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GENERAL

n this fast developing society, electronics has come to stay as the most important branch of
Iengineering. Electronic devices are being used in almost all the industries for quality control

and automation and they are fast replacing the present vast army of workers engaged in process-
ing and assembling in the factories. Great strides taken in the industrial applications of electronics
during the recent years have demonstrated that this versatile tool can be of great importance in in-
creasing production, efficiency and control.

The rapid growth of electronic technology offers a formidable challenge to the beginner, who
may be almost paralysed by the mass of details. However, the mastery of fundamentals can simplify
the learning process to a great extent. The purpose of this chapter is to present the elementary knowl-
edge in order to enable the readers to follow the subsequent chapters.



2 B Principles of Electronics
1.1 Electronics

The branch of engineering
which deals with current con-
duction through a vacuum or
gas or semiconductor is
known as *electronics.

Electronics essentially
deals with electronic
devices and their utilisation.
An electronic device is that
in which current flows through a vacuum or gas or semiconductor. Such devices have valuable
properties which enable them to function and behave as the friend of man today.

Current conduction through semiconductor

Importance. Electronics has gained much importance due to its numerous applications in in-
dustry. The electronic devices are capable of performing the following functions :

(i) Rectification. The conversion of a.c. into d.c. is called rectification. Electronic devices
can convert a.c. power into d.c. power (See Fig. 1.1) with very high efficiency. This d.c. supply can be
used for charging storage batteries, field supply of d.c. generators, electroplating etc.
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Fig. 1.1

(71) Amplification. The process of raising the strength of a weak signal is known as amplifica-
tion. Electronic devices can accomplish the job of amplification and thus act as amplifiers (See Fig.
1.2). The amplifiers are used in a wide variety of ways. For example, an amplifier is used in a radio-
set where the weak signal is amplified so that it can be heard loudly. Similarly, amplifiers are used in
public address system, television etc.
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Fig. 1.2

(@ii) Control. Electronic devices find wide applications in automatic control. For example,
speed of a motor, voltage across a refrigerator etc. can be automatically controlled with the help of
such devices.

(iv) Generation. Electronic devices can convert d.c. power into a.c. power of any frequency
(See Fig. 1.3). When performing this function, they are known as oscillators. The oscillators are
used in a wide variety of ways. For example, electronic high frequency heating is used for annealing
and hardening.

*  The word electronics derives its name from electron present in all materials.
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(v) Conversion of light into electricity. Electronic devices can convert light into electricity.
This conversion of light into electricity is known as photo-electricity. Photo-electric devices are used
in Burglar alarms, sound recording on motion pictures efc.

(vi) Conversion of electricity into light. Electronic devices can convert electricity into light.
This valuable property is utilised in television and
radar. Electron Proton

1.2 Atomic Structure

According to the modern theory, matter is electrical
in nature. All the materials are composed of very
small particles called aroms. The atoms are the
building bricks of all matter. An atom consists of a
central nucleus of positive charge around which small
negatively charged particles, called electrons revolve
in different paths or orbits.

Neutron

(1) Nucleus. It is the central part of an atom
and *contains profons and neutrons. A proton is a
positively charged particle, while the neutron has the
same mass as the proton, but has no charge. There- Carbon Atom
fore, the nucleus of an atom is positively charged. The sum of protons and neutrons constitutes the
entire weight of an atom and is called atomic weight. It is because the particles in the extra nucleus
(i.e. electrons) have negligible weight as compared to protons or neutrons.

Nucleus

atomic weight = no. of protons + no. of neutrons

(2) Extra nucleus. It is the outer part of an atom and contains electrons only. An electron is a
negatively charged particle having negligible mass. The charge on an electron is equal but opposite to
that on a proton. Also, the number of electrons is equal to the number of protons in an atom under
ordinary conditions. Therefore, an atom is neutral as a whole. The number of electrons or protons in
an atom is called atomic number i.e.

atomic number = no. of protons or electrons in an atom
The electrons in an atom revolve around the nucleus in different orbits or paths. The number and
arrangement of electrons in any orbit is determined by the following rules :
() The number of electrons in any orbit is given by 2n” where 1 is the number of the orbit. For
example,

First orbit contains 2% 1° 2 electrons

Second orbit contains 2 x 2> = 8 electrons

Third orbit contains 2 x 3% = 18 electrons
*  Although the nucleus of an atom is of complex structure, yet for the purpose of understanding electronics,
this simplified picture of the nucleus is adequate.
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and so on.
(ii) The last orbit cannot have more than 8 electrons.
(iit) The last but one orbit cannot have more than 18 electrons.

1.3 Structure of Elements

We have seen that all atoms are made up of protons, neutrons and electrons. The difference between
various types of elements is due to the different number and arrangement of these particles within
their atoms. For example, the structure® of copper atom is different from that of carbon atom and
hence the two elements have different properties.

The atomic structure can be easily built up if we know the
atomic weight and atomic number of the element. Thus taking

the case of copper atom, ¢ 0
. . o ‘e
Atomic weight = 64 ¢ o "o o
Atomic number = 29 oo

No. of protons No. of electrons =29

and No. of neutrons = 64 —29 =35

Fig. 1.4 shows the structure of copper atom. It has 29 o '."
electrons which are arranged in different orbits as follows. The AR N AR o
first orbit will have 2 electrons, the second 8 electrons, the e e
third 18 electrons and the fourth orbit will have 1 e .
electron. The atomic structure of all known elements can be COPPER
shown in this way and the reader is advised to try for a few
commonly used elements.

1.4 The Electron

Since electronics deals with tiny particles called electrons, these small particles require detailed study.
As discussed before, an electron is a negatively charged particle having negligible mass. Some of the
important properties of an electron are :

I
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Fig. 1.4

B Energy level This electron has the
(i) Charge on anelectron,e = 1.602x 10"’ coulomb highest energy.
(#i) Mass of an electron, m =9.0x 107! kg 6
(iit) Radius of an electron, r = 19X 107" metre 3E

The ratio e/m of an electron is 1.77 x 10" coulombs/kg.
This means that mass of an electron is very small as compared
to its charge. It is due to this property of an electron that it is
very mobile and is greatly influenced by electric or magnetic
fields.

1.5 Energy of an Electron

An electron moving around the nucleus possesses two types
of energies viz. kinetic energy due to its motion and potential
energy due to the charge on the nucleus. The total
energy of the electron is the sum of these two energies. The

This
electron
has the
lowest
energy

energy of an electron increases as its distance from the nucleus Energy levels increase as
increases. Thus, an electron in the second orbit possesses more the distance from the
energy than the electron in the first orbit; electron in the third nucleus increases

The number and arrangement of protons, neutrons and electrons.
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orbit has higher energy than in the second orbit.It is clear that electrons in the last orbit possess very
high energy as compared to the electrons in the inner orbits. These last orbit electrons play an impor-
tant role in determining the physical, chemical and electrical properties of a material.

1.6 Valence Electrons

The electrons in the outermost orbit of an atom are known as valence electrons.

The outermost orbit can have a maximum of 8 electrons i.e. the maximum number of valence
electrons can be 8. The valence electrons determine the physical and chemical properties of a material.
These electrons determine whether or not the material is chemically active; metal or non-metal or, a
gas or solid. These electrons also determine the electrical properties of a material.

On the basis of electrical conductivity, materials are generally classified into conductors, insula-
tors and semi-conductors. As a rough rule, one can determine the electrical behaviour of a
material from the number of valence electrons as under :

(i) When the number of valence electrons of an atom is less than 4 (i.e. half of the maximum
eight electrons), the material is usually a metal and a conductor. Examples are sodium, magnesium
and aluminium which have 1, 2 and 3 valence electrons respectively (See Fig. 1.5).
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Fig. 1.5

(71) When the number of valence electrons of an atom is more than 4, the material is usually a
non-metal and an insulator. Examples are nitrogen, sulphur and neon which have 5, 6 and 8 valence
electrons respectively (See Fig. 1.6).
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Fig. 1.6

(7i1) When the number of valence electrons of an atom is 4 (i.e. exactly one-half of the
maximum 8 electrons), the material has both metal and non-metal properties and is usually a semi-
conductor. Examples are carbon, silicon and germanium (See Fig. 1.7).
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1.7 Free Electrons

The valence electrons of different materials possess different energies. The greater the energy of a
valence electron, the lesser it is bound to the nucleus. In certain substances, particularly metals, the
valence electrons possess so much energy that they are very loosely attached to the nucleus. These
loosely attached valence electrons move at random within the material and are called free electrons.

The valence electrons which are very loosely attached to the nucleus are known as free

electrons. Electron Copper atom

The free electrons

. — =
Zan be easily remov.ed or g@. &fé L. tZ; g aq#;. 6 e a
etached by applying a ﬁ
small amount of external (o t

energy. As a matter of No current flows Current flows

fact, these are the free Current moves through materials that conduct electricity.
electrons which deter-

mine the electrical conductivity of a material. On this basis, conductors, insulators and semiconduc-
tors can be defined as under :

() A conductor is a substance which has a large number of free electrons. When potential differ-
ence is applied across a conductor, the free electrons move towards the positive terminal of supply,
constituting electric current.

(i1) An insulator is a substance which has practically no free electrons at ordinary temperature.
Therefore, an insulator does not conduct current under the influence of potential difference.

(7ii) A semiconductor is a substance which has very few free electrons at room temperature.
Consequently, under the influence of potential difference, a
semiconductor practically conducts no current.

1.8 Voltage Source

Any device that produces voltage output continuously is
known as a voltage source. There are two types of voltage
sources, namely ; direct voltage source and alternating volt-
age source.

(i) Direct voltage source. A device which produces
direct voltage output continuously is called a direct voltage
source. Common examples are cells and d.c. generators. An
important characteristic of a direct voltage source is that it

Voltage source
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maintains the same polarity of the output voltage i.e. positive and negative terminals remain the same.
When load resistance R, is connected across such a source,*current flows from positive terminal to
negative terminal via the load [See Fig. 1.8 (i)]. This is called direct current because it has just one
direction. The current has one direction as the source maintains the same polarity of output voltage.
The opposition to load current inside the d.c. source is known as internal resistance R,. The equivalent
circuit of a d.c. source is the generated e.m.f. E o in series with internal resistance R; of the source as shown
in Fig. 1.8 (ii). Referring to Fig. 1.8 (i), it is clear that:

I
[ ,é
e !
|
E | R.
gi i \% RL I

i l E, T
T T
@) (1)
Fig. 1.8

A

Eg

R, + R

(Eg—IRi) or IR,

Load current, /

Terminal voltage, V

(i) Alternating voltage source. A device which produces alternating voltage output continu-
ously is known as alternating voltage source e.g. a.c. generator. Animportant characteristic of alter-
nating voltage source is that it periodically reverses the polarity of the output voltage. When load
impedance Z, is connected across such a source, current flows through the circuit that periodically
reverses in direction. This is called alternating current.

1

<
<

(@) (it)
Fig. 1.9
The opposition to load current inside the a.c. source is called its internal impedance Z,. The
equivalent circuit of an a.c. source is the generated e.m.f. E o (r.m.s.) in series with internal impedance
Z; of the source as shown in Fig. 1.9 (ii). Referring to Fig. 1.9 (i), it is clear that :

Eg

Z, +Z
Terminal voltage, V = (Eg—l Z)* or 17,

Load current, I (r.m.s.)

This is the conventional current. However, the flow of electrons will be in the opposite direction.
Vector difference since a.c. quantities are vector quantities.



8 B Principles of Electronics
1.9 Constant Voltage Source

A voltage source which has very low internal *impedance as compared with external load im-

pedance is known as a constant voltage source.

14
1 LLIA
- (D
> S .
5 i
o I
R, = 0.005Q 5.995Q = |
Vv to 5| v,=5995V 1 V,=595V
L 05950 i l
—_— Eg =6V o) : .y
AN « 0| LOAD CURRENT 10 A
(@) (ii)
Fig. 1.10

In such a case, the output voltage nearly remains the same when load current changes.
Fig. 1.10 (i) illustrates a constant voltage source. Itis ad.c. source of 6 V with internal
resistance R; = 0.005 Q. If the load current varies over a wide range of 1 to 10 A, for any
of these values, the internal drop across R, (= 0.005 Q) is less than 0.05 volt. Therefore,
the voltage output of the source is between 5.995 to 5.95 volts. This can be considered
constant voltage compared with the wide variations in load current.

Fig. 1.10 (ii) shows the graph for a constant voltage source. It may be seen that the
output voltage remains constant inspite of the changes in load current. Thus as the load
current changes from 0 to 10 A, the output voltage essentially remains the same (i.e.
V,=V,). A constant voltage source is represented as shown in Fig. 1.11.

©

Fig. 1.11

Example 1.1. A lead acid battery fitted in a truck develops 24V and has an internal
resistance of 0.01 €. It is used to supply current to head lights etc. If the total load is equal to

100 watts, find :
(i) voltage drop in internal resistance
(ii) terminal voltage

Solution.
Generated voltage, E . = 24V
Internal resistance, R, = 0.01
Power supplied, P = 100 watts
(i) Let I be the load current.
Now P = Eg x I (" For an ideal source, V ~ Eg)
I = Ei; = % =417 A

Voltage dropin R, = IR,=4.17x0.01 =0.0417 V
(ii) Terminal Voltage, V = Eg —IR,
= 24-0.0417 = 23.96 V

resistance in case of a d.c. source.
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Comments : It is clear from the above example that when internal resistance of the source is
quite small, the voltage drop in internal resistance is very low. Therefore, the terminal voltage sub-
stantially remains constant and the source behaves as a constant voltage source irrespective of load
current variations.

1.10 Constant Current Source

A voltage source that has a very high internal
*impedance as compared with external load impedance
is considered as a constant current source.

In such a case, the load current nearly remains
the same when the output voltage changes. Fig. 1.12
(i) illustrates a constant current source. It is a d.c.
source of 1000 V with internal resistance R; = 900
kQ. Here, load R, varies over 3 : 1 range from 50 .
k€ to 150 k€. Over this variation of load R,, the Constant Current Source
circuit current / is essentially constant at 1.05 to 0.95
mA or approximately 1 mA. It may be noted that output voltage V varies approximately in the
same 3 : 1 range as R;, although load current essentially remains **constant at ImA. The beautiful
example of a constant current source is found in vacuum tube circuits where the tube acts as a
generator having internal resistance as high as 1 MQ.

Fig. 1.12 (ii) shows the graph of a constant current source. It is clear that current remains con-
stant even when the output voltage changes substantially. The following points may be noted regard-
ing the constant current source :

1%
I=1mA 4
R, =900 kQ I
RL
== 50 - 150 kQ
T E,=1000V
(N ; g
(@ (i)
Fig. 1.12 .

() Due to high internal resistance of the source, the load current remains
essentially constant as the load R, is varied.

(if) The output voltage varies approximately in the same range as R;, although
current remains constant. <T>
(iii) The output voltage V'is much less than the generated voltage E, because of
high I R, drop.
Fig. 1.13 shows the symbol of a constant current source.

Resistance in case of a d.c. source Fig. 1.13

E
ok Now [ = 8 SinceR >>R, I=-%&
RL + Rl i 1L )
As both E E and R, are constants, / is constant.
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Example 1.2. A d.c. source generating 500 V has an internal resistance of 1000 2. Find the
load current if load resistance is (i) 10 €2 (ii) 50 Q and (iii) 100 £2.

Solution.
Generated voltage, Eg = 500V

Internal resistance, R, = 1000 €

@) When R, = 10Q
E 500
- g - 0.
Load current, I = R +R 10+ 1000 0.495 A
(i) When R, = 50Q
500
Load current, I = 50+ 1000 ~ 0.476 A
(iii) When R, = 100 Q
500
Load current, I = 100 + 1000 = 0.454 A

It is clear from the above example that load current is essentially constant since R, >> R, .

1.11 Conversion of Voltage Source into Current Source

Fig. 1.14 shows a constant voltage source with voltage V and internal resistance R;. Fig. 1.15 shows
its equivalent current source. It can be easily shown that the two circuits behave electrically the same
way under all conditions.

(i) IfinFig. 1.14, the load is open-circuited (i.e. R, — oo ), then voltage across terminals A and
BisV. IfinFig. 1.15, the load is open-circuited (i.e. R, — o), then all current / (= V/R)) flows through
R, yielding voltage across terminals AB =1 R,=V. Note that open-circuited voltage across AB is V for
both the circuits and hence they are electrically equivalent.

A

I |
| | :
! T
1 1 : |
1 | | |
1 | |
1 1 : |
: ' . l
|
I I R I ( v I
1 | L ! I1=— R, R
I | ! f R | L
1 1 | |
1 | | |
1 | | |
1 1 | |
1 | |
1 | : |
] T
| : ! I

o ¢
w.

I | Lo /.( ______ i
CONSTANT CONSTANT CURRENT
VOLTAGE SOURCE SOURCE
Fig. 1.14 Fig. 1.15
(if) If in Fig. 1.14, the load is short-circuited (i.e. R, = 0), the short circuit current is given by:
Vv
Ishorz = ;

1
Ifin Fig. 1.15, the load is short-circuited (i.e. R, = 0), the current / (= V/R,) bypasses R, in favour
of short-circuit. It is clear that current (= V/R)) is the same for the two circuits and hence they are
electrically equivalent.
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Thus to convert a constant voltage source into a constant current source, the following
procedure may be adopted :

(a) Place a short-circuit across the two terminals in question (terminals AB in the present case)
and find the short-circuit current. Let it be I. Then 7 is the current supplied by the equivalent current
source.

(b) Measure the resistance at the terminals with load removed and sources of e.m.f.s replaced by
their internal resistances if any. Let this resistance be R.

(c) Then equivalent current source can be represented by a single current source of magnitude
I in parallel with resistance R.

Note. To convert a current source of magnitude / in parallel with resistance R into voltage source,

Voltage of voltage source, V = IR

Resistance of voltage source, R = R
Thus voltage source will be represented as voltage V in series with resistance R.
Example 1.3. Convert the constant voltage source shown in Fig. 1.16 into constant current
source.
Solution. The solution involves the following steps :
(i) Place a short across AB in Fig. 1.16 and find the short-circuit current /.
Clearly, I = 10/10=1A

Therefore, the equivalent current source has a magnitude of 1 A.

(1) Measure the resistance at terminals AB with load *removed and 10 V source replaced by its internal
resistance. The 10 V source has negligible resistance so that resistance at terminals AB is R =10 Q.

10Q
ANV o A oA
— 10V I=1A 100
o B ° B
Fig. 1.16 Fig. 1.17

(#ii) The equivalent current source is a source of 1 A in parallel with a resistance of 10 Q as
shown in Fig. 1.17.

Example 1.4. Convert the constant current source in Fig. 1.18 into equivalent voltage source.

2kQ
4 AAAAA 4

6 mA <T> 2kQ — 12V

o5y o
w0

Fig. 1.18 Fig. 1.19

Solution. The solution involves the following steps :

Fortunately, no load is connected across AB. Had there been load across AB, it would have been removed.
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(i) To get the voltage of the voltage source, multiply the current of the current source by the
internal resistance i.e.

Voltage of voltage source = /R = 6 mAx2kQ = 12V
(i1) The internal resistance of voltage source is 2 k Q.

The equivalent voltage source is a source of 12 V in series with a resistance of 2 k Q as shown in
Fig. 1.19.

Note. The voltage source should be placed with +ve terminal in the direction of current flow.

1.12 Maximum Power Transfer Theorem

When load is connected across a voltage source, power is transferred from the source to the load. The
amount of power transferred will depend upon the load resistance. If load resistance R, is made equal
to the internal resistance R, of the source, then maximum power is transferred to the load R; . This is
known as maximum power transfer theorem and can be stated as follows :

Maximum power is transferred from a source to a load when the load resistance is made equal
to the internal resistance of the source.

This applies to d.c. as well as a.c. power.*

To prove this theorem mathematically, consider a voltage source of generated voltage E and
internal resistance R, and delivering power to a load resistance R, [See Fig. 1.20 (i)]. The current /
flowing through the circuit is given by :

E
1
R, + R,
2
Power delivered to the load, P = I R, = _E R, (D)
R, +R
i 4 Pout
R;
RL Pmax m— I

I
I .

< 0| R=R, ¥ R,

() (i)

Fig. 1.20

For a given source, generated voltage E and internal resistance R; are constant. Therefore, power
delivered to the load depends upon R, . In order to find the value of R, for which the value of P is
maximum, it is necessary to differentiate eq. (i) w.r.t. R, and set the result equal to zero.

Thus, P _ g R HRY - SRR AR
dRy (R, +R)

or (R, +R)’ 2R, (R,+R) = 0

or (R, +R) (R, +R,~2R,) = 0

or (R, +R)(R,—R) =0

As power is concerned with resistance only, therefore, this is true for both a.c. and d.c. power.
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Since (R, + R;) cannot be zero,

. R—-R, =0
or R, =R,
ie. Load resistance = Internal resistance

Thus, for maximum power transfer, load resistance R, must be equal to the internal resistance R,
of the source.

Under such conditions, the load is said to be matched to the source. Fig. 1.20 (ii) shows a graph
of power delivered to R, as a function of R;. It may be mentioned that efficiency of maximum power
transfer is *50% as one-half of the total generated power is dissipated in the internal resistance R; of
the source.

Applications. Electric power systems never operate for maximum power transfer because of
low efficiency and high voltage drops between generated voltage and load. However, in the elec-
tronic circuits, maximum power transfer is usually desirable. For instance, in a public address sys-
tem, it is desirable to have load (i.e. speaker) “matched” to the amplifier so that there is maximum
transference of power from the amplifier to the speaker. In such situations, efficiency is **sacrificed
at the cost of high power transfer.

Example 1.5. A generator develops 200 V and has an internal resistance of 100 2. Find the
power delivered to a load of (i) 100 L2 (ii) 300 €. Comment on the result.

Solution.
Generated voltage, £ = 200V
Internal resistance, R, = 100 Q
@) When load R, = 100 Q
E _ 200

Load current, / =1A

R, +R 100+ 100

Power delivered to load = 'R, = (1)’x 100 = 100 watts
Total power generated = I° (R, +R) = 17 (100 + 100) = 200 watts

Thus, out of 200 W power developed by the generator, only 100W has reached the load i.e.
efficiency is 50% only.

(i) When load R, = 300 Q

E _ 200 _
Load current, / R, + R = 3004100 - 0.5A

Power delivered to load = IR, = (0.5)*x 300 = 75 watts
Total power generated = I° (R, +R) = (0.5)° (300 + 100) = 100 watts

Thus, out of 100 watts of power produced by the generator, 75 watts is transferred to the load i.e.
efficiency is 75%.

Comments. Although in case of R, = R, a large power (100 W) is transferred to the load, but
there is a big wastage of power in the generator. On the other hand, when R, is not equal to R, the
.................... S
output power _ I'R;
input power 72 ( R, +R)

= R/2R,=1/2=50% (= R,=R)
Electronic devices develop small power. Therefore, if too much efficiency is sought, a large number of

such devices will have to be connected in series to get the desired output. This will distort the output as
well as increase the cost and size of equipment.

Efficiency =
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power transfer is less (75 W) but smaller part is wasted in the generator i.e. efficiency is high. Thus,
it depends upon a particular situation as to what the load should be. If we want to transfer maximum
power (e.g. in amplifiers) irrespective of efficiency, we should make R, = R,. However, if efficiency
is more important (e.g. in power systems), then internal resistance of the source should be consider-

ably smaller than the load resistance.

Example 1.6. An audio amplifier produces
an alternating output of 12 'V before the connec-
tion to a load. The amplifier has an equivalent
resistance of 15 € at the output. What
resistance the load need to have to produce maxi-
mum power ? Also calculate the power output
under this condition.

Solution. In order to produce maximum
power, the load (e.g. a speaker) should have a re-
sistance of 15 € to match the amplifier. The equiva-
lent circuit is shown in Fig. 1.21.

Load required, R, = 15Q
Vv

R

Circuit current, /

. 15+15

1

|::| LOAD
R, =15Q

e 1

AMPLIFIER j

12 =04A

Power delivered to load, P = 'R, = (0.4)°x 15 = 24 W

Example 1.7. For the a.c. generator shown in Fig. 1.22 (i), find (i) the value of load so that
maximum power is transferred to the load (ii) the value of maximum power.

R Xy

100 Q2 50 Q

50 V@

©)

Fig.

Solution.

R

100 Q

50 V@

A

Fig. 1.21

1.22

(i)

(i) Ina.c. system, maximum power is delivered to the load impedance (Z;) when load imped-
ance is conjugate of the internal impedance (Z)) of the source. Now in the problem, Z; = (100 + j50)€2.
For maximum power transfer, the load impedance should be conjugate of internal impedance i.e. Z;

should be (100 —;j50) Q. This is shown in dotted line in Fig. 1.22 (if).

Z, = (100 -j50) Q
(iM) Total impedance, Z, = Z,+ Z, = (100 +j50) + (100 — j50) = 200 Q*
- vV _50 _
Circuit current, I = Z =200 =025A

Maximum power transferred to the load = PR ;= (0.25)2 x 100 =6.25 W

Note that by making internal impedance and load impedance conjugate, the reactive terms cancel. The
circuit then consists of internal and external resistances only. This is quite logical because power is only

consumed in resistances as reactances (X, or X.)

consume no power.
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1.13 Thevenin’s Theorem

Sometimes it is desirable to find a particular branch current in a circuit as the resistance of that
branch is varied while all other resistances and voltage sources remain constant. For instance, in the
circuit shown in Fig. 1.23, it may be desired to find the current through R, for five values of R,
assuming that R, R,, Ry and E remain constant. In such situations, the *solution can be obtained
readily by applying Thevenin’s theorem stated below :

Any two-terminal network containing a number of e.m.f. sources and resistances can be re-
placed by an equivalent series circuit having a voltage source E, in series with a resistance R, where,

E, = open circuited voltage between the two terminals.

R, = the resistance between two terminals of the circuit obtained by looking “in” at
the terminals with load removed and voltage sources replaced by their internal
resistances, if any.

To understand the use of this theorem, consider the two-terminal circuit shown in Fig. 1.23. The
circuit enclosed in the dotted box can be replaced by one voltage E in series with resistance R, as
shown in Fig. 1.24. The behaviour at the terminals AB and A’B’ is the same for the two circuits,
independent of the values of R, connected across the terminals.

r=——-=--- R T T T R. | F T T TR T T

1 1 304 1 0 I A~

1 1 1

! WA MWW ! WW—

1

. | : :

[ 1 1 1 1

1 1 1 - 1

: E % R, 1 %RL : E0 1 % R,

[ : 1 T :

| 1 I 1

1 | 1 1

1 1 1 1

l B l 1B’

L e e e e e e e o a1 e e - = 1
ACTIVE CIRCUIT THEVENIN’'S EQUIVALENT CKT.

Fig. 1.23 Fig. 1.24

(i) Finding E,. This is the voltage between terminals A and B of the circuit when load R, is
removed. Fig. 1.25 shows the circuit with load removed. The voltage drop across R, is the desired
voltage E,,.

Current through R, =

Voltage across R,, E, = (L) R,

Thus, voltage E is determined.

%% M—g4 9% WWA—o4

lB oB

Fig. 1.25 Fig. 1.26

Solution can also be obtained by applying Kirchhoff’s laws but it requires a lot of labour.
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(i) Finding R,,. This is the resistance between terminals A and B with load removed and e.m.f.
reduced to zero (See Fig. 1.26).
Resistance between terminals A and B is
R, = parallel combination of R, and R, in series with R
R R,

- 12 4R
R + R,

Thus, the value of R, is determined. Once the values of E; and R, are determined, then the
current through the load resistance R, can be found out easily (Refer to Fig. 1.24).

1.14 Procedure for Finding Thevenin Equivalent Circuit

() Open the two terminals (i.e. remove any load) between which you want to find Thevenin
equivalent circuit.

(71) Find the open-circuit voltage between the two open terminals. It is called Thevenin voltage
E
o

(71i) Determine the resistance between the two open terminals with all ideal voltage sources
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal
resistance). It is called Thevenin resistance R,

(iv) Connect E, and R, in series to produce Thevenin equivalent circuit between the two termi-
nals under consideration.

(v) Place the load resistor removed in step (i) across the terminals of the Thevenin equivalent
circuit. The load current can now be calculated using only Ohm’s law and it has the same
value as the load current in the original circuit.

Example 1.8. Using Thevenin's theorem, find the current through 100 L2 resistance connected
across terminals A and B in the circuit of Fig. 1.27.

10Q 12Q
WW—— % - A
~ B
Fig. 1.27

Solution.

(1) Finding E. It is the voltage across terminals A and B with 100 € resistance removed as
shown in Fig. 1.28.
E, = (Current through8 Q) X8 = 2.5%x8 =20V

By solving this series-parallel circuit.
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10Q 12Q 10Q 12Q
VWA VWA TA W VWV °A

E, 200 % 8Q % R,
lB °B

Fig. 1.28 Fig. 1.29

(1) Finding R,. Itis the resistance between terminals R,=56Q A
A and B with 100 Q removed and voltage source short cir-
cuited as shown in Fig. 1.29.

R, = Resistance looking in at terminals A —=

. a
and B in Fig. 1.29 LE,;=20V =
[10 % 20 i
[10+20 128 [
“J10x20 ] B
+12 |+ 8
[10+20 ] Fig. 1.30
=56Q

Therefore, Thevenin’s equivalent circuit will be as shown in Fig. 1.30. Now, current through 100
Q resistance connected across terminals A and B can be found by applying Ohm’s law.

Current through 100 Q resistor = Eq = 20 =0.19A
Ry+R, 5.6+100

Example 1.9. Find the Thevenin’s equivalent circuit for Fig. 1.31.

Solution. The Thevenin’s voltage E is the voltage across terminals A and B. This voltage is
equal to the voltage across R,. It is because terminals A and B are open circuited and there is no
current flowing through R, and hence no voltage drop across it.

1kOQ 1kQ Ry=15kQ

AW oA

E,=10V
o B

Fig. 1.32
E, = Voltage across R
R
- 3wy =L x20 =10V
R+ R, 1+1

The Thevenin’s resistance R, is the resistance measured between terminals A and B with no load

(i.e. open at terminals A and B) and voltage source replaced by a short circuit.
R R
Ry = R +—15 — 11X _y500
R + R, I+1

Therefore, Thevenin’s equivalent circuit will be as shown in Fig. 1.32.
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Example 1.10. Calculate the value of load resistance R, to which maximum power may be
transferred from the circuit shown in Fig. 1.33 (i). Also find the maximum power.

40 Q 60 Q A Ry=7333Q
%% %% WA
120V : %209 %RL Ey=40V ! %RL
B B
@ (i)
Fig. 1.33

Solution. We shall first find Thevenin’s equivalent circuit to the left of terminals AB in
Fig. 1.33 (i).
E, = Voltage across terminals AB with R; removed
120
40 + 20

R, = Resistance between terminals A and B with R, removed and 120 V source
replaced by a short

= 60+ (40Q120Q) = 60+ (40 x20)/60 = 73.33 Q
The Thevenin’s equivalent circuit to the left of terminals AB in Fig. 1.33 (i) is E, (=40 V) in
series with R, (= 73.33 Q). When R, is connected between terminals A and B, the circuit becomes as
shown in Fig. 1.33 (ii). It is clear that maximum power will be transferred when
R, = Ry=73.33Q

Ey _ (40
4R,  4x7333

Comments. This shows another advantage of Thevenin’s equivalent circuit of a network. Once
Thevenin’s equivalent resistance R is calculated, it shows at a glance the condition for maximum
power transfer. Yet Thevenin’s equivalent circuit conveys another information. Thus referring to
Fig. 1.33 (ii), the maximum voltage that can appear across terminals A and B is 40 V. This is not so
obvious from the original circuit shown in Fig. 1.33 (7).

x20 = 40V

Maximum power to load =545W

Example 1.11. Calculate the current in the 50 €2 resistor in the network shown in Fig. 1.34.

100Q 7 300 200 200
AW

80 V_ 100 Q% %809 60 Q 50Q

Fig. 1.34
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Solution. We shall simplify the circuit shown in Fig. 1.34 by the repeated use of Thevenin’s
theorem. We first find Thevenin’s equivalent circuit to the left of *XX.

s00 % 300 Y200 200
| | |
40V l 809% l §6OQ 500
—_ 1 |
-|' I I
| |
| |
T T
X Y
Fig. 1.35
80
E, = ————x 100 =40V
0= 700 + 100 <%
100 x 100
R, = 100”100—m—509
Therefore, we can replace the circuit to the left of XX in Fig. 1.34 by its Thevenin’s equivalent
circuit viz. £, (= 40V) in series with R (= 50 y 7
Q). The original circuit of. Fig: 1.34 then j&ﬁ I 3\(/)\/%‘ I A
reduces to the one shown in Fig. 1.35. ! !
We shall now find Thevenin’s equivalent = | |
circuit to left of YY in Fig. 1.35. 20V ! 60 Q% ! 50 Q
T I I
’ 40 1 1
E, = ———— x80 =2
07 50+30+80 ov ! !
80 x 80 ! ‘
X
R, = (50 +30) 1180 = 20 + 80 =40 Q Fig. 1.36

We can again replace the circuit to the left of YY in Fig. 1.35 by its Thevenin’s equivalent
circuit. Therefore, the original circuit reduces to that shown in Fig. 1.36.

|

l

- 1
80V 1009% |
I

|

1

ce——p

X X
(@) (b)
. 80 .
E, = 100Q2 %100 Q= ———— x 100 =4 Fig.
0 Current in 100 Q x 100 100 + 100 x 100 0V [See Fig. (a)]
R, = Resistance looking in the open terminals in Fig. (b)
= 10011100 = 100100 =50 Q

100 + 100
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Using the same procedure to the left of ZZ, we have, 7 30Q T 200

. 20
By o= 20 _6o=10v

° = 1207060 % S
: 50 Q
2 6060 =
b = @40+20)1160= o5 =300

The original circuit then reduces to that shown in Fig. 1.37. 7
By Ohm’s law, current / in 50 Q resistor is

10
I'="30+20+50 =014

1.15 Norton’s Theorem

Fig. 1.38 (i) shows a network enclosed in a box with two terminals A and B brought out. The network
in the box may contain any number of resistors and e.m.f. sources connected in any manner. But
according to Norton, the entire circuit behind terminals A and B can be replaced by a current source
of output I in parallel with a single resistance R, as shown in Fig. 1.38 (ii). The value of I is
determined as mentioned in Norton’s theorem. The resistance R, is the same as Thevenin’s resistance
R, Once Norton’s equivalent circuit is determined [See Fig. 1.38 (if)], then current through any load
R, connected across terminals AB can be readily obtained.

A F~———=—"~====—-- —| A
l I
| |
| |
COMPLEX | |
NETWORK R ! (D Iy %RN ! Ry
l l
. . | I
B Lo d B

@ (i)
Fig. 1.38

Hence Norton’s theorem as applied to d.c. circuits may be stated as under :

Any network having two terminals A and B can be replaced by a current source of output I, in
parallel with a resistance Ry,

(i) The output I, of the current source is equal to the current that would flow through AB when
terminals A and B are short circuited.

(ii) The resistance R, is the resistance of the network measured between terminals A and B with
load (R, ) removed and sources of e.m.f. replaced by their internal resistances, if any.

Norton’s theorem is converse of Thevenin’s theorem in that Norton equivalent circuit uses a
current generator instead of voltage generator and resistance R, (which is the same as R,)) in parallel
with the generator instead of being in series with it.

Illustration. Fig. 1.39 illustrates the application of Norton’s theorem. As far as circuit behind
terminals AB is concerned [See Fig. 1.39 (7)], it can be replaced by a current source of output [, in
parallel with a resistance R, as shown in Fig. 1.39 (iv). The output /,; of the current generator is equal
to the current that would flow through AB when terminals A and B are short-circuited as shown in
Fig. 1.39 (ii). The load R’ on the source when terminals AB are short-circuited is given by :

R, R, R R, +R Ry, +R R,

R'=R1+ =
R, + R, R, + R,
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v _ V(R, + R;)
RR, +RR +R R,

Source current, I’ =

RI
Short-circuit current, /,, = Current in R, in Fig. 1.39 (ii)
, R, V R,

= ' X% =
R, + R, R R, + R R+ R, R,
R, R, A
AN AN«
=v  Zn Sk,
4_ i
B B
O] (i)
Ry R,
AWV AM—— A 4

(iii) i)

Fig. 1.39
To find R, remove the load R; and replace the voltage source by a short circuit because its
resistance is assumed zero [See Fig. 1.39 (iii)].
R Resistance at terminals AB in Fig. 1.39 (iii).
R R
R + R,

N:

R, +

Thus the values of I, and R, are known. The Norton equivalent circuit will be as shown in
Fig. 1.39 (iv).

1.16 Procedure for Finding Norton Equivalent Circuit

() Open the two terminals (i.e. remove any load) between which we want to find Norton equiva-
lent circuit.

(i1) Put a short-circuit across the terminals under consideration. Find the short-circuit current
flowing in the short circuit. It is called Norton current /.

(7i1) Determine the resistance between the two open terminals with all ideal voltage sources
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal
resistance). It is called Norton’s resistance R). It is easy to see that R, = R,,.

(iv) Connect I, and R, in parallel to produce Norton equivalent circuit between the two
terminals under consideration.
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(v) Place the load resistor removed in step (i) across the terminals of the Norton equivalent
circuit. The load current can now be calculated by using current-divider rule. This load current will be
the same as the load current in the original circuit.

Example 1.12. Using Norton’s theorem, find the current in 8 Q2 resistor in the network shown in
Fig. 1.40 (i).

Solution. We shall reduce the network to the left of AB in Fig. 1.40 (i) to Norton’s equivalent
circuit. For this purpose, we are required to find /,, and R,

() With load (i.e., 8 Q) removed and terminals AB short circuited [See Fig. 1.40 (ii)], the
current that flows through AB is equal to I,. Referring to Fig. 1.40 (ii),

Load on the source = 4Q+5Q16Q

5%X6
5+6

40/6.727 =5.94 A

4 + = 6.727 Q

Source current, I’

40 50 A 4Q 1 Iy 5Q 4
WW——7

40V 6Q 8Q 40V 6Q >

_— — SHORT
B B

0] (ii)
Fig. 1.40
6

Short-circuit current in AB, I, = I’ x =594%x6/11 = 324 A

6+5

(71) Withload (i.e., 8 Q) removed and battery replaced by a short (since its internal resistance is
assumed zero), the resistance at terminals AB is equal to R, as shown in Fig. 1.41 (7).

40 50 A A
WWA WWHA > i >
<
RN s
§ 60 D E— o 74Q 8 Q§
Il
~2
. B B
(@) (ii)
Fig. 1.41
4%x6

Ry =5Q+4Q16Q =5+ =74Q

4+6

The Norton’s equivalent circuit behind terminals AB is I, (= 3.24 A) in parallel with R, (=7.4 Q).
When load (i.e., 8 Q) is connected across terminals AB, the circuit becomes as shown in
Fig. 1.41 (ii). The current source is supplying current to two resistors 7.4 € and 8 Q in parallel.

7.4
8+ 74

Current in 8 Q resistor = 3.24 X = 155A
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Example 1.13. Find the Norton equivalent circuit at terminals X — Y in Fig. 1.42.

Solution. We shall first find the Thevenin equivalent 200 10Q
circuit and then convert it to an equivalent current source. This VWA VYWV ‘J
will then be Norton equivalent circuit. X
o
Finding Thevenin Equivalent circuit. To find E,, 30V 18V
refer to Fig. 1.43 (i). Since 30 V and 18 V sources are in opposi- 7Y [
tion, the circuit current / is given by :

30-18 _ 12 Fig. 1.42
I'= 50410 30 =04A 8

Applying Kirchhoff’s voltage law to loop ABCDA, we have,

30-20x04-E,=0 .. E;=30-8=22V
B 20Q c 100 20Q 10Q
W WA WWA
Xo+ ) Xo
30V Ey 18V Short R, Short

Yo-— Yo

A D
() (i)

Fig. 1.43

To find R, we short both voltage sources as shown in Fig. 1.43 (ii). Notice that 10 £2 and 20
resistors are then in parallel.
10 x 20
10 + 20

Therefore, Thevenin equivalent circuit will be as shown in Fig. 1.44 (i). Now it is quite easy to

convert it into equivalent current source.

E _ 2

Iy = R " 67 =33A

R, = 10Q1120Q= =06.67Q

[See Fig. 1.44 (ii)]

Ry = R,=6.67Q

N
6.67Q x Iy 6.67Q X X
WW—0 °

2V 22V Iy=33 ACD %RN=6.67Q
0 0
Y Y Y
(@) (if) (iii)
Fig. 1.44

Fig. 1.44 (iii) shows Norton equivalent circuit. Observe that the Norton equivalent resistance has
the same value as the Thevenin equivalent resistance. Therefore, R, is found exactly the same way.
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Example 1.14. Show that when Thevenin’s equivalent circuit of a network is converted into
Norton’s equivalent circuit, I, = E,/R, and Ry, = R, Here E, and R, are Thevenin voltage and
Thevenin resistance respectively.

Solution. Fig. 1.45 (i) shows a network enclosed in a box with two terminals A and B brought
out. Thevenin’s equivalent circuit of this network will be as shown in Fig. 1.45 (ii). To find Norton’s
equivalent circuit, we are to find /,, and R,. Referring to Fig. 1.45 (ii),

I Current flowing through short-circuited AB in Fig. 1.45 (ii)

N =
= Ey/R,
R, = Resistance at terminals AB in Fig. 1.45 (ii)
= RO

Fig. 1.45 (iii) shows Norton’s equivalent circuit. Hence we arrive at the following two important
conclusions :

(i) To convert Thevenin’s equivalent circuit into Norton’s equivalent circuit,

I, = EJR, : Ry=R,
Ry )
/\/\/\/\' 0 A
A 0
—1—0
NetWOl’k _:_ EO IN %RNzRO
—1—o0
B
O
B
0
(i) @iy B (iii)
Fig. 1.45

(71) To convert Norton’s equivalent circuit into Thevenin’s equivalent circuit,
E, = IyRy, ; R, =Ry

1.17 Chassis and Ground

It is the usual practice to mount the electronic components on a metal base called chassis. For example,
in Fig. 1.46, the voltage source and resistors are connected to the chassis. As the resistance of chassis is
very low, therefore, it provides a conducting path and may be considered as a piece of wire.

I 30 L 40 I 30 L, 4Q

6Q

METAL CHASSIS

Fig. 1.46 Fig. 1.47
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It is customary to refer to the chassis as ground. Fig. 1.47 shows the symbol for chassis. It may
be seen that all points connected to chassis are shown as grounded and represent the same potential.
The adoption of this scheme (i.e. showing points of same potential as grounded) often simplifies the
electronic circuits. In our further discussion, we shall frequently use this scheme.

MULTIPLE-CHOICE QUESTIONS

1. The outermost orbit of an atom can have a

maximum of .............. electrons.
(i) 8 (ii) 6
(iii) 4 (iv) 3

2. When the outermost orbit of an atom has
less than 4 electrons, the material is gener-
allya ..o
(/) non-metal (if) metal

(iii) semiconductor (iv) none of above
3. The valence electrons have ..............
(i) very small energy
(ii) leastenergy
(fif) maximum energy
(iv) none of the above
4. A large number of free electrons exist in
(i) semiconductors (ii) metals
(ii7) insulators (iv) non-metals

5. Anideal voltage source has .............. inter-
nal resistance.
(i) small (ii) large
(i77) infinite (iv) zero
6. Anideal current source has .............. inter-

nal resistance.
(i) infinite (ii) zero
(i17) small (iv) none of the above
7. Maximum power is transferred if load
resistance is equal to .......... of the source.
(i) half the internal resistance
(i) internal resistance
(iii) twice the internal resistance
(iv) none of the above
8. Efficiency at maximum power transfer is
@) 75% (i) 25%
(iiiy 90% (iv) 50%
9. When the outermost orbit of an atom has
exactly 4 valence electrons, the material is
generally ..............

(i) ametal (i7) anon-metal

(iii) a semiconductor
(iv) an insulator
10. Thevenin’s theorem replaces a complicated
circuit facing a load by an ..............

(i) ideal voltage source and parallel resistor
(if) 1ideal current source and parallel resistor
(iii) ideal current source and series resistor
(iv) ideal voltage source and series resistor

11. The output voltage of an ideal voltage
SOUICE 1S ..eeeveeee.
(i) zero (if) constant
(iii) dependent on load resistance
(iv) dependent on internal resistance
12. The current output of an ideal current source
1S evreeieenne
(i) zero (if) constant
(iii) dependent on load resistance
(iv) dependent on internal resistance
13. Norton’s theorem replaces a complicated
circuit facing a load by an ..............
(7) ideal voltage source and parallel resistor
(if) ideal current source and parallel resistor
(iii) ideal voltage source and series resistor
(iv) ideal current source and series resistor
14. The practical example of ideal voltage
SOUICE 1S ...eeveeee.
(i) lead-acid cell (ii) dry cell
(ii7) Daniel cell (iv) none of the above
15. The speed of electrons in vacuum is
.............. than in a conductor.
() less (if) much more
(ii1) much less (iv) none of the above
16. Maximum power will be transferred from a
source of 10 Q resistance to a load of
@ 5Q (i) 20 Q
(iiiy 10 Q (iv) 40 Q
17. When the outermost orbit of an atom has
more than 4 electrons, the material is gen-
erally a ..............
(i) metal
(iii) semiconductor (iv) none of the above

(i7) non-metal
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18. Anideal source consists of 5 V in series with
10 kQ resistance. The current magnitude
of equivalent current source is ..............

(7)) 2mA (@) 3.5 mA
(iii) 0.5 mA (iv) none of the above

19. To get Thevenin voltage, you have to
(i) short the load resistor
(if) open the load resistor

(iii) short the voltage source
(iv) open the voltage source
20. To get the Norton current, you have to
(i) short the load resistor
(if) open the load resistor
(iii) short the voltage source
(iv) open the voltage source

21. The open-circuited voltage at the terminals
of load R, in a network is 30 V. Under the
conditions of maximum power transfer, the
load voltage will be ..............

transfer, a voltage source is delivering a
power of 30 W to the load. The power
produced by the source is ..............

@) 45W (if) 60 W
(iii) 30 W (i) 9OW
23. The maximum power transfer theorem is
used in ..............

(i) electronic circuits
(if) power system
(iii) home lighting circuits
(iv) none of the above
24. The Norton resistance of a network is 20 €
and the shorted-load current is 2 A. If the
network is loaded by a resistance equal to
20 Q, the current through the load will be
(i 2A (ii) 0.5A
(iii) 4A (iv) 1A
25. The Norton current is sometimes called the

(i) shorted-load current

(l) S (,ii) oV (if) open-load current
@) 5V o @) 15 V_ (iii) Thevenin current

22. Under the conditions of maximum power (iv) Thevenin voltage

Answers to Multiple-Choice Questions

1. () 2. (i) 3. (i) 4. (i) 5. (iv)
6. (@) 7. (i) 8. (i) 9. (iii) 10. (iv)
11. @) 12. (i) 13. (@) 14. (i) 15. (i)
16. (iii) 17. (i) 18. (iii) 19. (i) 20. (i)
21. (iv) 22. (i) 23. (i) 24. (iv) 25. (i)

Chapter Review Topics

Describe briefly the structure of atom.

State and explain Thevenin’s theorem.

NV E Wb R

Write short notes on the following :

What is electronics ? Mention some important applications of electronics.

Explain how valence electrons determine the electrical properties of a material.
Explain constant voltage and current sources. What is their utility ?
Derive the condition for transfer of maximum power from a source to a load.

(i) Atomic structure (ii) Valence electrons (iii) Free electrons

Problems
1. A dry battery developing 12 V has an internal resistance of 10 Q. Find the output current if load is

(1) 100 Q (ii) 10 Q (iii) 2 Q and (iv) 1 Q.

[@) 0.1A (i) 0.6A (iii) 1A (iv) 1.1A]

2. Convert the current source in Fig. 1.48 into the equivalent voltage source.

[36 V in series with 900 Q]
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8kQ
° M o
24V ——
40 mA D 900 Q
O O
Fig. 1.48 Fig. 1.49
Convert the voltage source in Fig. 1.49 into equivalent current source. [3 mA in parallel with 8 kQ]

4. Using Norton’s Theorem, find the current in branch AB containing 6 Q resistor of the network shown

5.

in Fig. 1.50. [0.466 A]
40 A 50
VW VWV
A

.svg %652 %W 1.5A<T> §1.71Q

B
Fig. 1.50 Fig. 1.51

Fig. 1.51 shows Norton’s equivalent circuit of a network behind terminals A and B. Convert it into
Thevenin’s equivalent circuit. [2.56 V in series with 1.71 Q]

20

e 5Q 3Q

20
Fig. 1.52 Fig. 1.53

A power amplifier has an internal resistance of 5 £ and develops open circuited voltage of 12 V. Find
the efficiency and power transferred to a load of (i) 20 Q (i1) 5 Q.  [(@) 80%, 4.6 W (ii) 50%, 7.2 W]

Using Thevenin’s theorem, find the current through the galvanometer in the Wheatstone bridge shown
in Fig. 1.52. [38.6 nA]

Using Thevenin’s theorem, find the current through 4 Q resistor in the circuit of Fig. 1.53. [0.305A]

i = L0 1O [

Discussion Questions

Why are free electrons most important for electronics ?

Why do insulators not have any free electrons ?

Where do you apply Thevenin’s theorem ?

Why is maximum power transfer theorem important in electronic circuits ?
What are the practical applications of a constant current source ?
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2.1  Electron Emission

2.2 Types of Electron Emission

2.3 Thermionic Emission

2.4 Thermionic Emitter

2.5 Commonly Used Thermionic Emitters
2.6 Cathode Construction

2.7  Field Emission

2.8  Secondary Emission

2.9  Photo Electric Emission

INTRODUCTION

tor. The valence electrons of the conductor atoms are loosely bound to the atomic nuclei. At

The reader is familiar with the current conduction (i.e. flow of electrons) through a conduc-

room temperature, the thermal energy in the conductor is adequate to break the bonds of the
valence electrons and leave them unattached to any one nucleus. These unbound electrons move at

random within the conductor and are known as
free electrons. If an electric field is applied across
the conductor, these free electrons move through
the conductor in an orderly manner, thus consti-
tuting electric current. This is how these free elec-
trons move through the conductor or electric cur-
rent flows through a wire.

Many electronic devices depend for their op-
eration on the movement of electrons in an evacu-
ated space. For this purpose, the free electrons
must be ejected from the surface of metallic con-

Electron Emission
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ductor by supplying sufficient energy from some external source. This is known as electron emission.
The emitted electrons can be made to move in vacuum under the influence of an electric field, thus
constituting electric current in vacuum. In this chapter, we shall confine our attention to the various
aspects of electron emission.

2.1 Electron Emission

The liberation of electrons from the surface of a substance is known as electron emission.

For electron emission, metals are used because they FREE
have many free electrons. If a piece of metal is ELECTRON I_SURFACE

investigated at room temperature, the random motion

of free electrons is as shown in Fig. 2.1. However, these

electrons are free only to the extent that they may transfer
Fig. 2.1

v
@/‘
from one atom to another within the metal but they
cannot leave the metal surface to provide electron O
emission. It is because the free electrons that start at
the surface of metal find behind them positive nuclei
pulling them back and none pulling forward. Thus at
the surface of a metal, a free electron encounters forces Q>\‘
that prevent it to leave the metal. In other words, the
metallic surface offers a barrier to free electrons and is
known as surface barrier.

However, if sufficient external energy is given to the free electron, its kinetic energy is increased
and thus electron will cross over the surface barrier to leave the metal. This additional energy required
by an electron to overcome the surface barrier of the metal is called work function of the metal.

The amount of additional energy required to emit an electron from a metallic surface is known
as work function of that metal.

Thus, if the total energy required to liberate an electron from a metal is 4 eV* and the energy
already possessed by the electron is 0.5 eV, then additional energy required (i.e., work function) is
4.0— 0.5 =3.5eV. The work function of pure metals varies roughly from 2 to 6 eV. It depends upon
the nature of metal, its purity and the conditions of its surface. It may be noted that it is desirable that
metal used for electron emission should have low work function so that a small amount of energy is
required to cause emission of electrons.

2.2 Types of Electron Emission

The electron emission from the surface of a metal is possible only if sufficient additional energy
(equal to the work function of the metal) is supplied from some external source. This external energy
may come from a variety of sources such as heat energy, energy stored in electric field, light energy or
kinetic energy of the electric charges bombarding the metal surface. Accordingly, there are following
four principal methods of obtaining electron emission from the surface of a metal :

Work function is the additional energy required for the liberation of electrons. Therefore, it should have
the conventional unit of energy i.e. joules. But this unit is very large for computing electronics work.
Therefore, in practice, a smaller unit called electron volt (abbreviated as eV) is used.

One electron-volt is the amount of energy acquired by an electron when it is accelerated through a poten-
tial difference of 1 V.

Thus, if an electron moves from a point of 0 potential to a point of +10V, then amount of energy acquired
by the electron is 10 eV.

1.602 x 107" C and voltage = 1 V,

QV=(1.602x10")x11J

1.602x 10777

Since charge on an electron

1 electron-volt
or leV
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(i) Thermionic emission. In this method, the metal is heated to sufficient temperature (about
2500°C) to enable the free electrons to leave the metal surface. The number of electrons emitted
depends upon the temperature. The higher the temperature, the greater is the emission of electrons.
This type of emission is employed in vacuum tubes.

(71) Field emission. In this method, a strong electric field (i.e. a high positive voltage) is
applied at the metal surface which pulls the free electrons out of metal because of the attraction of
positive field. The stronger the electric field, the greater is the electron emission.

(iii) Photo-electric emission. In this method, the energy of light falling upon the metal surface
is transferred to the free electrons within the metal to enable them to leave the surface. The greater the
intensity (i.e. brightness) of light beam falling on the metal surface, the greater is the photo-electric
emission.

(iv) Secondary emission. In this method, a high velocity beam of electrons strikes the metal
surface and causes the free electrons of the metal to be knocked out from the surface.

2.3 Thermionic Emission

The process of electron emission from a metal surface by supplying thermal energy to it is known as
thermionic emission.

At ordinary temperatures, the energy possessed by free electrons in the metal is inadequate to
cause them to escape from the surface. When heat is applied to the metal, some of heat energy is
converted into kinetic energy, causing accelerated motion of free electrons. When the temperature
rises sufficiently, these electrons acquire additional energy equal to the work function of the metal.
Consequently, they overcome the restraining surface barrier and leave the metal surface.

Metals with lower work function will require less additional energy and, therefore, will emit
electrons at lower temperatures. The commonly used materials for electron emission are rungsten,
thoriated tungsten and metallic oxides of barium and strontium. It may be added here that high
temperatures are necessary to cause thermionic emission. For example, pure tungsten must be heated
to about 2300°C to get electron emission. However, oxide coated emitters need only 750°C to cause
thermionic emission.

Richardson-Dushman equation. The amount of thermionic emission increases rapidly as the
emitter temperature is raised. The emission current density is given by Richardson-Dushman equa-
tion given below :

J, = AT? /7 amp/m’ )

s

where J; = emission current density i.e. current per square metre of the
emitting surface

T = absolute temperature of emitter in K
A = constant, depending upon the type of emitter and is measured
in 21mp/m2/K2
b = aconstant for the emitter
e = natural logarithmic base
The value of b is constant for a metal and is given by :

_ %e
b= k
where ¢ = work function of emitter

e = electron charge = 1.602 x 107" coulomb
k Boltzmann’s constant = 1.38 x 107 J/K

-19
b = —¢><113§021>;}g — 11600 0 K
. X
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Putting the value of b in exp. (i), we get,

11600 ¢ -
Jo = AT% T .10

The following points may be noted from eqn. (ii) :

(i) The emission is markedly affected by temperature changes. Doubling the temperature of an
emitter may increase electron emission by more than 10 times. For instance, emission from pure
tungsten metal is about 10°° ampere per sq. cm. at 1300°C but rises to enormous value of about 100
amperes when temperature is raised to 2900°C.

(@) Small changes in the work function of the emitter can produce enormous effects on emis-
sion. Halving the work function has exactly the same effect as doubling the temperature.

Example 2.1. A tungsten filament consists of a cylindrical cathode 5 cm long and 0.01 cm in
diameter. If the operating temperature is 2500 K, find the emission current. Given that
A=602x10"A/m’ /K>, 9 =4.517 eV.

Solution. A = 60.2x 10" amp/m”/K>, T=2500K, ¢ =4.517 eV
b 11600 ¢ K = 11600 x 4.517 K = 52400 K
Using Richardson-Dushman equation, emission current density is given by :

b 5 . 5 52400
J. = AT2€ T amp/m = 60.2 x 10" x (2500)" x (2.718) 2500

s

0.3 x 10* amp/m’
Surface area of cathode, @ = ntdl = 3.146x0.01 x5 = 0.157 cm®> = 0.157 x 10~ m?

Emission current = J xa = (0.3 x 109 x (0.157 x 107" = 0.047 A

Example 2.2. A tungsten wire of unknown composition emits 0.1 amp/cm2 at a temperature of
1900 K. Find the work function of tungsten filament. Determine whether the tungsten is pure or
contaminated with substance of lower work function. Given that A = 60.2 amp/cmZ/KZ.

Solution. J, = 0.1 amp/cm’ ; A = 60.2 amp/cm”/K” ; T= 1900 K
Let ¢ electron-volt be the work function of the filament.

b = 11600 ¢ K
Using Richardson-Dushman equation, emission current density is given by :

J,o = 4 Tze_% amp/cm2

5 116009
or 0.1 = 60.2x(1900)" % ,~ 1900
116000 0.1 10
or e W= 602x (19007 T #6010
or e = 46x107"°
or —6.1 ¢log,e = log,4.6-101log, 10
or -6.1¢0 = 1.526-23.02
1.526 — 23.02
0 =" _g1  =356eV

Since the work function of pure tungsten is 4.52 eV, the sample must be contaminated. Thoriated
tungsten has a work function ranging from 2.63 eV to 4.52 eV, depending upon the percentage of
metallic thorium. Therefore, the sample is most likely to be thoriated tungsten.
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2.4 Thermionic Emitter

The substance used for electron emission is known as an emitter or cathode.
The cathode is heated in an evacuated space to emit electrons. If the cathode
were heated to the required temperature in open air, it would burn up because of
the presence of oxygen in the air. A cathode should have the following properties:

(i) Low work function. The substance selected as cathode should have
low work function so that electron emission takes place by applying small amount
of heat energy i.e. at low temperatures.

(77) High melting point. As electron emission takes place at very high
temperatures (>1500°C), therefore, the substance used as a cathode should have
high melting point. For a material such as copper, which has the advantage of a
low work function, it is seen that it cannot be used as a cathode because it melts
at 810°C. Consequently, it will vaporise before it begins to emit electrons. Thermionic Emitter

(7ii) High mechanical strength. The emitter should have high mechanical
strength to withstand the bombardment of positive ions. In any vacuum tube, no matter how careful
the evacuation, there are always present some gas molecules which may form ions by impact with
electrons when current flows. Under the influence of electric field, the positive ions strike the cath-
ode. If high voltages are used, the cathode is subjected to considerable bombardment and may be dam-
aged.

2.5 Commonly Used Thermionic Emitters

The high temperatures needed for satisfactory thermionic emission in vacuum tubes limit the
number of suitable emitters to such substances as tungsten, thoriated tungsten and certain oxide
coated metals.

(1) Tungsten. It was the earliest material used as a
cathode and has a slightly higher work function (4.52 eV).
The important factors in its favour are : high melting point
(3650 K), greater mechanical strength and longer life. The
disadvantages are : high operating temperature (2500 K),
high work function and low emission efficiency. Therefore,
itis used in applications involving voltages exceeding 5 kV
e.g. in X-ray tubes.

(i7) Thoriated tungsten. A mixture of two metals may
have a lower work function than either of the pure metals
alone. Thus, a tungsten emitter with a small quantity of
thorium has a work function of 2.63 eV, compared with 3.4
eV for thorium and 4.52 eV for tungsten. At the same time, thoriated tungsten provides thermionic
emission at lower temperature (1700°C) with consequent reduction in the heating power required.

Thoriated Tungsten

In the manufacture of this type of cathode, tungsten filament is impregnated with thorium oxide
and heated to a very high temperature (1850°C to 2500°C). The thorium oxide is reduced to metallic
thorium and coats the filament surface with a thin layer of thorium. Thoriated tungsten cathodes are
used for intermediate power tubes at voltages between 500 to 5000 volts.

(u17) Oxide-coated cathode. The cathode of this *type consists of a nickel ribbon coated with

*  Oxides of any alkaline-earth metal (e.g. calcium, strontium, barium etc.) have very good emission
characteristics. In the manufacture of this type of emitter, the base metal (e.g. nickel) is first coated with a
mixture of strontium and barium carbonates. It is then heated to a high temperature in vacuum glass tube
until the carbonates decompose into oxides. By proper heating, a layer of oxides of barium and strontium
is coated over the cathode surface to give oxide-coated emitter.
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barium and strontium oxides. The oxide-coated cathode has low work function (1.1 eV), operates at
comparatively low temperature (750°C) and has high emission efficiency. However, the principal
limitation of oxide-coated cathode is that it cannot withstand high voltages. Therefore, it is mostly
used in receiving tubes or where voltages involved do not exceed 1000 volts.

S.No. Emitter Work Function Operating Emission
temperature efficiency

1 Tungsten 4.52 eV 2327°C 4 mA/watt

2 Thoriated tungsten 2.63 eV 1700°C 60 mA/watt

3 Oxide-coated 1.1eV 750°C 200 mA/watt

2.6 Cathode Construction

As cathode is sealed in vacuum, therefore, the most convenient way to heat it is electrically. On this
basis, the thermionic cathodes are divided into two types viz directly heated cathode and indirectly
heated cathode.

(i) Directly heated cathode. In this type, the cathode consists of oxide-coated
nickel ribbon, called the *filament. The heating current is directly passed through this ribbon which
emits the electrons. Fig. 2.2 (i) shows the structure of directly heated cathode whereas Fig. 2.2 (if)
shows its symbol.

FILAMENT
GLASS
ENVELOPE
GLASS
STEM
FILAMENT

DIRECTLY HEATED
CATHODE

(i) (i)
Fig. 2.2

SYMBOL

The directly heated cathode is more efficient in converting heating power into thermionic emission.
Therefore, it is generally used in power tubes that need large amounts of emission and in small tubes
operated from batteries where efficiency and quick heating are important. The principal limitation of
this type of cathode is that any variation in heater voltage affects the electron emission and thus
produces hum in the circuit.

(71) Indirectly heated cathode. In this type, the cathode consists of a thin metal sleeve coated
with barium and strontium oxides. A filament or heater is enclosed within the sleeve and insulated
from it. There is no electrical connection between the heater and the cathode. The heating current is
passed through the heater and the cathode is heated indirectly through heat transfer from the heater
element. Fig. 2.3 (i) shows the structure of indirectly heated cathode whereas Fig. 2.3 (i) shows its
symbol.

Filament. The term filament (literally means a thin wire) denotes the element through which the cathode

heating current flows. In case of directly heated, cathode is itself the filament. If indirectly heated, heater
is the filament.
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<+ CATHODE

L 4—FILAMENT
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INDIRECTLY
HEATED CATHODE

(@
Fig. 2.3

Indirectly heated cathode has many advantages. As
cathode is completely separated from the heating circuit,
therefore, it can be readily connected to any desired
potential as needed, independent of the heater potential.
Furthermore, because of relatively large mass of cylindrical
cathode, it takes time to heat or cool and as such does not
introduce hum due to heater voltage fluctuations. Finally,
a.c. can be used in the heater circuit to simplify the power
requirements. Almost all modern receiving tubes use this
type of cathode.

2.7 Field Emission

The process of electron emission by the application of
strong electric field at the surface of a metal is known as
field emission.

When a metal surface is placed close to a high voltage
conductor which is positive w.zt. the metal surface, the
electric field exerts attractive force on the free electrons
in the metal. If the positive potential is great enough, it
succeeds in overcoming the restraining forces of the metal
surface and the free electrons will be emitted from the
metal surface as shown in Fig. 2.4.

SYMBOL

(i)

FREE \\
ELECTRON

EMITTING
SURFACE

N

CATHODE

POSITIVE
CONDUCTOR

"

+

+

7N

+
+
T +
+
REGION
OF INTENSE

ELECTRIC FIELD
Fig. 2.4

Very intense electric field is required to produce field emission. Usually, a voltage of the order
of a million volts per centimetre distance between the emitting surface and the positive conductor is
necessary to cause field emission. Field emission can be obtained at temperatures much lower (e.g.
room temperature) than required for thermionic emission and, therefore, it is also sometimes called

cold cathode emission or auto- electronic emission.

2.8 Secondary Emission

Electron emission from a metallic surface by the bombardment of high-speed electrons or other

particles is known as secondary emission.



When high-speed electrons
suddenly strike a metallic surface,
they may give some or all of their
kinetic energy to the free electrons
in the metal. If the energy of the
striking electrons is sufficient, it
may cause free electrons to escape
from the metal surface. This
phenomenon is called secondary
emission. The electrons that strike
the metal are called primary
electrons while the emitted
electrons are known as secondary

electrons. The intensity of SECONDARY
secondary emission depends upon ~ ELECTRONS

the emitter material, mass and
energy of the bombarding
particles.

The principle of secondary
emission is illustrated in Fig. 2.5.

An evacuated glass envelope con-

tains an emitting surface E, the collecting anode
A and a source of primary electrons S. The an-
ode is maintained at positive potential w.zt. the
emitting surface by battery B. When the primary
electrons strike the emitting surface E, they knock
out secondary electrons which are attracted to
the anode and constitute a flow of current. This
current may be measured by connecting a sensi-
tive galvanometer G in the anode circuit.

The effects of secondary emission are very
undesirable in many electronic devices. For
example, in a tetrode valve, secondary emission
is responsible for the negative resistance. In
some electronic devices, however, secondary
emission effects are utilised e.g. *electron
multiplier, cathode ray tube etc.

2.9 Photo Electric Emission

Electron emission from a metallic surface by the
application of light is known as photo electric
emission.

When a beam of light strikes the surface of
certain metals (e.g. potassium, sodium, cesium),
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Fig. 2.6

the energy of photons of light is transferred to the free electrons within the metal. If the energy of the

An interesting aspect of secondary emission is that a high-speed bombarding electron may liberate as many
as 10 “secondary electrons”. This amounts to a multiplication of electron flow by a ratio as great as 10 and

is utilised in current multiplier devices.
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striking photons is greater than the work
function of the metal, then free electrons
will be knocked out from the surface of
the metal. The emitted electrons are
known as photo electrons and the
phenomenon is known as photoelectric
emission. The amount of photoelectric
emission depends upon the intensity of
light falling upon the emitter and
frequency of radiations. The greater the
intensity and frequency of radiations, the
greater is the photo electric emission.
Photo-electric emission is utilised in photo
tubes which form the basis of television
and sound films.

. . Photo Tube
Fig. 2.6 illustrates the phenomenon

of photoelectric emission. The emitter £ and anode A are enclosed in an evacuated glass envelope G.
A battery B maintains the anode at positive potential w.r.t. emitter. When light of suitable intensity
and frequency falls on the emitter, electrons are ejected from its surface. These electrons are attracted
by the positive anode to constitute current in the circuit. It may be noted that current will exist in the
circuit so long as illumination is maintained.

MULTIPLE-CHOICE QUESTIONS

1. Work function of metals is generally mea- 6. If the temperature of an emitter is increased
sured in .............. two times, the electron emission s ..............
(i) joules (ii) electron-volt (i) increased two times
(iii) watt-hour (iv) watt (i) increased four times
2. The operating temperature of an oxide- (iii) increased several million times
coated emitter is about .............. (iv) none of the above
(i) 750°C (ir) 1200°C 7. In X-ray tubes, .............. emitter is used.
(zii) 2300°C (iv) 3650°C (i) thoriated tungsten
R T is used in high voltage (> 10 kV) (if) tungsten
applications. (iii) oxide-coated

(i) tungsten emitter (iv) none of the above

(if) oxide-coated emitter 8. The life of an oxide-coated emitter is about

(iii) thoriated-tungsten emitter

(iv) none of the above (/) 500 hours (if) 1000 hours
4. A desirable characteristic of an emitter is (iii) 200 hours (iv) 10,000 hours
that it should have .............. work function. 9. The electrons emitted by a thermionic emit-
(i) large (if) very large ter are called .............
(iii) small (iv) none of the above (i) free electrons
5. The thermionic emitter that has the highest (ii) loose electrons

operating temperature 1s .............. (iii) thermionic electrons

(i) oxide-coated (ii) thoriated-tungsten (iv) bound electrons

(iif) tungsten (iv) none of the above
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10. The work function of an oxide-coated emit- | 13. Field emission is utilised in ..............

ter is about ..............

(i) vacuum tubes

(i) L.leV (it) 4 eV (ii) TV picture tubes
(it) 2.63 eV (iv) 4.52 eV (iii) gas-filled tubes
11. The warm-up time of a directly heated cath- (iv) mercury pool devices
ogels .............. that of indirectly heated cath- 14. Oxide-coated emitters have electron emis-
(o] ' e. ) sion of ............. per watt of heating power.
(i) more than (ii) less than (i) 5-10mA (i) 40-90 mA
(ii) same as (iv) data incomplete

12. The most commonly used emitter in the tubes
of aradio receiver is ..............

(i) tungsten (if) thoriated-tungsten

(iii) 50-100mA  (iv) 150-1000 mA
15. The oxide-coated cathodes can be used for
voltages upto ..............
(i) 1000V (i) 3000 V

(iii) oxide-coated (iv) none of the above (iii) 4000 V (iv) 10,000 V

1. (i) 2. (i) 3. () 4. (iii) 5. (i)
6. (iii) 7. (i) 8. (iv) 9. (iii) 10. (i)
11. (i) 12. (iii) 13. (iv) 14. (iv) 15. (i)

Answers to Multiple-Choice Questions

Chapter Review Topics

1. What is electron emission ? Explain the terms : surface barrier and work function.

What general conditions must be satisfied before an electron can escape from the surface of a
material ?

Name and explain briefly four practical ways by which electron emission can occur.

4. What are the materials used for thermionic emitters ? Compare the relative merits of each.

5. Discuss briefly construction and relative advantages of directly and indirectly heated cathodes.
Problems

1. An oxide-coated emitter has a surface area of 0.157 cm”. If the operating temperature is 110 K, find
the emission current. Given A = 100 A/mz/Kz, work function = 1.04 eV. [0.0352 A]

2. A tungsten filament of unknown composition emits 1000 A/m” at an operating temperature of
1900 K. Find the work function of tungsten filament. Given A = 60.2 x 10* A/m”/ K> [3.44 V]

3. Calculate the total emission available from barium-strontium oxide emitter, 10 cm long and 0.01 cm
in diameter, operated at 1900 K. Given that A = 10> Amp/cm*/K” and b = 12,000. [0.345 A]

Discussion Questions

1. Why does electron emission not occur at room temperature ?

2. Why are high temperatures necessary for thermionic emission ?

3. Why are electron emitters heated electrically ?

4. Why are thermionic emitters heated in vacuum ?

5. Why are tungsten and thoriated tungsten cathodes always of directly heated type ?

6. Why cannot oxide-coated cathodes be used for voltages exceeding 1000 volts?

7. Why do directly heated cathodes introduce hum in the circuit ?

8. Why are directly heated cathodes used in high power applications ?
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3.1 Gas-Filled Tubes -
INTRODUCTION

l n the vacuum tubes, the electrons flow from cathode to anode in vacuum. In such tubes, extreme

3.2 Conduction in a Gas

3.3 Cold-Cathode Gas Diode

3.4 Characteristics of Cold-Cathode Diode
3.5 Applications of Glow Tubes

3.6 Hot-Cathode Gas Diode

3.7 Thyratron
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3.8 Applications of Thyratron

care is taken to produce as perfect a vacuum as possible to prevent ionisation of gases and the
esulting large uncontrolled currents. It may be mentioned here that the secret of triode is the fine
control of free electrons within valve by the electrostatic fields of grid and anode. If gas is present
even in small amount, the electrons flowing from cathode to anode will cause ionisation of the gas.
The ionised molecules would interfere with the control and make the device useless as an amplifier.

In certain applications, fine control of electrons within the valve is of less importance than the
efficient handling and turning on and off of heavy currents. In such situations, some inert gases (e.g.
argon, neon, helium) at low pressures are purposely introduced into the valve envelope. Such tubes
are known as gas-filled tubes. The gas-filled tubes are capable of doing various jobs that vacuum
tubes cannot perform and which are especially useful in industrial and control circuits. In this chapter,
we shall focus our attention on some important types of gas-filled tubes with special reference to their
characteristic properties.
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3.1 Gas-Filled Tubes

A gas-filled tube is essentially a vacuum tube having a small amount
of some inert gas at low pressure.

The gas pressure in a gas-filled tube usually ranges from 10 mm
of Hg to 50 mm. The construction of gas-filled tubes is similar to
that of vacuum tubes, except that the cathodes, grids and anodes are
usually larger in order to carry heavier current. However, the char-
acteristic properties of the two are markedly different. Firstly, a gas-
filled tube can conduct much *more current than the equivalent
vacuum tube. It is because the electrons flowing from cathode to
anode collide with gas molecules and ionise them i.e. knock out
electrons from them. The additional electrons flow to the anode
together with the original electrons, resulting in the increase in plate
current. Secondly, a gas filled tube has far less control on the elec-
trons in the tube than that of vacuum tube. Once the ionisation
starts, the control of gas-filled tube is tremendously reduced.

Classification. Gas-filled tubes are usually classified according
to the type of electron emission employed. On this basis, they may
be classified into two types namely; cold-cathode type and hot-cath-
ode type.

Cold-cathode type. In this type of gas-filled tubes, the cathode
is not heated as in a vacuum tube. The ionisation of the gas is caused
by the energy available from natural sources such as cosmic rays,
sun rays or radioactive particles in air. These natural sources are
Gas-filled Tube the underlying reasons for the start of conduction in cold-cathode
gas tubes. Most cold-cathode tubes are used as diodes.

PLATE PLATE
GRID
CATHODE CATHODE
Fig. 3.1 Fig. 3.2

Fig. 3.1 shows the schematic symbol for a cold-cathode gas diode, known as glow tube. The dot
within the circle indicates the presence of gas. Fig. 3.2 shows the schematic symbol of cold-cathode
gas triode, known as grid glow tube.

Hot-cathode type. In this type of gas-filled tubes, the cathode is heated just as in an ordinary
vacuum tube. The electrons flowing from cathode to plate cause ionisation of the gas molecules.
Such tubes are used as diodes, triodes and tetrodes.

The ability of a gas-filled tube to carry large current is, of course, no recommendation in itself. A copper
wire will do the same thing and with better efficiency. But a gas filled tube has one special ability which the
wire does not possess ; the ability to carry current in one direction.
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PLATE PLATE
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CATHODE CATHODE

Fig. 3.3 Fig. 3.4

Fig. 3.3 shows the schematic symbol of a hot-cathode gas diode, known as phanotron whereas
Fig. 3.4 shows the symbol of hot-cathode gas triode, known as thyratron.

3.2 Conduction in a Gas

A gas under ordinary pressure is a perfect insulator and cannot conduct current. However, if the
gas pressure is low, it is possible to produce a large number of free electrons in the gas by the process
of ionisation and thus cause the gas to become a conductor. This is precisely what happens in gas-
filled tubes. The current conduction in a gas at low pressure can be beautifully illustrated by referring
to the hot-cathode gas diode shown in Fig. 3.5. The space between cathode and anode of the tube
contains gas molecules. When cathode is heated, it emits a large number of electrons. These elec-
trons form a cloud of electrons near the cathode, called space charge. If anode is made positive w.r:1.
cathode, the electrons (magenta dots) from the space charge speed towards the anode and collide with
gas molecules (cyan circles) in the tube.
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Fig. 3.5

If the anode-cathode voltage is low, the electrons do not possess the necessary energy to cause ionisation
of the gas. Therefore, the plate current flow in the tube is only due to the electrons emitted by the cathode.
As the anode-cathode voltage is increased, the electrons acquire more speed and energy and a point—called
ionisation voltage is reached, where ionisation of the gas starts. The ionisation of gas produces free
electrons and positive gas ions (cyan circles with +ve signs). The additional free electrons flow to the
anode together with the original electrons, thus increasing plate current. However, the increase in plate
current due to these added electrons is practically negligible. But the major effect is that the positive gas
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ions slowly drift towards the cathode and neutralise the space charge. Consequently, the resistance of the
tube decreases, resulting in large plate current. Hence, it is due to the neutralisation of space charge by the
positive gas ions that plate current in a gas tube is too much increased.

The following points may be noted regarding the conduction in a gas at low pressure :

(i) At low anode-cathode voltage, the ionisation of the gas does not occur and the plate
current is about the same as for a vacuum tube at the same anode voltage.

(i) At some anode-cathode voltage, called ionisation voltage, ionisation of the gas takes
place. The plate current increases dramatically to a large value due to the neutralisation of space
charge by the positive gas ions. The ionisation voltage depends upon the type and pressure of gas in
the tube.

(7i1) Once ionisation has started, it is maintained at anode-cathode voltage much lower than
ionisation voltage. However, minimum anode-cathode voltage, called deionising voltage, exists be-
low which ionisation cannot be maintained. Under such conditions, the positive gas ions combine
with electrons to form neutral gas molecules and conduction stops. Because of this switching action,
a gas-filled tube can be used as an electronic switch.

3.3 Cold-Cathode Gas Diode

Fig. 3.6 shows the cut-away view of cold-cathode gas diode. It essentially consists of two
electrodes, cathode and anode, mounted fairly close together in an envelope filled with some inert gas
at low pressure. The anode is in the form of a thin wire whereas cathode is of cylindrical metallic
surface having oxide coating. The anode is always held at positive potential w.r.t. cathode.

Operation. Fig. 3.7 shows a circuit that can be used to investigate the operation of cold-cathode
gas diode. Electric conduction through the tube passes through three successive discharge phases viz.
Townsend discharge, the glow discharge and the arc discharge.

(i) Townsend discharge. Atlow anode-cathode voltage, the tube conducts an extremely small
current (ImA). It is because the cathode is cold and as such no source of electrons is present. How-
ever, natural sources (e.g. cosmic rays efc.) cause some ionisation of the gas, creating a few free
electrons. These electrons move towards the anode to constitute a small current. This stage of
conduction is known as *Townsend discharge. In this phase of conduction, no visible light is associ-
ated.

‘”"\‘u.-'m il .w/l”

- < >4
+
Fig. 3.6 Fig. 3.7

The volt-ampere characteristics of glow tube were first investigated by J. S. Townsend in 1901 and hence
the name.
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(@) Glow discharge. As the anode-cathode voltage is increased, the electrons acquire more and
more energy. At some voltage, known as ionisation voltage, ionisation of the gas starts and the tube
current rises to a large value. The voltage across the tube drops to a low value, which remains
constant regardless of the plate current. At the same time, glow is seen in the gas and on a portion of
the cathode. This phase of conduction is known as glow discharge.

The fact that glow tube maintains constant voltage across it in the glow discharge region needs
some explanation. In this region, any increase in supply voltage causes more current to flow; the drop
across series resistance R increases but the voltage E, across the tube remains constant. As the
current increases, the degree of ionisation increases and the glow covers a greater part of cathode
surface and hence the ionised gas path between cathode and anode has greater area of cross-section.
As resistance is inversely proportional to the area of cross-section, therefore, resistance of the tube
decreases. Hence, the voltage across the tube remains constant. Reverse is also true should the
supply voltage decrease. Thus in the glow discharge region, the resistance of the tube changes so as
to maintain constant voltage across it.

(7ii) Arc discharge. Once the cathode glow covers the entire surface of the cathode, the x-
sectional area of gas path cannot increase further. This region is known as abnormal glow. If the
current density is further increased, the discharge becomes an arc.

3.4 Characteristics of Cold-Cathode Diode

The volt-ampere characteristic of a cold-cathode diode is shown in Fig. 3.8. At low anode-cathode
voltage, the tube current is very small (ImA) and is due to the ionisation of gas molecules by the
natural sources. This stage of conduction upto voltage B is known as Townsend discharge and is non-
self maintained discharge because it requires an external source to cause ionisation. At some critical
voltage such as B, the tube fires and the voltage across the tube drops (from B to C) and remains
constant regardless of plate current. This is the start of second conduction and is known as glow
discharge. In this region (C to D), voltage across the tube remains constant even if the plate current
increases.

E, (VOLTS)
A
TOWNSEND NORMAL ABNORMAL
_’DISCHARGE |<_ GLOW GLOW
200}
B E
|
l
100 C D
A
L L L » I, (AMPS)
_ 0 i
0 10_8 10 4 10

Fig. 3.8
After the glow discharge, the voltage across the tube no longer remains constant. Now, if the
supply voltage is raised, not only will the circuit current increase but the voltage across the tube will
start to rise again. This stage of conduction (D to E) is known as abnormal glow.
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3.5 Applications of Glow Tubes

The outstanding characteristic of a cold-cathode gas diode (or glow tube) to maintain constant volt-
age across it in the glow discharge region renders it suitable for many industrial and control applica-
tions. A few of such applications are mentioned
below :

(1) As avoltage regulating tube. A glow
tube maintains constant voltage across it in the
glow discharge region. This characteristic per-
mits it to be used as a voltage regulating tube.
Fig. 3.9 shows a simple circuit commonly used
to maintain constant voltage across a load. The
glow tube (VR tube) is connected in parallel with
the load R; across which constant voltage is de-
sired. So long as the tube operates in the glow
discharge region, it will maintain constant volt-

R
+
—VWWWh Voltage Regulating Tube

age (= 150V) across the load. The extra voltage is
dropped across the series resistance R.

(ii) As a polarity indicator. As the cathode is sur-
rounded by a characteristic glow, therefore, it can

E,=150V ae > '
be useful to indicate the polarity of a direct voltage.

VR 150 (iii) As an electronic switch, which closes at
ionisation potential, permitting a large current to
flow, and opens at the deionising voltage, blocking

the current flow.

104

Fig. 3.9 .
(iv) Asaradio frequency field detector. A strong

radio-frequency field is capable of ionising the gas without direct connection to the tube. Therefore, the
tube can indicate the presence of radio-frequency field.

3.6 Hot-Cathode Gas Diode

A hot-cathode gas diode is frequently used as a rectifier for moderate voltages because of high effi-
ciency and better regulation. A hot-cathode gas diode consists of an oxide-coated cathode and a
metallic anode enclosed in a glass envelope containing some inert gas under reduced pressure. For
proper operation of the tube, anode is always held at a positive potential w.r.¢. cathode.

Operation. Fig. 3.10 shows a circuit that can be used to investigate the operation of a hot-
cathode gas diode. When cathode is heated, a large number of electrons are emitted. At low anode-
cathode voltage, the tube conducts very small current. Under such conditions, the gas is not ionised
and the tube acts similar to a vacuum diode — the voltage across the tube increases with plate current.
This action continues until anode-cathode voltage becomes equal to the ionisation potential of the
gas. Once this potential is reached, the gas begins to ionise, creating free electrons and positive gas
ions. The positive gas ions move towards the cathode and tend to neutralise the space charge, thus
decreasing the internal resistance of the tube. If now the plate voltage is increased, the plate current
also increases due to increased degree of ionisation. This further reduces the tube resistance. As a
result, increase in plate current is offset by the decrease in tube resistance and the voltage across the
tube remains constant. Therefore, in a hot-cathode gas diode, not only the internal drop within the
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tube is small but also it remains constant. For this reason, a gas diode has better efficiency and
regulation than for a vacuum diode when used as a rectifier.

I
» R + I, (mA)
A
400 -
200 - A
|
I
1 1 d [
° 0 5 10 15 > £p (VOLTS)
Fig. 3.10 Fig. 3.11

Plate Characteristics. Fig. 3.10 shows the circuit that can be used to determine the volt-ampere
(E,/1,) characteristics of a hot-cathode gas diode. The series resistance R is used to limit the current
to reach a dangerously high value. Fig. 3.11 shows the plate characteristic of hot-cathode diode. Itis
clear that at first, plate current rises slowly with increase in anode-cathode voltage. However, at some
voltage, known as ionisation voltage (point A), the plate current rises sharply and the voltage drop
across the tube remains constant. The extra voltage is dropped across the series resistance R. Any
attempt to raise the anode-cathode voltage above the ionising value is fruitless. Increasing the voltage
E, above point A results in higher plate current (/,) and large drop across R but the voltage E, across
the tube remains constant.

3.7 Thyratron

A hot-cathode gas triode is known by the trade name thyratron. As discussed before, a gas diode fires
at a fixed plate potential, depending upon the type of gas used and gas pressure. Very often it is
necessary to control the plate potential at which the tube is to fire. Such a control is obviously
impossible with a gas diode. However, if a third electrode, known as control grid is introduced in a
gas diode, this control is possible. The tube is then known as hot-cathode gas triode or thyratron. By
controlling the negative potential on the control grid, the tube can be fired at any plate potential.

Construction. Figs. 3.12 (i) and 3.12 (ii) respectively show the cut-away view and schematic
symbol of a thyratron. It consists of three electrodes, namely; cathode, anode and control grid en-
closed in a glass envelope containing some inert gas at low pressure. The cathode and anode are
approximately planar. The control grid of thyratron has a special structure quite different from that of
a vacuum tube. It consists of a metal cylinder surrounding the cathode with one or more perforated
discs known as grid baffles near the centre.
Operation. When cathode is heated, it emits plenty of electrons by thermionic emission. If the
control grid is made sufficiently negative, the electrons do not have the necessary energy to ionise the
gas and the plate current is substantially zero. As the negative grid voltage is reduced, the electrons
acquire more speed and energy. At some grid voltage, called critical grid voltage, ionisation of the
gas occurs and the plate current rises to a large value.

The negative grid voltage, for a given plate potential, at which ionisation of the gas starts is
known as critical grid voltage.

At critical grid voltage, gas ionises, creating free electrons and positive gas ions. The positive

ions tend to neutralise the space charge, resulting in large plate current. In addition, these positive
ions are attracted by the negative grid and neutralise the normal negative field of the grid, thereby
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Fig. 3.12

preventing the grid from exerting any further control on the plate current of the tube. The grid now
loses all control and the tube behaves as a diode. Therefore, the function of control grid is only to
start the conduction of anode current. Once the conduction is started, the tube acts as a gas diode. It
is important to realise the usefulness of control grid. We have seen that the ionisation does not start
at low values of plate current. In a gas diode, it requires that the plate potential should be increased
until sufficient plate current is flowing to cause ionisation. However, by adjusting the negative volt-
age on the grid, the desired plate current can be obtained to cause ionisation.

It may be mentioned here that once the thyratron fires, the only way to stop conduction is to
reduce plate voltage to zero for a period *long enough for deionisation of the gas in the tube.

3.8 Applications of Thyratron

As the grid voltage has no control over the magnitude of plate current once the thyratron fires, therefore,
it cannot be used as an amplifier like a vacuum triode. However, because of its triggering action, it is
useful in switching and relay applications. Thyratrons are also used as controlled rectifiers for control-
ling the amount of d.c. power fed to the load. They are also used in motor control circuits.

MULTIPLE-CHOICE QUESTIONS

1. A gas diode can conduct ......... the equiva- (i) very high (i1) small
lent vacuum diode for the same plate (iii) very small (iv) zero
V?ltage. 3. The PIV of a hot cathode gas diode is ........
(_{) less current than the equivalent vacuum diode.
(if) more current than (i) the same as that of

(iii) same current as

(iv) none of the above (i) more than that of

2. A gas-filled tube has ........ resistance (iii) less than that of

before ionisation. (iv)

* 100 to 1000 psec.

none of the above
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4. The anode-to-cathode potential of a gas-
filled tube at which gas deionises and stops
conduction is called ........ potential.

(i) extinction (i) striking
(iii) ionising (iv) none of the above
5. A thyratron can be used as ........
(i) anoscillator  (ii) an amplifier
(iii) a controlled switch
(iv) none of the above
6. The internal resistance of a gas-filled tube
1S e that of a vacuum tube.
(i) the same as (i7) more than
(ii7) less than (iv) none of the above
7. A cold cathode tube is generally used as a
(i) diode (i) triode
(iii) tetrode (iv) pentode
8. Conduction in a cold cathode tube is started

(i) thermionic emission
(i) secondary emission
natural sources
(iv) none of the above
9. The cathode heating time of thermionic gas
diode is ........ that of a vacuum diode.
(i) the same as (i7) much more than
(ii7) much less than (iv) none of the above
10. The solid state equivalent of thyratron is

(i) FET (ii) transistor
(iiiy SCR (iv) crystal diode
11. The solid state equivalent of cold cathode
diode is .........
(i) zener diode (if) crystal diode
(iiiy LED (iv) transistor

12. The noise in a gas-filled tube is ........ thatin
a vacuum tube.
(i) the same as
(iii) less than
13. The ionisation potential in a gas diode de-

(if) more than
(iv) none of the above

pends upon ........
(i) plate current
(i) cathode construction
(iii) size of the tube
(iv) type and pressure of gas
14. If the gas pressure in a gas-filled diode is
increased, its PIV rating ........
(i) remains the same
(i) 1isincreased
(ii7) 1s decreased
(iv) none of the above
15. Once a thyratron is fired, its control grid ........
over the plate current.
(i) loses all control
(i) exercises fine control
(iii) exercises rough control
(iv) none of the above
16. To stop conduction in a thyratron, the ........
voltage should be reduced to zero.
(@) grid (if) plate
(iii) filament (iv) none of the above
17. Tonisation of cold cathode diode takes place
at ........ plate potential compared to hot cath-
ode gas diode.
(i) the same
(ii7) much lesser

(if) much higher
(iv) none of the above

18. A gas-filled tube has ........ internal resistance
after ionisation.
@) low (i) high
(iii) very high (iv) moderate

19. The gas-filled tubes can handle ........ peak
inverse voltage (PIV) as compared to equiva-
lent vacuum tubes.

(i) more (i) less
(iii) the same (iv) none of the above
20. A cold cathode diode is used as ........ tube.

(i) arectifier
(if) apower-controlled
(iii) aregulating

@@v)

an amplifier

Answers to Multiple-Choice Questions

(iif)
(iii)
(iv)

1. (ii) 2. (i) 3.
6. (i) 7. (i) 8.
11. (i) 12. (i) 13.
16. (i) 17. (i) 18. (i)

4. (i) 5. (iii)
9. (i) 10. (iii)
14. Giii) 15. ()
19. (i) 20. (i)
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Chapter Review Topics

1. Explain the differences between a gas tube and equivalent vacuum tube.

N

AU S

Explain how ionisation takes place in a hot-gas diode. How does current conduction take place in
such a tube ?

Give the schematic symbols of glow tube, hot-cathode gas diode and thyratron.
Explain the construction, operation and characteristics of a glow tube.
Discuss some applications of glow tubes.
What is a thyratron ? How does it differ from a vacuum triode ?
Write short notes on the following :
(i) Characteristics of hot-cathode gas diode
(ii) Applications of thyratrons

e = 00 LD 1=

Discussion Questions

What are the advantages of gas tubes over vacuum tubes ?

What is the difference between the action of thyratron and vacuum triode ?
Why cannot thyratrons be used as rectifiers for high voltages ?

Can gas diodes be used as rectifiers for high voltages ?

What is the drawback of a gas diode compared to a thyratron ?
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INTRODUCTION

r I Yhe study of atomic structure is of considerable importance for electronics engineering.
Unfortunately, the size of an atom is so small that it is virtually impossible to see it even
with the most powerful microscope. Therefore, we have to employ indirect method for

the study of its structure. The method consists of studying the properties of atom experimentally.

After this, a guess is made regarding the possible structure of atom, which should satisfy the

properties studied experimentally.

Various scientists have given different theories regarding the structure of atom. However, for the
purpose of understanding electronics, the study of Bohr’s atomic model is adequate. Although numer-
ous refinements on Bohr’s atomic model have since been made, we still believe in the laws that Bohr
applied to the atomic world. In this chapter, we shall deal with Bohr’s atomic model in order to
understand the problems facing the electronic world.

4.1 Bohr’'s Atomic Model

In 1913, Neils Bohr, Danish Physicist gave clear explanation of atomic structure. According to Bohr:

() Anatom consists of a positively charged nucleus around which negatively charged electrons
revolve in different circular orbits.
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(i1) The electrons can revolve around the nucleus only in certain
permitted orbits i.e. orbits of certain radii are allowed.

(7i1) The electrons in each permitted orbit have a certain fixed amount
of energy. The larger the orbit (i.e. larger radius), the greater is the en-
ergy of electrons.

(iv) Ifanelectron is given additional energy (e.g. heat, light etc.), it
is lifted to the higher orbit. The atom is said to be in a state of excitation.
This state does not last long, because the electron soon falls back to the
original lower orbit. As it falls, it gives back the acquired energy in the
form of heat, light or other radiations.

Fig. 4.1 shows the structure of silicon atom. It has 14 electrons.
Two electrons revolve in the first orbit, 8 in the second orbit and 4 in the ~ Neils Bohr (1885-1962)
third orbit. The first, second, third orbits etc. are also known as K, L, M orbits respectively.

These electrons can revolve only in permitted orbits (i.e. orbits of *radii r,, r, and r;) and not in
any arbitrary orbit. Thus, all radii between r, and r, or between r, and r; are forbidden. Each orbit
has fixed amount of energy associated with it. If an electron in the first orbit is to be lifted to the
second orbit, just the **right amount of energy should be supplied to it. When this electron jumps
from the second orbit to first, it will give back the acquired energy in the form of electromagnetic
radiations.

1st ORBIT

NUCLEUS

(@) (it)
Fig. 4.1
4.2 Energy Levels

It has already been discussed that each orbit has fixed amount of energy associated with it. The
electrons moving in a particular orbit possess the energy of that orbit. The larger the orbit, the greater
is its energy. It becomes clear that outer orbit electrons possess more energy than the inner orbit
electrons.

A convenient way of representing the energy of different orbits is shown in Fig. 4.2 (if). This is
known as energy level diagram. The first orbit represents the first energy level, the second orbit

The values of radii are determined from quantum considerations.

** So that its total energy is equal to that of second orbit.
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indicates the second energy level and so on. The larger the orbit of an electron, the greater is its
energy and higher is the energy level.

’ 3rd ENERGY LEVEL
3
r 2nd ENERGY LEVEL
r 1st ENERGY LEVEL
3
)
i
EDGE OF NUCLEUS
NUCLEUS
0) (@)

Fig. 4.2
4.3 Energy Bands

In case of a single isolated atom, the electrons in any orbit possess definite energy. However, an atom
in a solid is greatly influenced by the closely-packed neighbouring atoms. The result is that the
electron in any orbit of such an atom can have a range of energies rather than a single energy. This is
known as energy band.

The range of energies possessed by an electron in a solid is known as energy band.

ENERGY
A
3rd ENERGY LEVEL 3rd
3 3 7] BAND
. |_2nd ENERGY LEVEL . 2nd
2 2 70 BAND
+ | 1st ENERGY LEVEL
1 r | 1st
BAND

v

A\ 4

NUCLEUS

@) (i) (iii)
Fig. 4.3

The concept of energy band can be easily understood by referring to Fig. 4.3. Fig. 4.3 (ii) shows
the energy levels of a single isolated atom of silicon. Each orbit of an atom has a single energy.
Therefore, an electron can have only single energy corresponding to the orbit in which it exists.
However, when the atom is in a solid, the electron in any orbit can have a range of energies. For
instance, electrons in the first orbit have slightly different energies because no two electrons in this
orbit see exactly the same charge environment. Since there are millions of first orbit electrons, the
slightly different energy levels form a band, called 1st energy band [See Fig. 4.3 (iii)]. The electrons
in the first orbit can have any energy range in this band. Similarly, second orbit electrons form second
energy band and so on.
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4.4 Important Energy Bands in Solids

As discussed before, individual K, L, M etc. energy levels
of an isolated atom are converted into corresponding bands
when the atom is in a solid. Though there are a number of
energy bands in solids, the following are of particular im-

CONDUCTION BAND

T

portance [See Fig. 4.4] : FORBIDDEN
(1) Valence band. The range of energies (i.e. band) ENCEEPGY

possessed by valence electrons is known as valence
band.

The electrons in the outermost orbit of an atom are
known as valence electrons. In a normal atom, valence
band has the electrons of highest energy. This band may )
be completely or partially filled. For instance, in case of Fig. 4.4
inert gases, the valence band is full whereas for other materials, it is only partially filled. The partially
filled band can accommodate more electrons.

!

VALENCE BAND//

BAND ENERGY

(i1) Conduction band. In certain materials (e.g. metals), the valence electrons are loosely at-
tached to the nucleus. Even at ordinary temperature, some of the valence electrons may get detached
to become free electrons. In fact, it is these free electrons which are responsible for the conduction of
current in a conductor. For this reason, they are called conduction electrons.

The range of energies (i.e. band) possessed by conduction band electrons is known as conduc-
tion band.

All electrons in the conduction band are free electrons. If a substance has empty conduction
band, it means current conduction is not possible in that substance. Generally, insulators have empty
conduction band. On the other hand, it is partially filled for conductors.

(7i1) Forbidden energy gap. The separation between conduction band and valence band on the
energy level diagram is known as forbidden energy gap.

No electron of a solid can stay in a forbidden energy gap as there is no allowed energy state in
this region. The width of the forbidden energy gap is a measure of the bondage of valence electrons
to the atom. The greater the energy gap, more tightly the valence electrons are bound to the nucleus.
In order to push an electron from valence band to the conduction band (i.e. to make the valence
electron free), external energy equal to the forbidden energy gap must be supplied.

4.5 Classification of Solids and Energy Bands

We know that some solids are good conductors of electricity while others are insulators. There is also
an intermediate class of semiconductors. The difference in the behaviour of solids as regards their
electrical conductivity can be beautifully explained in terms of energy bands. The electrons in the
lower energy band are tightly bound to the nucleus and play no part in the conduction process. How-
ever, the valence and conduction bands are of particu-
lar importance in ascertaining the electrical behaviour
of various solids.

(1) Insulators. Insulators (e.g. wood, glass etc.)
are those substances which do not allow the passage of
electric current through them. In terms of energy band,
the valence band is full while the conduction band is
empty. Further, the energy gap between valence and
conduction bands is very large (= 15 eV) as shown in
Fig.4.5. Therefore, a very high electric field is required £
to push the valence electrons to the conduction band. Insulators
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For this reason, the electrical conductivity of such
materials is extremely small and may be regarded as nil
under ordinary conditions.

CONDUCTION BAND

At room temperature, the valence electrons of the

energy to cross over to the conduction band. Hence, the
resistance of an insulator decreases with the increase in
temperature i.e. an insulator has negative temperature co-
efficient of resistance.

insulators do not have enough energy to cross over to the § T
conduction band. However, when the temperature is - FORBIDDEN
raised, some of the valence electrons may acquire enough G| eV BAND

o

4

<

@

VALENCE BAND//

(ii) Conductors. Conductors (e.g. copper,
aluminium) are those substances which easily allow the Fig. 4.5
passage of electric current through them. It is because
there are a large number of free electrons available in a
conductor. In terms of energy band, the valence and
conduction bands overlap each other as shown in Fig.
4.6. Due to this overlapping, a slight potential difference
across a conductor causes the free electrons to constitute
electric current. Thus, the electrical behaviour of
conductors can be satisfactorily explained by the band
energy theory of materials.

CONDUCTION BAND

&

BAND ENERGY

(7ii) Semicondutors. Semiconductors (e.g. VALENCE BAND
germanium, silicon etc.) are those substances whose
electrical conductivity lies inbetween conductors and
insulators. In terms of energy band, the valence band is
almost filled and conduction band is almost empty.
Further, the energy gap between valence and conduction Fig. 4.6
bands is very small as shown in Fig. 4.7. Therefore,
comparatively smaller electric field (smaller than insulators but much greater than conductors) is
required to push the electrons from the valence band to the conduction band. In short, a semiconductor
has :

(a) almost full valence band

(b) almost empty conduction band
(c) small energy gap (=~ 1 eV) between valence and conduction bands.

At low temperature, the valence band is
completely full and conduction band is completely
empty. Therefore, a semiconductor virtually behaves 777 o EMPTY

as an insulator at low temperatures. However, even CONDUCTION BAND _¢_
at room temperature, some electrons (about one

10 .
electron for 10 atoms) cross over to the conduction lev

band, imparting little conductivity to the
semiconductor. As the temperature is increased, more VALENCEB ANII/ _T_

valence electrons cross over to the conduction band Y<EILLED
and the conductivity increases. This shows that
electrical conductivity of a semiconductor increases
with the rise in temperature i.e. a semiconductor has
negative temperature co-efficient of resistance. Fig. 4.7

BAND ENERGY
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4.6 Silicon

During the infancy of electronic industry, both germanium and silicon were used in the manufacture
of semiconductor devices. As the electronic field advanced, it was realised that silicon was superior
to germanium in many respects. Since silicon is the most widely used material in the manufacture of
semiconductor devices, we shall continue to discuss the properties of this material (as compared to
germanium) as and when we get the chance.

There are 4 valence There are 4 valence
electrons in the outer electrons in the outer
(valence) shell. (valence) shell.
e o e
L o. )
. ... e, .
o e, e L ° o A'.
.‘ o ' ..4 . .A ‘:
e L] [ ® L] . ] @ e o ®
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Silicon atom Germanium atom
U] (i)
Fig. 4.8

() Note the atomic structure of germanium and silicon in Fig. 4.8 carefully. The valence elec-
trons in germanium are in the fourth orbit while the valence electrons in silicon are in the third orbit;
closer to the nucleus. Therefore, the germanium valence electrons are at higher energy level than
those in silicon. This means that germanium valence electrons require smaller amount of additional
energy to escape from the atom and become free electron. What is the effect of this property? This
property makes germanium more unstable at high temperatures. This is the basic reason why silicon
is widely used as semiconductor material.

(1) Fig. 4.9 shows the energy level/band of silicon atom. The atomic number of silicon is 14 so
that its 14 electrons are distributed in 3 orbits. Each energy level/band is associated with certain
amount of energy and is separated from the adjacent bands by energy gap. No electron can exist in
the energy gap. For an electron to jump from one orbit to the next higher orbit, external energy

Conduction
band ~ e, =18eV
Valence Energy gap
band ______________ > .4 e;=0.7eV
NN > ¥ e
» A 4
_______ » ey

Silicon atom
Fig. 4.9
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(e.g. heat) equal to the energy difference of the orbits must be supplied. For example, the valence
band is shown to have an energy level of 0.7 eV. The conduction band is shown to have an energy
level of 1.8 eV. Thus for an electron to jump from the valence band to the conduction band, an energy
=1.8-0.7=1.1eV must be supplied. As you will see, the energy band description of substances is very
important in understanding many fields of science and engineering including electronics.

MULTIPLE-CHOICE QUESTIONS

1. The electrons in the third orbit of an atom (iii) free electrons (iv) none of the above
have ........ energy than the electrons in the | 6. In insulators, the energy gap between
second orbit. valence and conduction bands is ........

(i) more (ii) less (i) very large (ii) zero
(iii) the same (iv) none of the above (fii) very small (iv) none of the above

2. When an electron jumps from higher orbit| 7. In a conductor, the energy gap between

to a lower orbit, it ........ energy. valence and conduction bands is ........

(i) absorbs (i) emits (i) large (ii) very large
(iii) sometimes emits, sometimes absorbs (fii) very small (iv) none of the above
(iv) none of the above 8. According to Bohr’s theory of atom, an

3. Which of the following is quantized electron can move in an orbit of ........
according to Bohr’s theory of atom ? (i) any radius
(i) linear momentum of electron (i) certain radius
(@f) linear velocity of electron (iii) some range of radii

(iii) angular momentum of electron (iv) none of the above
(iv) angular velocity of electron 9. In a semiconductor, the energy gap between

4. A semiconductor has ........ band. valence and conduction bands is about ........
(i) almost empty valence (i) 15eV (if) 100 eV
(i) almost empty conduction (iii) 50eV (iv) 1 eV

(7ii) almost full conduction 10. The energy gap between valence and
(iv) none of the above conduction bands in insulators is about ........

5. The electrons in the conduction band are (i) 15eV (i) 1.5eV

known as ........ (iii) zero (iv) 0.5eV
(/) bound electrons (ii) valence electrons

Answers to Multiple-Choice Questions

1. (i) 2. (i) 3. (i) 4. (if) 5. (iii)

6. (i) 7. (iii) 8. (i) 9. (iv) 10. (i)
Chapter Review Topics

1. Explain the salient features of Bohr’s atomic model.

2. Explain the concept of energy bands in solids.

3. Describe the valence band, conduction band and forbidden energy gap with the help of energy level

diagram.
4. Give the energy band description of conductors, semiconductors and insulators.
Discussion Questions

1. Why is the energy of an electron more in higher orbits ?

2. What is the concept of energy band ?

3. Why do conduction band electrons possess very high energy ?

4. Why are valence electrons of a material so important ?

5. What is the difference between energy level and energy band ?
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INTRODUCTION

ertain substances like germanium, silicon, car-
‘ bon etc. are neither good conductors like cop-

per nor insulators like glass. In other words,
the resistivity of these materials lies inbetween conduc-
tors and insulators. Such substances are classified as
semiconductors. Semiconductors have some useful
properties and are being extensively used in electronic
circuits. For instance, transistor—a semiconductor de-
vice is fast replacing bulky vacuum tubes in almost all
applications. Transistors are only one of the family of
semiconductor devices ; many other semiconductor
devices are becoming increasingly popular. In this chap-
ter, we shall focus our attention on the different aspects
of semiconductors.
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5.1 Semiconductor

It is not easy to define a semiconductor if we want to take into account all its physical characteristics.
However, generally, a semiconductor is defined on the basis of electrical conductivity as under :

A semiconductor is a substance which has resistivity (1 07105 Qm) inbetween conductors
and insulators e.g. germanium, silicon, selenium, carbon etc.

The reader may wonder, when a semiconductor is neither a good conductor nor an insulator, then
why not to classify it as a resistance material 7 The answer shall be readily available if we study the
following table :

S.No. Substance Nature Resistivity
1 Copper good conductor 1.7x10°Qm
2 Germanium semiconductor 0.6 Qm
3 Glass insulator 9x 10" Qm
4 Nichrome resistance material 107 Qm

Comparing the resistivities of above materials, it is apparent that the resistivity of germanium
(semiconductor) is quite high as compared to copper (conductor) but it is quite low when compared
with glass (insulator). This shows that resistivity of a semiconductor lies inbetween conductors and
insulators. However, it will be wrong to consider the semiconductor as a resistance material. For
example, nichrome, which is one of the highest resistance material, has resistivity much lower than
germanium. This shows that electrically germanium cannot be regarded as a conductor or insulator
or a resistance material. This gave such substances like germanium the name of semiconductors.

It is interesting to note that it is not the resistivity alone that decides whether a substance is
semiconductor or not. For example, it is just possible to prepare an alloy whose resistivity falls within
the range of semiconductors but the alloy cannot be regarded as a semiconductor. In fact, semicon-
ductors have a number of peculiar properties which distinguish them from conductors, insulators and
resistance materials.

Properties of Semiconductors
(i) The resistivity of a semiconductor is less than an insulator but more than a conductor.

(i) Semiconductors have negative temperature co-efficient of resistance i.e. the resistance
of a semiconductor decreases with the increase in temperature and vice-versa. For example, germa-
nium is actually an insulator at low temperatures but it becomes a good conductor at high tempera-
tures.

(7ii) When a suitable metallic impurity (e.g. arsenic, gallium etc.) is added to a semiconductor, its
current conducting properties change appreciably. This property is most important and is
discussed later in detail.

5.2 Bonds in Semiconductors

The atoms of every element are held together by the bonding action of valence electrons. This
bonding is due to the fact that it is the tendency of each atom to complete its last orbit by acquiring 8
electrons in it. However, in most of the substances, the last orbit is incomplete i.e. the last orbit does
not have 8 electrons. This makes the atom active to enter into bargain with other atoms to acquire 8
electrons in the last orbit. To do so, the atom may lose, gain or share valence electrons with other
atoms. In semiconductors, bonds are formed by sharing of valence electrons. Such bonds are called
co-valent bonds. In the formation of a co-valent bond, each atom contributes equal number of va-
lence electrons and the contributed electrons are shared by the atoms engaged in the formation of the
bond.
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Fig. 5.1 shows the co-valent bonds among germanium atoms. A germanium atom has *4
valence electrons. Itis the tendency of each germanium atom to have 8 electrons in the last orbit. To
do so, each germanium atom positions itself between four other germanium atoms as shown in Fig.
5.1 (i). Each neighbouring atom shares one valence electron with the central atom. In this business
of sharing, the central atom completes its last orbit by having 8 electrons revolving around the nucleus.
In this way, the central atom sets up co-valent bonds. Fig. 5.1 (ii) shows the bonding diagram.

The following points may be noted regarding the co-valent bonds :
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(i) Co-valent bonds are formed by sharing of valence electrons.

(i) In the formation of co-valent bond, each valence
electron of an atom forms direct bond with the valence electron
of an adjacent atom. In other words, valence electrons are
associated with particular atoms. For this reason, valence
electrons in a semiconductor are not free.

5.3 Crystals

A substance in which the atoms or molecules are arranged in
an orderly pattern is known as a crystal. All semi-conductors
have crystalline structure. For example, referring to Fig. 5.1,
itis clear that each atom is surrounded by neighbouring atoms
in a repetitive manner. Therefore, a piece of germanium is
generally called germanium crystal. T b 'l‘

|
5.4 Commonly Used Semiconductors HRRARTARTAR

There are many semiconductors available, but very few of them
have a practical application in electronics. The two most fre-
quently used materials are germanium (Ge) and silicon (Si). It is because the energy required to
break their co-valent bonds (i.e. energy required to release an electron from their valence bands) is
very small; being about 0.7 eV for germanium and about 1.1 eV for silicon. Therefore, we shall
discuss these two semiconductors in detail.

Bonds in Semiconductor

* A germanium atom has 32 electrons. First orbit has 2 electrons, second 8 electrons, third 18 electrons and
the fourth orbit has 4 electrons.
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(i) Germanium. Germanium has become the model substance among the semiconductors; the
main reason being that it can be purified relatively well and crystallised easily. Germanium is an
earth element and was discovered in 1886. It is recovered from the ash of certain coals or from the
flue dust of zinc smelters. Generally, recovered germanium is in the form of germanium dioxide
powder which is then reduced to pure germanium.
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The atomic number of germanium is 32. Therefore, it has 32 protons and 32 electrons. Two
electrons are in the first orbit, eight electrons in the second, eighteen electrons in the third and four
electrons in the outer or valence orbit [See Fig. 5.2 (i)]. It is clear that germanium atom has four
valence electrons i.e., it is a tetravalent element. Fig. 5.2 (i) shows how the various germanium
atoms are held through co-valent bonds. As the atoms are arranged in an orderly pattern, therefore,
germanium has crystalline structure.

(71) Silicon. Silicon is an element in most of the common rocks. Actually, sand is silicon diox-
ide. The silicon compounds are chemically reduced to silicon which is 100% pure for use as a
semiconductor.
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The atomic number of silicon is 14. Therefore, it has 14 protons and 14 electrons. Two electrons
are in the first orbit, eight electrons in the second orbit and four electrons in the third orbit [See Fig.
5.3 (§)]. Itis clear that silicon atom has four valence electrons i.e. it is a tetravalent element. Fig.5.3
(if) shows how various silicon atoms are held through co-valent bonds. Like germanium, silicon
atoms are also arranged in an orderly manner. Therefore, silicon has crystalline structure.
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5.5 Energy Band Description of Semiconductors

It has already been discussed that a semiconductor is a substance whose resistivity lies between
conductors and insulators. The resistivity is of the order of 107 to 0.5 ohm metre. However, a semi-
conductor can be defined much more comprehensively on the basis of energy bands as under :
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A semiconductor is a substance which has almost filled valence band and nearly empty conduc-
tion band with a very small energy gap (~ 1 eV) separating the two.

Figs. 5.4 and 5.5 show the energy band diagrams of germanium and silicon respectively. It may
be seen that forbidden energy gap is very small; being 1.1 eV for silicon and 0.7 eV for germanium.
Therefore, relatively small energy is needed by their valence electrons to cross over to the conduction
band. Even at room temperature, some of the valence electrons may acquire sufficient energy to enter
into the conduction band and thus become free electrons. However, at this temperature, the number of
free electrons available is very *small. Therefore, at room temperature, a piece of germanium or
silicon is neither a good conductor nor an insulator. For this reason, such substances are called semi-
conductors.

The energy band description is extremely helpful in understanding the current flow through a
semiconductor. Therefore, we shall frequently use this concept in our further discussion.

5.6 Effect of Temperature on Semiconductors

The electrical conductivity of a semiconductor changes appreciably with temperature variations. This
is a very important point to keep in mind.

(i) At absolute zero. At absolute zero temperature, all the electrons are tightly held by
the semiconductor atoms. The inner orbit electrons are bound whereas the valence electrons are
engaged in co-valent bonding. At this temperature, the co-valent bonds are very strong and there
are no free electrons. Therefore, the semiconductor crystal behaves as a perfect insulator [See
Fig. 5.6 ()].

In terms of energy band description, the valence band is filled and there is a large energy gap
between valence band and conduction band. Therefore, no valence electron can reach the conduction
band to become free electron. It is due to the non-availability of free electrons that a semiconductor
behaves as an insulator.

o 10 " .
*Outof 10 semiconductor atoms, one atom provides a free electron.
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(i) Above absolute zero. When the temperature is raised, some of the covalent bonds in the
semiconductor break due to the thermal energy supplied. The breaking of bonds sets those electrons
free which are engaged in the formation of these bonds. The result is that a few free electrons exist in the
semiconductor. These free electrons can constitute a tiny electric current if potential difference is
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applied across the semiconductor crystal [See Fig. 5.7 (i)]. This shows that the resistance of a semi-
conductor decreases with the rise in temperature i.e. it has negative temperature coefficient of resis-
tance. It may be added that at room temperature, current through a semiconductor is too small to be
of any practical value.
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Fig. 5.7 (ii) shows the energy band diagram. As the temperature is raised, some of the valence
electrons acquire sufficient energy to enter into the conduction band and thus become free electrons.
Under the influence of electric field, these free electrons will constitute electric current. It may be
noted that each time a valence electron enters into the conduction band, a &ole is created in the
valence band. As we shall see in the next article, holes also contribute to current. In fact, hole current
is the most significant concept in semiconductors.

5.7 Hole Current

At room temperature, some of the co-valent bonds in pure semiconductor break, setting up free elec-
trons. Under the influence of electric field, these free electrons constitute electric current. At the



Semiconductor Physics ® 61

same time, another current — the hole current — also flows in the semiconductor. When a covalent
bond is broken due to thermal energy, the removal of one electron leaves a vacancy i.e. a missing
electron in the covalent bond. This missing electron is called a *hole which acts as a positive charge.
For one electron set free, one hole is created. Therefore, thermal energy creates hole-electron pairs;
there being as many holes as the free electrons. The current conduction by holes can be explained as
follows :

The hole shows a missing electron. Suppose the valence electron at L (See Fig. 5.8) has become
free electron due to thermal energy. This creates a hole in the co-valent bond at L. The hole is a
strong centre of attraction **for the electron. A valence electron (say at M) from nearby co-valent
bond comes to fill in the hole at L. This results in the creation of hole at M. Another valence electron
(say at N) in turn may leave its bond to fill the hole at M, thus creating a hole at N. Thus the hole
having a positive charge has moved from L to N i.e. towards the negative terminal of supply. This
constitutes hole current.

It may be noted that hole current is due to the movement of ***valence electrons from one co-
valent bond to another bond. The reader may wonder why to call it a hole current when the conduc-
tion is again by electrons (of course valence electrons !). The answer is that the basic reason for
current flow is the presence of holes in the co-valent bonds. Therefore, it is more appropriate to
consider the current as the movement of holes.

Energy band description. The hole current
can be beautifully explained in terms of energy
bands. Suppose due to thermal energy, an electron
leaves the valence band to enter into the conduc-
tion band as shown in Fig. 5.9. Y

CONDUCTION BAND

> o

This leaves a vacancy at L. Now the valence
electron at M comes to fill the hole at L. The result .
is that hole disappears at L and appears at M. Next, \. / \o VALENCE BAND
the valence electron at N moves into the hole at M.
Consequently, hole is created at N. It is clear that
valence electrons move along the path PNML
whereas holes move in the opposite direction i.e. Fig. 5.9
along the path LMNP.

Note that hole acts as a virtual charge, although there is no physical charge on it.
There is a strong tendency of semiconductor crystal to form co-valent bonds. Therefore, a hole attracts an
electron from the neighbouring atom.

##% Unlike the normal current which is by free electrons.
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5.8 Intrinsic Semiconductor

A semiconductor in an extremely pure form is known as an intrinsic semiconductor.

In an intrinsic semiconductor, even at room temperature, hole-electron pairs are created. When
electric field is applied across an intrinsic semiconductor, the current conduction takes place by two
processes, namely ; by free electrons and holes as shown in Fig. 5.10. The free electrons are pro-
duced due to the breaking up of some covalent bonds by thermal energy. At the same time, holes are
created in the covalent bonds. Under the influence of electric field, conduction through the semicon-
ductor is by both free electrons and holes. Therefore, the total current inside the semiconductor is the
sum of currents due to free electrons and holes.

It may be noted «—
that current in the ex- FREE ELECTRONS
ternal wires is fully
electronic i.e. by p «— «— — 5
electrons. What ~— | Y\
about the holes ? Re- —» —» —»

ferring to Fig. 5.10,
holes being posi-
tively charged move
towards the negative
terminal of supply.
As the holes reach
the negative terminal
B, electrons enter the
semiconductor crys- Fig. 5.10

tal near the terminal

and combine with holes, thus cancelling them. At the same time, the loosely held electrons near the
positive terminal A are attracted away from their atoms into the positive terminal. This creates new
holes near the positive terminal which again drift towards the negative terminal.

5.9 Extrinsic Semiconductor

HOLES ——»

The intrinsic semiconductor has little current conduction capability at room temperature. To be
useful in electronic devices, the pure semiconductor must be altered so as to significantly increase its
conducting properties. This is achieved by adding a small amount of suitable impurity to a semicon-
ductor. It is then called impurity or extrinsic semiconductor. The process of adding impurities to a
semiconductor is known as doping. The amount and type of such impurities have to be closely
controlled during the preparation of extrinsic semiconductor. Generally, for 10* atoms of semicon-
ductor, one impurity atom is added.

The purpose of adding impurity is to increase either the number of free electrons or holes in the
semiconductor crystal. As we shall see, if a pentavalent impurity (having 5 valence electrons) is
added to the semiconductor, a large number of free electrons are produced in the semiconductor. On
the other hand, addition of trivalent impurity (having 3 valence electrons) creates a large number of
holes in the semiconductor crystal. Depending upon the type of impurity added, extrinsic semicon-
ductors are classified into:

(1) n-type semiconductor (i) p-type semiconductor

5.10 n-type Semiconductor

When a small amount of pentavalent impurity is added to a pure semiconductor, it is known as
n-type semiconductor.
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The addition of pentavalent impurity pro-
vides a large number of free electrons in the
semiconductor crystal. Typical examples of

FREE
ELECTRON

pentavalent impurities are arsenic (At. No. 33)
and antimony (At. No. 51). Such impurities
which produce n-type semiconductor are
known as donor impurities because they do-
nate or provide free electrons to the semicon-
ductor crystal.

PENTAVALENT

IMPURITY
ATOM

To explain the formation of n-type semi-

conductor, consider a pure germanium crys-
tal. We know that germanium atom has four
valence electrons. When a small amount of Fig. 5.11

pentavalent impurity like arsenic is added to

germanium crystal, a large number of free electrons become available in the crystal. The reason is
simple. Arsenic is pentavalent i.e. its atom has five valence electrons. An arsenic atom fits in the
germanium crystal in such a way that its four valence electrons form covalent bonds with four germa-
nium atoms. The fifth valence electron of arsenic atom finds no place in co-valent bonds and is thus
free as shown in Fig. 5.11. Therefore, for each arsenic atom added, one free electron will be available
in the germanium crystal. Though each arsenic atom provides one free electron, yet an extremely
small amount of arsenic impurity provides enough atoms to supply millions of free electrons.

Fig. 5.12 shows the energy band description of
n-type semi-conductor. The addition of pentavalent

impurity has produced a number of conduction band o o o o CONDUCTION
L] o o o BAN D

electrons i.e., free electrons. The four valence elec-
trons of pentavalent atom form covalent bonds with
four neighbouring germanium atoms. The fifth left

VALENCE
BAND

over valence electron of the pentavalent atom can-
not be accommodated in the valence band and trav-
els to the conduction band. The following points
may be noted carefully :

BAND ENERGY
—

(i) Many new free electrons are produced by
the addition of pentavalent impurity. Fig. 5.12

(71) Thermal energy of room temperature still generates a few hole-electron pairs. However, the
number of free electrons provided by the pentavalent impurity far exceeds the number of holes. It is
due to this predominance of electrons over holes that it is called n-type semiconductor (n stands for
negative).

n-type conductivity. The current conduction in an n-type semiconductor is predominantly by
free electrons i.e. negative charges and is called n-type or electron type conductivity. To understand
n-type conductivity, refer to Fig. 5.13. When p.d. is applied across the n-type semiconductor, the free
electrons (donated by impurity) in the crystal will be directed towards the positive terminal, constitut-
ing electric current. As the current flow through the crystal is by free electrons which are carriers of
negative charge, therefore, this type of conductivity is called negative or n-type conductivity. It may
be noted that conduction is just as in ordinary metals like copper.
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5.11 p-type Semiconductor

When a small amount of trivalent impurity is added to a pure semiconductor, it is called p-type
semiconductor.

The addition of trivalent impurity provides a large number of holes in the semiconductor. Typical
examples of trivalent impurities are gallium (At. No. 31) and indium (At. No. 49). Such impurities
which produce p-type semiconductor are known as acceptor impurities because the holes created can
accept the electrons.

To explain the formation of p-type
semiconductor, consider a pure
germanium crystal. When a small amount
of trivalent impurity like gallium is added
to germanium crystal, there exists a large
number of holes in the crystal. The reason
is simple. Gallium is trivalent i.e. its atom
has three valence electrons. Each atom of
gallium fits into the germanium crystal but
now only three co-valent bonds can be
formed. It is because three valence
electrons of gallium atom can form only
three single co-valent bonds with three
germanium atoms as shown in Fig. 5.14.
In the fourth co-valent bond, only
germanium atom contributes one valence Fig. 5.14
electron while gallium has no valence
electron to contribute as all its three valence electrons are already engaged in the co-valent bonds
with neighbouring germanium atoms. In other words, fourth bond is incomplete; being short of one
electron. This missing electron is called a hole. Therefore, for each gallium atom added, one hole is
created. A small amount of gallium provides millions of holes.

ATOM

Fig. 5.15 shows the energy band description of the p-type semiconductor. The addition of triva-
lent impurity has produced a large number of holes. However, there are a few conduction band
electrons due to thermal energy associated with room temperature. But the holes far outnumber the
conduction band electrons. It is due to the predominance of holes over free electrons that it is called
p-type semiconductor ( p stands for positive).
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p-type conductivity. The current conduction in p-type semiconductor is predominantly by holes
i.e. positive charges and is called p-type or hole-type conductivity. To understand p-type conductiv-
ity, refer to Fig. 5.16. When p.d. is applied to the p-type semiconductor, the holes (donated by the
impurity) are shifted from one co-valent bond to another. As the holes are positively charged, there-
fore, they are directed towards the negative terminal, constituting what is known as hole current. It
may be noted that in p-type conductivity, the valence electrons move from one co-valent bond to
another unlike the n-type where current conduction is by free electrons.

5.12 Charge on n-type and p-type Semiconductors

As discussed before, in n-type semiconductor, current conduction is due to excess of electrons whereas
in a p-type semiconductor, conduction is by holes. The reader may think that n-type material has a net
negative charge and p-type a net positive charge. But this conclusion is wrong. It is true that n-type
semiconductor has excess of electrons but these extra electrons were supplied by the atoms of donor
impurity and each atom of donor impurity is electrically neutral. When the impurity atom is added,
the term “excess electrons” refers to an excess with regard to the number of electrons needed to fill
the co-valent bonds in the semiconductor crystal. The extra electrons are free electrons and increase
the conductivity of the semiconductor. The situation with regard to p-type semiconductor is also similar.
It follows, therefore, that n-type as well as p-type semiconductor is electrically neutral.

5.13 Majority and Minority Carriers

It has already been discussed that due to the effect of impurity, n-type material has a large number of
free electrons whereas p-type material has a large number of holes. However, it may be recalled that
even at room temperature, some of the co-valent bonds break, thus releasing an equal number of free
electrons and holes. An n-type material has its share of electron-hole pairs (released due to breaking
of bonds at room temperature) but in addition has a much larger quantity of free electrons due to the
effect of impurity. These impurity-caused free electrons are not associated with holes. Consequently,
an n-type material has a large number of free electrons and a small number of holes as shown in Fig.
5.17 (i). The free electrons in this case are considered majority carriers — since the majority portion
of current in n-type material is by the flow of free electrons — and the holes are the minority carriers.

Similarly, in a p-type material, holes outnumber the free electrons as shown in Fig. 5.17 (ii).
Therefore, holes are the majority carriers and free electrons are the minority carriers.
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5.14 pn Junction

When a p-type semiconductor is suitably joined to n-type semiconductor, the contact surface is called
pn junction.

Most semiconductor devices contain one or more pn junctions. The pn junction is of great
importance because it is in effect, the control element for semiconductor devices. A thorough knowl-
edge of the formation and properties of pn junction can enable the reader to understand the semicon-
ductor devices.

Formation of pr junction. In actual practice, the characteristic properties of pn junction will
not be apparent if a p-type block is just brought in contact with n-type block. In fact, pn junction is
fabricated by special techniques. One common method of making pn junction is called alloying. In
this method, a small block of indium (trivalent impurity) is placed on an n-type germanium slab as
shown in Fig. 5.18 (i). The system is then heated to a temperature of about 500°C. The indium and

INDIUM some of the germanium melt to form a small puddle of molten
% germanium-indium mixture as shown in Fig. 5.18 (ii). The tem-
perature is then lowered and puddle begins to solidify. Under
proper conditions, the atoms of indium impurity will be suitably
adjusted in the germanium slab to form a single crystal. The addi-
tion of indium overcomes the excess of electrons in the n-type
germanium to such an extent that it creates a p-type region.

As the process goes on, the remaining molten mixture
becomes increasingly rich in indium. When all germanium has
been redeposited, the remaining material appears as indium but-
ton which is frozen on to the outer surface of the crystallised
portion as shown in Fig. 5.18 (iii). This button serves as a suit-
able base for soldering on leads.
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5.15 Properties of pn Junction

At the instant of pn-junction formation, the free electrons near the junction in the n region begin to
diffuse across the junction into the p region where they combine with holes near the junction. The
result is that n region loses free electrons as they diffuse into the junction. This creates a layer of
positive charges (pentavalent ions) near the junction. As the electrons move across the junction, the p
region loses holes as the electrons and holes combine. The result is that there is a layer of negative
charges (trivalent ions) near the junction. These two layers of positive and negative charges form the
depletion region (or depletion layer). The term depletion is due to the fact that near the junction, the
region is depleted (i.e. emptied) of charge carries (free electrons and holes) due to diffusion across
the junction. It may be noted that depletion layer is formed very quickly and is very thin compared to
the n region and the p region. For clarity, the width of the depletion layer is shown exaggerated.
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Once pn junction is formed and depletion layer created, the diffusion of free electrons stops. In
other words, the depletion region acts as a barrier to the further movement of free electrons across the
junction. The positive and negative charges set up an electric field. This is shown by a black arrow in
Fig. 5.19 (7). The electric field is a barrier to the free electrons in the n-region. There exists a potential
difference across the depletion layer and is called barrier potential (V). The barrier potential of a pn
junction depends upon several factors including the type of semiconductor material, the amount of
doping and temperature. The typical barrier potential is approximately:

For silicon, V, = 0.7 V ; For germanium, V,=0.3 V

Fig. 5.20 shows the potential (V,)) distribution curve.

5.16 Applying D.C. Voltage Across pn Junction or Biasing
a pn Junction

In electronics, the term bias refers to the use of d.c. voltage to establish certain operating conditions
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for an electronic device. In relation to a pn junction, there are following two bias conditions :
1. Forward biasing 2. Reverse biasing

1. Forward biasing. When external d.c. voltage applied to the junction is in such a direction
that it cancels the potential barrier, thus permitting current flow, it is called forward biasing.

To apply forward bias, connect positive terminal of the battery to p-type and negative terminal to
n-type as shown in Fig. 5.21. The applied forward potential establishes an electric field which acts
against the field due to potential barrier. Therefore, the resultant field is weakened and the barrier
height is reduced at the junction as shown in Fig. 5.21. As potential barrier voltage is very small
(0.1 to 0.3 V), therefore, a small forward voltage is sufficient to completely eliminate the barrier.
Once the potential barrier is eliminated by the forward voltage, junction resistance becomes almost
zero and a low resistance path is established for the entire circuit. Therefore, current flows in the
circuit. This is called forward current. With forward bias to pn junction, the following points are
worth noting :

(i) The potential barrier is reduced and at some forward voltage (0.1 to 0.3 V), it is eliminated
altogether.

(71) The junction offers low resistance (called forward resistance, Rf) to current flow.

(#ii) Current flows in the circuit due to the establishment of low resistance path. The magnitude
of current depends upon the applied forward voltage.
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2. Reverse biasing. When the external d.c. voltage applied to the junction is in such a
direction that potential barrier is increased, it is called reverse biasing.

To apply reverse bias, connect negative terminal of the battery to p-type and positive terminal to
n-type as shown in Fig. 5.22. Itis clear that applied reverse voltage establishes an electric field which
acts in the same direction as the field due to potential barrier. Therefore, the resultant field at the
junction is strengthened and the barrier height is increased as shown in Fig. 5.22. The increased
potential barrier prevents the flow of charge carriers across the junction. Thus, a high resistance path
is established for the entire circuit and hence the current does not flow. With reverse bias to pn
junction, the following points are worth noting :

(i) The potential barrier is increased.
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(@) The junction offers very high
resistance (called reverse resistance, R )
to current flow.

DEPLETION REGION

(iit) No current flows in the circuit
due to the establishment of high resis- == sl ee e
tance path. o | [e—

Conclusion. From the above dis- 3 ORIGINAL BARRIER
cussion, it follows that with reverse bias
to the junction, a high resistance path is
established and hence no current flow
occurs. On the other hand, with forward NO ELECTRON FLOW
bias to the junction, a low resistance path
is set up and hence current flows in the
circuit.

5.17 Current Flow in a Forward Biased pn Junction

We shall now see how current flows across pn junction when it is forward biased. Fig. 5.23 shows a
forward biased pn junction. Under the influence of forward voltage, the free electrons in n-type move
*towards the junction, leaving behind positively charged atoms. However, more electrons arrive
from the negative battery terminal and enter the n-region to take up their places. As the free electrons
reach the junction, they become **valence electrons. As valence electrons, they move through the
holes in the p-region. The valence electrons move towards left in the p-region which is equivalent to
the holes moving to right. When the valence electrons reach the left end of the crystal, they flow into
the positive terminal of the battery.
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Fig. 5.23

The mechanism of current flow in a forward biased pn junction can be summed up as under :

(i) The free electrons from the negative terminal continue to pour into the n-region while the
free electrons in the n-region move towards the junction.

(i1) The electrons travel through the n-region as free-electrons i.e. current in n-region is by free
electrons.

*  Note that negative terminal of battery is connected to n-type. It repels the free electrons in n-type towards
the junction.

#% A hole is in the co-valent bond. When a free electron combines with a hole, it becomes a valence electron.
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(7ii) When these electrons reach the junction, they combine with holes and become valence elec-
trons.

(iv) The electrons travel through p-region as valence electrons i.e. current in the p-region is by holes.

(v) When these valence electrons reach the left end of crystal, they flow into the positive termi-
nal of the battery.

From the above discussion, it is concluded that in n-type region, current is carried by free elec-
trons whereas in p-type region, it is carried by holes. However, in the external connecting wires, the
current is carried by free electrons.

5.18 Volt-Ampere Characteristics of pn Junction

Volt-ampere or V-1 characteristic of a pn junction (also called a crystal or semiconductor diode) is the
curve between voltage across the junction and the circuit current. Usually, voltage is taken along x-
axis and current along y-axis. Fig. 5.24 shows the *circuit arrangement for determining the V-1
characteristics of a pn junction. The characteristics can be studied under three heads, namely; zero
external voltage, forward bias and reverse bias.

K
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= ®

HE

Fig. 5.24

(i) Zero external voltage. When the external voltage is zero, i.e. circuit is open at K, the
potential barrier at the junction does not permit current flow. Therefore, the circuit current is zero as
indicated by point O in Fig. 5.25.
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Fig. 5.25

R is the current limiting resistance. It prevents the forward current from exceeding the permitted value.
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(i1) Forward bias. With forward bias to the pn junction i.e. p-type connected to positive terminal
and n-type connected to negative terminal, the potential barrier is reduced. At some forward voltage
(0.7 V for Si and 0.3 V for Ge), the potential barrier is altogether eliminated and current starts flowing
in the circuit. From now onwards, the current increases with the increase in forward voltage. Thus, a
rising curve OB is obtained with forward bias as shown in Fig. 5.25. From the forward characteristic, it
is seen that at first (region OA),the current increases very slowly and the curve is non-linear. It is
because the external applied voltage is used up in overcoming the potential barrier. However, once the
external voltage exceeds the potential barrier voltage, the pn junction behaves like an ordinary conduc-
tor. Therefore, the current rises very sharply with increase in external voltage (region AB on the curve).
The curve is almost linear.

(iii) Reverse bias. With ELECTRON HOLE
reverse bias to the pn junctioni.e. (MINORITY CARRIER)  p n  (MINORITY CARRIER)
p-type connected to negative Do o e od
terminal and n-type connected to
positive terminal, potential ° o
barrier at the junction is
increased. Therefore, the o e | o o
junction resistance becomes very
high and practically no current
flows through the circuit.

However, in practice, a very small | |

current (of the order of pA) flows

in the circuit with reverse bias as Fig. 5.26

shown in the reverse

characteristic. This is called reverse *saturation current (I,) and is due to the minority carriers. It
may be recalled that there are a few free electrons in p-type material and a few holes in n-type
material. These undesirable free electrons in p-type and holes in n-type are called minority carriers.
As shown in Fig. 5.26, to these minority carriers, the applied reverse bias appears as forward bias.
Therefore, a **small current flows in the reverse direction.

If reverse voltage is increased continuously, the kinetic energy of electrons (minority carriers)
may become high enough to knock out electrons from the semiconductor atoms. At this stage break-
down of the junction occurs, characterised by a sudden rise of reverse current and a sudden fall of the
resistance of barrier region. This may destroy the junction permanently.

Note. The forward current through a pn junction is due to the majority carriers produced by the impurity.
However, reverse current is due to the minority carriers produced due to breaking of some co-valent bonds at
room temperature.

5.19 Important Terms

Two important terms often used with pn junction (i.e. crystal diode) are breakdown voltage and knee
voltage. We shall now explain these two terms in detail.

(i) Breakdown voltage. It is the minimum reverse voltage at which pn junction breaks down
with sudden rise in reverse current.

Under normal reverse voltage, a very little reverse current flows through a pn junction. How-
ever, if the reverse voltage attains a high value, the junction may break down with sudden rise in
*  The term saturation comes from the fact that it reaches its maximum level quickly and does not signifi-
cantly change with the increase in reverse voltage.
**&  Reverse current increases with reverse voltage but can generally be regarded as negligible over the work-
ing range of voltages.
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reverse current. For understanding this point, refer to Fig. 5.27. Even at room temperature, some
hole-electron pairs (minority carriers) are produced in the depletion layer as shown in Fig. 5.27 (i).
With reverse bias, the electrons move towards the positive terminal of supply. At large reverse volt-
age, these electrons acquire high enough velocities to dislodge valence electrons from semiconductor
atoms as shown in Fig. 5.27 (ii). The newly liberated electrons in turn free other valence electrons. In
this way, we get an avalanche of free electrons. Therefore, the pn junction conducts a very large
reverse current.

Once the breakdown voltage is reached, the high reverse current may damage the junction. There-
fore, care should be taken that reverse voltage across a pn junction is always less than the breakdown
voltage.
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(i) Knee voltage. It is the forward voltage at which the current through the junction starts to
increase rapidly.

When a diode is forward biased, it conducts current very slowly until we overcome the potential
barrier. For silicon pn junction, potential barrier is 0.7 V whereas it is 0.3 V for germanium junction.
It is clear from Fig. 5.28 that knee voltage for silicon diode is 0.7 V and 0.3 V for germanium diode.

Once the applied forward voltage exceeds the knee voltage, the current starts increasing rapidly.
It may be added here that in order to get useful current through a pn junction, the applied voltage must
be more than the knee voltage.

Note. The potential barrier voltage is also known as furn-on voltage. This is obtained by taking the
straight line portion of the forward characteristic and extending it back to the horizontal axis.
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5.20 Limitations in the Operating Conditions of pn Junction

Every pn junction has limiting values of maximum forward current, peak inverse voltage and maxi-
mum power rating. The pn junction will give satisfactory performance if it is operated within these
limiting values. However, if these values are exceeded, the pn junction may be destroyed due to
excessive heat.

(i) Maximum forward current. It is the highest instantaneous forward current that a pn
junction can conduct without damage to the junction. Manufacturer’s data sheet usually specifies this
rating. If the forward current in a pn junction is more than this rating, the junction will be destroyed
due to overheating.

(ii) Peak inverse voltage (PIV). Itis the maximum reverse voltage that can be applied to the pn
junction without damage to the junction. If the reverse voltage across the junction exceeds its PIV,
the junction may be destroyed due to excessive heat. The peak inverse voltage is of particular impor-
tance in rectifier service. A pn junction i.e. a crystal diode is used as a rectifier to change alternating
current into direct current. In such applications, care should be taken that reverse voltage across the
diode during negative half-cycle of a.c. does not exceed the PIV of diode.

(iii) Maximum power rating. It is the maximum power that can be dissipated at the junction
without damaging it. The power dissipated at the junction is equal to the product of junction current
and the voltage across the junction. This is a very important consideration and is invariably specified
by the manufacturer in the data sheet.

MULTIPLE-CHOICE QUESTIONS

1. A semiconductor is formed by ........ bonds. (iii) remains the same  (iv) cannot say
(@) Covalept (ii) electrovalent 8. The strength of a semiconductor crystal
(iii) co-ordinate  (iv) none of the above comes from ........
2. A semiconductor has ........ temperature (i) forces between nuclei
coefficient of resistance. (ify forces between protons
(i) positive (ii) zero (iii) electron-pair bonds
(iii) negative (iv) none of the above (iv) none of the above

3. The most commonly used semiconductoris | 9, When a pentavalent impurity is added to a
........ pure semiconductor, it becomes ........

(i) germanium (i) silicon (/) aninsulator
(iii) carbon (iv) sulphur (if) an intrinsic semiconductor
4. A semiconductor has generally ........ (iii) p-type semiconductor
valence electrons. (iv) n-type semiconductor
(i) 2 (i) 3 10. Addition of pentavalent impurity to a semi-
(i) 6 (iv) 4 conductor creates many ........
5. The resistivity of pure germanium under (i) freeelectrons (if) holes
standard conditions is about ........ (iii) valence electrons
(i) 6x 10° Q cm (i) 60 Q cm (iv) bound electrons
(i) 3x10°Qem  (v) 6x 107 Qem 11. A pentavalent impurity has ........ valence
6. The resistivity of pure silicon is about ........ electrons.
(1) 100 Qcm (i) 6000 Q cm @@ 3 i) 5
(i) 3x10°Qem (iv) 1.6x 10 °Qcem (iii) 4 (iv) 6
7. When a pure semiconductor is heated, its | 12. An n-type semiconductor is ........
resistance ........ (i) positively charged

(i) goesup (ii) goes down (i) negatively charged
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(iii) electrically neutral
(iv) none of the above

13. A trivalent impurity has ........ valence
electrons.
i) 4 i) 5
(iii) 6 @iv) 3

14. Addition of trivalent impurity to a semicon-
ductor creates many ........

(i) holes
(iii) valence electrons

(ii) free electrons

(iv) bound electrons
15. Ahole in a semiconductor is defined as ........
(i) afree electron

(i) the incomplete part of an electron pair
bond

(iii) a free proton
(iv) afree neutron

16. The impurity level in an extrinsic semicon-
ductor is about ........ of pure semiconductor.

(i) 10 atoms for 10® atoms
(ii) 1 atom for 10® atoms
(iii) 1 atom for 10* atoms
(iv) 1 atom for 100 atoms
17. As the doping to a pure semiconductor
increases, the bulk resistance of the
semiconductor ........
(i) remains the same
(i) increases
(iii) decreases
(iv) none of the above
18. A hole and electron in close proximity would
tend to ........
(i) repel each other
(if) attract each other
(ii) have no effect on each other
(iv) none of the above
19. In a semiconductor, current conduction is

(i) only to holes
(i) only to free electrons
(iii) to holes and free electrons
(iv) none of the above
20. The random motion of holes and free elec-
trons due to thermal agitation is called ........

(i) diffusion
(iii) ionisation

(if) pressure
(iv) none of the above

21. A forward biased pn junction has a resistance
of the ........

(i) order of Q
(iii) order of MQ

22. The battery connections required to forward
bias a pn junction are ........

(i7) order of kQ
(iv) none of the above

(i) +ve terminal to p and —ve terminal to n
(if) —ve terminal to p and +ve terminal to n
(iii)
@@v)
23. The barrier voltage at a pn junction for ger-
manium is about ........
@ 35V (it) 3V
(iii) zero (iv) 0.3V
24. In the depletion region of a pn junction, there
is a shortage of ..........

—ve terminal to p and —ve terminal to n
none of the above

(i) acceptorions (ii) holesand electrons

(iii) donor ions (iv) none of the above
25. A reverse biased pn junction has ........
(i) very narrow depletion layer
(ii) almost no current
(iii)
@@v)

26. A pnjunction acts as a ........

very low resistance
large current flow

(i) controlled switch

(i) bidirectional switch
(iif)
(@iv)

27. A reverse biased pn junction has resistance

unidirectional switch
none of the above

(i) order of Q
(iii) order of MQ

28. The leakage current across a pn junction is
due to ........

(i7) order of kQ
(iv) none of the above

(i) minority carriers

(if) majority carriers
(iif) junction capacitance
(iv) none of the above

29. When the temperature of an extrinsic semi-
conductor is increased, the pronounced
effectison ........

(i) junction capacitance



(if) minority carriers
(iif) majority carriers
(iv) none of the above
30. With forward bias to a pn junction, the width
of depletion layer ........
(i) decreases (i7) increases
(ii) remains the same
(iv) none of the above
31. The leakage current in a pn junction is of
the order of
i A (if) mA
(iii) kA (iv) pA
32. Inan intrinsic semiconductor, the number of
free electrons

(0

equals the number of holes

Semiconductor Physics B 75

33. Atroom temperature, an intrinsic semicon-
ductor has

(/) many holes only

(i) afew free electrons and holes
(iii) many free electrons only
(iv) no holes or free electrons

34. At absolute temperature, an intrinsic semi-
conductor has

(@)

(it)
(iii)
(iv)
35. At room temperature, an intrinsic silicon
crystal acts approximately as

a few free electrons
many holes

many free electrons

no holes or free electrons

(i) abattery

(1) is greater than the number of holes (it) a conductor
(iii) is less than the number of holes (7ii) an insulator

(iv) none of the above (iv) a piece of copper wire

Answers to Multiple-Choice Questions

1. () 2. (@) 3. (i) 4. (iv) 5. (i)

6. (i) 7. (i) 8. (iii) 9. (iv) 10. (i)
11. (if) 12. (@) 13. (iv) 14. (i) 15. (@)
16. (i) 17. (i) 18. (i) 19. (iii) 20. (i)
21. (i) 22. (i) 23. (iv) 24. (if) 25. (if)
26. (iii) 27. (iii) 28. (i) 29. (if) 30. (i)
31. (iv) 32. (i) 33. (i) 34. (iv) 35. (iii)

Chapter Review Topics

1. What do you understand by a semi-conductor ? Discuss some important properties of semiconductors.

2. Which are the most commonly used semiconductors and why ?

3. Give the energy band description of semiconductors.

4. Discuss the effect of temperature on semiconductors.

5. Give the mechanism of hole current flow in a semiconductor.

6. What do you understand by intrinsic and extrinsic semiconductors ?

7. What is a pn junction ? Explain the formation of potential barrier in a pn junction.

8. Discuss the behaviour of a pn junction under forward and reverse biasing.

9. Draw and explain the V-I characteristics of a pn junction.

[,
<

. Write short notes on the following :

(i) Breakdown voltage
(ii) Knee voltage

(7ii) Limitations in the operating conditions of pn junction

Discussion Questions

W N -

. Why is a semiconductor an insulator at ordinary temperature ?
. Why are electron carriers present in p-type semiconductor ?
. Why is silicon preferred to germanium in the manufacture of semiconductor devices ?

. What is the importance of peak inverse voltage ?
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6.11 Full-Wave Rectifier
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6.15 Efficiency of Full-Wave Rectifier
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6.29 Crystal Diodes versus Vacuum
Diodes

INTRODUCTION

t has already been discussed in the previous chapter that a pn junction conducts current easily
Iwhen forward biased and practically no current flows when it is reverse biased. This unilateral

conduction characteristic of pn junction (i.e. semiconductor diode) is similar to that of a
vacuum diode. Therefore, like a vacuum diode, a semiconductor diode can also accomplish the
job of rectification i.e. change alternating current to direct current. However, semiconductor
diodes have become more *popular as they are smaller in size, cheaper and robust and usually
operate with greater efficiency. In this chapter, we shall focus our attention on the circuit perfor-
mance and applications of semiconductor diodes.

*  On the other hand, vacuum diodes can withstand high reverse voltages and can operate at fairly high
temperatures.
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6.1 Semiconductor Diode

A pn junction is known as a semi-conductor or *crystal diode.

The outstanding property of a crystal diode to conduct current inone ~ ARROWHEAD BAR
direction only permits it to be used as a rectifier. A crystal diode is usually
represented by the schematic symbol shown in Fig. 6.1. The arrow in the %
symbol indicates the direction of easier conventional current flow.

A crystal diode has two ter- -

minals. When it is connected Fig. 6.1

in a circuit, one thing to decide is whether the diode is
forward or reverse biased. There is an easy rule to ascer-
tain it. If the external circuit is trying to push the con-
ventional current in the direction of arrow, the diode is forward biased. On the other hand, if the
conventional current is trying to flow opposite to arrowhead, the diode is reverse biased. Putting in
simple words :

(1) If arrowhead of diode symbol is positive w.r.t. bar of the symbol, the diode is forward biased.

(i1) If the arrowhead of diode symbol is negative w.r.t. bar, the diode is reverse biased.

Identification of crystal diode terminals. While using a crystal diode, it is often necessary to
know which end is arrowhead and which end is bar. For this purpose, the following methods are
available :

(i) Some manufacturers actually paint the symbol on the body of the diode e.g. BY127, BY114
crystal diodes manufactured by BEL [See Fig. 6.2 (7)].

BLUE RED
BY 127 OA 80
O] (i)

Fig. 6.2

(i1) Sometimes, red and blue marks are used on the body of the crystal diode. Red mark denotes
arrow whereas blue mark indicates bar e.g. OA80 crystal diode [See Fig. 6.2 (ii)].

6.2 Crystal Diode as a Rectifier

Fig. 6.3 illustrates the rectifying action of a crystal diode. The a.c. input voltage to be rectified, the
diode and load R, are connected in series. The d.c. output is obtained across the load as explained in
the following discussion. During the positive half-cycle of a.c. input voltage, the arrowhead becomes
positive w.r.t. bar. Therefore, diode is forward biased and conducts current in the circuit. The result
is that positive half-cycle of input voltage appears across R, as shown. However, during the negative
half-cycle of input a.c. voltage, the diode becomes reverse biased because now the arrowhead is
negative w.r.t. bar. Therefore, diode does not conduct and no voltage appears across load R,. The
result is that output consists of positive half-cycles of input a.c. voltage while the negative half-cycles
are suppressed. In this way, crystal diode has been able to do rectification i.e. change a.c. into d.c. It
may be seen that output across R, is pulsating d.c.

*  So called because pn junction is grown out of a crystal.
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It is interesting to see that behaviour of diode is like a switch. When the diode is forward biased,
it behaves like a closed switch and connects the a.c. supply to the load R,. However, when the diode
is reverse biased, it behaves like an open switch and disconnects the a.c. supply from the load R, .
This switching action of diode permits only the positive half-cycles of input a.c. voltage to appear
across R;.

Vin N T Vout

50V ¢, 50V ¢,
v

out t

0 Vin R,

Fig. 6.3

Example 6.1. In each diode circuit of Fig. 6.4, find whether the diodes are forward or reverse
biased.

L h
L SN,

@ (i)

(iif)

Solution.

(i) Refer to Fig. 6.4 (i). The conventional current coming out of battery flows in the branch
circuits. In diode D,, the conventional current flows in the direction of arrowhead and hence this
diode is forward biased. However, in diode D,,the conventional current flows opposite to arrowhead
and hence this diode is reverse biased.

(i1) Refer to Fig. 6.4 (ii). During the positive half-cycle of input a.c. voltage, the conventional
current flows in the direction of arrowhead and hence diode is forward biased. However, during the
negative half-cycle of input a.c. voltage, the diode is reverse biased.

(@ii) Refer to Fig. 6.4 (iii). During the positive half-cycle of input a.c. voltage, conventional
current flows in the direction of arrowhead in D, but it flows opposite to arrowhead in D,. Therefore,
during positive half-cycle, diode D, is forward biased and diode D, reverse biased. However, during
the negative half-cycle of input a.c. voltage, diode D, is forward biased and D, is reverse biased.
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(iv) Referto Fig. 6.4 (iv). During the positive half-cycle of input a.c. voltage, both the diodes are
reverse biased. However, during the negative half-cycle of input a.c. voltage, both the diodes are
forward biased.

6.3 Resistance of Crystal Diode

It has already been discussed that a forward biased diode conducts easily whereas a reverse biased
diode practically conducts no current. It means that forward resistance of a diode is quite small as
compared with its reverse resistance.

1. Forward resistance. The resistance offered by the diode to forward bias is known as forward
resistance. This resistance is not the same for the flow of direct current as for the changing current.
Accordingly; this resistance is of two types, namely; d.c. forward resistance and a.c. forward resistance.

(i) d.c. forward resistance. It is the opposition offered by the diode to the direct current. It is
measured by the ratio of d.c. voltage across the diode to the resulting d.c. current through it. Thus,
referring to the forward characteristic in Fig. 6.5, it is clear that when forward voltage is OA4, the
forward current is OB.

04
OB
(#i) a.c. forward resistance. It is the opposition offered by the diode to the changing forward

current. It is measured by the ratio of change in voltage across diode to the resulting change in current
through it i.e.

d.c. forward resistance, Rf =

Change in voltage across diode
Corresponding change in current through diode

a.c. forward resistance, rp =

IF
A

[
T
~

|
|
By=———————— dr-—-—------- | :
| 1 [
I I | I
! o
| 1 [N
I I | I
| 1 [
! , JE Y >
0 1 Vr 0 a b c >
Fig. 6.5 L E0

The a.c. forward resistance is more significant as the diodes are generally used with alternating
voltages. The a.c. forward resistance can be determined from the forward characteristic as shown in
Fig. 6.6. If Pis the operating point at any instant, then forward voltage is ob and forward current is oe.
To find the a.c. forward resistance, vary the forward voltage on both sides of the operating point
equally as shown in Fig. 6.6 where ab = bc. It is clear from this figure that :

For forward voltage oa, circuit current is od.
For forward voltage oc, circuit current is of.

. Change in forward voltage oc — oa
a.c. forward resistance, 7, = g g _ = 4c

Change in forward current of —od df

It may be mentioned here that forward resistance of a crystal diode is very small, ranging from 1
to 25 Q.
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2. Reverse resistance. The resistance offered by the diode to the reverse bias is known as
reverse resistance. It can be d.c. reverse resistance or a.c. reverse resistance depending upon whether
the reverse bias is direct or changing voltage. Ideally, the reverse resistance of a diode is infinite.
However, in practice, the reverse resistance is not infinite because for any value of reverse bias, there
does exist a small leakage current. It may be emphasised here that reverse resistance is very large
compared to the forward resistance. In germanium diodes, the ratio of reverse to forward resistance
is 40000 : 1 while for silicon this ratio is 1000000 : 1.

6.4 Equivalent Circuit of Crystal Diode

It is generally profitable to replace a device or system by its equivalent circuit. An equivalent circuit
of a device (e.g. crystal diode, transistor etc.) is a combination of electric elements, which when
connected in a circuit, acts exactly as does the device when connected in the same circuit. Once the
device is replaced by its equivalent circuit, the resulting network can be solved by traditional circuit
analysis techniques. We shall now find the equivalent circuit of a crystal diode.

(i) *Approximate Equivalent circuit. When the forward voltage V. is applied across a diode,
it will not conduct till the potential barrier V| at the junction is overcome. When the forward voltage
exceeds the potential barrier voltage, the diode starts conducting as shown in Fig. 6.7 (/). The for-
ward current /, flowing through the diode causes a voltage drop in its internal resistance 7. There-
fore, the forward voltage V. applied across the actual diode has to overcome :

(a) potential barrier V,

(b) internal drop Lry

Ve = Vo + Lr,

For a silicon diode, V|, = 0.7 V whereas for a germanium diode, V;=0.3 V.

Therefore, approximate equivalent circuit for a crystal diode is a switch in series with a battery
V,, and internal resistance ryas shown in Fig. 6.7 (ii). This approximate equivalent circuit of a diode
is very helpful in studying the performance of the diode in a circuit.

I I SWITCH 7, r _
L P . AR A v WA
< N| l¢ »
|e Ve » e Ve »

DIODE EQUIVALENT CIRCUIT
0) (i)

Fig. 6.7
(z7) Simplified Equivalent circuit. For most applications, the internal resistance ry of the
crystal diode can be ignored in comparison to other elements in the equivalent circuit. The equivalent
circuit then reduces to the one shown in Fig. 6.8 (ii). This simplified equivalent circuit of the crystal
diode is frequently used in diode-circuit analysis.

SWITCH

+ [y - + b | .
> N o—> > L 0
0
l¢ »l < >
I Ve g | Ve »
O] (i)

* We assume here that V/I characteristic of crystal diode is linear.
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(7ii) Ideal diode model. An ideal diode is one which behaves as a perfect conductor when
forward biased and as a perfect insulator when reverse biased. Obviously, in such a hypothetical
situation, forward resistance r,= 0 and potential barrier V,, is considered negligible. It may be men-
tioned here that although ideal diode is never found in practice, yet diode circuit analysis is made on
this basis. Therefore, while discussing diode circuits, the diode will be assumed ideal unless and
until stated otherwise.

6.5 Crystal Diode Equivalent Circuits

It is desirable to sum up the various models of crystal diode equivalent circuit in the tabular form
given below:

S.No. Type Model Characteristic
Al
. Vo r
1. Approximate model + s -
0| ¥, Vr
IDEAL DIODE
A IF
. . V.
2. Simplified model iy v
Iz Vr
0
IDEAL DIODE
IF
3. Ideal Model + -
o O
P J—»O 2
IDEAL DIODE

Example 6.2. An a.c. voltage of peak value 20V is connected in series with a silicon diode and
load resistance of 500 £2. If the forward resistance of diode is 10 £, find :

(i) peak current through diode (ii) peak output voltage
What will be these values if the diode is assumed to be ideal ?
Solution.
Peak input voltage = 20V
Forward resistance, r = 10 Q
500 Q
Potential barrier voltage, V, = 0.7V

Load resistance, R,

The diode will conduct during the positive half-cycles of a.c. input voltage only. The equivalent
circuit is shown in Fig. 6.9 (if).

v Vo=07V

Vin N 0Q
7 +
Vi 500 Q Im 20V 500 Q

@ @i

o

Fig. 6.9
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() The peak current through the diode will occur at the instant when the input voltage reaches
positive peak i.e. V, = V,.=20V.

in

Vi = Vot U peur [+ Ry ] ..(0)
Ve =Vy  20-07 _ 193 _
o Uppear = r,+ R, 104500 Sip 4 = 378 mA
(i) Peak output voltage = (1), X R, = 37.8 mAX500€Q = 189V

Ideal diode. For an ideal diode, put ¥, = 0 and r=0 in equation (7).
’ VF = ([ /)peak X RL
Vi 20V

or ([_/)peak = R_L = m = 40 mA

Peak output voltage = (If)peak xR, = 40mAX500Q = 20V

Comments. It is clear from the above example that output voltage is nearly the same whether the
actual diode is used or the diode is considered ideal. This is due to the fact that input voltage is quite large
as compared with ¥}, and voltage drop in I Therefore, nearly the whole input forward voltage appears
across the load. For this reason, diode circuit analysis is generally made on the ideal diode basis.

Example 6.3. Find the current through the diode in the circuit shown in Fig. 6.10 (i). Assume
the diode to be ideal.

500 ) Ry=4.55Q y
WN—
Rl
V=10V = 5QSR, D = E,=0909V D
'. B N B
() (i) B
Fig. 6.10

Solution. We shall use Thevenin's theorem to find current in the diode. Referring to Fig. 6.10(7),
E, = Thevenin’s voltage
= Open circuited voltage across 4B with diode removed

=Ry o 5 10 =099V
R+ R, 50+5

R, = Thevenin’s resistance

= Resistance at terminals 4B with diode removed and battery

replaced by a short circuit
R R, 50x5

T RtR  S0+45 L

Fig. 6.10 (i7) shows Thevenin’s equivalent circuit. Since the diode is ideal, it has zero resistance.

E
Current through diode = R—O = % = 0.2A = 200 mA
o .55

Example 6.4. Calculate the current through 48 Q resistor in the circuit shown in Fig. 6.11 (i).
Assume the diodes to be of silicon and forward resistance of each diode is 1 Q.

Solution. Diodes D, and D, are forward biased while diodes D, and D, are reverse biased. We
can, therefore, consider the branches containing diodes D, and D, as “open”. Replacing diodes D,
and D, by their equivalent circuits and making the branches containing diodes D, and D, open, we get
the circuit shown in Fig. 6.11 (if). Note that for a silicon diode, the barrier voltage is 0.7 V.
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e ? (
Dl
D, D, il Q D,
S 48 Q 1 0.7V = 48 Q
0vV— 10V —= VWWS
D3
D D 1Q
4 3 S
07V
& 1 & ]—
@) (if)
Fig. 6.11

Net circuit voltage = 10-0.7-0.7 = 8.6 V

Total circuit resistance = 1+48+1 = 50 Q
Circuit current = 8.6/50 = 0.172 A = 172 mA

Example 6.5. Determine the current [ in the circuit shown in Fig. 6.12 (i). Assume the diodes to
be of silicon and forward resistance of diodes to be zero.
0.7V
I
L

~
)
~
o)
~
<

Dl
;] 2kQ _
® W
- = - e L _av—=
L E =24V D, E2=4Vi _:l_E1=24v ,= T
(i)

(@)
Fig. 6.12
Solution. The conditions of the problem suggest that diode D, is forward biased and diode D, is

reverse biased. We can, therefore, consider the branch containing diode D, as open as shown in
Fig. 6.12 (i7). Further, diode D, can be replaced by its simplified equivalent circuit.
24 -4 -0.7 193V
= =09, A
KO 9.65 m

. S BBV, _
N R 2 kQ
Example 6.6. Find the voltage V , in the circuit shown in Fig. 6.13 (i). Use simplified model.
20V 20V
Si Ge — 03V
A v, 4 v,
3kQ

3kQ
?(ii)

@)
Fig. 6.13
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Solution. Itappears that when the applied voltage is switched on, both the diodes will turn “on”. But
that is not so. When voltage is applied, germanium diode (¥;;= 0.3 V) will turn on first and a level of 0.3
V is maintained across the parallel circuit. The silicon diode never gets the opportunity to have 0.7 V
across it and, therefore, remains in open-circuit state as shown in Fig. 6.13 (ii).

o V, =20-03=19.7V
Example 6.7. Find V, and I}, in the network shown in Fig. 6.14 (i). Use simplified model.

Solution. Replace the diodes by their simplified models. The resulting circuit will be as shown in
Fig. 6.14 (i7). By symmetry, current in each branch is /,, so that current in branch CD is 21,. Applying
Kirchhoff’s voltage law to the closed circuit ABCDA, we have,

=0.7-1,x2-21,x2+10 = 0 (I/,inmA)
or 61, =93
I, = 9_63 = 1.55mA
Also VQ = (21,)x2kQ = (2X1.55mA)x2kQ = 6.2V

0) ()
Fig. 6.14

Example 6.8. Determine current through each diode in the circuit shown in Fig. 6.15 (i). Use
simplified model. Assume diodes to be similar.

05kQ 1, 05kQ 1,
— ANNAN—> : ’ o+ —VV\V\—> o+
R R
Ip Iy v Ipi v Ip
TISV TISV — 07V — 07V
! 4 o_ o_
(@) (i)

Fig. 6.15
Solution. The applied voltage forward biases each diode so that they conduct current in the same
direction. Fig. 6.15 (if) shows the equivalent circuit using simplified model. Referring to Fig. 6.15 (i),
I = Voltage acrossR _ 15-0.7 _ 28.6 mA

R T 0.5kQ
. . .. _ _ ﬁ _ 286 _
Since the diodes are similar, /,,, = 1I,,, ) T T 14.3 mA

Comments. Note the use of placing the diodes in parallel. Ifthe current rating of each diode is 20
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20 mA and a single diode is used in this circuit, a current of 28.6 mA would flow through the diode,
thus damaging the device. By placing them in parallel, the current is limited to a safe value of 14.3 mA
for the same terminal voltage.

Example 6.9. Determine the currents I, I, and I for the network shown in Fig. 6.16(i). Use
simplified model for the diodes.

D, L, 33kQ 4 0.7V p I 33kQ

Il
E=20V E =20V
0.7V
Il
Rl
VVWAWN——«
5.6 kQ D 56k C
(@) (if)
Fig. 6.16

Solution. An inspection of the circuit shown in Fig. 6.16 (i) shows that both diodes D, and D,
are forward biased. Using simplified model for the diodes, the circuit shown in Fig. 6.16 (i) becomes
the one shown in Fig. 6.16 (ii). The voltage across R, (= 3.3 k ) is 0.7V.

0.7V

12 = m =0.212 mA

Applying Kirchhoff’s voltage law to loop ABCDA in Fig. 6.16 (ii), we have,
-07-07-1,R,+20=0
20 - 0.7 - O 7 18,6 V

I, = R 560K0 =3.32 mA
Now I =5L+1
L=1 =3.32-0.212=3.108 mA
Example 6.10. Determme if the diode (ideal) in Fig. 6.17 (i) is forward biased or reverse biased.
+ 10V + 10V
2kQ% %4kQ 2kQ% %4kQ
8 ’ 7 " £
8kQ% %6kQ SkQ% %6kQ
L L

@) (i)
Fig. 6.17
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Solution. Let us assume that diode in Fig. 6.17 (i) is OFF i.e. it is reverse biased. The circuit
then becomes as shown in Fig. 6.17 (ii). Referring to Fig. 6.17 (ii), we have,

10V
-0V gko -
VT rsko 8V
10V
-V ko=
Vm i rea” oV

Voltage across diode =V, -V, =8 -6=2V
Now V, -V, =2V is enough voltage to make the diode forward biased. Therefore, our initial
assumption was wrong.

Example 6.11. Determine the state of diode for the circuit shown in Fig. 6.18 (i) and find I, and
V). Assume simplified model for the diode.

4kQ 4kQ
WA WWA
—
I i I l Ip

v “‘Q% vy »0 le% 0V

0) (i0)

Fig. 6.18
Solution. Let us assume that the diode is ON. Therefore, we can replace the diode with a 0.7V

battery as shown in Fig. 6.18 (ii). Referring to Fig. 6.18 (ii), we have,

_(2-07HVvV _13V
4kQ  4kQ
= 0.7V
2 1kQ

Now Iy=1,-1,=0.325-0.7=-0.375 mA
Since the diode current is negative, the diode must 4kQ
be OFF and the true value of diode current is I, = WWA
0 mA. Our initial assumption was wrong. In order to
analyse the circuit properly, we should replace the diode +

1kQ%

i =0.325 mA

=0.7 mA

in Fig. 6.18 (i) with an open circuit as shown in Fig.  2v <+>

6.19. The voltage V), across the diode is

2V
— 2V 1k —o.
Yom Tka+ 4k~ 0.4V

Fig. 6.19

We know that 0.7V is required to turn ON the diode. Since V/, is only 0.4V, the answer confirms
that the diode is OFF.

6.6 Important Terms

While discussing the diode circuits, the reader will generally come across the following terms :

(i) Forward current. It is the current flowing through a forward biased diode. Every diode
has a maximum value of forward current which it can safely carry. Ifthis value is exceeded, the diode
may be destroyed due to excessive heat. For this reason, the manufacturers’ data sheet specifies the
maximum forward current that a diode can handle safely.
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(i1) Peak inverse voltage. It is the maximum reverse voltage that a diode can withstand with-
out destroying the junction.

If the reverse voltage across a diode exceeds this value, the reverse current increases sharply and
breaks down the junction due to excessive heat. Peak inverse voltage is extremely important when
diode is used as a rectifier. In rectifier service, it has to be ensured that reverse voltage across the
diode does not exceed its PIV during the negative half-cycle of input a.c. voltage. As a matter of fact,
PIV consideration is generally the deciding factor in diode rectifier circuits. The peak inverse volt-
age may be between 10V and 10 kV depending upon the type of diode.

(7ii) Reverse current or leakage current. It is the current that flows through a reverse biased
diode. This current is due to the minority carriers. Under normal operating voltages, the reverse
current is quite small. Its value is extremely small (< 1 A) for silicon diodes but it is appreciable (=
100 pA) for germanium diodes.

It may be noted that the reverse current is usually very small as compared with forward current.
For example, the forward current for a typical diode might range upto 100 mA while the reverse
current might be only a few pA—a ratio of many thousands between forward and reverse currents.

6.7 Crystal Diode Rectifiers

For reasons associated with economics of generation and transmission, the electric power available is
usually an a.c. supply. The supply voltage varies sinusoidally and has a frequency of 50 Hz. It is used
for lighting, heating and electric motors. But there are many applications (e.g. electronic circuits)
where d.c. supply is needed. When such a d.c. supply is required, the mains a.c. supply is rectified by
using crystal diodes. The following two rectifier circuits can be used :

(/) Half-wave rectifier (ii) Full-wave rectifier

6.8 Half-Wave Rectifier

In half-wave rectification, the rectifier conducts current only during the positive half-cycles of input
a.c. supply. The negative half-cycles of a.c. supply are suppressed i.e. during negative half-cycles, no
current is conducted and hence no voltage appears across the load. Therefore, current always flows
in one direction (i.e. d.c.) through the load though after every half-cycle.

l
l A T ”
AC. v
SUPPLY in R,
i)

1

. AWAW

[e— <~ —»

|

V out

mn

A
(VA AL

( (i)

Fig. 6.20
Circuit details. Fig. 6.20 shows the circuit where a single crystal diode acts as a half-wave
rectifier. The a.c. supply to be rectified is applied in series with the diode and load resistance R, .
Generally, a.c. supply is given through a transformer. The use of transformer permits two advantages.
Firstly, it allows us to step up or step down the a.c. input voltage as the situation demands. Secondly, the
transformer isolates the rectifier circuit from power line and thus reduces the risk of electric shock.
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Operation. The a.c. voltage across the secondary winding AB changes polarities after every
half-cycle. During the positive half-cycle of input a.c. voltage, end A becomes positive w.r.t. end B.
This makes the diode forward biased and hence it conducts current. During the negative half-cycle,
end A is negative w.r.t. end B. Under this condition, the diode is reverse biased and it conducts no
current. Therefore, current flows through the diode during positive half-cycles of input a.c. voltage
only ; it is blocked during the negative half-cycles [See Fig. 6.20 (ii)]. In this way, current flows
through load R, always in the same direction. Hence d.c. output is obtained across R,. It may be
noted that output across the load is pulsating d.c. These pulsations in the output are further smooth-
ened with the help of filter circuits discussed later.

Disadvantages : The main disadvantages of a half-wave rectifier are :

(i) The pulsating current in the load contains alternating component whose basic frequency is
equal to the supply frequency. Therefore, an elaborate filtering is required to produce steady direct
current.

(71) The a.c. supply delivers power only half the time. Therefore, the output is low.

6.9 Output Frequency of Half-Wave Rectifier
The output frequency of a half-wave rectifier is equal to the input
frequency (50 Hz). Recall how a complete cycle is
defined. A waveform has a complete cycle when it repeats the same
wave pattern over a given time. Thus in Fig. 6.21 (i), the a.c. input (e
voltage repeats the same wave pattern over 0° —360°, 360° —720° |

and so on. In Fig. 6.21 (ii), the output waveform also repeats the |

same wave pattern over 0° — 360°, 360° — 720° and so on. This (i) !
means that when input a.c. completes one cycle, the output half-

wave rectified wave also completes one cycle. In other words, the
output frequency is equal to the input frequency i.e.

Jou = Jin
For example, if the input frequency of sine wave applied to a
half-wave rectifier is 100 Hz, then frequency of the output wave

INPUT A.C.
180° 360°

v

OUTPUT

will also be 100 Hz. 0° ! >
. . o 180° (i)  360°

6.10 Efficiency of Half-Wave Rectifier

The ratio of d.c. power output to the applied input a.c. power is Fig. 6.21

known as rectifier efficiency i.e.
d.c. power output

Input a.c. power

Rectifier efficiency, n =

VvV ~
A 4
— > <

A

b
(@]
<
1}
§V
Z.
=
D
>
_’N o
ISET

Fig. 6.22

Consider a half-wave rectifier shown in Fig. 6.22. Letv=V, sin 0 be the alternating voltage that
appears across the secondary winding. Let r.and R, be the diode resistance and load resistance
respectively. The diode conducts during positive half-cycles of a.c. supply while no current conduc-
tion takes place during negative half-cycles.
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d.c. power. The output current is pulsating direct current. Therefore, in order to find d.c. power,
average current has to be found out.

1T, 1 FV, sin®
=1, =—|idd = —|-2——db
av = de 2n£’ amd o, + R,
v i v
= — " _|sin0dd = ——2——[-cosO]
2m(r, + RL)-E 2n(r, + R)) 0
vV
= V—m X2 = —M % l
271:(rf +R;) (rf +R) T
*k |4
_ =
T (l”f + RL)
7V
d.c.power, P, = If,CxRL = (?’”) xR, (1)
a.c. power input : The a.c. power input is given by :
Pac = [zmv (rf+ RL)
For a half-wave rectified wave, 1, =1, /2
2
1 ..
P, = (7’”) X (ryt R)) ...(ii)
d.c. output power ,/ n)2 X R,

Rectifier efficiency = ' = .
a.c. input power (1,127 (r; + R)

0.406 R, _ 0.406
ry + R, i
R,

The efficiency will be maximum if iffis negligible as compared to R, .

1+

Max. rectifier efficiency = 40.6%

This shows that in half-wave rectification, a maximum of40.6% of a.c. power is converted into d.c.
power.

Example 6.12. The applied input a.c. power to a half~-wave rectifier is 100 watts. The d.c. output
power obtained is 40 watts.

(@) What is the rectification efficiency ?

(i) What happens to remaining 60 watts ?

Solution.
()  Rectification efficiency = w - 40 _ 0.4 = 40%
a.c. input power 100
(if) 40% efficiency of rectification does not mean that 60% of power is lost in the rectifier

circuit. In fact, a crystal diode consumes little power due to its small internal resistance. The 100 W

Area under the curve over a cycle I 0 1d®
Base 21

Average value =

*t It may be remembered that the area of one-half cycle of a sinusoidal wave is twice the peak value. Thus in
this case, peak value is / and, therefore, area of one-half cycle is 2 7 .
21, I,

I/ = J = Ul
av dc 2 T T



90 ® Principles of Electronics

a.c. power is contained as 50 watts in positive half-cycles and 50 watts in negative half-cycles. The 50
watts in the negative half-cycles are not supplied at all. Only 50 watts in the positive half-cycles are
converted into 40 watts.
Power efficiency = % 100 = 80%
Although 100 watts of a.c. power was supplied, the half-wave rectifier accepted only 50 watts and
converted it into 40 watts d.c. power. Therefore, it is appropriate to say that efficiency of rectification
is 40% and not 80% which is power efficiency.

Example 6.13. An a.c. supply of 230 V is applied to a half-wave rectifier circuit through a
transformer of turn ratio 10 : 1. Find (i) the output d.c. voltage and (ii) the peak inverse voltage.
Assume the diode to be ideal.

Solution. 10:1 IDEAL
Primary to secondary turns is »i
Ny
N, = 10
230V R
R.M.S. primary voltage -~ L
=230V
Max. primary voltage is
Vom = (\/E )xr.m.s. primary voltage .
— (J3)%230=3253V Fig. 6.23
Max. secondary voltage is
N.
Vi = VX =2 = 3253x - = 3253V
: | 10
1
(i) Idc, = =
i
v, = Dnyp = Yo _ 3253 _g36v
b T i

(i) During the negative half-cycle of a.c. supply, the diode is reverse biased and hence conducts
no current. Therefore, the maximum secondary voltage appears across the diode.

Peak inverse voltage = 32.53 V

Example 6.14. A crystal diode having internal resistance r,= 208 is used for half-wave rectifi-
cation. If the applied voltage v = 50 sin  t and load resistance R, = 800 &, find :

@ 1,1, 1,. (if) a.c. power input and d.c. power output
(éii) d.c. output voltage (iv) efficiency of rectification.
Solution.

v = 50sinw¢?
Maximum voltage, V,, = 50V

@ o= —tn = S0 _ (0614 = 61mA
r,+R,  20+800

I, = I/n =61/t = 19.4 mA

I, =1/2=61/2=305mA
30.5\
(i) a.c.powerinput = (L)’ X (r,+R;) = (m X (20+800) = 0.763 watt
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2
d.c. power output = If,chL = (%) x 800 = 0.301 watt
(iif) d.c. output voltage = I, R, = 19.4mA x800Q = 15.52 volts

0.301
0.763

Example 6.15. A4 half-wave rectifier is used to supply 50V d.c. to a resistive load of 800 Q. The
diode has a resistance of 25 Q. Calculate a.c. voltage required.

(iv) Efficiency of rectification = x 100 = 39.5%

Solution.
Output d.c. voltage, V,, = 50V

Diode resistance, rp = 25 Q
Load resistance, R, = 800 £

Let V,, be the maximum value of a.c. voltage required.

Vie = Lie X R,
= %"xRL=ﬁxRL ['.'lm=ermRJ
or 50 = ﬁxsm
v, = —”X%OSOXSO = 162V

Hence a.c. voltage of maximum value 162 V is required.

6.11 Full-Wave Rectifier

In full-wave rectification, current flows through the load in the same direction for both half-cycles of
input a.c. voltage. This can be achieved with two diodes working alternately. For the positive half-
cycle of input voltage, one diode supplies current to the load and for the negative half-cycle, the other
diode does so ; current being always in the same direction through the load. Therefore, a full-wave
rectifier utilises both half-cycles of input a.c. voltage to produce the d.c. output. The following two
circuits are commonly used for full-wave rectification :

(i) Centre-tap full-wave rectifier (i) Full-wave bridge rectifier

6.12 Centre-Tap Full-Wave Rectifier

The circuit employs two diodes D, and D, as shown in Fig. 6.24. A centre tapped secondary winding
AB is used with two diodes connected so that each uses one half-cycle of input a.c. voltage. In other
words, diode D, utilises the a.c. voltage appearing across the upper half (O4) of secondary winding
for rectification while diode D, uses the lower half winding OB.

Operation. During the positive half-cycle of secondary voltage, the end 4 of the secondary winding
becomes positive and end B negative. This makes the diode D, forward biased and diode D, reverse
biased. Therefore, diode D, conducts while diode D, does not. The conventional current flow is through
diode D,, load resistor R, and the upper half of secondary winding as shown by the dotted arrows. During
the negative half-cycle, end 4 of the secondary winding becomes negative and end B positive. Therefore,
diode D, conducts while diode D, does not. The conventional current flow is through diode D,, load R,
and lower half winding as shown by solid arrows. Referring to Fig. 6.24, it may be seen that current in the
load R, is in the same direction for both half-cycles of input a.c. voltage. Therefore, d.c. is obtained across
the load R, . Also, the polarities of the d.c. output across the load should be noted.
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out

Dy\/ D,\/Dy\/ Dy

Fig. 6.24

Peak inverse voltage. Suppose V, is the maxi-
mum voltage across the half secondary winding. Fig.
6.25 shows the circuit at the instant secondary voltage
reaches its maximum value in the positive direction.
At this instant, diode D, is conducting while diode D,
is non-conducting. Therefore, whole of the secondary
voltage appears across the non-conducting diode. Con- 7
sequently, the peak inverse voltage is twice the maxi-
mum voltage across the half-secondary winding i.e.

PIV =2V,
Disadvantages
@@ It is. difﬁcult to locate the centre tap on the Fig. 6.25
secondary winding.

(71) The d.c. output is small as each diode utilises only one-half of the transformer secondary
voltage.

(7i) The diodes used must have high peak inverse voltage.

6.13 Full-Wave Bridge Rectifier

The need for a centre tapped power transformer is eliminated in the bridge rectifier. It contains four
diodes D,, D,, D, and D, connected to form bridge as shown in Fig. 6.26. The a.c. supply to be
rectified is applied to the diagonally opposite ends of the bridge through the transformer. Between
other two ends of the bridge, the load resistance R, is connected.

P
C.
SUPPLY
o

" SECONDARY
VOLTAGE

+
>
v

>

0|DD3 DD, DD;

Fig. 6.26
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Operation. During the positive half-cycle of secondary voltage, the end P of the secondary
winding becomes positive and end Q negative. This makes diodes D, and D, forward biased while
diodes D, and D, are reverse biased. Therefore, only diodes D, and D, conduct. These two diodes
will be in series through the load R, as shown in Fig. 6.27 (). The conventional current flow is shown
by dotted arrows. It may be seen that current flows from A to B through the load R, .

During the negative half-cycle of secondary voltage, end P becomes negative and end Q posi-
tive. This makes diodes D, and D, forward biased whereas diodes D, and D, are reverse biased.
Therefore, only diodes D, and D, conduct. These two diodes will be in series through the load R, as
shown in Fig. 6.27 (ii). The current flow is shown by the solid arrows. It may be seen that again
current flows from A to B through the load i.e. in the same direction as for the positive half-cycle.
Therefore, d.c. output is obtained across load R, .

P
1 L
A.C. A.C. A
SUPPLY SUPPLY i (
‘ A = D
\ =
H + QL> —
i)

Fig. 6.27

Peak inverse voltage. The peak inverse voltage (PIV) of each diode is equal to the maximum
secondary voltage of transformer. Suppose during positive half cycle of input a.c., end P of second-
ary is positive and end Q negative. Under such conditions, diodes D, and D, are forward biased
while diodes D, and D, are reverse biased. Since the diodes are considered ideal, diodes D, and D,
can be replaced by wires as shown in Fig. 6.28 (i). This circuit is the same as shown in Fig. 6.28 (ii).

+ £ + F °4
o + +
AC. AC.
SUPPLY Vin SUPPLY Ve XD, KD,
P ~
0 0
i ii
@ Fig. 6.28 @)

Referring to Fig. 6.28 (ii), it is clear that two reverse biased diodes (i.e., D, and D,) and the
secondary of transformer are in parallel. Hence PIV of each diode (D, and D,) is equal to the maxi-
mum voltage (V, ) across the secondary. Similarly, during the next half cycle, D, and D, are forward
biased while D, and D, will be reverse biased. It is easy to see that reverse voltage across D, and D,
isequalto V, .

Advantages
(i) The need for centre-tapped transformer is eliminated.
(71) The output is twice that of the centre-tap circuit for the same secondary voltage.
(@ii) The PIV is one-half that of the centre-tap circuit (for same d.c. output).
Disadvantages
(i) Itrequires four diodes.
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(71) As during each half-cycle of a.c. input two diodes that conduct are in series, therefore,
voltage drop in the internal resistance of the rectifying unit will be twice as great as in the centre tap
circuit. This is objectionable when secondary voltage is small.

6.14 Output Frequency of Full-Wave Rectifier

The output frequency of a full-wave rectifier is double the input frequency. Remember that a wave
has a complete cycle when it repeats the same pattern. In Fig. 6.29 (i), the input a.c. completes one
cycle from 0° — 360°. However, the full-wave rectified wave completes 2 cycles in this period [See
Fig. 6.29 (ii)]. Therefore, output frequency is twice the input frequency i.e.

Jou =2 Jin
4 » FULL-WAVE RECTIFIED WAVE
A.C.INPUT
0° > 0 -
180 360 180° 260°

O] )
Fig. 6.29

For example, if the input frequency to a full-wave rectifier is 100 Hz, then the output frequency
will be 200 Hz.

6.15 Efficiency of Full-Wave Rectifier

Fig. 6.30 shows the process of full-wave rectification. Let v =V, sin 6 be the a.c. voltage to be
rectified. Let r,and R, be the diode resistance and load resistance respectively. Obviously, the
rectifier will conduct current through the load in the same direction for both half-cycles of input a.c.
voltage. The instantaneous current i is given by :

v Vv, sin0

Lo rf+RL - rf—i-RL

— > <

[\

'

0|d6 —»0

Fig. 6.30

d.c. output power. The output current is pulsating direct current. Therefore, in order to find the
d.c. power, average current has to be found out. From the elementary knowledge of electrical engi-
neering,
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;- 21,
de — T
2
2 21 .
d.c. power output, P,, = I, XR, = (T’”j X R, (7)

a.c. input power. The a.c. input power is given by :
2
Pac = [rms (rf+ RL)
For a full-wave rectified wave, we have,

L. =1/2

7V
Lo = (Twzl) (ry+Ry) - (00
Full-wave rectification efficiency is
P, QL/n’R,
Be 1Y
ﬁ (rf + RL)
_ 8 R, _ 0812 R, _ 0812
n’ (r; + R,) rp+ R, 1+i
R,

The efficiency will be maximum if 7, is negligible as compared to R, .
Maximum efficiency = 81.2%
This is double the efficiency due to half-wave rectifier. Therefore, a full-wave rectifier is twice as
effective as a half-wave rectifier.
Example 6.16. 4 full-wave rectifier uses two diodes, the internal resistance of each diode may
be assumed constant at 20 Q. The transformer r.m.s. secondary voltage from centre tap to each end
of secondary is 50 V and load resistance is 980 €. Find :

(i) the mean load current (ii) the rm.s. value of load current
Solution.
rp=20Q, R, =980Q
Max. a.c. voltage, ¥, = 50x+2 =70.7V
v 70.7 V
Max. load t,] = —m =—__ 7"~ =70.7mA
RS I T YR, T 20+ 980) @
21
) Mean load current, [,, = n”’ = @ = 45 mA
(7i) R.M.S. value of load current is
[ =t -7 — 50ma

™2

Example 6.17. In the centre-tap circuit shown in Fig. 6.31, the diodes are assumed to be ideal
i.e. having zero internal resistance. Find :
(i) d.c. output voltage(ii) peak inverse voltage (iii) rectification efficiency.

Solution.
Primary to secondary turns, N /N, =5
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R.M.S. primary voltage =230V 5.1 IDEAL
R.M.S. secondary voltage < )
=230x(1/5)=46V
Maximum voltage across secondary 534y
= 46x~/2 =65V
Maximum voltage across half
secondary winding is II;;AL g
V,=652 =325V
@) Average current, [,, = Fig. 6.31

2V, 2x325
TR, mx 100

d.c. output voltage, V,, = I,, xR, = 0.207x 100 = 20.7V
(if) The peak inverse voltage is equal to the maximum secondary voltage, i.e.

= 0.207A

PIV =65V
(iii)  Rectification efficiency = %
1+ -1
R,

Since rp = 0

81.2 %

Rectification efficiency

100 Q

Example 6.18. In the bridge type circuit shown in Fig. 6.32, the diodes are assumed to be ideal. Find :

(i) d.c. output voltage (ii) peak inverse voltage (iii) output frequency.
Assume primary to secondary turns to be 4.

230V
50 Hz

4:1
Vm
l 200 Q

Fig. 6.32

Solution.
Primary/secondary turns, N,/N,= 4
R.M.S. primary voltage = 230V
R.M.S. secondary voltage = 230 (N,/N,) = 230x (1/4) = 575V
Maximum voltage across secondary is
V., =575%xy2 =813V

2V, 2x81.3
(@) Average current, [,, = TR X200 0.26 A
L

d.c. output voltage, V,, = I,, xR, = 0.26 X200 = 52V
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(if) The peak inverse voltage is equal to the maximum secondary voltage i.e.
PIV = 813V

(iii) 1In full-wave rectification, there are two output pulses for each complete cycle of the input
a.c. voltage. Therefore, the output frequency is twice that of the a.c. supply frequency i.e.

foy = 2%f, = 2x50 = 100 Hz

Example 6.19. Fig. 6.33 (i) and Fig. 6.33 (ii) show the centre-tap and bridge type circuits
having the same load resistance and transformer turn ratio. The primary of each is connected to
230V, 50 Hz supply.

(i) Find the d.c. voltage in each case.

(ii) PIV for each case for the same d.c. output. Assume the diodes to be ideal.

5:1 5:1
bl

m
230V p 230V v ‘|||’
~ ~~ m
m

©) (i)

~—>

~

Fig. 6.33
Solution.

(@) D.C. output voltage
Centre-tap circuit

R.M.S. secondary voltage = 230x 1/5 = 46V

Max. voltage across secondary = 46 x/2 = 65V

Max. voltage appearing across half secondary winding is
V. =652 =325V

m
A t,1, = 2V,
verage current, [, = — R,
2V
D.C. output voltage, V,. = I, XR, = " XR,
¢ ¢ TR,
2V
_ m _ 2X325 _ 207V
T T
Bridge Circuit
Max. voltage across secondary, V, = 65V
2V 2V 2 X 65
D.C. output voltage,V, =1, R, = — M xR, = mo— =414V
p g dc de 'L TCRL L T T

This shows that for the same secondary voltage, the d.c. output voltage of bridge circuit is twice
that of the centre-tap circuit.

@) PIV for same d.c. output voltage

The d.c. output voltage of the two circuits will be the same if V,, (i.e. max. voltage utilised by
each circuit for conversion into d.c.) is the same. For this to happen, the turn ratio of the transformers
should be as shown in Fig. 6.34.
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Centre-tap circuit
R.M.S. secondary voltage = 230x 1/5 = 46V

Max. voltage across secondary = 46 X 2 =65V
Max. voltage across half secondary winding is
vV, = 652 =325V

10:1

5:1
T bt
Vm
100 O
230 V b 230 V v
Vm
b,
)

I

(i)

(i
Fig. 6.34

o PIV =2V, =2x325=065V
Bridge type circuit
R.M.S. secondary voltage = 230x 1/10 = 23V

Max. voltage across secondary, V, = 23 xN2 =325V
- PIV =V, =325V
This shows that for the same d.c. output voltage, P/V of bridge circuit is half that of centre-tap
circuit. This is a distinct advantage of bridge circuit.

Example 6.20. The four diodes used in a bridge rectifier circuit have forward resistances which
may be considered constant at 18 and infinite reverse resistance. The alternating supply voltage is
240 V r.m.s. and load resistance is 480 Q. Calculate (i) mean load current and (ii) power dissipated
in each diode.

Solution.

Max. a.c. voltage, ¥, = 240 x+2 V

(/) At any instant in the bridge rectifier, two diodes in series are conducting. Therefore, total
circuit resistance =2 r,+ R

v, 240 x 2
Max. load current, I, = er VR, = ox11430 0.7A
21 .
Mean load current, /,, = Tm = 2X—n07 = 045A

(i) Since each diode conducts only half a cycle, diode r.m.s. current is :

1 1,/2=1072=035A

rm.s.

Power dissipated in each diode = 7, xr, = (0.35)°x 1 = 0.123 W

rm.s.

Example 6.21. The bridge rectifier shown in Fig. 6.35 uses silicon diodes. Find (i) d.c. output
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voltage (ii) d.c. output current. Use simplified model for the diodes.

[

[og

12V ac
(rated)

Fig. 6.35

Solution. The conditions of the problem suggest that the a.c voltage across transformer second-
ary is 12V r.m.s.

Peak secondary voltage is

Voo =12% 2 =1697V

(i) Atany instant in the bridge rectifier, two diodes in series are conducting.
Peak output voltage is

Vour piy = 16.97=2(0.7)=15.57V

Average (or d.c.) output voltage is

2V
Vav = Vdc = out (p) = 2x15.57 =991V
T T
(i) Average (or d.c.) output current is
_ V., _991v

I =29V _gr5.8pA
w R "2k RSH

6.16 Faults in Centre-Tap Full-Wave Rectifier

The faults in a centre-tap full-wave rectifier may occur in the transformer or rectifier diodes. Fig. 6.36
shows the circuit of a centre-tap full-wave rectifier. A fuse is connected in the primary of the trans-
former for protection purposes.

Fuse
D
3 >
£ )
g
D, .

Fig. 6.36
We can divide the rectifier faults into two classes viz.
1. Faults in transformer 2. Faults in rectifier diodes

1. Faults in Transformer. The transformer in a rectifier circuit can develop the following
faults :

(1) A shorted primary or secondary winding.
(7)) An open primary or secondary winding.
(7if) A short between the primary or secondary winding and the transformer frame.
(i) Inmost cases, a shorted primary or shorted secondary will cause the fuse in the primary
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to blow. If the fuse does not blow, the d.c. output from the rectifier will be extremely low and the
transformer itself will be very hot.

(71) When the primary or secondary winding of the transformer opens, the output from the
rectifier will drop to zero. In this case, the primary fuse will not blow. If you believe that either
transformer winding is open, a simple resistance check will verify your doubt. If either winding reads
a very high resistance, the winding is open.

(7i7) If either winding shorts to the transformer casing, the primary fuse will blow. This fault
can be checked by measuring the resistances from the winding leads to the transformer casing. A low
resistance measurement indicates that a winding-to-case short exists.

2. Faults in Rectifier Diodes. If a fault occurs in a rectifier diode, the circuit conditions will
indicate the type of fault.

(f) If one diode in the centre-tap full-wave rectifier is shorted, the primary fuse will blow.
The reason is simple. Suppose diode D, in Fig. 6.36 is shorted. Then diode D, will behave as a wire.
When diode D, is forward biased, the transformer secondary will be shorted through D,. This will
cause excessive current to flow in the secondary (and hence in the primary), causing the primary fuse
to blow.

(i1) If one diode in the centre-tap full-wave rectifier opens, the output from the rectifier will
resemble the output from a half-wave rectifier. The remedy is to replace the diode.

Bridge Rectifier Faults. The transformer faults and their remedies for bridge rectifier circuits
are the same as for centre-tap full-wave rectifier. Again symptoms for shorted and open diodes in the
bridge rectifier are the same as those for the centre-tap circuit. In the case of bridge circuit, you
simply have more diodes that need to be tested.

6.17 Nature of Rectifier Output e

It has already been discussed that the output of a rectifier is pul-
sating d.c. as shown in Fig. 6.37. In fact, if such a waveform is
carefully analysed, it will be found that it contains a d.c. compo-
nent and an a.c. component. The a.c. component is responsible
for the *pulsations in the wave. The reader may wonder how a 0

pulsating d.c. voltage can have an a.c. component when the volt- Fig. 6.37
age never becomes negative. The answer is that any wave which

varies in a regular manner has an a.c. component.

+50V4 +50 Va4 +50 V4

v
~

+32V—— +32V N

o ! 0 ’
-50V |- -50VH -50V[
(@) (i) (iii)

Means changing output voltage.
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The fact that a pulsating d.c. contains both d.c. and a.c. compo-
nents can be beautifully illustrated by referring to Fig. 6.38. Fig. 6.38
(7) shows a pure d.c. component, whereas Fig. 6.38 (ii) shows the *a.c.
component. Ifthese two waves are added together, the resulting wave
will be as shown in Fig. 6.38 (iif). It is clear that the wave shown in
Fig. 6.38 (iii) never becomes negative, although it contains both a.c.
and d.c. components. The striking resemblance between the rectifier
output wave shown in Fig. 6.37 and the wave shown in Fig. 6.38 (iii) Rectifier
may be noted.

It follows, therefore, that a pulsating output of a rectifier contains a d.c. component and an a.c.
component.

6.18 Ripple Factor

The output of a rectifier consists of a d.c. component and an a.c. component (also known as ripple).
The a.c. component is undesirable and accounts for the pulsations in the rectifier output. The effec-
tiveness of a rectifier depends upon the magnitude of a.c. component in the output ; the smaller this
component, the more effective is the rectifier.

The ratio of nm.s. value of a.c. component to the d.c. component in the rectifier output is known
as ripple factor i.e.

r.m.s. value of a.c component _ 1.

Ripple factor = value of d.c. component T,

Therefore, ripple factor is very important in decid-
ing the effectiveness of a rectifier. The smaller the ripple  ; 4
factor, the lesser the effective a.c. component and hence
more effective is the rectifier.

»

100 Hz RIPPLE I, (rm.s.)

Mathematical analysis. The output current of a
rectifier contains d.c. as well as a.c. component. The
undesired a.c. component has a frequency of
100 Hz (i.e. double the supply frequency 50 Hz) and is > ¢
called the ripple (See Fig. 6.39). It is a fluctuation su-
perimposed on the d.c. component.

Fig. 6.39

By definition, the effective (i.e. r.m.s.) value of total load current is given by :

_ ’ 2 2
]rms - Idc + ]ac

or IﬂC - Irzms - ch
Dividing throughout by 7, , we get,

Toe - 1

I dc
But 1, /1, is the ripple factor.

2
1 1 Irms
Ripple factor = —— Iim - ch = (I_] -1
dc
(1) For half-wave rectification. In half-wave rectification,

L. =172 ; I =1/t

rm.

Although the a.c. component is not a sine-wave, yet it is alternating one.
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, 1,12y |
Ripple factor = L =1.21

It is clear that a.c. component exceeds the d.c. component in the output of a half-wave rectifier.
This results in greater pulsations in the output. Therefore, half-wave rectifier is ineffective for con-
version of a.c. into d.c.

(ii) For full-wave rectification. In full-wave rectification,

rms

Ripple factor =

effective a.c. component

= 048
d.c. component

This shows that in the output of a full-wave rectifier, the d.c. component is more than the a.c.
component. Consequently, the pulsations in the output will be less than in half-wave rectifier. For
this reason, full-wave rectification is invariably used for conversion of a.c. into d.c.

Example 6.22. 4 power supply A delivers 10V dc with a ripple of 0.5 V r.m.s. while the power
supply B delivers 25 V dc with a ripple of 1 mV r.m.s. Which is better power supply ?
Solution. The lower the ripple factor of a power supply, the better it is.

For power supply A v

Ripple factor = % = %XIOO = 5%
For power supply B @
Ripple factor = —2<ms) 0'3;)1 x100 = 0.004%

Clearly, power supply B is better.
6.19 Comparison of Rectifiers

Rectifier type : Half-wave Full-wave Centre-tap Bridge Rectifier
—p—
Schematic > H H
) 259 % %
diagram: j ®
L
= . R L
Typical output_ﬂ_ﬂ_ﬂ_
waveform: WAAAAAS WAAAAAW
S. No. | Particulars Half-wave Centre-tap Bridge type
1 No. of diodes 1 2 4
2 Transformer necessary no yes no
3 Max. efficiency 40.6% 81.2% 81.2%
4 Ripple factor 1.21 0.48 0.48
5 Output frequency 7 2 2
6 Peak inverse voltage V., 2V, V.,
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A comparison among the three rectifier circuits must be made very judiciously. Although bridge
circuit has some disadvantages, it is the best circuit from the viewpoint of overall performance. When
cost of the transformer is the main consideration in a rectifier assembly, we invariably use the bridge
circuit. This is particularly true for large rectifiers which have a low-voltage and a high-current rating.

6.20 Filter Circuits

Generally, a rectifier is required to produce pure d.c. supply for using at various places in the elec-
tronic circuits. However, the output of a rectifier has pulsating *character i.e. it contains a.c. and d.c.
components. The a.c. component is undesirable and must be kept away from the load. To do so, a
filter circuit is used which removes (or filters out) the a.c. component and allows only the d.c. compo-
nent to reach the load.

A filter circuit is a device which removes the a.c. component of rectifier output but allows the
d.c. component to reach the load.

Obviously, a filter circuit should be installed between the rectifier and the load as shown in
Fig. 6.40. A filter circuit is generally a combination of inductors (L) and capacitors (C). The filtering
action of L and C depends upon the basic electrical principles. A capacitor passes a.c. readily but
does not **pass d.c. at all. On the other hand, an inductor topposes a.c. but allows d.c. to pass
through it. It then becomes clear that suitable network of L and C can effectively remove the a.c.
component, allowing the d.c. component to reach the load.

e E
A
t
0 ——>¢
0
RECTIFIER A.C. COMPONENT R % PURE D
OUTPUT FILTERED - OLLJJTPUT'C'

FILTER CIRCUIT

Fig. 6.40
6.21 Types of Filter Circuits

The most commonly used filter circuits are capacitor filter, choke input filter and capacitor input
filter or n-filter. We shall discuss these filters in turn.

(1) Capacitor filter. Fig. 6.41 (ii) shows a typical capacitor filter circuit. It consists of a
capacitor C placed across the rectifier output in parallel with load R;. The pulsating direct voltage of
the rectifier is applied across the capacitor. As the rectifier voltage increases, it charges the capacitor
and also supplies current to the load. At the end of quarter cycle [Point A in Fig. 6.41 (iii)], the

* Ifsuch a d.c. is applied in an electronic circuit, it will produce a /um.

* A capacitor offers infinite reactance to d.c. Ford.c.,f=0.
X, - 1 1 .
2n fC 2nx 0x C
Hence, a capacitor does not allow d.c. to pass through it.
t Weknow X, =2nfL. Ford.c.,f=0 and, therefore, X, =0. Hence inductor passes d.c. quite readily. For
a.c., it offers opposition and drops a part of it.
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capacitor is charged to the peak value V, of the rectifier voltage. Now, the rectifier voltage starts to
decrease. As this occurs, the capacitor discharges through the load and voltage across it (i.e. across
parallel combination of R-C) decreases as shown by the line AB in Fig. 6.41 (iii). The voltage across
load will decrease only slightly because immediately the next voltage peak comes and recharges the
capacitor. This process is repeated again and again and the output voltage waveform becomes
ABCDEFG. It may be seen that very little ripple is left in the output. Moreover, output voltage is
higher as it remains substantially near the peak value of rectifier output voltage.

v T
Vm
RECTIFIER c—— R
i N OUTPUT ‘

(@) (i) (iii)
Fig. 6.41

The capacitor filter circuit is extremely popular because of its low cost, small size, little weight
and good characteristics. For small load currents (say upto 50 mA), this type of filter is preferred. It
is commonly used in transistor radio battery eliminators.

(71) Choke input filter. Fig. 6.42 shows a typical choke input filter circuit. It consists of a
*choke L connected in series with the rectifier output and a filter capacitor C across the load. Only a
single filter section is shown, but several identical sections are often used to reduce the pulsations as
effectively as possible.

The pulsating output of the rectifier is applied across terminals 1 and 2 of the filter circuit. As
discussed before, the pulsating output of rectifier contains a.c. and d.c. components. The choke
offers high opposition to the passage of a.c. component but negligible opposition to the d.c. compo-
nent. The result is that most of the a.c. component appears across the choke while whole of d.c.
component passes through the choke on its way to load. This results in the reduced pulsations at
terminal 3.

L
3
Le——50008 e
¢ AC.+D.C.
COMPONENT
B A4
C — LOAD
0| =
2 0 !
Fig. 6.42

At terminal 3, the rectifier output contains d.c. component and the remaining part of a.c. compo-
nent which has managed to pass through the choke. Now, the low reactance of filter capacitor by-
passes the a.c. component but prevents the d.c. component to flow through it. Therefore, only d.c.
component reaches the load. In this way, the filter circuit has filtered out the a.c. component from the
rectifier output, allowing d.c. component to reach the load.

(7ii) Capacitor input filter or wt-filter. Fig. 6.43 shows a typical capacitor input filter or **7-
filter. It consists of a filter capacitor C, connected across the rectifier output, a choke L in series and

*  The shorthand name of inductor coil is choke.
*#  The shape of the circuit diagram of this filter circuit appears like Greek letter 7 (pi) and hence the name
n-filter.
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another filter capacitor C, connected
across the load. Only one filter section T

is shown but several identical sections

are often used to improve the smooth- 0 —>»1¢
ing action.

e
T.,www
| e

The pulsating output from the
rectifier is applied across the input gecTIFIER C,=
terminals (i.e. terminals 1 and 2) of the ~ QUTPUT
filter. The filtering action of the three 20
components viz C,, L and C, of this
filter is described below :

— C2 p— LOAD

Fig. 6.43

(a) The filter capacitor C, offers low reactance to a.c. component of rectifier output while it
offers infinite reactance to the d.c. component. Therefore, capacitor C, bypasses an appreciable amount
of a.c. component while the d.c. component continues its journey to the choke L.

(b) The choke L offers high reactance to the a.c. component but it offers almost zero reactance
to the d.c. component. Therefore, it allows the d.c. component to flow through it, while the *unbypassed
a.c. component is blocked.

(c) The filter capacitor C, bypasses the a.c. component which the choke has failed to block.
Therefore, only d.c. component appears across the load and that is what we desire.

Example 6.23. For the circuit shown in Fig. 6.44, find the output d.c. voltage.

F o101

v

D1 p(in)

+
50 uF le R, =22kQ

Fig. 6.44

Solution. It can be proved that output d.c. voltage is given by :

_ 1
Vie = Vp(in) [1 - 2f RLC)
Here Vi = Peakrectified full-wave voltage applied to the filter
f = Output frequency

Peak primary voltage, V,,,,;,, = <2 * 115=163V

Peak secondary voltage, Vosee) = (%) x 163 =16.3V

Peak full-wave rectified voltage at the filter input is

Vi = Ve~ 2¥0.7=163 — 1.4 = 14.9V
For full-wave rectification, f=2 f, =2x60 =120 Hz

1 1
Now 2f R,C ™ 2x120x (22x10%) x (50 x 10~ &) = 0-038

*  That part of a.c. component which could not be bypassed by capacitor C,.
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_ 1
Vae ™V piin (1 T3 RC

Example 6.24. The choke of Fig. 6.45 has a d.c. resistance of 25 Q. What is the d.c. voltage if the
Sfull-wave signal into the choke has a peak value of 25.7 V' ?

j =14.9(1-0.038)=14.3V

750 Q

%

Fig. 6.45

Solution. The output of a full-wave rectifier has a d.c. component and an a.c. component. Due to
the presence of a.c. component, the rectifier output has a pulsating character as shown in Fig. 6.46.
The maximum value of the pulsating output is 7, and d.c. component is V., =2V, /m.

A R=25Q
VWWh
Vialooo Vae =
v /N /\ — R, =750 Q
dc
VoV,
0
Fig. 6.46 Fig. 6.47
For d.c. component V), , the choke resistance is in series with the load as shown in Fig. 6.47.
Vie
= X R
Voltage across load, V,, R+ R,
2
In our example, V. = Vo o 2x257 164V
s i
Voltage across load, V. = Vi _p = 164 750 = 159V

R+R, ~ Lt 25+750
The voltage across the load is 15.9 V dc p/us a small ripple.

6.22 Voltage Multipliers

With a diode, we can build a rectifier to produce a d.c. voltage that is nearly equal to the peak value
of input a.c. voltage. We can also use diodes and capacitors to build a circuit that will provide a d.c
output that is multiple of the peak input a.c. voltage. Such a circuit is called a voltage multiplier. For
example, a voltage doubler will provide a d.c. output that is twice the peak input a.c. voltage, a
voltage tripler will provide a d.c. output that is three times the peak input a.c. voltage and so on.

While voltage multipliers provide d.c. output that is much greater than the peak input a.c. volt-
age, there is no power amplification and law of conservation of energy holds good. When a voltage
multiplier increases the peak input voltage by a factor n, the peak input current is decreased by
approximately the same factor. Thus the actual power output from a voltage multiplier will never be
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greater than the input power. In fact, there are losses in the circuit (e.g. in diodes, capacitors etc.) so
that the output power will actually be less than the input power.

6.23 Half-Wave Voltage Doubler

A half-wave voltage doubler consists of two diodes and two capacitors connected in a manner as
shown in Fig. 6.48. It will be shown that if the peak input a.c. voltage is V., the d.c. output voltage
will be 2 V b provided the diodes are ideal (this assumption is fairly reasonable). The basic idea in
a voltage multiplier is to charge each capacitor to the peak input a.c. voltage and to arrange the
capacitors so that their stored voltages will add.

—_——_—— e ——— — — —

I
| < |
I | |
e :
Vg : D, GT %RL
| ! |
| |
L |
Half-wave voltage doubler
Fig. 6.48

Circuit action. We now discuss the working of a half-wave voltage doubler.

(i) During the negative half-cycle of a.c. input voltage [See Fig. 6.49 (i)], diode D, is forward
biased and diode D, is reverse biased [See Fig. 6.49 (i)]. Therefore, diode D, can be represented by
a short and diode D, as an open. The equivalent circuit then becomes as shown in Fig. 6.49 (ii).

¢ D Vsion
1 | - |
Vs — -l
fi i ( |
D, (of) L R V. 1 C+== R
(on) 2 L N ! 2 ! L
+ + t s - L f
) (if)

Fig. 6.49

As you can see [See Fig.6.49 (ii)], C, will charge until voltage across it becomes equal to peak
value of source voltage [V . At the same time, C, will be in the process of discharging through the
load R, (The source of this charge on C, will be explained in a moment). Note that in all figures
electron flow is shown.

(7)) When the polarity of the input a.c. voltage reverses (i.e. during positive half-cycle), the
circuit conditions become as shown in Fig. 6.50 (/). Now D, is reverse biased and D, is forward
biased and the equivalent circuit becomes as shown in Fig. 6.50 (ii).

Vsipn) D, Vsn

—”+. | -+
+

C, (onl) +{ C ‘w +
C

_%_ D - C2 RL VS 2::2 Vs(pk) RL

1
(off) | _ Iy 3|~
@) (ii)
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Referring to Fig. 6.50 (ii), it is easy to see that C, (charged to V b )and the source voltage (V)
now act as series-aiding voltage sources. Thus C, will be charged to the sum of the series peak
voltages i.e. 2 Vg .

(i) When V¢ returns to its original polarity (i.e. negative half-cycle), D, is again turned off
(i.e. reverse biased). With D, turned off, the only discharge path for C, is through the load resistance
R,. The time constant (= R, C,) of this circuit is so adjusted that C, has little time to lose any of its
charge before the input polarity reverses again. During the positive half-cycle, D, is turned on and C,
recharges until voltage across it is again equal to 2 V b

D.C. output voltage, V, =2 V Vb
Since C, barely discharges between input cycles, the output waveform of the half-wave voltage
doubler closely resembles that of a filtered half-wave rectifier. Fig. 6.51 shows the input and output

waveforms for a half-wave voltage doubler.

NN DN N
VAN AV AR

2 Vi

Output
Fig. 6.51

The voltage multipliers have the disadvantage of poor voltage regulation. This means that d.c.
output voltage drops considerably as the load current increases. Large filter capacitors are needed to
help maintain the output voltage.

6.24 Voltage Stabilisation

A rectifier with an appropriate filter serves as a good source of d.c. output. However, the major
disadvantage of such a power supply is that the output voltage changes with the variations in the input
voltage or load. Thus, if the input voltage increases, the d.c. output voltage of the rectifier also
increases. Similarly, if the load current increases, the output voltage falls due to the voltage drop in
the rectifying element, filter chokes, transformer winding etc. In many electronic applications, it is
desired that the output voltage should remain constant regardless of the variations in the input voltage
or load. In order to ensure this, a voltage stabilising device, called voltage stabiliser is used. Several
stabilising circuits have been designed but only zener diode as a voltage stabiliser will be discussed.

6.25 Zener Diode

It has already been discussed that when the reverse bias on a crystal diode is increased, a critical
voltage, called breakdown voltage is reached where the reverse current increases sharply to a high
value. The breakdown region is the knee of the reverse characteristic as shown in Fig. 6.52. The
satisfactory explanation of this breakdown of the junction was first given by the American scientist C.
Zener. Therefore, the breakdown voltage is sometimes called zener voltage and the sudden increase
in current is known as zener current.

The breakdown or zener voltage depends upon the amount of doping. If the diode is heavily
doped, depletion layer will be thin and consequently the breakdown of the junction will occur at a
lower reverse voltage. On the other hand, a lightly doped diode has a higher breakdown voltage.
When an ordinary crystal diode is properly doped so that it has a sharp breakdown voltage, it is called
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a zener diode.

A properly doped crystal diode which has a
sharp breakdown voltage is known as a zener
diode.

Fig. 6.53 shows the symbol of a zener diode.
It may be seen that it is just like an ordinary
diode except that the bar is turned into z-shape.
The following points may be noted about the
zener diode:

>
T

Vi < .

v
_5

KNEE

() A zener diode is like an ordinary diode ex-
cept that it is properly doped so as to have a
sharp breakdown voltage.

REVERSE v B A
CHARACTERISTIC I (77) A zener diode is always reverse connected

i.e. it is always reverse biased.
Fig. 6.52 (7i1) A zener diode has sharp breakdown volt-
age, called zener voltage V.

(zv) When forward biased, its characteristics are just those of ordinary diode.

(v) The zener diode is not immediately burnt just because it has entered
the *breakdown region. As long as the external circuit connected to the diode

limits the diode current to less than burn out value, the diode will not burn out. +

6.26 Equivalent Circuit of Zener Diode -
ig. 6.
The analysis of circuits using zener diodes can be made quite easily by replac- 8

ing the zener diode by its equivalent circuit.

(i) “On” state. When reverse voltage across a zener diode is equal to or more than break
down voltage V,, the current increases very sharply. In this region, the curve is almost vertical.
It means that voltage across zener diode is constant at V,, even though the current through it changes.
Therefore, in the breakdown region, an **ideal zener diode can be represented by a battery of
voltage V, as shown in Fig. 6.54 (ii). Under such conditions, the zener diode is said to be in the “ON”

state.
+ +
I, Iz
Vv v, v = Vy
@) ()]
Vv, Equivalent circuit of zener for ‘‘on’’ state
Fig. 6.54

(ii) “OFF” state. When the reverse voltage across the zener diode is less than V., but greater
than 0 V, the zener diode is in the “OFF” state. Under such conditions, the zener diode can be
represented by an open-circuit as shown in Fig. 6.55 (ii).

*  The current is limited only by both external resistance and the power dissipation of zener diode.

**  This assumption is fairly reasonable as the impedance of zener diode is quite small in the breakdown
region.
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+ +h
o

4 v, 4

i ¥

@ (iM)

V,>V>0 . Lo o pers
z Equivalent circuit of zener for “‘off’” state

Fig. 6.55
6.27 Zener Diode as Voltage Stabiliser

A zener diode can be used as a voltage regulator to provide a constant voltage from a source whose
voltage may vary over sufficient range. The circuit arrangement is shown in Fig. 6.56 (i). The zener
diode of zener voltage V, is reverse connected across the load R, across which constant output is
desired. The series resistance R absorbs the output voltage fluctuations so as to maintain constant
voltage across the load. It may be noted that the zener will maintain a constant voltage V,, (= E,)
across the load so long as the input voltage does not fall below V.

R I I R 1
- VWW———— - WW—
A]Z T

A
o~

~
N

»

>

@ ()
Fig. 6.56

When the circuit is properly designed, the load voltage E,, remains essentially constant (equal to
V) even though the input voltage E; and load resistance R, may vary over a wide range.

(1) Suppose the input voltage increases. Since the zener is in the breakdown region, the zener
diode is equivalent to a battery V, as shown in Fig. 6.56 (if). It is clear that output voltage remains
constant at V, (= E,). The excess voltage is dropped across the series resistance R. This will cause an
increase in the value of total current /. The zener will conduct the increase of current in / while the
load current remains constant. Hence, output voltage £, remains constant irrespective of the changes
in the input voltage E.

(if) Now suppose that input voltage is constant but the load resistance R, decreases. This will
cause an increase in load current. The extra current cannot come from the source because drop in R
(and hence source current /) will not change as the zener is within its regulating range. The additional
load current will come from a decrease in zener current /,. Consequently, the output voltage stays at
constant value.

Voltage drop across R = E;—E,
Current through R, = I, +1;
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Applying Ohm’s law, we have,
E, - E,
I, +1;

6.28 Solving Zener Diode Circuits

The analysis of zener diode circuits is quite similar to that applied to the analysis of semiconductor
diodes. The first step is to determine the state of zener diode i.e., whether the zener is in the “on”
state or “off” state. Next, the zener is replaced by its appropriate model. Finally, the unknown
quantities are determined from the resulting circuit.

1. E, and R, fixed. This is the simplest case and is shown in Fig. 6.57 (i). Here the applied
voltage E; as well as load R, is fixed. The first step is to find the state of zener diode. This can be
determined by removing the zener from the circuit and calculating the voltage V across the resulting
open-circuit as shown in Fig. 6.57 (if).

v - g, - Sk
R+R,
R
+ WWW— > T
+
El 14 RL EO
(@) (i)

Fig. 6.57

If V 2V, the zener diode is in the “on” state and its equivalent model can be substituted as
shown in Fig. 6.58 (i). If V<V, the diode is in the “off” state as shown in Fig. 6.58 (ii).

(i) On state. Referring to circuit shown in Fig. 6.58 (i),

E,=V,

R 1 Iy R 1 I

+ > > + > >
1 T

+ o
E, =V, RL% E, E, VI,=0 RL% E,
— 0 l
() @)

Fig. 6.58
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E .
I, = I-1, wherel; = R—O and/ = +——
L

Power dissipated in zener, P, = V,1,

(i) Off state. Referring to the circuit shown in Fig. 6.58 (ii),
I =1 and I,=0
Ve = E,—E, and V=E, (V<V)
P, = VI,=V0)=0

2. Fixed E, and Variable R, . This case is shown in
Fig. 6.59. Here the applied voltage (£)) is fixed while load
resistance R, (and hence load current /,) changes. Note
that there is a definite range of R; values (and hence /;
values) which will ensure the zener diode to be in “on”
state. Let us calculate that range of values.

@) Ry ,,andl, . Once the zener is in the “on”
state, load voltage £, (= V) is constant. As a result,
when load resistance is minimum (i.e., R, ;.), load cur-
rent will be maximum (/, = E/R,). In order to find the Fig. 6.59
minimum load resistance that will turn the
zener on, we simply calculate the value of R, that will resultin E,=V, i.e.,

“R, E,

Eo = V2= R+R,
_ R VZ .
Rme - Ei _ VZ (l)

This is the minimum value of load resistance that will ensure that zener is in the “on” state. Any value
of load resistance less than this value will result in a voltage £, across the load less than V', and the
zener will be in the “off” state.

£y

Clearly ; L = =

Lmin

Vz

R

Lmin

@) I,,,and R
minimum.

Lmax- 1L 18 €asy to see that when load resistance is maximum, load current is

Now, Zener current, [, = -1,

When the zener is in the “on” state, / remains **fixed. This means that when /; is maximum, /,,
will be minimum. On the other hand, when /; is minimum, /, is maximum. If the maximum current
that a zener can carry safely is /,,,, then,

If you remove the zener in the circuit shown in Fig. 6.59, then voltage /" across the open-circuit is
R, E;
L i

R+ R,
The zener will be turned on when V=V,

**  Voltage across R, V, = E;— E;and I = V,/R. As E,; and E,, are fixed, / remains the same.

T Max. power dissipation in zener, P,,, =V, I,
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Liin = 1= 1y
E, V.
and R = 0 = Z
ILmin ILmin

If the load resistance exceeds this limiting value, the current through zener will exceed /7, and
the device may burn out.

3. Fixed R, and Variable E.. This case is R I I,
shown in Fig. 6.60. Here the load resistance R; is — AW
fixed while the applied voltage (£,) changes. Note 1,
that there is a definite range of £, values that will en- e
sure that zener diode is in the “on” state. Let us cal- g E. v, RL% E,
culate that range of values. -

(i) E, (min). To determine the minimum ap-
plied voltage that will turn the zener on, simply cal-
culate the value of £, that will result in load voltage

E,=V,ie. Fig. 6.60
E, =v,= b
O 7 R+R,
Eyy = R+R)V,
1 (min RL

(ii) E, (max)
Now, current through R, I = I,+1;

Since I, (= E/R, = V,/R,) is fixed, the value of / will be maximum when zener current is maxi-
mum i.e.,

Lo = I+ 1,
Now E. = IR+E,
Since E, (= V) is constant, the input voltage will be maximum when / is maximum.
Ei (max) = [max R+ VZ

Example 6.25. For the circuit shown in Fig. 6.61 (i), find :
(i) the output voltage (ii) the voltage drop across series resistance
(iii) the current through zener diode.

+ R=5kQ 1 {L + R=5kQ 1 {L
1 }IZ
120V 50V 10 kQ 120V "' 50V 10 kQ

od—

A

A

o4—

4
—|

4

(@) Fig. 6.61 (if)
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Solution. If you remove the zener diode in Fig. 6.61 (i), the voltage V across the open-circuit is
given by :
R, E. 10x120

Y= R+r, T 5+10 20V

Since voltage across zener diode is greater than V, (= 50 V), the zener is in the “on” state. It can,
therefore, be represented by a battery of 50 V as shown in Fig. 6.61 (if).

(/) Referring to Fig. 6.61 (ii),
Output voltage = V,=50V

(i) Voltage drop across R = Input voltage — ¥, = 120-50 = 70V
(iii) Load current, I, =V,/R, = 50 V/lO kQ = 5mA
Current through R, I = 0V _ 14 mA
5 kQ

Applying Kirchhoff’s first law, / = I, +1,
Zener current, [, = I—-1, = 14-5 = 9mA
Example 6.26. For the circuit shown in Fig. 6.62 (i), find the maximum and minimum values of

zener diode current.

Solution. The first step is to determine the state of the zener diode. It is easy to see that for the
given range of voltages (80 — 120 V), the voltage across the zener is greater than V, (= 50 V). Hence
the zener diode will be in the “on” state for this range of applied voltages. Consequently, it can be
replaced by a battery of 50 V as shown in Fig. 6.62 (if).

5kQ g I 5kQ g I

7—;/'80_120V 10 kQ ¥80—120V

0] (i)
Fig. 6.62

Maximum zener current. The zener will conduct *maximum current when the input voltage is

maximum i.e. 120 V. Under such conditions :
Voltage across 5kQ = 120-50=70V

A

0V
Current through 5 kQ, I = 5K 14 mA
Load current, I, = 0V 5SmA
10 kQ

Applymg Kirchhoff's first law, I = I, +1,
Zener current, [, = I—-1, = 14-5 = 9mA

* I,=I1-1,. Since I, (=V,/R,) s fixed, I, will be maximum when / is maximum.

E. — E E -V
Now, [ = — 7 0 - 7 Z  Since V, (= E,) and R are fixed, / will be maximum when £, is

maximum and vice-versa.
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Minimum Zener current. The zener will conduct minimum current when the input voltage is
minimum i.e. 80 V. Under such conditions, we have,
Voltage across 5kQ = 80-50 = 30V
30V

Current through 5 kQ, [ = S 6 mA

Load current, /, = 5mA
Zener current, [, = -1, = 6-5 = 1 mA
Example 6.27. A 7.2 V zener is used in the circuit shown in Fig. 6.63 and the load current is to

vary from 12 to 100 mA. Find the value of series resistance R to maintain a voltage of 7.2 V across
the load. The input voltage is constant at 12V and the minimum zener current is 10 mA.

I R I
> VWA ' >
I " i
E =12V | v, = Eo
T g
Fig. 6.63
Solution. E =12V; V,=72V
E - E,
I+

The voltage across R is to remain constant at 12 — 7.2 =4.8 V as the load current changes from
12 to 100 mA. The minimum zener current will occur when the load current is maximum.

E - E, _12v-72V 48V
U))pin + Uy (10+100) mA 110 mA

If R=43.5 Qs inserted in the circuit, the output voltage will remain constant over the regulating
range. As the load current /, decreases, the zener current /, will increase to such a value that [, + 1, =

110 mA. Note that if load resistance is open-circuited, then /, = 0 and zener current becomes
110 mA.

Example 6.28. The zener diode shown in Fig. 6.64 has V,= 18 V. The voltage across the load
stays at 18 V as long as 1, is maintained between 200 mA and 2 A. Find the value of series resistance
R so that E,y remains 18 V while input voltage E, is free to vary between 22 V to 28V.

R =

= 435Q

b R I
> VWWH ' >
L : T
22Vi028V 7 v, =18V IO R=180
Fig. 6.64

Solution. The zener current will be minimum (i.e. 200 mA) when the input voltage is minimum
(i.e. 22'V). The load current stays at constant value /, = V,/ R, =18 V/18 Q =1 A= 1000 mA.

E - E, . (22-19%yv 4V
)i+ U)pee (200 +1000) mA 1200 mA

R = =333Q
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Example 6.29. A 10-V zener diode is used to regulate the voltage across a variable load resistor
[See fig. 6.65]. The input voltage varies between 13V and 16 V and the load current varies between 10
mA and 85 mA. The minimum zener current is 15 mA. Calculate the value of series resistance R.

! A d

13Vio16V_i7 V,=10V R,

=

A
A

Fig. 6.65
Solution. The zener will conduct minimum current (i.e. 15 mA) when input voltage is minimum
(ie. 13 V).
R - E, - E, _ B-1gVv _ 3V
U min + U (15 + 85) mA 100 mA

Example 6.30. The circuit of Fig. 6.66 uses two zener diodes, each rated at 15 'V, 200 mA. If the
circuit is connected to a 45-volt unregulated supply, determine :

(i) The regulated output voltage (ii) The value of series resistance R
R
+ VW > ‘ >
’ i
E;=45V R, S E,
: & 1
Fig. 6.66

Solution. When the desired regulated output voltage is higher than the rated voltage of the
zener, two or more zeners are connected in series as shown in Fig. 6.66. However, in such circuits,
care must be taken to select those zeners that have the same current rating.

Current rating of each zener, /, = 200 mA
Voltage rating of each zener, V, = 15V

Input voltage, E; = 45V
@) Regulated output voltage, £, = 15+15 = 30V
.. . . _E-E, 45-30 _ 15V
@) Series resistance, R = 1, = 200mA . 200 mA 75 Q

Example 6.31. What value of series resistance is required when three 10-watt, 10-volt,
1000 mA zener diodes are connected in series to obtain a 30-volt regulated output from a 45 volt d.c.
power source ?

Solution. Fig. 6.67 shows the desired circuit. The worst case is at no load because then zeners
carry the maximum current.

E;=45V Ey=30V

|
o4—
A

A

Fig. 6.67
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Voltage rating of each zener, V, = 10V
Current rating of each zener, /, = 1000mA
Input unregulated voltage, £, = 45V
Regulated output voltage, £, = 10+10+10=30V
Let R ohms be the required series resistance.
Voltage across R = E,—E, = 45-30 = 15V
E-E, 15V

R =
I, 1000 mA

=15Q

Example 6.32. Over what range of input voltage will the zener circuit shown in Fig. 6.68
maintain 30 V across 2000 Q load, assuming that series resistance R = 200 Q and zener current
rating is 25 mA ?

R=200Q I
+ VVWAWA > i >
f . T
E; 200002 £
o 14
Fig. 6.68
Solution. The minimum input voltage required will be when 7, = 0. Under this condition,
L =1=22Y — is5ma
2000 Q
Minimum input voltage = 30+7R = 30+ 15 mA x 200 Q
=30+3 =33V

The maximum input voltage required will be when 7, = 25 mA. Under this condition,
I =1 +1,=15+25 = 40mA

Max. input voltage = 30+/R
= 30+40 mA x 200 Q
=30+8 =38V

Therefore, the input voltage range over which the circuit will maintain 30 V across the load is
33Vto38V.
R I

Example 6.33. In the circuit shown in Fig. 6.69, eVATAYAYA
the voltage across the load is to be maintained at 12 V 1,
as load current varies from 0 to 200 mA. Design the

regulator. Also find the maximum wattage rating of 14 V__'_— v, R, g E,

Vh\\"

A 4

_

zener diode. p—

Solution. By designing the regulator here means
to find the values of /, and R. Since the load voltage
is to be maintained at 12 V, we will use a zener diode
of zener voltage 12 Vi.e.,

vV, =12V

The voltage across R is to remain constant at 16 — 12 =4V as the load current changes from 0 to

200 mA. The minimum zener current will occur when the load current is maximum.

E, - E, __16-12 4V o
UDpin + UD)yee  (0+200) mA 200 mA

F 3
F 3

Fig. 6.69

R =
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Maximum power rating of zener is
P,, = V,I,, = (12V)(200mA) = 24 W
Example. 6.34. Fig. 6.70 shows the basic zener diode circuits. What will be the circuit behaviour
if the zener is (i) working properly (ii) shorted (iii) open-circuited?

+12v +12v +12v
% 1kQ % 1kQ % 1kQ
Vo= 6V - Vo =0V - Vo =10V
+
627 ¢ 5kQ Zener < 5k0) Zener < sk
6V _ short open

(@) (i) (iif)
Fig. 6.70

Solution. Zener diodes cannot be tested individually with a multimeter. It is because multimeters
usually do not have enough input voltage to put the zener into breakdown region.

(i) Ifthe zener diode is working properly, the voltage V| across the load (= 5 k€2) will be nearly
6V [See Fig. 6.70 (i)].

(ii) If the zener diode is short [See Fig. 6.70 (ii)], you will measure V, as 0V. The same problem
could also be caused by a shorted load resistor (= 5k€2) or an opened source resistor (= 1 k€2). The
only way to tell which device has failed is to remove the resistors and check them with an ohmmeter.
If the resistors are good, then zener diode is bad.

(i) If the zener diode is open-circuited, the voltage V|, across the load (= 5 k€) will be 10V.

Example 6.35. Fig. 6.71 shows regulated power supply using a zener diode. What will be the
circuit behaviour if (i) filter capacitor shorts (ii) filter capacitor opens?

+ e—————— -
AN Electron
j‘ \‘\/ flow
N
Fuse blows 3 Y~<y. Rs
as a result e v
of excessive 3 :
current . S EN R,
- Vol
C —» shorted | L L
Fig. 6.71

Solution. The common faults in a zener voltage regulator are shorted filter capacitor or opened
filter capacitor.

(1) When filter capacitor shorts. When the filter capacitor shorts, the primary fuse will blow.
The reason for this is illustrated in Fig. 6.71. When the filter capacitor shorts, it shorts out the load
resistance R, . This has the same effect as wiring the two sides of the bridge together (See Fig. 6.71).
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If you trace from the high side of the bridge to the low side, you will see that the only resistance across
the secondary of the transformer is the forward resistance of the two ON diodes. This effectively
shorts out the transformer secondary. The result is that excessive current flows in the secondary and
hence in the primary. Consequently, the primary fuse will blow.

(7)) When filter capacitor opens. When the filter capacitor opens, it will cause the ripple in the
power supply output to increase drastically. At the same time, the d.c. output voltage will show a
significant drop. Since an open filter capacitor is the only fault that will cause both of these symp-
toms, no further testing is necessary. If both symptoms appear, replace the filter capacitor.

6.29 Crystal Diodes versus Vacuum Diodes

Semiconductor diodes (or crystal diodes) have a number of advantages and disadvantages as com-
pared to their electron-tube counterparts (i.e., vacuum diodes).

Advantages :

(i) They are smaller, more rugged and have a longer life.

(71) They are simpler and inherently cheaper.

(7ii) They require no filament power. As a result, they produce less heat than the equivalent
vacuum diodes.

Disadvantages :

(i) They are extremely heat sensitive. Even a slight rise in temperature increases the current
appreciably. Should the temperature *exceed the rated value of the diode, the increased flow of
current may produce enough heat to ruin the pn junction. On the other hand, vacuum diodes function
normally over a wide range of temperature changes.

It may be noted that silicon is better than germanium as a semiconductor material. Whereas a
germanium diode should not be operated at temperatures higher than 80°C, silicon diodes may oper-
ate safely at temperatures upto about 200°C.

(71) They can handle small currents and low inverse voltages as compared to vacuum diodes.

(7ii) They cannot stand an overload even for a short period. Any slight overload, even a
transient pulse, may permanently damage the crystal diode. On the other hand, vacuum diodes can
stand an overload for a short period and when the overload is removed, the tube will generally
recover.

MULTIPLE-CHOICE QUESTIONS

1. A crystal diode has ........ (i) forward
(i) one pn junction (if) reverse
(if) two pn junctions (iii) either forward or reverse
(iif) three pn junctions (iv) none of the above
(iv) none of the above 4. The reverse current in a diode is of the order
2. A crystal diode has forward resistance of the of .......
order of ........ () kA (if) mA
(i) kQ (i) Q (i) pA (iv) A
(iii) MQ (iv) none of the above 5. The forward voltage drop across a silicon
3. Ifthe arrow of crystal diode symbol is posi- diode is about ........
tive w.r.t. bar, then diode is ........ biased.

*  Even when soldering the leads of a crystal diode, care must be taken not to permit heat from the soldering
device to reach the crystal diode.
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(i) 25V (i) 3V
(@) 10V (iv) 0.7V
6. A crystal diode is used as ........
(/) anamplifier (i) arectifier
(iif) an oscillator  (iv) avoltage regulator

7. Thed.c. resistance of a crystal diode is ........

its a.c. resistance.
(i) the same as (if) more than
(iif) lessthan (iv) none of the above

8. Anideal crystal diode is one which behaves
as a perfect ........ when forward biased.

(/) conductor
(if) insulator
(iii)
(v)
9. The ratio of reverse resistance and forward

resistance of a germanium crystal diode is
about ........

@ 1:1 (i) 100 : 1
(¢ii) 1000 : 1 (iv) 40000 : 1
10. The leakage current in a crystal diode is due

resistance material
none of the above

(/) minority carriers

(if) majority carriers
(iif) junction capacitance
(iv) none of the above

11. If the temperature of a crystal diode in-
creases, then leakage current ........

(/) remains the same
(if) decreases

(iif) increases

(iv) becomes zero

12. The PIV rating of a crystal diode is ........

that of equivalent vacuum diode.
(i) the same as (if) lower than
(iif)y more than (iv) none of the above

13. If the doping level of a crystal diode is in-
creased, the breakdown voltage .........

(i) remains the same
(if) isincreased
(iii) 1is decreased
(iv) none of the above

14. The knee voltage of a crystal diode is ap-
proximately equal to ........

(i) applied voltage
(if) breakdown voltage
(iif) forward voltage
(iv) barrier potential
15. When the graph between current through and

voltage across a device is a straight line, the

device is referred to as ........
(i) linear (if) active
(iif) nonlinear (iv) passive

16. When the crystal diode current is large, the

bias is ........
(i) forward (if) inverse
(iii) poor (iv) reverse

17. A crystal diodeisa........ device.
(if) bilateral
(iv) none of the above

(i) non-linear
(iif) linear
18. A crystal diode utilises ........ characteristic
for rectification.
(i) reverse (if) forward
(iif) forward or reverse
(iv) none of the above

19. When a crystal diode is used as a rectifier,
the most important consideration is ........

(i) forward characteristic
(if) doping level
(iif) reverse characteristic
(iv) PIV rating
20. If the doping level in a crystal diode is in-
creased, the width of depletion layer ........
(i) remains the same
(if) is decreased
(iif) is increased
(iv) none of the above
21. A zener diode has ........
(i) one pn junction
(if) two pn junctions
(iii)
(v)

22. A zener diode is used as ........

three pn junctions

none of the above

(/) anamplifier (i) avoltage regulator

(iii) arectifier (iv) amultivibrator

23. The doping level in a zener diode is ........
that of a crystal diode.



(i) the same as (if) less than

(iif)y more than (iv) none of the above
24. A zener diode is always .......... connected.
(i) reverse

(if) forward

(iii) either reverse or forward
(iv) none of the above
25. A zener diode utilises ........ characteristic for
its operation.
(i) forward

(i) reverse
(iif) both forward and reverse
(iv) none of the above

26. In the breakdown region, a zener diode be-
haves like a ......... source.

(i) constant voltage

(if) constant current

(iii)
(iv) none of the above

27. A zener diode is destroyed if it ........
(i) is forward biased

constant resistance

(if) 1is reverse biased
(iii)
(iv)
28. A series resistance is connected in the zener
circuit to ........

carries more than rated current
none of the above

(i) properly reverse bias the zener
(if) protect the zener
(iif) properly forward bias the zener
(iv) none of the above
29. A zener diode is ........ device.
(/) anon-linear (i) alinear
(iif) anamplifying (iv) none of the above

30. A zenerdiodehas........ breakdown voltage.
(i) undefined (if) sharp
(iii) zero (iv) none of the above
31. ... rectifier has the lowest forward resis-
tance.

(i) solid state
(iif) gastube

(if) vacuum tube
(iv) none of the above

32. Mains a.c. power is converted into d.c. power
for ........

(i) lighting purposes
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(if) heaters
(iif) using in electronic equipment
(iv) none of the above

33. The disadvantage of a half-wave rectifier is
that the ........

(i) components are expensive
(if) diodes must have a higher power rating
(iii)
(iv)
34. If the a.c. input to a half-wave rectifier has

an r.m.s. value of 400//2 volts, then diode
PIV rating is ........

(i) 400/2 V
(iii) 400 x V2 V
35. The ripple factor of a half-wave rectifier is

output is difficult to filter
none of the above

(it) 400 V
(iv) none of the above

@) 2 (@) 1.21
(@ii) 2.5 (iv) 0.48
36. There is a need of transformer for ........
(i) half-wave rectifier
(if) centre-tap full-wave rectifier
(iii) bridge full-wave rectifier
(iv) none of the above

37. The PIVrating of each diode in a bridge rec-
tifier is ........ that of the equivalent centre-
tap rectifier.

(7/) one-half
(iii) twice

(if) the same as

(iv) four times

38. For the same secondary voltage, the output
voltage from a centre-tap rectifier is ........
than that of bridge rectifier.

(i) thrice
(iii) four times (iv) one-half
39. Ifthe PIV rating of a diode is exceeded, ........
(i) the diode conducts poorly
(if) the diode is destroyed
(iif) the diode behaves as zener diode

(i) twice

(iv) none of the above

40. A 10 V power supply would use
filter capacitor.

(i) paper capacitor (ii) mica capacitor
(iii) electrolytic capacitor
(iv) air capacitor
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41. A 1000 V power supply would use
a filter capacitor.

()

(i)

(iif)

(v)

42. The filter circuit results in the best volt-
age regulation.

(0

(i)
(iif)
()
43. A half-wave rectifier has an input voltage of
240 V r.m.s. If the step-down transformer

paper capacitor

air capacitor

mica capacitor
electrolytic capacitor

choke input
capacitor input
resistance input
none of the above

has a turns ratio of 8 : 1, what is the peak
load voltage ? Ignore diode drop.

@) 275V (i) 86.5V
(@) 30V (iv) 425V
44. The maximum efficiency of a half-wave rec-
tifier is ...........
(i) 40.6% (i) 81.2%

(iii) 50% (iv) 25%
45. The most widely used rectifier is
(@)
(i)
(i)
(iv)

half-wave rectifier
centre-tap full-wave rectifier
bridge full-wave rectifier
none of the above

Answers to Multiple-Choice Questions

1. (i) 2. (i) 3. () 4. (iii) 5. ()

6. (i) 7. (iii) 8. (i) 9. (iv) 10. (i)
11. (iii) 12. (i) 13.  (iii) 14. (iv) 15. (7))
16. (i) 17. (@) 18. (ii) 19. (iv) 20. (iii)
21. (i) 22. (if) 23. (@) 24. (i) 25. (if)
26. (i) 27. (iii) 28. (i) 29. (i) 30. (if)
31. (i) 32. (iii) 33. (iiD) 34. (ii) 35. (iv)
36. (i) 37. (i) 38. (iv) 39. (ii) 40. (iii)
41. (i) 42. (i) 43. (iv) 44. (i) 45. (iii)

Chapter Review Topics
1. What is a crystal diode ? Explain its rectifying action.
2. Draw the graphic symbol of crystal diode and explain its significance. How the polarities of crystal

diode are identified ?

What do you understand by the d.c. and a.c. resistance of a crystal diode ? How will you determine

them from the V-I characteristic of a crystal diode ?

Draw the equivalent circuit of a crystal diode.

i B AN U

rectifier.

10.
11.
12.

capacitor input filter.
13.
14.

Discuss the importance of peak inverse voltage in rectifier service.

Describe a half-wave rectifier using a crystal diode.

Derive an expression for the efficiency of a half-wave rectifier.

With a neat sketch, explain the working of (i) Centre-tap full-wave rectifier (i7) Full-wave bridge

Derive an expression for the efficiency for a full-wave rectifier.

Write a short note about the nature of rectifier output.

What is a ripple factor ? What is its value for a half-wave and full-wave rectifier ?

Describe the action of the following filter circuits : (i) capacitor filter (i) choke input filter (iii)

What is a zener diode ? Draw the equivalent circuit of an ideal zener in the breakdown region.
Explain how zener diode maintains constant voltage across the load.
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Problems
1. What is the current in the circuit in Fig. 6.72 ? Assume the diode to be ideal. [10 mA]
Si
+6V 200 £ +4V
o—pt— VVV ° 5V = 10Q
Fig. 6.72 Fig. 6.73
2. Using equivalent circuit, determine the current in the circuit shown in Fig. 6.73. Assume the forward
resistance of the diode to be 2 Q. [358 mA]

3. Find the voltage V, and current / in the circuit shown in Fig. 6.74. Use simplified model. [14 V; 2 mA]
4. Determine the magnitude of V, in the circuit shown in Fig. 6.75. [9.5V]

5. A half-wave rectifier uses a transformer of turn ratio 4 : 1. If the primary voltage is 240 V (r.m.s.), find
(i) d.c. output voltage (ii) peak inverse voltage. Assume the diode to be ideal.  [(7) 27 V (ii) 85 V]

7 Si Ge Ge 2kQ
+15V V, +20V
7kQ
Fig. 6.74 Fig. 6.75

6. A half-wave rectifier uses a transformer of turn ratio 2 : 1. The load resistance is 500 €. If the primary
voltage (r.m.s.) is 240 V, find (i) d.c. output voltage (ii) peak inverse voltage. [() 54 V (ii) 170 V]

!
230 V
SOIHZ H | R,

Fig. 6.76 Fig. 6.77

7. InFig. 6.76, the maximum voltage across half of secondary winding is 50 V. Find (7) the average load
voltage (ii) peak inverse voltage (iii) output frequency. Assume the diodes to be ideal.

[(@) 31.8 V (ii) 100 V (iii) 100 Hz]

8. InFig. 6.77, the maximum secondary voltage is 136 V. Find (i) the d.c. load voltage (ii) peak inverse

voltage (iii) output frequency. [(?) 86.6 V (ii) 136 V (iii) 100 Hz]

9. A semiconductor diode having ideal forward and reverse characteristics is used in a half-wave recti-

fier circuit supplying a resistive load of 1000 €. If the r.m.s. value of the sinusoidal supply voltage is

250V, determine (i) the r.m.s. diode current and (ii) power dissipated in the load.

[(@) 177 mA (ii) 31.3W]

10. The four semiconductor diodes used in a bridge rectifier circuit have forward resistance which can be

considered constant at 0.1€2 and infinite reverse resistance. They supply a mean current of 10 A to a

resistive load from a sinusoidally varying alternating supply of 20V r.m.s. Determine the resistance of

the load and the efficiency of the circuit. [1.6Q ; 72%]

11. Find the average value of each voltage in Fig. 6.78.

230 V
50 Hz

[(@) 1.59 V (i) 63.7 V (iii) 16.4 V (iv) 10.5 V]
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) _A /\ .
0 V+ >t oV — >t
0) (i0)
A A
20V
+25V L
10V oV t
-15V
ov >t
(iii) v (iv)
Fig. 6.78
12. Calculate the peak voltage across each half of a centre-tapped transformer used in a full-wave rectifier
that has an average output voltage of 110V. [173V]
13. What PIV rating is required for the diodes in a bridge rectifier that produces an average output voltage
of 50V? [78.5 V]
14. In the circuit shown in Fig. 6.79, is zener diode in the on or off state ? [Off]
1 kQ 1kQ 7 I
—VVWWh —AMW—> >

——14v A v,=10v %31@

(¥,}
o
<
1
1f--1]
)
[N
N‘
I
=
<
Y
>

15.

Fig. 6.79 Fig. 6.80

In the circuit shown in Fig. 6.80, determine the range of R, that will result in a constant voltage of
10 V across R, . [250 Q to 1.25 kQ]

e [0 LD 1=

Discussion Questions

Why are diodes not operated in the breakdown region in rectifier service ?
Why do we use transformers in rectifier service ?

Why is PIV important in rectifier service ?

Why is zener diode used as a voltage regulator ?

Why is capacitor input filter preferred to choke input filter ?




Special-Purpose
Diodes

7.1  Zener Diode

7.2 Light-Emitting Diode (LED)
7.3 LED Voltage and Current
7.4 Advantages of LED

7.5 Multicolour LEDs

7.6  Applications of LEDs

7.7 Photo-diode

7.8 Photo-diode operation

7.9 Characteristics of Photo-diode
7.10 Applications of photo-diodes
7.11 Optoisolator

7.12 Tunnel Diode

7.13 Tunnel Diode Oscillator
7.14 Varactor Diode

7.15 Application of Varactor Diode
7.16  Shockley Diode
INTRODUCTION

supplies to convert a.c. voltage into d.c. voltage. But rectification is not all that a diode can

The most common application of diodes is rectification. The rectifier diodes are used in power

do. A number of specific types of diodes are manufactured for specific applications in

this fast developing world. Some of the more common special-purpose diodes are (/) Zener diode
(i1) Light-emitting diode (LED) (iii) Photo-diode (iv) Tunnel diode (v) Varactor diode and (vi) Shockley

diode.
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7.1 Zener Diode

A zener diode is a special type of diode
that is designed to operate in the reverse
breakdown region. An ordinary diode
operated in this region will usually be
destroyed due to excessive current.
This is not the case for the zener diode.

A zener diode is heavily doped to

_y, 4
reduce the reverse breakdown voltage. .
This causes a very thin depletion layer.
As a result, a zener diode has a sharp
reverse breakdown voltage V,,. This is
clear from the reverse characteristic of
zener diode shown in Fig. 7.1. Note
that the reverse characteristic drops in
an almost vertical manner at reverse
voltage V. As the curve reveals, two
things happen when V,, is reached :

ZENER

(i) The diode current increases rapidly.

=

BREAKDOWN
REGION

1

v
-1

Fig. 7.1

(if) The reverse voltage V, across the diode remains almost constant.

In other words, the zener diode operated in this region will have a relatively constant voltage

across it, regardless of the value of current through the device. This permits the zener diode to be
used as a voltage regulator. For detailed discussion on zener diode, the reader may refer to chapter 6

of this book.
7.2 Light-Emitting Diode (LED)

A light-emitting diode (LED) is a diode that gives off visible light when forward biased.

Light-emitting diodes are not made from silicon
or germanium but are made by using elements like
gallium, phosphorus and arsenic. By varying the
quantities of these elements, it is possible to produce
light of different wavelengths with colours that in-
clude red, green, yellow and blue. For example, when
a LED is manufactured using gallium arsenide, it will
produce a red light. If the LED is made with gallium
phosphide, it will produce a green light.

Theory. When light-emitting diode (LED) is for-
ward biased as shown in Fig. 7.2 (i), the electrons
from the n-type material cross the pn junction and
recombine with holes in the p-type material. Recall
that these free electrons are in the conduction band
and at a higher energy level than the holes in the va-
lence band. When recombination takes place, the re-

Light-emitting diode

combining electrons release energy in the form of heat and light. In germanium and silicon diodes,
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almost the entire energy is given up in the form of heat and emitted light is insignificant. However, in
materials like gallium arsenide, the number of photons of light energy is sufficient to produce quite

intense visible light.

EMITTED VISIBLE

SN S

N r

RECOMBINATION

> +— +-
p n
-—
M
. +- +-
[o SE——

@

(i)

Fig. 7.2
Fig. 7.2 (ii) shows the schematic symbol for a LED. The arrows are shown as pointing away

from the diode, indicating that light is being
emitted by the device when forward biased. Al-
though LEDs are available in several colours
(red, green, yellow and orange are the most com-
mon), the schematic symbol is the same for all
LEDs. There is nothing in the symbol to indi-
cate the colour of a particular LED. Fig. 7.3
shows the graph between radiated light and the
forward current of the LED. Itis clear from the
graph that the intensity of radiated light is di-

rectly proportional to the forward current of LED.

7.3 LED Voltage and Current

The forward voltage ratings of most LEDs is from 1V to 3V and for-
ward current ratings range from 20 mA to 100 mA. In order that current
through the LED does not exceed the safe value, a resistor Ry is con-
nected in series with it as shown in Fig. 7.4. The input voltage is Vand

the voltage across LED is V/,

Voltage across Rg = V-V,
Vs =V

Circuit current, I, = R
S

12
10
RADIATED 8
LIGHT (mw) 6
4
2

| | | | | »
0 20 40 60 80 100 " r(mA)
Fig. 7.3
Ir R

i1}
o
DY

Fig. 7.4

Example 7.1. What value of series resistor is required to limit the current through a LED to
20 mA with a forward voltage drop of 1.6 V when connected to a 10V supply ?

Solution.

Series resistor, Rg =
Iy

Here Vs

Vs Vb

10V, Vp=16V, [,=20mA=20x10"A
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10-1.6
¢ = T3 =420Q
20x10
Note that resistor R, is also called current-limiting resistor. Ip 2259
] g ireyit  |POWER |+
Ex'aml.)le 7.2. What is current through the LED in the qrcmt BEER] 15 v &
shown in Fig. 7.5 ? Assume that voltage drop across the LED is 2 V.

o

Solution. L

Vs -V, ,

Current through LED, [, = ——— Fig. 7.5
S
Here Vy=15V; V,=2V; Rg=22kQ=22x10°Q
15-2 _3
I, = =5 =591x10" A=591mA
2.2x10

7.4 Advantages of LED

The light-emitting diode (LED) is a solid-state light source. LEDs have replaced incandescent lamps
in many applications because they have the following advantages :
(i) Low voltage SV
(i) Longer life (more than 20 years)
(7ii) Fast on-off switching 100 Q
Protecting LED against reverse bias. The LEDs have low reverse volt-
age ratings. For example, a typical LED may have a maximum reverse voltage
rating of 3V. This means that if a reverse voltage greater than 3 V is applied to S
the LED, the LED may be destroyed. Therefore, one must be careful not to use
LEDs with a high level of reverse bias. One way to protect a LED is to connect
a rectifier diode in parallel with LED as shown in Fig. 7.6. If reverse voltage @ — —
greater than the reverse voltage rating of LED is accidentally applied, the rec- B
tifier diode will be turned on. This protects the LED from damage. Fig. 7.6

7.5 Multicolour LEDs

A LED that emits one colour when forward biased and another colour when reverse biased is called
a multicolour LED.

One commonly used schematic symbol for these LEDs is shown in Fig. 7.7. Multicolour LEDs

@) (if)
Fig. 7.7
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actually contain two pn junctions that are connected in reverse-parallel i.e. they are in parallel with
anode of one being connected to the cathode of the other. If positive potential is applied to the top
terminal as shown in Fig. 7.7 (i), the pn junction on the left will light. Note that the device current
passes through the left pn junction. If the polarity of the voltage source is reversed as shown in
Fig. 7.7 (ii), the pn junction on the right will light. Note that the direction of device current has
reversed and is now passing through the right pn junction.

Multicolour LEDs are typically red when biased in one direction and green when biased in the
other. If a multicolour LED is switched fast enough between two polarities, the LED will produce a
third colour. A red/green LED will produce a yellow light when rapidly switched back and forth
between biasing polarities.

7.6 Applications of LEDs

The LED is a low-power device. The power rating of a LED is of the order of milliwatts. This means
that it is useful as an indicator but not good for illumination. Probably the two most common appli-
cations for visible LEDs are (i) as a power indicator (i/) seven-segment display.

(@) As a power indicator. A LED can be
used to indicate whether the power is on or not. Ry /7

Fig. 7.8 shows the simple use of the LED as a power M
indicator. When the switch S is closed, power is

applied to the load. At the same time current also 7}, —0\0—' =
flows through the LED which lights, indicating §
power is on. The resistor R in series with the LED

ensures that current rating of the LED is not ex- H
ceeded. Fig. 7.8

(i) Seven-segment display. LEDs are often grouped to form seven-segment display.
Fig. 7.9 (i) shows the front of a seven segment display. It contains seven LEDs (A4, B, C, D, E, F and
G) shaped in a figure of *8. Each LED is called a **segment. If a particular LED is forward biased,
that LED or segment will light and produces a bar of light. By forward biasing various combinations
of seven LEDs, it is possible to display any number from 0 to 9. For example, if LEDs A, B, C, D and G
are lit (by forward biasing them), the display will show the number 3. Similarly, if LEDs C, D, E, F, A
and G are lit, the display will show the number 6. To get the number 0, all segments except G are lit.

+5V

A B C D E F G
(@) (ii)
Fig. 7.9

Fig. 7.9 (ii) shows the schematic diagram of seven-segment display. External series resistors are
included to limit currents to safe levels. Note that the anodes of all seven LEDs are connected to a

Note that LEDs A, B, C, D, E and F are arranged clockwise from the top with LED G in the middle.

Each LED is called a segment because it forms part of the character being displayed.
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common positive voltage source of +5 V. This arrangement is known as *common-anode type. In
order to light a particular LED, say A, we ground the point A in Fig. 7.9 (ii). It forward biases the LED
A which will be lit.

7.7 Photo-diode

A photo-diode is a reverse-biased silicon or germanium pn junction in which reverse current in-
creases when the junction is exposed to light.

The reverse current in a photo-diode is directly proportional to the intensity of light falling on its
pn junction. This means that greater the intensity of light falling on the pn junction of photo-diode,
the greater will be the reverse current.

Principle. When a rectifier diode is reverse biased, it has a very small reverse leakage current.
The same is true for a photo-diode. The reverse current is produced by thermally generated electron-
hole pairs which are swept across the junction by the electric field created by the reverse voltage. In
a rectifier diode, the reverse current increases with temperature due to an increase in the number of
electron-hole pairs. A photo-diode differs from a rectifier diode in that when its pn junction is ex-
posed to light, the reverse current increases with the increase in light intensity and vice-versa. This
is explained as follows. When light (photons) falls on the **pn junction, the energy is imparted by
the photons to the atoms in the junction. This will create more free electrons (and more holes). These
additional free electrons will increase the reverse current. As the intensity of light incident on the pn
junction increases, the reverse current also increases. In other words, as the incident light intensity
increases, the resistance of the device (photo-diode) ***decreases.

Photo-diode package. Fig. 7.10 (i) shows a typical photo-diode package. It consists of a pn
junction mounted on an insulated substrate and sealed inside a metal case. A glass window is mounted
on top of the case to allow light to enter and strike the pn junction. The two leads extending from the
case are labelled anode and cathode. The cathode is typically identified by a tab extending from the
side of the case.

WINDOW

CATHODE
~a

5
-

ANODE

U] (i)
Fig. 7.10
Fig. 7.10 (ii) shows the schematic symbol of a photo-diode. The inward arrows represent the
incoming light.

Also available is the common-cathode type where all cathodes are connected together.

*&  This is true only if the light energy is applied at the junction. Ifitis applied to the crystal at some distance
from the junction, the free electrons and holes will recombine (thus neutralising each other) before they
can join the flow of reverse current.

It is for this reason that semiconductor devices such as diodes and transistors are usually enclosed in
opaque case to protect them from light. Those diodes or transistors which are used for light-detecting, on
the other hand, must be encased in transparent plastic or glass so that light may fall on them.
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7.8 Photo-diode Operation

Fig. 7.11 shows the basic photo-diode circuit. The circuit has reverse-
biased photo-diode, resistor R and d.c. supply. The operation of the photo-
diode is as under :

(1) When no light is incident on the pn junction of photo-diode, the
reverse current /, is extremely small. This is called dark current.

The resistance of photo-diode with no incident light is called dark
resistance (Rp).

Vr

Dark resistance of photo-diode, R, = m

(71) When light is incident on the pn junction of the photo-diode, there

Fig. 7.11

is a transfer of energy from the incident light (photons) to the atoms in the junction. This will create
more free electrons (and more holes). These additional free electrons will increase the reverse

current.

(7ii) As the intensity of light increases, the reverse cur-
rent I, goes on increasing till it becomes maximum. This is
called saturation current.

7.9 Characteristics of Photo-diode

There are two important characteristics of photo-
diode.

(i) Reverse current-Illumination curve.
Fig. 7.12 shows the graph between reverse current (/) and
illumination (E) of a photo-diode. The reverse current is
shown on the vertical axis and is measured in UA. The illu-
mination is indicated on the horizontal axis and is measured
in mW/cm”. Note that graph is a straight line passing through the origin.

: I, = mE
where m = slope of the straight line

The quantity m is called the sensitivity of the photo-diode.

Calibrated Photo-Diode

Ip (UA) Ip (UA)
A A
100F-=-=-=—==—=—=— ! / E =600 lux
|
30 l / E = 400 lux
|
|
L | E =200 lux
10 | i / Dark
! ! > E mW\ X current
o 1 3 10 \en?) 0 > T (VoI
Fig. 7.12 Fig. 7.13

(i) Reverse voltage-Reverse current curve. Fig. 7.13 shows the graph between reverse cur-
rent (/) and reverse voltage (V) for various illumination levels. It is clear that for a given



132 ® Principles of Electronics

reverse-biased voltage V,, the reverse current I, increases as the illumination (£) on the pn junction
of photo-diode is increased.

7.10 Applications of Photo-diodes

There are a large number of applications of photo-

diodes. However, we shall give two applications of photo-

diodes by way of illustration. R S
(i) Alarm circuit using photo-diode. Fig. 7.14

shows the use of photo-diode in an alarm system. Light

from a light source is allowed to fall on a photo-diode | |GHT—

fitted in the doorway. The reverse current /, will con-  SOURCE :WHOTO-DIODE
tinue to flow so long as the light beam is not broken. If a DETECTOR

: |
person passes through the door, light beam is broken and o Light beam !
the reverse current drops to the dark current level. As a L !
result, an alarm is sounded. o !

(@) Counter circuit using photo-diode. A photo- S Doorway L :
diode may be used to count items on a conveyor belt. :
Fig. 7.15 shows a photo-diode circuit used in a system Fig. 7.14

that counts objects as they pass by on a conveyor. In this
circuit, a source of light sends a concentrated beam of
light across a conveyor to a photo-diode. As the object passes, the light beam is broken, 7, drops to
the dark current level and the count is increased by one.

LIGHT SOURCE

PHOTO-DIODE

COUNTER

Fig. 7.15

Example 7.3. From the reverse current-Illumination curve for a photo-diode shown in
Fig. 7.16, determine the dark resistance. Assume a reverse-biased voltage of 10'V.
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Fig. 7.16
Solution.

The current that flows when the incident light is removed from the photo-diode is called dark
current. The resistance of a photo-diode corresponding to dark current is called dark resistance.
From the curve shown in Fig. 7.16, it is clear that for zero illumination, the reverse current is 50 pLA.

Dark current, I, = 50 uA=50x10"°A

Reverse voltage, V, = 10V
V 1

Dark resistance, R, = R =—06 =200 x 10° Q = 200 kQ
I, 50x10~

Example 7.4. A photo-diode is exposed to light with an illumination of 2.5 mW/en’. If the

sensitivity of the photo-diode for the given conditions is 37.4 uA/mW/cmZ, find the reverse current
through the device.

Solution.

Reverse current = Sensitivity X Illumination
mxE=374x%x25=93.5pA

or I

7.11 Optoisolator

An optoisolator (also called optocoupler) is a device that uses light to couple a signal from its input
(a photoemitter e.g., a LED) to its output (a photodetector e.g., a photo-diode).

Fig. 7.17 shows a LED-photo diode optoisolator. The LED is on the left and the photo-diode is
on the right. The arrangement shown in Fig. 7.17 is referred to as oprocoupling because the output
from the LED circuit is coupled via light to the photo-diode circuit. When the LED is energised,
current flows through the LED. The light from the LED hits the photo diode and sets up a reverse
current through resistor R,. The voltage across the photo-diode is given by :

Vour = Vss— 1R,

The output voltage depends on how large the reverse current is. If we vary the LED supply, the
amount of light changes and this causes the photo diode current to change. Asaresult, V, , changes.
The key advantage of an optoisolator is the electrical isolation between the input and output circuits;
the only contact between the input and output circuits is the stream of light.
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7.12 Tunnel Diode

A tunnel diode is a pn junction that exhibits negative resistance between two values of forward
voltage (i.e., between peak-point voltage and valley-point voltage).

A conventional diode exhibits *positive resistance when it is forward biased or reverse biased.
However, if a semiconductor junction diode is heavily doped with impurities, it exhibits negative
resistance (i.e. current decreases as the voltage is increased) in certain regions in the forward direc-
tion. Such a diode is called runnel diode.

Theory. The tunnel diode is basically a pn junction with heavy doping of p-type and n-type
semiconductor materials. In fact, a tunnel diode is doped approximately 1000 times as heavily as a
conventional diode. This heavy doping results in a large number of majority carriers. Because of the
large number of carriers, most are not used during the initial recombination that produces the deple-
tion layer. As aresult, the depletion layer is very narrow. In comparison with conventional diode, the
depletion layer of a tunnel diode is 100 times narrower. The operation of a tunnel diode depends
upon the runneling effect and hence the name.

Tunneling effect. The heavy doping provides a large number of majority carriers. Because of
the large number of carriers, there is much drift activity in p and n sections. This causes many valence
electrons to have their energy levels raised closer to the conduction region. Therefore, it takes only a
very small applied forward voltage to cause conduction.

The movement of valence electrons from the valence energy band to the conduction band with
little or no applied forward voltage is called tunneling. Valence electrons seem to tunnel through
the forbidden energy band.

As the forward voltage is first increased, the diode current rises rapidly due to tunneling effect.
Soon the tunneling effect is reduced and current flow starts to decrease as the forward voltage across
the diode is increased. The tunnel diode is said to have entered the negative resistance region. As the
voltage is further increased, the tunneling effect plays less and less part until a valley-point is reached.
From now onwards, the tunnel diode behaves as ordinary diode i.e., diode current increases with the
increase in forward voltage.

V-I Characteristic. Fig. 7.18 (i) shows the V-I characteristic of a typical tunnel diode.

(i) As the forward voltage across the tunnel diode is increased from zero, electrons from the 7-
region “tunnel” through the potential barrier to the p-region. As the forward voltage increases, the
diode current also increases until the peak-point P is reached. The diode current has now reached
peak current /, (= 2.2 mA) at about peak-point voltage V), (= 0.07 V). Until now the diode has
exhibited positive resistance.

(i) As the voltage is increased beyond V/, the tunneling action starts decreasing and the diode
current decreases as the forward voltage is increased until valley-point V is reached at valley-point
voltage V,, (= 0.7V). In the region between peak-point and valley-point (i.e., between points P and

If current flowing through a circuit or device increases as the applied voltage is increased, we say that the
circuit or device has positive resistance.
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V), the diode exhibits negative resistance i.e., as the forward bias is increased, the current decreases.

This suggests that tunnel diode, when operated in the negative resistance region, can be used as an
oscillator or a switch.

[(mA)
A
P
[p=22mA-{-- -, NEGATIVE
: RESISTANCE
REGION
A A
I,=03mA— [ e :
Vp Wy
0 0.07V 0.7V > V(volts)
(i) (i)
Fig. 7.18

(iii) When forward bias is increased beyond valley-point voltage V,, (= 0.7 V), the tunnel diode
behaves as a normal diode. In other words, from point V onwards, the diode current increases with
the increase in forward voltage i.e., the diode exhibits positive resistance once again. Fig. 7.18. (if)

shows the symbol of tunnel diode. It may be noted that a tunnel diode has a high reverse current but
operation under this condition is not generally used.

7.13 Tunnel Diode Oscillator

A tunnel diode is always operated in the negative resistance region. When operated in this re-
gion, it works very well in an oscillator. Fig. 7.19 (i) shows a parallel resonant circuit. Note that R,
is the parallel equivalent of the series winding resistance of the coil. When the tank circuit is set into
oscillations by applying voltage as shown in Fig. 7.19. (ii), damped oscillations are produced. It is
because energy is lost in the resistance R, of the tank circuit.

Lo Ild a7 e
V_T RPIQ[P’[a%ﬂU&U&V%

@i (i)
Fig. 7.19
If a tunnel diode is placed in series with the tank circuit and biased at the centre of the negative-
resistance portion of its characteristic as shown in Fig. 7.20, undamped oscillations are produced at

the output. It is because the negative-resistance characteristic of the tunnel diode counteracts the
positive-resistance characteristic of the tank circuit.

The circuit shown in Fig. 7.20 is called tunnel diode oscillator or negative resistance oscillator.
The negative resistance oscillator has one major drawback. While the circuit works very well at

extreme high frequencies (upper mega hertz range), it cannot be used efficiently at low frequencies.
Low-frequency oscillators generally use transistors.
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Fig. 7.20

7.14 Varactor Diode

A junction diode which acts as a variable capacitor under changing reverse bias is known as a
varactor diode.

When a pn junction is formed, depletion layer is created in the junction area. Since there are no
charge carriers within the depletion zone, the zone acts as an insulator. The p-type material with holes
(considered positive) as majority carriers and n-type material with electrons (—ve charge) as majority
carriers act as charged plates. Thus the diode may be considered as a capacitor with n-region and p-
region forming oppositely charged plates and with depletion zone between them acting as a dielec-
tric. This is illustrated in Fig. 7.21 (i). A varactor diode is specially constructed to have high capaci-
tance under reverse bias. Fig. 7.21 (ii) shows the symbol of varactor diode. The values of capaci-
tance of varactor diodes are in the picofarad (10_12 F) range.

DEPLETION REGION

LEAD LEAD
SN
EFFECTIVE PLATE T EFFECTIVE PLATE

EFFECTIVE DIELECTRIC
0) (ii)
Fig. 7.21

Theory. For normal operation, a varactor diode is always *reverse biased. The capacitance of
varactor diode is found as :

A
Cr =y, Cr (oF)
where C, = Total capacitance of the junction *
€ = Permittivity of the semiconductor 100
material 80
A = Cross-sectional area of the junction 60
W, = Width of the depletion layer
When reverse voltage across a varactor diode is 40
increased, the width W, of the depletion layer increases. 20
Therefore, the total junction capacitance C, of the
0

junction decreases. On the other hand, if the reverse "z«
voltage across the diode is lowered, the width W, of the
depletion layer decreases. Consequently, the total junction
capacitance Cj increases.

A forward biased varactor diode would serve no useful purpose.
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Fig. 7.22 shows the curve between reverse bias voltage

+ V.

V across varactor diode and total junction capacitance Cj. s

Note that C; can be changed simply by changing the voltage

V. For this reason, a varactor diode is sometimes called

voltage-controlled capacitor. L

7.15 Application of Varactor Diode D
1

We have discussed that we can increase or decrease the junc- Ry,

tion capacitance of varactor diode simply by changing the
reverse bias on the diode. This makes a varactor diode ideal
for use in circuits that require voltage-controlled tuning. Fig.
7.23 shows the use of varactor diode in a tuned circuit. Note J: Ry
that the capacitance of the varactor is in parallel with the =

inductor. The varactor and the inductor form a parallel LC
circuit. For normal operation, a varactor diode is always
operated under reverse bias. In fact, this condition is met Fig. 7.23

in the circuit shown in Fig. 7.23. The resistance Ry, in the

circuit is the winding resistance of the inductor. This winding resistance is in series with the potenti-
ometer R,. Thus R, and R, form a voltage divider that is used to determine the amount of reverse bias
across the varactor diode D, and therefore its capacitance. By adjusting the setting of R, we can vary
the diode capacitance. This, in turn, varies the resonant frequency of the LC circuit. The resonant
frequency f, of the LC circuit is given by;

f= —
g 2/ LC

If the amount of varactor reverse bias is decreased, the value of C of the varactor increases. The
increase in C will cause the resonant frequency of the circuit to decrease. Thus, a decrease in reverse
bias causes a decrease in resonant frequency and vice-versa.

Example 7.5. The LC tank circuit shown in Fig. 7.23 has a 1 mH inductor. The varactor has
capacitance of 100 pF when reverse bias is 5V d.c. Determine the resonant frequency of the circuit
for this reverse bias.

o
o

uj—o

Solution.

Resonant frequency, f, = 2 l/LC
TC

Here, L=1mH=1x10"H; C=100pF=100x10"*F

f = ! =503.3 x 10° Hz = 503.3 kHz

2m1x 107 x100x 10"

7.16 Shockley Diode

Named after its inventor, a Shockley diode is a PNPN device having two terminals as shown in Fig.
7.24 (i). This *device acts as a switch and consists of four alternate P-type and N-type layers in a
single crystal. The various layers are labelled as P, N, P, and N, for identification. Since a
P-region adjacent to an N-region may be considered a junction diode, the Shockley diode is equiva-
lent to three junction diodes connected in series as shown in Fig. 7.24 (ii). The symbol of Shockley
diode is shown in Fig. 7.24 (iii).

Note that if we remove the gate terminal of an SCR, the resulting device is Shockley diode.
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Fig. 7.24

Working

(i) When Shockley diode is forward biased (i.e., anode is positive w.r.t. cathode), diodes D,
and D5 would be forward-biased while diode D, would be reverse-biased. Since diode D, offers very
high resistance (being reverse biased) and the three diodes are in series, the Shockley diode presents
avery highresistance. As the *forward voltage increases, the reverse bias across D, is also increased.
At some forward voltage (called breakover voltage V), reverse breakdown of D, occurs. Since this
breakdown results in reduced resistance, the Shockley diode presents a very low resistance. From
now onwards, the Shockley diode behaves as a conventional forward-biased diode; the forward cur-
rent being determined by the applied voltage and external load resistance. This behaviour of Shockley
diode is indicated on its V-I characteristic in Fig. 7.25.

S
]
oc
o
2
O
(@]
oc
<
=
T |
o
REVERSE VOLTAGE - : -
4] % 0 Vo
€ FORWARD VOLTAGE
- >
O
L
2]
o
w
>
]
Cy
Fig. 7.25

(if) When Shockley diode is reverse biased (i.e., anode is negative w.r.t. cathode), diodes D, and
D; would be reverse-biased while diode D, would be forward-biased. If reverse voltage is increased
sufficiently, the reverse voltage breakdown (point A in Fig. 7.25) of Shockley diode is reached. At
this point, diodes D, and D, would go into reverse-voltage breakdown, the reverse current flowing
Since D, and D, offer very low resistance (being forward biased), the entire applied voltage appears as
reverse voltage across D,.
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through them would rise rapidly and the heat produced by this current flow could ruin the entire
device. For this reason, Shockley diode should never be operated with a reverse voltage sufficient to
reach the reverse-voltage breakdown point.

Conclusion. The above discussion reveals that Shockley diode behaves like a switch. So long
as the forward voltage is less than breakover voltage, Shockley diode offers very high resistance (i.e.,
switch is open) and practically conducts no current. At voltages above the break-over value, Shockley
diode presents a very low resistance (i.e. switch is closed) and Shockley diode conducts heavily. It
may be noted that Shockley diode is also known as PNPN diode or four layer diode or reverse-
blocking diode thyristor.

Note. Once Shockley diode is turned ON (i.e., it starts conducting), the only way to turn it OFF
is to reduce the applied voltage to such a value so that current flowing through Shockley diode drops
below its holding current (1)) value. Diode D, then comes out of its reverse-breakdown state and its
high-resistance value is restored. This, in turn, causes the entire Shockley diode to revert to its high-
resistance (switch open) state.

MULTIPLE-CHOICE QUESTIONS

6. When the reverse voltage increases, the
junction capacitance
(i) decreases (ii) stays the same
(iii) increases (iv) has more bandwidth
7. The device associated with voltage-con-
trolled capacitance is a
(i) LED
(iii) varactor diode
8. The varactor is usually
(i) forward-biased
(ii) reverse-biased
(iii) unbiased
(iv) in the breakdown region
9. When the light increases, the reverse
current in a photo-diode
(i) increases (ii) decreases
(iii) is unaffected (iv) none of the above
10. To display the digit O in a seven segment

1. Zener diodes are used primarily as
(i) amplifiers (if) voltage regulators
(iii) rectifiers (iv) oscillators

2. A pn junction that radiates energy as light
instead of as heat is called a

(i) LED (if) photo-diode

(iii) photocell ~ (iv) Zener diode (#) photo-diode

v) Zi diod
3. The capacitance of a varactor diode in- (iv) Zener diode

creases when reverse voltage across it
(i) decreases (i) increases
(iii) breaks down (iv) stores charge

4. To display the digit 8 in a seven-segment
indicator

(i) C must be lighted
(ii) G must be off
(iii) F must be on
(iv) All segments must be lighted

5. A photo-diode is normally
(i) forward-biased
(ii) reverse-biased
(iii) Neither forward nor reverse biased
(iv) Emitting light

display
(i) A must be lighted
(ii) F must be off
(iiif) G must be on
(iv) all segments except G should be lighted

Answers to Multiple-Choice Questions

1. (i) 2. (i) 3. 3)
6. (i) 7. (i) 8. (i)

4. (iv) 5. (i)
9. (i) 10. (iv)
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Chapter Review Topics
What is a LED ?
Explain the working of a LED.
Give two applications of LEDs.
Why do LEDs need series current-limiting resistors ?
How does LED differ from an ordinary diode ?
What is a photo-diode ?
How does photo-diode work ?
Give two applications of photo-diodes.
What is an optoisolator ?
What is a tunnel diode ?

. Explain the V-I characteristics of a tunnel diode.

Explain the working of tunnel diode oscillator.
What is a varactor diode ?

Explain the working of varactor diode.

Give one application of varactor diode.

Explain the working of Shockley diode.

o0 SESNEUINEIR R

Discussion Questions

Why is LED not made of silicon or germanium ?
Where do we use seven-segment display ?

How do we protect LED from large reverse voltage ?
How does photo-diode differ from an ordinary diode ?
What is dark resistance of photo-diode ?

What do you mean by the sensitivity of photo-diode ?
What is the use of optoisolator ?

How does the width of depletion layer change the capacitance of a varactor ?
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INTRODUCTION

W

hen a third doped element is added to a crystal diode in such a way that two pn junctions
are formed, the resulting device is known as a fransistor. The transistor—an entirely new
type of electronic device—is capable of achieving amplification of weak signals in a

fashion comparable and often superior to that realised by vacuum tubes. Transistors are far smaller
than vacuum tubes, have no filament and hence need no heating power and may be operated in any
position. They are mechanically strong, have practically unlimited life and can do some jobs better
than vacuum tubes.
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Invented in 1948 by J. Bardeen and W.H. Brattain of Bell Telephone Laboratories, U.S.A.; tran-
sistor has now become the heart of most electronic applications. Though transistor is only slightly
more than 58 years old, yet it is fast replacing vacuum tubes in almost all applications. In this chapter,
we shall focus our attention on the various aspects of transistors and their increasing applications in
the fast developing electronics industry.

8.1 Transistor
A transistor consists of two pn junctions formed by *sandwiching either p-type or n-type semicon-
ductor between a pair of opposite types. Accordingly ; there are two types of transistors, namely;
(i) n-p-n transistor (ii) p-n-p transistor
An n-p-n transistor is composed of two n-type semiconductors separated by a thin section of p-

type as shown in Fig. 8.1 (i). However, a p-n-p transistor is formed by two p-sections separated by a
thin section of n-type as shown in Fig. 8.1 (ii).

o— n p n ——o o——— p n p ——o°
(@) (if)
Fig. 8.1

In each type of transistor, the following points may be noted :
(i) These are two pn junctions. Therefore, a transistor may be regarded as a combination of two
diodes connected back to back.

(71) There are three terminals, one taken from each type of semiconductor.

(7ii) The middle section is a very thin layer. This is the most important factor in the function of a
transistor.

Origin of the name “Transistor”. When new
devices are invented, scientists often try to de-
vise a name that will appropriately describe the
device. A transistor has two pn junctions. As
discussed later, one junction is forward biased
and the other is reverse biased. The forward
biased junction has a low resistance path whereas
a reverse biased junction has a high resistance
path. The weak signal is introduced in the low
resistance circuit and output is taken from the
high resistance circuit. Therefore, a transistor
transfers a signal from a low resistance to high
resistance. The prefix ‘trans’ means the signal
transfer property of the device while “istor’ classifies it as a solid element in the same general family
with resistors.

3 Collector

1 Emitter

*  In practice, these three blocks p, n, p are grown out of the same crystal by adding corresponding impurities
in turn.
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8.2 Naming the Transistor Terminals

A transistor (pnp or npn) has three sections of doped semiconductors. The section on one side is the
emitter and the section on the opposite side is the collector. The middle section is called the base and
forms two junctions between the emitter and collector.

() Emitter. The section on one side that supplies charge carriers (electrons or holes) is
called the emitter. The emitter is always forward biased w.r.t. base so that it can supply a
large number of *majority carriers. In Fig. 8.2 (i), the emitter (p-type) of pnp transistor is forward
biased and supplies hole charges to its junction with the base. Similarly, in Fig. 8.2 (ii), the
emitter (n-type) of npn transistor has a forward bias and supplies free electrons to its junction with the
base.

(i7) Collector. The section on the other side that collects the charges is called the collector. The
collector is always reverse biased. Its function is to remove charges from its junction with the base.
In Fig. 8.2 (i), the collector (p-type) of pnp transistor has a reverse bias and receives hole charges that
flow in the output circuit. Similarly, in Fig. 8.2 (if), the collector (n-type) of npn transistor has reverse
bias and receives electrons.

BASE BASE
EMITTER | COLLECTOR EMITTER | COLLECTOR

p n p J_ l p
FORWARD | REVERSE —

FORWARD | REVERSE

-" BIAS BIAS —T BIAS BIAS

@ (i)
Fig. 8.2

(7ii) Base. The middle section which forms two pn-junctions between the emitter and collector
is called the base. The base-emitter junction is forward biased, allowing low resistance for the emit-
ter circuit. The base-collector junction is reverse biased and provides high resistance in the collector
circuit.

8.3 Some Facts about the Transistor

Before discussing transistor action, it is important that the reader may keep in mind the following
facts about the transistor :

—[ljI—

(i) The transistor has three regions, namely ; emitter, base and collector. The base is much
thinner than the emitter while **collector is wider than both as shown in Fig. 8.3. However, for the
sake of convenience, it is customary to show emitter and collector to be of equal size.

(71) The emitter is heavily doped so that it can inject a large number of charge carriers (electrons

or holes) into the base. The base is lightly doped and very thin ; it passes most of the emitter injected
charge carriers to the collector. The collector is moderately doped.

*  Holes if emitter is p-type and electrons if the emitter is n-type.

**  During transistor operation, much heat is produced at the collector junction. The collector is made larger
to dissipate the heat.
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Fig. 8.3

(7ii) The transistor has two pn junctions i.e. it is like two diodes. The junction between emitter
and base may be called emitter-base diode or simply the emitter diode. The junction between the
base and collector may be called collector-base diode or simply collector diode.

(iv) The emitter diode is always forward biased whereas collector diode is always reverse bi-
ased.

(v) The resistance of emitter diode (forward biased) is very small as compared to collector
diode (reverse biased). Therefore, forward bias applied to the emitter diode is generally very small
whereas reverse bias on the collector diode is much higher.

8.4 Transistor Action

The emitter-base junction of a transistor is forward biased whereas collector-base junction is reverse
biased. If for a moment, we ignore the presence of emitter-base junction, then practically* no current
would flow in the collector circuit because of the reverse bias. However, if the emitter-base junction
is also present, then forward bias on it causes the emitter current to flow. It is seen that this emitter
current almost entirely flows in the collector circuit. Therefore, the current in the collector circuit
depends upon the emitter current. If the emitter current is zero, then collector current is nearly zero.
However, if the emitter current is 1mA, then collector current is also about ImA. This is precisely
what happens in a transistor. We shall now discuss this transistor action for npn and pnp transistors.

(1) Working of npn transistor. Fig. 8.4 shows the npn transistor with forward bias to emitter-
base junction and reverse bias to collector-base junction. The forward bias causes the electrons in the
n-type emitter to flow towards the base. This constitutes the emitter current /. As these electrons
flow through the p-type base, they tend to combine with holes. As the base is lightly doped and very
thin, therefore, only a few electrons (less than 5%) combine with holes to constitute base™* current /,.
The remainder (***more than 95%) cross over into the collector region to constitute collector current
1. In this way, almost the entire emitter current flows in the collector circuit. It is clear that emitter
current is the sum of collector and base currents i.e.

I, = I+1,

* In actual practice, a very little current (a few pA) would flow in the collector circuit. This is called
collector cut off current and is due to minority carriers.

** The electrons which combine with holes become valence electrons. Then as valence electrons, they flow
down through holes and into the external base lead. This constitutes base current /.

** The reasons that most of the electrons from emitter continue their journey through the base to collector to
form collector current are : (i) The base is lightly doped and very thin. Therefore, there are a few holes
which find enough time to combine with electrons. (i7) The reverse bias on collector is quite high and
exerts attractive forces on these electrons.
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Basic connection of npn transistor

Fig. 8.4

(i1) Working of pnp transistor. Fig. 8.5 shows the basic connection of a pnp transistor. The
forward bias causes the holes in the p-type emitter to flow towards the base. This constitutes the
emitter current /. As these holes cross into n-type base, they tend to combine with the electrons. As
the base is lightly doped and very thin, therefore, only a few holes (less than 5%) combine with the

1% n P
o—p |o—Pp | 0———p
]E o———->p |0—Pp | O————p ]C
o——p ([0—p | O——Pp
—E I S
r’ —» o—Pp [——>p
o—p \ o——>p
! 1 !
N I I i I/
VEp Vep
Basic connection of pnp transistor
Fig. 8.5

electrons. The remainder (more than 95%)
cross into the collector region to constitute
collector current /. In this way, almost the emitter base  collector
entire emitter current flows in the collector
circuit. It may be noted that current con-
duction within pnp transistor is by holes.
However, in the external connecting wires,
the current is still by electrons.

Importance of transistor action. The
input circuit (i.e. emitter-base junction) has

low resistance because of forward bias li II I
whereas output circuit (i.e. collector-base Ves Vs
junction) has high resistance due to reverse Conventional currents

bias. As we have seen, the input emitter
current almost entirely flows in the collector circuit. Therefore, a transistor transfers the input signal
current from a low-resistance circuit to a high-resistance circuit. This is the key factor responsible for



146 ® Principles of Electronics

the amplifying capability of the transistor. We shall discuss the amplifying property of transistor later
in this chapter.

Note. There are two basic transistor types : the bipolar junction transistor (BJ7) and field-
effect transistor (FET). As we shall see, these two transistor types differ in both their operating
characteristics and their internal construction. Note that when we use the term transistor, it means
bipolar junction transistor (BJ7). The term comes from the fact that in a bipolar transistor, there are
two types of charge carriers (viz. electrons and holes) that play part in conductions. Note that bi
means two and polar refers to polarities. The field-effect transistor is simply referred to as FET.

8.5 Transistor Symbols

In the earlier diagrams, the transistors have been shown in diagrammatic form. However, for the sake
of convenience, the transistors are represented by schematic diagrams. The symbols used for npn and
pnp transistors are shown in Fig. 8.6.

Tt «— «— Ic Ip—» —> I

n|{p|n p|n|p

E 5 C E 3 C
I 1

1 | BT 1 | | 1 l B | 1

1 1] | T | T

Ves Veg Vg Ver

Iy I Iy Ig
EMITTER o ) EMITTER
(E) COLLECTOR (C) (E) COLLECTOR (C)

I
’ Vi
BASE (B) BASE (B)

©) (i)

Fig. 8.6

Note that emitter is shown by an arrow which indicates the direction of conventional current flow
with forward bias. For npn connection, it is clear that conventional current flows out of the emitter as
indicated by the outgoing arrow in Fig. 8.6 (7). Similarly, for pnp connection, the conventional current
flows into the emitter as indicated by inward arrow in Fig. 8.6 (ii).

8.6 Transistor Circuit as an I
Amplifier
A transistor raises the strength of a weak signal
and thus acts as an amplifier. Fig. 8.7 shows
the basic circuit of a transistor amplifier. The SIGNAL
weak signal is applied between emitter-base L
1|

Jjunction and output is taken across the load R -

connected in the collector circuit. In order to 1| I||| |I
achieve faithful amplification, the Vig Veg
input circuit should always remain forward

biased. To do so, a d.c. voltage V, is applied

in the input circuit in addition to the signal as Fig. 8.7
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shown. This d.c. voltage is known as bias voltage and its magnitude is such that it always keeps the
input circuit forward biased regardless of the polarity of the signal.

As the input circuit has low resistance, therefore, a small change in signal voltage causes an
appreciable change in emitter current. This causes almost the *same change in collector current due
to transistor action. The collector current flowing through a high load resistance R . produces a large
voltage across it. Thus, a weak signal applied in the input circuit appears in the amplified form in the
collector circuit. It is in this way that a transistor acts as an amplifier.

Illustration. The action of
a transistor as an amplifier
How Amplifiers Work can be made more illustrative

if we consider typical circuit

circuit carrying values. Suppose collector
large electrical i + | ! load resistance R = 5 kQ.
current l

Let us further assume that a
change of 0.1V in signal volt-
age produces a change of 1

= mA in emitter current.

,—Jl—‘ ,/"'\J Obviously, the change in col-
lector current would also be
approximately 1 mA. This

collector current flowing
amplifier through collector load R

Amplifier

circuit

carrying i

small modifies larger | would produce a voltage =
electrical | (") current based | - 54¢yx 1 mA =5 V. Thus, a
current i/ on smaller : ’

current change of 0.1 V in the signal
has caused a change of 5 V
in the output circuit. In other words, the transistor has been able to raise the voltage level of the signal
from 0.1 V to 5 V i.e. voltage amplification is 50.

Example 8.1. A common base transistor amplifier has an input resistance of 20 2 and output
resistance of 100 k€2. The collector load is 1 k€. If a signal of 500 mV is applied between emitter and
base, find the voltage amplification. Assume o, to be nearly one.

Solution. **Fig. 8.8 shows the conditions of the problem. Note that output resistance is very
high as compared to input resistance. This is not surprising because input junction (base to emitter)
of the transistor is forward biased while the output junction (base to collector) is reverse biased.

p n p
Ig Ic
> E | B | C T
500mv (&) R, =20Q VI Roluf =100k 2R =1k 7,
Fig. 8.8

* The reason is as follows. The collector-base junction is reverse biased and has a very high resistance of the
order of mega ohms. Thus collector-base voltage has little effect on the collector current. This means that
a large resistance R - can be inserted in series with collector without disturbing the collector current relation
to the emitter current viz. I, = o + I 5, Therefore, collector current variations caused by a small base-
emitter voltage fluctuations result in voltage changes in R that are quite high—often hundreds of times
larger than the emitter-base voltage.

**  The d.c. biasing is omitted in the figure because our interest is limited to amplification.
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Input current, I, = Sl}%nal = SZ%EV
25 mA. in

Output voltage, V,, = IR, = 25mAx1kQ =25V
Vo _ 25V

signal 500 mV

Comments. The reader may note that basic amplifying action is produced by transferring a
current from a low-resistance to a high-resistance circuit. Consequently, the name transistor is given
to the device by combining the two terms given in magenta letters below :

=25 mA. Since 0, is nearly 1, output current, /. = I, =

=50

Voltage amplification, A, =

Transfer + Resistor —— Transistor

8.7 Transistor Connections

There are three leads in a transistor viz., emitter, base and collector terminals. However, when a
transistor is to be connected in a circuit, we require four terminals; two for the input and two for the
output. This difficulty is overcome by making one terminal of the transistor common to both input
and output terminals. The input is fed between this common terminal and one of the other two
terminals. The output is obtained between the common terminal and the remaining terminal. Accord-
ingly; a transistor can be connected in a circuit in the following three ways :
(i) common base connection (if) common emitter connection
(iii) common collector connection

Each circuit connection has specific advantages and disadvantages. It may be noted here that
regardless of circuit connection, the emitter is always biased in the forward direction, while the col-
lector always has a reverse bias.

8.8 Common Base Connection

In this circuit arrangement, input is applied between emitter and base and output is taken from collec-
tor and base. Here, base of the transistor is common to both input and output circuits and hence the
name common base connection. In Fig. 8.9 (i), a common base npn transistor circuit is shown whereas
Fig. 8.9 (ii) shows the common base pnp transistor circuit.

Ig Ic I Ic

SIGNAL OUTPUT SIGNAL OUTPUT

(@) (1)
Fig. 8.9
1. Current amplification factor (o). It is the ratio of output current to input current. In a

common base connection, the input current is the emitter current /, and output current is the collector
current /..

The ratio of change in collector current to the change in emitter current at constant collector-
base voltage V - is known as current amplification factor i.e.
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OPEN

) Al
*o = —C atconstant Vi, Fo—o

E C
It is clear that current amplification factor is less than **unity. @30
This value can be increased (but not more than unity) by decreasing
the base current. This is achieved by making the base thin and
doping it lightly. Practical values of o in commercial transistors

range from 0.9 to 0.99. B

2. Expression for collector current. The whole of emitter Fig. 8.10
current does not reach the collector. It is because a small percent-
age of it, as a result of electron-hole combinations occurring in base area, gives rise to base current.
Moreover, as the collector-base junction is reverse biased, therefore, some leakage current flows due
to minority carriers. It follows, therefore, that total collector current consists of :

(i) That part of emitter current which reaches the collector terminal i.e. ***a. 1.

(i) The leakage current/;, ;... This current is due to the movement of minority carriers across
base-collector junction on account of it being reverse biased. This is generally much smaller than
ol

E

Total collector current, I = O lp + Ipu0

It is clear that if /. = O (i.e., emitter circuit is open), a small leakage current still flows in the

collector circuit. This /., 1 abbreviated as I.5,, meaning collector-base current with emitter

open. The I, is indicated in Fig. 8.10.

Io = ol +Igg (i)
Now Iy = I.+1
Ie = ooty +1cp,
or Ic(1-0) = olpticp,
_ o ICBO I
or IC = mIB‘f' m ...(ll)

Relation (i) or (ii) can be used to find /.. It is further clear from these relations that the collector
current of a transistor can be controlled by either the emitter or base current.

Fig. 8.11 shows the concept of /. In CB configuration, a small collector current flows even
when the emitter current is zero. This is the leakage collector current (i.e. the collector current when
emitter is open) and is denoted by /.5, When the emitter voltage V,, is also applied, the various
currents are as shown in Fig. 8.11 (if).

Note. Owing to improved construction techniques, the magnitude of /., for general-purpose and low-powered
transistors (especially silicon transistors) is usually very small and may be neglected in calculations. However,
for high power applications, it will appear in microampere range. Further, /., is very much temperature
dependent; it increases rapidly with the increase in temperature. Therefore, at higher temperatures, /., plays
an important role and must be taken care of in calculations.

* Ifonly d.c. values are considered, then o, = 1 ./I.

* At first sight, it might seem that since there is no current gain, no voltage or power amplification could be
possible with this arrangement. However, it may be recalled that output circuit resistance is much higher
than the input circuit resistance. Therefore, it does give rise to voltage and power gain.

e o-le . e = @l

1
E

In other words, o I part of emitter current reaches the collector terminal.
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/\ :
%C
EMITTER OPEN
lego =7, —
T I
@ (i)
Fig. 8.11
Example 8.2. In a common base connection, I, = ImA, 1. = 0.95mA. Calculate the value of I,.
Solution. Using the relation, I, = Iy+1.
or 1 = I,+095

1-0.95 = 0.05 mA

o
Il

Example 8.3. In a common base connection, current amplification factor is 0.9. If the emitter
current is ImA, determine the value of base current.

Solution. Here, o0 = 09, I, = 1mA
Ic
Now o = 7
Ig
or I = ol =09%x1 =09mA
Also I, = Iy+1.

Base current, I, = I;—1.=1-09 = 0.1 mA

Example 8.4. In a common base connection, 1. = 0.95 mA and I; = 0.05 mA. Find the value

of a..
Solution. Weknow I, = Iy;+1.=0.05+0.95 = 1mA
1
Current amplification factor, o0 = I—C = g = 0.95
E

Example 8.5. In a common base connection, the emitter current is ImA. If the emitter circuit is
open, the collector current is 50 uA. Find the total collector current. Given that o = 0.92.

ImA, o = 092, I, = 50pA
Total collector current, I = 0Ol + 15, = 092X 1+50X% 107

0.92 +0.05 = 0.97 mA

Solution. Here, I,

Example 8.6. In a common base connection, o= 0.95. The voltage drop across 2 kS2 resistance
which is connected in the collector is 2V. Find the base current.

Solution. Fig. 8.12 shows the required common base connection. The voltage drop across R (=
2 kQ)is 2V.

I. = 2V/2kQ = I mA
Now o =1/,
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I 1
I, = £ = —_ =1.05mA
E a7 095

Using the relation, [, = I+ 1.
: Iy = Ip,—1.=105-1
0.05 mA

Example 8.7. For the common base circuit shown in
Fig. 8.13, determine I - and V 5. Assume the transistor to
be of silicon.

Solution. Since the transistor is of silicon, V,=0.7V.
Applying Kirchhoff’s voltage law to the emitter-side loop,
we get,

Vee =g Rp Ve

or .= Vee = Ve AIE N\ A[C
E RE h -
=0V _ 487 ma Rg=15k Re=12k0
1.5kQ
I.~1. = 4.87 mA I,
c—'E rp=8V B Vee=18V

Applying Kirchhoff’s voltage law
to the collector-side loop, we have,
Vee = IcRet Vg
Veg = Vee—1eRe
=18V-487TmAx12kQ = 12.16 V

Fig. 8.13

8.9 Characteristics of Common Base Connection

The complete electrical behaviour of a transistor can be described by stating the interrelation of the
various currents and voltages. These relationships can be conveniently displayed graphically and the
curves thus obtained are known as the characteristics of transistor. The most important characteristics
of common base connection are input characteristics and output characteristics.

1. Input characteristic. It is the curve between emitter current /., and emitter-base voltage
V5 at constant collector-base voltage V5. The
emitter current is generally taken along y-axis
and emitter-base voltage along x-axis. Fig. 8.14
shows the input characteristics of a typical tran-
sistor in CB arrangement . The following points
may be noted from these characteristics :

I; (mA)

A

3.0

>
W
1

(i) The emitter current / increases rapidly
with small increase in emitter-base voltage V.
It means that input resistance is very small.

(ii)) The emitter current is almost

EMITTER CURRENT
O
1

independent of collector-base voltage V. This b0

leads to the conclusion that emitter current (and 0.5

hence collector current) is almost independent

of collector voltage. 0 1|0 2|0 3|0 4|() 5|0 » Vg (mV)
Input resistance. It is the ratio of change EMITTER-BASE VOLTAGE

in emitter-base voltage (AV,,) to the resulting Fig. 8.14
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change in emitter current (Al,) at constant collector-base voltage (V) i.e.

Ve
Al

In fact, input resistance is the opposition offered to the signal current. As a very small V is
sufficient to produce a large flow of emitter current /,,, therefore, input resistance is quite small, of the
order of a few ohms.

Input resistance, r; = at constant V.,

2. Output characteristic. Itis the curve between collector current /.and collector-base volt-
age V., at *constant emitter current /. Generally, collector current is taken along y-axis and collec-
tor-base voltage along x-axis. Fig. 8.15 shows the output characteristics of a typical transistor in CB
arrangement.

The following points may be noted

from the characteristics : I (mA)
(i) The collector current /. varies *
with V. only at very low voltages (<1V). ST~ Ip=5mA
The transistor is never operated in thisre- 5
gion. C 4y~ I;=4mA
)
(if) When the value of V., is raised 2 3 lg=3mA
above 1 — 2V, the collector current be- o
o . 5 24 I,=2mA
comes constant as indicated by straight & E
. . -
horizontal curves. It means that now Iois 3 14~ I=1mA
i o
independent of V-, and depends upon /,, I,=0mA

only. This is consistent with the theory that
the emitter current flows almost entirely to
the collector terminal. The transistor is
always operated in this region.

i » Ve (VOLTS)
COLLECTOR-BASE VOLTAGE

Fig. 8.15

(7ii) A very large change in collector-base voltage produces only a tiny change in collector cur-
rent. This means that output resistance is very high.

Output resistance. It is the ratio of change in collector-base voltage (AV ) to the resulting
change in collector current (Al) at constant emitter current i.e.

VCB

Output resistance, r, = at constant

c
The output resistance of CB circuit is very high, of the order of several tens of kilo-ohms. This is
not surprising because the collector current changes very slightly with the change in V.

8.10 Common Emitter Connection

In this circuit arrangement, input is applied between base and emitter and output is taken from the
collector and emitter. Here, emitter of the transistor is common to both input and output circuits and
hence the name common emitter connection. Fig. 8.16 (i) shows common emitter npn transistor
circuit whereas Fig. 8.16 (if) shows common emitter pnp transistor circuit.

* I has to be kept constant because any change in /, will produce corresponding change in /.. Here, we are
interested to see how V. influences /.



Transistors W 153

i : i
OuTPUT OUTPUT
SIGNAL 4 SIGNAL A, v

L )
Vs Ve
Fig. 8.16
1. Base current amplification factor ( §). In common emitter connection, input current is / B
and output current is /.
The ratio of change in collector current (Al ;) to the change in base current (Alg) is known as
base current amplification factor i.e.

In almost any transistor, less than 5% of emitter current flows as the base current. Therefore, the
value of B is generally greater than 20. Usually, its value ranges from 20 to 500. This type of
connection is frequently used as it gives appreciable current gain as well as voltage gain.

Relation between  and o. A simple relation exists between B and o.. This can be derived as

follows :
Al .
B = AI_B (l)
Al
o = N_Z ..(ii)
Now I, =15 + 1
or Al = Al + Al
or Al = Al — Al
Substituting the value of A I, in exp. (i), we get,
Al
B = ——C— (i)
AIE B AIC
Dividing the numerator and denominator of R.H.S. of exp. (iii) by Al,, we get,
Al
g o Ac/A g {Q a:AIC]
Al Ale 1-o £
Al Al
o
B =1"u

It is clear that as o approaches unity, B approaches infinity. In other words, the current gain in
common emitter connection is very high. It is due to this reason that this circuit arrangement is used
in about 90 to 95 percent of all transistor applications.

* If d.c. values are considered, B = I./1,.
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2. Expression for collector current. In common emitter circuit, /, is the input current and /.
is the output current.

Weknow I, = Ig+1. (D)
and I = o+, (7))
From exp. (i7), we get, Io = olgtlp, = a(pt1)+14p,
or Io(1-0) = oly+i,
_ o |
or IC = HIB + mICBO ...(lll)

From exp. (iii), it is apparent that if /; = 0 (i.e. base circuit is open), the collector current will be
the current to the emitter. This is abbreviated as /), meaning collector-emitter current with base open.
1
lepo = I—o Lepo
Substituting the value of ﬁ lego = 1opoin exp. (iii), we get,

Ie

o
1—0(13 + Iego

Bl + Icko (QB:%]

Concept of I;,. In CE configuration, a small collector current flows even when the base
current is zero [See Fig. 8.17 (i)]. This is the collector cut off current (i.e. the collector current that
flows when base is open) and is denoted by /-, The value of I, is much larger than /.,

or I

Iego Blp+Icpo

<

Re

— Vee
B+ Dig+1Icgo I

BASE OPEN c

1

—= Ve
Ieko I

1"

) (i)

Fig. 8.17
When the base voltage is applied as shown in Fig. 8.17 (i), then the various currents are :
Base current = I,
Collector current = B 1, + 1,
Emitter current = Collector current + Base current

= Blytlgy) Iy = B+ I+14,
It may be noted here that :

1 1
lego = 1—a Iego = B+ 1) Icgo |:Q 1—q B+1:|

8.11. Measurement of Leakage Current

A very small leakage current flows in all transistor circuits. However, in most cases, it is quite small
and can be neglected.

(1) Circuit for I, test. Fig. 8.18 shows the circuit for measuring I, Since base is open
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(Iz=0), the transistor is in cut off. Ideally, /.= 0 but actually there is a small current from collector to
emitter due to minority carriers. It is called /., (collector-to-emitter current with base open). This
current is usually in the nA range for silicon. A faulty transistor will often have excessive leakage

current.

Iepo  Rc

Iceo Re

I
CEO ICBO

Fig. 8.18 Fig. 8.19

(i7) Circuit for I, test. Fig. 8.19 shows the circuit for measuring /. Since the emitter is
open (I, = 0), there is a small current from collector to base. This is called /-, (collector-to-base
current with emitter open). This current is due to the movement of minority carriers across base-
collector junction. The value of I ., is also small. If in measurement, /., is excessive, then there is
a possibility that collector-base is shorted.

Example 8.8. Find the value of B if (i) oc = 0.9 (ii) o = 0.98 (iii) ot = 0.99.

. . _ o _ 09 _
Solution. (i) B T = 1209 9
.. o 0.98
= = = =49

@) P = e T 1098

_ o _ _09 _

(&) P= e 100 =%
Example 8.9. Calculate I, in a transistor for which B = 50 and Iy = 20 uA.
Solution. Here B = 50, Iy =20pA = 0.02mA

1
Now B = -<
Iy

I. = Bl =50x0.02 = 1mA
Using the relation, I, = [I;+1I, = 0.02+1 = 1.02 mA

Example 8.10. Find the o rating of the transistor shown in
Fig. 8.20. Hence determine the value of I using both o and 3
rating of the transistor.

Solution. Fig. 8.20 shows the conditions of the problem. Iy =240 uA
o= B__ 4 _g p=49
1+ 1+49
The value of /. can be found by using either o or 3 rating as
I;=12mA

under :
I. = al; =098(12mA) = 11.76 mA

Also I. = B1; = 49(240 pA) = 11.76 mA Fig. 8.20
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Example 8.11. For a transistor, B = 45 and voltage
drop across 1kQ which is connected in the collector circuit
is 1 volt. Find the base current for common emitter connec-
tion.

Solution. Fig. 8.21 shows the required common emit-
ter connection. The voltage drop across R (= 1 kQ) is 1volt.

1V
IC_ m—lmA
1
Now B = <
IB
I, = fc L _02mA
B 45

Example 8.12. A transistor is connected in com-
mon emitter (CE) configuration in which collector sup-
ply is 8V and the voltage drop across resistance R
connected in the collector circuit is 0.5V. The value of
R =800 Q. If 0. = 0.96, determine :

(i) collector-emitter voltage

(ii) base current

Solution. Fig. 8.22 shows the required common
emitter connection with various values.

(7) Collector-emitter voltage,
Veg = Vee—05=8-05 =175V
(if) The voltage drop across R (=800 )is 0.5 V.

o= 29V 5 A= 0.625mA
800Q 8
0.96
N =% - = 24
ow P = 125 T 1=09%

Base current, I, = I—C = 0625 _ 0.026 mA
B 24
Example 8.13. An n-p-n transistor at room temperature has its emitter disconnected. A voltage
of 5V is applied between collector and base. With collector positive, a current of 0.2 uA flows. When
the base is disconnected and the same voltage is applied between collector and emitter, the current is
found to be 20 uA. Find o, I and Iy when collector current is 1mA.

E B C E B C
n p n n p n
4 Iepo Y +epo
v OPEN
1 i1}
PEN
© . % )
(@) (i)

Fig. 8.23
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Solution. When the emitter circuit is open [See Fig. 8.23 (i)], the collector-base junction is
reverse biased. A small leakage current /., flows due to minority carriers.

Irgo=0.2 pA ...given
When base is open [See Fig. 8.23 (ii)], a small leakage current / ., flows due to minority carriers.
lego = 20pA ... given
Lepo
We know Loy = T—o
or 20 = 02
I-o
o = 099
Now Io = olg+14,
Here I = 1ImA = 1000 pA; oo = 0.99; 1.5, = 0.2 A
: 1000 = 0.99x1,+0.2
or , = 1000202 _ 49194
0.99
and I, = I,—1.=1010-1000 = 10 pA

Example 8.14. The collector leakage current in a transistor is 300 UA in CE arrangement. If now
the transistor is connected in CB arrangement, what will be the leakage current? Given that 3 = 120.

Solution. Iy = 300 pA
_ oo B _ 120 _
B =120 ; « B+l 12041 0.992
Iego
Now, Iego = I—o

. Iego = (1=0) Ipy=(1-0.992) x 300 = 2.4 pA
Note that leakage current in CE arrangement (i.e. I ) is much more than in CB arrangement
(i.e. Ipp)-

Example 8.15. For a certain transistor, I = 20 UA; I . = 2 mA and B = 80. Calculate Lepor

Solution.
Io = Bl +1cg,
or 2 = 80x0.02+ 1,
: lego = 2-80x0.02=0.4 mA
B 80
Now o = m_80+1 =(0.988

Iego = (1 =) Irp,=(1-0.988) x 0.4 =0.0048 mA
Example 8.16. Using diagrams, explain the correctness of the relation Iy, = (B + 1) I g,

Solution. The leakage current / ., is the current that flows through the base-collector junction
when emitter is open as shown is Fig. 8.24. When the transistor is in CE arrangement, the *base
current (i.e. I ) is multiplied by 3 in the collector as shown in Fig. 8.25.

’ Iego = lepo * Blego =B+ 1) Iego

* The current /., is amplified because it is forced to flow across the base-emitter junction.
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1)1
B+1) CBO

EMITTER TN R TBrcao R

1 i
VCC VCC
Fig. 8.24 Fig. 8.25

N

Example 8.17 Determine V - in the transistor * circuit shown in Fig. 8.26 (i). The transistor is
of silicon and has 3 = 150.

(i)

Fig. 8.26

Solution. Fig. 8.26 (i) shows the transistor circuit while Fig. 8.26 (i7) shows the various currents
and voltages along with polarities.

Applying Kirchhoff’s voltage law to base-emitter loop, we have,
Vg —IgRp— V=0
Vs = Ve _ 5V 0.7V

or IB = RB 10 kQ =430 uA
I. = Bl,=(150)(430 HA) = 64.5 mA
Now Vg = Vee— IRy

10V — (64.5 mA) (100€2) = 10V — 6.45V = 3.55V
Weknow that: V., = Vp+Vye
Veg = Vep— Vge =3.55-0.7=2.85V

Example 8.18. In a transistor, I, = 68 LA, I, = 30 mA and B = 440. Determine the o rating of
the transistor. Then determine the value of I . using both the o rating and 3 rating of the transistor.

Solution.

* The resistor Ry, controls the base current /, and hence collector current /. ( = Bl). If Ry, is increased, the
base current (/) decreases and hence collector current (/) will decrease and vice-versa.
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I, = ol;=(0.9977) (30 mA) = 29.93 mA
Also 1. = B1;=(440) (68 nA) =29.93 mA

Example 8.19. A transistor has the following ratings : I. ..., = 500 mA and Boax = 300.
Determine the maximum allowable value of I, for the device.

Solution.

16 (maxy _ 500 mA

lyma) = B, ~ 300 —L67mA

For this transistor, if the base current is allowed to exceed 1.67 mA, the collector current will
exceed its maximum rating of 500 mA and the transistor will probably be destroyed.

Example 8.20. Fig. 8.27 shows the open circuit failures in a transistor. What will be the circuit
behaviour in each case ?

+12V +12V +12V
+12V T +12V +12V T
T R, T Rc
%RB %RB Ve
VC VC
(i) . (ii) . Giy
Fig. 8.27

Solution. *Fig 8.27 shows the open circuit failures in a transistor. We shall discuss the circuit
behaviour in each case.

() Open emitter. Fig. 8.27 (i) shows an open emitter failure in a transistor. Since the collector
diode is not forward biased, it is OFF and there can be neither collector current nor base current.
Therefore, there will be no voltage drops across either resistor and the voltage at the base and at the
collector leads of the transistor will be 12V.

(71) Open-base. Fig. 8.27 (ii) shows an open base failure in a transistor. Since the base is open,
there can be no base current so that the transistor is in cuz-off. Therefore, all the transistor currents are
0A. In this case, the base and collector voltages will both be at 12V.

Note. It may be noted that an open failure at either the base or emitter will produce similar
results.

(7if) Open collector. Fig. 8.27 (iii) shows an open collector failure in a transistor. In this case,
the emitter diode is still ON, so we expect to see 0.7V at the base. However, we will see 12V at the
collector because there is no collector current.

Example 8.21. Fig. 8.28 shows the short circuit failures in a transistor. What will be the circuit
behaviour in each case ?

The collector resistor R . controls the collector voltage V. (= V-—1-R ). When R . increases, V. decreases
and vice-versa.
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+12V +12V +12V
+12V +12V +12V

R R
Ry Ry
Ve Ve

() .

Solution. Fig. 8.28 shows the short circuit failures in a transistor. We shall discuss the circuit
behaviour in each case.

(ii) (iii)
Fig. 8.28

(7)) Collector-emitter short. Fig. 8.28 (i) shows a short between collector and emitter. The
emitter diode is still forward biased, so we expect to see 0.7V at the base. Since the collector is
shorted to the emitter, V.= V,=0V.

(71) Base -emitter short. Fig 8.28 (if) shows a short between base and emitter. Since the base is
now directly connected to ground, V, = 0. Therefore, the current through R, will be diverted to
ground and there is no current to forward bias the emitter diode. As a result, the transistor will be cuz-
off and there is no collector current. So we will expect the collector voltage to be 12V.

(zit) Collector-base short. Fig. 8.28 (iii) shows a short between the collector and the base. In
this case, the emitter diode is still forward biased so V,= 0.7V. Now, however, because the collector
is shorted to the base, V.=V, =0.7V.

Note. The collector-emitter short is probably the most common type of fault in a transistor. It is
because the collector current (/) and collector-emitter voltage (V) are responsible for the major
part of the power dissipation in the transistor. As we shall see (See Art. 8.23), the power dissipation in
a transistor is mainly due to I, and V. (i.e. P, = VI -). Therefore, the transistor chip between the
collector and the emitter is most likely to melt first.

8.12 Characteristics of Common Emitter Connection

The important characteristics of this circuit arrangement are the input characteristics and output
characteristics.
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1. Input characteristic. It is the curve between base current I, and base-emitter voltage Vg
at constant collector-emitter voltage V .

The input characteristics of a CE connection can be determined by the circuit shown in Fig. 8.29.
Keeping V., constant (say at 10 V), note the base current /, for various values of V.. Then plot the
readings obtained on the graph, taking /, along y-
axis and V, along x-axis. This gives the input char-
acteristic at V-, = 10V as shown in Fig. 8.30. Fol-
lowing a similar procedure, a family of input charac-
teristics can be drawn. The following points may be
noted from the characteristics :

(1) The characteristic resembles that of a for-
ward biased diode curve. This is expected since the
base-emitter section of transistor is a diode and it is
forward biased.

(i1) As compared to CB arrangement, [,
increases less rapidly with V.. Therefore, input
resistance of a CE circuit is higher than that of CB
circuit.

> Vi (VOLTS)

Input resistance. It is the ratio of change in
base-emitter voltage (AV,,) to the change in base Fig. 8.30
current (Aly) at constant V. i.e.

AV,
Input resist .= 1
nput resistance, 7, Al

The value of input resistance for a CE circuit is of the order of a few hundred ohms.

at constant V.

2. Output characteristic. It is the curve between collector current I . and collector-emitter
voltage V . at constant base current I

The output characteristics of a CE circuit can be drawn with the help of the circuit shown in Fig.
8.29. Keeping the base current /,; fixed at some value say, 5 nA, note the collector current /. for
various values of V.. Then plot the readings on a graph, taking /. along y-axis and V., along x-axis.
This gives the output characteristic at /[, = 5 pA as shown in Fig. 8.31 (i). The test can be repeated for
I, = 10 pA to obtain the new output characteristic as shown in Fig. 8.31 (if). Following similar
procedure, a family of output characteristics can be drawn as shown in Fig. 8.31 (iii).

Ic Ie 1o
A A A
4mA- I =20 pA
3mA- Ip=15pA
anee
v, _ 4 _
knee oA L - Iy =10pA 2mA I, =10 pA
ma L ¥ fp=5uA . ImA- I=5pA
| |
| I . .
0 1V > Ver 0 1v > Ve 0 > Ve
@) (@) (iif)
Fig. 8.31

The following points may be noted from the characteristics:

(i) The collector current /. varies with V. for V. between 0 and 1V only. After this, collector
current becomes a/most constant and independent of V.. This value of V., upto which collector
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current /. changes with V. is called the knee voltage (V, ). The transistors are always operated in

nee

the region above knee voltage.

(i1) Above knee voltage, /.. is almost constant. However, a small increase in /. with increasing
V- 1s caused by the collector depletion layer getting wider and capturing a few more majority carri-
ers before electron-hole combinations occur in the base area.

(iii) For any value of V., above knee voltage, the collector current /. is approximately equal to

B x I

Output resistance. It is the ratio of change in collector-emitter voltage (AV ) to the change in
collector current (Al ) at constant I i.e.

AVeg

Output resistance, r, = at constant [,

c
It may be noted that whereas the output characteristics of CB circuit are horizontal, they have
noticeable slope for the CE circuit. Therefore, the output resistance of a CE circuit is less than that of
CB circuit. Its value is of the order of 50 k€.

8.13 Common Collector Connection

In this circuit arrangement, input is applied between base and collector while output is taken between
the emitter and collector. Here, collector of the transistor is common to both input and output circuits
and hence the name common collector connection. Fig. 8.32 (i) shows common collector npn transis-
tor circuit whereas Fig. 8.32 (if) shows common collector pnp circuit.

OUTPUT OUTPUT

SIGNAL ! SIGNAL

(@) (1)
Fig. 8.32
(i) Current amplification factor y. In common collector circuit, input current is the base
current /, and output current is the emitter current /. Therefore, current amplification in this circuit
arrangement can be defined as under :

The ratio of change in emitter current (Aly) to the change in base current (Aly) is known as
current amplification factor in common collector (CC) arrangement i.e.

This circuit provides about the same current gain as the common emitter circuit as Al, = Al
However, its voltage gain is always less than 1.

Relation between yand o

AL .

Y Al (D)
Al

o = —NC ..(ii)
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Now I, = I+ 1.
or Al, = Al +Al,
or Al Al — Al
Substituting the value of Al in exp. (i), we get,
y = e
AIE - A]C
Dividing the numerator and denominator of R.H.S. by Al,, we get,
Al
y = e o1 (Q o = %)
Alp Al 1-a E
Al, Al
L
(i) Expression for collector current
We know Io = olg+1g, (See Art. 8.8)
Also Ly = Ig+1.=1Iy + (0l +1p)
I(1-0) = Ig+1,
1 1
or I, = ﬁ %
or I. ; I = *(B+1)IB+(B+1)ICBO

(zii) Applications. The common collector circuit has very high input resistance (about 750 k)
and very low output resistance (about 25 Q). Due to this reason, the voltage gain provided by this
circuit is always less than 1. Therefore, this circuit arrangement is seldom used for amplification.
However, due to relatively high input resistance and low output resistance, this circuit is primarily
used for impedance matching i.e. for driving a low impedance load from a high impedance source.

8.14 Comparison of Transistor Connections

The comparison of various characteristics of the three connections is given below in the tabular
form.

S. No. | Characteristic Common base Common emitter Common collector
1. Input resistance Low (about 100 Q) | Low (about 750 Q) |Very high (about
750 kQ)

2. Output resistance | Very high (about High (about 45 kQ) |Low (about 50 Q)
450 kQ)

3. Voltage gain about 150 about 500 less than 1

4, Applications For high frequency For audio frequency |For impedance
applications applications matching

5. Current gain No (less than 1) High (B) Appreciable

The following points are worth noting about transistor arrangements :
,,,,, B
i +1= —+1=——
P I-o =@z
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(i) CB Circuit. The input resistance (r;) of CB circuit is low because I is high. The output
resistance (r,) is high because of reverse voltage at the collector. It has no current gain (ot < 1) but
voltage gain can be high. The CB circuit is seldom used. The only advantage of CB circuit is that it
provides good stability against increase in temperature.

(i) CE Circuit. The input resistance (r;,) of a CE circuit is high because of small 1. Therefore,
r; for a CE circuit is much higher than that of CB circuit. The output resistance (r,) of CE circuit is
smaller than that of CB circuit. The current gain of CE circuit is large because /.. is much larger than
I. The voltage gain of CE circuit is larger than that of CB circuit. The CE circuit is generally used
because it has the best combination of voltage gain and current gain. The disadvantage of CE circuit
is that the leakage current is amplified in the circuit, but bias stabilisation methods can be used.

(iit) CC Circuit. The input resistance (r;) and output resistance (r,) of CC circuit are respec-
tively high and low as compared to other circuits. There is no voltage gain (A, < 1) in a CC circuit.
This circuit is often used for impedance matching.

8.15 Commonly Used Transistor Connection

Out of the three transistor connections, the common emitter circuit is the most efficient. It is used in
about 90 to 95 per cent of all transistor applications. The main reasons for the widespread use of this
circuit arrangement are :

(i) High current gain. In a common emitter connection, /. is the output current and /, is the
input current. In this circuit arrangement, collector current is given by :

Ie = Bly+lig

As the value of [ is very large, therefore, the output current /. is much more than the input
current /,. Hence, the current gain in CE arrangement is very high. It may range from 20 to 500.

(71) High voltage and power gain. Due to high current gain, the common emitter circuit has the
highest voltage and power gain of three transistor connections. This is the major reason for using the
transistor in this circuit arrangement.

(iii) Moderate output to input impedance ratio. In a common emitter circuit, the ratio of
output impedance to input impedance is small (about 50). This makes this circuit arrangement an
ideal one for coupling between various transistor stages. However, in other connections, the ratio of
output impedance to input impedance is very large and hence coupling becomes highly inefficient
due to gross mismatching.

8.16 Transistor as an Amplifier in CE Arrangement

Fig. 8.33 shows the common emitter npn amplifier circuit. Note that a battery V, is connected in the
input circuit in addition to the signal voltage. This d.c. voltage is known as bias voltage and its
magnitude is such that it always keeps the emitter-base junction forward *biased regardless of the
polarity of the signal source.

Operation. During the positive half-cycle of the **signal, the forward bias across the emitter-base
junction is increased. Therefore, more electrons flow from the emitter to the collector via the base.
This causes an increase in collector current. The increased collector current produces a greater
voltage drop across the collector load resistance R .. However, during the negative half-cycle of the

If d.c. bias voltage is not provided, then during negative half-cycle of the signal, the emitter-base junction
will be reverse biased. This will upset the transistor action.

** Throughout the book, we shall use sine wave signals because these are convenient for testing amplifiers.
But it must be realised that signals (e.g. speech, music etc.) with which we work are generally complex
having little resemblance to a sine wave. However, fourier series analysis tells us that such complex
signals may be expressed as a sum of sine waves of various frequencies.
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signal, the forward bias across emitter-base junction is decreased. Therefore, collector current de-
creases. This results in the decreased output voltage (in the opposite direction). Hence, an amplified
output is obtained across the load.

Ic

i,  SIGNAL
R-ZOUTPUT

VBB VCC

Fig. 8.33 Fig. 8.34

Analysis of collector currents. When no signal is applied, the input circuit is forward biased
by the battery V. Therefore, a d.c. collector current /. flows in the collector circuit. This is called
zero signal collector current. When the signal voltage is applied, the forward bias on the emitter-
base junction increases or decreases depending upon whether the signal is positive or negative.
During the positive half-cycle of the signal, the forward bias on emitter-base junction is increased,
causing total collector current i . to increase. Reverse will happen for the negative half-cycle of the
signal.

Fig. 8.34 shows the graph of total collector current i versus time. From the graph, it is clear that
total collector current consists of two components, namely ;

(i) The d.c. collector current /. (zero signal collector current) due to bias battery V. This is
the current that flows in the collector in the absence of signal.

(i) The a.c. collector current i due to signal.

Total collector current, i, = i .+ 1.

The useful output is the voltage drop across collector load R due to the a.c. component i.. The
purpose of zero signal collector current is to ensure that the emitter-base junction is forward biased at
all times. The table below gives the symbols usually employed for currents and voltages in transistor
applications.

S. No. | Particular Instantaneous a.c. d.c. Total
1. Emitter current i I 0z
2. Collector current i, 1. e
3. Base current i, I ip
4. Collector-emitter voltage V., Ve Ver
5. Emitter-base voltage v, Vs Vg

8.17 Transistor Load Line Analysis

In the transistor circuit analysis, it is generally required to determine the collector current for various
collector-emitter voltages. One of the methods can be used to plot the output characteristics and
determine the collector current at any desired collector-emitter voltage. However, a more convenient
method, known as load line method can be used to solve such problems. As explained later in this
section, this method is quite easy and is frequently used in the analysis of transistor applications.
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d.c.load line. Consider a common emitter npn transistor circuit shown in Fig. 8.35 (i) where no
signal is applied. Therefore, d.c. conditions prevail in the circuit. The output characteristics of this
circuit are shown in Fig. 8.35 (ii).
The value of collector-emitter voltage V. at any time is given by ;

Vep = Vee—IoRe ()
I
by I (mA)
h A
Vee LA
RC
RC
NO I Ip=15pA
SIGNAL E Iz=10pA
[ | | fs=3uA
L : 10l L > Ve (VOLTS)
VBB VCC cc
0) (ii)

Fig. 8.35

As V.. and R are fixed values, therefore, it is a first degree equation and can be represented by
a straight line on the output characteristics. This is known as d.c. load line and determines the locus
of V. — 1 points for any given value of R .. To add load line, we need two end points of the straight
line. These two points can be located as under :
(i) When the collector current /.= 0, then collector-emitter voltage is maximum and is equal to
Veele
Max. Vop = Voo — 1R,
= Ve (- 1-=0)
This gives the first point B (OB = V) on the collector-emitter voltage axis as shown in
Fig. 8.35 (ii).
(ii)) When collector-emitter voltage V-, = 0, the collector current is maximum and is equal to
Veo/Re ive.
Ver = Vee = 1eRe
or 0 = Vee— IR, Je(mA)
Max. I. = V../R.

This gives the second point A (OA =V /R ) on
the collector current axis as shown in Fig. 8.35 (ii).
By joining these two points, d.c. *load line AB is
constructed.

Importance. The current (/) and voltage (V)
conditions in the transistor circuit are represented by
some point on the output characteristics. The same
information can be obtained from the load line. Thus
when /. is maximum (= V./R), then V. = 0 as
shown in Fig. 8.36. If /. =0, then V is maximum

* Why load line ? The resistance R connected to the device is called load or load resistance for the circuit
and, therefore, the line we have just constructed is called the load line.
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and is equal to V. For any other value of collector current say OC, the collector-emitter voltage V.
= OD. 1t follows, therefore, that load line gives a far more convenient and direct solution to the
problem.

Note. If we plot the load line on the output characteristic of the transistor, we can investigate the behaviour
of'the transistor amplifier. It is because we have the transistor output current and voltage specified in the form of
load line equation and the transistor behaviour itself specified implicitly by the output characteristics.

8.18 Operating Point

The zero signal values of 1. and V -, are known as the operating point.

It is called operating point because the variations of /.
and V-, take place about this point when signal is applied. It is ‘{C
also called quiescent (silent) point or O-point because it is the
point on /.~ V. characteristic when the transistor is silent i.e.
in the absence of the signal.

Suppose in the absence of signal, the base current is 5
pA. Then /. and V., conditions in the circuit must be repre-
sented by some point on /5 =5 A characteristic. But/.and pe-—-- 9 Tp=5uA
Vi conditions in the circuit should also be represented by |
some point on the d.c. load line AB. The point Q where the I
load line and the characteristic intersect is the only point which o é, % > Ve
satisfies both these conditions. Therefore, the point Q de-
scribes the actual state of affairs in the circuit in the zero
signal conditions and is called the operating point. Referring
to Fig. 8.37, for I, = 5 pA, the zero signal values are :

Vep = OC volts
I. = OD mA

It follows, therefore, that the zero signal values of /. and V. (i.e. operating point) are deter-

mined by the point where d.c. load line intersects the proper base current curve.

Example 8.22. For the circuit shown in Fig. 8.38 (i), draw the d.c. load line.

Solution. The collector-emitter voltage V., is given by ;
Vep = Vee—I-R. (D)
When [I. = 0, then,
Vep = Voo = 125V
This locates the point B of the load line on the collector-emitter voltage axis.

Ie

5 mA &4

NO SIGNAL

I

R¢

1

E

i
Vee=125V
(@) (i)
Fig. 8.38

>V
19) 125v  CE

~
g



168 W Principles of Electronics

When V., = 0, then,
I = VedRp = 125V/2.5kQ = 5mA

This locates the point A of the load line on the collector current axis. By joining these two points,
we get the d.c. load line AB as shown in Fig. 8.38 (ii).

Example 8.23. In the circuit diagram shown in Fig. 8.39 (i), if V. = 12V and R . = 6 k€2, draw
the d.c. load line. What will be the Q point if zero signal base current is 20uA and 3= 50 ?
Solution. The collector-emitter voltage V- is given by :
Ver = Vee—1cRe
When I, =0, V.= V.= 12 V. This locates the point B of the load line. When V=0,

1.=V,-/R-=12V/6 kQ =2 mA. This locates the point A of the load line. By joining these two
points, load line AB is constructed as shown in Fig. 8.39 (ii).

Zero signal base current, I, = 20 pA = 0.02 mA
Current amplification factor, f = 50
Zero signal collector current, I = I, = 50x0.02 = 1 mA

R-=6kQ
NO SIGNAL 1 mA

N | H
Il/l |I II
BB Vee=12V 0

Fig. 8.39
Zero signal collector-emitter voltage is
Vep, = Vee—IcR- = 12-1mAXx6kQ =6V
Operating point is 6 V, 1 mA.
Fig. 8.39 (ii) shows the Q point. Its co-ordinates are /.= 1mA and V=6 V.
Example 8.24. In a transistor circuit, collector load is 4 k2 whereas quiescent current (zero
signal collector current) is ImA.
(i) What is the operating point if V.. = 10V ?
(ii)) What will be the operating point if R = 5 kQ ?

Solution. Vee = 10V, I, = I mA
@) When collector load R. = 4kQ, then,
Ve = Vee—IcR-=10-1mAx4kQ =10-4 =6V
Operating point is 6 V, 1 mA.
(iM) When collector load R. = 5k, then,
Vep, = Vee—1cR: = 10-1mAX5kQ =10-5=5V

Operating point is 5V, 1 mA.

Example 8.25. Determine the Q point of the transistor circuit shown in Fig. 8.40. Also draw the
d.c. load line. Given 3 = 200 and Vg = 0.7V.
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20V 39.6 MA-———— -

»

693V 20V

Fig 8.40 Fig. 8.41

Solution. The presence of resistor R, in the base circuit should not disturb you because we can
apply Kirchhoff’s voltage law to find the value of I, and hence /. (= Bl). Referring to Fig. 8.40 and
applying Kirchhoff’s voltage law to base-emitter loop, we have,

Vg —Ig Rg—=Vpp=0
VBB _VBE _ IOV _07V

Iy = 7R, a7k~ 19%uA
Now I. = Bl,=(200)(198 pA) = 39.6 mA
Also Veg = Vee—IoRe = 20V —(39.6mA) (330 Q) = 20V — 13.07V = 6.93V

Therefore, the Q-point is /.= 39.6 mA and V. = 6.93V.
D.C. load line. In order to draw the d.c. load line, we need two end points.
Ver = Vee=1cRe
When I.=0, V= V.-=20V. This locates the point B of the load line on the collector-emitter
voltage axis as shown in Fig. 8.41. When V.. =0, 1.=V/R.=20V/330Q = 60.6 mA. This locates

the point A of the load line on the collector current axis. By joining these two points, d.c. load line AB
is constructed as shown in Fig. 8.41.

Example 8.26. Determine the Q point of the transistor circuit shown in *Fig. 8.42. Also draw
the d.c. load line. Given 3 = 100 and Vg = 0.7V.

+Vee + 10V

1.80 mA

—Veg & - 10V
Fig. 8.42
The presence of two power supplies has an effect on the baisc equations for /. and V., used for single

power supply (i.e. V). Normally, the two supply voltages will be equal. For example, if V.= + 10V
(d.c.), then V, =— 10V (d.c.).
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Solution. The transistor circuit shown in Fig. 8.42 may look complex but we can easily apply
Kirchhoff’s voltage law to find the various voltages and currents in the * circuit.
Applying Kirchhoff’s voltage law to the base-emitter loop, we have,

Mg Ry = Vg =1 Rp+ V=0 or Vi =Ip Rp+ [z Rp+ Vg

Now I.=PBlyandI.~1I,. .. I,=1,/B.Putting I, =I,/B in the above equation, we have,

IE
Vip = (F) Ry+ 1, Ry+ Vi

Ry VEE_VBE

or ]E(T+RE):VEEVBE or Iy = RTR.IB
' Ve Ve  10V-07V_ 93V _

Since /o > I, Ie = R+R,/B~ 27kQ + 47 kQ/100 _ 5.17kQ  L8mA

Applying Kirchhoff’s voltage law to the collector side, we have,
Vee ~IcRe=Vep —Ig Rp+ Ve =0

or Veg = Veet Vg1 (Rt Rp) (Q Ig=1I,)

= 10V + 10V — 1.8 mA (1 kQ +4.7 kQ)=9.74V

Therefore, the operating point of the circuit is /.= 1.8 mA and V. = 9.74V.
D.C.load line. The d.c. load line can be constructed as under :
Vee = Veet Vee—1Ie Re + Rp)

When/.=0; V= Voot V=10V + 10V = 20V. This locates the first point B (OB =20V) of
the load line on the collector-emitter voltage axis. When V., =0,
Vee Ve 10V + 10V 20V

le = "ROYR, “1kQ+47kQ  57kQ ~3O1mA

This locates the second point A (OA = 3.51 mA) of the load line on the collector current axis. By
joining points A and B, d.c. load line AB is constructed as shown in Fig. 8.43.

Example 8.27. In the above example, find (i) emitter voltage w.r.t. ground (ii) base voltage w.r.t.
ground (iii) collector voltage w.r.t. ground.
Rc

+ Voo

*  The emitter resistor R, provides stabilisation of Q-point (See Art. 9.12).
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Solution. Refer to Fig. 8.44.

() The emitter voltage w.r.t. ground is
Ve==Vpe+ [ R, =—10V + 1.8 mA x 4.7 kQ =-1.54V

(7i) The base voltage w.r.t. ground is
Vg =Vp+ Vg =10V +0.7V =10.7V

(7i1) The collector voltage w.r.t. ground is
Ve=Vee—I-R-=10V-1.8mA x 1 kQ=8.2V

8.19 Practical Way of Drawing CE Circuit

The common emitter circuits drawn so far can be shown in another convenient way. Fig. 8.45 shows
the practical way of drawing CE circuit. In Fig. 8.45 (i), the practical way of drawing common
emitter npn circuit is shown. Similarly, Fig. 8.45 (ii) shows the practical way of drawing common
emitter pnp circuit. In our further discussion, we shall often use this scheme of presentation.

+Vee -Vee

©)

Fig. 8.45
8.20 Output from Transistor Amplifier

A transistor raises the strength of a weak signal and thus acts as
an amplifier. Fig. 8.46 shows the common emitter amplifier.
There are two ways of taking output from this transistor con-
nection. The output can be taken either across R or across
terminals 1 and 2. In either case, the magnitude of output is the

1

same. This is clear from the following discussion :

(i) First method. We can take the output directly by
putting a load resistance R, in the collector circuit i.e.

OUTPUT
Output = voltage across R = i, R ..(0)

This method of taking output from collector load is used

only in single stage of amplification. \5

(71) Second method. The output can also be taken across
terminals 1 and 2 i.e. from collector and emitter end of supply.

Output

Voltage across terminals 1 and 2
= Vee—iRe
As V. is a direct voltage and cannot pass through capacitor C, therefore, only varying voltage
i, R will appear across terminals 1 and 2.
: Output = —i R, ...(iD)

c
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From exps. (i) and (ii), it is clear that magnitude of output is the same whether we take output
across collector load or terminals 1 and 2. The minus sign in exp. (ii) simply indicates the phase
reversal. The second method of taking output is used in multistages of amplification.

8.21 Performance of Transistor Amplifier

The performance of a transistor amplifier depends upon input resistance, output resistance, effective
collector load, current gain, voltage gain and power gain. As common emitter connection is univer-
sally adopted, therefore, we shall explain these terms with reference to this mode of connection.

(i) Input resistance. It is the ratio of small change in base-emitter voltage (AVy;) to the

resulting change in base current (Alg) at constant collector-emitter voltage i.e.
AVy,
Al

The value of input resistance is quite small because the input circuit is always forward biased. It
ranges from 500 € for small low powered transistors to as low as 5 € for high powered transistors. In
fact, input resistance is the opposition offered by the base-emitter junction to the signal flow. Fig.
8.47 shows the general form of an amplifier. The input voltage V. causes an input current /.

AV _ Vie
Al Iy
Thus if the input resistance of an amplifier is 500 Q and the sig-
nal voltage at any instant is 1 V, then,

Input resistance, R, =

Input resistance, R, =

v
Base current, i, = ————= = 2mA Ip
500 Q $—>— o—1—o
(@) Output resistance. It is the ratio of change in collector- v

BE R,
emitter voltage (AV ) to the resulting change in collector current i "
(Al ) at constant base current i.e.

AV AMPLIFIER
Al

The output characteristics reveal that collector current changes

very slightly with the change in collector-emitter voltage. Therefore,

output resistance of a transistor amplifier is very high— of the order of several hundred kilo-ohms.
The physical explanation of high output resistance is that collector-base junction is reverse biased.

Output resistance, R, =
Fig. 8.47

(iii) Effective collector load. It is the total load as seen by the a.c. collector current.
In case of single stage amplifiers, the effective collector load is a parallel combination of R - and
R, as shown in Fig. 8.48 (i).
Effective collector load, R, = R || R,
R-XR, .
c
R-+R,
It follows, therefore, that for a single stage amplifier, effective load is equal to collector load R .
However, in a multistage amplifier (i.e. having more than one amplification stage), the input
resistance R, of the next stage also comes into picture as shown in Fig. 8.48 (ii). Therefore, effective
collector load becomes parallel combination of R, R, and R, i.e.
Effective collector load, R, = R, || R, || R;
* As output resistance R, is several times R ., therefore, R . can be neglected as compared to R,

R- xR,
Ry, = <2 =R,
AC RO
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R. R,

= *R R,:
cll®; R +R,

As input resistance R, is quite small (25 Q to 500 €2), therefore, effective load is reduced.
(iv) Current gain. It is the ratio of change in collector current (Al ) to the change in base
current (Alp) i.e.
Al
C t gain, p = —&
urrent gain, Al
The value of  ranges from 20 to 500. The current gain indicates that input current becomes 3
times in the collector circuit.

"'_Vcc +Vee
RC RC I
. i
: P
: P
H H : H
Ry Ry : R;
l
| Pl
i L
- - T
SINGLE STAGE k—— FIRST STAGE—»l+SECOND STAGE
TWO STAGE
(@) (i)
Fig. 8.48

(v) Voltage gain. It is the ratio of change in output voltage (AV ) to the change in input
voltage (AVyp) i.e.

AVep

AVyp

Change in output current X effective load

Change in input current X input resistance

_ AlXR,. _ Al Bac _ Bx Ry
Al, xR~ A, R, R,

R-XR,

R.+R

i

Voltage gain, A,

For single stage, R, = R.. However, for multistage, R, = where R; is the input

resistance of the next stage.
(vi) Power gain. It is the ratio of output signal power to the input signal power i.e.

(Al xR, Aly | Al xR,

Current gain X Voltage gain

Power gain, A »

Example 8.28. A change of 200 mV in base-emitter voltage causes a change of 100 uA in the
base current. Find the input resistance of the transistor.

Solution. Change in base-emitter voltage is
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AVp = 200mV
Change in base current, Al, = 100 pA
AV,
Input resistance, R, = AIIZE = 588 ;nX = 2kQ

Example 8.29. If the collector current changes from 2 mA to 3mA in a transistor when collec-
tor-emitter voltage is increased from 2V to 10V, what is the output resistance ?

Solution. Change in collector-emitter voltage is
AV = 10-2 =8V
Change in collector currentis Al = 3-2 = 1mA
AVep 8V
Al . 1 mA
Example 8.30. For a single stage transistor amplifier, the collector load is R = 2k£2 and the
input resistance R; = 1kS2. If the current gain is 50, calculate the voltage gain of the amplifier.

Solution.  Collector load, R. = 2kQ
Input resistance, R, = 1kQ

Output resistance, R, = = 8 kQ

Current gain, f = 50
1 . _ BX RAC _ BXR—C .. ingl =
Voltage gain, A, = R R [ For single stage, R, = R]

= 50x(2/1)=100
8.22 Cut off and Saturation Points
Fig. 8.49 (i) shows CE transistor circuit while Fig. 8.49 (ii) shows the output characteristcs along with

the d.c. load line.

(i) Cutoff. The point where the load line intersects the /, = 0 curve is known as cut off. At this
point, I, = 0 and only small collector current (i.e. collector leakage current /) exists. At cut off, the
base-emitter junction no longer remains forward biased and normal transistor action is lost. The
collector-emitter voltage is nearly equal to V. i.e.

Veewuop = Ve

Ip=1Iy (sar)

l
/ : \/ CUT OFF
/ : \ Iy= 0

I

I
0 o » Vg (VOLTS)

vCE (sar) = anee

@ Fig. 8.49 @)

(if) Saturation. The point where the load line intersects the I, = Iy, curve is called saturation.
At this point, the base current is maximum and so is the collector current. At saturation, collector-
base junction no longer remains reverse biased and normal transistor action is lost.
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Vee
Ie sy = R, 5 Ver = Versan = Vioee

If base current is greater than I, ., then collector current cannot increase because collector-base

junction is no longer reverse-biased.

(7ii) Active region. The region between cut off and saturation is known as active region. In the
active region, collector-base junction remains reverse biased while base-emitter junction remains
forward biased. Consequgntly, the transistor will function normally in this region.

Note. We provide biasing to the transistor to ensure that it operates in the active region. The reader may
find the detailed discussion on transistor biasing in the next chapter.

Summary. A transistor has two pn junctions i.e., it is like two diodes. The junction between base
and emitter may be called emitter diode. The junction between base and collector may be called
collector diode. We have seen above that transistor can act in one of the three states : cut-off,
saturated and active. The state of a transistor is entirely determined by the states of the emitter diode
and collector diode [See Fig. 8.50]. The relations between the diode states and the C
transistor states are :

CUT-OFF : Emitter diode and collector diode are OFF.

ACTIVE : Emitter diode is ON and collector diode is OFF. B

SATURATED : Emitter diode and collector diode are ON.

In the active state, collector current [See Fig 8.51 (i)] is P times the base cur-
rent (i.e. I.= Bl). If the transistor is cut-off, there is no base current, so there is no . E
collector or emitter current. That is collector emitter pathway is open [See Fig. 8.51 Fig. 8.50
(ii)]. In saturation, the collector and emitter are, in effect, shorted together. That is the transistor
behaves as though a switch has been closed between the collector and emitter [See Fig. 8.51 (iii)].

C C C
o o
I1-=PI l 1-.=0 l I.=1
IB l C B IB= 0 C C™E
—> —> Open between Short (approximate)
B B o—— collector and Bo between collector
emitter and emitter
l[ -0
o o
E E E
(i) ACTIVE (if) CUT-OFF (iii) SATURATED
Fig. 8.51

Note. When the transistor is in the active state, /. = BI,. Therefore, a transistor acts as an
amplifier when operating in the active state. Amplification means linear amplification. In fact, small
signal amplifiers are the most common linear devices.

Example 8.31. Find I,

(sat) and Vereu oﬁ)for the circuit shown in Fig. 8.52 (i).

Solution. As we decrease Ry, base current and hence collector current increases. The increased
collector current causes a greater voltage drop across R -; this decreases the collector-emitter voltage.
Eventually at some value of Ry, V. decreases to V, .. At this point, collector-base junction is no

longer reverse biased and transistor action is lost. Consequently, further increase in collector current is
not possible. The transistor conducts maximum collector current ; we say the transistor is saturated.

I = Yee = Vinee _ Yec _ 20V
e R. R, _ 1kQ

* Ve 18 about 0.5 V for Ge transistor and about 1V for Si transistor. Consequently, V,, ., can be neglected

as compared to V. (= 20 V in this case).

= 20mA
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As we increase R, base current and hence collector current decreases. This decreases the volt-
age drop across R. This increases the collector-emitter voltage. Eventually, when I, = 0, the emitter-
base junction is no longer forward biased and transistor action is lost. Consequently, further increase
in V. is not possible. In fact, V-, now equals to V.
VCE(cut-aﬁ’) =Vee =20V

+20V

20 mA

>V
20V cE
(i)
Fig. 8.52
d.c. load line.

Figure 8.52 (if) shows the saturation and cut off points. Incidentally, they are end points of the

Note. The exact value of Vg0 = Voo = Lopo Re- Since the collector leakage current /.y, is very small,
we can neglect I, R as compared to V..

Example 8.32. Determine the values of V(i and I g, for the circuit shown in Fig. 8.53.

Vee =+ 12V

.||||—o

Veg=-12V
Fig. 8.53
have,

Solution. Applying Kirchhoff’s voltage law to the collector side of the circuit in Fig. 8.53, we

Vee—IcRe—Vep="Ic Rp+ V=0
= Veet V=1 (Rt Ry)

Voltage across R, = I, R. Since I, = I, voltage across R, = IR,
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We have Vi (. When I = 0. Therefore, putting /.= 0 in eq. (i), we have,

Verop = Voo Vep=12+12=24V

We have /. (sar) when V.= 0.
Vee v Ve (12+12)V
Iean = TR+ R, (750+1500) Q
Example 8.33. Determine whether or not the transistor in Fig. 8.54 is in stauration. Assume
Vi..,=0.2V.

knee

=10.67 mA

A

Rp=1kQ
1
Ry Iy c —
—AMAV—> B=50 — Vee=10V
10 kQ T
L I
Vgp = 3VE E
Fig. 8.54
Solution.
Vee = Vipee . 10V -02V 98V

leway = 7R, 1kQ 1kQ ~08mA
Now we shall see if 7 is large enough to produce I (.
Veg = Ve _ 3V-07V _ 23V
o I. = BI;=50x0.23 =11.5mA
This shows that with specified f, this base current (= 0.23 mA) is capable of producing /. greater
than /.. (saty Therefore, the transistor is saturated. In fact, the collector current value of 11. 5 mA is

never reached. If the base current value corresponding to /., is increased, the collector current
remains at the saturated value (= 9.8 mA).

(sar)

Example 8.34. Is the transistor in Fig. 8.55 operating in saturated state ?

Ic

R-=9700Q

=100 — V=10V
100 pA

Vep —- Ig

A
A 4

Fig. 8.55
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Solution.

1 C
VCE

BI, = (100)(100 uA) = 10 mA
VCCi IC RC
10V — (10 mA)(970Q) = 0.3V

Let us relate the values found to the transistor shown in Fig. 8.56. @ -
As you can see, the value of V15 0.95V and the value of V., =0.3V. +
This leaves V., of 0.65V (Note that V., = V., + V). In this case,

+
collector — base junction (i.e., collector diode) is forward biased as is 4(
the emitter-base junction (i.e., emitter diode). Therefore, the transistor 7 =

is operating in the saturation region. +
Note. When the transistor is in the saturated state, the base cur- @
rent and collector current are independent of each other. The base cur-

rent is still (and always is) found only from the base circuit. The col-
lector current is found apporximately by closing the imaginary switch Fig. 8.56
between the collector and the emitter in the collector circuit.

Example 8.35. For the circuitin Fig. 8.57, find the base supply voltage (V) that just puts the
transistor into saturation. Assume 3 = 200.

Solution. When transistor first goes into saturation, we
can assume that the collector shorts to the emitter (i.e. V.= 0)
but the collector current is still B times the base current.

Vee =Vee _ Vee -0

+10V (Vee)

Vap

IC(saz) = RC - RC
10V -0
The base current /; corresponding to /¢, (=5 mA) is
Ic 5mA
= CGay _omA _
I, = B 200 0.025 mA

Applying Kirchhoff’s voltage law to the base circuit, we

have, .
Vyy— Iy Ry—Vyp=0 Fig. 8.57

or Veg = Vet Iz Ry
0.7V +0.025 mA x 50 kQ=0.7 + 1.25=1.95V

Therefore, for Vi, = 1.95, the transistor will be in saturation.

Example. 8.36. Determine the state of the transistor in Fig. 8.58 for the following values of
collector resistor :

(i) Rp.=2kQ(ii) R, =4 k& (iii) R = 8 k2

Solution. Since /,; does not depend on the value of the collector resistor R, the emitter current
(1) is the same for all three parts.

Emitter voltage,V, = Vp— V.=V —Vpp
= 27V-07V=2V
Also I :V—E=2—V=2mA
ET R, 1kQ
(i) When R =2KkQ. Suppose the transistor is active.
: I, = I;=2mA
Iy = 1/B=2mA/100=0.02 mA
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Collector voltage, V. = V- — IR Vee=+10V
= 10V-2mAx2kQ =10V -4V =6V

Since V. (= 6V) is greater than V, (= 2V), the transistor is
active. Therefore, our assumption that transistor is active is cor-
rect.

(i1) When R =4 kQ. Suppose the transistor is active.

. I, = 2mA and ;= 0.02 mA ... as found above
Collector voltage,V,. = V-1 R
10V -2mA x4kQ=10V -8V =2V

Since V. = V,, the transistor is just at the edge of saturation.
We know that at the edge of saturation, the relation between the

transistor currents is the same as in the active state. Both answers
are correct.

(ii)) When R = 8 kQ. Suppose the transistor is active.

I, = 2mA ;1,=0.02mA ... as found earlier. Fig. 8.58
Collector voltage, V.=V - 1R,

= 10V-2mA x8kQ=10V-16V=-6V

Since V. <V, the transistor is saturated and our assumption is not correct.
Example 8.37. In the circuit shown in Fig. 8.59, Vg is set equal to the following values :
(i) Vgp = 0.5V (ii) Vg = 1.5V (iii) Vg = 3V
Determine the state of the transistor for each value of the base supply voltage V.

Solution. The state of the transistor also depends on the base
supply voltage V.

. > Vee
(@) For Vg, =0.5V +15V
Because the base voltage Vi (= V= 0.5V) is less than 0.7V,
the transistor is cut-off. +
R
(i) For Vg, =15V Vag c S10kQ llc

The base voltage V,, controls the emitter voltage V. which
controls the emitter current /..
Now Ve = Vp=07V=15V-0.7V=08V
_ Ve _08V
I, = R, 1kQ =0.8 mA
If the transistor is active, we have,
I-=1;=08mA and I, =1/ =0.8/100 = 0.008 mA
Collector voltage, V.=V - 1R,
=15V-08mA x 10kQ=15V-8V =7V
Since V> V,, the transistor is active and our assumption is correct.
(iii) For Vg, =3V

Vp = Vz—07V=3V-0.7V=23V

V, 23V

I, = R_E_lk_Q =23mA
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Assuming the transistor is active, we have,
I-=1;=23mA ; I,=1/p=2.3/100=0.023 mA
Collector voltage, V. = V.-—I-R.
15V -23mA x 10 kQ =15V -23V=-8V
Since V. <V, the transistor is saturated and our assumption is not correct.

8.23 Power Rating of Transistor
The maximum power that a transistor can handle without destruction is known as power rating of
the transistor.

When a transistor is in operation, almost all the power is dissipated at the reverse biased
*collector-base junction. The power rating (or maximum power dissipation) is given by :

Pp nax) = Collector current X Collector-base voltage
= Ae* Ve
Pp mary = 1> Ve

[ Veg=Vep T Vpp Since Vi is very small, Vi, = V]

While connecting transistor in a circuit, it should be ensured that its power rating is not exceeded
otherwise the transistor may be destroyed due to excessive heat. For example, suppose the power
rating (or maximum power dissipation) of a transistor is 300 mW. If the collector current is 30 mA,
then maximum V. allowed is given by ;

Pponany = e Ver max
or 300 mW = 30 mA x VCE(max)
300 mW
or VCE(max) = 30 mA =10V

This means that for /.= 30 mA, the maximum V. allowed is 10V. If V. exceeds this value, the
transistor will be destroyed due to excessive heat.

Maximum power dissipation curve. For **power transistors, it is sometimes necessary to
draw maximum power dissipation curve on the output characteristics. To draw this curve, we should
know the power rating (i.e. maximum power dissipation) of the transistor. Suppose the power rating
of a transistor is 30 mW.

Pponary = Ver* e
or 30mW =V x1.

Using convenient V-, values, the corresponding collector currents are calculated for the maxi-
mum power dissipation. For example, for V.= 10V,

P,
I (max) = % = 3(1)0m\>7V =3mA

This locates the point A (10V, 3 mA) on the output characteristics. Similarly, many points such as
B, C, D etc. can be located on the output characteristics. Now draw a curve through the above points
to obtain the maximum power dissipation curve as shown in Fig. 8.60.

In order that transistor may not be destroyed, the transistor voltage and current (i.e. V-, and /)
conditions must at all times be maintained in the portion of the characteristics below the maximum
power dissipation curve.

The base-emitter junction conducts about the same current as the collector-base junction (i.e. Iy =~ I..).
However, V. is very small (0.3 V for Ge transistor and 0.7 V for Si transistor). For this reason, power
dissipated at the base-emitter junction is negligible.

** A transistor that is suitable for large power amplification is called a power transistor. It differs from other
transistors mostly in size ; it is considerably larger to provide for handling the great amount of power.
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IC
A
6mA - / o
L ¢
SmA [~ / &
4mA |- B
. \ MAXIMUM POWER
/ SA DISSIPATION CURVE
3mA |- -
/ P Py = 30 mW
2mA |- / LN
ImA / :
: : : —
0 sV 10v 15V 20v  F
Fig. 8.60

Example 8.38. The maximum power dissipation of a transistor is 100mW. If V., = 20V, what is
the maximum collector current that can be allowed without destruction of the transistor?

Solution. Ppmayy = Ver X e gnax
or 100 mW =20V X1¢ 00
Ity = 100 mW = 5mA
20V

Thus for V. =20V, the maximum collector current allowed
is 5 mA. If collector current exceeds this value, the transistor
may be burnt due to excessive heat.

Note. Suppose the collector current becomes 7mA. The power
produced will be 20 V x 7 mA = 140 mW. The transistor can only
dissipate 100 mW. The remaining 40 mW will raise the temperature of
the transistor and eventually it will be burnt due to excessive heat.

Example 8.39. For the circuit shown in Fig. 8.61, find the
transistor power dissipation. Assume that 3 = 200.

Solution.
_ VeV _5-07V _
I, = R, TS =43 mA
. I = BI; =200 x 4.3 =860 mA
Now Veg = Ve 1o Re=5-1,x0=5V

Power dissipation, P, =V % I
= 5V x 860 mA =4300 mW = 4.3W

Example 8.40. For the circuit shown in Fig. 8.62, find the
power dissipated in the transistor. Assume [3 = 100.

Solution. The transistor is usually used with a resistor R~
connected between the collector and its power supply V. as
shown is Fig. 8.62. The collector resistor R . serves two purposes.
Firstly, it allows us to control the voltage V. at the collector.
Secondly, it protects the transistor from excessive collector
current /. and, therefore, from excessive power dissipation.
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Referring to Fig. 8.62 and applying Kirchhoff’s voltage law to the base side, we have,
Vg —Ig Rg—=Vpp =0
I Veg =Vge _1V-07V _ 03V
B Ry 10 kQ
Now I = BI;=100x0.03 =3 mA

= 1040 =0.03 mA

Vep = Vee—1cR-=5V-3mA x1kQ=5V-3V=2V
Power dissipated in the transistor is
Py = Vepx1,=2V x3mA=6mW
Example 8.41. The transistor in Fig. 8.63 has the following maximum ratings :

Ppmany = 800mW ; Veg =15V I 0y = 100 mA
Determine the maximum value to which V. can be adjusted without exceeding any rating.
Which rating would be exceeded first ?

Ic

Fig. 8.63
Solution.

V-0V 43V

R, 2kQ | 22kQ 199KA
I. = BI,=100x 195 uA = 19.5 mA

Note that /.. is much less than /., and will not change with V. It is determined only by / and
B. Therefore, current rating is not exceeded.

Now Vee = VepT1oRe
We can find the value of V. when Vg 40 = 15V.

Vec may = Veeman T 1c Re

15V+19.5mA x 1 kQ =15V +19.5V =345V
Therefore, we can increase V. to 34.5V before V.

P

(mav) 18 Teached.
p = Vg may Ic= (15V) (19.5 mA) =293 mW
Since Py, (., = 800 mW, it is not exceeded when V. = 34.5V.

If base current is removed causing the transistor to turn off, V.

(max) Will be exceeded because
the entire supply voltage V. will be dropped across the transistor.

8.24. Determination of Transistor Configuration

In practical circuits, you must be able to tell whether a given transistor is connected as a common
emitter, common base or common collector. There is an easy way to ascertain it. Just locate the
terminals where the input a.c. singal is applied to the transistor and where the a.c output is taken from
the transistor. The remaining third terminal is the common terminal. For instance, if the a.c input is
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applied to the base and the a.c output is taken from the collector, then common terminal is the emitter.
Hence the transistor is connected in common emitter configuration. If the a.c. input is applied to the
base and a.c output is taken from the emitter, then common terminal is the collector. Therefore, the
transistor is connected in common collector configuration.

8.25 Semiconductor Devices Numbering System

From the time semiconductor engineering came to existence, several numbering systems were adopted
by different countries. However, the accepted numbering system is that announced by Proelectron
Standardisation Authority in Belgium. According to this system of numbering semiconductor de-
vices :

(i) Every semiconductor device is numbered by five alpha-numeric symbols, comprising either
two letters and three numbers (e.g. BF194) or three letters and two numbers (e.g. BFX63). When two
numbers are included in the symbol (e.g. BFX63), the device is intended for industrial and profes-
sional equipment. When the symbol contains three numbers (e.g. BF194) , the device is intended for
entertainment or consumer equipment.

(i7) The first letter indicates the nature of semiconductor material. For example :

A = germanium, B =silicon, C = gallium arsenide, R = compound material (e.g. cadmium sulphide)

Thus AC125 is a germanium transistor whereas BC149 is a silicon transistor.

(7ii) The second letter indicates the device and circuit function.

= diode B = Variable capacitance diode
= A.F. low powered transistor = A.F. power transistor
= Tunnel diode = H.F. low power transistor
= Multiple device = Magnetic sensitive diode
= Hall-effect device = H.F. power transistor
Hall-effect modulator Radiation sensitive diode
= Radiation generating diode = Thyristor (SCR or triac)
= Low power switching transistor = Thyristor (power)
= diode, multiplier
= Zener diode

= Power switching transistor
= Power device

8.26 Transistor Lead ldentification

There are three leads in a transistor viz. collector, emitter and base. When a transistor is to be connected
in a circuit, it is necessary to know which terminal is which. The identification of the leads of transistor
varies with manufacturer. However, there are three systems in general use as shown in Fig. 8.64.

~ T LR X XQAmAO ™
1]

NX~NI9NTITmO
1]

(i) When the leads of a transistor are in the same plane and unevenly spaced [See Fig. 8.64 (i)],
they are identified by the positions and spacings of leads. The central lead is the base lead. The
collector lead is identified by the larger spacing existing between it and the base lead. The remaining
lead is the emitter.

E [ TRANSISTOR \C

TRANSISTOR TRANSISTOR
Dot—pe
E B ‘ C C‘ B E Gap

0] (it (iif)
Fig. 8.64
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(i1) When the leads of a transistor are in the same plane but evenly spaced [See Fig. 8.64 (ii)],
the central lead is the base, the lead identified by dot is the collector and the remaining lead is the
emitter.

(i11) When the leads of a transistor are spaced around the circumference of a circle [See Fig. 8.64
(iii)], the three leads are generally in E-B-C order clockwise from a gap.

8.27 Transistor Testing

An ohmmeter can be used to check the state of a transistor i.e., whether the transistor is good or not.
We know that base-emitter junction of a transistor is forward biased while collector-base junction is
reverse biased. Therefore, forward biased base-emitter junction should have low resistance and
reverse biased collector-base junction should register a much higher resistance. Fig. 8.65 shows the
process of testing an npn transistor with an ohmmeter.

(i) The forward biased base-emitter junction (biased by internal supply) should read a low
resistance, typically 100  to 1 kQ as shown in Fig. 8.65 (7). If that is so, the transistor is good.
However, if it fails this check, the transistor is faulty and it must be replaced.

C jC

Ohmmeter Ohmmeter
L 5
= &
E
@ (i)

Fig. 8.65

(71)) The reverse biased collector-base junction (again reverse biased by internal supply) should
be checked as shown in Fig. 8.65 (ii). If the reading of the ohmmeter is 100 k€ or higher, the
transistor is good. If the ohmmeter registers a small resistance, the transistor is faulty and requires
replacement.

Note. When testing a pnp transistor, the ohmmeter leads must be reversed. The results of the tests, how-
ever, will be the same.

8.28 Applications of Common Base Amplifiers

Common base amplifiers are not used as frequently as the CE amplifiers. The two important
applications of CB amplifiers are : (i) to provide voltage gain without current gain and (i7) for imped-
ance matching in high frequency applications. Out of the two, the high frequency applications are far
more common.

(i) To provide voltage gain without current gain. We know that a CB amplifier has a high
voltage gain while the current gain is nearly 1 (i.e. A, = 1). Therefore, this circuit can be used to
provide high voltage gain without increasing the value of circuit current. For instance, consider the
case where the output current from an amplifier has sufficient value for the required application but
the voltage gain needs to be increased. In that case, CB amplifier will serve the purpose because it
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would increase the voltage without increasing the current. This is illustrated in Fig. 8.66. The CB
amplifier will provide voltage gain without any current gain.

LOW 4, HIGH 4,
INPUT—>—— AMPLIFIER »- cB ——»——— OUTPUT
AMPLIFIER
SUFFICIENT 4; A;=1
Fig. 8.66
SOURCE
__________ 1
|
| |
| |
|
: : Zout =25Q
| i
e e e o
Fig. 8.67

(71) For impedance matching in high frequency applications. Most high-frequency voltage
sources have a very low output impedance. When such a low-impedance source is to be connected
to a high-impedance load, you need a circuit to match the source impedance to the load impedance.
Since a common-base amplifier has low input impedance and high output impedance, the com-
mon-base circuit will serve well in this situation. Let us illustrate this point with a numerical ex-
ample. Suppose a high-frequency source with internal resistance 25 €2 is to be connected to a load
of 8 kQ as shown in Fig. 8.67. If the source is directly connected to the load, small source power
will be transferred to the load due to mismatching. However, it is possible to design a CB amplifier
that has an input impedance of nearly 25 Q and output impedance of nearly 8 kQ. If such a CB
circuit is placed between the source and the load, the source will be matched to the load as shown
in Fig. 8.68.

SOURCE BUFFER LOAD
Fr————""7>"">"™"™"™""™"™"77 1 r-————"7"77 1 I" ____________ 1
| | 1 1 X |
! ! ! ! ! l
7 _250 | ! ! : '
o ; i | ZuSke Zu= BIE,
: i 1250 | g |
1 | 1 1 | 1
b o i Lo ___ i s o _ d

CB CIRCUIT

Fig. 8.68

Note that source impedance very closely matches the input impedance of CB amplifier. There-
fore, there is a maximum power transfer from the source to input of CB amplifier. The high output
impedance of the amplifier very nearly matches the load resistance. As a result, there is a maximum
power transfer from the amplifier to the load. The net result is that maximum power has been trans-
ferred from the original source to the original load. A common-base amplifier that is used for this
purpose is called a buffer amplifier.
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8.29 Transistors Versus Vacuum Tubes

Advantages of transistors

A transistor is a solid-state device that performs the same functions as the grid-controlled vacuum
tube. However, due to the following advantages, the transistors have upstaged the vacuum tubes in
most areas of electronics :

(i) High voltage gain. We can get much more voltage gain with a transistor than with a vacuum
tube. Triode amplifiers normally have voltage gain of less than 75. On the other hand, transistor
amplifiers can provide a voltage gain of 300 or more. This is a distinct advantage of transistors over
the tubes.

(i1) Lower supply voltage. Vacuum tubes require much higher d.c. voltages than transistors.
Vacuum tubes generally run at d.c. voltages ranging from 200V to 400V whereas transistors require
much smaller d.c. voltages for their operation. The low voltage requirement permits us to build por-
table, light-weight transistor equipment instead of heavier vacuum-tube equipment.

(7ii) No heating. A transistor does not require a heater whereas the vacuum tube can only oper-
ate with a heater. The heater requirement in vacuum tubes poses many problems. First, it makes the
power supply bulky. Secondly, there is a problem of getting rid of heat. The heater limits the tube’s
useful life to a few thousand hours. Transistors, on the other hand, last for many years. This is the
reason that transistors are permanently soldered into a circuit whereas tubes are plugged into sockets.

(iv) Miscellaneous. Apart from the above salient advantages, the transistors have superior edge
over the tubes in the following respects :

(a) transistors are much smaller than vacuum tubes. This means that transistor circuits can be
more compact and light-weight.

(b) transistors are mechanically strong due to solid-state.

(c) transistors can be integrated along with resistors and diodes to produce /Cs which are
extremely small in size.

Disadvantages of transistors

Although transistors are constantly maintaining superiority over the vacuum tubes, yet they suffer
from the following drawbacks :

(1) Lower power dissipation. Most power transistors have power dissipation below 300W
while vacuum tubes can easily have power dissipation in kW. For this reason, transistors cannot be
used in high power applications e.g. transmitters, industrial control systems, microwave systems etc.
In such areas, vacuum tubes find wide applications.

(71) Lower input impedance. A transistors has low input impedance. A vacuum tube, on the
other hand, has very high input impedance (of the order of MQ) because the control grid draws
negligible current. There are many electronic applications where we required high input impedance
e.g. electronic voltmeter, oscilloscope etc. Such areas of application need vacuum tubes. It may be
noted here that field-effect transistor (FET) has a very high input impedance and can replace a vacuum
tube in almost all applications.

(7i7) Temperature dependence. Solid-state devices are very much temperature dependent. A
slight change in temperature can cause a significant change in the characteristics of such devices. On
the other hand, small variations in temperature hardly affect the performance of tubes. It is a distinct
disadvantage of transistors.

(iv) Inherent variation of parameters. The manufacture of solid-state devices is indeed a very
difficult process. Inspite of best efforts, the parameters of transistors (e.g. B, Vp efc.) are not the same
even for the transistors of the same batch. For example, B for BC 148 transistors may vary between
100 and 600.
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MULTIPLE-CHOICE QUESTIONS

1. A transistor has ........
(i) one pn junction
(if) two pn junctions
(iif) three pn junctions
(iv) four pn junctions
2. The number of depletion layers in a transis-

tor is ........
(i) four (if) three
(iif) one (iv) two
3. The base of a transistor is ....... doped.

(7) heavily
(iii) lightly
4. The element that has the biggest size in a

transistor is ........

(if) moderately
(iv) none of the above

(i) collector (if) base
(iif) emitter
(iv) collector-base junction
5. In a pnp transistor, the current carriers are

(i) acceptor ions (ii) donor ions
(iii) free electrons (iv) holes
6. The collector of a transistor is ........ doped.
(7) heavily
(iii) lightly
7. Atransistorisa......... operated device.

(if) moderately

(iv) none of the above
(i) current (if) voltage
(iif) both voltage and current
(iv) none of the above

8. In an npn transistor, ....... are the minority

carriers.

(i) free electrons (i) holes

(iif) donor ions (iv) acceptor ions

9. The emitter of a transistor is ........ doped.
(i) lightly

(iif) moderately

(if) heavily
(iv) none of the above

10. Inatransistor, the base current is about ........
of emitter current.

(i) 25% (if) 20%
(@it 35% (iv) 5%
11. At the base-emitter junction of a transistor,
one finds ........

(i) reverse bias
(if) awide depletion layer
(iif) low resistance
(iv) none of the above
12. The input impedance of a transistor is ......
(i) high
(iif) very high

(if) low
(iv) almost zero
13. Most of the majority carriers from the emit-

(i) recombine in the base
(if) recombine in the emitter

(iif) pass through the base region to the col-
lector

(iv) none of the above

14. The current I, is ........
(i) electron current
(if) hole current
(iif) donor ion current
(iv) acceptor ion current
15. In a transistor, ........
(i) I.=1;+1 (i) Ig=1-+1;
(iif) Ip=1.—1y (iv) Ip=1-+1
16. The value of o of a transistor is ........
(/) more than 1 (if) less than 1

(i) 1 (iv) none of the above
17. Io=0olg+ ...
@) I (i) Irgo
(iil) Ipo (iv) Bl
18. The output impedance of a transistor is ........
(7) high (if) zero
(iii) low (iv) very low

19. In a transistor, /= 100 mA and I, =
100.5 mA. The value of B is ........
(i 100 (i) 50
(iif) about 1 (iv) 200
20. In a transistor if B = 100 and collector cur-
rentis 10 mA, then I is ........
(i) 100 mA (i) 100.1 mA
(fii) 110 mA (iv) none of the above
21. The relation between § and oL is ........

0 B=o  ap=
i) p= 15 ) B= )
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22. The value of B for a transistor is generally
(0 1 (if) less than 1
(iif) between 20 and 500
(iv) above 500
23. The most commonly used transistor arrange-
ment is ........ arrangement.
(/) common emitter
(if) common base
(iify common collector
(iv) none of the above
24. The input impedance of a transistor con-
nected in .......... arrangement is the highest.
(/) common emitter
(if) common collector
(iif) common base
(iv) none of the above
25. The output impedance of a transistor con-
nected in ......... arrangement is the highest.
(/) common emitter
(if) common collector
(iif) common base
(iv) none of the above
26. The phase difference between the input and
output voltages in a common base arrange-

mentis .........
(i) 180° (if) 90°
(iii) 270° (iv) 0°

27. The power gain of a transistor connected in
........ arrangement is the highest.
(/) common emitter
(if) common base
(iify common collector
(iv) none of the above
28. The phase difference between the input and
output voltages of a transistor connected in
common emitter arrangement is ........
@@ 0° (i) 180°
(@ii) 90° (iv) 270°
29. The voltage gain of a transistor connected
in...... arrangement is the highest.
(/) common base (ii) common collector
(iif) common emitter
(iv) none of the above
30. As the temperature of a transistor goes up,
the base-emitter resistance ........
(i) decreases (if) increases
(iif) remains the same
(iv) none of the above

31. The voltage gain of a transistor connected
in common collector arrangement is .......
(i) equalto 1 (if) more than 10
(iif)y more than 100 (iv) less than 1
32. The phase difference between the input and
output voltages of a transistor connected in
common collector arrangement is ........

(@) 180° (i) 0°
(iii) 90° (iv) 270°
3B I =BIy+.... .
&) Iepo @ii) I,
(iii) 1op, (iv) o1,
_ o
34. IC - m IB + ........
(&) Iego (i) Iepo
(iit) 1. @) (I -a) I
Y AR Ny
35. 1. o BTy
) Tepo (i) Iego
(iii) 1. (iv) I,
36. BC 147 transistor indicates that it is made
of .......
(i) germanium (i) silicon
(iif) carbon (iv) none of the above
37 Irpo = (o ) g0
(i) B (ii) 1 +a
(@) 1+ (iv) none of the above

38. A transistor is connected in CB mode. If it
is now connected in CE mode with same bias
voltages, the values of I, Iy and I will ....

(/) remain the same
(if) increase
(iif) decrease (iv) none of the above
39. Ifthe value of ot is 0.9, then value of Bis.........

@ 9 (i) 0.9
(iii) 900 (iv) 90
40. In a transistor, signal is transferred from a
........ circuit.

(i) high resistance to low resistance
(if) low resistance to high resistance
(iif) high resistance to high resistance
(iv) low resistance to low resistance
41. The arrow in the symbol of a transistor indi-
cates the direction of .........
(i) electron current in the emitter
(if) electron current in the collector
(iif) hole current in the emitter
(iv) donor ion current
42. The leakage current in CE arrangement is
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....... that in CB arrangement. the manufacture of a transistor is ........
(/) more than (if) less than (i) germanium (i) silicon
(iif) thesameas  (iv) none of the above (iif) carbon (iv) none of the above
43. A heat sink is generally used with a transis- | 45. The collector-base junction in a transistor
tor to ........ has ........
(i) increase the forward current (i) forward bias at all times
(if) decrease the forward current (if) reverse bias at all times
(iif) compensate for excessive doping (iif) low resistance
(iv) prevent excessive temperature rise (iv) none of the above

44. The most commonly used semiconductor in

Answers to Multiple-Choice Questions
1. (ii) 2. (iv) 3. (iii) 4. (i) 5. (iv)
6. (ii) 7. (i) 8. (i) 9. (i) 10. (iv)
11. (i) 12. (ii) 13, (iii) 14. (i) 15. (iv)
16. (ii) 17. (iii) 18. (i) 19. (iv) 20. (ii)
21. (iii) 22. (iii) 23. (i) 24. (ii) 25. (iii)
26. (iv) 27. (i) 28. (ii) 29. (iii) 30. (i)
31. (iv) 32. (ii) 33, (iii) 34. (i) 35. (i)
36. (ii) 37. (iii) 38. (i) 39. (iv) 40. (ii)
41. (iii) 42. (i) 43. (iv) 44. (i) 45. (ii)

Chapter Review Topics

1. What is a transistor ? Why is it so called ?

i

Draw the symbol of npn and pnp transistor and specify the leads.

3. Show by means of a diagram how you normally connect external batteries in (i) pnp transistor (i7) npn

® SR

10.
11.

12.
13.
14.

transistor.

Describe the transistor action in detail.

Explain the operation of transistor as an amplifier.

Name the three possible transistor connections.

Define o.. Show that it is always less than unity.

Draw the input and output characteristics of CB connection. What do you infer from these character-
istics ?

Define 3. Show that: 3 = ﬁ.

How will you determine the input and output characteristics of CE connection experimentally ?
Establish the following relations :

. _ . _ o 1
(l) IC = aIE+ICBO (ll) IC = EIB +m1CBO
@iy 1o = Blg+lIqg, ™ 7= 1«
v I;= ([3+1)IB+(B+1)ICBO
How will you draw d.c. load line on the output characteristics of a transistor ? What is its importance?
Explain the following terms : (i) voltage gain (i) power gain (iii) effective collector load.

Write short notes on the following : (i) advantages of transistors (ii) operating point (iii) d.c. load line.
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Eal ol

8.

10.

11.

Problems
In a transistor if I, = 4.9mA and I, = SmA, what is the value of o ? [0.98]
In a transistor circuit, [, = ImA and /.= 0.9mA. What is the value of I, ? [0.1 mA]
Find the value of B if o = 0.99. [100]
In a transistor, B = 45, the voltage across 5kQ resistance which is connected in the collector circuit is
5 volts. Find the base current. [0.022 mA]
In a transistor, I, =68 uA, I,=30mA and 3 =440. Find the value of 0. Hence determine the value
of I . [0.99 5 29.92 mA]
The maximum collector current that a transistor can carry is 500 mA. If B = 300, what is the maxi-
mum allowable base current for the device ? [1.67 mA]

For the circuit shown in Fig. 8.69, draw the d.c. load line.

le
4

Re= 5kQ

Fig. 8.69

Draw the d.c. load line for Fig. 8.70.
[The end points of load line are 6.06 mA and 20 V]

+20V T +5 VT
33kQ <R, 4710Q <R,
+10V +5Vo—
1 MQ 680 kQ
Fig. 8.70 Fig. 8.71

If the collector resistance R in Fig. 8.70 is reduced to 1 k€2, what happens to the d.c. load
line ?
[The end points of d.c. load line are now 20 mA and 20 V]
Draw the d.c. load line for Fig. 8.71.
[The end points of d.c. load line are 10.6 mA and 5V]
If the collector resistance R in Fig. 8.71 is increased to 1 k€2, what happens to the d.c. load
line ?
[The end points of d.c. load line are now 5 mA and 5 V]
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12. Determine the intercept points of the d.c. load line on the vertical and horizontal axes of the
collector curves in Fig. 8.72. [2mA ;20 V]

13. For the circuit shown in Fig. 8.73, find (i) the state of the transistor and (ii) transistor power.
[@) active (ii) 4.52 mW]

Vee
+ 15V

0.7V ¢y,

Ry %2 kQ l]E

Fig. 8.73 Fig. 8.74

14. A base current of 50 LA is applied to the transistor in Fig. 8.74 and a voltage of 5V is
dropped across R .. Calculate o, for the transistor. [0.99]
15. A certain transistor is to be operated at a collector current of 50 mA. How high can V., go without
exceeding P, ) of .2 W? [24 V]

(max

Discussion Questions
1. Why is a transistor low powered device ?
2. What is the significance of arrow in the transistor symbol ?
3. Why is collector wider than emitter and base ?
4. Why is collector current slightly less than emitter current ?
5. Why is base made thin ?
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9.1 Faithful Amplification

The process of raising the strength of a weak signal without any change in its general shape is known
as faithful amplification.

The theory of transistor reveals that it will function properly if its input circuit (i.e. base-emitter
junction) remains forward biased and output circuit (i.e. collector-base junction) remains reverse
biased at all times. This is then the key factor for achieving faithful amplification. To ensure this, the
following basic conditions must be satisfied :

(i) Proper zero signal collector current
(1) Minimum proper base-emitter voltage (V) at any instant
(iii) Minimum proper collector-emitter voltage (V) at any instant

The conditions () and (if) ensure that base-emitter junction shall remain properly forward biased
during all parts of the signal. On the other hand, condition (iii) ensures that base-collector junction
shall remain properly reverse biased at all times. In other words, the fulfilment of these conditions
will ensure that transistor works over the active region of the output characteristics i.e. between
saturation to cut off.

(i) Proper zero signal collector current. Consider an npn transistor circuit shown in
Fig. 9.1 (i). During the positive half-cycle of the signal, base is positive w.r.t. emitter and hence base-
emitter junction is forward biased. This will cause a base current and much larger collector current to
flow in the circuit. The result is that positive half-cycle of the signal is amplified in the collector as
shown. However, during the negative half-cycle of the signal, base-emitter junction is reverse biased
and hence no current flows in the circuit. The result is that there is no output due to the negative half-
cycle of the signal. Thus we shall get an amplified output of the signal with its negative half-cycles
completely cut off which is unfaithful amplification.

ic=1c+1i,
> RC RC
l——|| Il 1L
Vee Vaa Vee
UNFAITHFUL FAITHFUL
AMPLIFICATION AMPLIFICATION
(@) (i)

Fig. 9.1

Now, introduce a battery source Vy, in the base circuit as shown in Fig. 9.1 (if). The magnitude
of this voltage should be such that it keeps the input circuit forward biased even during the peak of
negative half-cycle of the signal. When no signal is applied, a d.c. current /. will flow in the collector
circuit due to Vg, as shown. This is known as zero signal collector current .. During the positive
half-cycle of the signal, input circuit is more forward biased and hence collector current increases.
However, during the negative half-cycle of the signal, the input circuit is less forward biased and
collector current decreases. In this way, negative half-cycle of the signal also appears in the output
and hence faithful amplification results. It follows, therefore, that for faithful amplification, proper
zero signal collector current must flow. The value of zero signal collector current should be atleast
equal to the maximum collector current due to signal alone i.e.
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Zero signal collector current > Max. collector current due to signal alone

Illustration. Suppose a signal applied to the base of a transistor gives a peak collector current of
ImA. Then zero signal collector current must be atleast equal to ImA so that even during the peak of
negative half-cycle of the signal, there is no cut off as shown in Fig. 9.2 (i).

If zero signal collector current is less, say 0.5 mA as shown in Fig. 9.2 (i), then some part
(shaded portion) of the negative half-cycle of signal will be cut off in the output.

i(mA) ic(mA)
A A

2 mA
PEAK i = ImA

1.56----,

1 mA Y. T
\ / ZERO SIGNAL /. 0.5
| A /

(@) (ii)
Fig. 9.2

/ ZE@O SIGNAL /.
>t

(71) Proper minimum base-emitter voltage. In order to achieve faithful amplification, the
base-emitter voltage (V) should not fall below 0.5V for germanium transistors and 0.7V for Si
transistors at any instant.

1 1
r P

»

> Vae o 07V > Vi

0.5V
GERMANIUM SILICON
(@) ()
Fig. 9.3

(=]

The base current is very small until the *input voltage overcomes the potential barrier at the
base-emitter junction. The value of this potential barrier is 0.5V for Ge transistors and 0.7V for Si
transistors as shown in Fig. 9.3. Once the potential barrier is overcome, the base current and hence
collector current increases sharply. Therefore, if base-emitter voltage V. falls below these values
during any part of the signal, that part will be amplified to lesser extent due to small collector current.
This will result in unfaithful amplification.

(iii) Proper minimum V., at any instant. For faithful amplification, the collector-emitter
voltage V. should not fall below 0.5V for Ge transistors and 1V for silicon transistors. This is called
knee voltage (See Fig. 9.4).

*  In practice, a.c. signals have small voltage level (< 0.1V) and if applied directly will not give any
collector current.



Transistor Biasing ® 195

;
P~
r‘}N

v
<

8
v
<~

g

0/ 05V 0 1v
GERMANIUM SILICON
@) (i)
Fig. 9.4

When V. is too low (less than 0.5V for Ge transistors and 1V for Si transistors), the collector-
base junction is not properly reverse biased. Therefore, the collector cannot attract the charge carri-
ers emitted by the emitter and hence a greater portion of them goes to the base. This decreases the
collector current while base current increases. Hence, value of 3 falls. Therefore, if V. is allowed
to fall below V,,, during any part of the signal, that part will be less amplified due to reduced . This
will result in unfaithful amplification. However, when V., is greater than V, , the collector-base
junction is properly reverse biased and the value of 3 remains constant, resulting in faithful amplifi-
cation.

9.2 Transistor Biasing

It has already been discussed that for faithful amplification, a transistor amplifier must satisfy three
basic conditions, namely : (i) proper zero signal collector current, (i7) proper base-emitter voltage at
any instant and (ii) proper collector-emitter voltage at any instant. It is the fulfilment of these conditions
which is known as transistor biasing.

The proper flow of zero signal collector current and the maintenance of proper collector-emitter
voltage during the passage of signal is known as transistor biasing.

The basic purpose of transistor biasing is to keep the base-emitter junction properly forward
biased and collector-base junction properly reverse biased during the application of signal. This can
be achieved with a bias battery or associating a circuit with a transistor. The latter method is more
efficient and is frequently employed. The circuit which provides transistor biasing is known as
biasing circuit. It may be noted that transistor biasing is very essential for the proper operation of
transistor in any circuit.

Example 9.1. An npn silicon transistor has V. = 6 V and the collector load R = 2.5 k2.
Find :

(i) The maximum collector current that can be allowed during the application of signal for
faithful amplification.

(ii) The minimum zero signal collector current required.

Solution. Collector supply voltage, V. = 6V

Collector load, R = 2.5 kQ
(i) We know that for faithful amplification, V., should not be less than 1V for silicon transistor.
Max. voltage allowed across R, = 6—-1 = 5V
Max. allowed collector current = 5 V/R. = 5V/2.5kQ = 2 mA
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Vee=6V

2 mAe----,

ImALt-———---F————— -
SIGNAL T

I

ZERO SIGNAL /.

y > ¢

(@ (i)
Fig. 9.5

Thus, the maximum collector current allowed during any part of the signal is 2 mA. If the
collector current is allowed to rise above this value, V., will fall below 1 V. Consequently, value of
B will fall, resulting in unfaithful amplification.

(71) During the negative peak of the signal, collector current can at the most be allowed to be-
come zero. As the negative and positive half cycles of the signal are equal, therefore, the change in
collector current due to these will also be equal but in opposite direction.

Minimum zero signal collector current required =2 mA/2 = 1 mA

During the positive peak of the signal [point A in Fig. 9.5 (ii)], i-= 1 + 1 = 2mA and during the
negative peak (point B),

ir=1-1=0mA

Example 9.2. A transistor employs a 4 k€2 load and V.. = 13V. What is the maximum input
signal if B =100 ? Given'V,,,, = 1V and a change of 1V in Vg causes a change of SmA in collector

knee

current.
Solution.
Collector supply voltage, V.. = 13V
Knee voltage, V.. = 1V
Collector load, R, = 4kQ
Max. allowed voltage across R, = 13—-1 = 12V
. 12V 12V
Max. allowed collector current, i. = R, YT 3 mA
. . ic 3
Maximum base current, i, = — = —— = 30 uA
B 100
Now Collector.current = 5mA/V
Base voltage (signal voltage)
: _ Collector current _ 3 mA
Base voltage (signal voltage) S mA/V = SmAV 600 mV

9.3 Inherent Variations of Transistor Parameters

In practice, the transistor parameters such as B, V. are not the same for every transistor even of the
same type. To give an example, BC147 is a silicon npn transistor with  varying from 100 to 600 i.e.
B for one transistor may be 100 and for the other it may be 600, although both of them are BC147.
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This large variation in parameters is a characteristic
of transistors. The major reason for these variations
is that transistor is a new device and manufacturing
techniques have not too much advanced. For
instance, it has not been possible to control the
base width and it may vary, although slightly, from
one transistor to the other even of the same type.
Such small variations result in large change in Transistor

transistor parameters such as 3, V. etc.

The inherent variations of transistor parameters may change the operating point, resulting in
unfaithful amplification. It is, therefore, very important that biasing network be so designed that it
should be able to work with all transistors of one type whatever may be the spread in  or V. In
other words, the operating point should be independent of transistor parameters variations.

9.4 Stabilisation

The collector current in a transistor changes rapidly when

(i) the temperature changes,

(i) the transistor is replaced by another of the same type. This is due to the inherent variations
of transistor parameters.

When the temperature changes or the transistor is replaced, the operating point (i.e. zero signal
I and V) also changes. However, for faithful amplification, it is essential that operating point
remains fixed. This necessitates to make the operating point independent of these variations. This is
known as stabilisation.

The process of making operating point independent of temperature changes or variations in
transistor parameters is known as stabilisation.

Once stabilisation is done, the zero signal /. and V., become independent of temperature varia-
tions or replacement of transistor i.e. the operating point is fixed. A good biasing circuit always
ensures the stabilisation of operating point.

Need for stabilisation. Stabilisation of the operating point is necessary due to the following reasons :

(i) Temperature dependence of 1.

(7)) Individual variations

(7ii) Thermal runaway
(i) Temperature dependence of I.. The collector current /., for CE circuit is given by:
Ie = Blytlcgo = Blgt (B+1) g

The collector leakage current /5, is greatly influenced (especially in germanium transistor) by tem-
perature changes. A rise of 10°C doubles the collector leakage current which may be as high as 0.2 mA for
low powered germanium transistors. As biasing conditions in such transistors are generally so set that zero
signal /. = 1mA, therefore, the change in /. due to temperature variations cannot be tolerated. This
necessitates to stabilise the operating point i.e. to hold /.. constant inspite of temperature variations.

(it) Individual variations. The value of f and V,, are not exactly the same for any two transis-
tors even of the same type. Further, V,, itself decreases when temperature increases. When a
transistor is replaced by another of the same type, these variations change the operating point. This
necessitates to stabilise the operating point i.e. to hold /.. constant irrespective of individual varia-
tions in transistor parameters.

(7i7) Thermal runaway. The collector current for a CE configuration is given by :

Io = BIB+(B+1)ICBO ..(0)
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The collector leakage current /., is strongly dependent on temperature. The flow of collector
current produces heat within the transistor. This raises the transistor temperature and if no stabilisation
is done, the collector leakage current /., also increases. It is clear from exp. (i) that if I, in-
creases, the collector current /. increases by (B + 1) I-5,. The increased /- will raise the temperature
of the transistor, which in turn will cause / ., to increase. This effect is cumulative and in a matter of
seconds, the collector current may become very large, causing the transistor to burn out.

The self-destruction of an unstabilised transistor is known as thermal runaway.

In order to avoid thermal runaway and consequent destruction of transistor, it is very essential
that operating point is stabilised i.e. I is kept constant. In practice, this is done by causing I, to
decrease automatically with temperature increase by circuit modification. Then decrease in 3 I, will
compensate for the increase in ( + 1) I, keeping /. nearly constant. In fact, this is what is always
aimed at while building and designing a biasing circuit.

9.5 Essentials of a Transistor Biasing Circuit

It has already been discussed that transistor biasing is required for faithful amplification.
The biasing network associated with the transistor should meet the following requirements :
(i) It should ensure proper zero signal collector current.
(if) It should ensure that V-, does not fall below 0.5 V for Ge transistors and 1 V for silicon
transistors at any instant.
(zi1) It should ensure the stabilisation of operating point.

9.6 Stability Factor

It is desirable and necessary to keep /.. constant in the face of variations of I, (sometimes repre-
sented as /). The extent to which a biasing circuit is successful in achieving this goal is measured
by stability factor S. It is defined as under :

The rate of change of collector current I w.r.t. the collector leakage current *I ., at constant 3
and I is called stability factor i.e.
dl .
dl

The stability factor indicates the change in collector current /- due to the change in collector
leakage current /.. Thus a stability factor 50 of a circuit means that /. changes 50 times as much as
any change in /., In order to achieve greater thermal stability, it is desirable to have as low stability
factor as possible. The ideal value of S is 1 but it is never possible to achieve it in practice. Experi-
ence shows that values of S exceeding 25 result in unsatisfactory performance.

Stability factor, S at constant I, and 3

The general expression of stability factor for a C.E. configuration can be obtained as under:

Io = BIL;+B+ 11
** Differentiating above expression w.r.t. I, we get,

dl, dI
= B-L+(B+1)=<
! Bdlc (B ) dl
dly, B+ LAl _ 1
or 1 = Bdlc+ S 'dIC_S
_ B+1
or S = —1_B d,
dl,.

* Iepo = I = collector leakage current in CB arrangement
Assuming B to be independent of .
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9.7 Methods of Transistor Biasing

In the transistor amplifier circuits drawn so far biasing was done with the aid of a battery V, which
was separate from the battery V. used in the output circuit. However, in the interest of simplicity
and economy, it is desirable that transistor circuit should have a single source of supply—the one in
the output circuit (i.e. V). The following are the most commonly used methods of obtaining transis-
tor biasing from one source of supply (i.e. V) :
(i) Base resistor method
(i1) Emitter bias method
(7ii) Biasing with collector-feedback resistor
(iv) Voltage-divider bias
In all these methods, the same basic principle is employed i.e. required value of base current (and
hence 1) is obtained from V. in the zero signal conditions. The value of collector load R. is

selected keeping in view that V-, should not fall below 0.5 V for germanium transistors and 1 V for
silicon transistors.

For example, if B = 100 and the zero signal collector current /. is to be set at ImA, then I is
made equal to ./ = 1/100 = 10 pA. Thus, the biasing network should be so designed that a base
current of 10 pA flows in the zero signal conditions.

9.8 Base Resistor Method

In this method, a high resistance R, (several hundred k€2) is
connected between the base and +ve end of supply for npn
transistor (See Fig. 9.6) and between base and negative end
of supply for pnp transistor. Here, the required zero signal
base current is provided by V- and it flows through R. It
is because now base is positive w.r.t. emitter i.e. base-emit-
ter junction is forward biased. The required value of zero
signal base current /, (and hence /. = /) can be made to
flow by selecting the proper value of base resistor R,

A +Vee

Circuit analysis. Itis required to find the value of R; so
that required collector current flows in the zero signal condi-
tions. Let /. be the required zero signal collector current.
Ie

B

Considering the closed circuit ABENA and applying
Kirchhoff's voltage law, we get,

Vee = IgRp+ Vi
or IgRy = Vee=Vie

I, =

R, = Vee = Vae .. (D)
Iy
As V. and I are known and V. can be seen from the transistor manual, therefore, value of R,
can be readily found from exp. (i).
Since V. is generally quite small as compared to V., the former can be neglected with little
error. It then follows from exp. (i) that :
Ry = e
Iy
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It may be noted that V.. is a fixed known quantity and / is chosen at some suitable value. Hence,
R can always be found directly, and for this reason, this method is sometimes called fixed-bias method.

Stability factor. As shown in Art. 9.6,
Stability factor, S = _ Bl
o)
dl,.
In fixed-bias method of biasing, I, is independent of /. so that dI;/dI .= 0. Putting the value of
dl, / dl .= 0 in the above expression, we have,
Stability factor, S = B+ 1
Thus the stability factor in a fixed bias is (3 + 1). This means that /. changes (B + 1) times as
much as any change in /,. For instance, if § = 100, then S = 101 which means that /. increases 101
times faster than /., Due to the large value of § in a fixed bias, it has poor thermal stability.

Advantages

(i) This biasing circuit is very simple as only one resistance R is required.
(71) Biasing conditions can easily be set and the calculations are simple.

(@ii) There is no loading of the source by the biasing circuit since no resistor is employed across
base-emitter junction.

Disadvantages

(i) This method provides poor stabilisation. It is because there is no means to stop a self-
increase in collector current due to temperature rise and individual variations. For example, if
increases due to transistor replacement, then /- also increases by the same factor as /,; is constant.

(71) The stability factor is very high. Therefore, there are strong chances of thermal runaway.
Due to these disadvantages, this method of biasing is rarely employed.
Example 9.3. Fig. 9.7 (i) shows biasing with base resistor method. (i) Determine the collec-

tor current 1. and collector-emitter voltage V. Neglect small base-emitter voltage. Given
that B = 50.

(i) If R in this circuit is changed to 50 kS, find the new operating point.

Solution.

Rp=2kQ Ry=100 kQ
Ry =100 kQ

A4

o3

Vgg=2V

0]
Fig. 9.7
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In the circuit shown in Fig. 9.7 (i), biasing is provided by a battery V, (= 2V) in the base circuit
which is separate from the battery V. (= 9V) used in the output circuit. The same circuit is shown in
a simplified way in Fig. 9.7 (if). Here, we need show only the supply voltages, + 2V and + 9V. It may
be noted that negative terminals of the power supplies are grounded to get a complete path of current.

(i) Referring to Fig.9.7 (if) and applying Kirchhoft’s voltage law to the circuit ABEN, we get,
IR+ Vy = 2V
As V. is negligible,

5 R,  100kQ

Collector current, I = Bly = 50x20p A = 1000 pA = 1 mA
Applying Kirchhoff's voltage law to the circuit DEN, we get,
IR+ Ve =9
or ImAX2kQ+ Vo, = 9
or Vep = 9-2=17V

(i1) When R, is made equal to 50 k€, then it is easy to see that base current is doubled i.e.
I, =40 pA.

= 20 pA

Collector current, I, = BI; = 50 x40 = 2000 p A = 2 mA
Collector-emitter voltage, Vp = Vo= IR = 9-2mAX2kQ = 5V
New operating point is 5 V, 2 mA.

Example 9.4. Fig. 9.8 (i) shows that a silicon transistor with B = 100 is biased by base resistor
method. Draw the d.c. load line and determine the operating point. What is the stability factor ?

Solution. Vee = 6 V,R;=530kQ, R.=2kQ

D.C. load line. Referring to Fig. 9.8 (i), V .z = Voo — IR,

When /.= 0, V., = V.= 6 V. This locates the first point B (OB = 6V) of the load line on
collector-emitter voltage axis as shown in Fig. 9.8 (ii).

When V., =0,1.=V./R. = 6V/2kQ = 3 mA. This locates the second point A (OA =3mA)
of the load line on the collector current axis. By joining points A and B, d.c. load line AB is con-
structed [See Fig. 9.8 (if)].

+Vee=6V

Al-

3 mA

1 mA

Fig. 9.8
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Operating point Q. As it is a silicon transistor, therefore, V.= 0.7V. Referring to Fig. 9.8 (i),
it is clear that :

TRy + Vep = Ve

Vee =V _ (6-07)V

i =
o B R, 530 kQ

= 10 pA

Collector current, I, = Bl = 100x 10 = 1000 pA = 1 mA
Collector-emitter voltage, V., = Vo= IR = 6-1mAX2kQ = 6-2 =4V
Operating point is 4 V, 1 mA.

Fig. 9.8 (ii) shows the operating point Q on the d.c. load line. Its co-ordinates are /.= ImA and
Vep=4V.

Stability factor = B+1 = 100+1 = 101

Example 9.5. (i) A germanium transistor is to be operated at zero signal I, = ImA. If the
collector supply V= 12V, what is the value of Ry, in the base resistor method ? Take 3 = 100.

(it) If another transistor of the same batch with 3 = 50 is used, what will be the new value of
zero signal 1. for the same Ry ?

Solution. Vee = 12V, B=100
As it is a Ge transistor, therefore,

Vg = 03V
@) Zerosignal I, = 1 mA

Zerosignal I, = I./B = 1 mA/100 = 0.01 mA
Using the relation, V.. = IzRz+ Vp,

2 — Yec =V _12-03
B I, 0.01 mA

= 11.7V/0.01 mA = 1170 kQ
(i) Now B = 50
Again using the relation, V. = IRz + Vp,

Vee = Ve _12-03
R, 1170 kQ

= 11.7 V/1170 kQ = 0.0l mA
ZerosignalI. = B, = 50x0.01 = 0.5 mA

I, =

Comments. Ttis clear from the above example that with the change in transistor parameter 3, the
zero signal collector current has changed from 1mA to 0.5mA. Therefore, base resistor method
cannot provide stabilisation.

Example 9.6. Calculate the values of three currents in the circuit shown in Fig. 9.9.

Solution. Applying Kirchhoff's voltage law to the base side and taking resistances in k€ and
currents in mA, we have,
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+Vee=10V

Rz=1MQ

Fig. 9.9

Vee = IgRg+ Vg +IpXx 1

or 10 = 1000 I, +*0+ (I +1Iy)
or 10 = 1000 I, + (B 15+ 1)
or 10 = 1000 I+ (100 15+ 1)
or 10 = 110117,

I, = 10/1101 = 0.0091 mA
I. = BI, = 100x0.0091 = 0.91 mA
I, = I.+1I, = 091 +0.0091 = 0.919 mA

Example 9.7. Design base resistor bias circuit for a CE amplifier such that operating point is
Vep=8Vandl.=2mA. You are supplied with a fixed 15V d.c. supply and a silicon transistor with
B = 100. Take base-emitter voltage V. = 0.6V. Calculate also the value of load resistance that
would be employed.

Solution. Fig. 9.10 shows CE amplifier using base resistor + V=15V
method of biasing. |
Vee = 15V B=100; V,.=0.6V R
c
Veg = 8V I.=2mA;R.=7;Ry="? Ry
Ie
Vee = Ver T IcRe Iy
or 15V = 8V+2mAXR. —p
_A5=-89 Vv _
R. = N = 3.5kQ
Ig

Iy = 1./B = 2/100 = 0.02 mA

IyRp+ Vg

* Neglecting Vy as it is generally very small.



204 ® Principles of Electronics
Vee = Vg _ (15-06)V

R, = = 720k
B Iy 0.02 mA Q
Example 9.8. A *base bias circuit in Fig. 9.11 <
is subjected to an increase in temperature from 25°C Iy

to 75°C. If B = 100 at 25°C and 150 at 75°C, deter-
mine the percentage change in Q-point values (Vip 190 ko % R,
and 1) over this temperature range. Neglect any

change in Vg, and the effects of any leakage cur-

rent. >
Solution. I
At 25°C
j— Vee = Ve
B RB
12V -07V 0.113 mA L
= 100170  =0.113m :

100 kQ Fig. 9.11
o I, = BI;=100x0.113 mA = 11.3 mA
and Vep = Vee— I R-= 12V = (11.3 mA) (560Q) = 5.67V
At75°C

Ve =V 12V-07V

I, = ¢ _BE - =0.113 mA
B R, okq  oibm
I. = BI;=150x0.113 mA =17 mA

and Vep = Vee—1oR-=12V — (17 mA) (560 Q) =2.48V

I q500y — Lo hso
%age change in/. = CUSIC) €O %100

€ (25°C)
17 mA — 11.3 mA
100 = inc
13 mA X 50% (increase)

Note that /. changes by the same percentage as 3.

Vv oy — V. 0
CE (75°C) CE(25°C) 100

%age change in V., =
Vee @so0)
= 28V -S67V 100 =-56.3% (decrease)
5.67V

Comments. It is clear from the above example that Q-point is extremely dependent on P in a
base bias circuit. Therefore, base bias circuit is very unstable. Consequently, this method is normally
not used if linear operation is required. However, it can be used for switching operation.

Example 9.9. In base bias method, how Q-point is affected by changes in Vg and I .

Solution. In addition to being affected by change in B, the Q-point is also affected by changes in
Vypand I, in the base bias method.

(i) Effect of Vp,. The base-emitter-voltage V. decreases with the increase in temperature
(and vice-versa). The expression for /, in base bias method is given by ;

VC — VBE

*  Note that base resistor method is also called base bias method.
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It is clear that decrease in V, increases /. This will shift the Ve
Q-point (/.= Blyand V=V -—1-R). The effect of change in
Vg 1s negligible if V..>> V. (V- atleast 10 times greater than
Vep)-

(it) Effectof I p,. The reverse leakage current /., has the
effect of decreasing the net base current and thus increasing the
base voltage. It is because the flow of / ., creates a voltage drop
across R, that adds to the base voltage as shown in Fig. 9.12.
Therefore, change in /., shifts the Q-point of the base bias cir-
cuit. However, in modern transistors, /., is usually less than 100
nA and its effect on the bias is negligible if V,, >> 1 5, R, Fig. 9.12

Example 9.10. Fig. 9.13 (i) shows the base resistor transistor circuit. The device (i.e. transis-
tor) has the characteristics shown in Fig. 9.13 (ii). Determine V., R and R

+Vee
Ie
A
8 mA
Q-point
I;=40 A
s
0 20V CE
()
Fig. 9.13
Solution. From the d.c load line, V.= 20V.
Max. I, = Yec (when V.= 0V)
Re
Vee 20V
Re = Max. I, "~ 8mA =25kQ
Vee = Vee
Now L, = — 45—
B R,
Vee =Vae 20V - 0.7V _ 193V
Ry = I T 40pA 40 pA =482.5 kQ
Example 9.11. What fault is indicated in (i) Fig. 9.14 (i) and (ii) Fig. 9.14 (ii) ?

Solution.

() The obvious fault in Fig. 9.14 (i) is that the base is internally open. It is because 3V at the
base and 9V at the collector mean that transistor is in cut-off state.

(i1) The obvious fault in Fig. 9.14 (ii) is that collector is internally open. The voltage at the
base is correct. The voltage of 9V appears at the collector because the ‘open’ prevents collector
current.
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+9V +9V
R-Z5600Q R-Z5600Q
Cé 9V Cé 9V
Ry B Ry B
+3V B =200 +3V B =200
56kQ  +3V 56 kQ f
0.5V to 0.7V
(@) (i)
Fig. 9.14

9.9 Emitter Bias Circuit

Fig. 9.15 shows the emitter bias circuit. This circuit differs from base-bias circuit in two important
respects. First, it uses two separate d.c. voltage sources ; one positive (+ V) and the other negative
(= Vig)- Normally, the two supply voltages will be equal. For example, if V.= +20V (d.c.), then V
=—20V (d.c.). Secondly, there is a resistor R, in the emitter circuit.

Ve

il
..H

Fig. 9.15 Fig. 9.16

We shall first redraw the circuit in Fig. 9.15 as it usually appears on schematic diagrams. This
means deleting the battery symbols as shown in Fig. 9.16. All the information is still (See Fig. 9.16)
on the diagram except that it is in condensed form. That is a negative supply voltage — V. is applied
to the bottom of R, and a positive voltage of + V.. to the top of R ..

9.10 Circuit Analysis of Emitter Bias

Fig. 9.16 shows the emitter bias circuit. We shall find the Q-point values (i.e. d.c. /-and d.c. V) for
this circuit.

(i) Collector current (I.). Applying Kirchhoft’s voltage law to the base-emitter circuit in Fig.
9.16, we have,

— IRy = Vpp— I Rp+ V=0

Veg = IgRg+ Ve T IR,
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1
Now I.=I andl. = Bl . Iy~ FE

Putting I, = I./B in the above equation, we have,
_ (L&
Ve = F Ry + Iz R+ Vg
or Vee= Ve = Ip Ry/B+Rp)
I. = Ve = Ve
E R, +Ry/P
Since /.= I, we have,
I, = Ve = Ve
C R, +R;/B
(i) Collector-emitter voltage (V). Fig. 9.17 shows the various voltages of the emitter bias
circuit w.r.t. ground. +Vee

Re

A

Rg

8
!

ile—
"II|<_Q<

Ve
Fig. 9.17
Emitter voltage w.r.t. ground is
Ve = =V t IR,
Base voltage w.r.t. ground is
Vg = Vet Vi

Collector voltage w.r.t. ground is
Ve = Vee—1eRe
Subtracting V, from V. and using the approximation /.~ I, we have,
Ve=Ve = Vee—Ie RO = (= Vi + I Ry) (olp=1p)

or Vee = Veet Vee—1Ie (Re + Rp)

Alternatively. Applying Kirchhoftf’s voltage law to the collector side of the emitter bias circuit
in Fig. 9.16 (Refer back), we have,

VeeIeRe=Vep—Ic" Rt Vg =0

or Vee = Veet Vee—1Ie (Re + Rp)

Stability of Emitter bias. The expression for collector current /. for the emitter bias circuit is
given by ;
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It is clear that /. is dependent on V. and B, both of which change with temperature.
If R, >> R,/B, then expression for /. becomes :
Ve = Ve
R
This condition makes /. (~ I;) independent of f3.

If Vyp>> Vi,

I, =

then /. becomes :
1 c (=1 E) = ‘;Ls

This condition makes /. (= 1) independent of V.

If I (= 1) is independent of  and V,, the Q-point is not affected appreciably by the variations
in these parameters. Thus emitter bias can provide stable Q-point if properly designed.

Example 9.12. For the emitter bias circuit shown in Fig. 9.18, find I, I,V and V. for B= 85
and Vg = 0.7V.

+V o= 20V

—VeE
-20V
Fig. 9.18
Solution.
Veg = Vge 20V - 0.7V

le=lg = R ¥R, /B~ 10k + 100 kQ/gs — 173 mA
Vo = Vee—IoR-=20V —(1.73 mA) (4.7kQ) = 11.9V
= Vet 1 Ry =-20V +(1.73mA) (10 kQ) =-2.7V
Vep = Vo= V=119 - (=2.7V) = 14.6V
Note that operating point (or Q — point) of the circuit is 14.6V, 1.73 mA.

Example 9.13. Determine how much the Q-point in Fig. 9.18 (above) will change over a tem-
perature range where [ increases from 85 to 100 and V. decreases from 0.7V to 0.6V.

m<
I

Solution.
For B = 85and Vg, = 0.7V

As calculated in the above example, I.=1.73 mA and V., = 14.6V.
For B = 100 and V. = 0.6V
Ver — Vae 20V - 0.6V 19.4V

Iy = R, +R, /B 10kQ+100 k100 11kq — 1-76mA
Vo = Vee—IoR.=20V — (176 mA) (4.7 kQ) = 11.7V
Vy = — Vgt I, Ro=—20V + (176 mA) (10 kQ) = — 2.4V

I~
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Vg = Ve V=117 - (- 2.4) = 14.1V
1.76 mA —1.73 mA

% age change in /. = 173 mA x100 =1.7% (increase)
14.1V - 14.6V
%agechangein Vep = — 77y X 100 =—3.5% (decrease)

9.11 Biasing with Collector Feedback Resistor

. . +V,
In this method, one end of R, is connected to the base and the other cc

end to the collector as shown in Fig. 9.19. Here, the required zero
signal base current is determined not by V. but by the collector-
base voltage V. Itis clear that V., forward biases the base-emitter
junction and hence base current I flows through R . This causes the
zero signal collector current to flow in the circuit.

Circuit analysis. The required value of R needed to give the
zero signal current /. can be determined as follows. Referring to
Fig. 9.19,

Vee = ¥R+ IzRy+ Vi,
or R, = Vee = Ve — IcRe
Iy
Ve = Voo —B IR
_ Ycc B}; B IR (v I.=B 1y
B

Alternatively, Vo = VgtV

or Veg = Vep— Vg
Vv V..=-V 1
R, =L = CE__BE. yhere [,=-&
B, I BB

It can be shown mathematically that stability factor S for this method of biasing is less than
B+1)ie.
Stability factor, S < (B + 1)
Therefore, this method provides better thermal stability than the fixed bias.

Note. It can be easily proved (See **example 9.17) that Q-point values (/- and V) for the
circuit shown in Fig. 9.19 are given by ;

I = Vee = Vae
C " Rg/B+R.
and Veg = Vee— 1o Re

Advantages

(i) Itisasimple method as it requires only one resistance R
(71) This circuit provides some stabilisation of the operating point as discussed below :
Vee = Vaet Ves
* Actually voltage drop across R.= (Iz+ 1) R ..
However, I, << .. Therefore, as a reasonable approximation, we can say that drop across R = I -R..

**  Put R = 0 for the expression of /. in exmaple 9.17. It is because in the present circuit (Fig. 9.19), there is
no R;.
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Suppose the temperature increases. This will increase collector leakage current and hence the
total collector current. But as soon as collector current increases, V. decreases due to greater drop
across R.. The result is that V., decreases i.e. lesser voltage is available across R,. Hence the base
current /, decreases. The smaller /,; tends to decrease the collector current to original value.

Disadvantages

(i) The circuit does not provide good stabilisation because stability factor is fairly high, though
it is lesser than that of fixed bias. Therefore, the operating point does change, although to lesser
extent, due to temperature variations and other effects.

(71) This circuit provides a negative feedback which reduces the gain of the amplifier as ex-
plained hereafter. During the positive half-cycle of the signal, the collector current increases. The
increased collector current would result in greater voltage drop across R .. This will reduce the base
current and hence collector current.

Example 9.14. Fig. 9.20 shows a silicon transistor biased by collector feedback resistor method.
Determine the operating point. Given that p = 100.

Solution. Vee = 20V, Ry =100 kQ, R = 1kQ

Since it is a silicon transistor, Vg, = 0.7 V.

. . . . +Vee=20V
Assuming I, to be in mA and using the relation, ce

VCC — VBE — B IBRC

R =
? Iy 1kQ
or 100x 1, = 20-0.7-100%x 1z x 1
or 20017, = 19.3 100 k2
_ 193 _
or I, = 300 0.096 mA
Collector current, I.= B I,=100x0.096 = 9.6 mA
Collector-emitter voltage is
Ver = Vee—1cRe
= 20-9.6 mA x 1 kQ
=104V )
Operating point is 10.4 V, 9.6 mA. Fig. 9.20
Alternatively

le = R, /B+R. 100kQ/100 +1kQ 2kQ ~65mA
Veg = Vee—IoRe=20V —9.65 mA x 1 kQ =10.35V
A very slight difference in the values is due to manipulation of calculations.

Example 9.15. (i) It is required to set the operating point by biasing with collector feedback
resistor at 1. = ImA, V., = 8V. IfB =100, Vee =12V, Vi = 0.3V, how will you do it ?

(it) What will be the new operating point if B = 50, all other circuit values remaining the
same ?

Solution. Vee = 12V, Vg = 8V, 1. = ImA
B = 100, Vg = 0.3V
(i) To obtain the required operating point, we should find the value of R.
Now, collector load is
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Vee =Ver _ 12-8)V _ ..o

R. =
‘ Ic 1 mA
1
Also I = FC = —11‘81(‘;* = 0.0l mA
Vee = Vag —BI R
Using the relation, R, = cc B;E [33 c
B

12-03-100x0.01x4 _ 770 kQ
0.01

(i1) Now B =50, and other circuit values remain the same.

S Vee = Vet IRy +B IR,
or 12 = 03+ 1;(Rz+BR)
or 11.7 = I, (770 + 50 x 4)

or I, = L7V h010mA
970 kQ

Bl, = 50x0.012 = 0.6 mA
= Vee—IoR. = 12-06mAXx4kQ = 9.6V

Collector current, /-
Collector-emitter voltage, Ve

New operating point is 9.6 V, 0.6 mA.

Comments. Tt may be seen that operating point is changed when a new transistor with lesser 3 is
used. Therefore, biasing with collector feedback resistor does not provide very good stabilisation. It
may be noted, however, that change in operating point is less than that of base resistor method.

Example 9.16. It is desired to set the operating point at +Vee
2V, ImA by biasing a silicon transistor with collector
feedback resistor Ry. If B = 100, find the value of R,

<>
\'vaw—
Q%

Solution. Ry
For a silicon transistor, WV
Ve = 0.7V e —T
Iy = %C = 1/100 = 0.01 mA { @) Ver
Now Vee = Vet Vg ?@\» AL
or 2 =07+ Vg 1
Veg = 2‘/;;0.7 = 11.23,/ T 07
R, = == = —— =130kQ

B 1, 00lmA
Example 9.17. Find the Q-point values (1. and V ) for the collector feedback bias circuit

shown in Fig. 9.22.
Solution. Fig. 9.22 shows the currents in the three resistors (R, R and R;) in the circuit. By

following the path through V., R, Ry, V, and R, and applying Kirchhoff’s voltage law, we have,

Vee=UetIp) Re— I Ry = Vi — I R =0
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I -
Now Iy +1.~1.;1,~1.and I,= FC Vec =+12V
1
c —
Vee=IcRe— F Ry~ Vpp—1cRp=0
R
or I (Ry+ FB +R)=Vee— Vi
I. = Vee = Vie
c

R + Ry /B + R,
Putting the given circuit values, we have,

12V - 0.7V
1 kQ + 400 kQ/100 + 4 kQ

11.3V

I, =

Vee = Vee—1c(Re+ Rp)
= 12V -1.26 mA (4kQ + 1 kQ)
= 12V-63V =57V Fig. 9.22
The operating point is 5.7V, 1.26 mA.

Example 9.18. Find the d.c. bias values for the collector-feedback biasing circuit shown in Fig.
9.23. How does the circuit maintain a stable Q point against temperature variations ?

Solution. The collector current is

Vee
[ = Vee = Ve +10V
¢ Ry + Ry /B + R
10V - 0.7V R
= C
0+ 100 kQ/100 + 10 kQ RB 10 kKQ
9.3V
= 2= =(0.845mA VWWH v,
11 kQ 100 kQ ¢
Vee = Vee =1 Re " >[3=100
= 10V -0.845 mA x 10 kQ
= 10V—-8.45V =155V 0.7V -
Operating point is 1.55V, 0.845 mA.

Stability of Q-point. We know that 3 varies directly with tem-
perature and V. varies inversely with temperature. As the tempera- Fig. 9.23
ture goes up, B goes up and V. goes down. The increase in [3 in-
creases I (= BIy). The decrease in V. increases I, which in turn increases /.. As /- tries to increase,
the voltage drop across R (= I~ R ) also tries to increases. This tends to reduce collector voltage V.
(See Fig. 9.23) and, therefore, the voltage across Ry. The reduced voltage across Ry reduces /, and
offsets the attempted increase in /. and attempted decrease in V. The result is that the collector-
feedback circuit maintains a stable Q-point. The reverse action occurs when the temperature de-
creases.

9.12 Voltage Divider Bias Method

This is the most widely used method of providing biasing and stabilisation to a transistor. In this
method, two resistances R, and R, are connected across the supply voltage V. (See Fig. 9.24) and
provide biasing. The emitter resistance R provides stabilisation. The name ““voltage divider” comes
from the voltage divider formed by R, and R,. The voltage drop across R, forward biases the base-
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emitter junction. This causes the base current and hence collector current flow in the zero signal
conditions.

+Vee

Fig. 9.24

Circuit analysis. Suppose that the current flowing through resistance R, is /,. As base current

I, is very small, therefore, it can be assumed with reasonable accuracy that current flowing through R,
is also /,.

(1) Collector current I- :

VC C

L= R+nR,

Voltage across resistance R, is

v,
V, = | <R
2 (R1+R2]2

Applying Kirchhoff's voltage law to the base circuit of Fig. 9.24,

Vy = Vet Ve
or V, = Vgt IR,
V, -V
or 1, =-2_-BE
Ry
Since I, = I.
V, -V
[. = 2_—BE ()
C RE

It is clear from exp. (i) above that /. does not at all depend upon . Though /. depends upon V.
but in practice V, >> V. so that /. is practically independent of V.. Thus /.. in this circuit is almost
independent of transistor parameters and hence good stabilisation is ensured. It is due to this reason
that potential divider bias has become universal method for providing transistor biasing.

(i) Collector-emitter voltage V.. Applying Kirchhoff's voltage law to the collector side,
Vee = IcR-+ Vg T IR,
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Io R+ Vep+ 1Ry (o Ip=1p)
= I.(R-+Ry) + Vg

Vee = Vee=1c (Re+ Rp)

Stabilisation. In this circuit, excellent stabilisation is provided by R,.. Consideration of eq. (i)
reveals this fact.

Vy = Vet IcRg

Suppose the collector current /. increases due to rise in temperature. This will cause the voltage
drop across emitter resistance R, to increase. As voltage drop across R, (i.e. V,) is *independent of
I, therefore, V. decreases. This in turn causes /, to decrease. The reduced value of I, tends to
restore /.- to the original value.

Stability factor. It can be shown mathematically (See Art. 9.13) that stability factor of the
circuit is given by :

1%
B+ (R) + Ry) ce
Stability factor, S = 19v
Y R, + R, +BR, 1
1 + % RI gRC
- B+ X —"E £10k!2 > 1k
B+ 7 = G
RR kR
__1°2 v
where RO = R1 T R2 — B=300 - :
R R -
If the ratio R /R, is very small, then Ry/R,. can be § A0 §4§0k9 ~
neglected as compared to 1 and the stability factor - =
becomes : . 1 A voltage divider biased transistor with
Stability factor = (B + 1) x m =1 correct voltages

This is the smallest possible value of S and leads to the maximum possible thermal stability. Due to
design **considerations, R,/ R has a value that cannot be neglected as compared to 1. In actual
practice, the circuit may have stability factor around 10.

Example 9.19. Fig. 9.25 (i) shows the voltage divider bias method. Draw the d.c. load line and

determine the operating point. Assume the transistor to be of silicon.

Solution.

d.c. load line. The collector-emitter voltage V., is given by :

Ver = Vee=Ic Re T Ry)

When I,=0, V.= V.-=15V. This locates the first point B (OB = 15V) of the load line on the

collector-emitter voltage axis.

V 15V
When V., =0, I. cc =

R-+R; (1+2)kQ
This locates the second point A (OA = 5 mA) of the load line on the collector current axis. By
joining points A and B, the d.c. load line AB is constructed as shown in Fig. 9.25 (ii).

= 5mA

Vee
*  Voltage drop across R, = R iR R,
1 2

**  Low value of R, can be obtained by making R, very small. But with low value of R,, current drawn from

Ve will be large. This puts restrictions on the choice of R,. Increasing the value of R requires greater
V¢ in order to maintain the same value of zero signal collector current. Therefore, the ratio R)/R,
cannot be made very small from design point of view.
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+Vee=15V
le
A
10 kQ 1 kQ 5 mA
2.15 mA
5kQ 2 kQ
0 855V 15V > Ve
(i) , (ii)
Fig. 9.25
Operating point. For silicon transistor,
Vge = 0.7V
Voltage across 5 kQ is
Vee 15%x5
= 5 = =5V
Y2 10+5 10+5
V,-V 5-0.7 43V
Emitter current, I, = 2 BE = = = 2.15mA

Collector current is
Io =1, = 215mA

Collector-emitter voltage, V., = Vo= 1. (Ro+ Rp)
15-215mAXx3kQ = 15-645 = 855V

Operating point is 8.55 V, 2.15 mA.

Fig.9.25 (ii) shows the operating point Q on the load line. Its co-ordinates are /.= 2.15 mA,
Vep=28.55V.

Example 9.20. Determine the operating point of the circuit shown in the previous problem by
using Thevenin's theorem.

Solution. The circuit is redrawn and shown in Fig. 9.26 (i) for facility of reference. The d.c.
circuit to the left of base terminal B can be replaced by Thevenin’s equivalent circuit shown in Fig.
9.26 (ii). Looking to the left from the base terminal B [See Fig. 9.26 (i)], Thevenin's equivalent

voltage E is given by :
Vee _ (15 _
Eo = (R1+R2)R2 - (10+5)X5 =3V

Again looking to the left from the base terminal B [See Fig. 9.26 (i)], Thevenin's equivalent
resistance R is given by :

R R,
R +R,
Fig. 9.26 (ii) shows the replacement of bias portion of the circuit of Fig. 9.26 (i) by its Thevenin's
equivalent.

R, =
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+Vee=15V +Vee=15V
I
Ry 2 10kQ 1kQ
Ip
- B
I
R Zs5k0 2kQ
(i) (i)
Fig. 9.26
Referring to Fig. 9.26 (ii), we have,
Ey = IgRy+ Vppt IpRy = IpRy+ Vet IRy (v Ig=1p)
= IpRy+ Vgt BIgR =15 (Ry+ B R + Vg
or I, = —EO ~Vir
B R, +B R,
E, -V
Collector current, I. = P 1, = M
Ry +B R
Dividing the numerator and denominator of R.H.S. by 3, we get,
. = Ey — Ve
¢ R
FO + R,

As *R,, /B << Ry, therefore, R/} may be neglected as compared to R.
E, -V 5-0.7
1, = 2% = = 2.15mA

R, 2kQ

Vep = Vee—Ic(R-+Rp) = 15-2.15mA X3k Q
= 15-645 =855V
Operating point is 8.55 V, 2.15 mA.
Example 9.21. A transistor uses potential divider method of biasing. R, = 50 k€, R, =10 k2
and Ry, = 1kQ. If V=12V, find :
(i) the value of 1. ; given Vg, = 0.1V
(ii) the value of I ; given Vg = 0.3V. Comment on the result.
Solution. R, =50kQ, R,=10kQ,R,=1kQ, V.. =12V
(1) When Vg =0.1V,

R, 10

—_— = ——X
R+R, ©  50+10

VvV, -V -
Collector current, I = 2 BE - 2-01 1.9 mA

Voltage across R,, V, =2V

*  In fact, this condition means that /,is very small as compared to /,, the current flowing through R, and R,.
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(i) When V,,=03YV,
Collector current, [, = R, = 1_k Q = 1.7mA

Comments. From the above example, it is clear that although V. varies by 300%, the value of

I changes only by nearly 10%. This explains that in this method, /. is almost independent of transis-
tor parameter variations.

Example 9.22. Calculate the emitter current in the voltage divider circuit shown in Fig. 9.27.
Also find the value of V - and collector potential V..

+Vee=20V
Ro=1kQ
Ry 210kQ
Ip
. B
Ry 2 10kQ Ry=5kQ
Fig. 9.27
Solution.
_ Vee _ 20 _
Voltage across R,, V, = (Rl TR JRZ = (10 n 10)10 =10V
Now V, = Vg +I.R,
As Vg is generally small, therefore, it can be neglected.
v, 10V
Ie = & =5k ~2mA
Now I.=1, = 2mA
: Vee = Vee—1- R+ Rp) = 20 -2 mA (6 kQ)
= 20-12 =8V
Collector potential, V.= V.= IR, = 20 =2 mA x 1 kQ
= 20-2=18V

9.13 Stability Factor For Potential Divider Bias

We have already seen (See example 9.20) how to replace the potential divider circuit of potential
divider bias by Thevenin’s equivalent circuit. The resulting potential divider bias circuit is redrawn in
Fig. 9.28 in order to find the stability factor S for this biasing circuit. Referring to Fig. 9.28 and
applying Kirchhoff’s voltage law to the base circuit, we have,

Ey—I4R)~Vye—I R, =0
or Ey = IgRy+ Vg + Iz +10) R
Considering V. to be constant and differentiating the above equation w.r.t. I, we have,

di, di,
0= ROE'FO"FREE'FRE



218 =

Principles of Electronics

dl
or B

E (R0+RE)+RE
@, R
dl,.

R, + R,

(D)

Fig. 9.28
The general expression for stability factor is
+1
Stability factor, § = B—
1-B dl

dl .
Putting the value of dl/dI . from eq. (i) into the expression for S, we have,
g - B+1 _ B+1
1- B i 1+ Bi
R() + RE RO + RE
B+1) (Ry+Ry) _ B+1D (R, +Ry)

Ry+ R, +BR; R, +R,B+1
R, + R
S=@@E+1)x 0 __E

Ry B+ +R,
Dividing the numerator and denominator of R.H.S. of the above equation by R, we have,
1+R,/R
S=@+1)x nok (i
B+ D B+1+R,/Ry (i)
Eq. (if) gives the formula for the stability factor S for the potential divider bias circuit. The
following points may be noted carefully :

(i) For greater thermal stability, the value of S should be small. This can be achieved by making
R, /R, small. If R /R, is made very small, then it can be neglected as compared to 1.

s = (B+1)xﬁ=1

This is the ideal value of S and leads to the maximum thermal stability.

(ii) Theratio *R,/R, can be made very small by decreasing R, and increasing R .. Low value of
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R, can be obtained by making R, very small. But with low value of R,, current drawn from V. will
be large. This puts restriction on the choice of R,,. Increasing the value of R requires greater V. in
order to maintain the same zero signal collector current. Due to these limitations, a compromise is
made in the selection of the values of R, and R,. Generally, these values are so selected that S = 10.

Example 9.23. For the circuit shown in Fig. 9.29 (i), find the operating point. What is the
stability factor of the circuit ? Given that B = 50 and Vg, = 0.7V.

+Vee

+Vee=12V

150 kQ % R,

@) (if)
Fig. 9.29

Solution. Fig. 9.29 (i) shows the circuit of potential divider bias whereas Fig. 9.29 (ii) shows it
with potential divider circuit replaced by Thevenin’s equivalent circuit.

Vee 12V
- X R, = x 100 kQ =
Ey = R +R,” T 150 kQ + 100 kQ 4.8V

 RR, _150kQx100kQ
Ry = R ¥R, 150 kQ + 100 kq =~ 60k

Eo — VBE

Iy = R +BR, e (See Ex. 9.20)
48V =07V _ 41V
60kQ+50x22kQ 170 kQ — 0-024 mA

Now I, = BI;=50%x0.024=12mA
’ Vee = Vee—1c Re* Ry)
= 12V-1.2mA (4.7kQ +2.2kQ)=3.72V
Operating point is 3.72V, 1.2 mA.

Ry 60 kQ
Now RE = 2.2 kO =273
- 1+ Ry/Ry
Stability factor, S = (B + 1) x B+1+R,/R,
14273

= G0+ x50 14273 =184
Note. We can also find the value of /.. and V-, (See Art. 9.12) as under :
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Vo = Ve Vee
Ie =~ whereV,= mx&

and Vep = Vee—1o R+ Ry)

However, by replacing the potential divider circuit by Thevenin’s equivalent circuit, the expres-
sion for /. can be found more accurately. If not mentioned in the problem, any one of the two methods
can be used to obtain the solution.

Example 9.24. The circuit shown in Fig. 9.30 (i) uses silicon transistor having 8 = 100. Find
the operating point and stability factor.

+Vee=15V +Vee =15V

Ry=2kQ
Wy
o
i E,=5V
Cr I
(i)
Fig 9.30

Solution. Fig. 9.30 (i) shows the circuit of potential divider bias whereas Fig. 9.30 (ii) shows it
with potential divider circuit replaced by Thevenin’s equivalent circuit.

Vee 15V 15V
_ X R, = x3kQ = x3kQ =
Ey = R+R "7 6kQ 3kQ 9kQ v
_ _RR, _6kQx3kQ
Ry = R +Rr “6kQt3kq ~2k2
Ey — Vi
Now Iy = R, + BR,
5V-07V 43V

2kQ +100 x1kQ ~ 102 kQ ~ 0.042mA

o I = BI; =100 x 0.042 =4.2 mA

and Vep = Vee—1o R+ Ry)

15V —4.2mA (470Q + 1 kQ) = 8.83V
Operating point is 8.83V ; 4.2 mA.

Now Ry/R, = 2kQ/1kQ=2

- 1+ R)/ Ry
Stability factor, S= (B + 1) x B+1+R,/R,

142
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9.14 Design of Transistor Biasing Circuits

(For low powered transistors)
In practice, the following steps are taken to design transistor biasing and stabilisation circuits :

Step 1. It is a common practice to take R, = 500 — 1000€2. Greater the value of R, better is the
stabilisation. However, if R is very large, higher voltage drop across it leaves reduced voltage drop
across the collector load. Consequently, the output is decreased. Therefore, a compromise has to be
made in the selection of the value of R.

Step 2. The zero signal current /. is chosen according to the signal swing. However, in the initial
stages of most transistor amplifiers, zero signal I, = ImA is sufficient. The major advantages of
selecting this value are :

(i) The output impedance of a transistor is very high at ImA. This increases the voltage gain.

(i1) There is little danger of overheating as ImA is quite a small collector current.

It may be noted here that working the transistor below zero signal /. = 1mA is not advisable
because of strongly non-linear transistor characteristics.

Step 3. The values of resistances R, and R, are so selected that current /, flowing through R, and
R, is atleast 10 times I, i.e. 1, 210 I,. When this condition is satisfied, good stabilisation is achieved.

Step 4. The zero signal /- should be a little more (say 20%) than the maximum collector current
swing due to signal. For example, if collector current change is expected to be 3mA due to signal,
then select zero signal /. ~ 3.5 mA. It is important to note this point. Selecting zero signal /. below
this value may cut off a part of negative half-cycle of a signal. On the other hand, selecting a value
much above this value (say 15mA) may unnecessarily overheat the transistor, resulting in wastage of
battery power. Moreover, a higher zero signal I . will reduce the value of R . (for same V), resulting
in reduced voltage gain.

Example 9.25. In the circuit shown in Fig. 9.31, the operating point is chosen such that I ~ =
2mA, Vo =3V, If R = 2.2k, V. = 9V and B = 50, determine the values of R;, R, and R, Take
Vep=0.3VandI, = 101,.

Solution. R, = 22kQ, V. = 9V, B=50

Vge = 0.3V, I, = 101,
As I is very small as compared to /,, therefore, we can as-
sume with reasonable accuracy that /, flowing through R, also
flows through R,.

R,
Base current, [; = I—C = M = 0.04 mA
B 50
Current through R, & R, is 1
I, = 101, = 10x0.04 = 0.4 mA )
Vee Rz%
Now I, =
1 R +R,
Ve . 9V . '
R, +R, = T 0amA - 22.5kQ Fig. 9.31

Applying Kirchhoff's voltage law to the collector side of the circuit, we get,
Vee = IR+ Vet IR,
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or Vee = IoR-+Vep+ IR, (o Io=1p)
2mAX22kQ+3+2mAXR,

or 9

R, = # = 0.8kQ = 800 Q

Voltage across Ry, V, = Vp.+ V. = 0.3 +2mA x 0.8 kQ
03+16 =19V

Resistance R, = V,/I, = 1.9 V/0.4mA = 4.75 kQ
and R, 22.5-4.75 = 1775 kQ

Example 9.26. An npn transistor circuit (See Fig. 9.32) has oc= 0.985 and Vg, = 0.3V.If V(- =
16V, calculate R, and R . to place Q point at 1. = 2mA, V. = 6 volts.

Solution. o = 0985, V=03V, V., =16V
o 0.985
= = = 66
B -0 1-0.985
Base current, I, = I—C = m = 0.03 mA
B 66
Voltage across R, V, = V. + V. = 03+2mA x2kQ
=43V

Voltage across R, = V-V, = 16-43 = 11.7V
Current through R; & R, is

V, 43V

I = -2 =22Y% —0215mA
1T R, T 20kQ "
Resist R - Voltage across R, 11.7V ‘
eststanice 14 1, 0.215 mA Fig. 9.32
= 544kQ

Voltage across R = Vo= V= Ve
16-6-2x2 =6V

Voltage acrossR. 6V

Collect istance, R, = = = 3kQ
ollector resistance, R, I T mA

Example 9.27. Calculate the exact value of emitter current in the circuit shown in Fig. 9.33 (i).
Assume the transistor to be of silicon and B = 100.

Solution. In order to obtain accurate value of emitter current /,, we shall replace the bias portion
of the circuit shown in Fig. 9.33 (i) by its Thevenin’s equivalent. Fig. 9.33 (ii) shows the desired circuit.
Looking from the base terminal B to the left, Thevenin's voltage E is given by :
R 5
E,= —2—V.,. = ——x15 =5V
O R+R C 10+5

Again looking from the base terminal B to the left, Thevenin’s resistance R, is given by;
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+Vee=15V +Vee=15V
10 kﬂ% 1kQ
’ Ry=33kQ

=
I =

5kQ 2kQ o Eg=5V 2kQ

—1
= = l =
() (ii)
Fig. 9.33
RR

® R+R 10+5 15
Applying Kirchhoff’s voltage law to the base-emitter loop [See Fig. 9.33 (if)],
Ey = IgRy+ Vg T IRy
Since I, = I, therefore, I, = I, /P.

E, = IFE Ry + Vg + IR,
=1, (% + RE)+ Vg
I, = I;;(z) ~ Ve _ gg 0.7 (For Si transistor, V. = 0.7V)
B + Ry 100 +2
= 23-33% = 2.11 mA

Example 9.28. The potential divider circuit shown in Fig. 9.34 has the values as follows:
I, =2mA, Iy = 50uA, Vg = 0.2V, R = 1kQ, R, = 10 kQ and V. = 10V. Find the value of R

Solution. In this problem, we shall consider that currents through R, and R, are different, al-
though in practice this difference is very small.
Voltage across R,, V, = V. +1.R; = 0.2+2mA x 1kQ
02+2 =22V

V. 22V
Current through R, I, = R_2 = oia
2

= 0.22 mA

Current through R, I, = I, +1, = 0.22+0.05 = 0.27 mA
Voltage across R, V, = V-V, = 10-22 = 78V
Vi 7.8V

R = =21 —2880kQ
L7 027mA
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+Vee= 10V
1y
Re
R,
O
1
Il W2
I v
Ly
& 10 kQ %Rz
| I
Fig. 9.34
Example 9.29. Fig. 9.35 shows the potential divider method of biasing. What will happen if
(i) resistance R, is shorted (i) resistance R, is open-circuited
(iii) resistance R, is shorted (iv) resistance R, is open ?

Solution. (i) If resistance R, is shorted, the base will be grounded. It will be left without
forward bias and the transistor will be cut off i.e., output will be zero.

(if) Ifresistance R, is open, the forward bias will be very high. The collector current will be very
high while collector-emitter voltage will be very low.
(iii) Ifresistance R, is shorted, the transistor will be in saturation due to excessive forward bias.
The base will be at V. and emitter will be only slightly below V...

(iv) If R, is open, the transistor will be without forward bias. Hence the transistor will be cut off
i.e. output will be zero.

+Vee




9.15 Mid-Point Biasing

When an amplifier circuit is so designed that
operating point Q lies at the centre of d.c. load
line, the amplifier is said to be midpoint bi-
ased. When the amplifier is mid-point biased,
the Q-point provides values of /. and V., that
are one-half of their maximum possible val-
ues. Thisisillustrated in Fig. 9.36. Since the
Q-point is centred on the load line;

Ie = %]C(mcvc) N 3

When a transistor is used as an ampli-
fier, it is always designed for mid point bias.
The reason is that midpoint biasing allows op-
timum operation of the amplifier. In other words,
midpoint biasing provides the largest possible out-
put. This point is illustrated in Fig. 9.37 where Q-
point is centred on the load line.

When an ac signal is applied to the base of the
transistor, collector current and collector- emitter
voltage will both vary around their Q-point values.
Since Q-point is centred, /-and V-, can both make
the maximum possible transitions above and be-
low their initial dc values. If Q-point is located
above centre on the load line, the input may cause
the transistor to saturate. As a result, a part of the
output wave will be clipped off. Similarly, if Q-
point is below midpoint on the load line, the input
may cause the transistor to go into cut off. This
can also cause a portion of the output to be clipped.
It follows, therefore, that midpoint biased ampli-
fier circuit allows the best possible ac operation of
the circuit.
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Fig. 9.37

Example 9.30. Determine whether or not the circuit shown in Fig. 9.38 (i) is midpoint biased.

Solution. Let us first construct the dc load line.

Vee _ 8V

1 = 2r
Clme) R T 2kQ

= 4 mA

This locates the point A (OA =4 mA) of the dc load line.

Veemay = Vee = 8V

This locates the point B (OB = 8V) of the dc load line. By joining these two points, dc load line

AB is constructed [See Fig. 9.38 (if)].

Operating point. Referring to Fig. 9.38 (i), we have,

Also

Vee =V _8V =07V

R, 360kQ 2028 mA

= B, = 100 (20.28 pA) = 2.028 mA

Vee—I-Re = 8V —(2.028mA) 2 kQ) = 3.94V
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+Vee=8V

|
|
l
|
' 5,y woLts)
[e) 4 8 "V CE

J; SILICON

@) (1)
Fig. 9.38

Since V. is nearly one-half of V., the amplifier circuit is midpoint biased.

Note. We can determine whether or not the circuit is midpoint biased without drawing the dc
load line. By definition, a circuit is midpoint biased when the Q-point value of V. is one-half of V..
Therefore, all that you have to do is to find the operating point Q of the circuit. If the Q-point value of
V¢ 1s one-half of V., the circuit is midpoint biased.

Example 9.31. Determine whether or not the circuit shown in Fig. 9.39 is midpoint biased.
Solution. In order to determine whether the circuit is midpoint biased or not, we shall first find

the operating point of the circuit.
perating p u + V=10V

Voltage across R, is

Ve

= —C xR

V2 R, +R, s

10

= ————x27 =184V

2+27"

Emitter current is

I. = V2 _VBE

E —RE

1.84 -0.7

= ——— = 633 mA

180

Collector current is
I, = I; = 633 mA Fig. 9.39

Collector-emitter voltage is
Vee = Vee—1c Re+ Rp)
= 10-6.33(0.62+0.18) = 494V

Since Q-point value of V., is approximately one-half of V.. (= 10 V), the circuit is midpoint
biased. Note that answer has been obtained without the use of a dc load line.
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9.16 Which Value of } to be used ?

While analysing a biasing circuit, we have to refer to the specification sheet for the transistor to
obtain the value of . Normally, the transistor specification sheet lists a minimum value (B,,;,) and
maximum value (8,,,.) of B. In that case, the geometric average of the two values should be used.

Bav = Bmin X Bmax
Note. If only one value of B is listed on the specification sheet, we should then use that value.

Example 9.32. Find the value of I, for the circuit shown in Fig. 9.40. Given that B has a range
of 100 to 400 when 1. = 10 mA.

Solution. Voltage across R, is

v
V.= _yp = 10 468 =312V

2 R+R, 7 1.5+068

+Vee=10V

R > 15k
Ip
o— | >
:[ R2%680 Q
Fig. 9.40
Emitter current, I, = = = 10 mA
E R, 0.24

Collector current, /. = I, = 10 mA
It is given that B has a range of 100 to 400 when Q-point value of /. is 10mA.

Bav \/BminXBmax = \/100)(400 = 200

1 10 mA
Base current, [, = BavE+ = 30051

= 49.75 pA

9.17 Miscellaneous Bias Circuits

In practice, one may find that bias circuits which do not always confirm to the basic forms considered
in this chapter. There may be slight circuit modifications. However, such bias circuits should not pose
any problem if the basic approach to transistor biasing is understood. We shall solve a few examples
to show how the basic concepts of biasing can be applied to any biasing circuit.

Example 9.33. Calculate the operating point of the circuit shown in Fig. 9.41. Given 3 = 60
and V= 0.7V.
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Fig. 9.41

Solution. Such a problem should not pose any difficulty. We are to simply find the d.c. values.
Note that capacitors behave as open to d.c. Applying Kirchhoff’s voltage law to the path passing
through R, V., R and V., we have,

—Ig Ry = Vpp—Ip Rp+ V=0

or Vg = IRy + Vo t IR, (o I.=1)
or Vi Vip = IRy + Bl R, (- I.= BIy)
]B _ VEE — VBE
Ry +BR,
12V - 0.7V 113V

120kQ + 60 x 0510 kKQ  150.6 kQ ~ 0-075 mA
Now I. = BlI,=60x0.075 mA=45mA
and Vegp = Veg—1-(R-+Ry)

= 12V-45mA (1.5 kQ +0.510 kQ) =2.96V
Operating point is 2.96V, 4.5 mA.

Example 9.34. Find the operating point for the circuit shown in Fig. 9.42. Assume 3 = 45 and
Vg =0.7V.

Fig. 9.42
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Solution.

<
8
|

- IB RB+ VBE

Ve = Ve (9-07)V
or Iy = R, ~ 7100 kQ =0.083 mA

o I. = PBI;=45x0.083 mA =3.73 mA

Also Vg = IcR-+ Vg

: Vep = Veg—1-R-=9V —(3. 73 mA) (1.2 kQ) =4.52V
Operating point is 4.52V, 3.73 mA.

Example 9.35. It is desired to design the biasing circuit of an amplifier in Fig. 9.43 in such a
way to have an operating point of 6V, 1 mA. If transistor has 8 = 150, find Ry, R, R, and R,. Assume
Ve = 0.7V.

+Vee=16V

]

Solution. We are given V., B and the operating point. It is desired to find the component values.
For good design, voltage across R, (i.e., V,;) should be one-tenth of V.. i.e.

Fig. 9.43

_ Yoo _ 16V _
Vp = =100 =16V
Ve Ve _ 1.6V
Ry = 7o =7 = Tma =16k
Now Vee = IoR-+ Vgt V,
Ve Vg =V 16 -6V — 1.6V
R, = I ==& -84kQ
V, = Vp+ V= 1.6+07=23V
Now R, = % “(BR,) = % (150 x 1.6 kQ) = 24 kQ
V,
Also v, = ﬁx&
16V
or 23V = mXM kQ . R, =143kQ

This relation stems from 7, = 10 1.
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9.18 Silicon Versus Germanium

Although both silicon and germanium are used in semiconductor devices, the present day trend is to
use silicon. The main reasons for this are :

(i) Smaller I ,,. Atroom temperature, a silicon crystal has fewer free electrons than a germanium
crystal. This implies that silicon will have much smaller collector cut off current (1, ,) than that of germa-
nium. In general, with germanium, /., is 10 to 100 times greater than with silicon. The typical values of
I p at 25°C (the figures most often used for normal temperature) for small signal transistors are:

Silicon : 0.01 pA to 1pA
Germanium : 2to 15 pA

(it) Smaller variation of I .5, with temperature. The variation of I ., with temperature is less in
silicon as compared to germanium. A rough rule of thumb for germanium is that /., , approximately
doubles with each 8 to 10°C rise while in case of silicon, it approximately doubles with each 12°C rise.

(tii) Greater working temperature. The structure of germanium will be destroyed at a temperature
of approximately 100°C. The maximum normal working temperature of germanium is 70°C but silicon
can be operated upto 150°C. Therefore, silicon devices are not easily damaged by excess heat.

(iv) Higher PIV rating. The PIV ratings of silicon diodes are greater than those of germanium
diodes. For example, the PIV ratings of silicon diodes are in the neighbourhood of 1000V whereas the
PIV ratings of germanium diodes are close to 400V.

The disadvantage of silicon as compared to germanium is that potential barrier of silicon diode
(0.7V) is more than that of germanium diode (0.5V). This means that higher bias voltage is required
to cause current flow in a silicon diode circuit. This drawback of silicon goes to the background in
view of the other advantages of silicon mentioned above. Consequently, the modern trend is to use
silicon in semiconductor devices.

Example 9.36. A small signal germanium transistor operating at 25°C has I g, = 5 uA, p = 40
and zero signal collector current = 2mA.
(i) Find the collector cut- off current i.e. I,
(i) Find the percentage change in zero signal collector current if the temperature rises to
55°C. Assume 1y, doubles with every 10°C rise.
(iii) What will be the percentage change in silicon transistor under the same conditions? Given
that I, for silicon is 0.1uA at 25°C and I -, doubles for every 10°C rise.

Solution.
@) Iego = B+ D1, = (40+1) (5 nA) = 205 pA = 0.205 mA
(@) Rise in temperature = 55-25 = 30°C

Since /-, doubles for every 10°C rise, the new /., in Ge transistor at 55°C will be 8 times that
at 25°C i.e.
Now I, = 8X5=40puA
Iego B+1) I = (40+1) (40 pA) = 1640 pA = 1.64 mA
Zero signal collector current at 55°C
= 2+1.64 = 3.64 mA
Percentage change in zero signal collector current
= # x100 = 82 %

i.e., zero signal collector current rises 82% above its original value due to 30°C rise in temperature.

(iii) With silicon transistor,
Icgo = 0.1 pAat25°Cand f = 40
Iego = B+ 1) Igg, = (40 +1) (0.1 pA)
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= 4.1 pA = 0.0041 mA
A 30°C rise in temperature would cause /., in silicon to increase 8 times.
Now Iz, = 8x0.0041 = 0.0328 mA
Zero signal collector current at 55°C
= 2+0.0328 = 2.0328 mA
Percentage change in zero signal collector current
= 2222000 = 16%

i.e., increase in zero signal collector current is 1.6%.

Comments. The above example shows that change in zero signal collector current with rise in
temperature is very small in silicon as compared to germanium. In other words, temperature effects
very slightly change the operating point of silicon transistors while they may cause a drastic change in
germanium transistors. This is one of the reasons that silicon has become the main semiconductor
material in use today.

Example 9.37. A silicon transistor has I g, = 0.02uA at 27°C. The leakage current doubles for
every 6°C rise in temperature. Calculate the base current at 57°C when the emitter current is 1mA.
Given that o, = 0.99.

Solution. A 30°C (57 —27 = 30) rise in temperature would cause /-, to increase 32 times.

At57°C, Iy, = 32x0.02 = 0.64 pA =0.00064 mA
Now I. = alg+1y,
= 0.99x1+0.00064 = 0.9906 mA = 0.000 64 mA
I, = I;—1,=1-0.9906 = 0.0094 mA = 9.4 uA

9.19 Instantaneous Current and Voltage Waveforms

It is worthwhile to show instantaneous current and voltage waveforms in an amplifier. Consider a CE
amplifier biased by base resistor method as shown in Fig. 9.44. Typical circuit values have been
assumed to make the treatment more illustrative. Neglecting V., it is clear that zero
signal base current I, = V/R; = 20 V/IMQ = 20 pA. The zero signal collector current
I-=BI;=100x20 pA =2mA. When signal of peak
current 10 pA is applied, alternating current is super-
imposed on the d.c. base current. The collector cur-
rent and collector-emitter voltage also vary as the sig-
nal changes. The instantaneous waveforms of currents
and voltages are shown in Fig. 9.45. Note that base
current, collector current and collector-emitter volt-
age waveforms are composed of (7) the d.c. compo- in
nent and (i7) the a.c. wave riding on the d.c.

+Vee=20V

1 MQ

QO

(f) Atm/2 radians, the base current is composed
of 20 pA d.c. component plus 10 pA peak a.c. com-
ponent, adding to 30 uA i.e iy =20+ 10=30 uA. The
corresponding collector current i. = 100 x 30 pA =3
mA. The corresponding collector-emitter voltage is

Vo= Vee—icRe =20V -3mA X 5kQ
= 20V-15V =5V

Note that as the input signal goes positive, the

©
Q)

Fig. 9.44
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collector current increases and collector-emitter voltage decreases. Moreover, during the positive
half cycle of the signal (i.e. from 0 to « rad.), the operating point moves from 20 pA to 20 + 10 =30
pA and then back again i.e. operating point follows the path Q to C and back to Q on the load line.

ic(mA)
h

»

0 PATH OF

OPERATING
POINT

I

|

I
iCIRC

Fig. 9.45

5 10 15 20 25
| _—i0 !

I;

I

vcgp(VOLTS)

(7)) During the negative half-cycle of the signal (from & to 2w rad.), the operating point goes
from 20 pA to 20 — 10 = 10 pA and then back again i.e. the operating point follows the path Q to D
and back to Q on the load line.

(7ii) As the operating point moves along the path CD or DC due to the signal, the base current
varies continuously. These variations in the base current cause both collector current and collector-
emitter voltage to vary.

(iv) Note that when the input signal is maximum positive, the collector-emitter voltage is maxi-
mum negative. In other words, input signal voltage and output voltage have a phase difference of
180°. This is an important characteristic of CE arrangement.

Example 9.38. What fault is indicated in Fig. 9.46 ? Explain your answer with reasons.

+10V

18 kQ

4.7kQ

+Vee=10V

18 kQ2

4.7kQ
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Solution. Since V, (i.e., base voltage w.r.t. ground) is zero, it means that there is no path for
current in the base circuit. The transistor will be biased offi.e., /=0 and I, = 0. Therefore, V.=
10V (v I-R.=0)and V,=0. The obvious fault is that R, is open.

Example 9.39. What fault is indicated in Fig. 9.47? Explain your answer with reasons.

Solution. Based on the values of R, R, and V.-, the voltage V,, at the base seems appropriate.
In fact it is so as shown below :

Voltage at base, V Voltage across R,

Vee 10
XR, = ———x4.7 =207V
R+R, 2% 18+47

The fact that V. =+ 10V and V, = V,revealsthat /.=0and /,=0. Asaresult, /,dropsto
zero. The obvious fault is that R, is open.

9.20 Summary Of Transistor Bias Circuits
In figures below, npn transistors are shown. Supply voltage polarities are reversed for pnp
transistors.

BASE BIAS EMITTER BIAS
Ve
T B Q-point values (I = 1) B Q-point values (/= 1,)
¢ | m Collector current: m Collector current:
_ o Yee Vi I = Ve = Ve
Re| 1e=B| 7R, ¢~ R, +R,/P

m Collector-to-emitter m Collector-to-emitter

R
5 voltage: voltage:
BV =V~ IR WV =Vie—Ve
-1 C(R cTR E)
N Vi
VOLTAGE-DIVIDER BIAS COLLECTOR-FEEDBACK BIAS
. +V, .
W Q-point values (I~ 1) ¢ | m Q-point values (I.~1,)
m Collector current: m Collector current:
R, R Ve =V,
Vee =V, c _Ycc T VBE
I, = Rl"'Rz)CC B IC:RC+RB/B
Ry m Collector-to-emitter
m Collector-to-emitter voltage:
voltage: R, WV, =V.—IR,
BV, = VCC—IC(RC+ RE)
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MULTIPLE-CHOICE QUESTIONS

1. Transistor biasing represents ........ condi-
tions.
(i) a.c.
(if) d.c.
(iif) botha.c. and d.c.
(iv) none of the above

2. Transistor biasing is done to keep ........ in
the circuit.

(i) proper direct current
(if) proper alternating current
(iii) the base current small
(iv) collector current small
3. Operating point represents ....... .
(i) values of/.and V., when signal is ap-
plied
(if) the magnitude of signal
(iii)
(iv)
4. Ifbiasing is not done in an amplifier circuit,
itresultsin ........

zero signal values of /..and V-,
none of the above

(i) decrease in base current
(i) unfaithful amplification
(iif)
()

5. Transistor biasing is generally provided by

excessive collector bias
none of the above

(i) biasingcircuit (ii) bias battery
(iii) diode (iv) none of the above
6. For faithful amplification by a transistor cir-
cuit, the value of V. should .......... for a sili-
con transistor.

(i) be zero
(i0) be 0.01V
(iii) not fall below 0.7 V
(iv) bebetween0Vand 0.1 V

7. For proper operation of the transistor, its col-
lector should have .........

(i) proper forward bias
(if) proper reverse bias
(i)
()

very small size
none of the above

8. For faithful amplification by a transistor cir-
cuit, the value of V- should ........ for sili-
con transistor.

(i) not fall below 1 V
(if) be zero
(iii) be 0.2V
(iv) none of the above
9. The circuit that provides the best stabilisation
of operating point is ..........

(i) base resistor bias
(if) collector feedback bias
(iii)
(iv)
10. The point of intersection of d.c. and a.c. load
lines represents .........

potential divider bias
none of the above

(i) operating point (ii) current gain
(iif) voltage gain  (iv) none of the above

11. An ideal value of stability factor is ........

(@) 100 (i) 200
(iif) more than 200 (iv) 1
12. The zero signal 1. is generally ...... mA in
the initial stages of a transistor amplifier.
@) 4 @) 1
(iii) 3 (iv) more than 10

13. If the maximum collector current due to
signal alone is 3 mA, then zero signal col-
lector current should be atleast equal to .........

(i) 6 mA (i) 1.5 mA
(iii) 3 mA (iv) 1mA
14. The disadvantage of base resistor method of
transistor biasing is that it ........
(i) is complicated
(ii) is sensitive to changes in 3
(iif)
(iv)
15. The biasing circuit has a stability factor of

50. If due to temperature change, /4,
changes by 1 uA, then /- will change by ........

(i) 100 pA (ii) 25 uA
(iii) 20 pA (iv) 50 uA
16. For good stabilisation in voltage divider bias,

provides high stability
none of the above



the current /; flowing through R, and R,
should be equal to or greater than ........
(@) 101, (i) 31,
(iii) 21, (iv) 41,
17. The leakage current in a silicon transistor is
about ......... the leakage current in a germa-
nium transistor.

(i) one hundredth (ii) one tenth
(iii) one thousandth (iv) one millionth
18. The operating point is also called the ........
(i) cut off point
(if) quiescent point
(iii)
(iv)
19. For proper amplification by a transistor cir-

cuit, the operating point should be located
at ........ of the d.c. load line.

(i) the end point
(if) middle

saturation point
none of the above

(iif) the maximum current point
(iv) none of the above
20. The operating point ........ on the a.c. load
line.

(i) also lies (if) does not lie
(iif) may or may not lie
(iv) data insufficient

21. The disadvantage of voltage divider bias is
that it has ........

(i) high stability factor
(if) low base current
(iii)
(iv)

22. Thermal runaway occurs when ........

many resistors
none of the above

(i) collector is reverse biased

(if) transistor is not biased

(iif) emitter is forward biased

(iv) junction capacitance is high

23. The purpose of resistance in the emitter cir-

cuit of a transistor amplifier is to ...........
(i) limit the maximum emitter current

(if) provide base-emitter bias

(iif) limit the change in emitter current

(iv) none of the above
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24. In a transistor amplifier circuit, Vp= Vg +

(D) Vg
(iii) 1.5 Vg
25. The base resistor method is generally used
in ...

(i) 2 Vyg
(iv) none of the above

(i) amplifier circuits

(if) switching circuits

(iii)

(iv)

26. For germanium transistor amplifier, V.
should ......... for faithful amplification.

rectifier circuits
none of the above

(i) be zero

(i) be 0.2V
(iif) not fall below 0.7 V
(iv) none of the above

27. In a base resistor method, if the value of
changes by 50, then collector current will
change by a factor of ........

(i) 25 (it) 50
(iii) 100 (iv) 200
28. The stability factor of a collector feedback
bias circuit is ........ that of base resistor bias.

(i) the same as (if) more than

(iii) lessthan (iv) none of the above

29. In the design of a biasing circuit, the value
of collector load R is determined by ........

(i) Vg consideration
(ii) Vpp consideration
(iif) I, consideration
(iv) none of the above

30. Ifthe value of collector current /. increases,
then value of V. ........

(i) remains the same
(if) decreases

(iii)
(iv)

31. Ifthe temperature increases, the value of V.

increases
none of the above

(i) remains the same
(if) 1isincreased

(iii)
(iv)

is decreased
none of the above
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32. The stabilisation of operating point in po-
tential divider method is provided by ........
(i) Rjconsideration
(ii) R consideration
(iif) V. consideration
(iv) none of the above
33. The value of Vg ............
(i) depends upon I to moderate extent
(ii) 1is almost independent of /-
(iif) is strongly dependent on /-
(iv) none of the above

34. When the temperature changes, the operat-
ing point is shifted due to ........

(@)
(ir)
(iii)

change in/

changein V-

change in the values of circuit resis-

tances

(iv) none of the above

35. The value of stability factor for a base-re-
sistor bias is ........

() RyB+1) (i) B+ 1) R¢

(i) 10kQ (i) 1 MQ
(iii) 100 kQ (iv) 800 Q
37. Asilicon transistor is biased with base resis-
tor method. If B =100, V= 0.7 V, zero
signal collector current /. = 1 mA and
Ve =6V, what is the value of base resistor
Ry?
(i) 105kQ (ii) 530 kQ
(ii)) 315kQ (iv) none of the above
38. In voltage divider bias, V=25V ; R, =
10kQ; R,=2.2kQ; R-=3.6kQand R,
1 kQ. What is the emitter voltage ?

(i) 6.7V (i) 5.3V
(iii) 49V (iv) 3.8V
39. In the above question, what is the collector
voltage ?
i) 123V (i) 148V
(iii) 7.6V (iv) 9.7V

40. In voltage divider bias, operating point is
3V,2mA. If V=9V, R.=2.2kQ, what
is the value of R, ?

(1) 2000 Q (i) 1400 Q

(iii) (B+ 1) () 1-B (iii) 800 Q (iv) 1600 Q
36. Ina practical biasing circuit, the value of R,
is about ........
Answers to Multiple-Choice Questions

1. (i) 2. () 3. (i) 4. (i) 5. ()
6. (i) 7. (i) 8. (i) 9. (iii) 10. (i)
11. (iv) 12. (i) 13. (i) 14. (ii) 15. (iv)
16. (i) 17. (i) 18. (i) 19. (i) 20. (i)
21. (iii) 22. (ii) 23. (i) 24. (i) 25. (i)
26. (iii) 27. (if) 28. (i) 29. (i) 30. (if)
31. (i) 32. (i) 33. (i) 34. (i) 35. (iii)
36. (iv) 37. (i) 38. (iv) 39. (i) 40. (iii)

Chapter Review Topics

1. What is faithful amplification ? Explain the conditions to be fulfilled to achieve faithful amplification

in a transistor amplifier.

AN

this method ?

Mention the essentials of a biasing circuit.

What do you understand by transistor biasing ? What is its need ?

What do you understand by stabilisation of operating point ?

Describe the various methods used for transistor biasing. State their advantages and disadvantages.

Describe the potential divider method in detail. How stabilisation of operating point is achieved by
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7. Mention the steps that are taken to design the transistor biasing and stabilisation circuits.
8. Write short notes on the following :
(i) Operating point (if) Stabilisation of operating point

Problems

1. Annpn silicon transistor has V.= 5V and the collector load R = 2 k€. Find :

(i) the maximum collector current that can be allowed during the application of signal for faithful

amplification
(if) the minimum zero signal collector current required [ @) 2mA (i) ImA]
2. Fig. 9.48 shows biasing with base resistor method. Determine the operating point. Assume the
transistor to be of silicon and take 3 = 100. [I.=093 mA, V., =17.3V]
3. Fig. 9.49 shows biasing by base resistor method. If it is required to set the operating point at ImA,
6V, find the values of R and R;,. Given B =150, V. =03 V. [R.=3kQ, R; = 0.3 MQ]
+10V +20V +Vee=9V

100 kQ

Fig. 9.48 Fig. 9.49
4. A transistor amplifier is biased with feedback resistor R of 100 kQ. If V.. =25V, R = 1 kQ and
=200, find the values of zero signal /- and V. [1,=16.2mA, V. =8.8V]
+Vee=15V +Vee=10V
4kQ 470 Q 30 kQ 1kQ
220 Q
1kQ 5kQ 2kQ

Fig. 9.50 Fig. 9.51
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5. Find the value of /.. for potential divider method if V.. = 9V, R, = 1kQ, R, = 39 kQ, R, = 10 k€,
R-=2.7kQ, Vy,=0.15V and B = 90. [1.5mA]

In an RC coupled amplifier, the battery voltage is 16V and collector load R, = 4 kQ. It is required to
set the operating point at /. = 1mA, V., = 10V by potential divider method. If
Vpp=0.2 Vand I, =10 I, B =100, find the various circuit values.

In the transistor circuit shown in Fig. 9.50, find the operating point. Assume the transistor to be of
silicon. [Ic =10.5mA, V., =7.75V]

In a transistor circuit shown in Fig. 9.51, find the operating point. Assume silicon transistor is used.
[I =0.365mA, V. =8.9V]
Determine whether or not the circuit shown in Fig. 9.52 is midpoint biased. [Yes]

10. What fault is indicated in Fig. 9.53 ? Give reasons for your answer. [R is open]

+Vee=10V

18 kQ

4.7kQ

Illll—o

Fig. 9.52 Fig. 9.53

11. Determine /p, I~ and V- for a base-biased transistor circuit with the following values : B =90 ; V.

=12V; R, =22 kQ and R = 100L2. [I; =514 pA ;1.=46.3mA ; V =7.37V]
12. The base bias circuit in Fig. 9.54 is subjected to a temperature variation from 0°C to 70°C. The B
decreases by 50% at 0°C and increases by 75% at 70°C from its normal value of 110 at 25°C. What are
the changes in /. and V. over the temperature range of 0°C to 70°C ?

[Io=59.6 mA ; Vo = 5.96V]
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+Vee
+5V
+Vee=+9V
Rpo=100Q
15kQ S R,
Fig. 9.54 Fig. 9.55
To what value can R in Fig. 9.55 be reduced without transistor going into saturation ? [639Q]
When can the effect of B be neglected in the emitter bias circuit ? [When R, >> R;/B]
What is the minimum value of § in Fig. 9.56 that makes R, (base) 2 10R,? [69.1]
(i) Determine the base voltage V, in Fig. 9.57.
(ii) If Ry, is doubled, what will be the value of V, ? [() 1.74V (i) 1.74V]
+15 Ve -12v
1.8 kQ
5.6 kQ 560 Q
Fig.9.56 Fig. 9.57

(7) Find the Q-point values for Fig. 9.57.

(if) Find the minimum power rating of transistor in Fig. 9.57. [(i) 1.41 mA ; - 8.67V (ii) 12.2 mW]
A collector-feedback circuit uses an npn transistor with V.. = 12V, R = 1.2 kQ, R, = 47 kQ. Deter-
mine the collector voltage and the collector current if B = 200. [7.87 mA ; 2.56V]

e D [ =

Discussion Questions
Why are transistor amplifiers always operated above knee voltage region ?
What is the utility of d.c. load line ?
Why have transistors inherent variations of parameters ?
Why is B, . different from 3, , ?
Why has potential divider method of biasing become universal ?
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Our purpose here will be to discuss single stage transistor amplifier. By a stage we mean a
single transistor with its bias and auxiliary equipment. It may be emphasised here that a practical
amplifier is always a multistage amplifier i.e. it has a number of stages of amplification. However, it
is profitable to consider the multistage amplifier in terms of single stages that are connected together.
In this chapter, we shall confine our attention to single stage transistor amplifiers.

10.1 Single Stage Transistor Amplifier

When only one transistor with associated circuitry is used for ampli-
fying a weak signal, the circuit is known as single stage transistor
amplifier.

A single stage transistor amplifier has one transistor, bias circuit
and other auxiliary components. Although a practical amplifier con-
sists of a number of stages, yet such a complex circuit can be conve-
niently split up into separate single stages. By analysing carefully
only a single stage and using this single stage analysis repeatedly, we
can effectively analyse the complex circuit. It follows, therefore, that 0.1V
single stage amplifier analysis is of great value in understanding the
practical amplifier circuits.

+Vee

OU?EUT
5kQ
hA

. . Fig. 10.1

10.2 How Transistor Amplifies ?
Fig. 10.1 shows a single stage transistor amplifier. When a weak a.c. signal is given to the base of
transistor, a small base current (which is a.c.) starts flowing. Due to transistor action, a much larger
(B times the base current) a.c. current flows through the collector load R.. As the value of R is quite
high (usually 4-10 kQ), therefore, a large voltage appears across R.. Thus, a weak signal applied in
the base circuit appears in amplified form in the collector circuit. It is in this way that a transistor acts
as an amplifier.

The action of transistor amplifier can be beautifully explained by referring to Fig. 10.1. Suppose
a change of 0.1V in signal voltage produces a change of 2 mA in the collector current. Obviously, a
signal of only 0.1V applied to the base will give an output voltage =2 mA x 5 kQ = 10V. Thus, the
transistor has been able to raise the voltage level of the signal from 0.1V to 10V i.e. voltage amplifi-
cation or stage gain is 100.

10.3 Graphical Demonstration of Transistor Amplifier

The function of transistor as an amplifier can also be explained graphically. Fig. 10.2 shows the
output characteristics of a transistor in CE configuration. Suppose the zero signal base current is 10
pA i.e. this is the base current for which the transistor is biased by the biasing network. When an a.c.
signal is applied to the base, ic

it makes the base, say posi- 4
tive in. the. first half-cycle and SIGNAL
negative in the second half- OUTPUT — CURRENT

cycle. Therefore, the base CURRENT 2 mA 20uA
and collector currents will in- / X

crease in the first half-cycle 1.5 mA / \ Sua
when base-emitter junction is 1 mA 10pA
more forward-biased. How- / \ /

ever, they will decrease in the 0.5 mA Ip=5SpA
second half-cycle when the | | | | |
base-emitter junction is less 0 1V 2V 3V 4V 5V
forward biased. Fig. 10.2
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For example, consider a sinusoidal signal which increases or decreases the base current by 5 pA
in the two half-cycles of the signal. Referring to Fig. 10.2, it is clear that in the absence of signal, the
base current is 10lLA and the collector current is 1 mA. However, when the signal is applied in the
base circuit, the base current and hence collector current change continuously. In the first half-cycle
peak of the signal, the base current increases to 15 pA and the corresponding collector current is
1.5 mA. In the second half-cycle peak, the base current is reduced to 5 pA and the corresponding
collector current is 0.5 mA. For other values of the signal, the collector current is inbetween these
values i.e. 1.5 mA and 0.5 mA.

It is clear from Fig. 10.2 that 10 pA base current variation results in ImA (1,000 pA) collector
current variation i.e. by a factor of 100. This large change in collector current flows through collector
resistance R.. The result is that output signal is much larger than the input signal. Thus, the transistor
has done amplification.

10.4 Practical Circuit of Transistor Amplifier

It is important to note that a transistor can accomplish faithful amplification only if proper associated
circuitry is used with it. Fig. 10.3 shows a practical single stage transistor amplifier. The various
circuit elements and their functions are described below :

(i) Biasing circuit. The resistances R,, R, and R form the biasing and stabilisation circuit.
The biasing circuit must establish a proper operating point otherwise a part of the negative half-cycle
of the signal may be cut off in the output.

(i) Input capacitor C,;,. An electrolytic capacitor C,, (=~ 10 UF ) is used to couple the signal to
the base of the transistor. If it is not used, the signal source resistance will come across R, and thus
change the bias. The capacitor C,, allows only a.c. signal to flow but isolates the signal source from

R,

+Vee
Il
Rl
ic=1-+1i
Cin iB= ]B + ib
] -
1, R,
SIGNAL R2 L
o
Fig. 10.3

(iif) Emitter bypasscapacitor C.. An emitter bypass capacitor Cg (~ 100uF ) is used in paral-
lel with R to provide a low reactance path to the amplified a.c. signal. Ifit is not used, then amplified
a.c. signal flowing through R; will cause a voltage drop across it, thereby reducing the output voltage.

(iv) Coupling capacitor C.. The coupling capacitor C (~ 10uF) couples one stage of ampli-
* It may be noted that a capacitor offers infinite reactance to d.c. and blocks it completely whereas it allows
a.c. to pass through it.
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fication to the next stage. If it is not used, the bias conditions of the next stage will be drastically
changed due to the shunting effect of R.. This is because R- will come in parallel with the upper
resistance R, of the biasing network of the next stage, thereby altering the biasing conditions of the
latter. In short, the coupling capacitor C isolates the d.c. of one stage from the next stage, but allows
the passage of a.c. signal.

Variouscircuit currents. It is useful to mention the various currents in the complete amplifier
circuit. These are shown in the circuit of Fig. 10.3.

(i) Basecurrent. When no signal is applied in the base circuit, d.c. base current I ; flows due to
biasing circuit. When a.c. signal is applied, a.c. base current i, also flows. Therefore, with the
application of signal, total base current i is given by:

ig = lg+ip
(i) Collector current. When no signal is applied, a d.c. collector current | flows due to
biasing circuit. When a.c. signal is applied, a.c. collector current i also flows. Therefore, the total
collector current i is given by:
lc+ig
where lc = Blg = zero signal collector current
i, = Bi, = collector current due to signal.

(iif) Emitter current. When no signal is applied, a d.c. emitter current | flows. With the
application of signal, total emitter current i, is given by :

ie = lg+ig
It is useful to keep in mind that :

g = lgtlg

o = iy +ig

Now base current is usually very small, therefore, as a reasonable approximation,

lg = I and i =i,

Example 10.1. What istherole of emitter bypass capacitor C. in CE amplifier circuit shownin
Fig. 10.3 ? lllustrate with a numerical example.

Solution. The emitter bypass capacitor C¢ (See Fig. 10.3) connected in parallel with Rg plays an
important role in the circuit. If it is not used, the amplified a.c. signal flowing through Rc will cause a
voltage drop across it, thereby reducing the a.c. output voltage and hence the voltage gain of the
amplifier.

Let us illustrate the effect of C¢ with a numerical example. Suppose Rg = 1000£2 and capacitive
reactance of Cg at the signal frequency is 100Q (i.e. Xc. =100€). Then 10/11 of a.c emitter current
will flow through C and only 1/11 through Re. The signal voltage developed across R is, therefore,
only 1/11 of the voltage which would have been developed if C; were not present. In practical
circuits, the value of C is so selected that it almost entirely bypasses the a.c. signal (the name for C
is obvious). For all practical purposes, we consider C to be a short for a.c. signals.

Example 10.2. Select a suitable value for the emitter bypass capacitor in Fig. 10.4 if the
amplifier isto operate over a frequency range from 2 kHz to 10 kHz.

Solution. An amplifier usually handles more than one frequency. Therefore, the value of Cis so
selected that it provides adequate bypassing for the |lowest of all the frequencies. Then it will also be

a good bypass (X o< 1/f) for all the higher frequencies. Suppose the minimum frequency to be
handled by C is f ;. Then C is considered a good bypass ifat f ; ,
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- R
“ 0

In the given problem, f;, = 2kHz ; R. = 560Q.
10 Xg = 560

or Xc. = 560/10 = 56Q
1
or . Co 56
1 1

— = _ —6 _
Ce = 21 fyn 56 2mx (2x10°) x 56 — 142710 " F=142uF

Note. While discussing CE amplifier, the reader should be very particular about the role of C.
10.5 Phase Reversal

In common emitter connection, when the input signal voltage increases in the positive sense, the
output voltage increases in the negative direction and vice-versa. In other words, there is a phase
difference of 180° between the input and output voltage in CE connection. This is called phase
reversal.®

The phase difference of 180° between the signal voltage and output voltage in a common emitter
amplifier isknown as phasereversal.

Consider a common emitter amplifier circuit shown in Fig. 10.5. The signal is fed at the input
terminals (i.€. between base and emitter) and output is taken from collector and emitter end of supply.
The total instantaneous output voltage Vg is given by :

*  This is so if output is taken from collector and emitter end of supply as is always done. However, if the
output is taken across R, it will be in phase with the input.

**  Reactance of C (= 10uF) is negligible at ordinary signal frequencies. Therefore, it can be considered a
short for the signal.
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+ Vcc.

in out

SIGNAL OUTPUT

t
0 SIGNAL g,

Cp

I

Fig. 10.5

When the signal voltage increases in the positive half-cycle, the base current also increases. The
result is that collector current and hence voltage drop i R increases. As V. is constant, therefore,
output voltage V¢ decreases. In other words, as the signal voltage is increasing in the positive half-
cycle, the output voltage is increasing in the negative sense i.€. output is 180° out of phase with the
input. It follows, therefore, that in a common emitter amplifier, the positive half-cycle of the signal
appears as amplified negative half-cycle in the output and vice-versa. It may be noted that amplifica-
tion is not affected by this phase reversal.

The fact of phase reversal can be readily proved mathematically. Thus differentiating exp. (i),
we get,
dvee = 0-di;R.
or dvee = —di R;
The negative sign shows that out-

put voltage is 180° out of phase with
the input signal voltage.

Graphical demonstration. The
fact of phase reversal in CE connec-
tion can be shown graphically with the
help of output characteristics and load
line (See Fig. 10.6).

In Fig. 10.6, AB is the load line.
The base current fluctuates between,
say =5 pA with 10pA as the zero
signal base current. From the figure,
it is clear that when the base current is
maximum in the positive direction, Vg
becomes maximum in the negative di-
rection (point Gin Fig. 10.6). On the
other hand, when the base current is
maximum in the negative direction,
Vg is maximum in the positive sense
(point H in Fig. 10.6). Thus, the in-
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put and output voltages are in phase opposition or equivalently, the transistor is said to produce a
180° phase reversal of output voltage w.r.t. signal voltage.

Note. No phase reversal of voltage occurs in common base and common collector amplifier. The a.c.
output voltage is in phase with the a.c. input signal. For all three amplifier configurations; input and output
currents are in phase.

Example 10.3. Illustrate the phenomenon of phase reversal in CE amplifier assuming typical
circuit values.

Solution. Inevery type of amplifier, the input and output currents are in phase. However, common
emitter amplifier has the unique property that input and output voltages are 180° out of phase, even
though the input and output currents are in phase. This point is illustrated in Fig. 10.7. Here it is
assumed that Q-point value of |5 =10 A, ac signal peak value is 5 pA and B = 100. This means that
input current varies by 5 pA both above and below a 10 pA dc level. At any instant, the output current
will be 100 times the input current at that instant. Thus when the input current is 10 pA, output current
isic=100x 10 pA =1 mA. However, when the input current is 15 uA, then output currentisi=100x 15
A = 1.5 mA and so on. Note that input and output currents are in phase.

+Vee=10V

15 pA -
10 pA Ve
o || A
S5 uA I
>t
0 J Rz%
T = <
) 0
Fig. 10.7
The output voltage, Vo = Ve —icR:

(I) When signal current is zero (i.€., in the absence of signal), i =1 mA.
o Ve = Vee—icRe = 10V-1mAX4kQ = 6V
(i) When signal reaches positive peak value, i = 1.5 mA.
Vo = Vee—icRe = 10V-15mAX4kQ = 4V
Note that as i increases from 1mA to 1.5 mA, Vv decreases from 6V to 4V. Clearly, output
voltage is 180° out of phase from the input voltage as shown in Fig. 10.7.
(iif) When signal reaches negative peak, i = 0.5 mA.
: Vo = Vee—icR: = 10V -05mAx4kQ =8V
Note that as i decreases from 1.5 mA to 0.5 mA, v, increases from 4 V to 8 V. Clearly, output voltage
is 180° out of phase from the input voltage. The following points may be noted carefully about CE
amplifier :
(a) The input voltage and input current are in phase.
(b) Since the input current and output current are in phase, input voltage and output current are
in phase.
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(c) Output current is 180° out of phase with the output voltage (V). Therefore, input voltage
and output voltage are 180° out of phase.

10.6 Input/Output Phase Relationships

The following points regarding the input / output phase relationships between currents and voltages
for the various transistor configurations may be noted :

(i) For every amplifier type (CE, CB and CC), the input and output currents are in phase.
When the input current decreases, the output current also decreases and vice-versa.

(ii) Remember that common emitter (CE) circuit is the only configuration that has input and
output voltages 180° out of phase.

(iii) For both common base (CB) and common collector (CC) circuits, the input and output
voltages are in phase. If the input voltage decreases, the output voltage also decreases and vice-versa.

10.7 D.C. And A.C. Equivalent Circuits

In a transistor amplifier, both d.c. and a.c. conditions prevail. The d.c. sources set up d.c. currents and
voltages whereas the a.c. source (i.€. signal) produces fluctuations in the transistor currents and volt-
ages. Therefore, a simple way to analyse the action of a transistor is to split the analysis into two parts
viz. ad.c. analysis and an a.c. analysis. In the d.c. analysis, we consider all the d.c. sources at the same
time and work out the d.c. currents and voltages in the circuit. On the other hand, for a.c. analysis, we
consider all the a.c. sources at the same time and work out the a.c. currents and voltages. By adding
the d.c. and a.c. currents and voltages, we get the total currents and voltages in the circuit. For ex-
ample, consider the amplifier circuit shown in Fig. 10.8. This circuit can be easily analysed by
splitting it into d.c. equivalent circuit and a.c equivalent circuit.

+Vee

A
vV

SIGNAL @ % ke

Fig. 10.8

(i) D.C. equivalent circuit. In the d.c. equivalent circuit of a transistor amplifier, only d.c.
conditions are to be considered i.e. it is presumed that no signal is applied. As direct current cannot
flow through a capacitor, therefore, all the capacitors look like open circuits in the d.c. equivalent
circuit. It follows, therefore, that in order to draw the equivalent d.c. circuit, the following two steps
are applied to the transistor circuit :

(a) Reduce all a.c. sources to zero.

(b) Open all the capacitors.
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Applying these two steps to the circuit shown in Fig. 10.8, we get
the d.c. equivalent circuit shown in Fig. 10.9. We can easily calculate
the d.c. currents and voltages from this circuit.

(i) A.C. equivalent circuit. In the a.c. equivalent circuit of a
transistor amplifier, only a.c. conditions are to be considered. Obvi-
ously, the d.c. voltage is not important for such a circuit and may be
considered zero. The capacitors are generally used to couple or bypass
the a.c. signal. The designer intentionally selects capacitors that are
large enough to appear as short circuits to the a.c. signal. It follows,
therefore, that in order to draw the a.c. equivalent circuit, the following
two steps are applied to the transistor circuit :

(a) Reduce all d.c. sources to zero (i.e. V- = 0).
(b) Short all the capacitors.

Applying these two steps to the circuit shown in Fig. 10.8, we get the a.c. *equivalent
circuit shown in Fig. 10.10. We can easily calculate the a.c. currents and voltages from this circuit.

I
<
<

Fig. 10.10

It may be seen that total current in any branch is the sum of d.c. and a.c. currents through that
branch. Smilarly, thetotal voltage across any branch isthe sumof d.c. and a.c. voltages across that
branch.

Example 10.4. For the transistor amplifier circuit shown in Fig. 10.8, determine:
(i) d.c.load and a.c. load
(if) maximum collector-emitter voltage and collector current under d.c. conditions
(iif) maximum collector-emitter voltage and collector current when a.c. signal is applied

Solution. Refer back to the transistor amplifier circuit shown in Fig. 10.8.

(i) The d.c. load for the transistor is Thevenin’s equivalent resistance as seen by the collector
and emitter terminals. Thus referring to the d.c. equivalent circuit shown in Fig. 10.9, Thevenin’s
equivalent resistance can be found by shorting the voltage source (i.€. V¢) as shown in Fig. 10.11.
Because a voltage source looks like a short, it will bypass all other resistances except R, and R
which will appear in series. Consequently, transistor amplifier will see a d.c. load of R+ Rci.e

*  Note that R, is also in parallel with transistor input so far as signal is concerned. Since R, is connected
from the base lead to V¢ and V. is at “ac ground”, R, is effectively connected from the base lead to
ground as far as signal is concerned.
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d.c.load = R-+Rg
Referring to the a.c. equivalent
circuit shown in Fig. 10.10, it is clear R §
that as far as a.c. signal is concerned, '3 Re
resistance R, appears in parallel 4= SHORT
with R . In other words, transistor

vV

amplifier sees an a.c. load equal to Re* Re
RlIR ie
a.c.load, R\ -=R-||R
_ RR R, Rg
Re + R

(if) Referring to d.c. equivalent S—

circuit of Fig. 10.9, Fig. 1011
Vee = Vee e (Re + Rp)

The maximum value of V¢ will occur when there is no collector currenti.e. 1= 0.

Maximum Vi = Ve
The maximum collector current will flow when Vg = 0.

Vee
Re + Re
(iif) When no signal is applied, V¢ and | are the collector-emitter voltage and collector current

respectively. When a.c. signal is applied, it causes changes to take place above and below the oper-
ating point Q (i.€. Vg and | ).

Maximum collector current due to a.c. signal = *I -

Maximum |, =

Maximum positive swing of a.c. collector-emitter voltage
= I X Ry
Total maximum collector-emitter voltage
= Vee *lcRac
Maximum positive swing of a.c. collector current
= Vee/Rac
Total maximum collector current
= g * Vee/Rac

10.8 Load Line Analysis

The output characteristics are determined experimentally and indicate the relation between V¢ and
lc. However, the same information can be obtained in a much simpler way by representing the
mathematical relation between | - and V¢ graphically. As discussed before, the relationship between
Ve and | is linear so that it can be represented by a straight line on the output characteristics. This
is known as a load line. The points lying on the load line give the possible values of V¢ and | - in the
output circuit. As in a transistor circuit both d.c. and a.c. conditions exist, therefore, there are two
types of load lines, namely ; d.c. load line and a.c. load line. The former determines the locus of |
and V¢ in the zero signal conditions and the latter shows these values when the signal is applied.
(i) d.c.load line. Itistheline on the output characteristics of atransistor circuit which gives
the values of | . and V¢ corresponding to zero signal or d.c. conditions.

*  For faithful amplification.
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Consider the transistor amplifier shown in Fig. 10.12. In the absence of signal, d.c. conditions
prevail in the circuit as shown in Fig. 10.13 (i). Referring to this circuit and applying Kirchhoft’s

voltage law,
Vee = Ve~ IcRe—eRe
or Vee = Vee—lc (RetRp) N0

(rlg= IC)
+Vee

=0
a

n
Q .

Fig. 10.12
As for a given circuit, Vi and (R + Rp) are constant, therefore, it is a first degree *equation and
can be represented by a straight line on the output characteristics. This is known as d.c. load lineand

determines the loci of V¢ and | points in the zero signal conditions. The d.c. load line can be readily
plotted by locating two end points of the straight line.

+Vee 4l

Vee  |A
1 R-+R
IB C* C E

I,=15pA
> Veg B H
%11 I |
E

/ \ I=10p A
Ry M :Q Ip=5pA
{ N

0] L VCC > VCE
(@) (it)
Fig. 10.13
The value of V¢ will be maximum when | . = 0. Therefore, by putting | o= 0 in exp. (i), we get,
Max. Ve = V¢

This locates the first point B (OB = V) of the d.c. load line.

This equation is known as load line equation since it relates the collector-emitter voltage (Vg) to the
collector current () flowing through the load.
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The value of | - will be maximum when V= 0.
Vee

Re+Re

This locates the second point A(OA=V/R.+ R) of the d.c. load line. By joining points Aand
B, d.c. load line AB is constructed [See Fig. 10.13 (ii)].

Alternatively. The two end points of the d.c. load line can also be determined in another way.

Vee tlc (Re+Re) = Ve
Dividing throughout by V-, we have,

Max. | =

ey e - ()
Vee  (Vec/Re+Re)
The equation of a line having intercepts @ and b on x-axis and y-axis respectively is given by ;
X = (i)
Comparing egs. (i) and (ii), we have,
Intercept on X-axis = V¢
_ Vee
Re+Re
With the construction of d.c. load line on the output characteristics, we get the complete informa-
tion about the output circuit of transistor amplifier in the zero signal conditions. All the points show-
ing zero signal | and V¢ will obviously lie on the d.c. load line. At the same time | and V¢
conditions in the circuit are also represented by the output characteristics. Therefore, actual operat-
ing conditions in the circuit will be represented by the point where d.c. load line intersects the base
current curve under study. Thus, referring to Fig. 10.13 (ii), if I3 =5 pA is set by the biasing circuit,
then Q (i.e. intersection of 5 pA curve and load line) is the operating point.

(if) a.c.load line. Thisisthe line on the output characteristics of a transistor circuit which
gives the values of i and v when signal is applied.

Referring back to the transistor amplifier shown in Fig. 10.12, its a.c. equivalent circuit as far as
output circuit is concerned is as shown in Fig. 10.14 (i). To add a.c. load line to the output character-
istics, we again require two end points—one maximum collector-emitter voltage point and the other
maximum collector current point. Under the application of a.c. signal, these values are (refer to
example 10.4) :

Intercept on y-axis

Max. collector-emitter voltage = Vg + 1Ry This locates the point C of the a.c. load line on
the collector-emitter voltage axis.

]|
)

»

» Vee
Vep+IcRyc

0) _ (i)
Fig. 10.14
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Maximum collector current

V,
= | +£
¢ RAC
where RAC = RCHRL = ﬂ

+

This locates the point D of a.c. load line on the collelj?or—current axis. By joining points Cand D,
the a.c.load line CD is constructed [See Fig. 10.14 (ii)].

Example 10.5. For thetransistor amplifier showninFig. 10.15, R, = 10kQ, R, = 5kQ, R- =
1kQ,Re=2kQandR = 1kQ.

(i) Draw d.c. load line (ii) Determine the operating point (iii) Draw a.c. load line.
Assume Vge = 0.7 V.

Solution. (i) d.c.load line:

To draw d.c. load line, we require two end points Vizmaximum V¢ point and maximum | point.
+Vee=15V

|||| @
-lI||—~IV\/‘/\/\/‘
=

I

Fig. 10.15
Maximum V¢

Ve = 15V [See Art. 10.8]
This locates the point B (OB=15 V) of the d.c. load line.

. V,
Maximum |, = cc

15V
= = SmA See Art. 10.8
R+R  (+kq - mA [See ]
This locates the point A(OA= 5 mA) of the d.c. load line. Fig. 10.16 (i) shows the d.c. load line AB.
A1 A iC
5mA A 19.25 mA « D
2.15mA
. V C
=Y CE 0 7

> VcE
9.62V
()
Fig. 10.16
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(i) Operating point Q. The voltage across R, (=5kQ)is *5Vi.e V,=5V.
Now V, = Vge+IgRe

OV, Ve (5-0)V

e = TR i - 215mA
lc = lg = 2.15mA
Now Vg = Vg —lc(Re+Rp) = 15-2.15mA x 3 kQ
= 855V

Operating point Q is 8.55V, 2.15 mA. This is shown on the d.c. load line.

(i) a.c.load line. To draw a.c. load line, we require two end points viz maximum collector-
emitter voltage point and maximum collector current point when signal is applied.

ac.load, R\ = R-||IR = % = 0.5kQ
Maximum collector-emitter voltage
= Vet IcRyc [See example 10.4]

= 8.55+2.15mA x 0.5 kQ = 9.62 volts
This locates the point C (OC = 9.62 V) on the V¢ axis.

Maximum collector current = |- + V /Ry

= 2.15+ (8.55 V/0.5 kQ) = 19.25 mA

This locates the point D (OD = 19.25mA) on the i axis. By joining points Cand D, a.c. load line
CD is constructed [See Fig. 10.16 (ii)].

Example 10.6. Inthetransistor amplifier showninFig. 10.15, R.= 10kQ, R = 30kQ and V.
= 20V. Thevalues R, and R, are such so asto fix the operating point at 10V, ImA. Draw thed.c. and
a.c. load lines. Assume Rg is negligible.

Solution. d.c. load line. For drawing d.c. load line, two end points viz. maximum
Ve point and maximum | point are needed. Maximum V- = 20 V. This locates the point
B (OB = 20V) of the d.c. load line on the V¢ axis.

Vee _ 20V

R.+R:  10kQ

This locates the point A(OA=2mA) on the | axis. By joining points Aand B, the d.c. load line
AB is constructed (See Fig. 10.17).

a.c. load line. To draw a.c. load line, we require two end points Vizmaximum collector-emitter

= 2mA

Maximum |, =

voltage point and maximum collector current point when signal is applied.
10x 30
ac.load, R\ = R.||R = 10530 7.5 kQ
Maximum collector-emitter voltage
= Vee * lcRac
10+1TmAX75kQ =10+75 =175V
This locates the point D (OD = 17.5 V) on the V¢ axis.
Maximum collector current = |-+ V- /Ry
= ImA+10V/7.5kQ = I mA+1.33mA = 233 mA

* Voltage across series combination of R, and R, is 15 V. Applying voltage divider theorem, voltage across

R,=5V.
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This locates the point C (OC=2.33 mA) on the i axis. By joining points Cand D, a.c. load line
CD is constructed (See Fig. 10.17).

2.33mA \C

2 mA

ImAF------ © d.c. LOAD LINE

0 v 175V 20V e

Fig. 10.17

Comments. The reader may see that the operating point lies on both a.c. and d.c. load lines. Itis
not surprising because signal is a.c. and it becomes zero after every half-cycle. When the signal is
zero, we have the exact d.c. conditions. Therefore, key point to keep in mind is that the point of
intersection of d.c. and a.c. load lines is the operating point Q.

Example 10.7. In a transistor amplifier, the operating point Q is fixed at 8V, ImA. When a.c.
signal isapplied, the collector current and collector-emitter voltage change about this point. During
the positive peak of signal, i = 1.5 mAand v = 7 V and during negative peak, i = 0.5mA and v
= 9V. Show this phenomenon with the help of a.c. load line.

i (MA)

A

> v (VOLTS)

Fig. 10.18
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Solution. Fig. 10.18 shows the whole process. When no signal is applied, Voe = 8 V and i =
ImA. This is represented by the operating point Q on the a.c. load line. During the positive half-
cycle of a.c. signal, i swings from 1 mA to 1.5 mA and V¢ swings from 8 V to 7 V. This is repre-
sented by point A on the a.c. load line. During the negative half-cycle of the signal, i swings from
1 mA to 0.5 mA and V¢ swings from 8 V to 9 V. This is represented by the point B on the a.c. load
line.

The following points may be noted :

(i) When a.c. signal is applied, the collector current and collector-emitter voltage variations
take place about the operating point Q.

(if) When a.c. signal is applied, operating point moves along the a.c. load line. In other words,
at any instant of a.c. signal, the co-ordinates of collector current and collector-emitter voltage are on
the a.c. load line.

10.9 Voltage Gain

The basic function of an amplifier is to raise the strength of an a.c. input signal. The voltage gain of
the amplifier is the ratio of a.c. output voltage to the a.c. input signal voltage. Therefore, in order to
find the voltage gain, we should consider only the a.c. currents and voltages in the circuit. For this
purpose, we should look at the a.c. equivalent circuit of transistor amplifier. For facility of reference,the
a.c. equivalent circuit of transistor amplifier is redrawn in Fig. 10.19.

< o

L, T
RC RL Vout

It is clear that as far as a.c. signal is concerned, load R appears in parallel with R . Therefore,
effective load for a.c. is given by :

a.c.load, R, = R.||R =

Output voltage, V,, = i.Ryc

v

Vin SIGNAL

WWWA
=
VWWWWA
=
S}
-

Fig. 10.19

R xR
R+R

Input voltage, V;, = i, R,
Voltage gain, A, = V /Vi,

_ Ic RAC — BXRAC [ I£=B]
Ib Rn Rn

Incidentally, power gain is given by;

2
A = lc R _ BZXRAC

. iéRn ) Rn
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Example 10.8. In the circuit shown in Fig. 10.20, find the voltage gain. Given that
B = 60 and input resistance R, = 1 kQ.
+10V
Rp =2k
R, Ce
Il
Cin
—
R, =0.5kQ
R, Y
IGNAL
SIG Ry I C,
Fig. 10.20

Solution. So far as voltage gain of the circuit is concerned, we need only R, B and R.
Effective load, R\« = R-||R
X 2x0.
RoXR_2X05 4k

T R.+R 2405
R
Voltage gain = B X é*: = 60);12'31{9 =24

Example10.9. Inthecircuit showninFig. 10.20,ifR.= 10kQ, R = 10kQ, R, = 25kQ, =
100, find the output voltage for an input voltage of ImV r.m.s.

RoXR._ 10x10 _

Solution. Effective load, Ry = R. R = 0+10
. R 5kQ
Voltage gain = Bx—2& = 100x = 200
3 25kQ
Vou
= 200
or v

n
Vo = 200xV,, = 200x1mV = 200mV
Example 10.10. In atransistor amplifier, when the signal changes by 0.02V, the base current

changes by 10 pA and collector current by 1mA. If collector load R, = 5 kQ and
R, = 10 k&, find: (i) current gain (ii) input impedance (iii) a.c. load (iv) voltage gain

(V) power gain.
Solution. Alg=10 pA, Alc = ImA, AV =0.02V, R.=5kQ, R =10kQ
Al 1TmA

A = Topa ~ 10

0) Current gain, 3
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AVge  0.02V

(i) Input impedance, R, = Al - 10pA - 2kQ
B

Re X R 5%x10
c.1 Ry = = = 33k
(iii) a.c. load, R, Ro+R  5+10 3.3kQ

R
(iv) Voltage gain, A, = Bx% = 100x% =165
n

(v) Power gain, A, = current gain X voltage gain = 100 x 165 = 16500
Example 10.11. In Fig. 10.21, the transistor has p = 50. Find the output voltage if input

resistance R, = 0.5 kQ.
+30V

E ]
Cin
||
I
6 kQ

1 mV
(r.m.s.) 3 kQ% 3kQ

Fig. 10.21
B =50, R, =05kQ

\AA4

Solution.
X 3x6
a.c.load, Ryc = R:|IR = FF:CC+E - e - 2kQ
Voltage gain = Bx Ry\/R, = 50x2/0.5 = 200
Vout
oL =2
or v 00

Output voltage, V;, = 200 xV,, = 200 x (1 mV) = 200 mV

Example 10.12. Fig. 10.22 shows a transistor circuit. The manufacturer of the circuit shows
that collector potential isto be + 6V. The voltage measured at point B by a technician is found to be
+ 4V. Isthe circuit operating properly ?

Solution. The voltage at point B is equal to the voltage across R,. Now total voltage V1 across
the series combination of R, and R, is 6 V. Therefore, using voltage divider method, we have,

Vg = Voltage across R,

R 1
= Vi = ——=Xx6 =2V
F21+R2XT 12
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!

Fig. 10.22

0+16V

The circuit is not operating properly. It is because the voltage at point B should be 2 V instead of
4V.

10.10 A.C. Emitter Resistance

The ac or dynamic resistance of emitter-base junction diode of a tran-
sistor is called ac emitter resistance. It is defined as the change in
base-emitter voltage divided by change in corresponding emitter

current [See Fig. 10.23]i.e. 0 ‘_ VaE
AV,
R = Ao BE
c = Al .
Fig. 10.23

For instance, suppose an ac base voltage change of 1 mV pro-
duces an ac emitter current change of 50 pA. Then emitter diode has an ac resistance of

B 1 mV

Rac_m=2og

10.11 Formula For AC Emitter Resistance
It can be shown mathematically that the ac resistance of emitter diode is given by ;
25mV
le
where I = dc emitter current (= V/Rg) at Q point

Note the significance of this formula. It implies that ac emitter resistance can be found simply by
substituting the quiescent value of emitter current into the equation. There is no need to have the
characteristics available. It is important to keep in mind that this formula is accurate only for small
signal operation. It is a usual practice to represent ac emitter resistance by r.

25 mV
le
The subscript e indicates emitter. The lower case r is used to indicate an ac resistance. The
prime shows that it is an internal resistance.

C

r_
e =

Example 10.13. Determine the ac emitter resistance for the transistor circuit shown in Fig.
10.24.
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+Vee=10V

R =6kQ
4OkQ%Rl ¢

'@
II
oo
o
-llll—o

SILICON

10 kQ %Rz

/f\
u

Fig. 10.24

Solution.  Voltage across R,, V, = Vee R = 0 10=2v
R+R 40+10

Voltage across Re, Vg = V,—Vge =2-07 = 13V

Emitter current, Iz = YEE = % = 0.65mA

25mV 25mV

AC emitter resistance, I,/ = I = 065mA | 3846Q

10.12 Voltage Gain of CE Amplifier

The voltage gain (A) of an amplifier is equal to a.c. output voltage (V) divided by a.c. input voltage
(Vi) .8 A, =V ,/Vi,. We have already seen that voltage gain of a CE amplifier is given by;

Voltage gain, A, = P x % ... for unloaded amplifier
n

_ Rac .

= B x R, - for loaded amplifier

Remember that R, = R-[|R

The above formula for A, can be used if we know the values of R (or R,), B and R, .. Generally,

all these values are not known. In that case, we can find the value of A, in terms of total a.c. collector
resistance and total a.c. emitter resistance. For the circuit shown in Fig. 10.25 (with C connected
across Ry), it can be proved that the voltage gain is given by ;

Voltage gain, A, = F:F ... for unloaded amplifier
e

R
- —5% . for loaded amplifier

e

10.13 Voltage Gain of Unloaded CE Amplifier
Fig. 10.25 shows the circuit of unloaded CE amplifier (i.e. no load R,_is connected to the circuit).
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Note that emitter bypass capacitor C is connected in parallel with emitter resistance R.. The
capacitor Cg acts as a *short to the a.c. signal so that it bypasses the a.c. signal to the ground. There-
fore, the emitter is effectively at a.c. ground. It is important to note that C; plays an important role in
determining the voltage gain (A) of the CE amplifier. If it is removed, the voltage gain of the ampli-
fier is greatly reduced (soon you will see the reason for it).

+ VCC
R, Re
/] °
[
© [ l
] .
: ? % RE CE
Fig. 10.25
Voltage gain, A, = Ifc,
e
where R. = ac collector resistance
r. = acemitter resistance =25 mV/I¢
l ¢ C

A

§RC

out

u|||—o E" o

R R,

-
-
il—o ~ o

= A 4

N
NG
il —AMAA—

E
= EQUIVALENT CIRCUIT
OF TRANSISTOR

@) (1)

*  Thesize of C: is so selected that it offers negligible reactance to the frequencies handled by the amplifier
(See Example 10.2).
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Derivation. Fig. 10.25 shows the common emitter amplifier. The ac equivalent circuit of the
amplifier is shown in Fig. 10.26. (i). Replacing the transistor by its *equivalent circuit, we get the
circuit shown in Fig. 10.26 (ii). Note that current source is still connected between the collector and
base terminals while the diode between the base and emitter terminals. Further, the input current is
the base current (i) while the output current is still i .

Note that input voltage (V;,) is applied across the diode and r/. Assuming the diode to be ideal
(so that it can be replaced by a wire), the ac emitter current is given by :

Ve
e re,
or Vi, = lgld ()
Assuming i, = i, we have,
Vo = 1cRe=1eRe
\Y/ i
Voltage gain, A, = 2L = LRE = i,
Vin Iere re
or A = ?C,

e
where R, = total a.c. collector resistance

’

e = total a.c. emitter resistance

Fig. 10.27 shows the simple a.c. model of CE amplifier with C con-
nected across Rg. Note that C behaves as a short so that R is cut out
from the emitter circuit for a.c. signal. Therefore, as for as a.c. signal is
concerned, the total a.c. emitter resistance is Iy’

Voltage gain for loaded amplifier. Fig. 10.28 (i) shows a part of a.c. equivalent circuit of the

Fig. 10.27

0V a.c.

R

Vout

VM
=
VW
q%
MWW
=

Fig. 10.28
*  The transistor equivalent circuit contains three components viz.,
(i) A resistor ry which represents ac emitter resistance.
(if) A diode which represents the emitter-base junction of the transistor.
(iii) A current source which represents the current being supplied to R from the collector of the transistor.
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CE amplifier. Note that load R, is connected to the circuit. Remember that for a.c. analysis, V=0V
i.e. at ground. Since both R, and R are connected to the collector on one side and ground on the
other, the two resistors are in *parallel as shown in Fig. 10.28 (ii).

Total a.c. collector resistance, Ry, = R:||R = %

Total a.c. emitter resistance =

_‘
@~
>;U

Voltage gain, A, = r,c
e

10.14 Voltage Gain of CE Amplifier Without C.

When we remove the emitter bypass capacitor from the CE amplifier
shown in Fig. 10.25, the voltage gain of the circuit is greatly reduced.
The reason is simple. Without the emitter bypass capacitor Cg, the emit-
ter is no longer at the ac ground as shown in Fig. 10.29. Therefore, for
the a.c. signal, both r; and R are in series. As a result, the voltage gain
of the amplifier becomes :

Voltage gain, A, = 7 -I:)CRE ... for unloaded amplifier
e rre
Rac .
= = ... for loaded amplifier
et Re

Example 10.14. For the amplifier circuit shown in Fig. 10.30,
find the voltage gain of theamplifier with (i) C. connected inthecircuit
(i) Cg removed fromthe circuit.

Fig. 10.29

+Vee=20V

-llll—o °

Fig. 10.30
Solution. We shall first find D.C. I and hence ;.

Note that C behaves as a short for a.c. and is replaced by a wire in the two a.c. circuits.
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In order to find D.C. |, we shall proceed as under :

Vee xR, = —20
R+R 150 + 20

D.C. voltage across R, Vg = V,—Vge = 235-0.7 = 1.65V

D.C. voltage across R,, V, x20 = 235V

V, 1.65V
D.C. emitter current, I = EE = 5oka 0.75 mA
25mV 25mV
AC emitter resistance, ./ = = = 333Q
€ le 0.75 mA
(i) with Cg connected
. R- 12 kQ
Voltage gain, = — = ——=— = 360
A o 333Q
(i) Without C
R 12 kQ

Voltage gain, A, = 7 RT= 3330122k — >38
What a difference the emitter bypass capacitor Cg makes ! With C connected, A, = 360 and
when C is removed, the voltage gain goes down to 5.38.

Example 10.15. If inthe above example, aload of 6 k2 is connected (with C connected) to the
collector terminal through a capacitor, what will be the voltage gain of the amplifier?

Solution. Amplifiers are used to provide ac power to the load. When load R, is connected to the
collector terminal through a capacitor, the total ac resistance of collector changes to :

_ B _ 12x6
R = R:IIR = 12kQ | 6 kQ 246 4kQ
The value of ac emitter resistance remains the same.
. Ry 4kQ
Voltage gain, A, = X 3330 120

Thus voltage gain of the amplifier is reduced from 360 to 120 when load is connected to the
circuit.

Comments. This example shows the fact that voltage gain of the amplifier is reduced when load
is connected to it. Conversely, if the load is removed from an amplifier, the voltage gain will increase.
If aload goes open circuit, the effect will be the same as removing the load entirely. Thus the primary
symptom of an open load in an amplifier is an increase in the voltage gain of the circuit.

Example 10.16. For the circuit shownin Fig. 10.31, find (i) a.c. emitter resistance (ii) voltage
gain (iii) d.c. voltage across both capacitors.
Solution.

(i) Inorder to find a.c. emitter resistance Iy, we shall first find D.C. emitter current | . To find
I, we proceed as under :
VCC X R2 — 9
R+R 240 +30
D.C. voltage across R, Vg = V,—=Vpe=1V-0.7V=0.3V

D.C. voltage across R), V, = x30 = 1v

D.C. emitter current, I = Ve =03V _ 0.1 mA
o B R 3kQ ’
. . , 2
Now A.C. emitter resistance, I, = SV _ 25mV_ _ 250Q
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Ré 240 kQ

T

Fig. 10.31
N Vol ) R.  20kQ
i s = S o=
(i) oltage gain, A, [, 2500

(iii) The d.c. voltage across input capacitor is equal to the d.c. voltage at the base of the transistor
which is V, = 1'V. Therefore, d.c. voltage across C,, is 1V.

Similarly, d.c. voltage across C¢ = d.c voltage at the emitter = Vi = 0.3V.

Example 10.17. For thecircuit shownin Fig. 10.32, find (i) thed.c. biaslevels (ii) d.c. voltages
across the capacitors (iii) a.c. emitter resistance (iv) voltage gain and (v) state of the transistor.

Vee=+15V

Fig. 10.32
Solution.
(i) D.C.biaslevels. The d.c. bias levels mean various d.c. currents and d.c. voltages.
Vee 15
- xR, = 10 =3V
D.C. Voltage across R,, V, R+R, R, 20410

D.C. base voltage = V,=3V
D.C. voltage across R, Vg = V, = Vg =3V -0.7V =23V

Ye _23V _53ma

i - _—E
D.C. emitter current, I = R, 1kQ
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D.C. collector current, | = I1g=2.3mA
D.C. base current, I = 1/B=2.3 mA/100=0.023 mA
D.C. collector voltage, Vo = V-1 R
= 15V-23mA x2kQ=10.4V
Therefore, all d.c. bias levels stand calculated.
(i) D.C. voltage across C;,, = V,=3V
D.C. voltage across C = V=23V
D.C. voltage across C, = V=104V

. . , 25mV _ 25mV
.C. r = = = .
(iii) a.c. emitter resistance, f i 23 10.9Q
(iv) Total a.c. collector resistance is given by ;
2x1
Re = RIR = RCRC+RLRL e 0.667 kQ
. Ryc  0.667 kQ
Voltage gain, A, = = T09Q - 61.2

e
(v) As calculated above, V. = 10.4V and V¢ = 2.3V. Since V> Vg, the transistor is in active
state.

Example 10.18. Anamplifier hasa voltage gain of 132 and 3 = 200. Determine the power gain
and output power of the amplifier if the input power is 60 uW.

Solution.
Power gain, Ap = current gain x voltage gain
= BxA,=200x 132 =26400
Output power, P, = Ap x Py, = (26400) (60 uW) = 1.584 W
Example 10.19. For the circuit shown in Fig. 10.33, determine (i) the current gain (ii) the
voltage gain and (iii) the power gain. Neglect the a.c. emitter resistance for the transistor.

+ Ve
27 kQ % Rl
Iz =200 pA
Vi © >
13kQ % R,
Fig. 10.33

Solution. In most practical circuits, the value of a.c. emitter resistance [, for the transistor is
generally quite small as compared to R; and can be neglected in circuit calculations with reasonable
accuracy.
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0] lc = lg—lg=10mA—-200 uA=9.8 mA
. |0ut_|c_9.8rnA
Current gain, A, = B = K—E— 200 iA =49
)  R_4
(i) Voltage gain, A, = Re ZkQ =214
(iii) Power gain, A, = A xA,=49 x2.14=105

10.15 Input Impedance of CE Amplifier

When one CE amplifier is being used to drive another, the
input impedance of the second amplifier will serve as the load
resistance of the first. Therefore, in order to calculate the

voltage gain (A ) of the first amplifier stage correctly, we must Zin “"”e)
calculate the input impedance of the second stage.
The input impedance of an amplifier can be found by
using the ac equivalent circuit of the amplifier as shown in R, R, SILICON
Fig. 10.34.
Zn = RiIlIRI1Zin pase) o H
where Z,, = inputimpedance of the amplifier Fig. 10.34

Zinasey — Inputimpedance of transistor base
Now Zin (base) = yB re,
The input impedance [Z;] is always less than the input impedance of the base [Zm(base)].

Example 10.20. Determine the input impedance of the amplifier circuit shown in Fig. 10.35.

Vee=+30V

45kQZ R

Ib b ip
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Voltage across R., Vg = V,—Vge = 7.5-0.7 = 75V

V, 7.5V
Emitter current, | = i = T5KO = I mA

AC emitter resistance, I, = 25mV/Ig = 25mV/I mA = 25Q
Ziasoy = BT =200x25 =5%x10°Q = 5kQ

Zn = RIIR N Zin pasey
= 45kQ| 15kQ | 5kQ = 3.45kQ

10.16 Voltage Gain Stability

One important consideration for an amplifier is the stability of its voltage gain. An amplifier should
have voltage gain values that are stable so that the output of the circuit is predictable under all normal
conditions. In a standard CE amplifier, the entire d.c. emitter resistance R is bypassed by the bypass
emitter capacitor C.. Therefore, the total a.c. emitter resistance is r;. The voltage gain of such an

amplifier at no-load is given by ;

) R- , 25mV
Voltage gain, A, = r' where I, = T
e E

The voltage gain of a standard CE amplifier is quite large. However, the drawback of the circuit
is that its voltage gain changes with emitter current |, temperature variations and transistor replace-
ment. For example, if emitter current | - increases, the a.c. emitter resistance [, decreases. This changes
the voltage gain of the amplifier. Similarly, when the temperature varies or when a transistor is re-
placed, the a.c. current gain B changes. This will also result in the change in voltage gain. In order to
stabilise the voltage gain, the emitter resistance Ry is partially bypassed by Cr. Such an amplifier is
called a swamped amplifier.

Rp,
7T "1
Standard CE Amplifier Swamped Amplifier
0 (i)

Fig. 10.36

Fig. 10.36 (i) shows the emitter leg of a standard CE amplifier while Fig. 10.36 (ii) shows the
emitter leg of swamped amplifier. In swamped amplifier, the resistance R is split into two parts viz.
R, and Rg,. Only Ry, is bypassed by C while R, is not.

10.17 Swamped Amplifier

Fig. 10.37 shows the circuit of a swamped amplifier. Note that d.c. emitter resistance R is divided
into two parts viz. Rg; and R,. Only resistance Ry, is bypassed by the capacitor C¢ while resistance
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Re, is not. This method swamps or minimises the effect of r; on the voltage gain without reducing the
voltage gain too much. Now the total a.c. emitter resistance is (I, + Rg,) instead of T, as in a standard
CE amplifier. Therefore, the voltage gain of a swamped amplifier at no-load becomes :

Voltage gain, A, = r'fCRE
e 1

Ve

QQ

o

Ry I Cg

Fig. 10.37

If Rg, 2 10 r, then the effect of T, is almost negligible and the voltage gain is given by ;

R
A= R,

Therefore, the voltage gain is essentially independent of I or it is reasonably stabilised.

Effect of svamping on Z,, e The Zi, paee With R completely bypassed is Z,, s = B e -
When the emitter resistance is partially bypassed, the portion of the resistance that is unbypassed (i.e.
Rc,) is seen by the a.c. signal and appears in series with r;. Therefore, for swamped amplifier,

Zinbase) = P fe + Re))

Example 10.21. Determine the value of voltage gain (A)) for the swamped amplifier shownin

Fig. 10.38. What will be Z, . for thiscircuit ?

Solution. In order to find voltage gain (A, ), we first determine D.C. emitter current I and then
a