this circuit, the voltage Vce is not a constant but depends on the current 
Ic. If Ic increases, then so does the voltage drop across Rc and thus voltage

Vbe

LED

Rb

Vb Vce

Ib

Ie  Ic

Ic. If Ic increases, then so does the voltage drop across Rc and thus voltage 
Vce decreases. Thus, if Ib is increased such that Ic becomes equal to the 
maximum allowed by Rc, then Vce must be approaching zero volts – this is 
called saturation.



Bias voltage is a steady DC voltage applied to the transistor at all times. This 
voltage is necessary so that the p-n junctions are placed in forward and 

5.7 Simple Bias
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reverse bias as appropriate so that correct transistor operation is obtained.

cecccc VRIV 

Vb places b-e 
junction in 
forward bias

Vcc places c-b junction 
in reverse bias

Rb
Vb Vce

Rc

Vcc

Vc

Vbe

bebbb VRIV 

0.7 V

If hfe increases (e.g., by changing the transistor for another one) then the 
transistor characteristic is changed and for a given Ib (fixed by Vb), Ic

increases and the relative position of the operating point (the Q point) on 
the load line changes.

In this circuit, the collector current  
Ic depends upon Ib, which in turn is 
controlled by the value of Vb.

I

This is set by an independent power 
supply or from a resistance drop from Vcc.

Vcc

Ic 

Vce

Ib

Q

Ib

Q
new operating point

Relative 
position Ib and 
Ic on 
characteristic 
depends on hfe.

c

cc

R

V

This is not desirable since hfe varies due to manufacturing variables and may 
vary anywhere from 100 to 200. For reasons to be given later, we require 
the operating point to remain approximately in the middle of the load line 
even when hfe changes.



The disadvantages of the simple bias arrangement 
can be overcome by the emitter bias circuit:

5.8 Emitter Bias

Vcc

915. Bipolar Junction Transistor

Consider the “input” side of 
this circuit:

Remove Rb and let Vb represent the voltage 
measured at the base. Then, insert Re between the 
emitter and earth.

R

Vbe

Vb Vce

Rc

cc

Vc

Ve

R

Vbe

Vb

V

.bebe VVV 

ce II 

all independent of h

Now, Vb is set 
(by us), and Vbe

remains at about 
0.7 V; thus the voltage drop across Re is given by
The potential at the top of Re is fixed by setting Vb. However, there are two 
currents running through Re, i.e., Ie = Ib + Ic, but for all practical purposes: 
Thus:

beb

bebec

ece

VV
I

VVRI

RIV







ReRe
Ve

all independent of hfe

e
c R

I 

That is, Ic is fixed by the value of Re. But, you say, what about Ib? Doesn’t Ib

control Ic?  Yes it does, but here the focus is on Ic and Ib follows (according 
to the value of hfe). That is, we choose a “design value” of Ic by selecting Re

and Vb (assuming Vbe = 0.7 V). The “correct” base current Ib (= Ic/hfe) 
automatically flows when Vb is applied.

c R
I

IV 





The underlying assumption is 
that hfe is large. If Ib (= Ic/hfe) is 
included, then:

ec

cc
ce

ec
c RR

V
V

RR
I







1The load line for the circuit becomes:

e

bebb

fe

c
c

e
fe

c
ce

R

VV

h

I
I

R
h

IV
















In the emitter bias circuit, if Rc is decreased, then Vc

decreases and Vce must increase by the same amount to 

5.9 Stabilisation
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Vcc

ececcc VVVV 

Coming down the right hand side of the 
circuit, we have:

What happens if hfe changes in emitter bias circuit?

ce

compensate. Ic remains constant to maintain voltage drops 
from Vb down to earth.
If Re increases, then Ve increases. Any 
increase in Ve has an important effect 
on Ib, as will be described below.

Re

Vbe

Vb Vce

Rc Vc

Ve

  ceecc

eccecc

ececcc

VRRI

RIVRI




If hfe goes up (e.g., transistor is heated), then, for a given Ib, Ic increases by 
some small amount Ic. If Ic increases, then Vc also increases and so also 
does Ve. Thus, Vce must decrease to keep the voltage drops from Vcc to 
earth consistent. But .ebeb VVV 

If Ve increases, then Vbe must decrease since Vb is set: 
- But Vbe is the forward biasing voltage for the base-

emitter junction. Hence a small drop in Vbe results in a 
large drop in Ib.

- But a decrease in Ib results in a 
decrease in Ic. A new equilibrium 
is reached and Ic settles down to 
its former value with a reduced Ib

being the result of the increased 
hfe. Ic/Ib = hfe as always but in this 
circuit, Ic is controlled (and hence 
the Q point) and Vbe and hence Ib

change to account for any 
variations in h The circuit is

Vbe

Ib

Vbe

Ib

Exponential 
relationship

variations in hfe. The circuit is 
stabilised against changes in hfe.

be



Although we have so far examined the 
bias characteristics of the emitter bias 

5.10 Voltage Amplifier

Vcc

935. Bipolar Junction Transistor

circuit, we may note that the voltage at the 
collector Vce+Ve could be considered an 
output voltage Vout and Vb may be 
considered an input voltage.

Any variations in the input 
voltage Vb constitute an input 
signal. Corresponding 

i i i h l

eceout VVV 
bin VV 

Re

Vbe

Vce

Rc Vc

Ve

v
in

out A
V

V





Small variations Vin cause  large variations Vout because of the effect of the 
current gain hfe. The ratio of the two signals is the voltage gain Av.

variations in the output voltage 
Vout is an output signal.

Later we will see how this voltage gain is obtained in more detail. For now, 
let us assume that such a voltage gain is possible and that small variations 
at the input Vin lead to large variations in the output vout.

e

p in g p out

But, a varying input signal 
must not send the transistor to 
cut-off or saturation since 
then the output signal will be 
distorted or clipped. Further, 
the varying input signal must 
always be positive (i.e., Vbe > 
0.7 V) so that the base-emitter 
junction is always in forward 
bias. 

Vbb

Varying 
input 
signal

V

time

Base bias
voltage

Vin

A bias voltage is a steady DC voltage applied to the transistor base so that 
correct transistor operation is obtained without cut-off or saturation when a 
varying input signal Vin appears in the input.



The DC bias is set so that the operating point (the Q point) is halfway 
along the load line. This ensures that we get maximum output voltage 

5.11 Bias
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swing at Vout without the transistor saturating or reaching cut-off.
Ic 

Vce

Q

ec

cc

RR

V



Ib brought 
about by Vbb

Ic

Since, in the emitter bias circuit, the emitter potential is above that of earth 
(Ve) then at saturation, Vout = Ve. At cut-off, Vout = Vcc; thus the output 
voltage can only swing between Vcc and Ve in this circuit.

ceVcc

Vce

We can now call the voltage at the 
base “Vbb” (for base bias voltage). 
A convenient way of supplying a 
steady Vbb is to use a voltage 

Rc

Vcc

VcR1
y bb g

divider from the supply Vcc.

e

bebb
c R

VV
I




The supply voltage Vcc provides both 
power for the output signal and also a 
voltage Vce which keeps the collector base junction in reverse bias. The 
combined value of R and R limits the maximum collector current (which

We must choose the bias 
voltage Vbb so that Ic falls in 
the middle of the load line. Re

Vbe

Vce

Ve

outV

inV

R1

R2

combined value of Rc and Re limits the maximum collector current (which 
may need limiting so as to not overload the transistor) and Re should not be 
made too large so that there is sufficient allowable voltage swing at the output 
Vout.



5.12 Review Questions

1. Determine the current gain (hfe) of the transistor characteristic 
shown below in the normal operating region

955. Bipolar Junction Transistor

Ic

mA

Ib = 10 A

Ib = 15 A

Ib = 20 A

4

6

8

(Ans: hfe = 400)

Ib = 5 A2

Vce
2 4 6 8

2. Using the equation below, plot Ic vs Vce for I0 = 1015A and VA = 100 V for 
Vce = 5, 10, 15, 20, 25 V and Vbe = 0.65, 0.675 and 0.7 V at T = 300 K 
(leave plenty of room on the negative x axis).





 cekT

qv
V

II
be

1
k = 1.38  1023

19

VA is called the Early voltage and is the point on the ve Vce axis 
where the characteristic curves meet. Draw these characteristic curves 
on your graph and extrapolate them to the Vce axis and indicate the 
Early voltage.








A

cekT
c V

eII 10 q = 1.6  1019
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3. The switching circuit shown below converts a 0 to 6 V pulse into a 10 V 
to 5 V pulse. Determine the values of the components Rb, Re and Rc

given that the current gain is 50 and the maximum  current drawn from 
the 10 V power supply is 10 mA. Assume Vbe= 0.7 V.

Vin Output

Input

6 V

(Ans: Rc, Re 500 , Rb 1.5 k)+10 V

Vout

Rc

Rb

10 V

5 V

t

4. The transistor switch below is operated by a 4 volt signal.
(a) Calculate the corresponding output voltages for input voltages of both 0 

and 4 volts. Assume that the transistor is put either into saturation or 
cut-off by the input signal.

Re

(b) Calculate a suitable value of Rb.

0

4 V

hfe = 100
V 0 7 V Re = 500 

Rc = 1 k

Vcc = 12 V

RL = 500 

RbVin

Vbe = 0.7 V

(Ans: Vout 4, 2.4 V, Rb 18.7 k)

Re  500 



6 Common Emitter Amplifier

976. Common Emitter Amplifier

6. Common Emitter Amplifier

Summary

I

  beefeTb

ebfebeTb

ecbeTbT

VRhRI

RIhVRI

RIVRIV






Common emitter amplifier

b

c
fe I

I
h 

ebebb VVV 

e

e
c R

V
I 

ccc RIV 

ececcc VVVV 

feie h
I

h
25

 fe
c

ie I

25
c

out

e

out
fe

ie

out
v

I
R

r

R
h

h

R
A





c
e

feeie

I
r

hrh

25






A voltage amplifier produces an output voltage that is proportional to the 
input voltage. Most signals that require magnification are AC. 
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6.1 Coupling Capacitors

R1

R2

inV

inV

Vbb

Vbb

R1 and R2 provide the proper 
bias voltage to the base 
emitter junction. The input 
signal Vin needs now to be 
superimposed onto the DC 
bias level but the signal 
source should not load the 
circuit in any way. An 
isolating input coupling 
capacitor C1 is inserted to 
isolate transistor biasF i

C1

0 0

isolate transistor bias 
voltages from DC voltages 
from the signal source. 

For a capacitor:

C
X c 

1
 Open circuit @ low 

Short circuit @ high 

Low frequency response is limited by C1. The 3 dB point is calculated from 
RC = 1 where R is the input resistance Rin of the circuit.

On the output side, we require the output 
signal to appear across a load resistor (which 
may be the coil to a loudspeaker) and do not 
want DC bias levels to be altered by the 
connection of RL. Thus, we use a capacitor C2
to isolate bias voltages from load

Rc

Vcc

Vc

outV
C2

to isolate bias voltages from load.

DC + AC AC 
only

V +V

Re

Vce

Ve

RL

C2 outV
outV

Equivalent circuit of output

0
Vce+Ve RL

0



In the stabilised biasing circuit, a resistor Re was inserted to keep the 
emitter potential a little bit above earth so that the collector current and Vce

6.2 Bypass Capacitor

996. Common Emitter Amplifier

ce

would not be affected by changes in hfe (stable DC bias Q point). 
Consider a slight increase in Vbb to 
Vbb + Vbb. This would result in an 
increase Ib and hence increase Ic. 
But, since Ic = hfeIb, then the 
resulting Ve is larger than Vbb. 

ecbebb RIVV 

This term is 
large compared 
to V

Vce

Rc

Vcc

Vc

outV

inV

R1

C1

C2

to Vbb.

This means that Vbe must be 
reduced by an amount Vbe. But 
any reduction in Vbe results in a 
stabilising effect by reducing Ib

,

etc. However, for AC signals, we 
do not want this stabilising effect. 
We want changes in Ib to result in 
large changes in Ic but the mean 
value of Ic to remain at a Q point in 
the middle of the load line

Re

Vbe

Ve

R2

Thus, on the one hand, we require Re to provide DC bias stability but on 
the other hand, we do not want Re to reduce the signal, or AC voltage gain. 
The solution? Insert a “bypass” capacitor across Re so that AC signals 
proceed directly to earth while DC bias is still stabilised.

Vbb

This bypass capacitor has a 
significant effect on the AC 
performance of the circuit and 
we shall have cause to examine 
its effect later on in more detail.

the middle of the load line.

Re

Vbe Ce



Emitter bias circuit with voltage divider
Voltage amplifying circuit

6.3 Voltage Amplifier
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Emitter bias circuit with voltage divider

Ib+Ib

Small AC signal 
Vs is coupled into 
the base. 

I c
+
I

c

R

Vbe

Rc

Vcc

outV

inV

R1

R2

C1

C2

RL

Rs

Ce

Output 
signal 
appears as 
a voltage 
across RL.

Vs

How does it work?
Vin causes Vbe

Vbe results in Ib

Ib results in IC

Ic results in Vce which is Vout

Re

This circuit is called a common 
emitter amplifier because it is the 
emitter that is common to both the 
input (the base) and the output (the 
collector). 

Note: if Vin is positive (an increase in voltage at Vb) then Vbe increases, 
which results in an increase in Ib and hence an increase in Ic. Thus, Vc

goes up and Vce goes down by Vce. That is, the output is out of phase 
with the input signal by 180o.

How to analyse this circuit? Treat AC and DC separately.

DC AC
O ll it R d DC t 0 lt

Given resistances and supply voltage, 
what are all the other voltages?

• Open all capacitors 
(open circuit)

• Reduce DC sources to 0 volts 
(AC earth)

• Short all capacitors



6.4 DC Analysis

Start with complete circuit: Vcc

1016. Common Emitter Amplifier

Ib+Ib

Vs

I c
+
I

c

Re

Vbe

Rc

outV

inV

R1

R2

C1

C2

RL

Rs

Ce

Open all capacitors 
(open circuit)

DC circuit

Vcc

Ib

Ic

Re

Vbe

RcR1

R2

Vce

Vc

Ve



Begin with simplifying the DC bias circuit using Thevenin’s theorem.
hf V R R R R knownV
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Thevenin’s

21

2

21

21

1

1

RR

R
V

RR

RR

R

V
V

R

V
I

cc

cc
T

cc
sc









21

21 ||
RR

RRRT





hfe, Vcc, R1, R2, Rc, Re known

R1

R2

Vbb

Vcc

RT

VT

Equivalent 
resistance

Open-circuit 
voltage

1. Determine Ib

Thevenin s 
theorem 21 RR 

Vbb

  beefeTb

ebfebeTb

ecbeTbT

VRhRI

RIhVRI

RIVRIV






Ib R

RT

Rc

Vcc

Vc

IC Vce

V

Vbe

b

c
fe I

I
h 

0.7 V2. Determine Ic

3. Determine 

5. Determine Vce

4. Determine Ve

e

e
c R

V
I 

ccc RIV 

VVVV 

  beefeTb

Note: although it might seem 
objectionable that we require hfe to 
begin this calculation sequence, this 
arises because we are taking into 
account the base current Ib and its 
effect on the current through R2. If we 

b ReVT
Ve

ebebb VVV 

ececcc VVVV 

6. Determine
disregard the base current and 
assume that the current through R1
and R2 is much larger than Ib, then hfe

need not be known beforehand.



Start with complete circuit:
• reduce DC sources to 0 volts DC voltage supply

6.5 AC Analysis

1036. Common Emitter Amplifier

educe C sou ces to 0 vo ts
(short circuit)

• short all capacitors

DC voltage supply 
is an AC earth

A DC source is a 
constant potential 
(say +Vcc). The 
ground on the 
circuit is also a 
constant potential 
(0 V). From an 
AC point of view, 
any point of 
constant
potential no

Rc
outV

inV

R1

R potential, no 
matter what its 
value, is an 
“earth” since no 
variable voltage 
V will appear 
there.

AC circuit

Vs

Re

R2

RLRs

Rc

|| resistors

Ib

Ic

Vs

inV

R2Rs
R1

RL



Vin at the base produces a Vbe at the forward bias base-emitter junction 
(since the bypass capacitor shorts the emitter to ground). This Vbe results 
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be

in a change in Ib by Ib. 
The resulting Ib thus 
causes a Ic (as per hfe). 
This in turn creates a 
change in the voltage 
drop across Rc and thus 
also a change in Vce.

Vbe

Ib

Vbe caused 
by Vin

Ib

Operating point 
determined by 
DC bias circuit.

Ic = hfeIb

But Vce = vout; thus 
the question is, how 
can Vout be calculated 
i t f V ?

The first step is to determine: “What base current Ib is produced by 
the input voltage signal Vin?”

Once we know Ib we can get Ic and hence vout.

y in

0.7 V approx
in terms of Vin?

Rc
Ib

IcinV

R2Rs
R1

RL

Observe that the presence of the bypass capacitor causes a portion (Ib) of 
the AC input current (Is) to pass straight from Vin through the forward 
bias base-emitter junction directly to earth (the remainder going through 
the parallel resistors R1,2). Thus, Vin = Vbe.

|| resistors

Vs



To get Ib, we must find out the resistance of the 
base-emitter junction (as viewed from the base). 

1056. Common Emitter Amplifier

This is given the symbol hie.

b

be
ie I

V
h






Remember that the base-emitter 
junction is maintained in forward 
bias due to DC bias voltages.

hie is the AC or dynamic resistance of the junction 
as viewed from the base. It can be obtained from the 
diode equation. 

H h ? I i i b h l l l f h I V

hie

Ib

From diode 

0.7/Ib

Vbe

Ib

DC resistance 
= 1/slope

hie = 1/slope

How to get hie? It is given by the local slope of the I-V
curve at the particular value of Vbe; hence:

fe
c

ie

c

c

b

b
ie

h
I

h

I

I

I

I
h

25

25

25






DC base 
current in mA

DC emitter

Multiply top & 
bottom by IC

equation at T 
= 300K

Vbe

0.7 V

c
e

feeie

I
r

hrh

25


From the emitter’s point of view, a large 
current (Ie) appears to pass across the b-e 
junction. But, from the base point of view, 
only a small current (Ib) appears to pass 
across the b-e junction. Hence, when looking 
from the base to the emitter, the resistance hie

appears large. When looking up from the 

SmallLarge

DC emitter 
current in mA & 
letting Ic = Ie

Iepp g g p
emitter, the resistance appears to be small and 
is given the symbol re. The ratio of the two 
resistances is hfe. re



Consider the resistances (more correctly “impedances”) as seen from the 
input terminals of the circuit to earth. The source and the load

6.6 Input and Output Resistances – AC
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The resistance 
as seen from 
the base going 
to the emitter.

The input resistance is Rin = R1||R2||hie.

In a fully stabilised bias circuit it is I which is “controlled” or

Ib

The source and the load 
have been disconnected 
from the input and output of 
the amplifier.

Vin R1||R2 hie iebin hIV 

It will be later shown that (for other reasons) RT =R1||R2 is made >> hie so 
that the input resistance of the amplifier is dominated by the value of hie

(since hie||RT). It is desirable to have a high input resistance so hie should be 
made to be fairly large – by choosing the lowest possible value of Ic.

In a fully stabilised bias circuit, it is Ic which is controlled  or 
designed and Ib adjusts according to the value of hfe.

For a given Ib, there will be a constant Ic in the collector, or output side 
of the circuit. That is, the transistor acts as a constant current source across 
which is connected a resistor Rc. This is the same situation as a Norton 
constant current source and parallel resistor. Thus, the output “half” of the 
amplifier circuit can be drawn:

Note the similarities between

Vout

Ic

(no load RL

connected at 
this time)

p
Note the similarities between 
this circuit and a Norton 
equivalent circuit. 

tI uishort-circ

itopen-circu
int

V
R 

Rc

For the moment, we may refer to Rc as being the output resistance of the 
amplifier circuit Rout (i.e., no load resistor RL present). p out ( L p )



6.7 AC Voltage Gain

1076. Common Emitter Amplifier

25 If th l d i t i

Ib

Vin R1||R2
hie Vout

Ic Rc

iebin hIV 

outcout RIV 

outc

in

out
v

RI

V

V
A









efe

fe
c

b
ie

rh

h
I

I
h







25

25 If the load resistor is 
connected, then 
Rout = Rc||RL.

25
C

out

e

out

fe
ie

out
v

ieb

I
R

r

R

h
h

R
A

hI









Sign indicates phase shift. If Vin is 
positive Ib is positive and I is

Steps in AC analysis:

1. find hie (or re)

2. find Rout

3. calculate Av

4 calculate low frequency

Ic in mA

Voltage gain

positive, Ib is positive and Ic is 
positive. If Ic is +ve, then Ic

increases slightly, which means 
that Vc increases. Thus Vout = Vce

must be negative.

4. calculate low frequency 
response at 3 dB point

CRin1



The AC equivalent circuit without bypass capacitor

6.8 Bypass Capacitor
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Input:

Vin

e
c

bieb

ecieb

ebein

R
I

IhI

RIhI

VVV







Ve

Vout

Output:

RIV 

Re

Vbe
Ic Rout = RC

Vin

RT = R1||R2

hie
Ib

hfeRe

efebieb

e
b

bieb

RhIhI

I
h


 outcout RIV 

 efeiebin RhhIV 

Voltage gain without
bypass capacitor:

 efeieb

outc

in

out
v

RhhI

RI

V

V
A











Voltage gain with
bypass capacitor:

ie

outfe
v h

Rh
A 

efeie

outfe

Rhh

Rh




compare



Designing an amplifier involves choosing components to give the required 
gain Av and input resistance Rin. Also, one must specify the low frequency 

6.9 Amplifier Design

1096. Common Emitter Amplifier

v in

cut-off so as to select appropriate values of coupling capacitors. The 
general circuit, with a fully stabilised bias, is:

Ib+Ib

+
I

c

Rc

outV

inV

R1

C1

C2

RL

Vcc

1 Determine V = A /20

The following procedure allows the values of various components to be 
established in a systematic way.

Vs

I c
+

Re

Vbe

in

R2
Rs

Ce

1. Determine Vcc = Av/20

2. Determine Ic from hie and hfe

3. Determine Ib from Ic/Ib = hfe

4. Determine Rc

5. Determine Vce = Vcc/2

6. Determine Re from Ve and Ic

7. Determine Vbb from Vbe and Ve

8. Determine R1 and R2

9. Determine Ce

10. Determine C1 and C2



Now, Rin = RT||hie. If RT is made much larger than hie, then the input 
resistance is dominated by the value of hie. There are other constraints on 

6.10 Amplifier Design – Input Resistance
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ie

the value of RT; thus keeping Rin as a strong function of hie enables us to 
adjust hie to the desired Rin.
One of the most important features 
of the bias of an amplifier is to 
obtain a Q point which is at the 
centre of the load line (to allow 
maximum swing of the output Vout). 
This means that the selection of hie

(for the desired Rin) also fixes the 
collector current Ic under quiescent 
conditions (i e the value of I when

Ic 

Ib

Q

c

cc

R

V

conditions (i.e., the value of Ic when 
there is no input signal).

Vce
Vcc

Ib

R1||R2
hie

Vin

c

fe
ie I

h
h

25


1. Thus, for a design value of hie, Ic

is found from:

This is the first step of our step-by-
step procedure for designing a 
common emitter amplifier.



6.11 Amplifier Design – Vcc, Ib

Vi
Vout

1116. Common Emitter Amplifier

ccout

iebin

V

RIV

hIV





Now,

Assuming no load 
resistor RL for the 
moment

Ib

Vin

R1||R2
hie

out

Ic Rc

40
25

25

25

c

cc

c
fe

cfe

c
feb

cc

in

out
v

V

IR

I
h

Rh

I
hI

RI

V

V
A

















c

fe
ie I

h
h

25


mA
volts2.

20
v

cc
A

V  since Vc =  Vcc/2   (approx)

Thus, Vcc is set by the choice of gain Av.

b

c
fe I

I
h 

3.

4.  Rc may be calculated from:

ccc RIV  

Vce = Vcc/2

5. For a Q point to be in the centre 
of the load line, then:



Now, the bypass capacitor is an AC short to ground potential. Thus, 
Vout = Vce The slope of the AC load line is simply 1/Rc (or 1/Rc||RL if RL

6.12 Amplifier Design – Vce, Ve, Vbb
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ec

cc

ec

ce
c RR

V

RR

V
I









out ce c c L L

is connected). But, it is only changes in Vce that are described by the AC load 
line. Thus, we may draw a series of parallel lines, all with slope 1/Rc, to 
represent all the possible AC load lines of a circuit. 

Slope of DC load line
= 1/(Rc + Re)

The actual AC load line appropriate for a 
particular circuit depends on the choice of 
Vce (the DC bias conditions). The DC bias 
conditions are described by the DC load line:
Thus, the AC load line for a particular circuit is the 
one which passes through the Q point on the DC 
load line.

ceout VV 

Vcc

c

ce
c

cc

ceout

R

V
I

RI






AC load lines
Vout

Ic 

IbQ

ec

cc

RR

V


Ie Re

Rc

C2

Ce

Vc

Ic Vce

Ve

Increasing Re would reduce the y axis intercept of the DC load line and also 
reduce the x axis intercept of the matching AC load line. Adding a load 
resistor RL would increase the slope of the AC load line while leaving the DC 
load line unchanged, thus reducing the x axis intercept for the AC load line. 

ece RIV  

Let Ve = 1 V; calculate Re

ebebb VVV 
0.7 V

Vce

Q

Vcc

allowable swing of Vout

6.

7.

g , g p
Thus, to allow maximum swing on the output, Re should be selected so as to 
not make Ve too large and the Q point should really be selected in the middle 
of the AC load line. However, selecting Vce = Vcc/2 is sufficient for a first 
approximation (i.e., middle of DC load line).



As before, the Thevenin equivalent circuit for the DC bias is:

6.13 Amplifier Design – RT
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 ecbeTbT RIVRIV 

By Kirchhoff:

ececcc VVVV 

Now, in general:

 

b

c
fe

RRIVV

I

I
h





Thus, from (1), (2) and (3):

(1)

(2)

(3)
Vbb

Ib R

RT

V

Rc

Vcc

Vc

IC Vce

V

Vbe

21

2
RR

R
VV ccT 



Equivalent 
resistance

Open-circuit 
voltage:

 
 

  
 

  
e

beTec
ccce

efeT

beTecfe
cc

ecbfecc

eccccce

R

VVRR
VV

RhR

VVRRh
V

RRIhV

RRIVV














If RT is made << than the product hfeRe, 
then Vce loses its dependence on hfe.

ReVT
Ve

21

21
RR

RR
RT 



e

RT is set so that RT << hfeRe.
This ensures that Vce is “independent” 
of hfe and thus a stable Q point.

efeefeT RhRhR 



Known: hie, hfe, Re, Vcc, Vc, Vce, Vbb, Ic, Ib

6.14 Amplifier Design – R1, R2, C1, C2
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h << R << h R

For acceptable 
input resistance

Now, in the AC circuit, RT is in 
parallel with hie and thus if RT is 
too small, then the input 
resistance of the amplifier will 
be reduced. This is undesirable. 
Thus, let RT >> hie.

Let
T

efe

ie

T

R

Rh

h

R
 This will put RT in the 

middle of hie and hfeRe.

Ib

R1||R2
hie

Vin

hie << RT << hfeRe

For stable Q point

  21
ieefeT hRhR Thus

21

2
RR

RV
V cc

T 


(1)

(2)

 ecbeTbT RIVRIV 

Thus calculate VT

but
21

21
RR

RR
RT 



Thus calculate VT.

8. Two equations, two unknowns enables R1 and R2 to be determined.

e
e

R
C

1.01



9. Ce from:

10. C1 and C2 from:

ieh
C



1

Reactance of Ce ensures the lowest 
possible frequency for amplifier to 
operate according to design criteria.

Assume that RT = R1||R2 is >> hie so 
that the input resistance is dominatedC that the input resistance is dominated 
by hie (which is in parallel with RT). 



6.15 Review Questions

1. Analyse the DC and AC operation of the common emitter amplifier 
shown below, which includes the 10 k load resistor.

1156. Common Emitter Amplifier

Data
hfe = 100
re = 25/Ic

Vbe = 0.7 V
C1 = 1 f

(a) Determine the DC bias conditions Vbb, Ib, Ic, Vce, Ve, Vc.
(b) Determine the AC voltage gain Av with and without the load resistor 

RL present.
(c) Determine the frequency response of the amplifier 

(i.e.,  the lowest frequency that may be amplified).

+10 V

Vs

1 K

3.6 K
outV

inV

10 K

2.2 K

C1

C2

10 K

600 
Ce

(Ans: 1.78 V, 10.8 A, 1.08 mA, 5.04 V, 1.08 V, 3.88 V, 114.3, 155, 157 Hz)
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2. A common emitter amplifier is constructed from a Darlington pair. If 
the current gain hfe and input resistance hie of each transistor is 120 f

and 1.5 k respectively, determine the peak-to-peak output voltage if 
the peak-to-peak input voltage is 10 mV. (Assume that Rb >> hie and 
thus the input resistance of each stage of the amplifier is hie.)

Vcc

Rb

C1 C2

4.5 K

V V

(Ans: 3.6 V)3. The DC conditions for the common 
emitter amplifier shown below are: Vce= 
6 V, Ic = 5 mA, Vbb = 2.6 V. Determine 
the values of Re, Rc and hfe. +12V

inV outV

(Ans: 380 , 820 , 187.5)

Re

Rc

outV

inV

60 K

20 K

C1

C2

10 K

Ce



4. Consider the fully stabilised common emitter amplifier shown below. 
Also shown is the transistor characteristic in graphical form.

1176. Common Emitter Amplifier

(a) Determine an equation for the load line and draw the load 
line on the transistor characteristic.

(b) Using the transistor characteristic, determine a value for hfe.
(c) Determine the Thevenin equivalent circuit VT, RT of the base 

biasing circuit. 
(d) Apply Kirchhoff’s law to the Thevenin equivalent circuit and 

obtain an expression which relates Ic to Ib and thus determine 
values for Ic and Ib for this circuit.

(e) Determine Vce and indicate the Q point on the load line.
(f) Determine a value for re or hie and thus estimate the AC 

voltage gain Avoltage gain Av.

3 K

10 K

+20 V

outV

inV

930 K

250 K

C1

C2

10K

C

Ic

mA

Ib = 10 A

Ib = 15 A

Ib = 20 A

1

2

3

3 K Ce

Ib = 5 A
1

Vce
5 10 15 20

(Ans: hfe  150,VT = 4.24 V, RT = 
197 k, Vce = 9.3 V, re = 30.5 , 
hie = 4.57 k, Av = 328)



5. Design a fully stabilised common emitter amplifier with a voltage gain of 
200 and a 9 V battery as the power source. The lowest frequency of 
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operation is to be 15.92 Hz and hfe for the transistor to be used is 100. 
Assume that an acceptable input resistance is 1 k and let the voltage 
across Re be set to 0.5 V and that Vbe= 0.7 V.

Data
hfe = 100
Vbe = 0.7 V
fo = 15.9 Hz

RC

+9V

outV
R1

C2

Re

inV

R2

C1 10K

Ce

Obtain values for Rc, Re, Ce, R1, R2, C1 and C2.

(Ans:  Rc = 2 k, Re = 200 , Ce = 500 F, R1 = 30 k, 
R2 = 5.2 k, C1,2 = 10 F, Ic = 2.5 mA)



7 Input/Output Impedance

1197. IO Impedance

7. Input/Output Impedance

Summary

sc

oc
int I

V
R




 Output resistance (common emitter)

efe
v Rhh

Rh
A 

iein hR  Input resistance (common emitter)

Common collector voltage gain
efeie Rhh 

fe

s
out h

R
R  Output resistance (common collector)

efein RhR  Input resistance (common collector)



The input impedance is that seen by someone looking in at vin.
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7.1 Common Emitter Input Impedance

Ib

The total input impedance is  Rin = R1||R2||hie

If R1||R2 is made larger than hie (which is usually the case), then the input

Vin R1||R2 hie

If the signal source has some resistance Rs, then:

Vs - signal actually 
produced by source

If R1||R2 is made larger than hie (which is usually the case), then the input 
resistance is approximately equal to hie.

iein hR 

iV

R1

C1
Vin - signal actually 

amplified

Ideally, Rin >> Rs because otherwise, there is negligible Vin at amplifier 
input. If Rs is large compared to Rin, then most of the voltage variations Vs

R d t t th lifi i t

Vs

inV

R2

1

Rs

appear across Rs and not at the amplifier input.
Amplifiers should have a high input impedance Rin compared to Rs. A 
typical value of hie is 1 k, which is not all that much different from a 
typical Rs. 



Consider the output side of the CE amplifier circuit. Vout is applied 
to a load resistor RL.

7.2 Common Emitter Output Impedance

1217. IO Impedance

L

It should be possible to replace 
this two-terminal “supply” by a 
Norton equivalent circuit 
consisting of a constant current 
generator which supplies Isc

and an internal parallel 
resistance Rint.

A Norton equivalent circuit is like 
a black box that contains a special 
generator that produces a variable 
voltage but always produces a

I c
+
I

c

Rc

Vcc

outV
C2

RL

A

A

A bipolar junction transistor is a current generator that produces a 
constant Ic. In the CE amplifier circuit, this constant Ic manifests itself 
as a voltage Vout across Rint. 

voltage but always produces a 
constant current I equal to the 
short-circuit current no matter what 
value of RL is connected to the 
output terminals.

Re

Ce

B

The internal resistance is the output resistance of the 
circuit and is obtained from:

B

V

Voc

Isc

Rint RL

sc

oc
int I

V
R








Ic

The output impedance is the “internal” 
resistance of a Norton equivalent circuit

Vcc

V
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sc

oc
out I

V
R





found from:

Consider the trace on an oscilloscope 
connected just before C2 as there is a rise in 
the input voltage (+ve Vin).

A +Vin (an “upswing” on the input 
signal) will produce a +I and hence

We can ignore the presence of Re at this 
stage since in the AC circuit, it is shorted to 
ground by the bypass capacitor. Ic

Rc

outV

Vc

Vce

Vcc
Vout

C2

signal) will produce a +Ib and hence 
a +IC. This results in an increase in Vc

by an amount +Vc across Rc and a 
corresponding decrease in Vce by 
Vce (bypass capacitor shorts AC 
signal to ground at emitter so Ve = 0).

 

Vcc

The open-circuit voltage 
Voc is thus:

coc VV 

If a load resistor RL is connected:

Neglecting 

Vin

outcec VVV 

t
Vce

Vc

DC bias 
levels

DC+AC 
signal

-Vce

+Vc

Vc I1Rc
cc

coc

RI
The short-circuit current 
is Ic.

V

() signs 

I2

I1

Isc

Ic

RL

Since there 
is no AC 
resistance 
path to 
ground (short 
circuit), Ic

comes via Rc.

c
c

cc

sc

oc
out

R
I

RI

I

V
R










 Ic comes from both Rc and RL; hence, 
from an AC point of view, the total 
output resistance is:

Lcout RRR ||

Thus:



Rh

For a common emitter circuit, the AC voltage gain is:

7.3 AC Voltage Gain
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ie

outfe
v h

Rh
A 

If a load resistor is connected, then this appears in parallel 
with Rc, thus reducing the total effective output impedance 
Rout and thus reducing the gain. 

For the amplifier on its own (with no load 
RL connected)

cout RR 

LRRR ||

Ideal conditions:

It is desirable that the connection of a load to the amplifier does not 
significantly reduce the gain (since if it did, we would have to specify the 
load too precisely for a given circuit design). Thus, for maximum 
“versatility” of the circuit, we need to have Rc be much less than any 
envisaged load RL. That is, the open-circuit output resistance, Rout = Rc, 
should be as low as possible.
The ideal conditions for an amplifier are thus:

Lcout RRR ||

Rin = infinity 
and 
Rc << RL so that most of the input signal Vs

appears at the amplifier input Vin.

so that connection of a low value load RL does not 
decrease the gain too much.



One method of increasing the gain for a particular application is to run 
two amplifiers together:

7.4 Impedance Matching
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Amp 1 Amp 2
VoutVin

The overall gain would then be expected to be the product of the 
individual gains but this is not observed.
Consider the circuit in detail:

Stage 1
Vcc

Stage 2
Vcc

Vout

Vs

Re

RcR1

R2

C1

C2

Rs

Ce

Vbb

Re

RcR1

R2

C2

RL

Ce

VbbVin

The input impedance of the second stage (R1||R2||hie) acts as a load 
resistance RL for the output of the 1st stage. This reduces the gain Av of the 
first stage since R1||R2||hie of the second stage is usually much less than Rc

of the first stage. 

relatively low

(R1||R2||hie)||Rc

ie

outfe
v h

Rh
A 

1st stage



Consider this circuit where the 
output has been 

For DC bias, set

ccV
V

7.5 Common Collector

1257. IO Impedance

moved to the 
emitter:

2
cc

ceV 

For AC (with no RL):

ecout RIV 

 efeieb

ecieb

ebein

RhhI

RIhI

VVV






Input resistance 
term  Rin

Vbe

ce II 

V
Re

Vcc

Rb

C1

C2Rs

Vbb
Vin Ib

Ic

RL

Vout

Notes:
• In calculating Vin, we have ignored Rb, which is a path to (virtual) 

earth. However, if Rb is large compared to hie + hfeRe then it may be 
ignored. If included, then Rb appears in parallel with (hie ie + hfeRe).

• If an external load R is connected then this appears in parallel with R

in

  befeiebin RRhhIV ||

Ve
Vs

RL

Open-circuit AC voltage gain:

 

efeie

efe
v

efeieb

ec

in

out
v

Rhh

Rh
A

RhhI

RI

V

V
A













which is always 
less than 1

• If an external load RL is connected, then this appears in parallel with Re

and must be included with Re in calculations.
  Lefeiebin RRhhIV ||

Since the output (emitter) voltage is in phase with the input, the common 
collector circuit is often called an emitter follower. In this circuit, it is the 
collector that is common to the input and the output. 



As with a CE circuit, the Common Collector (CC) circuit can be replaced 
with a Norton equivalent circuit consisting of a constant current source and 

7.6 Common Collector Output Impedance

The Electronics Companion126

Now, since the input resistance 
of the common collector circuit 
is high, we can say that Vs = 
Vin, i.e., ignore the drop across 
Rs. Thus the open-circuit voltage 
is

Vce

a parallel resistor which is the output resistance of the circuit.

circuitshort

circuitopen
out I

V
R

 

 

  outins VVV 
I hi i i h i k f h i H h i i

t

Vcc

Ve

Vce = +Ve = +Vout

Vin

Vce

since Av  1 and Rin is high.

 

 

 ies

fes
sc

ies
fe

sc

iesscbs

hR

hV
I

hR
h

I

hRIV











 )(

In this circuit, the output is taken from the emitter. Hence a short circuit at 
the output increases the base current Ib since Re is now bypassed (this is 
different from the CE circuit where a short circuit at the output does not 
affect Ib). Hence, w.r.t. Vs, we have:

Vout
Ib(sc)

IscRe

C1

C2
Rs

Vbb

Vin
Ib

 

fe

ies
out

fes

ies
sout

h

hR
R

hV

hR
VR









sR
R 

or

Output resistance: 
Rout = Vout/Isc

The common collector circuit has 
effectively reduced Rs by a factor of hfe. The 
signal source with resistance Rs has been 
transformed into a signal source with a very 
low impedance Rs/hfe. If Vs and Rs are 
actually V and R of a CE amplifier then

Vs

fe
out h

R 

if hie << Rs.

actually Vout and Rout of a CE amplifier, then 
Vout can now appear to come from a low 
impedance output.



 RhhIV 

Input impedance Output impedance

R

7.7 Common Collector Input/Output Impedance

1277. IO Impedance

 
efein

efeiebin

RhR

RhhIV





Compare with CE amp Rin
fe

s
out h

R
R 

fe

ies
out h

hR
R




or

if hie

included

R
High 

The CC circuit provides a suitably low source impedance from a high 
impedance source to a CE circuit.

May also need to 
include Rb

efein RhR 
fe

s
out h

R
R 

Vs

to CE 
amplifier

low

hi
gh

CC circuit

Gain = 1

impedance 
source

Vs

Rs

to low 
impedance loadfrom CE 

amplifier

or the CC circuit  provides a suitably high output impedance for the CE 
circuit for a low impedance load.

efein RhR 
fe

s
out h

R
R 

Vs

low

hi
gh

CC circuit

Gain = 1



The impedance matching effect depends on hfe. This may be enhanced by 
use of a Darlington pair:

7.8 Darlington Pair
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Vcc

Rb

C1

Rs

VbbVin Ib1

Ic1
Ic2

Overall current gain hfe = Ic2/Ib1

= hfe1hfe2

Now, for CC:

Vs

Re

C2

s

Vout

efein

fe

s
out

RhR

h

R
R





,

Thus, when hfe is larger, Rin is larger and Rout is smaller. 
Overall hfe is increased with a Darlington pair.

desirable



1297. IO Impedance

7.9 Review Questions

1. A common collector circuit is shown below. Determine expressions for 
the AC voltage gain, input resistance, and output resistance and state 

V

Vbe

ce II 

V
Re

Rb

C1

C2Rs

Vbb
Vin Ib

Ic

Vout

any desirable properties of this circuit.
Let Vce = Vcc/2 for the 
DC bias condition.

2. Calculate the input and output impedance of the common collector circuit 
shown below when a source voltage of output impedance Rs = 10 k is 
connected to the input. hie = 2 k, hfe = 180.

+12 V
(Hint: in this 
circuit, the value 
of R is

VeVs
e

RL

6 K

620 K

10 F

1 F

of Rb is 
significant.)

Vs

Rs

Vin

Vout

(Ans: Rin = 394 k, Rout = 67 )
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3. Determine the component values required to bias the fully stabilised 
common collector amplifier shown below. Assume the emitter is held at 
Vcc/2 when the quiescent collector current is 1 mA and that the lowest 
frequency of operation is 159.2 Hz. What will be the input impedance of 
this circuit?

hie = 2 k
hfe = 150

+9 V

R1

C1

100 F

Vin

(Ans: R1 = 60 k, R2 = 
88.5 k, Re = 4.5 k, Ib = 
6.67 A)

4. The circuit below is a fully stabilised common emitter amplifier with an 
open-circuit gain Av = 100. What will be the overall gain if a pair of these 
amplifiers is cascaded to produce a two-stage amplifier?

Re

100 F
Vout

R2

Data: hfe = 200

1 K

+9 V

47 K

C1

10 F

Vin

12.7 K

5 K

100 F

Vout

(Ans: 5000)



8 Field Effect Transistor

1318. Field Effect Transistor

8. Field Effect Transistor

Summary

d
gsoff

dss
m I

V

I
g

2
 Transconductance

ds

d
d dV

dI
g  Drain conductance

d

dd

d

ds
d

dsdddd

R

V

R

V
I

VRIV



 Load line

Ldmv RRgA || Common source amplifier



pnp and npn transistors considered so far are bipolar junction transistors. 
Bipolar junction transistors are current controlled devices. A small Ib
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8.1 Field Effect Transistor

b

controls a large Ic.

Transistor action relies on 
the movement of two 
types of charge carriers 
hence the term “bipolar.”

Mobile charge carriers 
are of different polarity.

n p n

p-n junctions

In a field effect transistor, the input voltage controls the output current. 
The input current is extremely small, < 1 pA.
There are two main classes of FETs:

JFET
Junction FET

MOSFET
Metal Oxide 

Semiconductor FET

“Field effect” is so-called 
because an electric field is 
used to control current. As 
we shall see, the transistor 
current only depends on 
the movement of one type 
of mobile charge carrier 
and is often termed a 
“unipolar” device.

n

p-type

p-n 
junction



When the gate is made negative (Vgs < 0) the p-n junction is in reverse bias 
and a depletion region develops. The p-type gate is heavily doped 

8.2 JFET

1338. Field Effect Transistor

compared to the n-type bar; thus, most of the depletion region exists within 
the bar. Because the drain is +ve w.r.t. the source, the depletion layer is 
wider at the top than at the bottom.
That is, the region of the 
p-n junction near the top 
of the bar near the drain 
is in greater reverse bias 
than the region at the 
bottom near the source.
Since the p-n junction 
is always in reverse 
bias the current I

Drain

n-type

Non-
conducting 
depletion 
region

p-n junction Conducting 

Id = Is

bias, the current Ig

through the gate 
circuit is very small, 
thus presenting a high 
resistance Rg in this 
circuit.
Advantage: high input 
resistance

With no voltage applied 
to the gate, current Id

flows from drain to Source

Gate
p-type

Ig

g
channel

Vgs

Vds

Is

d d+ -

source. As Vgs is made 
more negative,  the 
channel narrows as the 
depletion layer widens 
and this constriction 
reduces Id.

For a given Vds, the drain current Id depends on Vgs and is a maximum 
when Vgs = 0.
Voltage controlled device

s

g

d
s

n channel FET

-
g

d
s

p channel FET

+



How does Id vary with Vgs for a 
fixed value of Vds?

8.3 JFET Characteristic

Id

+ Vds
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ds

Transfer characteristic

At Vgs = 0, Id is a 
max (no depletion 
region – channel is 
widest)

Vgs

Id

max Id = Idss

Vgsoff

Id

Vgs

s

d

g-

As Vgs is made more negative, the channel gets narrower and Id

decreases. The decrease is given by:

gsd

gsoff

gs

gsoff

dss

gs

d
m

gsoff

gs
dssd

VI

V

V

V

I

dV

dI
g

V

V
II

1

12

1
2


































The slope is

but

d
gsoff

dss
m

dss

d

gsoff

dss
m

gsoffdss

I
V

I
g

I

I

V

I
g

VI

2

2

1











transconductance
(units: mA/V = millisiemens)

Anything which makes 
the p-n junction more 
reverse biased will 
affect the drain 
current. Thus, the 
transfer characteristic 
(and hence gm) 
changes depending on 
the value of Vds since a 
l V ill lt i

but

thus

Note, gm

depends on 
square root of 
drain current.

Note, gm

comes out 
+ve since 
Vgsoff is ve.

Typical values: 
Id = 5 mA, Vgs = 1 V, gm = 5 mS

larger Vds will result in 
a larger depletion 
region for a given Vgs.



Operating region: at larger Vds, 
depletion region is wide enough to 
appreciably restrict current flow

8.4 JFET Drain Curve

1358. Field Effect Transistor

Ohmic region
(acts like a 
resistor –
note different 
slope of 
characteristic 
curves in 
ohmic 
region).

Vgs more 
negative

Id 

mA

0 5

1.0

1.5

2.0

Vgs = 0

appreciably restrict current flow 
through channel and Id is now a 
constant for a given Vgs.

break-down 
voltage

Id increases 
linearly with 
increasing Vds. 
For small Vds, not 
enough reverse 
bias w.r.t. gate 
for depletion 
layer to restrict 
channel. 

Small +ve slope in 
operating region is 
called the drain 
conductance.

ds

d
d dV

dI
g 

Vds

0.5
Vgsoff

Vgsoff = Vp, 
pinch-off 
voltage which 
is required to 
block channel 
entirely so that 
Id = 0.

Vp is also the 
value of Vds

required to bring 
transistor into 
pinch-off region 
with Vgs = 0.

In the operating region, there are 
two competing conditions:
• increasing Vds tends to increase Id (just 

as in an ordinary resistor)
• but increasing V makes junction more

Net result is Id

fairly constant.

dsdV
important limitation in 
JFET circuits

• but increasing Vds makes junction more 
reversed biased and thus causes 
narrowing of conduction channel, which 
tends to decrease Id



Consider this circuit:
Any combination of Id and Vd on the load line

8.5 JFET Load Line
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Any combination of Id and Vds on the load line 
can be obtained by choosing the appropriate 
value of Vgs.

Id

mA

1.5

2.0
Vgs = 0

Iddss

Vgs = 0.5

d

dd

d

ds
d

dsdddd

R

V

R

V
I

VRIV



 Load 
line

s

d
g

V

Rd

+Vdd

Vds

Vgs Id

But, we need to choose Vgs so that Q point on the load line is within the 
operating region, e.g., cannot have Vgs > 0. Also, it is best to have Vgs in a 
“linear” region of the transfer characteristic to prevent distortion of large 

Maximum 
current that 
can pass 
through Rd

Vds

0.5

1.0

Vgsoff

(Id = 0)

Id = Vdd/Rd

Vdd

“cut-off”

Vgs = 1

Vg
gs d

AC signals.

Note that for BJT, Ic vs Ib is 
linear (hfe constant). 

Ic

l h

b

c
fe I

I
h Vgs

Id

Vgsoff

Optimum 
range of V

For a fixed Vds

Ib

slope = hferange of Vgs



Now, use of a separate voltage source at 
gate is not desirable; hence, consider this 

8.6 JFET Biasing

1378. Field Effect Transistor

circuit. 

Cs

Ig

0gV s

d
g

R

Rd

+Vdd

Vgs

C1

R

C2

• Here, source is maintained +ve w.r.t. earth by inclusion of Rs. 
• Gate is ve w.r.t. the source by setting its potential Vg close to earth 

(i.e., it can be considered to be 0 V). 
• Rg is present to offer a controlled high AC input resistance, and also 

t id th f th ll l k t I th h th

(large)
Rg

Id

Rs

Circuit is self-stabilising. If Id increases, voltage across Rs increases and 
hence gate becomes more negative w.r.t. source, tending to reduce Id.

to provide a path for the small leakage current Ig through the reverse 
bias junction to earth. Even though Rg is made large for large input 
resistance, Vg is very small because Ig is extremely small.



DC circuit: The voltages down the right hand side 
of the circuit are:

8.7 JFET Amplifier Biasing

+Vdd
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The resistor Rg provides a path for any leakage 
current to pass to earth and not cause any potential 

gs

sds

sdsddd

V

RIV

VVVV






since 0Vg 

The DC value of Vgs is normally chosen so that the 
AC signal input has no possibility of producing a 
total voltage, which  makes the gate positive w.r.t. 
source. For an AC signal with an amplitude of 
500 mV, Vgs should be set to about 2.0 V.

But,

Rs Vs

Vds

Vd

Vg

Ig

s

d
g

Rg

Rd

+Vdd

Vgs

Id

p y p
change at the gate which would affect the DC 

Id

V bias
Vgs

Id bias

ddd RIV 

The choice of Vgs also fixes the 
value of Id thus the voltage 
across the drain resistor Vd is 
found from Id and Rd:

Load

bias conditions. Rg should be as high as possible to maintain a high input 
impedance but not too high so that any leakage current produces a 
significant gate voltage. A value of 1 to 3 M is usually sufficient.

Vgs bias

For maximum swing on the 
output voltage, Vds is set to 
approximately half the 
supply Vdd.

gsdd
dd

gsddddd

VRI
V

VVVV





2

2

Load 
line

Id 

mA
Vgs

sd

dd
ds

sd
d

sddsdddd

sdsddd

RR

V
V

RR
I

RIVRIV

VVVV











1

Rearranging with Vs = Vgs; Vds = Vdd/2

Vgs is itself usually 
negative (gate is 

The choice of Rd is set by the 
desired voltage gain Av.

gsdd2
Vds

Vdd

2
dd

ds
V

V 

at ve potential 
w.r.t. source).



Fully stabilised common source FET amplifier:
Note: AC signals on the input result in there

8.8 Common Source Amplifier

1398. Field Effect Transistor

Note: AC signals on the input result in there 
being some distortion of the output due to 
the non-linear dependence of Id on Vgs (i.e., 
gm changes slightly as Id oscillates).  
Because this non-linearity is a 
square law, this results in 
production of a 2nd harmonic 
in the output signal.
In contrast, in the 
CE amplifier Vin

causes changes in 
Vbe, which produces Ib

and hence ic, leading to 
Vout. The exponential

Id

Vgs

V

Id

C2

Cs

Ig

0gV

s

d
g

Rg

Rd

+Vdd

Vgs

C1

Rs

RL

Vin

Vout

dd

in

out
v

RI

V

V
A







gsin

dd

dout

VV

RI

VV





Voltage gain:

Vout. The exponential
relationship between Vbe

and Ib leads to much more harmonic 
distortion in the output signal compared to 
FET amp. 

since Vdd is an 
AC earth

Bypass capacitor is an AC 
short circuit across Rs.

Vgs

() sign denotes

(large)
g

Id

Ldmv

gs

d
m

gs

dd

RRgA

V

I
g

V

||









but transconductance

Voltage gain is fixed 
by choosing Rd.

Obtained from 
slope of transfer 
characteristic.

The transconductance g should be

If a load resistor 
RL is included, 
then this appears 
in parallel with Rd.

( ) sign denotes 
a phase shift

s
gs

d

gs

gs

d
gs

d

sdgs

dd
v

sdgsin

R
V

I

V

V

R
V

I

RIV

RI
A

RIVV






















Without bypass capacitor:

The transconductance gm should be 
calculated from the slope of the transfer 
characteristic appropriate to the DC value 
of Vds (i.e., Vds = Vdd/2 ) and hence Id.

sm

d
m Rg

R
g




1
Gain is reduced if no 
bypass capacitor



To obtain a significant voltage gain, a reasonably large value for 
Rd is required.

8.9 Drain Conductance gd
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In the BJT, the transistor characteristic is flat, but for a JFET, the small +ve 
slope in the operating region may be significant compared to the value of Rd.

dmv RgA 
d

For Rd about 10 k, Av is about 30.

ds

d
d dV

dI
g 

Drain conductance

1.5

2.0

Id

Vgs more 
negative

gsmd

gs

d
m

VgI

V

I
g








Now, from the transfer characteristic,

But for a real JFET, Id depends on the change in 

Vds

0.5

1.0

C2
Rd

+Vdd

d p g
Vds as well as Vgs because of the non-zero drain 
conductance gd.

If included in the 
analysis, then 
resistance of 1/gd

appears in parallel 
with Rd (and RL) in 
determining the 
gain. 

d

d
d

d
d

m

d
dmv

Rg

g
R

g
R

g

g
RgA














1

1

1

1||
gd

C2

Cs

s

d

g

Id

Rs

RL

Vout

dd

dm
v

dd
dm

gR

Rg
A

gR
Rg








 



1

1
Note, the gain is usually expressed as a positive 
number, but should be used in these formulas as a 
negative number, e.g., Av = 20 for a gain of 20.



The capacitors C1 and C2 serve to isolate the DC bias from the signal
Lowest operating frequency

8.10 Amplifier Design

1418. Field Effect Transistor

The capacitors C1 and C2 serve to isolate the DC bias from the signal 
source and output device while allowing the AC signal to pass through. 

The 3 dB point is when
2

1





in

out

V

V

For RC high- and low-pass 
filters, this occurs when .1CR
The 3 dB point fixes the lowest allowable frequency of operation. If 
frequency of input (or output) signal is less than this condition, then too 
much of the signal is attenuated by the circuit (i.e., too much AC signal is 
blocked by the capacitor and thus becomes unavailable for amplification).

C1 and C2 calculated from:
CRg1

At the 3 dB point, we have, for the 
lowest frequency of operation :

The bypass capacitor Cs allows the circuit to be self-stabilising for 
DC bias fluctuations while not offering any resistance to earth for 
AC signals Thus the capacitive reactance should be made much

Bypass capacitor

0gV

Rg

C1

s
s

R
C




1

AC signals. Thus, the capacitive reactance should be made much 
smaller than Rs.

+
Cs

s

d
g

Rs



Given or known parameters: • voltage gain Av

• transfer characteristic

8.11 Amplifier Design Procedure
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1. Estimate values of Vgs and Id for a point in the centre of 
the “linear” region of the characteristic and determine 
Idss and Vgsoff

2. Determine the transconductance gm

3. Determine the drain conductance gd by measuring the 
slope of the operating region on the transistor 
h t i ti t th h l f V d I

Vgs

bias

Id bias

d
gsoff

dss
m I

V

I
g

2


characteristic at the chosen values of Vgs and Id

4. Calculate Rd from:

5. Calculate Rs from:

6. Let Vds = Vdd/2 and thus calculate Vdd from:

7. Choose C1 and C2 so that RgC = 1 and
Cs so that 1/Cs << Rs

dd

dm
v Rg

Rg
A




1

gsdd
dd VRI

V


2

dmv RgA  or

Note: Vgs is negative, 
and must be inserted 
into this formula as is, 
for example:

d

gs
s I

V
R




Need to lower this to some 
reasonable value (e.g., 20 V)

In JFET, Id is normally made smaller 
than Ic in  a BJT circuit so as to avoid 
the use of a large voltage supply Vdd. 
For example, if Id is 2 mA, and Rs + Rd

= 20 k, then Vdd = 80 V.

 5.1
2

 dd
dd RI

V

reasonable value (e.g., 20 V) 
by sacrificing gain or lowering 
Id (more negative Vgs) and 
accepting more distortion.



Metal Oxide Semiconductor, Field Effect Transistor. A MOSFET is 
similar to a JFET but has the gate insulated from the channel.

8.12 MOSFETS

1438. Field Effect Transistor

g

d

s

g

d

s

n-channel

p-channel

Drain

Gate

n-type

p-type

non-
conducting 
depletion 
region

p-n junction

Vds

Id = Is

b

Source

Ig

+

co
nd

uc
tin

g 
ch

an
ne

l

Vgs

Vds+

Is

When gate is made +ve, the field repels the holes in the p-type material, 
leaving behind what is essentially n-type silicon, which permits charge 
carriers to move from source to drain (conventional current from drain to 
source).

When Vgs= 0, Id = 0. MOSFET is normally OFF when Vgs= 0 (unlike JFET). 
The drain current depends on gate voltage. Like JFET, drain current 
increases when the gate voltage is made more positive.
Very high input impedance, 1011 

Or, attracts electrons from n-type to fill holes in p-type (similar to BJT). 
When all holes are filled, conducting channel is formed.



Complementary Metal Oxide Semiconductor
A CMOS chip contains both p- and n-channel MOSFETs on the same chip.

8.13 CMOS
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A CMOS chip contains both p and n channel MOSFETs on the same chip.

Input

g
d
s

d

p-channel

Output

Vs

CMOS inverter
For a high input, p-channel 
goes off, n-channel goes on

g s n-channel

0 V

Characteristics of CMOS digital circuits:
• very compact, allowing high packing density on a single chip
• low power consumption
• accept large range of power supply voltages (+3 to +15 V)

Very high input impedance means very little current draw from inputs.

• accept large range of power supply voltages (+3 to +15 V)
• slow speed compared to TTL
CMOS chips are used in computer circuitry because they only consume 
power when they change state. When they are in a particular state, no 
current flows and no power is consumed. This makes them ideal for 
portable electronic equipment.



1. Explain, with the aid of a diagram, as briefly as possible, the principle of 
operation of a JFET. In your explanation, describe the effect of various 

8.14 Review Questions

1458. Field Effect Transistor

2. In the circuit below, Vds is measured by a student at 29 V. Calculate the 
DC bias conditions (Vgs, Id) given that Vdd = 40 V, Rs = 300 , 
Rg = 2 M, and RD = 6 k. Also calculate the AC voltage gain and the 
peak-to-peak output voltage when Vin = 30 mV. 

applied voltages across p-n junctions and how transistor action is obtained.

Id

3Rd

+Vdd

C2

2 V 1.5 1 0.5

2

1
Cs

s

d
g

Rg

C1

Rs

3. An FET has an input resistance of 1000 M and a transconductance of 
4 mS. The drain conductance is 100 S at the operating point where 
Vds = 14 V, Id = 2 mA, Vgs= 2 V. Draw a circuit for a single stage 
amplifier and determine the values of as many components as possible 
if a 30 V supply is available. Compare the voltage gain with and without 
the drain conductance being taken into consideration.

(Ans: Id = 1.74 mA, Vgs = 0.5 V, gm = 3.48 mS, Av = 20.9, Vout = 624 mV)

(Ans: Rd = 7 k, Rs = 1 k, Av = 28, Av = 16.5)    
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4. An FET is used in an amplifier circuit with a load resistor of Rd = 40 k. 
The gain is measured at 40. Calculate the output resistance and the 
transconductance of the transistor if the gain drops to 30 when the load 
resistance is halved. (Ans: 20 k, 3 mS)

40 K

s

d
g

+Vdd

C1

C2

5. An FET amplifier is used as the first stage of a two stage amplifier as 
shown below. The second stage is a simple-biased common emitter 
amplifier. Calculate the overall gain of the complete amplifier circuit.
gd = 50 S
g = 3 mS +20 Vd

CsRg Rs

gm = 3 mS
hfe = 120
hie = 5000 

100 F

s

d
g

2.2 M

22 K

d

1 F

8 2 K

10 F

220 K 10 F

Vout

3.3 K

(Ans: 792)

8.2 K



9 High Frequency

1479. High Frequency

9. High Frequency

Summary

11


Cr Te
Transition frequency

 cbbe
iein

ACCj
hZ

 11
Miller effect



In a transistor, the reverse biased c-b junction behaves like a capacitor 
since the depletion region is an insulator. The capacitance is given as Ccb.
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9.1 BJT Capacitance

cb

Vce

e b c

Vbb Rb dependent on the 
area and width of 
the junction

Forward biased 
junction has 
narrower depletion 
layer, hence a larger 
capacitance.

The forward biased b-e junction also possesses capacitance Cbe.

• some of this capacitance is due to the presence of the depletion region
• some of this capacitance is due to the finite speed of diffusion of charge 

carriers across the junction and is significant when the input signal 
changes rapidly.

capacitance.

Both these capacitances restrict the high frequency response of the 
transistor. An equivalent circuit for a transistor is thus:

Amplification at frequencies > 10 kHz and <1 GHz are 
usually termed “high frequency,” e.g., radio, TV signals (RF).

As the input signal frequency  of Vin is increased, 

Ccb

c
p g q y in ,

the reactance of Cbe decreases (XC = 1/C) and at a 
high enough frequency, much of Ib flows through 
Cbe instead of hie.

reduced 
current gain

about 1001000 pF

Cbe

b

e

hie

Cbe

hie

Vin

Ib

Cbe has the greatest effect on current gain 
(compared to Ccb) because of the narrow depletion 
region. 

about 5 pF



At high frequencies, the base 
current Ib is diverted more and more hfe = 1 at the 

“t iti ”

hfe

al
e

9.2 Transition Frequency

1499. High Frequency

b

into Cbe (since Xc decreases) and the 
effective current gain of the 
transistor is reduced.
The transition frequency marks the point 
where the transistor cannot be used as an 
amplifier. It depends upon the collector 
current since the input resistance hie is a 
function of the collector current. 
Thus, an increase in Ic results in a decrease in hie and since Cbe is in 
parallel with hie, there is an increase in the transition frequency. At 
higher collector currents the capacitance C begins to rise and

“transition” 
frequency fT

f

3 dB point
Cut-off frequency fhfe

1

lo
g 

sc
a

1 200 MHz1 MHz

higher collector currents, the capacitance Cbe begins to rise and 
dominate any effect of decreasing hie, causing transition frequency to 
fall with increasing Ic.

Cbe rises due to a change in the 
apparent size of the base region 
as the depletion layer is shifted 
off-centre towards the emitter. 
This affects the time taken for 
charge carriers to pass through 
the base, which at high 
frequencies, is an effective 
capacitance.

Optimum high frequency 
performance obtained 
with Ic about 5 to 50 mA.

ft

Ic

Let hfe be the current gain of the transistor without any frequency effects. As fe g y q y
the frequency gets higher, the overall current gain approaches 1, meaning that 
the current through the base which actually gets amplified is reduced to 
Ib/hfe. The remainder of Ib goes through Cbe.

ebie
fe

b

cb
fe

fe
in

rIh
h

I

XI
h

h
V












 


1

11










 
e

beTfe

fe
r

Ch

h


fe

b

h

i 
fe

bfe

h

ih 1

Cbe hie

Vin

Ib

11




beTe

beTfe

Cr

Ch




T is the 
transition 
frequency.



In a CE voltage amplifier, the 
output voltage Vout is 

9.3 Ccb Common Emitter Amplifier
Vcc
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out

essentially the collector voltage. 
The output signal, at high 
frequencies,  can thus 
be passed 
back to the 
input side of 
the transistor 
through Ccb. 

Ib

Vs

Re

Vbe

Rc

outV

inV

R1

R2

C1

C2

RL

Rs

Ce

Ccb

What is the value of Ccb as viewed purely from the amplifier input Vin?

 

 i

cb
cb

vincb

invout

outincb

AV
q

V

q
C

AVV

VAV

VVV










1

1
but
thus

now

therefore  

 

 

 
cbv

cbv

in

cbvin

in
eff

cbvin

in
cb

CA

CA

V

CAV

V

q
C

CAVq

AV
C















1

1

1

1therefore

The capacitance as seen from the input Vin,
w.r.t. earth, is:

much larger than first expected

Miller effect

cbvCA much larger than first expected

From the point of view of Vin, the capacitance Ccb actually appears to be 
much larger due to a feedback effect from the output side of the circuit. This 
is the  most significant barrier to high frequency voltage amplification. 



Consider this equivalent circuit of a CE amplifier:

9.4 Miller Effect

C b

1519. High Frequency

effective 
it

Equivalent circuit can be shown with Ccb replaced by effective capacitance 
ACcb:

Cbe

Ccb

Ib

Vin

R1||R2 hie

Vout

Ic

RC

capacitance

The internal capacitances Cbe and ACcb serve to decrease the input 
impedance of the amplifier circuit. The total input impedance becomes

Cbe

Ib

Vin

R1||R2 hie

Vout

Ic

RCACcb

impedance of the amplifier circuit. The total input impedance becomes 
frequency dependent and is given by:

 cbbe
iein

ACCj
hZ

 11

(neglecting R1||R2)

Thus, at high frequencies, the measured voltage gain of a CE amplifier circuit 
will decrease as the input impedance of the circuit becomes smaller in 
comparison to the output impedance of the source (i.e., less of Vin appears 
across the input to the amplifier and more across the internal resistance of the 
source).
What affects the value of C b?

depends on charge 
carrier mobility

• the dimensions of the depletion layer
• the speed of diffusion of charge carriers across the junction

What affects the value of Ccb? y

How can these effects be minimised?



9.5 Output Capacitance
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At high frequencies, capacitances of various items connected to the output 
serve to short the output signal to earth, thus causing an apparent decrease 

Ib

Vbe

Rc

Vcc

outV

inV

R1

R2

C1

C2

RL

Rs

C

Ccb

in voltage gain: 
• input capacitance 

of load
• capacitance of 

connecting wires
• Etc.

CO

If the frequency of the signal to be amplified is increased, and Vout decreases 
without any decrease in Vin, then the chances are that a stray capacitance Co

is shunting the signal to earth instead of into the desired output device. 
- such as would happen if Cbe and ACcb were significant.

Vs

Re

Ce

pp be cb g

Co

effective 
capacitance

Cbe

Ib

Vin

R1||R2 hie

Vout

Ic

RCACcb



One example of a circuit with BJT transistor for high frequency applications 
is the common base amplifier circuit. 

9.6 Amplification at High Frequencies

1539. High Frequency

Input signal feeds into the 
resistance of the base-
emitter junction as seen 
from the emitter, i.e., re

which is low.

e
e I

r
25


DC emitter current 
in mA and Ic = Ie

How does it work?

Rc

Vcc

outV
inV

R1

R2

C1

C2

C

Cbe Ccb

Thus, the circuit has a low input 
resistance (not desirable). However, 
the input signal only sees capacitance 
Cbe and not AvCcb; thus the Miller 
effect does not affect Vin.

• Voltage gain: same as CE 

This amplifier works somewhat backwards in that the input signal causes 
Vbe to oscillate from the emitter side rather than from the base side but 
here, when the signal Vin increases, Ib decreases and so does Ic and thus 
Vout goes up – input and output are in phase.

I operating 

Re

Ce

amplifier
• Low input impedance 

(not so good but...)
• useful for preamplifier for 

television signals from 
coaxial cable (low impedance 
source 70 )

• Miller effect on gain is 
reduced – very desirable

• Useful high frequency 
response only limited by 

Vbe

Ib

Vbe caused 
by Vin

Ib

p g
point 
determined 
by DC bias 
circuit

0.7 V

Ic = hfe Ib

espo se o y ed by
transition frequency fT
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1. The transition frequency for a certain transistor is specified at 320 MHz 
at Ic = 12 mA. Determine the capacitance of the base-emitter junction.

9.7 Review Questions

2. Calculate the effective capacitance on the input of an 
amplifier Av = 120 which uses a transistor with Ccb= 6 pF.

(Ans: 726 pF)

c 

(Ans: 239 pF)

3. What capacitance has the most effect on the gain of:
(a) a BJT transistor;
(b) a common emitter amplifier.

4. An amplifier circuit has the following parameters. Calculate the input 
impedance Zin at  = 200 MHz, hie= 500 , Cbe = 150 pF, Ccb = 5 pF, 
Av = 200.

(Ans: 0.59 )



10 Power Amplifiers
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10. Power Amplifiers

Summary

Quiescent power consumption of 
transistor in common emitter 
amplifier 

c
cc

Q I
V

P
2



rms
av R

V

R

V
P

8

22 


Average rms output power at load 
for common emitter and common 

LL RR 8 collector amplifier

Le

L
v Rr

R
A




L

cc
S R

V
P



22


Average power from supply for 
simple Class B amplifier 

Voltage gain for simple Class B 
amplifier



10.1 Amplifier Power Output

The common emitter, common collector and  common source amplifiers are 
suitable for small signal amplification and are generally constructed from 
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In the common emitter  amplifier, Rc allows 
us to set the Q point to the middle of  the 
load line, and also limits the current drawn 
by the transistor to a safe level for that 
device. When there is no AC input signal 
present, the current through 

lower power transistors. 
Consider a common emitter amplifier. The output  impedance is the parallel 
combination of Rc and RL.  The DC bias current Ic is typically a couple of mA. 
That is, the available current swing at the output is typically 1 mA or so.  

Rc

outV
R1

C

C2

Vcc

the transistor is Ic. The 
voltage from collector to 
emitter is about half that of 
Vcc and so the power 
dissipated by the transistor, 
with no signal present, is:  

c
cc

Q I
V

P
2



As far as power dissipation within the transistor itself is concerned, it is the 
DC quiescent bias condition that represents the worst case, and so must be 
designed to handle that level of power output P

Ib+Ib

Vs
I c

+
I

c

Re

inV

R2

C1

RL

Rs

Ce

LLL

p

L

rms
av R

V

R

V

R

V

R

V
P

8
1

22
1

2

2222 








 











When there is an AC signal present, the current swings by Ic (peak-to-peak) 
and the power is transferred from the transistor to the output resistance 
(Rc||RL).  It is only the power dissipated within the load resistor RL that is 
important (since this is our “payload”). Thus, the net average output power  
in RL is:

designed to handle that level of power output PQ. 

The power supplied by the supply voltage is Vcc times the current draw 
through the bias divider resistors R1 and R2, plus the collector current IC. This 
DC power, PDC, can be calculated once the DC bias voltage Ic is determined 

peak-to-
peak

from the bias conditions.  
The ratio Pav/PDC is the overall efficiency of the amplifier, and for a common 
emitter amplifier, is usually only a few percent, with a theoretical maximum 
of about 25%.



In many applications, particularly in the first stages of amplification of a 
signal, low power circuits with high gain and good linearity are required. In 

10.2 Class A Amplifier

15710. Power Amplifiers

the circuits examined so far, the bias currents are in the mA regime and 
would be unsuitable for driving loads such as audio loudspeakers, where 
outputs of 100 W or more may be required. 
A common emitter amplifier, and all 
those that set the Q point in the middle 
of the load line, are termed Class A 
amplifiers.
Class A amplifiers generally produce 
a faithful representation of the input 
signal (highly linear, low distortion) 
with a reasonably large voltage gain

Ic 

IbQ

In principle, it is perfectly acceptable to scale up the common emitter circuits 
with lower value resistors and larger transistor construction so that the 

with a reasonably large voltage gain  
and reasonable impedance matching 
for many applications.  
The main disadvantage is that Class A 
amplifiers dissipate most of their power 
within the transistor when there is no signal present. This power dissipation 
occurs via heating of the component. Should the p-n junctions within the 
transistor become too hot (say 100 to 200 C) the device may no longer 
function. 

VceVcc

allowable swing of Vout

Vin

t

Vout

g
required output for a high power 
application may be obtained. 
This is seldom done due to the very 
poor efficiency of such a circuit.  
To overcome these limitations, 
amplifiers for high power 
applications are usually made so 
that they consume little or no DC 
bias current.

t



10.3 Class B Amplifier

A Class B amplifier uses two complementary transistors (one NPN and one 
PNP) that act in a push-pull capacity. Each transistor supplies half of the 
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output waveform.  At zero input voltage, there is no bias current drawn by the 
transistors, thus leading to greater efficiency.  
However, the 0.7 V “turn-on” voltage 
required for each transistor means that 
there is distortion of the signal at 
crossover.  That is, the +0.7 and 0.7 V 
input is a dead band. 

+Vcc

outVinV
Vb

In the circuit shown 
here, at Vin = 0,  Vb = 0 
and so both transistors 

Q1

Q2 RL

Vcc

Q1 and Q2 are off. 
When Vin > 0.7 V,  Q1 switches on, Q2 remains 
off, and the amplified (+) signal is available at Vout. 
When Vin < 0.7 V,  Q2 switches on, Q1 remains off, 
and the amplified () signal is available at Vout. 

Q2 RL

When the peak of Vout is at Vcc (maximum amplification), then the 
average rms output power is:

Vin

tL

cc

L

p

L

rms
av R

V

R

V

R

V
P

22

222


There is no DC bias current draw in this

Vout

t

As with any common collector  (or emitter follower) circuit, the voltage 
gain is less than 1 and in the circuit shown here is given by:

crossover 
distortion 

There is no DC bias current draw in this 
circuit. The potential at +Vcc and Vcc is 
constant but the current draw IC varies 
according to the AC input Vin. Taking into 
account both supplies, the average power 
consumption from the source is given by:

L

cc
S R

V
P



22


The ratio of Pav and Ps thus predicts a maximum efficiency of  /4  80%.

gain is less than 1 and in the circuit shown here is given by:

  Le

L

Lfeieb

Lc

in

out
v Rr

R

RhhI

RI

V

V
A













Thus, a Class B circuit is a power amplifier, not a voltage amplifier. 



10.4 Class AB Amplifier

The crossover distortion of a Class B amplifier can be overcome by the 
biasing the two transistors into the on condition by a small amount so that 
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there is a period  during which both transistors are on near the crossover. 

+Vcc

In the circuit shown here, a small bias voltage Vbb is applied across the base 
of each transistor. This results in a bias current Ic in each transistor from 
+Vcc to Vcc, that is, there is a DC current flow in the collector-emitter 
circuit leg. 
For small variations in 
Vin, there is a region 
where both transistors 
respond to the signal. 
For large variations, one 

i ll V

outV
inV

Vcc

transistor eventually 
turns off and the other 
one provides all the 
current gain. 
Thus, for small input 
signals, the amplifier 
operates in Class A mode, 
while for larger signals, it 
operates as a Class B. 
Crossover distortion is 
very greatly reduced.

Vbb

Vbb

Vin

t

Vout

t

very greatly reduced.  
The amplifier is referred 
to as being Class AB. 



10.5 Class AB Diode Biasing

In practice, biasing for a Class AB amplifier is not provided by separate 
power supplies,  or even from a resistor network, but instead, via diodes from 
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There is an important reason why diodes 
are used to provide the bias voltage rather 
than just using a resistor voltage divider. 
The base-emitter junction in each of the 
transistors is in forward bias. Usually, Ib

is controlled by the bias resistors (since 
the voltage drop across them is large in 
comparison to V ) Large changes in I

the supply. Here, there is a forward bias voltage drop ( 0.7 V) across the 
diodes and thus applied to the base-emitter junction. This is usually sufficient 
to provide a small bias current. 

+Vcc

comparison to Vbe). Large changes in Ib

result in only small changes 
in Vbe due to the steepness 
of the diode characteristic curve. If the 
temperature of the transistor should 
increase, then Vbe (the knee voltage) 
would decrease. The voltage drop across 
the bias resistors, thus Rb increases, and 
so the current Ib increases, and hence Ic

would increase – thus raising the 
temperature of the junction more. A 

iti f db k diti i t hi h

outV
inV

Vcc

Vbb

Vbb

positive feedback condition exists which 
could eventually lead to thermal 
runaway.  

V

I

0.69 V

100 C
25 C

0.7 V

In diode biasing, the forward junction 
of the diode is kept at or near the 
temperature of the transistor by 
placing it very close to it. As the 
temperature of the transistor rises, so 
does that of the diode, and the voltage 
across the p-n junction of the diode 
thus decreases – thus siphoning off 

Note: The diode equation would predict 
an increase in Vbe with increasing p g

some of the current going to the 
transistor base Ib and so stabilising the 
collector current Ic in the transistor. 

be g
temperature for a constant value of Io, 
but Io is a strong function of temperature  
(doubling with every 5 to 10 C rise) and 
forces the characteristic curve to move to 
the left with increasing T. 



11 Transients

16111. Transients

11. Transients

Summary
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
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R-C circuit: charging
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t

R
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c

Vev
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R-C circuit: discharging
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Vev
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







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R-L circuit: charging

L

Rt

L

L

Rt

R

Vev

Vev








R-L circuit: discharging

 dtv
RC

v inout
1

dt

dv
RCv in

out 

Integrator

Differentiator



11.1 R-C Circuit Analysis
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Small letters 

  ;





vvV
C

q
viRv

CR

CR

Consider a series circuit 
containing a resistor R and 

signify 
instantaneous 
values.

  constantln 










RC

t
qVC

RC

dt

qVC

dq
RC

q

R

V

dt

dq
RC

q

R

V
i

C

q
iR

dt

dq
i but

1st order differential 
equation - integrate 
both sides.

(a)

V

capacitor C. If connection (a) is 
made, the initial potential 
difference across the capacitor is 
zero, and the entire battery 
voltage appears across the 
resistor. At this instant, the 
current in the circuit is:

R

V
I 

 

 

t

RC

t

e
VC

q

RC

t

VC

qVC
RC

t
VCqVC

VC
RC

t
qVC

















1

ln

lnln

lnln
QVC 

A fully charged 
capacitor has 
charge Qf and  
potential 
difference = V.

RC

CR

(a)

(b)

As the capacitor charges, the 
voltage across it increases and 
the voltage across the resistor 
correspondingly decreases (and 

d h i h i i )

When t = 0, 
q = 0.

RC

t

RC

t

RC

t

RC

t

Ie

e
R

V

dt

dq

eQq

eVCq











































1

1

Both current in 
circuit and charge 
on capacitor  are 
exponential 

Io is the initial 
current in the

so does the current in the circuit). 
After some time, the capacitor is 
fully charged and the entire 
battery voltage appears across 
the capacitor. The current thus 
drops to zero and there is no 
potential drop across the resistor 
(since there is no current).
When connection (b) is made, 
the capacitor discharges 
through the resistor. The 

RC

t

Iei

i




functions of time.
current in the 
circuit.

g
current is initially high and 
then over time drops to zero. 



11.2 Time Constant and Half-Life
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t






Charging vC

V

RC

t

R

RC

t

c

RC

t

f

Vev

eVv

eQq





































1

1

VCQ

Cvq c




cR

cR

vVv

vvV




vR

t

V

RC

t
RC

but
and

thus

since:

Discharging

The product RC is 
called the time 
constant of the circuit

RC

The half-life of the 
circuit is the time for the 
current to decrease to

Discharging
vC

t

V

vR

t

V

cR

Cq
t

dq
q

dt
RC

C

q

dt

dq
R

C

q
iR

vv












ln

11

0

constant of the circuit. 
It is the time in which 
the current (and thus 
vR) would decrease to 
zero if it continued to 
decrease at its initial 
rate.

t
RC

t

h

h

2
1ln 

Vd

t

e
RC

V

dt

dv RC

t
r









 



0@

current to decrease to 
half of its 
initial 
value.

RC

t

RC

t

RC

t

h

h

e

Ie
I

Iei













2
1

2

t

RC

t

Qeq

Q

q

Qq
RC

t

QC

CQ

q
RC












ln

lnln

ln
ln0

RC

RCt
RC

t

h

h

693.0
2ln

2ln1ln





RC

V

dt

dvr 


initial slope
RC

t

R

RC

t

c

Vev

Vev










11.3 R-C Low-Pass Filter
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Rv v

As the capacitor charges, the voltage 
across it (vout) increases. When the 

C

Rvn vout
out

capacitor is fully charged, all of vin appears 
across it and none across the resistor. As 
the time constant becomes smaller than the 
period T of the input pulse, the capacitor 
has more time to charge and discharge 
fully before the pulse changes polarity.
For a low-pass filter, we want RC << T to pass through low frequencies, 
i.e., small time constant.

Consider a square wave input signal. 
For a small time constant or a low

Input:

C R RC

0.05 F 47 k 2.35  103

vout

vin

Input signal varies 
periodically from 0 to +v

t

For a small time constant or a low 
frequency input signal, the capacitor 
charges up quickly and so the output 
signal looks like the input signal.  At 
higher frequencies (or longer time 
constant), the capacitor may not have 
time to charge and discharge fully and 
so the output signal is distorted and of 
lower amplitude. The circuit acts like a 
low-pass filter. 

Output:

0.01 F 47 k 4.7  104

de
cr

ea
si

ng
 ti

m
e 

co
ns

ta
nt

0.002 F 47 k 9.4  105



11.4 R-C High-Pass Filter
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As the capacitor charges, the voltage 
across it increases and voltage across Cvin vout

the resistor decreases. As the time 
constant becomes smaller than the 
period T of the input pulse, the 
capacitor has time to charge and 
discharge fully and the voltage across 
the resistor decreases to zero.
For a high-pass filter, we want RC >> T to pass through high frequencies, 
i.e., large time constant.

R

For a large time constant (or high 
frequencies) the capacitor takes a Input:

on
st

an
t

vout

vin

t

v

C R RC

0.05 F 47 k 2.35  103

q ) p
long time to charge up and so the 
output signal looks like the input 
signal. This circuit blocks low 
frequency input signals. 

Output:

de
cr

ea
si

ng
 ti

m
e 

co -vout

0.01 F

0 002 F

47 k

47 k

4.7  104

9 4  1050.002 F 47 k 9.4  10



11.5 R-L Circuits
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Charging Note: as written here, we write 
+Ldi/dt to signify a voltage 
drop across the inductor in the

iRv
dt

di
Lv

R

L





R

(a)

(b)

V

L

drop across the inductor in the 
direction of current flow.

 
L

R
iI

L

R
i

L

IR

dt

di
dt

di

L

R
i

L

IR

IR
dt

di
LiRV

vvV LR













Let connection (a) be made. Because of the self-
induced emf, the current (and hence vR) in the 
circuit does not rise to its final value at the 
instant the circuit is closed, but grows at a rate 
which depends on the inductance (henrys) and 
resistance (ohms) of the circuit.

The quantity 
L/R is the time 

t t f

 

 

IC

ti

CiIt
L

R

di
iI

dt
L

R

dt
L

R

iI

di
L

ln
0@0

ln

1














 R

vR

V

constant of 
the circuit and I
is the final 
current.

 

 
 

 






























L

Rt

L

Rt

eIi

e
I

iI

I

iI

IiIt
L

R

IiIt
L

R

1

ln

lnln

lnln

t

vL

V

L/R

I

i

L

Rt

L Vev




















L

Rt

R eVv 1







t
L/R

t
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11.6 R-L Circuits

Discharging
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RL

IC

Ci
L

Rt

di
i

dt
L

R

di
i

dt
L

R
dt

di
LiR

vv















ln

ln

1

1

0

0

i = I @ t = 0

iRv
dt

di
Lv

R

L





R

(a)

(b)

V

L

L

Rt

L

L

Rt

R

L

Rt

Vev

Vev

Iei

I

i
Ii

L

Rt













 lnlnln
When connection (b) is made, the 
current (and vR) does not fall to zero 
immediately but falls at a rate which 
depends on L and R. The energy 
required to maintain the current during 
the decay is provided by the energy 
stored in the magnetic field of the 
conductor

vR

t
vL

t
V

-V



11.7 R-L Filter Circuits

L

Low-pass (choke) circuit
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Rload

Unsmoothed 
DC source,
e.g., output from 
rectifier circuit.

If the source voltage rises 
above its average value, then 
any increase in the current is 

d b i d t d

Vin Vout

opposed by inductor and 
energy is stored in the 
magnetic field of the inductor.

If the source voltage falls 
below its average value, then 
stored energy is released 
from the inductor to oppose 
any decrease in current. 

Result is that current through 
load resistor is maintained at 
near constant level. High 
frequencies are filtered out. 

L

R

High-pass filter

Low frequencies are 
shunted to ground by the 
inductor; high 
frequencies are passed 
through to vout.

vin vout



Transistor switch – this circuit will “square up” any repetitive waveform

11.8 Transistor Circuits
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0

Rc is required here to 
prevent excessive current 
draw from power supply 
when transistor is on.

Rb

Vbe

Vce

Rc

Vcc

C

Vout

Vcc

+

wt

Vin

Now, consider the effect of a capacitance on the output:
If the transistor is initially off, then Vout = Vcc and the capacitor will be 
charged also to Vcc.

But this charging takes place through Rc, i.e., time constant = RcC, and the rate 
of rise of Vout is relatively long.   

When the transistor is turned on, the Vout drops low and the capacitor 
discharges through Vce to earth. 

-

wt

Since this connection through to earth is virtually a short circuit, through the 
transistor from collector to emitter, then discharge time is very short.

Resulting output:

transistor 
on off on offoff

In active switching circuits, “turn-on” is faster than “turn-off.”

capacitor charges discharges



Technique to overcome slow turn-off. +Vcc

11.9 Active Pull-Up
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Rb
Vin

C

Vout

pnp

npn

In an actual circuit, a small 
resistor Rc is usually inserted to 
protect the power supply from 
short to ground during switch-
over, when both transistors may 
be momentarily “on”.

p n p

Vbb

Ie

Ic

Ib

Rb
Positive input voltage:

• npn transistor base-emitter junction 
in forward bias so transistor turns 
on. Capacitor can discharge to earth 
through collector-emitter as before.

• pnp transistor base-emitter junction in 

Direction of hole 
current is shown.

Vce

reverse bias so transistor turns off and 
emitter-collector becomes non-conducting. 
Vcc is thus not shorted to earth through npn 
transistor. Capacitor voltage is now Vce for 
npn since pnp is off.

Zero or negative input voltage: 

• pnp transistor is turned on and Vcc appears across capacitor and also at 
Vout. But, charging time is very short since resistance Rc may be 
eliminated in this circuit. 

The same effect can be obtained with two npn transistors if the bases of 
each are driven separately and out of phase so that one switches on when 
the other switches off. IC logic circuits usually employ this 

method since they are more easily 
fabricated on one semi-conductor chip.



11.10 Integrator/Differentiator

q

Integrating circuit R
vn vout

17111. Transients


















vv

dtv
RC

v

iRv

idt
C

v

idtqi
dt

dq
C

q
v

inR

Rout

R

out

out

1

1

when RC is large 
( hi h f )

thus

vin

vout

now,

and thus

Now

C





dtv
RC

v

vv

inout

rc

1
or (or high frequency) 

Output voltage signal is the 
integral of the input voltage signal.thus

dv
C

dt

dq
I

IRv

C

out







Differentiating circuit

For small RC

C

R

vin vout

dt

dv
RCv

vvvv
dt

dv
RCv

dt
C

in
out

inCRC

C
out







For small RC
capacitor 
charges up 
quickly.

Output voltage is the derivative 
of the input voltage.

vin

vout

vin

when RC is 
small (or low 
frequency)

vout



1. A circuit containing an inductor 20 H  with a resistance or 16  is 
connected through a switch to a 24 V source. Calculate the following:

11.11 Review Questions
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(a) the initial current when the switch is closed;
(b) the final steady-state current;
(c) the initial rate of change of current when the switch is closed;
(d) the time constant for this circuit.

16  20 H

24 V

Switch

(Ans: 0, 1.5 A, 1.2 A s1, 1.25 s)

2. A capacitor of 1 F is charged through a 50 k resistor. Calculate how 
long it will take the capacitor to charge to 63% of the applied voltage.

(Ans: 0.05 s)
3. Design an RC filter to give at least 3 dB attenuation for all frequencies 

above 10 kHz.

4. A square wave of frequency 100 kHz is applied to the following 
network. If the square wave amplitude is 4 V, determine the output 
wave from the networkwave from the network.

100 pF

2.2 K

2.2 K

+5 V

4 V

0

Vout

T = 0.1 msec



5. A conventional ignition system in a motor vehicle consists of an 
induction coil, the current to which is periodically switched on and off 

17311. Transients

through mechanical “contact breaker points.” A high voltage is induced 
in the secondary side of the coil when the contact breaker opens and 
closes.

If the resistance of the primary side of the circuit is 8  and the 
inductance of the coil is 2.4 H, calculate the following quantities:

(a) the initial current when the contact breaker is just 
closed;

(b) the initial rate of change of current when the 
contact breaker is just closed;

(c) the final steady-state current;
(d) the time taken for the current to reach 95% of its 

maximum value.

L
12 V

Contact breaker

Spark
plug

(Ans: 0, 5 A s1, 1.5 A, 0.9 s)

Primary Secondary

R
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6. A 10,000  resistor and a capacitor are connected in series and a 10 V 
potential is then applied. If the potential across the capacitor rises to 5.0 
V in 1.0 s, find (a) the capacitance of the capacitor and (b) the time 
taken to charge the capacitor to 95% of maximum charge. 

(Ans: 144 pF, 4.2 s)

7. A 10,000  resistor and an inductor are connected in series and a 10 V 
potential is then applied across them. If the potential across the inductor 
is 5.0 V after 1.0 s, find (a) the inductance of the inductor and (b) the 
time taken for the current in the circuit to reach 95% of its steady-state 
maximum value.

(Ans: 14.4 mH, 4.2 s)



12 Digital Electronics
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12. Digital Electronics

Summary

A + B = B + A
B  A = A  B

(A + B) + C = A + (B + C)
(A  B)  C = A  (B  C)

A AB A (1 B) A

Boolean algebra

A + AB = A  (1 + B) = A
A (A + B) = A

A (B + C) = A  B + A  C
A + (B  C) = (A + B)  (A + C)

A + A = A
A  A = A

A  A = 0
A + A = 1
A = A
0 + A = A

A + A  B = A + B
A  (A + B) = A  B

De Morgan’s theorem
(A + B) = A  B
(A  B) = A + B

0 + A  A
1  A = A
1 + A = 1
0  A = 0



Digital electronic circuits contain components which act like high speed 
switches that process voltage levels that are suitable for representing the 

12.1 Digital Logic
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AND gate

binary numbers 0 and 1. These voltage levels may also represent logic states
true and false and thus allow binary data to be processed using Boolean 
algebra in a digital circuit. The components of a digital circuit are called 
logic gates. 

A B A AND B AB
0 0 0 Output true 
0 1 0 only if both A and B
1 0 0 are true 
1 1 1 AND

A

B

Truth tables provide the rules for the 
Boolean operators. 

OR t

NOR t

A B A NAND B
0 0 1 Output false if 
0 1 1 both A and B are
1 0 1 true
1 1 0 NAND

A B A OR B A+B
0 0 0 Output true 
0 1 1 if either A or B are
1 0 1 true
1 1 1 OR

A

B

OR gate

A

B

NAND gate

NOR gate
A B A NOR B
0 0 1 Output false if either 
0 1 0 A or B is true 
1 0 0
1 1 0

A B A XOR B
0 0 0 True if either A or B 
0 1 1 is true but not both
1 0 1 together
1 1 0

NOR

XOR

A

B

XOR gate

A

B

NOT gate

A NOT A
0 1 True if A is false 
1 0 False if A is true NOT

A

NOT gate



12.2 Logic Gate Characteristics

True False
Binary system:Voltage output levels:

TTL: Low: < 0.4 V I t

Vcc

Output
NOT

17712. Digital Electronics

TTL CMOS
Supply 5 V any DC 3 to 15 V
Power 10 mW 50 W
High > 2 V > 70% supply
Low < 0.8 V < 30% supply
Speed 10 ns 60 nS

True False
High Low
Mark Space
On Off
0 1
5 V 0 V

High: > 2.4 V
CMOS: Low: 0 V

High: voltage 
supply Vcc

Input

Inputs

Vcc

Output

NOR

Connecting gates together:
I t Hi h I t L

Propagation delay:

01

1

1 0

About 10 nS for TTL.
With circuits containing many 
gates, total delay may be quite 
considerable.

input

output

delay

t

> 2 V
Input High

40 A
Input Low
< 0.4 V

1.6 mA

40 A to keep high 1.6 mA down to earth without 
raising input

Output High 400 A
with Vout dropping 
below 2 V

Output Low

Drives inputs of up 
t 10 t h C i k t f 10 t

16 mA
Vout < 0.4 V

to 10 gates each 
requiring 40 A

Can sink current from 10 gates 
without lifting voltage > 0.4 V

Fan-out - number of inputs that can be driven by one output. TTL: = 10
CMOS: = 50



Boolean algebra can be implemented using digital electronic circuits using 
combinations of logic gates, e.g., a combination of NAND gates gives a 

12.3 Digital Logic Circuits
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logical XOR function:

A

B
A XOR B

A + B B + A
Laws of Boolean algebra

In the circuit below, the XOR
function is used to add binary digits 
A and B. The AND gate indicates 
whether or not there is a carry bit. 
This circuit is a half adder.

A B O
0 0 0
0 1 1
1 0 1
1 1 0

Truth table
A + B = B + A
B  A = A  B

(A + B) + C = A + (B + C)
(A  B)  C = A  (B  C)

A + AB = A  (1 + B) = A
A (A + B) = A

A (B + C) = A  B + A  C
A + (B  C) = (A + B)  (A + C)

A + A = A
A A A

A B S C

Truth table

A

B

Sum

Carry

X
O

R
A

N
D

A  A = A

A + A  B = A + B
A  (A + B) = A  B

A  A = 0
A + A = 1
A = A
0 + A = A
1  A = A
1 + A = 1
0  A = 0

A B S C
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1

De Morgan’s theorem
(A + B) = A  B
(A  B) = A + B



(A + B) + C = A + (B + C)1. Associative law

12.4 Boolean Logic Examples
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2. De Morgan’s theorem

=
A

B
C C

B
A

A

B

A

B

(A + B) = A  B

(A  B) = A + B
A

B
B

A

Out = A  C + B  C + A  B  C

ANDOR

3. Example

1. Work on the OR’s first
A  C
B CB  C

A  B  C
2. Add on AND’s

A

B

C



Consider now a more systematic approach to formulating logic 
circuits. 

12.5 Logic Circuit Analysis
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A B C D = AB Out = D+C    Min terms

0 0 0 0 0
0 0 1 0 1
0 1 0 0 0

1. Draw up truth table
2. AND inputs 

together with 0’s 
negated - min 
terms

CBA 
CBA 
CBA 

= Output?  
C

A

B

D

0 1 0 0 0
0 1 1 0 1
1 0 0 0 0
1 0 1 0 1
1 1 0 1 1
1 1 1 1 1

3. Circle min 
terms 
showing a 1 

4. OR circled min terms to form Boolean expression

   BBCACBABBCA

CBACBACBACBACBAOut 

CBA 
CBA 
CBA 
CBA 
CBA 
CBA 

   
   

 

CBAOut   :thus
YXYXXbut 

CBACOut therefore

C
AACCACA thus,

CABBCA and CABBCAbut  

BBCACBABBCA













5. Then simply using 
Boolean algebra

= Simplified expression



The Karnaugh map is a graphical method of analysing logic circuits.
1 Draw up truth table and circle min terms (using previous example)

12.6 Karnaugh Map
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1. Draw up truth table and circle min terms (using previous example)
This example is a 3 
input system

A B C Out = D+C    Min terms

0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1

CBA 
CBA 
CBA 
CBA 
CBA 
CBA 
CBA 

2. Construct map as follows:
(a) arrange rows and columns with every combination of 

input, changing only one variable at a time; 

BA

BA

AB BA
BA

BA

AB

BA

BA
BA

AB
Right Wrong

C C (b) put 1’s in boxes 
corresponding to 
circled min terms in 
truth table; 

1
1
1

1

(c) draw boxes around groups of 1’s. Boxes 
l ti ll d h i t ll

1 1 1 1 CBA 

BA 1
can only go vertically and horizontally. 
Boxes can also wrap around. Can only 
box even groups (powers of 2). Boxes of 
3, 5 and 6, etc., are not permitted;

(d) group contents of boxes by products and join boxes together with 
sums (Note: these are not yet Boolean AND’s and OR’s; we are simply 
following a procedure that will lead to a Boolean expression);

CAB ABCCBA CBA BCA ABCOutput 
(e) cancel terms of opposite sign (i.e., remove them from the expression); 

CAB ABCCBA CBA BCA ABCOutput 

ABC 
(f) now replace products with “AND” and sums with “OR” to obtain 

final logical expression. 
BACOutput 



Consider this 4 input system:

The Electronics Companion182

BA
AB

BA

AB

DC  DC  DC  CD

1
1 1
1

CB

DCBADCBADCDABCABOutput





Boxes can wrap around

Groups of 4 eliminate 2 variables.
Groups of 8 eliminate 3 variables.

DC DC DC CD Boxes can wrap around

DA
DBCCDABDACABCDABOutput




Remember: you can only group 2’s, 4’s, 8’s, etc. Groups can be made from 
wrap-arounds from top and bottom and sides. You can also group the four 
corners into one group of four. A “1” on its own cannot be grouped and the 
associated min term must be + with the other grouped expressions

BA
AB

BA

AB 1

1 1

1

associated min term must be + with the other grouped expressions.

Don’t care states

Sometimes, it doesn’t matter if there is a zero 
or a 1 in a logic circuit. On a Karnaugh map, 
an “X” is inserted in the position to indicate 
“don’t care.” X’s may be grouped if desired if 
this leads to minimisation.



12.7 Flip-Flops

Flip-flops can be used to represent binary numbers. An RS flip-flop is a 
digital circuit which is stable in one of two states  set or reset. Such a 
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circuit can be made using NAND gates. A truth or action table
summarises the action of flip-flop. The voltage of one of the outputs can be 
used to represent or store a binary digit since it can be either voltage high 
(logic 1) or low (logic 0) and will remain at that setting until signals on the 
input, which only last for a short time, set or reset the outputs.

S

R

R S
0 0 not used
0 1 Q = 0; Q = 1
1 0 Q = 1; Q = 0
1 1 no change

Action table (RS):
Q

Q

1,0,1,0

0,1,1,0

0,1,1/0,1

1 0 0/1 1R
S and R are normally held at 1 and the outputs remain constant in any one of 
two states. Either Q = 0; Q = 1, or Q = 1; Q = 0. An input sequence of 101 at 
S (with R = 1) ensures that Q = 1; Q = 0. An input sequence of 101 at R 
(with S = 1) ensures that Q = 0; Q = 1. In normal circuit design, the condition 
S = R = 0 should not be allowed since Q = Q = 1 is not very useful. For a 
flip-flop using NOR gates, the inputs S = R = 1 result in both outputs being 
at logic 0, again, not a useful condition for a circuit whose main feature is to 
have the outputs opposite to each other.
Clocked flip-flops are used in computers and are set on receipt of a 
timing or clock pulse. 

1,0,0/1,1

Data at terminal S gets 
transferred to Q on the clock 
pulse and remains at Q even 
if the signal at S disappears 
and the clock goes low. 

The data stays at Q because when the clock 
pulse goes low, the flip-flop circuits within 
the chip are at S = R = 1 (due to the NAND 
gates on the clock stage). Only when the 

R S
0 0 no change
0 1 Q = 1; Q = 0

Action table (clocked RS):

S

R

Q

Q
clock

clock goes high do the flip-flops react to the 
logic signals at D on the latch.

0 1 Q  1; Q  0
1 0 Q = 0; Q = 1
1 1 not used

Note: this action table is different from the ordinary NAND 
flip-flop. Here, R = S = 1 is the “not used” state.



12.8 D-Latch

A latch is a device which holds the data that appears on its input terminals. 
A memory cell in the microcomputer system is a latch. Typically, signals 
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destined for storage in memory cells appear on the data bus momentarily 
and then disappear. The timing of the signals is regulated by the internal 
clock which runs at speeds typically in the MHz range. The decoding 
circuitry determines which buffer is to be activated. The activated buffer in 
turn connects the latch input terminals to the data bus. The signals on the 
data bus are transferred through buffers to the latch circuit, which stores the 
signals on its output terminals.
A latch circuit can be implemented 
using a series of RS flip-flops. In 
this figure, the 4 bit data at D3 to D0
is transferred to Q on the clock

Q3
D3

S
4 bit latch 

An octal latch has 8 inputs and 8 
outputs. The data latch enable (DLE) 
pin, when set high, copies the voltage 
levels on the input pins to the 
corresponding output. The latch 
circuitry retains the signals on the 

is transferred to Q on the clock 
pulse. When a bit D is logic 1, 
S = 1 and R = 0 and the output Q 
becomes 1. When D is logic 0, S = 0 
and R = 1 and the output D = 0.

Q2

Q

D2 S

R

QD1 S

Q
R

output pins even if the input signals 
disappear and DLE goes low. It is 
important that DLE is set when data 
appears on the input. DLE is 
typically timed to go high when data 
appears on the data bus. The clock 
signals are used to synchronise this 
timing.

Q1

Q

1

R

Qo

Q

Do S

R

Clock (DLE)



Two clocked RS flip-flops in tandem constitute what is called a J-K or 
“master-slave” flip-flop. The two inputs to the device as a whole are labelled 

12.9 J-K Master-Slave Flip-Flop
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J and K for convenience and to avoid confusion with the terms R and S. The 
advantage of this arrangement is that the output responds to the state of the 
input only on the falling of the clock pulse and is not affected by jitter on the 
input when the clock is high.

J
Q

Q

Clock

Q

Q

Master Slave

0
1

1 0

0

When the clock is high, the inputs J and K control the outputs of the master 
according to the action table for a regular RS flip-flop. The output of the 
slave is not affected since its clock is low (via the inverter). When the 
clock pulse goes low, the outputs on the master are isolated from any 
changes in the input, and the slave flip-flop is now activated and the 

K
Q Q

1
0 0 1

1

outputs respond to the output levels of the master.

The net effect is for the inputs J 
and K to be read on the high part J K

Action table:

Clock pulse 1 to 0

Q

Q

J

K

clk

R

S

The terminals “S” 
and “R” are “set” and 
“clear” (active low) 
and are not shown 
on the above circuit 
diagram. 

R S Q Q
1 1 no change
1 0 1 0
0 1 0 1

Normal 
operation

R & S override J,K. R = S = 0 should not be used.

of the clock cycle and the output 
only responds to this input when 
the clock falls – hence the 
inversion bubble on clk.

0 0 no change, Qn+1=Qn
0 1 Qn+1 = 0 (RESET)
1 0 Qn+1 = 1 (SET)
1 1 Qn+1= Qn toggle 



1. If the inputs of a J-K flip-flop are held at 1, then the flip-flop is placed in 
toggle mode.

+5 V

12.10 J-K Flip-Flop Examples
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For a square wave input at the clock, the output Q is a square wave but half 
the frequency. The toggle mode connection is often called a divide by two 
circuit for this reason

Q

Clk

Q

Q

J = 1

K = 1

Clk
Clock signal 
toggles the 
output. 

+5 V
S

R

circuit for this reason.
2. J-K flip-flop as a D-type latch: clock signal transfers data from D to Q.

The asynchronous inputs R 
and S are normally held at 1 
(depending on the IC being 
used). Setting S or R to 0 
either sets (Q = 1) or resets 
(Q = 0) the flip-flop and 
overrides signals on J and K 
(with S and R active low).

D J

K

Q

Q

Clk R

S

3 A chain of J K flip flops in toggle mode3. A chain of J-K flip-flops in toggle mode.
Q

Clk
Q

Clk
Q

Clk
Q

Clk

A B C D
Assume ve 
edge triggered

logic 
levels 
after 
each 
clock 
fall

Input 
pulse

Input 
pulse

A

B

This circuit counts 
the number of 
pulses appearing 
on its input. 

D
C

B
A

0 
0 

0 
1

0 
0 

1 
0

0 
0 

1 
1

0 
1 

0 
0

0 
1 

0 
1

0 
1 

1 
0

0 
1 

1 
1

1 
0 

0 
0

C

D



Monostable multivibrators are used as “wave shaping” circuits. For 
example, it may be necessary to apply an output pulse which remains 

12.11 Monostable Multivibrator
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high for a pre-determined time on receipt of an input trigger pulse.

Output 
pulse

Input 
pulse

Consider the following circuit:

Trigger

Astable: the outputs 
oscillate between 0 
and 1 continuously.
Monostable: the 

t t t i l h

Vcc

C

R

Q

Q

In this circuit, the trigger level is normally high. Thus, the output Q is low 
i thi l l i NAND d ith V th h R With Q l th t t Q i

b

output terminals have 
one stable state and 
switch to the opposite 
state for a short time 
period before returning 
to the stable state.
Bistable: the output 
terminals have two 
stable states, and can 
be triggered from one 
to the other.

When the trigger level falls momentarily, Q goes high, which sends Q low. 
The voltage level at b drops to zero and rises back to Vcc as the capacitor 
charges  according to a time constant which depends on the value of R and C. 

since this level is NANDed with Vcc through R. With Q low, the output Q is 
high due to the inverting action of the first NAND gate. Since both sides of 
the capacitor are high, then there is no charge build-up on the plates and the 
circuit is stable in this condition.

When the capacitor charges up fully, voltage at b reaches Vcc and, since the 
trigger has already returned high, the output Q goes high and the circuit 
resumes its stable condition.

This is a single-shot monostable multivibrator. Variations on this circuitry 
allow the circuit to ignore any further triggers until the output goes back 
high (non-retriggerable).



Monostable operation

A popular choice for timing applications is the 555 timer IC.

12.12 555 Timer
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Monostable operation
The 555 contains two comparators whose reference voltages are set at 2/3 
and 1/3 Vcc by internal resistors. The trigger terminal is usually kept high 
by an external circuit. When the trigger falls to 1/3 Vcc, Comparator #1 sets 
the flip-flop and the output Q goes low. The output of the IC goes high via 
the inverter. When Q goes low, the transistor is turned off and the capacitor 
begins to charge. When the voltage at the capacitor reaches 2/3 Vcc, 
Comparator #2 toggles the flip-flop and the transistor is turned on by Q, 
thus discharging the capacitor to earth. Thus, a low-going pulse on the 
trigger causes a high pulse on the output which stays high according to the 
values of R1 and C in the external circuit.

CRt

eVV

eVV

CR

t

cccc

CR

t

o

111

1
3
2

1

1

1









































+Vcc

2/3 Vcc

1/3 V

Threshold

Trigger

#2

#1

Trigger

Output
1.1R1C

CRt 11.11/3 Vcc R S

Q

C

R1

Discharge

p

Out



The 555 timer IC can be wired for astable operation. It is most often used
Astable operation
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The 555 timer IC can be wired for astable operation. It is most often used 
as an astable timer.

An astable device has no stable state. Its outputs oscillate between set and reset 
conditions at a fixed frequency. External components (e.g., resistor and capacitor) 
are usually used to set the frequency of oscillation.

The 555 contains two comparators whose reference voltages are set at 2/3 
and 1/3 Vcc by internal resistors. The capacitor C charges through R1 and 
R2. When the voltage at threshold Vc reaches 2/3 Vcc the flip-flop is set by 
Comparator #1. In this flip-flop, Q goes high which turns on the transistor 
and discharges the capacitor through R2. When the voltage at the threshold 
Vc falls to 1/3 Vcc, Comparator #2 resets the flip-flop and the transistor is 
turned off and the capacitor begins to charge again. 

Vc

2/3 Vcc

ch
ar

ge
di

sc
ha

rg
e

ch
ar

ge

+Vcc

2/3 Vcc

#2

#1

Threshold

1/3 Vcc

1/3 Vcc R

Q

C
DischargeVc

S
R1

Note: output waveform 
is not symmetrical. Out
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12.13 Review Questions

1. Show how an inverter can be made using a (a) NOR gate, (b) NAND 
gate.

6. Express the logic operations of the circuit below in algebraic form.

3. Design a logic circuit which implements the AND function but using 
NOR gates only.

2. Derive an expression for the XOR function using AND and OR 
expressions.

4. Design a logic circuit which implements the XOR function but using 
OR and NOR gates only.

5. Design a logic circuit which implements the XOR function but using 
AND and NAND gates only.

p g p g

Output

A

B

C

D

7 Given two TTL packages one a hex inverter (containing 6 independent7. Given two TTL packages, one a hex inverter (containing 6 independent 
NOT gates) and the other a quad 2-input NAND (containing 4 
independent, 2 input NAND gates), design a single 4 input gate system to 
give: .DCBA 

8. For a three input signal A, B, and C, the exclusive OR operation can be 
written:

Design a logic circuit to perform this operation using 2- and 3-input 
NAND gates only. No more than 7 gates should be used.

   CBACBA 



9. Draw Karnaugh maps for the following logic operations and indicate the 
simplest form of the circuit using NAND gates.
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10. Design a logic circuit which gives an output of 1 whenever a 4 bit 
binary input is an even number (including zero).

(a) 

11. Construct a Karnaugh map and derive a Boolean expression to 
implement the following truth table.

DCABDABCDCBADBCA

CDABDCBADABCBCDA

BCDABCDACDAB

DCBAABCDDABC









(b) 

12 Two 2 bit binary numbers A and B are represented by the bits A0 A1

A B C O
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

12. Two 2 bit binary numbers A and B are represented by the bits A0, A1 
and B0, B1. Design a simple logic circuit with 3 outputs X,Y and Z, 
such that X = 1 when A > B, Y = 1 when A = B and Z = 1 when 
A < B. Use NAND and NOR gates only.
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13. Sketch the output Q waveform resulting from the inputs to the RS 
flip-flop which operates as a NAND gate (assuming Q starts low): 

14. A +ve edge triggered clocked RS flip-flop receives the following 
i l k h h

Q

Q

S

R

S

R

signals. Sketch the output Q. 
Q

Q

S

R

CLK

S

15. Sketch the Q output for the input as shown below to a D latch.

Q

Q

D S

R

R

CLK

D



13 Operational Amplifiers
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13. Operational Amplifiers

Summary

d

out
o V

V
A  Differential gain

A

d

out
o V

V
A  Open-loop gain

o

o
C A

A
A




1
Negative feedback


1

1

2 
R

R
AC Inverting amplifier

1

12
R

RR
Ac


 Non-inverting amplifier

e
cm R

R
A

2
 Common mode gain

cR2

 21
1

21
2

VV
R

R

R

R
A a

v 






  Instrumentation amplifier



A differential amplifier has two inputs. The output voltage is measured 
with respect to earth. The amplifier can be used to amplify both DC and 
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13.1 Differential Amplifier

AC. The circuit amplifies the difference between the voltages on the two 
inputs.

Rc

+Vcc

Vout

Non-

1. When V1 increases (by just a little), Ic1 increases and therefore more 
t fl th h R th i V t i

Re

Ic2

V1 V2

Ic1

-Vee

Vre

Q2Q1 Inverting 
input

inverting 
input

current flows through Re, thus causing Vre to increase.
2. Increasing Vre means a decrease in Vbe of Q2 and this leads to a 

decrease in Ib2 and hence a decrease in Ic2. 
3. A decrease in Ic2 means an increase in Vout (w.r.t. earth) since there is 

less voltage drop across Rc. 

V1 is a non-inverting input. An increase in V1 results in an 
increase in Vout.

4. When V2 increases, Ic2 increases and hence there is a decrease in Vce

and a larger voltage drop across Rc. Thus, there is a decrease in Vout

( t th)(w.r.t. earth). 

V2 is an inverting input. An increase in V2 results in a 
decrease in Vout.



A useful connection is to tie the base of both transistors to ground through 
resistors Rb. +V+15 V
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The product IbRb is small because 
Ib is small. Therefore, the voltage 
at the base is approximately 0 V. 
Thus, the potential at “e” = 0.7 V 
and thus:

ee

re

V

V


 7.015

The tail current IT is 
found from: ee

T R

V
I 

b

b-e junctions are in 
forward bias 
because of Vcc.

Rc

+Vcc

I

V1 V2

I

Vout

Q2Q1

+15 V

Rb Rb

eR
If the two Rb’s are the same, 
(and Q1 and Q2 are identical), 
then the base currents Ib1 and Ib2 are equal 
and  thus so are the collector currents Ic1
and Ic2.

21

21

2

2

bb
fe

T

cc
T

II
h

I

II
I





The resistor at the collector of Q2 simply 
means that Vce for Q2 does not equal Vce for Q1. 

IT “tail” current
Re

Ic2Ic1

-Vee

Vre

e

15 V

The input offset current is the difference nA 1021  bboff III
and arises due to differences in transistors (i.e., differences in IV curves).
The input bias current is, by definition, the average of the two input bias p , y , g p
currents.

2
21 bb

bias
II

I




The output offset voltage arises due to differences in transistors. The ideal 
output voltage is:

22
cc

c
T

ccout
V

R
I

VV  Assumes:

21

21

cc

ccT

II

III




However, if the transistors are not identical, then 
Vbe1 does not equal Vbe2 and thus there is a change in the output given by 
the difference in gain Ad:  bedout VAV 

Because Ib changes, so does Ic and hence
22

21 cc
T

II
I 

RIV

bbb

bbb

RIV

RIV

22

11



bbbbbe RIRIV 21 

The offset null is a small DC signal applied to one transistor input to 
eliminate output offset voltage.



Rc

+Vcc
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Inverting 
input

Non-
inverting 
input

AC earth

Vre

No AC 
IT in 
tail

Re

Ic2

Vin
Ic1

Vout

V

Q2Q1
+

-

IT

An increase at +ve input gives a decrease Ic2 and an increase in Vout. A 
decrease in the ve input gives a decrease in Ic2 and increase in Vout. The 
output thus depends on the magnitude of the difference in voltage on the 
inputs. 

VhIV   Floating level

0
0

21

21






cc

T

ccT

II

I

III

If IT is more or less constant, then under ideal conditions; thus:

tail-Vee

The voltage gain is found from:

IT is the total of collector currents:

reiebin

reiebin

VhIV

VhIV






22

11 Floating level, 
Re acts like an 
open circuit.

Let hie1 = hie2, then:  
 

f

ccout

fe

c
ie

bie

bbie

ininin

RhV

RIV

h

I
h

Ih

IIh

VVV

2

2

2

21











 

Ib1 = -Ib2

The voltage gain is found from:

letting

hie is the input 
resistance of 
the transistor.

ie

cfe

in

out
d h

Rh

V

V
A

2







Input resistance



An operational amplifier is a differential amplifier with a high AC and 
DC gain.

13.2 Operational Amplifier
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-

+

+Vcc

Vee

V1

V2

VoutVd





VV

VVVd 12

Rin

Rout

d

out
o V

V
A 

open-loop or 
differential gain

Ideal characteristics:
1. Ao is very high (106), which gives stability with feedback components
2. infinite bandwidth – Ao is constant over a wide range of frequencies
3. Rin is very high
4. Rout is close to zero
5. minimal drift and low noise
6. maintains a constant phase relationship between input and output

 VV

741 op-amp

Rin = 2 M
Rout = 75 
Ao = 2105 (DC)
Bandwidth 1 MHz

741
V

O/N
-

+

+Vcc

Vout

Vee

Vin

+Vin

O/N



Consider this block diagram of a difference amplifier:

The input and output

13.3 Feedback
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Vin Vout

The input and output 
voltages are related by the 
open-loop gain Ao. 

Now consider the same amplifier with a factor  feedback which is 
subtracted from the input signal:

inoout VAV 

su

VS is signal to be amplified
Vin is signal to amplifieroutsin VVV  

Amplifier

outV

The closed-loop gain is given by:

the gain with feedback in place

VS Vout

ubtracter

Amplifier



o
C

Co

out

S

out

outS

out

in

S

out
C

A

A
A

AA

V

V

V

VV

V

V

V

V
A
































1

11

thus

Negative feedback reduces the 
voltage gain but, as we shall 

oA1 see, offers other benefits. 


1

CA
Note: when Ao is very high, then the 
closed-loop gain AC approaches:



When resistors are connected to allow feedback, the gain of the circuit is 
reduced and is termed the closed-loop gain Ac. Shown below is an op-amp 

13.4 Inverting Amplifier
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c

with one terminal grounded and an input signal (AC or DC) applied (via 
R1) to the inverting input. This is a single-ended mode of operation.

While the input 
impedance of the op-
amp itself is very high, 
the input impedance of 
this circuit is R1 since 
the ve input is at 0 V 
and thus all of Vin

appears across R1

I2

Vd

0 V virtual earth

Vin

R2

R1

I

Rin

Vin

Vout

I1

Vout

The input resistance Rin within the op-amp is typically very high so I is 
very small. Thus, I1 = I2 and there is negligible voltage drop across Rin. 
Hence, the voltage at the inverting input = 0 V but is actually isolated from 

appears across R1.
Looking in from Vout, the 
output impedance is the 
parallel combination of 
Rout and R2.  But R2 >> 
Rout, hence output 
impedance of the circuit 
is Rout.

Offset null adjustment

+ Rout

Vee

10 K

1

2

11

22






R

R

V

V

RIV

RIV

in

out

in

out

earth. It is thus called a virtual earth.

I1 = I2

The current I1 flows through R1 and, since I is negligible, I1 must then go 
through R2 and to earth through the low impedance Rout. Since the ve input 
is at 0 V (virtual earth) it follows that the potential at Vout must be < 0, hence 
the term: inverting amplifier.


1

1

2 
R

R
AC

Ac is the closed-loop gain of the 
inverting amplifier and depends only 
on the value of external resistors.



13.5 Non-inverting Amplifier

With a little rearrangement, the inverting amplifier can be connected to 
form a non-inverting amplifier. 
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Since the 
current through 
Rin is very small, 
(I1 = I2), the 
potential at the 
inverting input 

V

I1

I2


+Vin

Vout

R2

R1

Rin

Rout     

Vee

10 K

Vd

Note: Rout is usually 
the internal output 
resistance of the 
op-amp (which is 
usually much lower 
than the parallel 

1

12

2

1

RR

IR

IRIR

V

V

VIRV

IRV

in

out

inout

in









A is the closed loop gain non

= Vin.

Since the potential at ve input is at Vin, then current I flows from ve to 
ground through R1. Also, since this is a non-inverting amplifier, Vout > Vin

so current I2 flows from Vout towards ve input through R2.
Note: the negative 
feedback ratio is:

1

12
R

RR 


resistor R2).

1

12
R

RR
Ac




Ac is the closed-loop gain non-
inverting amplifier and depends 
only on external resistors.

In this case, the input signal is applied directly to the +ve input on the op-amp 
and hence sees the high Rin associated with the circuitry of the op-amp itself. 
The output impedance is dominated by the relatively low output resistance of 
the op-amp but can be reduced by the presence of R2 in the circuit.
Note: if the currents I+ and I are “negligible” and the voltage at both 
inputs is the same (0 V for inverting, Vin for non-inverting) then you might 
wonder how does the whole thing work? The amplifier works because 
there is (i) an infinite open-loop gain and (ii) feedback of the output back ( ) p p g ( ) p
to the input. The combination of these enables the closed-loop gain to be 
dependent on the external resistors only.



With both inputs at zero, Vout does not usually equal zero due to Vbe of each 
input transistor usually being different.

13.6 Offset
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Off t ll ll dj V

V1 

+

Rin

Vee

10 K
V2

VoutVd

Offset null allows adjustment to Vd to 
make Vout = 0 when V1 = V2. The amount 
by which Vd is changed is called the 
input offset voltage Vos.

The first stage of an op-amp is a differential amplifier. The input transistors 
require input bias currents I and I+. Thus a path to ground is required 
(cannot have any of the inputs “open” or floating). 

This circuit would 
not work because 
there is no path 

R2

Due to differences in transistors, I and I+ are usually not the same. The 
difference is called the input offset current and is usually an order of 
magnitude less than the average input bias current

p
to ground for I+.

The input bias current Ibias is the average of I+ and I.

I I2


+

Vout

R1

RinI+

Vin

magnitude less than the average input bias current.
Typical values: Ibias = 80 nA, Ioff = 20 nA.

The input offset voltage, input bias current and input offset current all 
contribute to an undesirable DC voltage at the output terminal.



Consider an inverting amplifier. If both inputs are grounded, then let us 
assume that any output Vout arises solely from Ioff (so that we can see what 

13.7 Op-Amp Bias
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out off

effect Ioff has). 

Note: in these types of 
circuits, current into the 
op-amp itself (I+ and I) 
flows from earth into the 
+ve and ve inputs. How 
can this be? Because of 
the presence of Vcc

which is below earth 
potential. Thus, the 
transistors within the op-
amp are in forward bias 
( i )

I
+

I20 V 

+

Vin

R2

R1

II1 Vout

(assuming npn).

21

21
RR

RR
Rx 



Consider the resistance to earth as seen by both inputs. For the –ve input, it 
is evident that R1 and R2, under these circumstances, are effectively in 
parallel but there is no corresponding resistance to earth for the +ve input. 
This would lead to an input voltage differential as the input bias currents 
would be drawn through different resistances. To avoid this, an additional 
balancing resistor Rx has to be inserted at the +ve input: 

I20 V

R2

With both inputs at 
earth, we should have 
no voltage at the 
output (Vout = 0).

Rx has no effect 
on the closed-
loop gain.

Now, if there is a voltage 
measured at the output 
when both inputs are 
grounded, then this 
voltage arises due to 
some offset voltage Vd 

multiplied by the open-
circuit voltage gain Ao. outV

A 

V2

I20 V


+

R1

I1
Vout

Rx

Vd

V1

d
o V

A 

  2112 || RRRIVVV xbd 

if Ib, input bias 
currents are equal



One advantage of a differential amplifier is that the output ideally equals 
zero when the same signal appears on the inputs. 

13.8 Common Mode Gain
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inin

reiebin

VV

VhIV

12

11




This is useful for amplifying a signal which 
contains “noise.” If the signal + noise is 
applied to one input, and the noise alone 
is applied to the other input, then the 
differential amplifier will provide an 
amplified signal and the noise will be 
rejected (since it is common to 
both inputs). Vin1 Vin2

Rc

+Vcc

Q2Q1

Vout

 

rein

eT

e
fe

ie
T

re
fe

T
ie

rebbieinin

reieb

inin

VV

RI

R
h

h
I

V
h

I
h

VIIhVV

VhI

22
2

2

2

2

1

2121

2

12

























since Ib1 = Ib2

small
Common mode rejection ratio
This is a measure of quality for the 
response of an amplifier to common 
signals on the inputs. A good 
amplifier has a small common mode 

i A

Re

Ic2Ic1

-Vee

Vre

in

out
cm

c

e
out

c

e
c

c
in

c

c
eT

rein

R

V

V
A

R

R
V

R

R
R

I
V

R

R
RI

2

2

2

2












gain Acm.

3

5

10

10

10

10log20100

log20







cm

cm

cm

o

cm

o

A

A

A

A

A

A
CMRR

e.g., CMRR = 100 db, Ao = 105

-Vin+Vcm

e

c
cm R

R
A

2


cmcminoout VAVAV 

+Vcm



A voltage follower is a non-inverting amplifier with Ac = 1 and 100% 

13.9 Op-Amp Applications
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Voltage follower
vo tage o owe s a o ve t g a p e w t c a d 00%

feedback.

Input resistance: high
Output resistance: low

 

This circuit makes use of the very high 
open-loop gain of an op-amp to make a 
buffer which has a very high input 
impedance. Such a buffer may be 
connected at the inputs to an inverting or 
non-inverting amplifier to present a high 
resistance to the signal source.



+Vin

Vout

Vd normally = 0. Thus, Vin = Vout.  
510

1

oldin

ooldinnewin

R

ARR



 

 =1
Ao =105

It is often required for Vout to be between 0 V and Vmax where Vmax < Vcc.
This can be done using a zener diode and current limiting resistor in the 
output. The general circuit is shown below:

Vmax = Vz

V 0 7 V

V1
Vout

Voltage limiter

Vmin = 0.7 V

In another example, in the circuit below, when Vin > 0 V, Vout is restricted 
to 0.7 V. When  Vin < 0, then Vout is restricted to a maximum of VZ.

+V2


Vin

Vmax = Vz

Vmin = 0.7 V+

Vout



13.10 Operational Adder
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V1

R1
i1

V2

R2
i2

V3

R3
i3

V4

R4
i4

R is included to minimise

I
0 V 

+

Rf

Vout

Rx









V

R

R

V

V

i

f

in

out

Rx is included to minimise 
offsets. The value of Rx

should be set equal to 
R1||R2||R3||R4||Rf.

This type of “analogue” circuit was first used to perform an adding 
operation, hence the name operational amplifier. Op-amps are now used 
in a wide variety of other applications.

 






















4

4

3

3

2

2

1

1

4321

R

V

R

V

R

V

R

V
R

RiiiiV

R
R

V
V

f

fout

f
in

out

Output is the weighted sum of the input voltages. If R1 = R2 = R3 = R4 = Rf,
then the circuit simply sums the voltages on the inputs. If R1 = R2 = R3 = R4 
= R, and Rf = 4R, then the circuit finds the average of the voltages on the 
inputs. 



13.11 Comparator

A comparator circuit switches the output on a change in relative polarity on 
the inputs. No feedback elements are required.

The Electronics Companion206

Because Ao is large, Vo = Vcc (if Vcc = Vee)

When V2 > V1, Vd > 0, Vout =  +Vcc

When V2 < V1, Vd < 0, Vout = Vee

-Vee

Vd = V2 - V1

Vcc

+V

V1

V2

-

+

+Vcc

-Vee

Vout

When input signal Vin is +ve, Vout is +Vcc. 
When Vin is negative, Vout is Vee.

Vin

+Vcc

Vee

+Vcc

Vin

+Vcc

-Vee

Vout

-

+

When Vin < Vref, Vout is Vee.
When Vin >Vref, Vout = +Vcc.

Vin

+Vcc

Vee

Vref

-

+

+Vcc

-Vee

Vref
Vout

Vin

A typical example is for a thermostat, where Vin may be the output from a 
thermocouple. When the thermocouple output voltage reaches Vref, Vout goes 
positive, which may operate a relay which switches off the heating element.



Comparators do not often work as desired when the input signal contains 
“noise.” That is, fluctuations in Vin may cause the output of a comparator to 

13.12 Schmitt Trigger
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in

toggle from +Vcc to Vee as the average value of Vin approaches Vref.

Vin

Vout

t

t

+Vcc

Undesirable

-

+

+Vcc

-Vee

Vref Vout

+Vcc

Vin

The Schmitt trigger is a variation on the basic comparator circuit designed to 
overcome this problem. The reference voltage is taken from a voltage divider 
on the output. Thus, when the output changes state, the reference voltage 
changes.

If Vin is initially less than Vref, then
VV

-Vee

Undesirable 
fluctuations on 
output due to noise 
in input signal

Negative-going Schmitt trigger:

ee

-

+

Vin
Vout

R1V f

The output will stay at +Vcc until Vin goes above this value of 
Vref .When this happens, Vout goes to Vee and Vref changes 
thus: 

Vout will remain at Vee

until Vin falls below this 
ve value of Vref .Thus, 

21

2

RR

R
VV

VV

ccref

ccout






21

2
RR

R
VV ccref 
 Vin

t

Vref

+ 1

R2

Vref

ref ,
small fluctuations in Vin

do not toggle Vout.
Vout

t

-Vee

+Vcc



Integrator

13.13 Integrator/Differentiator
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g

















dtVV

CV

dtV
R

Q

dt
R

V
dQ

R
dt

dQ

iRV

out

in

in

in

1

1
Vin 

+

I
R

I

C

+Q Q

0 V

t

Vin

Vout

Differentiator

R

V
I out


 dtV
RC

V inout

t

Vout
integral equation in 
time domain

As the frequency of the input 
becomes larger, the output does 
not have time to reach as high a 
value, i.e., the gain decreases 
with increasing frequency.

Vin

t

dt

dV
RCV

dt

dV
C

R

V
dt

dV
C

dt

dQ
I

R

in
out

inout

in








Vout

differential equation in 
time domain

As the frequency of the input 
becomes larger the slope of

t

+

I
Vin

R

IC

+Q Q

0 V


t

becomes larger, the slope of 
the input increases and thus 
the magnitude of the output 
increases, i.e., gain increases 
with increasing frequency.



An instrumentation amplifier has a high gain and high CMRR. It is formed 
by using cross-coupled inputs for high CMRR and high input impedance. 

13.14 Instrumentation Amplifier
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A

D

R2

R1

Vout

R1

VS

I1

I1

I



+

V1

Ra



+

R

VO1

 
R

RRR

VV

VV baoo 





21

21

The gain of the input stage is: The gain of the output stage is:

1

2
R

R
Ad 

Th h l i i

B
R2

I2

I2

V2



+

Rb
VO2

Note that if V1 = V2, then Vout = 0 
(“infinite” CMRR).

The resistors R1 at the input to the output differential amplifier are trimmed 

Thus the total gain is:

 

 

1

2

1

2

1

2

1
2

R

R

R

R
A

R

R

R

RRR

R

R

R

RRR
A

a
v

aa

ba
v








 







letting Ra = Rb

1
to eliminate amplification of any common mode signal. It is usual to use 
the gain of the input stage to be the overall gain of the amplifier while the 
output stage is set to unity gain: R2/R1 = 1. The purpose of the output stage 
difference amplifier D is to simply reject any common mode signal.



Often in portable equipment, a dual polarity power supply is not available. 
However, an op-amp circuit can be configured to operate using a single 

13.15 Audio Amplifier
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+ve power supply as shown below.

Vcc

R2

R1

Vout

Vin

C1

+Vcc

Since the Vee terminal is grounded, then the output from the op-amp is 
always positive. Actual circuit operation, however, is not affected, with all 
inputs lifted up by +Vcc/2. The capacitor C1 in the feedback path means that 
for DC, the circuit is a voltage follower with a gain of 1.
The +ve input is held at Vcc/2 by a voltage divider. Since the DC gain of the 
amplifier is 1 then the output also sits at V /2 Coupling capacitors isolateamplifier is 1, then the output also sits at Vcc/2. Coupling capacitors isolate 
these DC “bias” levels from the input and output devices.
Use of an op-amp as an audio amplifier allows a reasonably high gain with 
low distortion and good input and output impedance characteristics.



13.16 Active Filter (1st-Order)

A passive low-pass filter is usually constructed from a resistor and a 
capacitor where the 3 db point can be calculated from: 11
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While it is still a first-order 
filter, it has the advantage of 
i t d i l t f i

CR
1 

This first-order filter has a roll-off of 20 db/decade. Using an op-amp, a first-
order low-pass active filter can be obtained using the following circuit:

R

R2

C

C

Vin Vout

introducing an element of gain 
to the circuit, and as well, 
allows us greater 
flexibility in 
choosing the 
input resistance R1. 

CR

CRR

R

V

V

in

out





2

222
21

2

11

1

1






R2

R1
Vin

Vout

3 db point
CR 2

A first-order high-pass filter based on an op-amp is:

CR 1

11 

R

R C

Vout

Vin

3 db point

222
1

1

1

2

1 CR

CR

R

R

V

V

in

out








If one considers the inverting input to be the virtual earth, then these 
filters are essentially passive filter networks connected to a unity gain 
voltage follower, or buffer. 



13.17 Active Filter (2nd-Order)

Ideally, a filter should have a sharp corner frequency and a steep roll-off 
so that only the desired frequency is passed. A first-order filter has a fairly 
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leisurely 20 db/decade roll-off, which may not be suitable for many 
applications. A second-order filter can be made by a tandem connection 
of two first-order filters, but while this has a steeper roll-off, at 40 
db/decade, the corner frequency is still too rounded. A better solution is an 
LCR resonant circuit:

Here the Q point of the circuit determines the strength of the peak while

R

C

Vin Vout

L

LR
Q

LC

CjRLCV

V

o
o

in

out











    ;1
1

1
2

Here, the Q point of the circuit determines the strength of the peak while 
the roll-off remains at an acceptable level. 

In most electronic circuits, inductors are generally avoided due to cost and 
influence from magnetic fields. However, the characteristics of an LCR
circuit can be replicated by an op-amp in the following configuration. 

The resonant frequency is:

C2

This second-order low-pass filter is one of a family 
of Sallan and Key filters In this case the op amp

1

1
V

V

o

in

out







R1
Vin

VoutC1

R2

of Sallan and Key filters.  In this case, the op-amp 
is wired in voltage follower configuration and so has 
a gain of 1. The Q factor determines the shape of the 
response at the resonant frequency, or cut-off.  212

2121

2121

RRC

CCRR
Q

CCRR
o






1. A certain amplifier has an open-loop gain of 250. Calculate the overall 
gain if the amplifier is constructed with 10% negative feedback.

13.18 Review Questions
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2. If the open-loop gain of an amplifier is infinite, calculate the closed-
loop gain with 20% feedback.

(Ans: 9.61)

(Ans: 5)

4 C l l h l d l i d h % f db k f h i i h

3. A 2 mV input signal is applied to a differential amplifier on top of a 
500 mV common mode signal. If the amplifier has a differential gain of  
200, what CMRR is required for no more than 1% of the output signal 
to be contributed by the common mode input signal?

(Ans: 86 dB)

4. Calculate the closed-loop gain and the % feedback of the circuit shown:

-

+

Vout

4.2 K

Vin

2 M
(Ans: 477, 0.21%)

5. An inverting amplifier has an 
output of 460 mV when the 
input voltage Vin is zero. If the 
open-loop gain is 75000, 
calculate the bias currents drawn 
by each input assuming that the 
input offset current is 
approximately zero.

(A 12 26 A)

-

+

Vin

Vout

90 K

10 K

8.5 K

(Ans: 12.26 nA)
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6. Calculate the output voltage of the circuit 
shown and also calculate the value of RX.X

-

+

1.5 V
5 K

0.4 V
10 K

0.8 V
20 K

Rx

47 K

Vout

(Ans: 14.1 V, 2.7 k)

7. Sketch the form of the output from the 
circuit shown below:

-

+

+10 V

Vout

+20 V

Vin

Vin

t (msec)

+6 V

15 K

5 K

6 V

( s: . V, .7 )

-10 V2 6 8

8. Determine turn on and turn off conditions for the Schmitt trigger circuit 
below (power supply is 10 V).

-

+

Vin

Vout

6 K

(Ans: Vref  = 1.43 V)

1 K



9. Determine which times the output goes from +10 V to 10 V in the 
Schmitt trigger circuit below when driven with a 1.592 kHz sine wave.
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tvin sin5

9 K

1 K

-

+

Vout

Vref

(Ans: 20.1 s, 334 s)

10. Sketch the output of the integrator circuit when fed with a square wave 
as shown:

Vin

t C

Vin 

+

R

Vout

R
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11. An integrator circuit has a 1 F capacitor as the feedback element and a 
10 k resistor. Calculate how long it will take the output to reach the 
power supply voltage 15 V if 5 mV DC is applied to the input (assume 
Vout = 0 @ t = 0).

10 K

10 K

1 F

Vin 

+

Vout

12. The output of the integrator circuit shown below is 0 V at t = 0. 
Calculate the output voltage at t = 2 msec, 6 msec and 7 msec and 
sketch the output waveform (Vcc = 15 V).
Vin

t

5 V

(Ans: 30 s)

5 V

2 6 msec

50 K

50 K

0.02 F

Vin 

+

Vout

(Ans: Vout = +10 V @ t = 2, 10 V @ t = 6, 5 V @ t = 7)
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14. Transformers

Summary

a

N

N

E

E




2

1

2

1
Transformation ratio

N

lH
I p

rms 2
 Magnetising current

Equivalent resistanceR
N

N
Req

2

2

1










L

Lp

Za

N

N
ZZ

2

2

2

1











 Reflected impedance

 
IV


22

22 cos
   CLPRIRIIV  2

2
21

2
122 cos



Transformer efficiency
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14.1 Transformers

Transformers are generally used to change voltages levels – such as those 
at mains level to those required by electronic circuits. 

Let us assume:
• the secondary terminals are initially open
• all the flux is confined to the iron core so that flux  is same in each coil
• resistance of windings can be neglected

N i

secondary 
electrical 
circuit

primary 
electrical 
circuit

magnetic 
field

coil 2, 
N2 turnscoil 1, N1

turns

alternating 
current 
generator

R

Considering the primary coil:

Any voltage that appears across the terminals of the coil (effectively an 
inductor) must be due to the self-induced voltage (back emf) in the coil by 
a changing current through it (self-inductance).

Note: using 
small e to 
denote 
instantaneous 
value of 
applied emf.

VL
L

e

d
N

di
L


Instantaneous eL is proportional to rate of 
change of current or rate of change of flux,

L

dt
N

dt
L

e

1






 

 













sin

sin







V

tV
dt

di
L

tV
dt

di
Le

p

p

p
Instantaneous current in coil 
lags instantaneous voltage 
across it.

At any instant,  eL = e by Kirchhoff

thus







 










2
sin 


t

L
i

p

But the magnetic flux depends directly on the current. Thus, flux in 
the core lags the applied voltage e by /2.
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14.2 Transformer Equations

Now, since the magnetic flux is confined to the core, the same flux 
passes through each turn of the primary coil. The self-induced voltage 

The flux in the core is sinusoidally varying with time:

 

 
 

pp

p

p

p

NE

tNe

t
dt

d

t

















11

11 2cos

2cos

2sin

in the primary is:

dt

d
Ne


 11

max when cos term = 1

Note, it is desirable 
to express the self-
induced voltage in 
terms of the flux 
since the flux is the 
link to the 
secondary coil (to 
be examined 

2
p

rms
V

V 

2

2
1

1

1
1

P
rms

P
rms

N
E

E
E








since
shortly).
This maximum 
voltage is self-
induced in coil #1 
by the flux in the 
core.

m
m

iN

f
R

11

1









Magnetomotive force (mmf) 
established by current in coil 1

(lower case denotes instantaneous values)

For the magnetic circuit in the core:

The alternating flux in the core is 
created by the alternating current in 
the primary coil.

mR

iN 11



reluctance of the 
magnetic circuit

11

R

IN
p

m

p

The maximum value of the current is thus:

This maximum current 

1
1 N

R
I m

Pp

m


induces a maximum 
magnetic flux in the core.
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14.3 Transformer Action

For the magnetic flux in the core to be a sine wave, the flux density in the 
core must remain in the linear region of the magnetisation curve for the 

m

p

R

IN
p

11


steel being used (i.e., not saturated). The maximum flux will then depend 
only on the cross-sectional area of the core and the path length.

NI

HlFm 

A

l
Rm 


Now,

average 
path 
length

where H is the applied field and l is the path length
or more correctly we could use lower case f h

B

H
linear region

N

lH
I

N

lH
I

NI

p
rms

p
p

2




 or more correctly, we could use lower case f, h
and i to indicate instantaneous values.

The excitation current exists in the primary even though 
there is no current flowing in the secondary coil. Its 
function is to establish a changing magnetic flux in the 
core, thus inducing a voltage in the secondary coil. 

In the ideal case (no flux leakage), all the flux produced by the primary 
coil will link with the secondary coil 1 = 2 and induce a voltage E2 in 
th dthe secondary. 

Expressed as an rms voltage, we have:

2
2

2
p

rms

N
E






The ratio of voltages in the primary and secondary coils is:

N

N

E

E


2

1

2

1

T f ti ti

dt

d
NE


 22

The same changing flux is 
responsible for the induced 
voltages in both coils; thus the 
instantaneous and peak voltages 
e1, E1p and e2, E2p are in phase.

Instantaneous, rms 
or peak values 
since all in phase

a Transformation ratio

Transformers thus provide a way to transform a given AC voltage to another. 
If a > 1 we have a step-down transformer, if a < 1, a step-up transformer.



From Faraday’s law, the voltage in the primary coil must be equal and 
opposite to that from the generator and is found from:

14.4 Transformer Impedance
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In the ideal case (no flux leakage), all the flux produced by the primary 
coil links will the secondary coil 1 = 2 and induces a voltage in the 
secondary. The induced voltage in the secondary is:

dt

d
NV


 22

dt

d
NV


 11

Since 1 = 2, then: 
1

2

1

2
N

N

V

V


If N > N the amplitude of the secondary voltage is less than that of theIf N1 > N2, the amplitude of the secondary voltage is less than that of the 
primary and is called a step-down transformer. If N1 < N2, the amplitude 
of the secondary voltage is greater than that of the primary (step–up 
transformer). 
The ratio of currents in the primary and secondary is given by:

2211 ININ 

A transformer, as well as having the useful property of stepping up or 
stepping down voltages, can also be used for impedance matching. The 
magnitude of the load resistor determines the secondary current. 

VNNV

Thus, the primary side sees an equivalent resistance:

R

V

N

N
I

R

V

N

N
I

N

N

R

V
I

1
2

1

2
1

1

1

2
1

2

12
2













R
N

N
Req

2

2

1












14.5 Load Component of Primary

If an impedance is connected to the secondary coil, 
then a current (AC) will flow due to the action of the 

The induced current 
creates a magnetic 
field of its own. If the 
original field is 
increasing then the
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induced voltage E2. This current will create a back 
mmf in the secondary coil, which will tend to reduce 
the flux in the core (Lenz’s law).
This opposing flux has the effect, from the primary 
side point of view, of decreasing the inductance (and 
hence decreasing the reactance L) seen by the voltage source. Hence, more 
current will flow in the primary. The increase in primary current i1' restores 
the peak flux back to its original value, thus keeping the rate of change of 
flux a constant and hence the induced back emf in the primary equal to the 
voltage level from the source (Kirchhoff). current in 

increasing, then the 
direction of the 
induced field is such 
as to oppose that 
increase and thus is in 
the opposite direction. 

a
i

i

N

N


'1

2

2

1

Now, e1 and e2 are induced by the same changing 
flux (d/dt) so they are in phase. For a resistive 
load on the secondary, the current i2 is in phase 
with e2 and hence with e1 and thus i1' is also in

secondary coil

additional 
current in 
primary coil

2211

11

22

'

'

iNiN

R

iN

R

iN

m

m









flux induced by back 
mmf in secondary

counterflux thus 
provided by the 
primary

equal and 
opposite

e
dt

d
N

dt

di
L

L 



e

1


Must not change

with e2 and hence with e1 and thus i1 is also in 
phase with e1. But, the magnetising current in 
the primary, im, lags the applied voltage by /2. 
Thus, for rms and peak values the current is the 
vector sum of the rms or peak values of the two 
components.

I1' load 
component 
(for resistive 
load only)

Before load is applied, 
the current I1 serves to 
create the magnetic 
circuit in the core and 
thus induce a voltage in 
the secondary and is thus

p

If P reduced, then so is d/dt.

Im
I1

total primary 
current

the secondary and is thus 
called the magnetising 
current and given the 
symbol Im. 

When load is applied, extra 
current I1 is drawn from the 
source and the total current I1
is the vector sum of I1 and Im.



14.6 Reflected Impedance

When a load is connected to the 
secondary, the primary current 

I1 I2

22314. Transformers

increases. The rms or peak primary 
current is the vector sum of the rms or 
peak magnetisation current and the 
additional or “load” component. 

The parallel branch carrying I1'
appears to have an impedance 
given by:

a2ZL

I1 Im

E ZL

Now, an increase in the primary current can equally well occur if we insert 
an impedance in parallel with the primary coil and remove the load from 
the secondary as shown:

“ ” for parallel

a

I
I

aEE

I

E
Z p

2
1

21

1

1

'

'







but

and

I1'rms values

p  for parallel

Note that I1 <> Im+I1 must use 
vector sum for rms or peak values.

2

2

1

2

2










N

N

I

E
Z p

But, E2/I2 is the total impedance of the secondary circuit, i.e., approx ZL. 
Thus, since impedance of secondary winding is usually small compared to 
load impedance:

L

Lp

Za

N

N
ZZ

2

2

2

1













The impedance of the parallel branch of 
the primary circuit (sometimes called the 
reflected impedance)

Since the primary side of the coil itself does not dissipate any power (being 
a “perfect” inductor), then attaching a load impedance ZL to the secondary, 
from an energy point of view is the same as connecting an impedance a2ZL

This property enables a transformer to be used for impedance matching. 

from an energy point of view, is the same as connecting an impedance a ZL

directly to the source.



14.7 Real Transformers

So far we have assumed that all the flux 
created by the magnetisation current in 
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the primary links to the secondary coil. 
In practice, some flux lines leak and 
loop back without linking to the 
secondary coil. This is the primary 
leakage flux. The remainder of the total 
primary flux links with the secondary 
coil and is called the mutual flux fm.

Lm 

Leakage flux constitutes an inductive reactance X1 in the primary circuit. 
Similar events occur on the secondary (when ZL connected) and if we add in 
the resistance of the windings R1 and R2, the equivalent circuit is thus:

Leakage
flux

(no load)

R1
X1

ZL

R2
X2

winding 
resistance

winding 
resistance

leakage 
reactance

leakage 
reactance

fm

fL2fL1

It is convenient to also separate out the inductance which is responsible for

All the (rms or 
peak) currents 
shown need 
to be added 
as vectors.

It is convenient to also separate out the inductance which is responsible for 
the magnetisation of the core and to group this with core losses thus:

Lm

R1 X1

RCL

ZL

R2 X2

winding 
resistance

winding 
resistance

leakage 
reactance

leakage 
reactance

core losses:
hysteresis
eddy currents

fm

fL2fL1

flux and 
counterflux due 
to presence of ZL

I2I1

I1'

ImICL

ideal transformer with 
transformation ratio “a”

I2I1

component of primary 
inductance responsible for 

magnetising current



All the reactances on the secondary side can be transferred across to the 
primary side if they are multiplied Z

14.8 Transformer Tests
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by a2.

Lm

R1 X1

RCL

a2R2 a2X2

a2ZL

Zp

I1

I1'

Im
ICL

E

Short-circuit test:
With ZL connected, I1

' is usually much larger than Im so that the branch ICL, 
I can be ignored The primar side th s sees a total load impedance of:Im can be ignored. The primary side thus sees a total load impedance of:

 Lp ZjXRaZ  22
2

R1 X1 a2R2 a2X2

a2ZL

I1

E

With Z 0 ( h t i it d id ) th l di i ti i

Zp

With ZL = 0 (short circuit on secondary side) the only energy dissipation is 
due to R1 and R2, the so-called copper losses for both windings. Note that the 
copper losses depend on the current (I2R).

Open-circuit test:
With ZL = infinity, I1' = 0 and thus the only current is Im and ICL. The only 
energy dissipation is RCL, the core losses. Further, for Im and ICL alone, R1
and X1 are also negligible so that the equivalent circuit is thus:

LmRCL

I1

R1 and X1 are small and only cause 
an appreciable voltage drop when 
I1' (much larger than Im and ICL) is 
fl imCL

E
ImICL

flowing.

Core losses RCL can be assumed 
to be constant and independent of 
the current in the secondary I2.



14.9 Transformer Efficiency

The efficiency of a transformer is an indication of the proportion of 
energy loss or dissipation  when the transformer is transferring energy 
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from the primary circuit to the secondary.

  CLPRIRIIV

IV




2
2
21

2
122

22

cos

cos






output power

total input power = copper losses + core losses

measured 
experimentally using 
a watt meterMaximum efficiency occurs when:

0
dI

d

when copper losses = core losses
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Summary








 


s

zin
zmax R

VV
VP Power dissipation in zener diode

CfR

V
V

L

o
r 2
 Ripple voltage

100
in

out

V

V




Line regulation  


p

avg
V

V
2

 Average value of a full-wave 
rectifier output



15.1 Rectification

The AC output from a transformer is required to be converted to a steady 
DC value by rectification. This is usually accomplished using diodes in a 
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full-wave bridge rectifier. 

Vp

t
2

Vin

RL

Vout

Full-wave rectifier

Vp

t
2

rms

average














p

p

i

av

V

dV

dv

V

2

sin1

0

0










A rectified output consists of a positive voltage, but 
varying from 0 V to the amplitude of the 
transformer secondary output voltage (neglecting 
the drop across the diodes). The average DC 
equivalent value of the output Vavg is the value that 
would be measured by a DC voltmeter. This is not 
the same as the rms value, which is measured by an 
AC voltmeter. The average value of a symmetric 
waveform is taken over half a cycle (since the 
average value over a full cycle would be zero). 

The most common method of providing a steady DC source is by the use of a

for a full-wave 
rectified signal 

The most common method of providing a steady DC source is by the use of a 
smoothing capacitor. The capacitor alternately charges and discharges and 
serves to smooth out the variations in the output voltage from the rectifier. 

After smoothing, the output typically contains 
voltage ripple and so must be further conditioned

RL

Vin

C

t

2

Vp Vr

Vout

CfR

V
V

L

o
r 2
The peak-to-peak ripple voltage is found from: f is in Hz

voltage ripple and so must be further conditioned, 
or regulated to provide an unvarying voltage level. 



15.2 Regulation

Zener diodes find special application as voltage regulators. They have a 
very sharp reverse bias breakdown characteristic. In a voltage regulator, 
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the supply voltage can change significantly but the zener diode voltage VZ

does not change. VL = Vz and Is is thus 
fixed and independent 
of RL. If RL increases, 
the zener passes more 
current to keep VL = Vz. 
When RL is infinite 
(open-circuit), Iz = Is.

Maximum current in the zener diode occurs at open-circuit conditions where 
all the current passes through the diode. The maximum power dissipation 

RS
VS

RL

VZ

IS

IZ IL

load 
resistor

in the diode depends on the input voltage, the breakdown voltage and 
limiting resistor Rs:

If RL were to decrease, then less current would pass through the zener diode. 
Since there is a minimum current which must pass through the diode ( 5 
mA) to maintain operation well into the breakdown region, this limits the 
amount of current that can be drawn by the load resistor RL. If the maximum 
current through the zener is given by Imax, and approximately 5 mA is 
required for reverse breakdown, then the maximum current that can pass 
through the load resistor RL is approximately (Imax–5) mA. This might 
t i ll b th d f 10 A








 


s

zs
zmaxzmax R

VV
VIVP

typically be on the order of 10 mA or so. 

Rs

Vs

Vb

Is

A regulator for high current output may be constructed using a zener 
diode in conjunction with an emitter follower circuit. 

If the load resistance  increases, the 
load voltage Ve increases. An 
increase in Ve leads to a decrease in 
Vbe since the voltage at the base is 
held constant by the zener diode. 
The decrease in Vbe results in an 
increase in Vce and decrease in Ve, 
i.e., the output voltage is held 
constant. 

RL

IL

VL

Here the current output is increased over that normally available by a 
factor equal to the current gain of the transistor.  The diode voltage must be 
selected to account for the 0.7 V drop across the base-emitter junction. 



15.3 Load and Line Regulation

In voltage regulator circuits such as those shown previously, it is 
convenient to measure the performance of the circuit in terms of its load 
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regulation and line regulation. 
Load regulation is the percentage change in the 
output voltage for a change in the load current 
from zero to full load. In a zener diode circuit, 
load regulation is affected by the presence of the 
finite slope of the breakdown region, which is 
called the dynamic resistance rs, which might be 
as much as a few ohms.

V

I
Vz

rs

When Vin changes, IZ also changes and so the output voltage is also changed 
via:

szzout rIVV 

100
in

out

V

V




Line regulation = 

The line regulation is the change in the output voltage divided by a change 
in the input voltage expressed as a percent:

szzout

A zener diode regulator incorporating an emitter follower has improved load 
regulation over that of a simple diode regulator but the line regulation is still 
limited by the dynamic resistance of the reverse breakdown region. 

To overcome the effects of the dynamic resistance of the breakdown region 
of a zener diode a second diode may be incorporated into the circuit to act

R1
Vin Vz

of a zener diode, a second diode may be incorporated into the circuit to act 
as a pre-stabiliser. In the circuit below, the 10 V zener diode acts as a pre-
stabiliser for the 4.8 V diode. In this case, the line regulation at the output is 
considerably improved. This type of circuit acts as a precision voltage 
reference where the output can be used for logic elements or op-amp 
supplies. 

R2

Vz = 4.8 VVz = 10 V



15.4 Thyristor and Triac

A thyristor, or silicon controlled rectifier, SCR, is a voltage regulator 
with a high breakdown voltage and current gain. c
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c

g

a

The device has three terminals. Current flows from the 
anode to the cathode when a pulse is put at the gate 
terminal. Conduction stops when the supply voltage to 
the anode is removed whereupon it must be re-triggered 
at the gate even if voltage is restored to the anode. 
This action acts as a rectifier when connected to an AC source. Gate pulses 
result in current flow until the supply AC falls below 0 V. The timing or 
phase of the pulses on the gate determines how much of the AC waveform 
is allowed to pass through the device. When the gate pulses coincide with 
the positive-going AC half cycle, we obtain a half-wave rectifier action. 

The disadvantage of the half-wave 
characteristics of the thyristor are 

AC Input t

Gate 
pulses

Thyristor 
output

Vin Vout
Vg

Vg

overcome by the triac. This device 
consists of two thyristors controlled 
by one gate. The terminals are 
referred to as main 
terminal one MT1 
and main terminal 
two MT2.

MT1

g

MT2
Triacs are particularly common in controlling the speed 
of electric motors or light dimming. They also are used 
in switched mode power supplies in which the low 
frequency mains voltage is rectified directly into a high frequency voltage

p

Triac 
output (half 
power, 90
phase shift)

frequency mains voltage is rectified directly into a high frequency voltage 
which is then fed into a step-down transformer and further rectified and 
regulated. The advantage of operating directly on the mains in this way is that 
the step down transformer and smoothing capacitors, operating at high 
frequency, can be made very compact. 
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15.5 Review Questions

1. The output from a full wave rectifier (unfiltered) is shown. Allowing 
for 0.7 V across each diode, calculate (a) the peak voltage at the input 

Vp

t
2

to the rectifier, (b) the peak voltage at the output and (c) the average 
DC equivalent output voltage.

V = 12V rms Vout

2. Explain the difference in behaviour of an unregulated power supply 
and a regulated power supply. 

3. In the circuit below, the load resistor RL carries a current of 150 mA. 
The maximum allowable current through the zener diode is rated at 60 
mA. Determine (a) a suitable value of R if 20% of the rated load 
current is to be maintained in the zener diode and (b) the value of RL. 

R

(Ans. 16.8 V, 15.6 V, 9.9 V)

R
20 V

RL

I

IZ IL

VZ = 15 V
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Summary

signalinput 
signaloutput ysensitivit 

n

S

V

V
SNR 10log20

Transducer sensitivity

Signal to noise ratio

fkT
R

V
P

fkTRVn
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The field of electronics can find application in many areas – from  
communications to household goods. One of the most important applications 

16.1 Instrumentation

is that of scientific instrumentation.  That is, measuring a physical quantity 
using a transducer, and then displaying a meaningful output. 
The physical quantity may be such diverse things as temperature, 
pressure, velocity, time. Transducers convert the physical quantity into an 
electrical signal. The signal may then be processed by filtering and 
amplification and so become capable of being displayed or recorded. 
Recording to a computer will involve analog to digital conversion of the 
output signal. 

Physical

Input
OutputPhysical 

phenomena:
Temperature
Voltage
Position
Velocity
Force
Pressure
Radioactivity
Light intensity
Resistance
Humidity
Gas concentration

Physical 
phenomena:
Sound
Meter reading
LED indicator
Digital display
Chart recorder
VDU output

p

Electronics

Preamplifer
Signal conditioning

Main amplifier

Optional 
feedback

Electronics

Gas concentration
Magnetic field
Frequency
Sound level

Main amplifier
Computer interfacing 
and physical output

Electronics also finds wide application in control of physical phenomena. 
For example, a user of a force testing machine might set the desired force by 
a computer command. This input is used to control the servo-motor (i.e., an 
actuator) that winds a lead screw and produces the desired force on the 
specimen. Control of equipment by electronics often requires digital to 
analog conversions. 
In many circumstances, the user-controlled output results in a change in a 
physical quantity which is then measured using a transducer. The measured 
output can be fed back to the control input, thus causing the system to be in 
closed-loop control. Many servo-motion systems work this way. 



A transducer responds to a physical phenomena and converts this into an 
electrical signal. 

16.2 Transducers
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Strain Strain gauge 
Temperature Thermocouple
Humidity Resistance change of hygroscopic material
Pressure Bourdon tube attached to a pointer and scale 
Voltage Moving coil and pointer
Radioactivity Electrical pulses resulting from ionisation of gas at 

low pressure (Geiger tube) or of flashes of light in a 
scintillation crystal

Magnetic field Deflection of a current-carrying wire

Property Transducer

Magnetic field Deflection of a current carrying wire.

Transducers have certain characteristics that must be taken into account 
when selecting one for a particular application. For example, a moving 
coil voltmeter might not be suitable in an environment that is subjected 
to heavy mechanical vibration. Some examples of important 
characteristics are:

Sensitivity
Zero offset
Linearity

Response time
Damping
Natural frequency

Operating temperature 
range
Orientation

Static Dynamic Environmental

y
Range
Span
Resolution
Threshold
Hysteresis
Repeatability

Natural frequency
Frequency response Vibration/shock

Other characteristics also to be considered are operating life, storage life, 
power requirements, safety aspects, cost and availability, service and parts. 



1.1.3 Sensitivity

The sensitivity of a transducer is a measure of the magnitude of the output 
divided by the magnitude of the input. e.g., mV/C for a thermocouple. 

16.3 Transducer Characteristics
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signalinput 
signaloutput ysensitivit 

The higher the SNR the better. 
In electronic circuits, noise 
signals arise due to thermal 
random motion of electrons and n

S

V

V
SNR 10log20

signal 
voltage

The output of most transducers is in the millivolt range for interfacing in a 
laboratory or light industrial applications. The proportion of wanted to 
unwanted signal is called the signal-to-noise ratio or SNR (usually 
expressed in decibels). 

random motion of electrons and 
is called white noise and 
appears at all frequencies. 

nV

noise 
voltage

The least detectable input is often referred to as the noise floor of the 
instrument. The magnitude of the noise floor may be limited by the 
transducer itself or the effect of the operating environment. It is often the 
noise floor of an instrument that determines its suitability for an 
application, not the theoretical resolution. 
A continuous increase in the physical input sometimes results in a series of 
discrete steps in the output signal due to the nature of the transducer. The 
resolution of a transducer is defined as the size of the step O divided by p y
the full scale deflection (fsd) and is given in %.
For a particular input 
signal, the magnitude of 
the output signal may 
depend on whether the 
input is increasing or 
decreasing  hysteresis. 
Other important static 
characteristics of a 
transducer are zero error, 
linearity accuracy and

Output

Input

Hysteresis

Non-linear 
output

Zero

Desired 
true 
response

Calibration 
error

linearity, accuracy and 
repeatability. 

InputZero 
error



The dynamic response
determines the ability for the 

16.4 Transducer Dynamic Response
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output to respond to changes 
at the input. Usually, a step 
input voltage is applied and 
the following characteristics 
are measured:

• Rise time
• Response time
• Time constant 

O

t

63%

90%

Rise time

5%
The resulting output signal 
may be designed to be over-

When the input is a regular 
time-varying signal such as a 
sine wave, then the output may 
depend upon the frequency 
range of the input, especially 

O
Resonant 
frequency

3 dB 
point

1O


Response 

time

O

may be designed to be over
(slow rise), critically damped 
(fastest rise possible without 
ringing), or under-damped 
(some ringing or oscillation 
before settling down). 

when this frequency is near the 
resonant frequency of the 
system. 

finput

Bandwidth

2
1

'


O

O

Frequency 
range



Thermal noise and shot noise are present in electrical signals at all 
frequencies and are collectively called white noise. 

16.5 Noise
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Thermal noise (often called Johnson or Nyquist noise)

 2
1

4 fkTRV rmsn 

fkT
R

V
P

fkTRVn







4

4
2

2

Shot noise is associated with the randomness of charges moving across a 
t ti l b i h ld d t t i i it

Noise power
e.g., 10k resistor at 
300 K over a 
bandwidth of 10 kHz 
gives an rms noise 
figure of 1.3 V

potential barrier, such as soldered contacts in a circuit.

feIi sn  22

Rfei

RiP

n

nn




2

2

k Boltzmann’s constant 1.38  1023 

J/K
T absolute temperature
R resistance
f bandwidth
e charge on electron 1.6  1019 C
Is DC signal current (A)
in noise current (A)

Note that the noise power is proportional to T and f and so may be 
reduced often by reducing the bandwidth and/or the temperature. 

Noise power

Environmental noise arises from sources outside the measuring system and 
is termed interference. Interference may be mechanical in nature (from 
mechanical vibrations) or electrical. Electromagnetic interference (EMI) 
is the most common and is usually legislated against in electrical standards 
as a safety issue. 

The introduction of noise into the measurement system usually occurs at 

Flicker noise increases with decreasing frequency and is sometimes called 
1/f noise. For this reason, sensitive measurements should not be made 
using DC. The precise origin of flicker noise is not well understood. It is 
usually insignificant compared to other noise above 1 kHz. 

the first stage of amplification. For this reason, a preamplifier should be 
located as close to the transducer as possible. The preamplifier should be a 
differential amplifier with a good CMRR. All shields should be grounded 
at a common point so as to eliminate ground loops. 
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One of the most important issues in taking a signal from a transducer and 
then amplifying and recording it is impedance matching.

16.6 Transfer Function

Vin

Vout

Rin

Rout

RS

V 1

R
Vin Vout

For a simple RC first-order low-pass filter, or integrator, the transfer 
function is expressed:

The mathematical expression for the relationship between the input and 
the output signals is called the transfer function.  

Ideally, Rin >> Rs since we want most of the variations in signal to appear 
across the input resistance of the amplifier, not across the internal 
resistance of the transducer. Similarly, a low amplifier output resistance 
ensures the most efficient transfer of signal to the output device. 

CjRV

V

in

out




1
1

The transfer function for a simple RC first-order high-pass filter, or 
differentiator, is:

j
C

R

R

V

V

in

out


1




C

C

R

Vin Vout

C
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16.7 Integrator/Differentiator

Active integrator

Vin 

+

I
R

I

C

+Q Q

0 V
Vout

 

CjRV

V

CjR

V

j
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I

IjXV

IRV

in

out

in

cout
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

1

0

0

0










R

V
I insince

Transfer function in 
 domain





jC

I

j
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I

IZV iin
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
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
R

R C
Vin

Active differentiator

It is usual to connect a feedback resistor in parallel with C to reduce DC drift. 

Transfer function
in  domain


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IRV
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out

out
in

out
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







Vout
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16.8 Amplification 

An instrumentation amplifier has a high gain and high CMRR. It is formed 
by using cross-coupled inputs for high CMRR and high input impedance. 

A

D

R2

R1

Vout

R1

R2



+

V1

Ra



+

 Rb

R

VO1

The resistors R1 at the input 
to the output differential

 
R

RRR

VV

VV baoo 





21

21

The gain of the input stage is: The gain of the output stage is:

1

2
R

R
Ad 

Thus the total gain is:

1

21
2

R

R

R

R
A a

v 






 

B
2

V2 +
VO2

to the output differential 
amplifier are trimmed to 
eliminate amplification of any 
common mode signal. It is 
usual to use the gain of the 
input stage to be the overall 
gain of the amplifier while the 
output stage is set to unity 
gain: R2/R1 = 1. The purpose 
of the output stage difference 
amplifier D is to simply reject 
any common mode signal.

1RR 

• Both inputs have a high input impedance. 
• The gain of the amplifier can be easily 

adjusted via R.

And so:  21
1

21
2

VV
R

R

R

R
V a

out 






 

Advantages:



16.9 Sampling

Interfacing to a computer is the process whereby the analog electrical 
signal from a transducer is digitised by an analog to digital converter
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(ADC) and then stored in computer memory.
The ADC can be located either near the transducer, or, as is more common, 
on a special purpose interface card installed inside the computer. The 
interface card interfaces directly to memory either by direct memory access 
(DMA) or as a memory-mapped driver. 

Vin

The first task to be performed in an analog to digital conversion is to 
sample the input. The input is usually a smoothly varying signal. In the 
simplest case, it might be a sine wave:

t
0  2

The input signal needs to be sampled at sufficiently small time intervals, so 
that the sampling is fine enough to capture the desired level of detail in the 
signal. 

t 

Sampling 
interval T too 
long to 
accurately

Vin

The smaller the interval, the more accurate the representation of the 
original signal when we come to reconstruct it from the data. In the above 
example, the sampling interval is too large in comparison with the time-
varying nature of the signal. 

t
0

The Nyquist criterion states that the sampling rate (samples per second) 
should be greater than twice the highest frequency component (cycles per 

accurately 
capture 
variations in the 
signal. 

T

s ou d be g e e w ce e g es eque cy co po e (cyc es pe
second) of the signal. 



When analog data is to be stored in a digital system, the analog signal 
(usually voltage) is sampled at regular intervals, and then these samples 

16.10 Digital Resolution
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have to be represented by a digital number. For example, for an 8-bit 
conversion from analog to digital, the magnitude of the full range of the 
original analog data would be between the binary numbers 00000000 and 
11111111 (or 0 and 255 in decimal). Numbers that don’t fit exactly within 
a “bin” are rounded up or down to the nearest one and then stored. 

For example, if an ADC were 
able to accept input voltages 
from 10 to  +10 volts, then full 
range, or 20 volts, at the input 

ld d t th bwould correspond to the number 
255 on the output. The resolution 
of the ADC would be:

V 0784.0
255
20



Thus, for an input range of 10 
to +10 volts, the resolution of an 
8-bit ADC would be 78.4 mV per 
bit. 
In general, the resolution of 

N bit ADC i

This rounding of the data introduces a 
quantisation error e and is  half a 
bit (i.e., the least significant bit or 
LSB). For a full scale of 0 to Vref

volts, the error for an N bit digitisation 
is thus:

 N

refV
e

22


N
refV

2


where Vref is the range of input 
for the ADC in volts.

an N bit ADC is:



An analog to digital converter samples an input voltage and produces a 
binary integer on its output whose value is proportional to the magnitude of 

16.11 Analog to Digital Conversion
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the input voltage.  A single conversion usually takes a few milliseconds. 

Digital output 
represented 
binary logic 
levels on the 
outputs of a 
series of flip-
flops

ADC

Analog 
signal in

0
1
1
0
0
1
1
1

t0  2

In the staircase method (or integrating method), conversions are 

V

The reference voltage is linearly 
increased in small steps until it 
equals or exceeds the signal 
voltage and a digital counter is 
used to record the number of 
voltage steps tested during the 
conversion time. The digital count 
is thus an indication of the 

i d f h l i

( g g ),
performed by comparing the unknown input signal voltage to an internal 
reference voltage.

DC voltage 
comparator

Reference voltage 

Binary counter 
(digital output)

Analog voltage 
input

Stop count

magnitude of the voltage input. generator Clock pulses
In the successive approximation 
method, the input voltage is compared 
(using a comparator) to the output of a 
digital to analog converter. The input 
signal is compared against the analog 
output of the DAC, which is set, 
starting with the MSB = 1 and the 
remaining bits 0 (i.e., half way up the 
scale0 and progressively lowered. 
When Vin falls below the DAC output, 

Vin

DAC

l o
ut

pu
tmsb

D/A

Comparator

Digital to 
analog 
converter

in p ,
the bit pattern on the DAC is the 
conversion value. D

ig
italsb

Shift register
Clock pulses



Interfacing often involves the control of analog physical systems, such as 
servo-motors and actuators, based upon a digital input.  A common 

16.12 Digital to Analog Conversion
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Analog 
signal outBinary or 

digital signal 
in

DAC

example is the conversion of digitally stored music to analog sound in a 
speaker. 

This conversion is accomplished by a digital to analog converter or DAC. 

0

7
6
5
4
3
2
1

In the DAC, a summing amplifier is used to create the analog signal from 
the magnitude of the digital input. Each digital input is a TTL logic level. 
The logic level connected to the lowest value weighting resistor has the 
greatest influence on the magnitude of the output. Thus, the larger the 
magnitude of the digital input, the larger the magnitude of the analog output. 
This arrangement of resistors is often called a ladder network. 

2

3

np
ut

2R

R
R/2

0

1

2 Analog 
output

D
ig

ita
l i

8R

4R

2R



The analog to digital conversion is usually performed by a dedicated 
circuit positioned either external or internal to the computer. The final 

16.13 Computer Architecture
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output of the conversion, in digital form, has to be then captured and 
stored in computer memory for eventual further processing, display and 
disk storage if required.  
A computer has a very well organised architecture: comprising a central 
processing unit (CPU), memory (RAM) and an input/output system. These 
components are connected by parallel wires (on a printed circuit board) 
called a bus. 

Each memory location is capable 
of holding 8 bits, or 1 byte, of 
data and is physically constructed 
using flip-flops Each memory

Data bus

using flip-flops.  Each memory 
location has a unique address. 
The maximum addressable 
memory depends upon the width 
of the address bus.  A bus is a 
parallel series of wires that carries 
digital signals. Early personal 
computers had a 16-bit address 
bus which gave 640 KB of 
addressable memory, or RAM. 

CPU

Address bus

Control 
bus

The data bus is bi-directional and transfers data in both byte and word

RAM I/O

The data bus is bi-directional and transfers data in both byte and word 
length to and from the CPU and memory.  Early computers had an 8-bit 
data bus. 
The control bus carries various synchronisation and control signals such 
as the read/write signal. During a read cycle, the processor receives data 
from either memory or a memory-mapped peripheral device. During a 
write cycle, the processor sends data to either a memory location or a 
memory-mapped device.
The physical process of transferring digital TTL voltage levels onto the 
various buses is quite complicated and very ingenious. Individual memory 
locations are isolated from the data bus by buffers. Decoding circuitry y g y
that reads the address bus determines the actual buffer to be activated. The 
data is then passed through the buffer to a latch, or flip-flop. All this takes 
place in a sequence determined by the CPU clock, which typically runs at 
GHz speeds. 



16.14 Ports
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The path from transducer to computer generally takes place via hardware 
connections called ports.  A port has the job of managing various issues 

A port is a connection from the outside world to the microprocessor 
architecture. A input port transfers information from the outside world to 
the microprocessor. An output port provides signals to the outside world 
f h i

• incompatible voltage levels
• changing current levels
• electrical isolation
• timing of data transfers

connected with external devices such as:

As well as the above, there are further problems with servicing priorities, 
different speeds (e.g., hand keyboard press compared to ADC data transfer). 

from the microprocessor. 

Polling The CPU continually and sequentially interrogates each 
device. If a device requires servicing, then the request (or bus 
access) is granted. If the device does not require servicing, then 
the CPU interrogates the next device. This is simple, but CPU 
intensive since the processor must spend a large amount of

Each port has a unique address and is connected to the address bus and the 
data bus. From the CPU point of view, a port is very much like a memory 
location. Ports generally require servicing. That is, data to and from the 
port has to be collected or sent when appropriate. There are three main 
methods of accomplishing this:

intensive since the processor must spend a large amount of 
time interrogating devices which do not require servicing. 

Interrupts The device raises a flag which is recognised by the CPU to stop 
whatever is currently underway, and service the port. Interrupts 
are controlled by a dedicated programmable interrupt 
controller. The IRQ allocation is a hardware device interrupt 
number and is used to conveniently prioritise different devices. 
The lower the IRQ, the higher the priority. 

Direct 
memory 
access

Data is transferred directly between memory and the I/O port. 
DMA requires full control of the address, data and control 
buses When a DMA transfer is to occur a DMA controlleraccess 

(DMA)
buses. When a DMA transfer is to occur, a DMA controller
requests control of the bus from the CPU. The CPU grants 
control and suspends any bus-related activity of its own. The 
DMA controller then transfers data from port to memory, or 
memory to port directly, without any CPU overhead. 
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16.15 Review Questions

1. Calculate (a) the open-circuit rms noise voltage over the frequency 
range 0 – 1 MHz between the terminals of a 100 k resistor at a 
temperature of  27 oC and (b) the available noise power from this 
resistor. (Ans: 0.04 mV, 4.14  1015  W)

2. With respect to the integrator circuit below:

R2

R1

C

Vin

V

(a) What is the function of the feedback resistor R2?
(b) Derive an expression for the transfer function and sketch the 

response for low frequency and high frequency.
(c) Determine values of resistors and capacitors to give integration of 

signals above 50 Hz.

Vout

3.  A 10-bit analog to digital converter accepts an input voltage from 0 to 
5 V. Determine the resolution of the ADC. (Ans: 4.88  103 V )

4. The conversion of an analog signal to a digital output for a successive 
approximation ADC takes a fixed amount of time called the 
conversion time. If the analog input signal is changing during the 
conversion time, then the converted output will be in error by what is 
called the aperture error. Calculate the smallest increment of input 
signal  that can be registered by an 8-bit ADC as a fraction of the full 
scale input voltage. (Ans: 0.00039)

5. The aperture time ta is the largest time within which the conversion can 
take place before there is any aperture error For a sinusoidal input oftake place before there is any aperture error. For a sinusoidal input of 
frequency f, it is given by: 

f
ta 


2



Calculate the aperture time for a 100 Hz input signal to an 8-bit ADC. 

(see answer to Q4)
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Experiment 1: Thevenin’s theorem

Experiment 2: AC circuits

Experiment 3: Diode characteristics

Experiment 4: Energy gap

Experiment 5: Diode circuits

Experiment 7: Transistor characteristics

Experiment 8: NiCad Battery charger

Experiment 9: Transistor amplifier

Experiment 10: Amplifier design

Experiment 12: Field Effect Transistor

Experiment 6: Clippers and clamps

Experiment 11: Impedance matching

Experiment 13: Common source amplifier

Experiment 14: Logic gates

Experiment 15: Logic circuits

Experiment 17: Op-amps

Experiment 16: Counters and flip-flops

Experiment 18: Comparator

Experiment 19: Integrator
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Recommended parts required 
for laboratory experiments:for laboratory experiments:
Resistors: ( 2 except where noted)
100, 220, 270, 390, 410, 470, 680, 1K, 1.2K, 1.5K, 2.2K, 2.7K, 3.3K, 3.6K, 
4.7K, 6.8K, 10K, 20K, 28K, 36K, 47K, 100K, 270K, 470K, 680K, 1M, 2M 
decade resistance box  1. 

Capacitors: (F,  2 except where noted)
0.01, 0.82  1, 1.0, 4.7, 10, 47, 100  1, 1000  1

S i d t d i ( 1 t h t d)

Inductors:
33 mH  1

Semiconductor devices: ( 1 except where noted)
BC107 BJT  3
2N5484  FET  3
4.8 V 1N4732 Zener diode  3
1N4002 diode  6
Germanium diode 
7400 NAND
7402 NOR
7408 AND
7404 INV
7432 OR
7476 JK flip flop
741 op-amp

Test equipment:
1.5 V dry cell
6 V dry cell
Dual output adjustable power supply 15 V
Multimeter with mA range and diode test facility  2
Signal generator 4 kHz
2 channel Oscilloscope
Bunsen burner
Beaker of ater and tripodBeaker of water and tripod
Thermometer



Try this simple experiment: Obtain an 
ordinary AA size 1.5 volt dry cell. 

+ve
17.1 Thevenin’s Theorem
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Using a voltmeter, measure the voltage 
between the terminals. Now connect a 
piece of wire directly from one terminal 
to the other and measure the voltage 
between the terminals. Hopefully you 
will get about 1.5 V for the first 
measurement and 0 V for the second. 

What has happened to the 1.5 V in the 
second measurement? Since there is no 
voltage at the output terminals, then all 
the voltage must be dropped across the

The short-circuit current will be 
very high and the battery will 
explode. In practice, measuring 
short-circuit currents could lead to 
a risk of fire or injury. An 
alternative procedure is to connect 
a variable load resistor RL to the

-ve

the voltage must be dropped across the 
internal resistance of the cell. If you 
can, measure the current that flows in 
the wire when it is connected between 
the terminals. This is called the “short-
circuit” current. The voltage measured 
when there is no wire connected is 
called the “open-circuit” voltage. 
According to Thevenin, any two-
terminal output of a power supply 
circuit containing resistors and voltage 

b i l d i h j

VL

A

B

B
la

ck
 b

ox
a variable load resistor RL to the 
output terminals and adjust it until 
the output voltage is equal to VT/2. 
At this condition, RT = RL.

VT

RT

RL

sources can be simulated with just a 
single voltage source VT and a single 
resistance RT. The voltage VT is usually 
measured by measuring the open-
circuit output voltage Voc. The 
resistance, RT, is found by measuring 
the short-circuit current Isc and 
calculating:

TL

L

LTL

T
L

LTT

RR

IR

IRIRV

V
V

IRIRV










2
2

2
If

then

sc

oc
T I

V
R  Even this procedure is not safe unless 

the source has a fairly high internal 
resistance. In the experiment to 
follow, we shall use a fairly safe 6 V 

But, it is not practical to measure 
short-circuit current in most cases , y

dry cell power supply. Do not attempt 
measurements of this type unless you 
are certain that the currents obtained 
will not cause injury or damage. 

since most equivalent resistances are 
low, making the short-circuit currents 
very high. That is, do NOT try 
measuring Isc using a car battery. 



Imagine that you are an electrical engineer who has designed the following 
Pre-work
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Calculate the numerical value of the Thevenin equivalent circuit (VT = VAB

and RT) of the circuit below:

g y g g g
power supply circuit. When the circuit is used, various “load resistors” are 
to be connected to the output terminals. Now, to calculate the output 
terminal voltage and current through the load resistor would be a very 
tedious task if we had to solve the whole circuit each time we changed RL; 
thus, it is easier to find the Thevenin equivalent circuit (VT and RT), and 
then solve a simple current loop for the output voltage and current no matter 
what value of RL we might like to consider.

220  1 k

2.2 k6 V

A

B

6.8 k

680 

Hint: use a Kirchhoff’s law approach by drawing in two current loops 
and recognising that V = V in the above diagram at open circuit

d

c

f

e

and recognising that VAB = Vcd in the above diagram at open circuit.

Write your answers here:

VT= _____

RT = ____

A

B



1. Construct the circuit shown previously but do not connect RL (i.e., leave 
Procedure
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p y L ( ,
the output at open circuit). Measure the voltage Vab with a voltmeter and 
record the value.

2. Disconnect the 6 V power supply leads from the circuit. Put a short 
circuit across the points in the circuit where the power supply used to be 
connected. Using an ohmmeter, measure and record the resistance 
between the output terminals AB. Remove the short circuit and re-
connect the 6 V power supply. 

VT = 

RT = Compare these measured values with those 
calculated on the previous page.

3. Using measured values for VT and RT, use a Thevenin equivalent circuit 
to calculate the voltage that will appear across RL when RL takes on the 
values shown:

RL = 680 
RL = 1.5 k
RL =47 k

Calculated Measured

VAB

A

B

VT = _____

RT = _____

Connect these resistors in turn to terminals A and B in the actual circuit 
and measure the voltage VAB. Comment on any differences with 
calculated values.

4. Connect a decade box resistor as the load resistor in the above 
circuit. Adjust the decade box so that the voltage VAB is one half of 
the open-circuit voltage. Compare the resistance of the decade box in 
this condition with the calculated equivalent Thevenin resistance. 
Make a brief comment about why you observe any correspondence 
between these two values of resistance.

R = 



17.2 AC Circuits

AC is alternating current, that is, the current in a conductor flows one way, 
then a very short time later, flows the other way. This transition in direction 
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of flow happens very smoothly. In domestic power lines, the reversal in 
direction of current is 50 times per second. Here we will look carefully at 
exactly what AC is and how various components like resistors, capacitors 
and inductors can resist the flow of alternating current.

o

o

o
o

sin
V

R

tIi
R

V
I









vr = Vosin tThe voltage and current in an AC 
circuit usually varies sinusoidally. For 
a resistor, Io and Vo are in phase and Io
is determined by the value of R just as 
in a DC circuit.
For a capacitor, the resistance to AC, 

d th the it de f I f

i
v

+

t

oI

 

 

V

tI

tCV

tV
dt

d
Ci

tVv







 







 





o

o

o

o

1
2

sin

2
sin

sin

sin









and thus the magnitude of Io for a 
given Vo, depends on the value of the 
capacitor and the frequency of the 
applied voltage. At high frequencies, 
the polarity of the voltage applied to 
the capacitor changes before the 
capacitor has had a chance to charge 
up; thus the current Io is large. Thus, 
the reactance of a capacitor decreases 
with increasing frequency. Further,
the maximum voltage occurs when 

-

i

v

t

+

CX
I

V

C


o

o1


 

 







 












2
sin

sin

sin

o

o

o








t
L

V

dtt
L

V
i

tV
dt

di
Lv

V
I o

the current is zero and decreasing; 
thus Io leads Vo by +/2.
For an inductor, the magnitude 
of Io again depends on the 
frequency of Vo. For high frequencies, 
the magnitude of the induced back 
emf is large and this restricts the 
maximum current that can flow 
before the polarity of the voltage 
changes over. Thus, the reactance 
increases with increasing frequency.

t

-

iv
+

LX
I

V
L

L
I





o

o

o
o




increases with increasing frequency. 
The maximum voltage occurs when 
the rate of change of current is a 
maximum and increasing, thus Io lags 
Vo by /2.

t

-

2



1. Construct the circuit shown. Set the function 
Procedure: Part A. Reactance
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generator to 1 V peak-to-peak at a 500 Hz sine wave. 
2. Set the multimeters to AC operation and measure the 

rms voltage across the 270  resistor and also the 
rms current. Now adjust the amplitude of the sine 
wave to obtain 0.5 V rms on the voltmeter.

3. Record values of rms voltage and current for each of 
the frequencies as shown in the table. Keep the rms 
voltage at 0.5 V by adjusting the amplitude each 
time you change the frequency.

4. Replace the resistor with a 1 F capacitor and 
measure rms voltage and current as a function of

C

R

270 

IR

VR

Vmeasure rms voltage and current as a function of 
frequency. Keep rms voltage at 0.5 V at each 
frequency step. Record results in the table.

5. Replace the capacitor with the inductor supplied and 
measure the rms voltage and current as a function of 
frequency as above. Record results in the table.

6. Calculate the resistance or reactance for each device 
at each frequency using the experimentally measured 
rms voltages and currents XC = Vrms/Irms.

7. Verify for one set of readings (say 500 Hz) that the 
value for reactance calculated using rms values 
corresponds to that using the formula on the previous

1 F

L

33 mH

IR

VR

IR

VR

corresponds to that using the formula on the previous 
page, i.e., XC = 1/C, XL = L.

Frequency Vrms Irms R Vrms Irms XC Vrms Irms XL

Resistor Capacitor Inductor

100 Hz

200

300

400

500

600600

700

800

900



1. Construct the circuit below. 
Procedure: Part B. High-pass filter
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Oscilloscope

0.01 F

47 K
Vin

Vout

Signal
generator

2. Set the signal generator output for Vin to be a sine wave, 1 V peak-to-
peak at 50 Hz If you have wired up the circuit correctly the input signal

Ch. 1 Ch. 2

peak, at 50 Hz. If you have wired up the circuit correctly, the input signal 
will appear on Channel 1 of the CRO and the output signal on Channel 2. 

3. Once you have got the CRO settings adjusted so that you can view both 
input and output signals, measure and record the peak-to-peak output 
voltage as a function of frequency (50, 100, 200, 300, 400, 500, 1000, 
2000, 4000 Hz). Make sure that the input signal Vin is maintained at 1 
V peak-to-peak. Adjust the amplitude of the signal generator if 
necessary. Enter the measured values of Vout in the table below.

Freq. (Hz)            Vout (Measured) Vout (Calc)
50

Vin = _____All V values are peak-to-peak.

 t CRV 
Calculations:

100
200
300
400
500
1000
2000
4000

4. Using the nominal values of the components you are using, calculate 
values of output voltage for each of the frequencies used in the 
measurements with an input voltage of 1 V peak-to-peak

2
1

1Let 
1222










in

out

in

out

V

V

CR
CR

CR

V

V






3 dB point (by 
definition)

measurements with an input voltage of 1 V peak-to-peak. 
5. Calculate the 3 dB frequency for this circuit. Enter data in the table above 

and the 3 dB frequency in the box on the next page.
Hint: examine calculations shown above to find Vout as a function of Vin, R, C
and  and thus calculate Vout for each frequency step.



6. Plot a graph of Vout/Vin as a function of frequency for both measured 
and calculated values (plot on the same graph) using log/linear graph
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and calculated values (plot on the same graph) using log/linear graph 
paper. Determine the “measured” 3 dB point from the appropriate graph 
and enter in the table below. 

Frequency @ 
3 dB point:

Measured:

Calculated:

1

out

in

V

V




1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0 2

7. Comment on any features of interest in your graphs and on any 
differences you see between measured and expected values.

f

Log scale

1000010 100 1000

0.2

0.1

0



17.3 Diode Characteristics

Diodes were the first semiconductor electronic devices. A crystal in a crystal 
set radio is a diode. Diodes are used to convert AC signals to DC signals, 
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A p-n junction will conduct current in forward bias and act as an insulator 
in reverse bias. Such a process is called rectification and the device as a 
whole is called a diode.
A perfect diode would present zero resistance in 
forward bias and infinite resistance in reverse bias.

protect electronic equipment from voltage fluctuations, provide stable DC 
voltage levels and many other functions. How can such a simple device 
accomplish so much?

p n

I
ILeakage 

t

Slight slope 
indicates 
small forward 

V

Ideal diode

V

Vb

current

B
re

ak
do

w
n

resistance 
(510 ).

Real diode

Boltzmann’s constant 
1 38 10 23 J K 1

Bias voltage (+ve 
indicating forward bias)

There are different types of diodes. A zener diode is specially constructed so 
that it has a well-defined reverse bias breakdown voltage. The value of the 

 1 kTeV
o eII

Current through 
diode (+ve indicating 
conventional current 
from p to n)

Leakage 
current in 
reverse bias

1.38  1023 J K1
Electron charge
+1.6  1019 C
(conventional 
current)

Absolute 
temperature

Diode equation

breakdown voltage can be set during manufacture (where the forward bias 
voltage is fixed by the barrier potential of the semiconductor material). Zener 
diodes are usually connected in reverse bias and can be used to regulate 
voltage.



1. Construct the circuit shown below using a normal diode. Use the bipolar
Procedure: Part A. Normal diode
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1. Construct the circuit shown below using a normal diode. Use the bipolar 
adjustable supply from the laboratory power supply.

2. Adjust the power supply so that the diode is placed in reverse bias with a

1 k

15 V to
+15 V

A

V

Power 
supply

2. Adjust the power supply so that the diode is placed in reverse bias with a 
voltage of –6 V. Set the ammeter on the most sensitive scale (200 A).

3. Measure and record the current 
through the diode for voltages 
from –6 V to 0 V in 2 V steps.

4. Change to a higher scale on the ammeter, 
say 200 mA. SLOWLY increase the 
voltage in 0.1 V steps up to a value of 
+0 5 V and then in 0 05 V steps to 0 8 V

V

-6

-4

-2

0

I A

Be careful not to burn out the 
fuse on the ammeter - adjust the 
voltage slowly.

+0.5 V and then in 0.05 V steps to 0.8 V 
or a maximum of 15 mA. 

WARNING: Do not run a large current (> 15 mA) through the 
diode. It will burn out.

V

+0.1

+0.2

I V

+0.5

+0.55

I V

+0.7

+0.75

I

+0.3

+0.4

+0.6

+0.65

+0.8



5. Plot a graph of current (A) 
versus voltage (6 to 0). 

mAINormal diode
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6. Plot a graph of current (mA) 
versus voltage (0 to +0.8). 

7. Determine as accurately as 
possible the leakage current 
in reverse bias.

8. Using the diode equation, 
plot on the same graph as 
above the expected

V

1. Determine the I-V
characteristic for a zener 
diode using the voltage 
steps as suggested below

above the expected 
characteristics of the diode.

9. Comment on any other 
features you think are 
significant.

A

Part B. Zener diode
mAIZener diode

steps as suggested below.

V I mA V I mA

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

Forward bias Reverse bias

-0.5
-1.0
-1.5
-2
-2.4
-2.6
-2.8
-3 mA

V

0.75 -3.2
-3.4
-3.6
-3.8

2. Comment:
mA



17.4 Energy Gap

In this experiment, you will determine the energy gap in germanium and 
silicon by investigating the temperature dependence of the electrical 
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conductivity of a forward biased p-n junction.
Maxwell–Boltzmann 
statistics applied to 
diffusion of charge 
carriers can predict 
current density across a 
junction in forward and 
reverse bias. Analysis of 
this type shows that the 
current through a diode 
in forward bias can be

 1o  kTeVeII

Current through 
diode (+ve 
indicating

Leakage 
current in 

Boltzmann’s 
constant 1.38 
1023 J K1

Bias voltage (+ve 
indicating forward bias)

Electron charge
+1.6  1019 C
(conventional 
current)

Absolute 
temperature

Io may be shown to be given by: 






 


kT

E
ATI

gexp3
o

where A is a constant and Eg is 
the energy gap of the material. 

T
kT

T 
A

Ik
 

E
V= g ln3ln 








Combining this with the diode equation gives:

in forward bias can be 
described mathematically 
by the diode equation.

indicating 
conventional 
current from p to n)

reverse bias

eAee 

which may be re-arranged to give the following linear form:

T
A

I

e

k
T=E

e

kT
V+ '

g 





 lnln3

where the energy gap is 
expressed in electronvolts.



1. Connect the germanium diode to the digital voltmeter and turn the 
Procedure:
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4. Plot a graph of T 
e

kT
V + ln3

on the y axis against T (in K) on the x axis. 
You should obtain a straight line whose

g g
voltmeter to the diode setting. This setting is indicated on the meter by 
the diode symbol. (See note below.)

2. Place the germanium diode adjacent to a thermometer bulb. Place both 
the diode and the thermometer into a beaker of water. Make 
measurements of the temperature of the water and the voltage across the 
diode between 0 oC and 100 oC. Stirring the water will help to assure 
uniform temperatures throughout.

3. Repeat the above procedure using a silicon diode.

You should obtain a straight line whose 
intercept is the energy gap Eg (in eV).

5. Answer the following questions:
(a) What are the accepted values for Eg for germanium and silicon? 

Calculate the percentage difference between the values of Eg you 
obtained and the accepted values.

(b) Show clearly the algebraic steps necessary to obtain the linearised 
form of the equation given in the box on the previous page.

(c) From the gradient of the graphs find A for the germanium and silicon 
diodes.

(d) Is Eg temperature dependent?

Caution: The diodes should be forward biased during this experiment. 
This can be done by making sure that the black plug connected to the 
diode is inserted into the “common” (or com) socket of the meter and the 
red plug is inserted into the volts socket of the meter. When the meter is 
on the diode setting, the voltage appearing on the meter should be 
between 0.2 and 0.5 V.

( ) g p p
(e) What are the major sources of error involved in the experiment? and 

how may these errors be minimised?



17.5 Diode Circuits

Your portable radio/CD player operates off batteries, right? But, you can also 
run it off the power point at home to save batteries if you wish. How can this 
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The conversion of AC voltage to DC voltage is called rectification. Most 
portable equipment uses low voltage DC. A transformer may be used to 
produce low voltage AC from the 240 V AC mains, but this then has to be 
rectified to obtain a steady DC output. Simple rectification can be had with 
just a single diode.

be? Batteries provide DC but the power point is 240 V AC. The answer of 
course is that the AC is converted into DC either inside the machine or in an 
external battery saver which uses diodes.

Vp

Half-wave rectified output
Vin VoutVp

AC Input+

The rms value 
of the output is 
1/2 VP. 

Although we have obtained a positive going output, it is by no means a very 
steady one. A better output can be obtained with a “bridge” rectifier and 
offers “full-wave” rectification. Full-wave rectification involves a clever 
arrangement of 4 diodes to produce a DC signal but with a large ripple. 

Bridge rectifier utilising four diodes

tRL

1 cycle
-

t
2

2

Although we still have a fairly non-steady output, it is a vast improvement on 
the half-wave design and may be easily modified to give a smooth DC output 
voltage.

g g

Vin

RL

Vout Vout Vp

t
2

Full-wave rectified output

g
Rectification involves the use of diodes connected in forward bias. But, you 
say, what about zener diodes? They break down at fairly low reverse bias 
voltages. What can they be used for? Zeners are used for voltage regulation, 
and we will look at this application of diodes later in this experiment.



1. Construct the circuit shown below using  normal diodes. Adjust the signal 
Procedure: Part A. Voltage rectification
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g j g
generator to give a 5 volt peak-to-peak sine wave output  at a “reasonable” 
frequency. Attach the oscilloscope probes so that the input and output 
signals can be displayed on the monitor simultaneously.

Vin Vout

t t
RL

Vin Vout

4.7 k

Sketch the wave forms and comment on any 
features of interest.

2. Now construct a full-wave rectifier circuit using the 4.7 k load resistor. 
Apply the 5 V peak-to-peak signal from the signal generator and sketch 
the wave forms.

Ch. 2 CRO

Ch. 1 CRO

Because the output 
of the oscillator is 

Vin

Vin

t

earthed, it is 
necessary to use 
the “Differential” 
setting on the CRO 
to measure the 
difference in 
potential across RL.
(Some CRO’s 
require you to invert 
one channel and 
indicate Ch1 added 
to Ch2).

Comment on any 
features of interest.

RL

Vout

Vout

t

3. Modify the circuit by adding components where you think necessary to 
obtain a steady DC voltage across RL. Describe what you think is 
happening and the significance of the value of the component(s) you 
used to smooth this output.



Zener diodes find special application as voltage regulators. They have a very 
Procedure: Part B. Voltage regulation (zener diode)
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Zener diodes find special application as voltage regulators. They have a very 
sharp reverse bias breakdown characteristic. In a voltage regulator, the 
supply voltage can change significantly but the zener diode voltage VZ does 
not change.

RSVS

RL

VZ

IS

IZ IL

load 
resistor

1. For the circuit shown below, calculate the value of a current-limiting 
resistor RZ required so that the power dissipated by the 4.8 V zener diode 
does not exceed 25 mW. RZ

VL = VZ and IS is thus fixed and independent of RL. If RL increases, the zener 
diode passes more current to keep VL = VZ. When RL is infinite, IZ = IS.
But, useful as they are, the diodes are only capable of passing a certain 
maximum amount of current before they overheat. Thus, we need to have a 
current-limiting resistor in series with the device to limit the maximum 
current (and hence power dissipation) in the device.

R

2. Construct the circuit and attach a decade resistance box as a variable 
load resistor RL.

10 V
4.8 V

V

DC 
source

RZ

10 V 4.8 V
RL Vout

DC source



3. Starting from 10 k, decrease the value of RL in appropriate steps until the 
voltage Vout drops to about 70% of its original value. Record your readings 

The Electronics Companion266

in the table. 

Resistance Vout Resistance Vout

4. Plot this data and comment on the significance of your findings.

Vout

R



17.6 Clipper and Clamps

Ever heard a Geiger counter click? Ever wondered how your computer can 
obtain a stable voltage for the internal circuitry from the mains supply which 
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In order to protect sensitive circuitry from high voltages, it is usual to 
incorporate diode clippers into circuits. In this lab we will build a clipper and 
measure its characteristics. We will also build another very useful circuit, the 
diode clamp, in which a DC level shift can be applied to a signal.
Pre-work
Inspect the following circuits 1 to 5 and calculate the expected output 
voltage of each.

1 2 K1. 1.2 K4.

varies according to what appliances are operating nearby? These are 
examples of simple diode circuits in action. 

6 V

Vout

1.2 K

6 V

Vout

1.2 K
2.

3 9 K

3 V

Vout

6 V

Vout

5.

3 V

3.9 K

6 V

Vout

1.2 K
3.

3 V

3 V 1.2 K

6 V



1 Construct the circuit shown

Procedure: Part A. Clipper Vin

Vout

1.2 K

6 V
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1. Construct the circuit shown.
2. Increase Vin from 14 V to +14 V in steps of 

2 volts and measure Vout at each step.
3. Plot a graph of Vout versus Vin.

Vin Vout Vin Vout

6 V

6. Replace the DC power supply labelled Vin in this circuit with an oscillator. 
Set to sinusoidal output with Vin at 10 V peak-to-peak (use oscilloscope 

4. How would you modify the circuit so that Vout clipped at 2 V ? 
5. Do that modification and check whether clipping does occur at 2 V.

Vin

Vout

0.82 F

p in p p ( p
to measure Vin). Sketch the output waveform. 

7. Repeat step 5 with Vin at 20 V peak-to-peak. Sketch the output 
waveform.

1. Construct the circuit shown.
2. Set Vin to 10 V peak-to-peak and show 

Vin and Vout on an oscilloscope. 
3. Sketch the waveform that results.
4 E l i diff b

Procedure: Part B. Clamp

4. Explain any differences you observe 
between Vin and Vout .



17.7 Transistor Characteristics

The transfer resistor, or transistor, was invented in 1947 by scientists 
working at the Bell Telephone Laboratories in the United States. It 
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1. Base-emitter junction is a forward-
biased p-n junction so when 
Vbe > 0.7 V, the junction becomes 
conducting (just like a diode).

revolutionised the field of electronics since it allowed amplification of 
electrical signals to take place using a small, low power, robust device 
which eliminated the need for bulky, fragile vacuum tubes. In this 
experiment, we examine the electrical characteristics of a common npn 
silicon transistor which can be purchased for about 50 cents.
How does it work?

Vb

Ib

Rb

2. Electrons coming from the heavily 
doped emitter cross junction but before 
they have a chance to combine with 
holes in the p-type base and travel to the 
Vb positive terminal, they get swept up 
by the strong field which exists around 
the collector base junction which is 
reverse biased. 

The base is made lightly 
doped (so that recombination 
in the base is unlikely to 
occur) and is purposely made 
very thin (so that electrons 
coming across the forward-
biased b-e junction do not 
have far to go before they

3. Hence, only a few electrons go towards 
+ve Vb and most are attracted across the 
collector base junction and cause a large

Vce

e b c

Ic

Ie

have far to go before they 
“overshoot” and fall into the 
field across the c-b junction).

collector base junction and cause a large 
current in the collector.

Increasing I increases I

Fix Ib by setting Vb to some 
value. Then increase Vce

and measure Ic.

Ic

mA
Operating region

Ib = 4 A

Ib = 6 A

Ib = 8 A

1.0

1.5

2.0

Saturation 
region Transistor characteristic

Increasing Ib increases Ic

but increasing Vce (once set 
to a value > 0.1 V) has no 
effect.

Vce

Ib = 2 A0.5



1. Construct the circuit shown using two independent power supplies so 
Procedure:
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g p p pp
that Vce and Ib can be controlled independently. Adjust Ib to 2 A and 
record values for Ic at Vce = 15 V, 10 V, 5 V, 2 V, 1 V, 0.5 V and 0.1 V. 

Note that Ie = Ib + Ic

but since Ib << Ic, 
then Ie = Ic

2. Repeat these measurements 
for Ib = 4 A, 6 A, 8 A and 
10 A and record results in a 
table.

3. Construct a plot (below) 
showing the transfer 
characteristic at Vce = 5 V and 
determine the current gain 
(h )

A

0 – 5 V

mA

680 kVbb Ib

Ic

(hfe).
4. Draw a graph of Ic vs Vce for 

different values of Ib and 
identify the operating and 
saturation regions (next page).

ce

b

BC107, BC108

V I = 2 4 6 8 10 A
Ic

Vbe0 – 10 V

Vce
Ib

Vce

15

10

5

2

1

0.5

Ib = 2     4      6       8    10 A

hfe=_____

0.1

Ib



Ic
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c

Vce

5. Comment on any features of the above transistor characteristic that you 
think are significant.

6. Examine the effect of reducing Vce down to zero volts on the base 
current. That is, what value of Ib do you obtain when Vce = 0? Can you 
explain your reading?



Rechargeable batteries are widely used in portable equipment. The most 
popular type are NiCad cells. The best operating conditions for NiCad 

17.8 NiCad Battery Charger
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batteries are regular use. However, NiCad batteries, unlike lead-acid 
batteries, can only be charged in a “short” time (usually about 15 hours) 
using a constant current. After the specified charge time, the charging 
current must be turned off. The constant current characteristics of a transistor 
can be used to make a NiCad battery charger. 

1. The battery to be charged is 
placed in the circuit in lieu of Rc.

2. The charging current is set by the 

Rb is 
inserted to 
protect the 
zener diode 
from 
passing 
excessive 

How does it work? Consider the 
circuit shown at the right:

Rb

+Vcc

+

-

Vbb=Vz

Vc

value of the zener diode to some 
“design value,” say 10 mA.

3. When a “flat” battery is first 
inserted, its internal resistance is 
high (same as a high Rc) and thus 
the “charging” voltage Vc is high 
and Vce is low to maintain 
constant Ic. 

4. As battery terminal voltage 
increases (i.e., decreasing “Rc”) 
h i lt d d

Ib is fixed by 
using a 
zener diode 
(in reverse 
bias) to 
maintain a 
constant 
Vbb.

current.

As a battery

ce

b

BC107, BC108

Re

Vbe

bb z
Vce

Ve

charging voltage decreases and 
Vce increases.

5. When battery terminal voltage 
reaches a maximum, i.e., fully 
charged (Rint levels off to some 
“low” value), Vc is low and Vce is 
high.

As a battery 
discharges, 
terminal voltage 
Vab decreases, 
which may be 
represented by an 
increase in internal 
resistance Rint.

Vab

Throughout this process, and even when the battery is fully charged, Ic is 
still flowing so another circuit must switch off after a specified time period. 
However, having Ic a constant during charging ensures that the battery is 
charged at the maximum rate and to full capacity. Some NiCad battery

E

Rint

charged at the maximum rate and to full capacity. Some NiCad battery 
chargers do not use a constant current source but supply a “trickle” charge. 
Trickle chargers can be left on for days without harm to the cells, but the 
cells would take 2 or 3 days to reach full charge from a completely 
discharged condition.



1. Calculate the values of Re and Rb required for a constant current of 
Procedure:
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e b q
Ic = 10 mA using a supply voltage of 10 V and a 4.8 V zener diode. The 
zener diode is to pass a current of no more than 20 mA. Show all 
calculations.

Rb

+10 V

+

-

Rc

Zener diode is 
connected in 
reverse bias. 
Black line 
indicates 
connection to +ve.

Re

4.8 V 
zener 
diode

Hint: Ib is very much smaller than the 
current through the zener.

2. Construct the circuit and measure the current Ic with the “load” 
resistance Rc set to 0 . Make sure the ammeter is connected between 
Vcc and the collector. Do not connect the ammeter between the emitter 
and Re or between Re to ground. Ic should be approximately 10 mA. Seek 
help if this is not the case.

Measured value Ic at Rc = 0:



3. Using the decade box as a load resistor, record the current Ic starting 
from about 10 k (or higher if possible) decreasing to 0  in steps of 

The Electronics Companion274

about 500  initially but decreasing the step size near where the current 
Ic begins to stabilise. Measure the value of Vce at which the charging 
current Ic becomes fairly constant (should be approx 10 mA).

Rc Ic Rc Ic Rc Ic

4. Write down an equation for the load line for this circuit.
5. Determine the x and y axes intercepts for selected load lines from your 

data (i.e., different values of Rc) and indicate on a graph of Ic vs Vce these 
load lines. Make sure you include some load lines which correspond to 
the beginning of a fall-off in collector current.

6. Comment on why there is this fall-off in Ic and the usefulness of the 
circuit as a constant current source

Ic

Load line eqn.
circuit as a constant current source.

Vce



7. In the analysis of this circuit, it was assumed that the base current was 
always much less than the collector current. However, this is an unusual 
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circuit due to the inclusion of the resistor at the emitter together with the 
zener diode at the base. These two conditions impose a “feedback” effect 
on the circuit, the effect of which may be demonstrated by removing Rc

from the circuit (or making it a very high value) and measuring either the 
base or the emitter current. Measure the emitter current at a high value of 
Rc (or simply remove it from the circuit and leave the collector at open 
circuit).
Your observation:

8. In the light of the above observation, it is evident that the base current 
does play an important role at very low values of Ic. With this in mind, 
examine the circuit again, and this time, develop a more accurate 
expression for the load line which includes the base current in the 
expression. 

9. What does this mean about the slope and intercepts of the load line for 
this circuit when the transistor is saturated?



The transistor can be used as a switch, a source of constant current, and to 
amplify small signals. Ever tried connecting your headphones directly to the 

17.9 Transistor Amplifier
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“line out” of your tuner or CD deck? You won’t get much volume. The signal 
has to be amplified before it is large enough to drive a loudspeaker and this is 
where a transistor comes into its own. 

Rc = 3.6 K

Vcc = +10 V

R1 = 10 K

RL = 10 K

10 F

10 F

Here is an amplifier circuit 
you have been studying in 
this book. Using the step-
by-step approach, 
calculate the DC bias 
conditions and AC 
performance of the 
circuit.

Ib+Ib

I c
+

I c

outV

inV

Re = 1 K

R2 = 2.2 K

47 F

circuit. 

(Note, you will need to 
measure or estimate a value 
of hfe for the transistor you 
intend to use to build this 
circuit).

AC analysis:

1. Find hie

2. Find Rout

DC analysis:

= Rc || RL

fe
c

ie h
I

h
25

1. Calculate VT

2. Calculate RT

Vbe

3. Calculate

4. Calculate

5. Calculate low 
frequency 
response at 3 dB 
point

CRin1

b

c
fe I

I
h 

3. Determine Ib

4. Determine Ic

5. Determine

7. Determine Vce

6. Determine ece RIV 

ccc RIV 

  beefeTbT VRhRIV 
Rin = R1||R2||hie

fe
ie

out
v h

h

R
A 

T

b

ebebb VVV 

ececcc VVVV 

8. Determine Vbb
ce

b



1. Construct the circuit using a 10 k resistor as RL and measure the DC bias 
Procedure:

27717. Laboratory

g L

conditions (Vc, Vce, Ve, Vbb, Ic and Ib) and AC voltage gain Av and enter 
measured values in the table. Summarise your readings and calculations in 
the table below and thus comment on any discrepancies you encounter.

Vcc

Ib

Ic

Vc

Ve

Vce

Calculated Measured Note: do not measure the AC voltage 
gain at the 3 dB point frequency. Select 
a mid-range frequency and measure 
Vin and Vout .You decide a suitable 
input voltage Vin.

Vin used:
Vbb

Av

Comments & results:

Frequency used:

Vin

t

Vout

t



2. Measure the frequency response of your circuit and check the 3 dB 
point. Do this by connecting channel 1 on the CRO to the input and 
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3. Remove the bypass capacitor and measure the AC voltage gain at a mid-
range frequency. Is this consistent with what you would calculate with 
no bypass capacitor?

channel 2 to the output. Decrease the frequency and note the frequency 
at which the signal on channel 2 becomes approx 70% of that of the mid-
frequency response.

Frequency @ 3 dB point:

With no bypass capacitor:

Av calculated: Av measured:

Comment on the effect of the bypass capacitor.



In the last experiment, you were given a circuit to build and analyse. How 
did the designer of the circuit know what values of resistances to use? How 

17.10 Amplifier Design
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Firstly, you have to do some 
calculations. Use the step-by-
step approach to design a 
common emitter amplifier 
with the following 
characteristics:
• open-circuit voltage gain 

= 200 (with no load)
• input resistance (h ) 3 k

was the voltage gain decided? Here’s your chance to design your own 
amplifier.

Rc

Vcc

R1

R2

C2

C1

outV

inV

• input resistance (hie) 3 k
• lower frequency limit 50 Hz

Design procedure:
Note: You will need a value of 
hfe to do these calculations. 
Measure hfe of the transistor that 
you will use to build this circuit 
or estimate a value based on 
past experience.

1. Determine Vcc = Av/20

2. Determine Ic from hie and hfe

3. Determine Ib from Ic/Ib = hfe

Re

R2
Ce

4. Determine Rc

5. Determine Vce = Vcc/2

6. Determine Re from Ve and Ic

7. Determine Vbb from Vbe and Ve

8. Determine R1 and R2

9. Determine Ce

10. Determine C1 and C2

hfe:

ce

b

BC107, BC108



1. Construct the circuit and measure DC bias conditions, AC voltage gain
Procedure:
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1. Construct the circuit and measure DC bias conditions, AC voltage gain 
and low frequency cut-off.

Vcc

Ib

Ic

Vc

Vce

Ve

V

Calculated      Measured

Resistors 
Calculated Used
Rc

Re

R1

R2

Capacitors
Calculated Used

2. Examine the effects of increasing the input signal Vin. What is the 
maximum peak-to-peak input signal that may be tolerated before 
clipping appears on the output? Explain why this clipping occurs.

Vbb

Vbe

Av

C1,2

Ce

3. Examine the effect of heating the transistor on hfe. Insert the transistor into 
the hfe measurement instrument and measure hfe. Then note any change in 
hfe when touching (firmly) the case of the transistor. Is there any effect?  
Now insert the transistor into the amplifier circuit and determine whether 
there is any effect on the voltage gain of the circuit when the transistor is 
heated (use fingers again). Explain what you observe.



In previous experiments, you found that the voltage gain of a common 
emitter amplifier depended upon whether or not a “load” resistor (which 

17.11 Impedance Matching
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Vout
Vin

might be, say, a loudspeaker) is connected at the output. To some extent, 
the voltage gain also depends on the internal resistance of the signal source. 
How can these effects be calculated and optimised?

Vs

Vs

Rs

RL

Rin

The circuit shown above represents the equivalent circuit of an amplifier. 
The open-circuit gain is found from:
To measure the input and output 
resistances of the amplifier, the 
following approach is adopted:
1. Input resistance Rin

With the output on open-circuit (RL = infinity) and the variable resistance 
Rs = 0, measure the input voltage Vin.  Gradually increase the variable 

i t R til th l f V i h l d At thi i t R R

CC or CE Amplifier

i

o
v V

V
A






ce

b

BC107, BC108

resistance Rs until the value of Vin is halved. At this point, Rs = Rin.

2. Output resistance Rout

With the output on open-circuit (RL = infinity) record the value of Vout

and then decrease the value of RL until the output voltage Vout is halved. 
At this point, RL = Rout.

In this experiment, you will compare the input and output resistance and 
voltage gain of both common emitter and common collector circuits. The 
input and output resistances will be determined using the procedures 1 and 2 
above for both circuits in turn. The calculated or expected values may be 
found from:

For common emitter: For common collector:

c

fe
ie I

h
h

25


Rout = Rc||RL fe

ies
out h

hR
R




efeiein RhhR 



1. Consider the circuit shown below. Assuming that Vbe = 0.7 and that Vce is 
Procedure: Part A. Common emitter circuit
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g be ce

to be Vcc/2, determine an expression for Rb as a function of hfe. Measure 
hfe for the transistor that you will use in this laboratory session and thus 
calculate a suitable value of Rb to use in this experiment.

Vin

t

Vcc

Rb =

10 F Vout

10 F2.2 K

2. Construct the circuit and measure the open-circuit gain at 5 kHz using an 
input signal in the vicinity of 30 mV peak-to-peak with Vcc = +10 V. Make 

Vout

t

sure that there is no saturation on the output (clipping).

3. Insert a variable resistor Rs between the signal generator and the amplifier 
input. Measure and record the input resistance using the method described 
on the previous page.

4. Disconnect the variable resistor from the input and connect it to the output 
terminal. Measure the output resistance of the amplifier using the method 
described on the previous page.

Av

Rin

Rout

5. Calculate the expected Rin and Rout and compare with experimental 
readings. Expected values:

RoutRin



1. Using the same components as above, construct a common collector 
Procedure: Part B. Common collector circuit
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g p ,
configuration as shown:

Vcc

Rb=

10 F

Vout

10 F

Vin

t

2. Using a 30 mV peak-to-peak input signal, measure the AC gain at Vcc = +10

Make sure bias 
conditions haven’t 
changed too much: 
Vce = Vcc/2 approx.

2.2 K
Vout

t

3. Measure the input and output resistances of this circuit 
using the same method as used for the CE amplifier 
circuit.

4. Determine the expected values and compare with 
measured values. Expected values:

Rin

Rout

Rin

Measured values:

Av

5. Make a comment on the significance of Rin and Rout for the 
two circuits you have examined in this experiment.

Rout



So far we have concentrated on the use of a bipolar junction transistor – a 
current-controlled device in which the collector current is controlled by the 

17.12 FET
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As Vgs is made more negative,  
the channel narrows as the 
depletion layer widens and this 
constriction reduces the drain 
current Id.
For a given Vds, the drain current Id

d d V At V 0 I i

base current. Now we will have a look at a field effect transistor where the 
current is controlled by a voltage signal rather than a current. This leads to 
certain advantages when one requires a high impedance input.
How does it work?

Drain

Gate

n-type

pe

Non-
conducting 
depletion 
region

p-n junction
Conducting 
channel

Id = Is

depends on Vgs. At Vgs = 0, Id is a 
max (no depletion region – channel 
is widest). The correspondence 
between Vgs and Id is described by 
the transfer characteristic.
The relationship between Id and Vds is 
shown on the transistor characteristic. 
For FET’s, there is a noticeable slope 
in the normal operating region. This 
corresponds to a “resistance” within 
the conducting channel and may need 

Transfer 
characteristic max Id = Idss

Source

p-
ty

Ig

Vgs

Vds

Is

Vgs more 
negative 2N5484

to be taken into consideration when 
determining the voltage gain of a 
circuit employing an FET.

2

1 











gsoff

gs
dssd V

V
II

Theoretical transfer 
characteristic

Vgs

Id 

mA

1.0

1.5

2.0
Vgs = 0

Vgs off

g s d
Bottom viewVp

Vds

0.5

1.0

Vgsoff (Id = 0)



1. Construct the circuit shown below (read the warning message below 
Procedure: Part A. Transfer characteristic
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1. Construct the circuit shown below (read the warning message below 
before applying power to circuit).

2. Measure the drain current Id in mA as a function of the gate-source voltage 
Vgs from Vgs = 0 V to 1.4 V in steps of 0.1 V (or until Id < 0.1 mA). 

3. Plot Id against Vgs and identify the range in Vgs over which Id is 
approximately linear. 

4. Determine the mutual transconductance gm in 
mS in the linear region of the characteristic.

5. Estimate values of Vgsoff and Idss and plot the
theoretical transfer characteristic.

WARNING! It is 
very easy to burn out 
the JFET in this 
experiment. DO NOT 
MAKE Vgs +ve. 

Vgs Id Vgs Id

Id

Vgs

s

d
g

+7.5 V

1 M

A

0 to –2 V

Vds=

Id

Questions: 
1. Why is the drain current a 

maximum when Vgs = 0?

2. Analysis of the theoretical 
transfer characteristic shows 
that gm is a function of Id. 
Does it matter which value of

gm:

Does it matter which value of 
Id is used to determine gm? 
Why?

Vgs



1. With the gate-source voltage Vgs set at approximately 0.3 V, measure 
Procedure: Part B. Drain conductance and pinch-off voltage
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g g gs pp y ,
and record the variation of Id against Vds from Vds = 0 V to 10 V. Use 
small steps in Vds at low values for Vds.

2. Plot these results and measure the drain conductance gd = dId/dVds and 
the corresponding drain “resistance” Rd = dVds/dId.

3. At what value of Vds does the normal operating region start
(i.e., the pinch-off voltage)?

4. Compare this pinch-off voltage with Vgsoff from Part A 
and comment on what these two voltages actually signify.

gd:Vds Id Vds Id

Rd:

Vds = Vp:

Id

Vds



The extremely high input impedance of an FET makes it ideal for a preamp. 
That is, an amplifier which has a modest gain and whose output feeds into the 

17.13 Common Source Amplifier

28717. Laboratory

1. The transfer characteristic for the

We are going to design an amplifier 
with an AC gain of about 20 which 
can operate down to about 600 Hz. 
The circuit is shown at the right. 
When choosing the bias voltage Vgs, 
we must ensure that it corresponds to 
the linear region of the characteristic 
curve; otherwise the output may 
become distorted.  

input of a power amp. 

C2

Cs

Ig

0gV

(large)

s

d
g

Rg

Rd

+Vdd

Vgs

I

C1

Rs

RL

Vin

Vout

1. The transfer characteristic for the 
2N5484 FET is shown at the right. 
Choose a region of the 
characteristic where the slope is 
approximately linear and estimate 
values of Vgs and Id for a point in 
the centre of this “linear” region.

gm:

Vgs:

Id mA

Vgs

3

2

1

0

Id:

2.. Determine the transconductance gm.

s(large)
Id

d

gs
s I

V
R




gsdd
dd VRI

V


2

dd

dm
v Rg

Rg
A




1

gm:

(use gain Av = 20 
in this formula)

In a JFET circuit, Id is 
normally made smaller 
than Ic in  a BJT circuit 
so as to avoid the use 
of a large voltage 
supply Vdd. For 
example, if Id is 2 mA, 
and Rs+Rd = 20 k, 
then Vdd = 80 V. Lower 
this to some 
reasonable value (e.g., 
20 V) by sacrificing

Rd

Rs

Vdd

Rg

-1 -0.5 V-1.5
3. Assume that gd is very small, say 

40 S, and calculate a value for 
Rd using:

4. Calculate Rs from:

5. Let Vds = Vdd/2 and thus calculate 
Vdd from:

gsdd2 20 V) by sacrificing 
gain or lowering Id

(more negative Vgs) 
and accepting more 
distortion.

C1,2

Cs
7. Choose C1 and C2 so that RgC = 1 

and Cs so that 1/Cs << Rs

6. Choose a suitable value for Rg



1. Construct the amplifier circuit and 
Procedure:
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p
measure DC bias conditions, AC 
voltage gain and frequency response. 
Compare with calculated values. 
Comment on any interesting 
observations (such as phase 
differences, distortions, clipping, etc.).

Vgs

Id

Rg

g s d

2N5484

Bottom view

Vin

Calculated      Measured

Vds

Rd

Rs

Vdd

Av

fo

Vout

t

t

1. Did you have to recompute a value of Vdd? If so, why did you select the 
Questions:

value you did and what effect did this have on the expected voltage 
gain?

2. Explain why the voltage measured from Vg to earth is about 0 V.



Basically there are two types of electrical signals: analogue and digital. The 
foundation of all digital circuits is the logic levels 0 and 1, represented 

17.14 Logic Gates
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electrically by voltage levels 0 V and 5 V (or sometimes 0 V and 5 V). In 
this experiment, we introduce some basic digital integrated circuits and how 
they might be used to construct a digital circuit.
Logic gates are used to represent logic 
elements of a logic circuit. A logic circuit 
employs Boolean algebra to implement the 
desired operation. The most useful Boolean 
expression is perhaps De Morgan’s theorem:

(A + B) = A  B
(A  B) = A + B

AND gate
A

B

A

OR gate

Pinout diagram, 
7400, DIL

7400
+5 V

Logic gates are usually supplied on an IC as a 
series of four on the one chip. 

NOR gate

A

B

A

B

NAND gate

Pinout diagram, 
7402, DIL

7402

+5 V

A

B

XOR gate

A

B

NOT gate

A



1. Using only 2-input NAND gates, construct a logic circuit that operates as 
Procedure: Part A. Logic gates
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1. Using only 2 input NAND gates, construct a logic circuit that operates as 
a 2-input OR gate. (Use an LED in series with a 200  resistor to 
indicate the output state of the circuit.)

A B Out
0 0
0 1
1 0
1 1

2. Using only 2-input NOR gates, construct a circuit that operates as a 
2-input NAND gate.

A B O t

3. In the circuit below, the output controls a light which is to change state 
(off to on, or on to off) whenever any one of the three switches changes 
state. When all switches are earthed, the light is to be off. Construct a 
truth table for this operation and design and build a logic circuit using 2-
or 3-input gates.

+5 V

A B Out
0 0
0 1
1 0
1 1

Output

1 -Lamp on
0 - Lamp off

Logic 
circuit

Input

+5 V

1 K



1. Construct the circuit shown with a +5 V

Procedure: Part B. Logic gate characteristics
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TTL NAND gate and set Vin to 0 V.

2. Gradually increase Vin until Vout goes 
low. Measure the input current Iin and 
the output voltage Vout and Vin.

3. Repeat the above measurements with 
a CMOS NAND gate. Tabulate all 
results.

5 V

100 F

1 K
Vin Iin

Vout

Vin Iin Voutin in out

TTL

CMOS

4. Now construct the circuit so 
as to measure the output 
voltage Vout and current Iout

for both the TTL and CMOS 
gates as shown.

5. With both inputs at +5 V, 
determine the current in mA at

1 K

+5 V

+5 V

determine the current in mA at 
which the output voltage is 
lifted above the maximum 
value for a low output (0.4 V).

6. With both inputs tied low (to 0 
V), determine the output current 
in A required to sustain the 
output high (> 2.4 V).

Iout

Vout

Iout

1 K
Vout

7. Compare your results to those 
which you would expect for y p
each type of gate 
construction.



Logic circuits are an art. However, there is a systematic way in which a 
complicated logical function can be designed using the minimum of gates. In 

17.15 Logic Circuits
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this experiment, we use the Karnaugh mapping technique to minimise a 
logic circuit.
1. Draw up a truth table and circle 

min terms.
A B C Out   Min terms

0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1

CBA 
CBA 
CBA 
CBA 

7408

+5

7404

+5

7432

+5

Pin connections of some common logic 
gate chips.

2. Construct map as follows:

In a Karnaugh map:
Groups can only be of 1, 2, 4, 8, 16 etc.
The larger the group, the better.
Diagonal groups are not allowed.
Groups can wrap around from edge to edge

1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

CBA 
CBA 
CBA 
CBA 

BA

AB

C C

1
1

1

GND GND GND

(a) Arrange rows and 
columns with every 
combination of 
input, changing 
only one variable at 
a time. 

(b) Put 1’s in boxes

(c) Draw boxes around groups of 1’s. 
Boxes can only go vertically and 
horizontally. Boxes can also wrap 
around. Can only box even groups 
(powers of 2). Boxes of 3, 5 and 6, etc. 
are not permitted.

(d) Group contents of boxes by ANDs and 

Groups can wrap around from edge to edge.
The four corners can form one group.
Don’t care states are marked with an X and may be 
grouped if desired.BA

BA

BA 1

1

1

(b) Put 1 s in boxes 
corresponding to 
circled min terms.

( ) p y
join together with Ors.

BAC
CAB ABCCBA CBA BCA ABCOutput






1. A comparator tests the 
A BProcedure:

29317. Laboratory

value of a pair of two-bit 
binary numbers A and B. 
It returns a logic 1 if A is 
greater than B and a low if 
otherwise. Complete the 
truth table for all possible 
values of A and B and the 
expected output Qexp.

A1 A0 B1 B0 Qexp Qm

0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 1 0
0 1 1 0
0 1 1 1
1 0

1 1 1 1

2. Construct a Karnaugh map from the truth table and derive a Boolean 
expression which implements the desired logic function of the 
comparator.

3 Draw a logic diagram to
01010101 BB  BB  BB  BB

01

01

01

01

AA

AA

AA

AA

3. Draw a logic diagram to 
produce the Boolean 
expression. You should be 
able to do this using 2 
inverters, 4 AND gates 
and 4 OR gates.

4. Construct the circuit and test its operation using a resistor and an 
LED on the output. Enter the measured output Qm in the table 
above.



A bistable multivibrator circuit is stable in two states which are called “Set” 
and “Reset.” The stability of such a circuit element is the basis behind digital 

17.16 Counters and Flip-Flops
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memory and counters, registers and other sequential control logic circuits. In 
this experiment, we see how a flip-flop can be used as a binary counter.
The most popular flip-flop configuration is the J-
K type which contains “master” and “slave” RS 
flip-flops in series (although the flip-flop itself is 
shown here as a single functional block).

QJ

clk

R 7476

CLK1

Vcc

S1

R1

J1

CLK2

S2

GND

K1

Q1

Q1

Q2

Q2

K2

Action table:

The asynchronous inputs S and R are used to set (Q = 1) or reset (Q = 0) the 
outputs and they override the action table for the J-K inputs. Note, R and S 
are active low and are thus normally kept high during normal operation. 
Setting S to 0 sets the Q output (keeping R high) and setting R to 0 with S 
high resets the flip-flop irrespective of the signals on J and K.

QK

S
R2 J2

R S Q Q
1 1 no change

J K
0 0 no change Q =Q

Clock pulse 1 to 0

If the inputs of a J-K flip-flop are held at 
1, then the flip-flop is placed in “Toggle 
mode.”

J-K flip-flop as a D-type latch: 
Clock signal transfers data 
from D to Q.Clock signal 

toggles the 
output. 

1 1 no change
1 0 1 0
0 1 0 1

0 0 no change, Qn+1=Qn
0 1 Qn+1 = 0 (RESET)
1 0 Qn+1 = 1 (SET)
1 1 Qn+1= Qn toggle 

QJ = 1

+5 V
S

D J Q

S

QK = 1

Clk

R

K Q

Clk R



1. The cascaded flip-flop circuit shown can be used as a counter. The type 
Procedure:

29517. Laboratory

p p yp
of connection shown here produces a ripple (or asynchronous) counter. 
Construct the circuit using a 7476 dual chip and fill in the timing 
diagram.

1 Hz signal 
generator

QJ

Clk

QJ

Clk

+5 V 

LED

Q2Q1

LED

Q1

Q2

QK QK

Clk1

2. Set up a JK flip flop in toggle 
mode and apply a 100 kHz 
signal to the Clk input.  
Display the Clk input and the 
Q output on an oscilloscope. 
Measure the time from the 
trailing edge of the clock 

Q

Q

J = 1

K = 1

Master 
slaveClk

1

Toggle 
mode

g g
pulse to the rising edge of the 
Q output pulse. Compare 
with book value.

0



Having an amplifier in a single package makes it easy to build a variety of 
circuits. In this experiment, we build an inverting and non-inverting amplifier 

17.17 Op-Amps
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using an op-amp. These two amplifiers form the basis of larger 
instrumentation and audio amplifiers.

A popular general purpose op-amp is the 741 

Rin = 2 M
Rout = 75 
Ao = 2105 (DC)
bandwidth 1 MHz

An operational amplifier is a 
difference amplifier with a 
very high open-loop gain. The 
connection of external 
components enables the 
device to act as an inverting
or non-inverting amplifier. 
The basic configuration of the 
op-amp is as follows:

741
-

+

+Vcc

Vout

Vee

Vin

+Vin

O/N

O/N

outV
Aop amp is as follows:

-

+

+Vcc

Vee

V1

V2

Vout

Vd Rin

Rout

d

out
o V

A 

open-loop or 
differential gain

Connection of feedback resistors permits 
the construction of:
(a) inverting amplifier (b) non-inverting amplifier

1

12
R

RR
Ac




1

2
R

R
AC 

Vout

+

Vin

R2

R1


Vout

R2

R1

+Vin



1. Design and construct an inverting amplifier which will convert a 50 mV 
Procedure:
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g g p
peak-to-peak 1 kHz sine wave into a 2 V peak-to-peak sine wave. Use 
Vcc +10, 10 V.

2. Measure the range of peak-to-peak amplitudes of input signal for which 
the voltage gain is a constant (i.e., the output voltage is linearly related to 
the amplitude of the input signal).

Vin 50 mV 100 mV 200 mV 300 mV 400 mV

Vout

Gain

3 Design and construct a non-inverting amplifier which will convert a3. Design and construct a non-inverting amplifier which will convert a 
100 mV peak-to-peak 1 kHz sine wave into a 4 V peak-to-peak sine 
wave. (Use R1= 1 k) Compare the measured gain of the circuit with 
that expected.

4. Measure the gain of the non-inverting amplifier circuit with 3 different 
values of feedback resistor as shown in the table. (Change the amplitude 
of the input voltage if necessary.)

R2 Vin Vout Gain  Expected Gain



The basic ingredient of an op-amp is a high gain differential amplifier. This 
high gain feature of an op-amp allows it to be used as a comparison detection 

17.18 Comparator
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circuit. A comparator compares two voltages and provides an output (either 
+Vcc or Vee) depending on the relative difference between the two inputs.

Comparator circuits: 741
-

+

+Vcc

Vout

Vee

Vin

+Vin

O/N

O/N

When V2 > V1, Vd > 0, Vout =  +Vcc

When V2 < V1, Vd < 0, Vout =  Vee

V1

V2

-

+

+Vcc

Vout

When input signal Vin is +ve, Vout is +Vcc.

When V is negative V is V

Vin

+Vcc

Vee
Vin

-

+

+Vcc

-Vee

Vout

2 1, d , out ee

Vee

When Vin is negative, Vout is Vcc.

Vin

+Vcc

Vee

Vref
-

+

+Vcc

Vref
Vout

+Vcc

When Vin < Vref, Vout is Vee.
When Vin >Vref, Vout = +Vcc.

Vee

Vin



1. Design a circuit using a transistor (as a switch) and an op-amp which 
Procedure:
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g g ( ) p p
will turn on an LED when a resistor R with a value less than 1 k is 
connected across the input. If no resistor is connected, or the resistance 
is greater than 1 k, then the LED is to be off.

Draw your circuit and explain its operation.

your 
circuit

R LED

2 C t t th S h itt t i i it h d th DC i t2. Construct the Schmitt trigger circuit shown and measure the DC input 
voltages at which the output changes state (use Vcc = +12, 12V). 
Compare with expected voltages.

20 K

-

+

Vin

Vout

Vref

10 K



Why is an integrator useful? Many physical measurements involve the 
integration of a quantity with respect to time. An integrating circuit gives an 

17.19 Integrator
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output whose amplitude is the integration of the input voltage w.r.t. time. 
The circuit does this integration instantly and does not care how complicated 
the input signal is. Many electrical measurements involve the integrated 
output and such circuits are very common in scientific instrumentation.

Integrator

Vin


I

R

I

C
+Q Q

0 V

Rx is included to minimise the 
offset voltage caused by the 
input bias currents. It should 
be made equal to R. 

+

I 0 V
Vout












CV

dtV
R

Q

dt
R

V
dQ

R
dt

dQ

iRV

out

in

in

in

1

Vin

Rx

If the voltage Vin is a 
constant, then the output is 
simply:

t
RC

V
V in

out 

 dtV
RC

V inout
1

t

t

in

Vout



1. We wish to convert a 1 V peak-to-peak square wave to a 2 V peak-to-peak 
Procedure:
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triangle wave.  Using a 741 op-amp, design such a circuit. (Let Rx = R.)

2. Construct the circuit but connect both inputs to earth (0 V). Connect a 
voltmeter to the output and determine whether or not the output changes 
with time (drift). Measure the drift  (Vout per second).
If there is drift, then connect a 
1 or 2 M resistor across the 
capacitor. If the output of the 
circuit is “stuck” on +15 or -15, 
then discharge the capacitor 
with a piece of wire before 

How does the 1 M resistor reduce drift?

taking measurements of drift.

3. Disconnect inputs from 0 V and then connect to square wave oscillator. 
Make sure that the peak-to-peak input voltage is exactly 1 V and tune the 
circuit to obtain exactly a 2 V peak-to-peak output signal. 

4. Test the circuit at increasing frequencies and record and comment on 
your observations.

741
- +Vcc

V

Vin

O/N

+ Vout

Vee

+Vin

O/N
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17.20 Component Values

Resistors used in electronic circuits are colour-coded to indicate their 
Resistors

resistance (in ohms) and the tolerance. The tolerance indicates by how 
much the actual resistance of the device may differ from its nominal value. 
Usually, a tolerance of 1 to 5% is acceptable.

Colour 1st band 2nd band 3rd band 4th band
1st figure 2nd figure multiplier tolerance

Black 0 1
Brown 1 1 10 1%
Red 2 2 102 2%
Orange 3 3 103

Yellow 4 4 104Yellow 4 4 10
Green 5 5 105

Blue 6 6 106

Violet 7 7 107

Grey 8 8 108

White 9 9 109

Silver 10-2 10%
Gold 10-1 5%

Resistors are also manufactured to a maximum power dissipation rating. 
However, the power rating is usually not specified on the resistor itself, but 
a good estimate may be made from the physical size of the component. 
Most resistors in electronic circuits have a 0.25 to 1 W power rating.

e.g., blue green violet =
650 M 5% tolerance

Capacitor markings: 

1st figure
2nd figure

Example: 104 K

1 0 0000 pF = 0.1 Fg
number of zeros (for pF)
Letter: tolerance 1st figure

2nd figure
No. zeros
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