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Introduction

General

In this fast developing society, electronics has come to stay as the most important branch of engineer-
ing. 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 processing 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 increasing production, effi-
ciency 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.

1.1 Electronics
The branch of engineering which deals with current conduction through a vacuum or gas or semi-
conductor 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.

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 ac. 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

*	 The word electronics derives its name from electron present in all materials.
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(ii) Aiii1hlicatio. file pl'ccss it i.isiiii lie .trcngth eta weak si gnal is known its wnpli/lca-
lieu. 1:, lecttoni( devices Call	 Hic oh (d ain pl ilica ti o n and thus act as amplifiers (Sec Fig.
1.2). the amplifiers ale used in a ide viiricly ol ways. For cxaniplc, an auipiificr is used in a radio-
set where the weak signal is ainpliticd so that it can he heard loudly. Similarly, amplifiers arc used in
puhliu addres S stein, Iclevisioti etc.
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Fig. 1.2

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

(iv) Generation. Electronic devices can convert d.c. power into ac, power of any frequency
(See Fig. 1.3). When performing this function, the y 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.
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Fig. 1.3

(v) Conversion of light into electricity. Electronic devices can convert light into electricity.
This conversion ol'light into electricity is known as photo-electricity. Photo-electric devices are used
in Burglar alarms, sound recording on motion pictures etc.

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

1.2 Atomic Structure

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

( I ) Nucleus. It is the central part olan atom and *conta i ns protons and neutrons. A proton is
a positively charged particle, while the neutron has the same mass as the proton, but has no charge.

*	 Although the nucleus of an atom is of' complex structure, yet for the purpose of understanding electronics,
this siniplifled pietmire of the ttiicIcii is adeitc.
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Therefore, the nucleus of an atom is positively charged. "TI)c sum of protons and neutrons constitutes
the entire weight ofan atom and is called atomic weight. It is because the particles in the extra nucleus
(ic. electrons) have negligible weight as compared to protons or neutrons.

	

atomic weight	 ito. of protons I no. of neutrons
(2) Extra nucleus. It is the outer part of an atom and contains electrons only. An electron is ii

negatively charged particle having negliihle mass. The charge oil 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 u(o,nw number i.e.

	atomic number	 no. of protons or electrons in an atom
The electrons in an atorn revolve round the nucleus in different orbits or paths. The number and

arrangement ot'eicctrons in any orbit is determined by the following rules
(i) The number of electrons in any orbit is given by 2,12 where n is the number of the orbit. For

example,
First orbit contains	 2 x 12 = 2 electrons
Second orbit contains 2 x 2 = S electrons
Third orbit contains 	 2 x 32 = IS electrons

and so on.
(ii) The last orbit cannot have more than 8 electrons.
(iii) The last but one orbit cannot have more than IS 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 diftcrent 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 to elements have different properties.

The alOittic structure call 	 easily built tip if we know the atomic weight and atomic number of
tile element. Thus takinz the case of copper atom,

	

Atomic weight	 64

Atomic number - 29

No. of protons = No. of electrons = 29
and	 No. of neutrons	 6.1 -29 35
Fig. 1.4 shows the structure of copper atom. It has 29 electrons which are arranged in different

orbits as follows. The first orbit will have 2 electrons, the second 8 electrons, the third 18 electrons
and the fourth orbit will have I electron. The atomic structure of -,ill known elements can be shown in
this wa y 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) Charge on an electron, e = 1.602 x 10 Ii) coulomb

*	 .1 he number and arrangement of protnn, neutrons and electrons.
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(i:) Mass of an electron, m = 9.0 x l03I kg
(iii) Radius of an electron, r = 1.9 x 10	 metre

or

...	 ...-•-.	 •.

COPPER

Fig. 1.4

The ratio c/rn of an electron is 1.77 x loll coulombs/kg. This means that mass ofañ electron is
very small as compared to its charge. It is due to this property ofan electron that it is veiy.mobilc and
is greatly influenced by electric or magnetic fields.

1.5 Energy of an Ekctron

An electron moving round 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 energy of an electron increases as its distance from the nucleus in-
creases. Thus, an electron in the second orbit possesses more energy than the electron in the first
orbit; electron in the third 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 important role in d ermining 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 cicctrops determine the physical and chemical properties ofa mate-
rial. These elections 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 ofelectrical 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
u*'(i) v'hen 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 arc sodium, magnesium
and aluminiumvhich have 1, 2 and 3 valence electrons respectively (See Fig. 1.5).
yV(.i;) (yihen the number of valence electrons ofn atom is more than 4, the material is usually a

non-metal and an insulator. Examples are nitrogen, sulphur and neo3 which have 5,6 and 8 valence
electrons respectively (See Fig. 1.6).



S..	 • •

...

NEON
(iii)

.•• .••-.•.•• ••.

o , • EI , . o

-. •- -a,

SULPHUR
(ii)

Fig. 1.6

lj•1 D

NITROGEN
(i)

Introduction	
5

..., ,..•... - - ..

• •	 , . o

• • ...• • II•

SODIUM
(i)

/	 • -a...

• •	 , . a

• • . .. .
/

MAGNESIUM
(ii)

Fig. i_c

a-.
./ ••.••._. - •. ••..

• . EIII • •
•.• ••...-__

ALUMINIUM
(iii)

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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(iii)

Fig. 1.7

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 mo'e at random within the material and are calledfree electrons.
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'T &i: VU/L'Pivc. ('IC'cIIOPS i1lit(l1 are 'Cfl' /OOSd%' tiiiticlicd to the nucleus are known as free

electrons)
The free electrons can be easily removed or detached by applying a small amount of external

energy. As a matter of fact, these are the free electrons which determine the electrical conductivity of
a material. On this basis, conductors, insulators and semiconductors can be defined as under

(i) A conductor is a substance which has a large number of free electrons. When potential
difference is applied across it the free electrons move towards the positive terminal of
suppiy. constituting electric current.

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

(iii) A scmtco,iductor is a substance which has very Few free electrons at room temperature.
Consequently, under the influence of potential ddference, a semiconductor practically conducts no

current.

1.8 Voltage Source

An y 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 voltage 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 char-
acteristic of a direct voltage source is that it maintains the same polarity of the output voltage i.e.
positive and negative terminals remain the same. When load resistance R 1 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 maintains1 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
c.mJ L in series with internal resistance 8, of the source as shown in Fig. 1.8 (ii). Referring to Fig.
1.8 (I). it is clear that

R,

RL	 EgT

T
(•i)	 (ii)

Fig. 1.8

Load current, I =	 g
R, +

Terminal voltage. V = (E, - / R) or / R1
(ii) Alternating voltage source. A device which produces alternating voltage output continu-

ously is known as alternating voltage source e.g. ac. generator. An important characteristic of alter-
nating voltage source is that it periodicall y reverses the polarity of the output voltage. When load

This is the conventional current. However, the flow of electrons will be in the opposite direction.
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impedance Z1 is connected across such a source, current flows through the Circuit that periodically
reverses in direction. This is called alternating current.

I	 T

(i)

	

	 (ii)
Fig. 1.9

The oppwition to load current inside the ac. source is called its internal impedance Z. The
equivalent circuit ofan ac. source is the generated cmi Eg (r.m .s.) in series with internal impedance
Z1 of the source as shown iii Fig. 1.9 (ii). Referring to Fig. 1.9 (i), it is clear that

	

.otd ciincnt. I(r.m.s.) 	
zi *

	

Iciniinal voltage. V	 (I -- I Z,)	 or 1 7,

1.9 Constant Voltage Source

.1 vnit , c source which has very low internal "impedance as compared with external load
ic known as a constant voltage source.

V

IRI :. 

0.tXTh Q	 t

W

I.-

5.99sc

L 0.595 c
V1 = 5.995 V
	

V2 = 5.95 V

OI LOAD CURRENT 10A

(i)	 (ii)
Fig. 1.10

In such a case, the output voltage nearly remains the same when load current changes. Fig. 1.10
(1) illustrates a constant voltage source, it is a d.c. source of 6 V
with intenal resistance R, 0.005 . If the load current varies
over a wide range of I to 10 A, for any of these values, the inter-

al diop across R (= 0.005 ) is less than 0.05 volt. Therefore,
he voltage output of the source is between 5.995 to 5.95 volts.
'his call 	 considered constant voltage compared with the wide
ariatioii in load current.

	

Fig 1.10 (ii) shows the graph for a constant voltage source. 	 F' UI

	

may be seen that the output voltage remains constant inspite of 	
1g.

Vector diftcrcncc since ac. quantities arc vector quantities.
* resistance in case of a d.c. source.
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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 1 = 1/2 ). A constant voltage source is represented as shown in
Fig. 1.11.

Example 1.1. 4 lead acid battery fitted in a truck develops 24V and has an internal resis-
tance (?[ 0.01 12 It is used to supply current to head lights etc. If the total load is equal to

00 Watts, find

(i) voltage drop in internal resistance
(i1) terminal voltage

Solution.

Generated voltage, E,	 24 V

Internal resistance, R, = 0.01 Q

Power supplied, P = 100 watts

(I) Let / be the load current.

Now	 P = ExI
	

(. For an ideal source, V_zEg)

/ =

Voltage drop = IR,=4.l7xO,01 =O.0417V

(ii) Terminal Voltage, V =	 - JR,

= 24-0.0417 = 23.96V

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 substantially
remains constant and the source behaves as a constant voltage source irrespective of load current
variati9.D.s-

1.10 Constant Current Source

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

In such a case, the toad 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 SO k Q to 150 k Q. Over this
variation of load R1 , the circuit current! is essentially constant at 1.05 to 0.95 mA or approxi-
mately I mA. It may be noted that output voltage V varies approximately in the same 3 : I range
as R,, although load current essentially remains **constan t 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 I M.

Fig. 1.12 (ii) shows the graph of  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-

resistance in case of a d.c. source.

Now I 
=	 Eg	

Since R1 >> RL,
RL+R

As both E. and R are constant, I is constant.
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ing the Constant current source

V

(i)	 (ii)
Fig. 1.12

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

(ii) The output voltage varies approximately in the same range
as 1?,, although current remains constant.

(iii) The output voltage V is much less than the generated volt-
age Eg because ofhigh IR,drop.

Fig. I .13 shows the symbol of a constant current source.
Example 1.2. A dc. source genethling 500 Vhas an internal 	 Fig. 1.13resistance of 100012 Find the load current ifload resistance is ()

1012(11) 50f2 and (jj) 10012
Solution,

Generated voltage, EM - 500 V
Internal resistance, R, = 1000 c

(I)	 When I?, = tO Q

Load current, / = ______
Eg	 500 =	 _____ = 0.495 A

	

+ R1	 ID + 1000
(ii)	 When R1 = 50

Load current, 1	 500	
0.476 A50 4- 1000

When R, = tOO Q

Load current, / == 100
	 10	 = 0.454 A

It is clear from the above example that load current is essentially constant since R, >> R1.

1.11 Conversion of Voltage Source into Current Source

Fig. 1.14 shows a constant voltage source with voltage Vand 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) If in Fig. 1. 14, the load is open-circuited (i.e. R1, —* ),then voltage across terminals A and
B is V If in Fig. 1. 15, the load is open-circuited (i.e. R 1 — o) , then all current / (= FIR) flows through
R,, yielding voltage across terminals AB = I R, V. Note that open-circuited voltage across AB is V

V.
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for both the circuits and hence they arc electrically equivalent.

Fig. 1.14	 Fig. 1.15

(ii) If in Fig. 1. 14, the load is short-circuited (c. R, =0), the short circuit current is given by;

I?

If in Fig. 1.15, the load is short-circuited (i.e. R,, = 0), the curfent I (= VIR,) bypasses R, in favour

of short-circuit. It is clear that current (= VIR) is the same for the two circuits and hence they are

electrically equivalent.
Thus to convert a constant voltage source into a constant current source, the following procedure

may be adopted

(a) Place	 ' i o'l_rirclt across the two terminals in question (terminals AB in the present case)

and lThd the short-circuit current. Let it be 1. Then / is the current supplied by the equivalent c,.irrcnt

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 I in parallel with resistance R into voltage

source,
Voltage of voltage source, V = I 

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) l'lacc a short across AB in Fig. 1.16 and flnd the short-circuit current 1.

Clearly, /	 10/10=1 A

Therefore, the equivalent current source has a magnitude of 1 A.
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(1,') Measure the resistance at terminals All 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	 l02.

ID c

(tV
	

I = I A	 IOQ	

OA

-011 

	

08

Fig. 1.16
	

Fig. 1.17

(iii) The equivalent current source is a source of I 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.

2k)

12 

F?

Fig. 1.18	 Fig. 1.19

Solution. The solution involves the following steps
(i) lo get the voltage of the voltage source, multiply the current of the current source by the

internal resistance i.e.

Voltage of voltage source = I  = 6 mA x 2 kQ	 12V
(ii) 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  k Q as shown in
Fig. 1.19.

Note. The voltage source should be placed with vc 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 R1 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 loud 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.**

*	 Fortunately, no load is connected across 48. I lad there been load across A!?, it would have been removed.
** As power is concerned with resistance only, therefore, this is true for both ac. and d.c. power.
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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 I
flowing through the circuit is given by

E
- R1 + 1?,

Power delivered to the load, P = j2 

R, = (	
R1

R, 

(i)

	

	 (ii)
Fig. 1.20

For a given source, generated voltage E and internal resistance R, are constant. Therefore, power
delivered to the load depends upon R1 . In order to find the value of RL for which the value of P is
maximum, it is necessary to differentiate eq. (1) w.r.t. R, and set the result equal to zero.

Thus	 --- = E2 [(R
1 +	 2 R,(RJ + I)

dRL 	 (I?1 + R,)4

or	 (R, + R) 2 - 2 R, (R, + R)	 0
or	 + R) (R, + R. - 2 RL ) = 0
or	 (R, + R) (R, - R1 )	 0
Since (R, + R) cannot be zero,

R, — R, = 0
or	 RL	 R1
i.e.	 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 ofR1 . It maybe mentioned that efficiency ofmaximum 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-

Efficiency =	 __________output power	 I2RL* 
input power	 2 

(RL +
RL12 RL = 1/2 5QC/ . (. RL =R)

(1)

Fiul

XL	 1'mo.x

oT RL=RI

L
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tern, 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 10012 Find the
power delivered to a load of 10012 (ii) 30.012 Comment on the result,

Solution.
Generated voltage, E = 200 V
Internal resistance, R,	 100

(,)	 When load R1 = 100

Load current, j =	 E	 =	 = IA
RL +R,	 100+100

Power delivered to load = 2 R1 = (1) 2 x 100 = 100 watts
Total power generated = 2 

(R, + R,) = 12 (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.
(ii)	 When load R1 = 300 Q

Load current, I =	 E	
=	 200	 0.5 A

R1, + R	 300+100

Power delivered to load = 2 
R1 = (0 . 5)2 x 300 = 75 watts

Total power generated = j2 (R1 + R) = (0,5)2 (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
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 R1 =R11 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 connection
to a load. The amplifier has an equivalent resistance ------- - 1

	

of 15 0 at the output. What resistance the load need

	fl
to have to produce maximum power 7 Also calculate
the power output under this condition.

LOAD
Solution. In order to produce maximum power, 	 RL = iS

the load (e.g a speaker) should have aèsistance of 	 G
15 Q to match the amplifier. The equivalent circuit is Lshown in Fig. 1.21.

	

Load required, R1 = 15 Q	 -	 Fig. 1.21

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.
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Circuit current. 1

Power delivered to loud, P

I,	 1"
=	

0.4 A
R1 

? I?/,	 (0.4)  x IS	 2.4W

Exam plc 1.7. For the ac. gewrator shown in Fig. 1.22 (i), find (i) the value of load so that
niaxi,num power is transferred to the load (ii) the value ofmaximuni power.

1?	 X

1000	 50 Q

50V

(i)

Solution.

R	 XL	 I

iooc

TXC 50c

(ii)
Fig. 1.22

) In ac. system, max inium power is delivered to the load uupedaiice (Z,) when load iiiiped-
aiicc is conjugate of the internal impedance (Z,) of the source. Now in the problem, Z, (100 /50)Q.
For maximum power transfer, the load impedance should he conjugate of internal impedance. i.e. 71
should be (100 —j50) Q. This is shown in dotted lines in Fig. 1.22 (ii).

Z, = (100 —jS0) f
(ii)	 Total impedance, Z,. 	 I Z1	 (IOU I 150) I (100 /50) 200

Circuit current, ' = ' 	 = 200 = 0.25 A

Maximum power transferred to the load = 	 (0.25) x IOU = 6.25W

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 iustance, in the
circuit shown in Fig. 1.23, it may be desired to find the current through R

1, 
for five values of R,,

assuming that R 1 , R21 R 3 and F remain constant. In such situations, the **solution call obtained
readily by applying Thevenin 's theorem stated below:

An y two-terminal network containing a number of c'.in.f sources and resistances call be re-
placed hi' all 	 series circuit having a voltage source F,, in seric's with a resistance R,, where,

E0 = open circuited voltage between the two terminals.
R0 = 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 ofthis 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 R0 as
shown in Fig. 1.24. The behaviour at the terminals AB and A'13' is the same for the two circuits,

Note that by making internal impedance and load impedance conjugate, the reactive terms caned. 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.

" Solution can also be obtained by applying Kirchhofls laws but it requires a lot of labour.



Thus, voltage E0 is determined.

R 1	 R3
R1	 R3

A

R0

B

A

0

B
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independent otthc values of R 1 connected across the terminals.

r-----------------R4

E0	 i

[--

	

------------------	 ---------------

ACTIVE CIRCUIT 	 THEVENIN'S EQUIVALENT CKT.

Fig. 1.23	 Fig, 1.24

(t) Finding E 0. This is the voltage between terminals A and 13 of the circuit when load R1 is

removed. Fig. 1. 2 5 shows the circuit with load removed. The voltage drop across R2 is the desired
voltage E0

E
Current through R2 = 1? + R2

(E	Voltage across R 2 , E0 =	 + R, J 
R2

Fig. 1.25	 Fig. 1.26

(ii) Finding R 0 . This is the resistance between terminals A and B with load removed and e.m.f.

reduced to zero (Sec Fig. 1,26).
,. Resistance between terminals A and 13 is

R0 = parallel combination of R and R2 in series with R3

R R=	 -
- K,

thus, the vali,ic of R is determined. Once the values of E( and R0 are determined, then the
current through the load resistance R1 can be found out easily (Refer to Fig. 1.24).

Example 1.8. Using Thevcnin 's theorem, find the current through 100 f2 resistance connected
across terminals A and B in the circuit of Fig. 1.27.



100

A

IM

E0 = (Current through 8w) '8W = 2 . 5* '8 = 20V

I2c	 Ion	 12n
A

10 
A

00

B
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lOt)	 I2 t)

Fig. 1.27

Solution.

ti Finding E0. It is the voltage across terminals A and B with 100 w resistance removed as
shown in Fig. 1.28.

Fig. 1.28	 Fig. 1.29

(ii) Finding R 0. It is the resistance between terminals A and B with 100w removed and voltage
source short circuited as shown in Fig. 1.29.

R0 = resistance looking in at terminals A and B in Fig. 1.29

[

10x20	 R, 5.6 n

112]8

10 x 20

-]+ 8 -
E,, 20

= 5.6w

Therefore, Thevenin's equivalent circuit will be
as shown in Fig. 1.30. Now, current through 100w
resistance connected across terminals A and B can he

Fig. 1.30found by applying Ohm's law.Eo—

Current through 100W resistor = -	 = -- 	 ---	 0.19 A
R() +R1	 5.6+100

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

Solution. The Thevenin's voltage F 0 is the voltage across terminals A and B. This voltage is

By solving this series-parallel circuit.



RL	 E0=40V:	 RL
120'
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equal to the voltage across R3 . It is because terminals,A and /3 are open circuited and there is no
current flowing through R2 and hence no voltage drop across it.

lkQ	 IkQ
	 R0=l.5kfl

%'—o A

V=20V	 R3	 lkQ
	 E0=IOV

on

Fig. 1.31	 Fig. 1.32
E0 = Voltage across R

= R3 x  = --x2O = 10 
1+1

The Thevenin's resistance R. is the resistance measured between terminals A and /3 with no load
(i.e. open at terminals A and B) and voltage source replaced by a short circuit.

	

R = R2	 =	 = I.5kc0	 2	 R1 +R3 	 1+1
Therefore, Thevenin's equivalent circuit will be as shown in Fig. 1.32.
Example 1.10. Calculate the value of load resistance R, to which maximum power may be

transferredjrom the circuit shown in Fig. 1.33 (i). Also find the maximum power.
40 	 60 C2	 R0=73.33c
AAA_________ AAAA	 -	 AAA1	 A

(i)

	

	 (ii)
Fin. 1.33

Solution. We shall first find Thevenin's equivalent circuit to the left of terminals AB in
Fig. 1.33 (i).

E0 = Voltage across terminals AB with R, removed

= 40+20 
x 20 = 40 V

R0 = Resistance between terminals A and B with R1 removed and 120 V source re-
placed by a short

= 60 + (40 C211 20 ) = 60 + (40 x 20/60) = 73.33
The Thevenin's equivalent circuit to the left of terminals AB in Fig. 1.33 (i) is E0 ( 40 V) in

series with R. (= 73.33 ci). 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



	1 	 A

	

RN 	RIN 	 L

IL*J.J

COMPLEX
NETWORK
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-	 73.33 U

F2	(40)2
Maxiniumpower toload = -- = 5,45W

Comments. This shows another advantage oflhevcnin's equivalent circuit of  network. Once
ihevcnin's equivalent resistance R 1 , is calculated, it shows at a glance the condition for maximum
power transfer. Yet Thevenrn's equivalent circuit conveys another infonnation. Thus referring to
Fig. 1.33 (ii), the maximum voltage that can appear across terminals .4 and 13 is 40 V. This is not SO

obvious from the original circuit shown in Fig. 1.33 (i).

1.14 Norton's Theorem

Fig. 1.34 (1) shows a network enclosed in a box with two terminals ,4 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  single resistance R as shown in Fig. 1.34 (ii). The value of l, is
determined as mentioned in Norton's theorem. The resistance R is the same as Thevenin's resistance

Rol Once Norton's equivalent circuit is determined [See Fig. 1.34 (ii)], then current through any load
R1 connected across terminals AB can be readily obtained.

(i)
	

(ii)
Fig. 1.34

Hence Norton's theorem as applied to d.c. circuits may be stated as under:
4i, i' net work having two terminals A and B can he replaced by a current SOU1CC of Output 'v in

parallel with a resistance RN.

(i) The output 'N of the current source is equal to the current that wouldflow through AB when
A and B are short circuited.

(ii) The resistance RN is the resistance of the network measured between term thu/s A and B with
load (R1 ) 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 N (which is the same as R0) in parallel
with the generator instead of being in series with it.

Illustration. Fig. 1.35 illustrates the application of Norton's theorem. As far as circuit behind
terminals AB is concerned [See Fig. 1.35 (i)], it can be replaced by a current source of output 'N in
parallel with a resistance R as shown in Fig. 1.35 (iv). The output J, 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.
1.35 (ii). The load R' on the source when terminals AB are short -circuited is given by;

R	 R1 + ____
	 3R1R+R2R1

= 

	

R2+R3	 R2+l?1



]RL

(i)

11

(ii-)

RL

A

IN

B
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VSource current, I' =	 _____ 
V(R2 + R1)

I?'	 R1 I?2 ± R1 1?.,, + R2 R.

Short-circuit current, 'N = Current in R2 in Fig. 1.35 (ii)
R	 yR1

lx - =-	 -
R2 +R1	R1R2+R1R1+R2R1

R 2	 R1	 if
	 'N	

I?,

R 1	 R2

(iii)

	

	 (iv)

Fig. 1.35

1'o find R,, remove the load R1 and replace the voltage source by a short circuit because its
resistance is assumed zero [See Fig. 1.35 (iii)].

R	 = Resistance at terminals AL? in Fig. 1.35 (iii).
R1 R1

Thus the values of IN and RN are known. The Norton equivalent circuit will be as shown in
Fig. 1.35 (iv).

Example 1.11. Using Norton's theorem, find the current in 8 .12 resistor in the network shown in

Fig. 1.36 (i).

Solution. We shall reduce the network to the left oIAB in Fig. 1.36 (1) to Norton's equivalent
circuit. For this purpose, we are required to find I and R,.

(i) With load (i.e., 8 ) removed and terminals AB short circuited [See Fig. 1.36 (ii)], the
current that flows through AB is equal to I,. Referring to Fig. 1.36 (ii),

Load on the source = 4 Q + 5016Q

= 6.727Q
5±6



Source current, I'	 40/6.727 5.94 A
AC.

4040 \

I'	 'N

S.
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11

(i)
	

(ii)

Fig. 1.36

Short-circuit current in AD, I = I x —p---	 5.94 x 6/11 = 3.24 A
6+5

(ii) With load (i.e., 8 ) removed and battery replaced by a short (since its internal resistance is
assumed zero), the resistance at terminals AD is equal to RN as shown in Fig. 1.37 (i).

40	 5c

(i)
	 B	

(U)
	 B

Fig. 1.37

R N 5Q+46c = 5+ .± = 74

The Norton's equivalent circuit behind terminals AD is IN (= 3.24 A) in parallel with RN (
When load (i.e., 8 2) is connected across terminals AD, the circuit becomes as shown in
Fig. 1.37 (ii). The current source is supplying current to two resistors 7.4 0 and 8 ) in parallel.

Current in 8 Q resistor = 3.24 x 8 
+ 7.4	

1.55 A

Example 1.12. Show that when Thevenin's equivalent circuit of a network is converted into
Norton's equivalent circuit, 'N = E0 /R0 and RN R. Here E. and R0 are Thevenin voltage and
Thevenin resistance respectively.

Solution. Fig. 1.38 (1) shows a network enclosed in a box with two terminals A and B brought
out. Thevenin's equivalent circuit ofthis.network will be as shown in Fig. 1.38 (ii). To find Norton's
equivalent circuit, we are to find 'N and R. Referring to Fig. 1.38 (ii),

IN = Current flowing through short-circuited AD in Fig. 1.38 (ii)
= E0/R0

R. = Resistance at terminals AB in Fig. 1.38 (ii)
= R0

Fig. 1.38 (iii) shows Norton's equivalent circuit. Hence we arrive at the following two important



I	 3 C1	 /2 4) /	 3c '2

60
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conclusions:
(i) To convert Thevenin's equivalent circuit into Norton's equivalent circuit,

1)y 	 RNRO

A

IN	
IRN -

R0

B

(i)	 (ii)	 (ii:)

Fig. 138

(ii) To convert Norton's equivalent circuit into Thevenin's equivalent circuit,
E0	 INRN	 R0 = R

1.15 Chassis and Ground
It is the usual practice to mount the electronic components on a metal base called chassis. For
example, in Fig. 1,39, 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.

METAL CHASSIS	 ._L..2	 - 4•

Fig. L3	 Fig. 1.40

It is customary to refer to the chassis as ground. Fig. 1.40 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

I. The outermost orbit of an atom can have a 	 than 4 electrons, the material is generally a
maxirhum of..............electrons.
(i) 8	 (ii) 6	 (1) non-metal	 (ii) metal

4	 (iv) 3	 (iii) semiconductor (iv) none of above

2. When the outermost orbit of an atom has less 	 3. The valence electrons have ..............
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i) very snial I ericrv
(ii) least energy -

(iii) maximum energy
(iv) none of the above

4. A large number of free electrons exist in

(i) scmiconcluctor (ii) metals
(iii) insulators	 (iv) non-metals

5. An ideal volta ge source has ..............inter-
nal resistance.
(i) small	 (ii) large

(iii) infinite	 (iv) zero
6. An ideal current source has ..............inter-

nal resistance.
(1) infinite	 (ii) zero

(iii) small	 (iv) none of the above
7. Maximum power is transferred if load resis-

tance iS equal to ..............of the source.
(i) hal-f the internal resistance
(ii) internal resistance

(iii) twice the internal resistance
(iv) none of the above

S. Efficienc y at maximum power transfer is

(1) 75%	 (ii) 25%
(iii) 90%	 (iv) 50%

9. When the outermost orbit of an atom has
exactly 4 valence electrons, the material is
generally ..............
(i) a metal	 (ii) a non-metal

(iii) a semiconductor
(iv) an insulator

10. Theven in's theorem replaces a complicated
circuit facing a load by an ..............
(i) ideal voltage source and parallel resistor
(ii) ideal current source and parallel resistor

(iii) idea] current source and series resistor
(iv) ideal voltage source and series resistor

El The output voltage of an ideal voltage source
Is ..............
(i) zero
(ii) constant

(iii) dependent on load resistance
(iv) dependent on internal resistance

12 The current output of an ideal current source
is..............

(I) zero
(ii) constant

(iii) dependent on load resistance
(iv) dependent on internal resistance

13. Norton's theorem replaces a comphicuted
circuit facing a load by an ..............
(i) ideal voltage source and parallel resistor
(ii) ideal current source and parallel resistor
(its) ideal voltage source and series resistor
(iv) ideal current source and series resistor

14. The practical example of ideal voltage
source is ..............
(i) lead-acid cell 	 (ii) dry cell

(its) Daniel cell	 (iv) none of the above
IS. The speed of electrons in vacuum is ..............

than in a conductor.
(i) less	 (ii) much more

(iii) much less	 (iv) none of the above
16. Maximum power will he transferred from a

source of 10 Q resistance to a load of

(i) 5 	 (ii) 20i
(iii) 10 Q	 (lv) 40 Q

17. When the outermost orbit of an atom has
more than 4 electrons, the material is gener-
ally a ..............

i ) metal	 (is) non-metal
(iii) semiconductor (iv) none of the abuse

18. An ideal source consists of 5 V in series with
10 kQ resistance. The current magnitude
of equivalent current source is .............
(i) 2 m	 (ii) 3.5rnA

(iii) 0.5 mA	 (iv) none of the above
19. To get Thevenin voltage, you have to

(1) short the load resistor
(ii) 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
(ii) open the load resistor

(iii) short the voltage source
(iv) open the voltage source

21. The open-circuited voltage at the terminals



Fig. 1.41

40 mA
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of load R, in a network is 30 V. Under the
conditions of max imurn power transfer, the
load voltage will be ..............
(I) 30V	 (ii) 10 

(iii) 5 V	 (iv) 15 \'
22. Under the conditions of maximum power

transfer, a voltage source is delivering a

power of 30 W to the load. The power pro-
duced by the source is ..............
(i) 45 W	 (ii) 60 W

(iii) 30 W	 (iv) 90 W
23. The maximum power transfer theorem is

used in ..............
(I) electronic circuits
(ii) power system

(iii) home lighting circuits
(ii') none of the above

24. The Norton resistance of a network is 20 Q
and the shorted-load current is 2 A. If the
network is loaded by a resistance equal to
20 , the current through the load will he

(i) 2 A	 (ii) 0.5 A
(iii) 4 A	 (iv) I A

25. The Norton current is sometimes called the

(i) shorted-load current
(ii) open-load current
(iii) Thevenin current
(iv) Thevenin voltage

Answers to Multiple-Choice Questions

1. (i)	 2. (ii)
6. (1)	 7. (ii)

11. (i/)	 12. (ii)
16. (ill)	 17. (ii)
21. (iv)	 22. (ii)

3. (iii)
8. (iv)

13. (ii)
18. (iii)
23. (1)

4, (ii)	 5. (iv)
9. (iii)	 10. (iv)

14. (i)	 15. (i:
19. (ii)	 20. (i
24. (iv)	 25. (I)

Chapter Review Topics

I.	 What is electronics? Mention some important applications of electronics.
2. Dcscrihe briefly the structure of atom.
3. Explain how valence electrons determine the electrical properties of a material.
4. Explain constant voltage and current sources. What is their utility ?
5. Derive the condition for transfer of maximum power from a source to a load.
6. State and explain Thevcnin's theorem.
7. Write short notes on the following

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

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  (iii) 2 Q and (iv) I a	 1(1) 0.IA (ii) 0.6A (iii IA (iv) l.IAI

2. Convert the current source in Fig. 1.41 into the equivalent voltage source.
136 V in series with 900 21

8 k

24V

Fig. 1.42



4.5 V

12\
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3. Convert the voltage source in Fig. 1.42 into equivalent current source.

1 3 mA in parallel with 8 kI

4. Using Nor1ons Theorem, find the current in branch ,413 containing 6 0 resistor of the network shown

	

in Fig. 1.43.	 10.466 Al

	

40	 A

A

1.5

.13
ii

Fig. 1.43	 Fig. 1.44

Fig. 1.44 shows Norton's equivalent circuit of  network behind terminals A and B. Convert it into
Thevenin's equivalent circuit. 	 12.56 V in series with 1.71

2Q

5.

Z2	 4t2

iov
2

Fig. 1.45	 Fig. 1.46

6. A power amplifier has an internal resistance of 5 0 and develops open circuited voltage 01 12 V.
Find the efficiency and power translthed to a load of 20 n (ii) 5 D.

(i) 80%, 4.6 W (ii) 50%, 7.2 WJ
7. Using Thevenin 's theorem, find the current through the galvanometer in the Wheatstone bridge shown

in Fig. 1.45.	 138.6 ILA I
8. Using Theven in's theorem, find the current through 40 resistor in the circuit of Fig. 1.46.10.305A]

Discussion Questions
1. Why arc free electrons most important for electronics?
2. Why do insulators not have any free electrons?
3. Where do you apply Thevenin's theorem?
4. Why is maximum power transfer theorem important in electronic circuits?
5. What are the practical applications of a constant current source?



Electron Emission

Introduction

The reader is familiar with the current conduction (i.e. flow of electrons) through a conductor. The
valence electrons of the conductor atoms are loosely bound to the atomic nuclei. At room tempera-
ture, 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 constituting electric current.
This is how these free electrons move through the conductor or electric current flows through a wire.

Many electronic devices depend for their operation on the movement of electrons in an evacu-
ated space. For this purpose, the free electrons must be ejected from the surface of metallic conduc-
tor 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 have many free electrons. If  piece of metal
is investigated at room temperature, the random
motion of free electrons is as shown in Fig. 2.1.	 FREE
However, these electrons are free only to the ex-	 ,ELECTRON	 ITSURFACE

tent that they may transfer from one atom to an-
other within the metal but they cannot leave the
metal surface to provide electron emission. It is
because the free electrons that start at the surface
of metal find behind them positive nuclei pulling 	 ®.—*	 0them back and none pulling forward. Thus at the
surface of a metal, a free electron encounters forces
that prevent it to leave the metal. In other words,
the metallic surface offers a barrier to free elec-
trons and is known as surface barrier. Fig. 2.1

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

25
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to leave the metal. This additional energy required by an electron to overcome the surface harrier of
the metal is called work Junction 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 cV, then additional energy required (i.e., work function) is
4 - 0.5 = 3.5 eV. The work function ofpure 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 cniissiori 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 Junction 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

(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.

(ii) 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 greaer 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

* Work function is the additional energy required for the liberation of electrons. Therefore, it should have
the conventional unit of energy Ic. Joules. But this unit is very large for computing electronics work.
Therefore, in practice, a smaller unit called electron volt (abbreviated as CV) is used.
One electron-volt is the amount of energy acquired by an electron when a is accelerated through apoten-
tial difference  of! V.
Thus, if an electron moves from a point of 0 potential to a point of +11 	 then amount of energy acquired
by the electron is 10 e V.

Since charge on an electron = 1.602 x 10-19 C and voltage = I V.
I electron-volt = Q V = (1.602 x I0) x ii

or	 I eV = 1.602 x 10
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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 tungsten,
thoriated tungsten and metallic oxides of barium and strontium. It may he added here that high
temperatures are necessary to cause thermionic emission. For example, pure tungsten must he heated
to about 2300°C to get electron emission. However, oxide coated emitters need onl y 750°C to cause
thermionic emission.

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

.1, = A T 2 eT amp/m 2
	

(i)
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 amp/m2/K2
h = a constant for the emitter
c = natural logarithmic base

The value of b is constant for a metal and is given by

k
where 4 = work function of emitter

e = electron charge = 1.602 x 119 coulomb
k = Boltzmann's constant = 1.38 x 10' i/K

xl,602xl0t9
h-

-	
1.38 x 10-23
	 =116004K

Putting the value of  in exp. (I), we get,
1600

Jç=AT2C	 1
	 (ii)

The following points may be noted from eqn. (ii):
(I) The emission is markedly affected by temperature changes. Doubling the temperature ofan

emitter may increase electron emission by more than 10 7 times. For instance, emission from pure
tungsten metal is about 10-6 ampere per sq. cm . at 1300°C but rises to enormous value of about 100
amperes when temperature is raised to 2900°C.

(ii) 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 =60.2x104 A/m 2 /K2, ô=4.517eV.
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Solution.	 A = 60.2 x 10 4 arnp/m 2/K 2 , T= 2500 K, $ = 4.517 eV
h	 11600+K = 11600x4.517K= 52400K

Using Richardson-Dushrnaii equation, emission current density is given by
52400

= /1 T 7C' amp/in 2	 60.2 x iø x (2500) 2 x (2.718)
0.3 x I O'lamp/m 2

Surface area of cathode, a = t dl = 3.146 x 0.01 x 5 = 0.157 cm  = 0.157 x 10 -4  rn2

[ : mission current = I, x	 = (0.3 x 
104)  

x (0.157 x 10 -4 	 0.047 A

Example 2.2. A lungs/en wire of unknown composition emits 0. / amp/cm 2 at a temperature of
1900 K. Find the work function of tungsten filament. Determine whether the tunpten is pure or
contaminated with substance a/lower work/unction. Given that A = 60.2 amp/cm 42.

Solution.	 .1, - 0.1 amp/cm 2 	60.2 amp/cm 2fK2 ; T = 1900 K
Let electron-volt be the work function of the filament.

h = 116006K
Using Richardson-Dushrnan equation, emission current density is given by

.1, = A T2e amp/cm2

or 0.1	 60.2 x (1900)2x e
11 600 4

or	 19110	 0.1	 -	 4.6 x lO
60.2 (1900)2

-6I	 -10or	 e	 = 4.óxlO
or	 —6.l 	 loge e = log4.6_l0Iogl0
or	 —6.1	 = 1.526 - 23.02

1,526 - 23.02 
3.56 eV

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.

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 follow-
ing 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.

(a) High melting point. As electron emission takes place at very high temperatures (>1 SOODC),
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.

(iii) 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
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flows. Under the influence of electric field, the positive ions strike the cathode. lfhigh voltages are
used, the cathode is subjected to considerable bombardment and may he damaged.

2.5 Commonly Used Thermionic Emitters

The high temperatures needed for satisfactory therm ion ic emission in vacuum tubes limit the number
of suitable emitters to such substances as tungsten, tJ;oriated tungsten and certain oxide coated
metals.

(I) 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, it is used in applications involving volt-
ages exceeding 5 kV e.g. in X-ray tubes.

(ii) 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 therm ionic emission at lower temperature (1700°C) with consequent re-
duction in the heating power required.

In the manufacture of this type of cathode, tungsten filament is impregnated with thorium oxide
and heated to a very high temperature (1 850°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.

(iii) Oxide-coated cathode. The cathode of this *type consists of a nickel ribbon coated with
barium and strontium oxides. The oxide-coated cathode has low work function (I .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

Tungsten	 4.52 eV	 2327°C	 4 mA/watt
2	 Thoriated tungsten 	 2.63 eV	 1700°C	 60 mA/watt

3	 Oxide-coated	 1.1 eV	 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

Oxides of any alkaline-earth metal (e.g. calcium, strontium, barium etc.) have very good emission charac-
teristics. 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.
Filament,' The term filament (literally means a thin wire) denotes the clement 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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electrons. Fig. 2.2 (i) shows the structure of directly heated cathode whereas Fig. 2.2 (ii) shows its
symbol.

FlU

G
S

DIRECTLY HEATED
CATHODE

GLASS
ENVELOPEENVELOPE

FILAMENT

SYMBOL

Fig. 2.2

The directly heated cathode is more efficient in converting heating power into thermiomc emis-
sion. 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 limi-
tation of this type of cathode is that any variation in heater voltage affects the electron emission and
thus produces hum in the circuit,

(ii) 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 (1) shows the structure of indirectly heated cathode whereas Fig. 2.3 (1:') shows its
symbol.
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(ii)

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,
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a.c. can be used in the heater circuit to simplify the power requirements. Almost all modem receiving
tubes use this type of cathode.

2.7 Field Emission

The process of electron emission by the application ofstrong electric field at the surface ofa metal is
known as field emission.	 POSITIVE

When a metal surface is placed close to a high voltage
conductor which is positive w.r.t, the metal surface, the
electric field exerts attractive force on the free electrons in
the metal. If the positive potential is great enough, it suc-
ceeds 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.

Very intense electric field is required to produce field
emission. Usually, a voltage of the order of  million volts
per centimetre distance between the emitting surface and
the positive conductor is necessary to cause field emis-
sion. Field emission can be obtained at temperatures much
lower (e.g. room temperature) than required for thermi-
onic 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 	 PRIMARY
in the metal. If the energy of the 	 ELECTRONS	 ELECTRON
striking electrons is sufficient, it 	 SOURCE
may cause free electrons to escape
from the metal surface. This phe-

-4-nomenon is called secondary emis-
sion. The electrons that strike the
metal are called primary electrons
while the emitted electrons are

GLASS
known as secondary electrons.
The intensity of secondary emis-

VLsion depends upon the emitter ma- ENEOPE

terial, mass and energy of the bom-
barding particles. ,-.

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

An evacuated glass envelope con-
tains an emitting surface E, the col-
lecting anode A and a source of pri-
mary electrons S. The anode is
maintained at positive potential Fig. 2.5
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w. r. t. 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 sensitive galvanometer U in the anode circuit.

The effects of secondary emission are very undesirable in many electronic devices. For ex-
ample, 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), the
energy of photons of light is transferred to the free electrons within the metal. If the energy of the
striking photons is greater than the work [unction of
the metal, then free electrons will be knocked out from	 - ELECTRON
the surface of the metal. The emitted electrons are
known as photo electrons and the phenomenon is known
as photoelectric emission. The amount of photoelec-
tric 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.

Fig. 2.6 illustrates the phenomenon of photoelec-
tric emission. The emitter E and anode A are enclosed
in an evacuated glass envelope U. A battery B main-
tains 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 consti-
tute current in the circuit. It may be noted that current
will exist in the Circuit so long as illumination is main-
tained.

Multiple-Choice Questions

	I. Work function of metals is generally mea-	 (1) 750°C	 (ii) 1200°C
sured in	 (ii:) 2300°C	 (iv) 3650°C
(i) Joules	 (ii) electron-volt 	 1	 3 . .............. is used in high voltage (> 10 kV)

(iii) watt-hour	 (iv) watt	 applications.

	

2. The operating temperature of an oxide- 	 (i) tungsten emitter
coated emitter is about .............. 	 (ii) oxide-coated emitter

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 how by a ratio as great as 10 and
is utilised in current multiplier devices.
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(iii) thoriated-tungsten emitter
(iv) none of the above

4. A desirable characteristic of an emitter is that
it should have .............. work function.
(i) large	 (ii) very large

(iii) small	 (iv) none of the above
5. The thermionic emitter that has the highest

operating temperature is ..............
(I) oxide-coated	 (ii) thoriated-tungsten

(ii:) tungsten	 (iv) none of the above
6. If the temperature of an emitter is increased

two times, the electron emission is ..............
(i) increased two times

(ii) increased four times
(iii) increased several million times
(iv) none of the above

7 In X-ray tubes . .............. emitter is used.
(i) thoriated tungsten

(ii) tungsten
(iii) oxide-coated
(h) flOflC of the above

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

(1) 500 hours	 (ii) 1000 hours
(iii) 200 hours	 (iv) 10,000 hours

9. The electrons emitted by a thermion Ic emit-
ter are called ..............
(i) free electrons

(ii) loe electrons
(iii) therm ionic electrons
(iv) bound electrons

10. The work function of an oxide-coated emit-
ter is about ..............
(i) 1.1 eV	 (ii) 4 e

(iii) 2.63 eV	 (iv) 4.52 eV
11. The warm-up time of  directly heated cath-

ode is .............. that of indirectly heated cath-
ode.
(i) more than	 (ii) less than

(iii) same as	 (iv) data incomplete
12. The most commonly used emitter in the tubes

of a radio receiver is ..............

(I) tungsten	 (is) thoriated.tungsten
(iii) oxide-coated (iv) none of the above

13. Field emission is utilised in ..............
(0 vacuum tubes
(ii) TV picture tubes

(iii) gas-tilled tubes
(iv) mercury pool devices

14. Oxide-coated emitters have electron emis-
sion of .............. per watt of heating power.
(i) 5-10 mA	 (ii) 4090 mA

(ii:) 50-100mA	 (iv) 150-1000rnA
15. The oxide-coated cathodes can be used for

voltages upto ..............
(i) 1000 V	 (ii) 3000 V

(iii) 4000 V	 (iv) 10,000 V

Answers to Multiple-Choice Questions

	

1. (ii)	 2. (i)
	

3. (1)
	

4. (iii)	 5. (iii)
6. (iii)	 7. (ii)

	
8. (iv)
	

9. (ii:)	 10. (1)

	

11. (ii)	 12. (ii:)
	

13. (iv)
	

14. (iv)	 IS. (i)

Chapter Review Topics

1. What is electron emission ? Explain the terms : surface barrier and work function.
2. What general conditions must be satisfied before an electron can escape from the surface of a

material ?
3. 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.



34
	 Principles of Electronics

Pruhk'rns

I. An oxide-costed cililtier has a surface arci oi(}. 157 cm-	 I (he operating temperature is II (( K. find
the 'mission current Givcn .1	 tOO A im'/K', work function 	 1.04 eV.	 10.0352 Al

2. A tungsten filament of' unknown composition emits 1000 A/rn 2 at an operating temperature of
90) K Find the work function of tungsten filament. Given A = 60.2 x I ü Am 11 K.	 (3.44 eV I

3. Calculate the total ci n ission a ai able from han urn-stronti urn oxide em Uer, 10 cm long and ((.0 I cm
in diameter. operated at 1900 K. Given that .1 	 tO	 Amp/cm/K 2 and h	 12,000.	 10.345 Al

Discussion Questions

1. Why does electron emission not occur at room temperature?
2. Wh y arc high temperatures necessary for thçnniionic emission 7
3. Why are electron emitters heated electrically ?
4. Why are thermionic emitters heated in Vacuum ?
S. Why are tungsten and thoniated tungsten cathodes always of directly heated type?
6. Why cannot oxide-coated cathodes he used for 'oltagcs 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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Vacuum Tubes

Introduction

The vacuum tube has been described as the most important single piece of equipment introduced into
electrical engineering during the twentieth century. lt 4 dcvelopment has produced a new branch of
engineering called electronics. The applications ofvacuum tubes are so varied that this "miracle tool"
has won a place in the industrial and commercial fields. These tubes have been finding wide applica-
tions in radio, long distance telephones, sound motion pictures, television, radar, electronic comput-
ers and industrial automation. Though vacuum tubes have been rlaced by *se iniconductur de-
vices, they are still used at many places in the electronic circuits.

Despite the wide variety of tasks that vacuum tubes are doing—despite the complexity of some
electronic equipment—the basic construction and principles ofoperation of tubes are quite simple to
understand. In this chapter, we shall focus our attention on sonic important types of vacuum tubes
with special reference to their operation and characteristics.

3.1 Vacuum Tube

An electronic device in which the flow of electrons is through vacuum is known as a vacuum tube.
A vacuum tube usually contains a cathode which is the electron emitter; an anode (also called

plate) which is the electron collector and one or more electrodes (called grids) for controlling the
flow of electrons between cathode and plate. These electrodes are housed in a highly evacuated glass
envelope. The plate is held at positive potential w.r.t, cathode so that emitted electrons are attracted to
plate to provide current in vacuum. The ability of vacuum tubes to conduct current in vacuum enables
them to perform different functitms.

Classification of vacuum tubes. There are several ways of classifying vacuum tubes. However,
according to the number of electrodes, vacuum tubes are classified as under

(i) Vacuum diode	 (ii) Vacuum triode
(iii) Vacuum tetrode	 (v) Vacuum pentode
The diode, triode, tetrode and pentode contain 2, 3, 4 and 5 electrodes respectively. It may be

noted here that heater is not counted as electrode because it is merely an incandescent filament to heat
the cathode electrically. There are two principal electrodes, tamely cathode and anode present in
every tube. The other electrodes, if any, are called grids. Ofc of them called control grid is used to
control the flow of electrons between cathode and plate. The others are called screen grids and are
generally held at some constant potential and serve to alter the characteristics of the tube.

*	 These are covered in later chapters.
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3.2 Vacuum Diode
In 1904, Sir J. A. Fleming (1849-1945), an English Physicist, invented first vacuum diode, called the
Fleming c Valve. Fleniing's valve was so insensitive that it found little immediate applications. Many
improvements have been made in the vacuum diode since the invention of the first crude model.

PLATE
ELECTRON

HEATER	 CATHODE
\IIHEATER

SYMBOL
CUTAWAY VIEW

(i)

	

	
(ii)

Fig. 3.1

Construction. A vacuum diode consists of two electrodes, a cathode and an anode (or plate)

enclosed in a highly evacuated glass envelope. The cathode is in the form of nickel cylinder coated
with barium and strontium oxides and is heated indirectly to provide electron emission. The anode is
generally a hollow cylinder made of *nickel or molybdenum and surrounds the cathode. Fig. 3.1 (:)
shows the construction of vacuum diode whereas Fig. 3.1 (ii) shows its symbol. Note the symbol of
diode where plate is represented by straight line, cathode by a straight line with sides folded down
and heater by inverted V.

Operation. When the cathode is heated by passing electric current through the heater, it emits a
large number of electrons. The behaviour of these emitted electrons will depend upon the anode
potential w.r.t. cathode. lithe anode is at zero potential w.r.1. cathode as shown in Fig. 3.2 (i), the
emitted electrons simply cannot go to plate as the latter is neutral. Therefore, circuit current is zero.

mA	 -	 mA

(i)

	

	 (ii)

Fig. 3.2

'	 Other materials such as graphite, tantalum, iron may be used.

hhhh-
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However, the emitted electrons start accumulating near the cathode and form a cloud of electrons.
This is known as space charge. It is so called because the space near the cathode is charged (nega-
tively). It may be noted that a stage is reached when the number of electrons forming the space
charge becomes *constant for a given operating temperature. In this way, space charge becomes a
source of electrons that can be attracted to the plate if the latter is held at appropriate potential.

If the plate is made positive w.r.t. cathode as shown in Fig. 3.2 (ii), then electrons from the space
charge are attracted to the plate. These electrons flow from cathode to plate to constitute what is
known as plate current. Upon reaching the plate, these electrons continue to flow through the exter-
nal circuit made up of the connecting wires, meter and battery. They finally return to the cathode,
thus making up the supply of electrons lost by emission- If the positive potential on the plate is
increased, the plate current also increases since more electrons will be pulled from the space charge
to the plate.

lithe anode is made negative w.r.1. cathode as shown in Fig.
3.3, the emitted electrons are repelled back and no current flows in
the circuit. The current cannot flow in the opposite direction
because neither plate is hot enough to emit electrons nor it is made
of suitable material for electron emission.

The following conclusions may be drawn from the diode valve
operation:

(i) The current flows in the diode only when plate is made
positive w.r.t. cathode. No current can flow when plate is negative
w.r.t. cathode.

mA

NO	 T
CURRENT

FLOW

(ii) Electron flow within a diode takes place only from cath- 	 * +

ode to plate and never from plate to cathode. This unidirectional
conduction enables the diode to act like a switch or **valve, auto-	 Fig. 3.3
matically starting or stopping conduction depending upon whether
the plate is positive or negative wr.t. cathode. This property permits the diode to act as a rectifier,
changing alternating current into direct current. We shall discuss the operation of rectifiers in chap-
ter 4.

3.3 Characteristics of Vacuum Diode

The most important characteristic of a vacuum diode is the plate characteristic which gives the rela-
tion between plate voltage and plate current for cx given cathode temperature. The circuit arrange-
ment for determining the plate characteristics of an indirectly heated vacuum diode is shown in Fig.
3.4 (i). The cathode temperature can be changed by varying R 1 connected in the heater circuit. The
plate voltage can be varied to desired value by means of resistor R2 arranged as potential divider in
the plate circuit. Keeping the cathode temperature constant, say at T1 , the plate voltage is varied in
steps from zero by means of potential divider. Corresponding to each value of plate voltage, the
value of plate current is noted. Then curve is drawn, taking plate voltage along X-axis and plate

• The emitted electrons go to form space charge and leave the cathode positively charged. The combined
effect of negative space charge and positive cathode is to send some of the electrons from space charge
back to the cathode. But in the meanwhile, more electrons are emitted by the cathode. In fact, soon a
dynamic equilibrium is established when the number of electrons emitted is equal to the number of elec-
trons attracted back to cathode.

Diode conducts from cathode to anode and that too when its plate is positive w.r.t. cathode. This is true of
all tubes. This property has given the tubes an alternative name of valves. Just as valve operates in one
direction, similarly vacuum tubes conduct in one direction i.e. from cathode to plate.
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current along Y-axis. This gives the plate characteristic at cathode temperature 1 as shown in Fig.
3.4 (a). Following similar procedure, plate characteristics at various cathode temperatures can he
obtained. The following points may be noted from the plate characteristics

(i) All the curves are *coincident at low plate-voltage where the negative space charge is most
ctkctive in limiting plate current. This low-plate voltage region [i.e region va in Fig. 3.4 (ii) I is
known is .vj'u' (/iarg(' limited rt'iy jtfli. In this region, the plate current increases as the plate voltage
is increased, because more positive plate attracts electrons from the space charge at a greater rate. In
the space charge limited region, the plate current is given by the relation

KEh
where K is a constant whose value depends upon the shape of electrodes and geometry of tube. This
relation is known as Child law. It is clear that in space charge limited region, the plate current I is
completely controlled b y plate voltage Lb and is independent of cathode temperature.

A.C.
SUPPLY

l,,( niA)

T,

OY
ION

' -----------

PLY

SPACE CHARGE
LIMITED REG ION

= K

Fig, 14

(ii) As plate voltage is made progressively higher, greater portion ofelectrons from space charge
is attracted to plate and eventually at some plate voltage, the space charge is completely eliminated.
Under such conditions, the entire supply of emitted electrons (for a given cathode temperature) is
attracted to the plate. Therefore, beyond this point, plate current becomes constant and does not
increase ecn lithe plate voltage is increased. This maximum plate current is called saturation
cUrrea(. In Fig. 3.4 (ii), l is the saturation current at cathode temperature T.

(iii) It' the cathode temperature is raised (sa y from T to '2' the rate of emission is increased.
Consequentl y, the saturation point is raised.

Example 3.1. The plate current in a diode is 10 mA alp/ate voltage of lOOVwhen operating in
(lie space charge limited region. What is the plate i'oliage necessary In double the plate current ?

Solution.

'hi = 10 tnA, Ehi = 1 OOV, 11,2 20 mA, Lb2 =
According to Childs law,

At low voltages, so few electrons are pulled out of the space charge that even at reduced cathode tempera-
ture, the cathode can supply sufficient number of electrons.
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'hi or

'1,2 x

10/20 - (I DOlE,,, )

100  IC)

-

or	 E 2	 2000

131,2 = 58.7 volts

3.4 Plate Resistance of Diode

We have seen that plate current flowing through a vacuum diode varies as the plate voltage is changed.
Therefore, a diode may be considered as having internal resistance that limits the amount of plate
current flow. This internal resistance offered by the diode is known as its plate resistance. It may be
noted that negative space charge is mainly responsible for the plate resistance of diode. This resis-
tance is not the same for direct current as for alternating current. Accordingly; like any other vaci: i
tube, diode has two types of resistances, namely : d.c. 1)/OIL' resistance and ac. plate resistance.

(i) d.c. plate resistance. The re,y islunce offi'red by the diode to direct current is known as d.c.
plate resistance.

Its value can be calculated by finding the ratio of (mA)
total d.c. plate voltage across diode to the resulting cur-
rent. Fig. 3.5 shows the typical plate characteristic of a
vacuum diode. At point P on the curve, the plate voltage
is 0,4 and the corresponding plate current is 08. The d.c.
plate resistance R 1, is given by

0.4
H,, - 013

As plate characteristic is not a straight line, there-
fore, d.c. plate resistance is not constant but depends upon
the operating point. Thus plate resistance at point X is
different from that at point P. Hence, d.c. plate resistance
must be determined at the actual operating point.

(ii) a.c. plate resistance. It is the resistance offered
by the diode to alternating current and may be defined as
under:

The ratio of a small change in plate voltage across a diode to the resulting change in plate
current is known as ac. plate resistance i.e.

a.c. plate resistance,__= 
Alh

As tubes are generally used with ac. or varying potentials, therefore, a.c, plate resistance is much
more important than d.c. plate resistance. The a.c. plate resistance can be determined from plate
characteristic by considering the small change of plate voltage halfway on each side of the operating
point. For example, in Fig. 3,6, the a.c. plate resistance at operating point P can be found by consid-
ering small equal changes of plate voltage oil 	 side of the operating point (i.e. AB AC).

Although It may depend to a lesser extent upon the physical sic and spacing of electrodes.
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Change in plate voltage	 BC

Change in plate current = YZ
a.c. plate resistance at P is

1'

3.5 Vacuum Triode	
2

In 1906, Dr. Lee Dc Forest (1873— 1961), an American X 	 -

scientist placed a third electrode in the form of wire mesh 	 , - - -
between the cathode and plate of a vacuum diode. The
resulting device was called triode. So important was this

Eh (VOLTS)discovery that it ushered in the electronics industry as we 	 o	 B A c
know it to-day.

Fig. 3.6
Construction.. As the name implies, a triode has three

electrodes, namely : cathode, plate and control grid. The cathode is located at the centre of the tube
and is surrounded by control grid which is in turn surrounded by plate. The cathode and plate have
similar construction as for a diode. The control grid consists of  fine wire mesh placed very close to
the cathode. The spacing between the turns of the mesh are wide enough so that the passage of
electrons from cathode to plate is not obstructed by the grid. The electrons attracted to plate from
cathode go through the openings in the grid. Fig. 3.7 (1) shows the cut-away view of triode whereas
Fig. 3.7 (ii) shows its symbol. The dotted line between plate and cathode in the symbol represents the
control grid.

(mA)

(P)	

CONTROL
PLATE

(P)
GRID
(0) I

HEATERCATHODE
3) 

(K)(H H)

SYMBOL

(1)	
(ii)

Fig. 3.7

Action of control grid. The electrons emitted by the cathode pass through the openings of
control grid to reach the plate. As the control grid is much closer to the cathode than the plate,
therefore, a small voltage on the control grid has much more control on the electron flow than a
comparatively high voltage on the plate. This places the control grid in a commanding position to
control the plate current flowing in the triode. Fig. 3.8 shows the acton of the control grid in a triode
at different grid voltages, assuming the plate potential remains unaltered.
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(ii)
	 (iv)

Fig. 3.8

(1) When the control grid is at zero potential w.rt. cathode as shown in Fig. 3.8 (i), the triode

valve just behaves like a diode. This is not surprising since under these conditions, the presence of
control grid does not affect the electric field between plate and cathode.

(ii) If the control grid is placed at some negative potential (say - 5 V) wrt. cathode as shown in

Fig. 3.8 (ii), it has repelling effect on the electrons flowing towards the plate. Consequently, fewer
electrons reach the plate, thereby reducing the plate current. It may be added that due to the advanta-
geous position of control grid, the reduction in plate current is much more than could be by some

larger plate potential.

(iii) As the negative potential on the grid (called grid bias) is increased, the plate current de-

creases continuously. If sufficient negative voltage (say - 20 V) is placed on the grid, all the elec-
trons are repelled towards cathode. Consequently, the plate current becomes zero and the triode is

said to be cut off [See Fig. 3.8 (iii)].

The smallest negative grid voltage, for a given plate voltage, at which plate current becomes
zero is known as grid cut off or cut off bias.

(iv) If the control grid is made slightly positive (say + IV) w.ri. cathode as shown in Fig. 3.8 (iv),

the helping electrostatic fields of plate and grid will accelerate the electrons towards the plate. There-
fore, plate current is increased and at the same time some of the electrons are attracted to grid to
constitute grid current. The grid current is undesirable because it causes power loss in the grid

circuit. Therefore, grid is always kept at negative potential w.r.t. cathode.

Conclusion. From the above discussion, it is concluded that a slight change in grid potential
brings about a large change in plate current. To affect the same change in plate current without
changing the grid potential, a much larger plate potential is needed. In fact, this remarkable current
controlling property of control grid is responsible for the widespread use of triodes as amplifiers.

3.6 Triode Characteristics

The graphical representations of relatiorship between plate current, plate voltage and grid voltage
under normal operating conditions are known as triode characteristics. Assuming the 'cathode

temperature to be constant, the plate current in a triode depends upon plate and grid potentials i.e.

•	 This is fully explained in the chapter on vacuum tube amplifiers.

•	 The filament is supplied with the specified voltage recommended by the manufacturer. Therefore, cathode
temperature remains constant.
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J(i' ,. 1)
There are three variables and, iherclhrc, we require a three-dimensional surface to represent the

relation among all the three quantities at a time. I lowever, this paper is two dimensional and for
convenience, relation is found between any two quantities white the third quantity is kept constant.
Accordingly, there will be three characteristics vi: plate characteristic i.e. 1,/E 5 curve at constant E,
mutual c/uiracicri.v(ic i.e. I, I E. curve at constant Kb and constant current characteristic i.e. E/E
curve at constant 'h The triode characteristics can be obtained under two sets of conditions, namely;

(i) Static conditions i.e. when various d.c. voltages are applied to the triode electrodes and
there is no load in the plate circuit and no signal at the input. Under such conditions, the plate poten-
tial remains static or constant and is independent of plate current. The curves obtained under static
conditions are known as static characteristics.

(ii) Dynamic conditions i.e. when signal is applied in the grid circuit and load is inserted in the
plate circuit. Under such conditions, the plate current flowing through the load causes a voltage drop
in it. Consequently, the plate potential does not remain Static or constant but varies with plate current.
The curves obtained under this condition are known as dvnanuic cliaracteri.cties. It may be mentioned
here that dynamic characteristics represent the actual operating conditions since a practical triode
circuit has signal in the input and toad in the plate circuit.

3.7 Static Characteristics of Triode

Fig. 3.9 shows the experimental arrangement for determining the static characteristics of a triode.
The plate voltage can be maintained constant at any desired value by resistor R arranged as potential
divider. The grid can be given any positive or negative potential wrf cathode with the help of
reversing switch R.S.

Fig. 3.9

1. Plate characteristic. it is the curve between plate voltage Eb and plate current 'h of a
trwde at constant grid voltage E

For determining the static plate characteristics, refer to the circuit diagram shown in Fig. 3.9.
Firstly, the grid voltage is set at zero i.e. E = 0 V. Keeping the grid voltage constant at this value, the
plate voltage is changed in steps and the corresponding values of 'h are noted on the milliammeter
connected in the plate circuit. The El/lb readings are plotted on the graph. This gives the plate
characteristic at E = 0 V. The experiment is repatcd with Ee = - 2 V, and then E = -4 V etc. Thus,
a family of plate characteristics is obtained at different grid voltages as shown in Fig. 3.10. The
following points may be noted from these characteristics



50	 100	 I50	 200	 250	 300	 .0

Vacuum Tubes
	 43

(i) The characteristics are drawn for negative values of grid voltage only as practically a triode
is always operated at negative grid voltage.

(ii) The characteristics are curved over the lower portion but fairly linear in the upper portion It
is because at low plate voltage, the plate current rises slowly but at high plate voltages, it increases
'appreciably.

(iii) The curves are approximately equally spaced for equal differences of grid voltages.

20

16

12rnA)

L (VOLTS)

Fig. 3.10
2. **Mutual characteristic. It is the curve between plate current 'b and grid voltage Ec at

constant plate voltage E1
For determining the static mutual characteristics of a triodes the circuit of Fig. 3.9 can be used.

The slider on R 1 is adjusted to give a constant value ofplate voltage, say 200 volts. Keeping the plate
voltage constant at this value, the grid voltage is changed from zero to negative values in steps. The
corresponding values of plate current 'h are noted on the milliammeter connected in the plate circuit.
The Ib /EC readings are plotted on the graph. This gives the mutual characteristic at Eb = 200 V. The
experiment is repeated with Eb 150 V and Eb = 100 V etc. Thus a family of mutual characteristics
at different plate voltages is obtained as shown in Fig. 3.11. It may be seen that mutual characteris-

tics convey the same information as the plate characteristics. Often either of the two is used to study
the performance of triode in a circuit.

3. Constant current characteristic. It is the curve between plate voltage Eb and grid voltage

E at constant plate current I.
For determining the constant current characteristics, the experimental arrangement of Fig. 3.9

can be employed. However, this curve is relatively unimportant from the practical point of view and
is seldom used.

At low plate voltage, electrons having passed through the grid are slowed down and in most cases return to
the grid. Hence, plate current increase is slow. However, at large plate potential, the electrons arc accelcr-
atcd after passing through the grid, thereby increasing plate current.
So called because they express the mutual relationship between input (grid) and output (plate) circuits.
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E (VOLTS) 4

Fig. 3.11

3.8 Vacuum Tube Constants

In the design of a vacuum tube, several factors such as shape of electrodes, spacing between elec-
trodes etc. are taken into account. It is these factors which determine the behaviour of the tube in a
circuit. The deign factors are summarised by a series of numbers, called tube or valve cons/ants. All
major valve manufacturers publish manuals in which these constants are listed. The three most im-
portant tube constants are the amplificationfaclor, ac. plate resistance and transconductance.

(1) amplification factor (ji). The amplification factor of a tube is a measure of the effective-
ness of grid voltage relative to the plate voltage in controlling the plate current. It is represented by
Greek letter j.t and may be defined as under:

The ratio of small change in plate voltage (AE ,) to a small change in grid voltage (AE) of a
iriode at constant plate current is known as amplification factor i.e.

Amplification factor, p *AEb at constant
C

For instance, suppose a 40 volt change in plate voltage brings about a change of I mA in plate
current and the same plate current change (1 mA) is obtained by changing the grid voltage by 2 volts.
Then it becomes clear that the effect of grid voltage on the plate current is 20 times as large as the
plate voltage effect. In other words, the amplification factor of the tube is 40/2 = 20. If a tube has
higher amplification factor, it means that effect of grid voltage on the plate current is greater relative
to the plate voltage.

The amplification factor of  tube primarily depends upon grid structure and to a lesser extent on
the shape of electrodes and their spacing. The closer spacing of the grid wires or greater distance
between grid and plate results in a higher amplification factor. Triodes are classified as low p triodes
* The simplest method to determine amplification factor is to change the plate voltage by small amount

(AE,), record the change in plate current., and then change the grid voltage (in opposite direction) by an
amount Akjust sufficient to restore the plate current to the previous value. Then,

p = EbIEC
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(3), mecJiu,, la triodes (20) and high t triode.s (100).

(ii) *a . c . plate resistance (re). It is the opposition offered by the tube to the flow of electrons
from cathode to plate when varying voltages are applied to the electrodes. It may be defined as
under

The ratio of small change in plate voltage (AEd to the resulting small change in plate current
'Al,,) at cons/ant grid voltage is known as a.c. plate resistance i.e.

	a,c, plate resistance, r	
L\E
- at constant E.
Alb

The a.c. plate resistance indicates how the plate voltage influences the plate current at constant
grid voltage. For example, if 20 V change of plate voltage brings about 2.5 mA change in plate
current at constant grid voltage, then r 20V! 2.5 mA = 8000 Q. The ac. plate resistance of a tube
depends upon the type of emitter, the geometry of tube and the space charge. It should be noted that
a.c. plate resistance will vary—depending upon the operating point. A.C. plate resistance of triodes
ranges from as low as 300 ohms for low p tubes to approximately 100,000 ohms for highP tubes.

(iii) Transconductance or mutual conductance (gm)
The **transconductancc or mutual conductance indicates the effectiveness of grid potential in

changing the plate current. Therefore, it is the most important of the three valve constants and may be
defined as under:

The ratio of small change in plate current (Al,) to the small change in grid voltage (&E) at
cons/ant plate voltage is known as transconductance or mutual conductance i.e.

	Mutual conductance, g	
A!,,

 = --- at constant E.

As g is a ratio of current to voltage, therefore, it should be expressed in the units of mho (ohm
spelled backward).

Since vacuum tubes are low-current devices, the transconductance will be a fraction of I mho.
Therefore, it is more convenient to express g, in micromho (i.i mho). Note that I mho = 106 i.t mho.
Thus, if a 1 V change of grid voltage in a valve produces 3 mA (i.e., 0.003 A) change in plate current,
then,

003A0.Transconductance, g, 
=	 x 10 = 3000 j.L mho

IV

3.9 Relationship between p, r and

We know,	 =

Multiplying and dividing the numerator and denominator on the R,H.S. by 1,,, we get,

- EE,, A/h - AE,, Alh
i-

	

IJ	 rxg,
i.e.	 amplification factor	 plate resistance x mutual conductance

A tube has d.c. plate resistance also which is the opposition by the tube to the direct current flow. however,
a.c. plate resistance is more significant in a practical circuit.

' Conductance means the ability to conduct. By changing the grid voltage, the conduction ability of plate
circuit can be changed. Therefore, conductance is transferred from grid circuit and hence the name
transconduclance. When a change in one circuit produces a change in another circuit, mutual relation is
said to exist. 1 lence, transconductance is sometimes called mutual conductance.



0	 150 216 256 30)	 450
-* k, (VOLTS)

Fig. 3.12

46	 Principles of Electronics

It is obvious from this relation that if we kjiow any two values, we can find the third -
It is worthwhile to give passing reference to the importance oftransconductancc g . . In practical

circuits, as shown in later chapters, it is impossible to achieve 6i11 amplification of the valve due to
the voltage drop in its own internal resistance. Therefore, in order to obtain maximum amplification,
the tube should have high .x and low r1, i.e., t/r1 , should be as high as possible. But this ratio is equal
to g,, the transconductance of the tube. Hence, it is the g,,, which decides the extent of amplification
by the tube. Therefore, this constant has assumed much significance and is widely used in the design
of electronic equipment.

3.10 Valve Constants from Characteristics

Although valve constants can be found by making measurements, vet in practice they are determined
from the characteristics as a matter ofconvenience.
As plate characteristics and mutual characteristics 
of  triodc convey the same infOrmation, therefore, 	 6

either of the two can be used for the determination 
lbQjof valve constants. However, plate characteristics(mA) 12 -

are frequently used for the purpose as they present 	 V A
the data in a more useful form.	 9.6	 --k-/i- - -

IlI	 I Fig. 3.12 shows the typical plate characteris-
tics of a triode. Suppose we want to find the three
valve constants at the operating point A on E, =
- 8V. The construction procedure is as follows.
First follow the - 8 V curve down to a convenient
point B. From point B, draw a horizontal fine to
intersect the next grid curve (i.e.. - 10 V curve) at
point C. Now, draw a vertical line from (.' until it
intersects the - 8 V grid voltage curve again at point
D. With this construction, the valve constants can
be readily determined.

(I) Determination of gi The operating point is

atIJ,Ih = 5mA,	 E6=216V,

at D, /h = 9 .6mA ,	 E5256V,	 /' :_V

at(',i5mA,	 E256V,	 E(. —IOV

It is clear that by moving from B to B, the plate current is changed by 4.6 mA (i.e. 9.6 - S
4.6 mA) and the plate voltage by 40 V (i.e. 256 216 = 40 V). "['he same change (4.6 mA) in plate
current is brought about by moving from Dto C i.e. changing grid voltage from —8 V to - 10 V or by
2 V. It follows, therefore, that a change of 2 V in the grid potential has produced the same effect on
plate current as 40 V change in plate voltage.

Amplification factor, l 	
AE,, 

= 40-- = 20
Ak.

(ii) Determination of T,,. If we move from point B to B along a constant grid voltage of— 8 V,

Ideally, a voltage E applied in the grid circuit should appear as t' E in the plate circuit.

Lh or Eb=1EC]

However, due to voltage drop in r, the voltage available in the plate circuit is less than f.& E.
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the plate current changes by 4.6 mA and plate voltage by 40 V. In other words, at constant grid
voltage (i.e. - 8 V), a change of 40 V in plate voltage produces 4.6 mA change in plate current.

AE,	 40 V
Plate resistance, r =	 -'	 8695Al,,	 4.6 mA

(iii) Determination ofg,,,. tfwe move from D to C, the plate voltage remains constant at 256 V.
However, the grid voltage changes from -- 8 V to - 10 V i c. by 2 V and plate current from 9.6 mA to
5 mA i.e. by 4.6 mA. In other words, a change of'-) V on the grid produces a change of 4.6 mA in the
plate current.

:.	 Mutual conductance,	 .:	 =	 x 10 p mho	 2300 p mho

Example 3.2. Find the mutual conductance of a triode i/p 20 andr,, = 8000 0.

Solution.	 p	 20, r1, 8000 Q, g	 ?
We know	 p	 r1,xg(r7
or	 20	 8000xg

20	 20	 (
g	 mho	 x 10 p rnho = 2500 t mho

80 00	 8000

Example 3.3. The following readings were ohta:nedfrorn the linear portions of the static char-
acteristics of a vacuum triode

Eh	150V	 150 	 100 
I,,	 12m4	 5m,4	 7.5mA
E.	 -l.5V	 -3V	 -l.5V

Calculate: (1) a. c. plate resistance (ii) mutual conductance and (iii) amplification factor.

Solution.
(i) With E( constant at - 1.5 V, the reduction of plate voltage from 150 V to 100 \' reduces the

plate current from 12 mA to 7.5 mA i.e.
Change in plate voltage, AE,, = 150- 100 = 50 V

Change in plate current, Al6 = 12 - 7.5 = 4.5 mA

Plate resistance, r = ---a = 
50V	

11.1 k
P	 A/h	 4.5 mA

(ii) With E,, 	 at 150 V. plate current increases from 5 mA to 12 mA as the grid voltage is
changed from -3 Vto - 1.5 V i.e.

Alh	 12-57niA ; AE=(-I.5)-(-3)1.5V

Mutual conductance, g,,, =	 =	 =0.007 x io 6 
p mho = 4666 t mho

(iii) Amplification factor, p = r,, xg = 11.1 k 0 x 4666 p mho	 52

Example 3.4. The plate current characteristic of a triode i.s represented by the following ex-
pression:

'6 0.003 (E6 + 3 E mA
where '6 is the plate current in mA, E. and E are the plate and grid voltages in volts respectively.
Determine mathematically the values of mutual conductance (ii) amplfication factor and (iii) the
plate resistance for the triode at the point where E 6 = 250 V and E = - 3 V

Solution. The operating point has E. 250 V and E = - 3 V.
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I,,	 0.003 (E,, + OE) s mA

	

or	
1h

= 0.003 x 10 1 x (FJ.,, + 30E)' 5 A	 (i)
(I) Mutual conductance. Differentiating equation (i) w.rI. E, keeping Eb Vonstant, we get,

Aih = 0.003 x 10 x 1.5 (Eh + 30E) x 30

0.003 x 10 X1.5 x 30 (250 + 30 x —3)

= 1.7 x 10 - AN or mho = 1.7 x 10 -3 x 106 i mho
= l7OOtmho

(ii) Amplification factor. Differentiating eq. (i) w.rt. E , keeping 'h constant, we get,

0 = 0.003 x 10_ 3
x 1.5 (Lb + 30E,) 112

	 + 30)

	

or	 0 = 0.0045 x l0 J250 + 30(-3) x (j + 30)

The negative sign indicates that the two voltages (i.e. Eb and E) are in opposite direction.
(iii) Plate resistance

J.1 =

rp ---Il	 30	 c=17647c
g	 1700x106

3.11 Dynamic Characteristics

The graphical relations between I. E. and Ec when the triode contains load in the plate circuit are
known as dynamic characteristics of triode.

The static characteristics drawn in Art. 3.7 are applicable only for a static or constant potential.
These were obtained with the plate of the tube di-
rectly connected to d.c. supply voltage. However, in
actual practice, some load R, is always connected in
the plate circuit as shown in Fig. 3.13. The plate
current flowing through the load causes a voltage

	

drop ibRi across it. Consequently, the plate poten- 	
30 kç

=

tial will be less than the supply voltage. For any
given plate current 'h' the plate voltage is

Eb = Ebb - lb '?L	 ...(i)	 T Ebb=

	If the grid voltage changes, plate current 'b also	 j300 v
changes which in turn varies the plate voltage Lb. 
Hence, while drawing the dynamic characteristics,

	

the effect of load in the plate circuit must be taken	 Fig. 3.13
into account.

1. Dynamic plate characteristics. When load R1 is connected in the plate circuit, the relation
between Lb and 'h is given by the equation:

E6 = Ebb —I6R/
As Ebb and R, are fixed values, therefore, it is a first degree equation and hence can be repre-

sented by a straight line on the static plate characteristics. This line is known as load line and deter-
mines the E6 - 'h points for any given value of plate load. Therefore, combination of static plate
characteristics and load line is the dynamic plate characteristics of triode.
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To add load line to the static plate characteristics, we need only two points. These two points can
he located as under:

(1) Maximum E,, point. When plate current 1,, am 0, then from eq. (I), Eb = E,, ( 300 V in this
case). This gives the first point B on the voltage axis corresponding to Lb = Ebb.

(ii) Maximum /.point. When plate voltage Eh is zero, then from eq. (i), we get,

0 = Ebb – /bR!

Max. 'h = E = 300V10 mA
30 k 

This gives the second point A on the plate current axis. Byjoining these two points, the load line
AB is constructed (See Fig. 3.14).

With the construction of load line on the static plate characteristics, we get the dynamic plate
characteristics. These characteristics indicate the operating conditions of triode. Thus, if it is desired
to find the plate current and plate voltage at a grid voltage E = – 2 V, then the intersection of load line
AB to - 2 V characteristic (point C) will give the desired results—E t, on X-axis and I on Y-axis.

—.* E (VOLTS)

Fig. 3.14

2. Dynamic mutual characteristic. It may appear that by adding load line to the static mutual
characteristic, we shall get dynamic mutual characteristic. But this is not true since mutual dynamic
characteristic is not a straight line. The simple method is to use the static plate characteristics with the
load line added and pick off the plate current values corresponding to various grid voltages as shown
in Fig. 3.15.

The steps in the construction of mutual dynamic characteristic are
(i) Draw the load line for the given supply voltage and load resistance on the static plate char-

acteristics as shown in Fig. 3.15 (ii).
(ii) At each point of intersection of load line with E, transfer this point as indicated by the

direction of arrows.
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(iii) Join these points through it 	 curve as shown in lig 3. 1 (:). This gives the dynamic
mutual characteristic.

Ii,	 1s

3.12 Applications of triode

The main application of a triode is that it raises the strength of it 	 signal and thus acts as an
wnpl(fler. The-weak signal is applied in the grid cir-
cuit and amplified output is taken from the plate cir-
cuit. Fig. 3.16 shows the circuit of a basic triode
amplifier. We have already seen that grid has much LQ OUTPUT
more influence on the plate current as compared to
the plate itself. When a load resistance RL is placed

SlGIE= 300 V

in series with the plate circuit, the voltage drop pro-
duced across the resistance is a function of plate cur-
rent and hence, is controlled by the grid voltage. Thus,
a small change in the grid voltage (or signal) can cause
a large change in plate current and hence voltage avail-
able across R. will be much more than the grid volt-
age. In other words, the signal voltage applied in the 	 Fig. 3.16
grid circuit appears in the amplified form in the plate
circuit of the valve. It may be noted that grid being *always maintained at negative potential w.r.(.
cathode, the amplification takes place without any current or power consumption in the grid circuit.

Suppose the triode under discussion has g = 1500 p mho and R1 15 kL. if a signal of 1 volt
is applied at the grid, it will give a plate current of I V x 1500 p mho = 1.5 mA

Output voltage = plate current x
= 1.5mAx 15W = 22.5 V

Thus a small signal of I V applied in the grid circuit appears as 22.5 V in the plate circuit. In this
way, the triode has been able to raise the voltage level of the signal from I V to 22.5 V i.e. by a factor

The grid is always maintained at negative potential w.r.t. cathode. In order that grid may not be driven
positive during positive half cycle of signal, a battery I?, is connected in the grid circuit as shown in
Fig. 3.16. This will be further explained in the chapter on vacuum Luhc amplifiers.
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o122.5. I lence triode acts as amplifier. ihe detailed discussion regarding amplifiers shall appear in
chapter 4.

3.13 Limitations of Triode

The invention of triode by Dc Forest opened such vast new licids that for many years electronics
engineers were busily engaged in exploring its possibilities. 1-(owcvcr, when it was used as an ampli-
fier, it presented two serious drawbacks namel y uzlerelecfrodc' capacitance and insufficient amp/i/i-
cation

(i) I ntcrelect rode capacitance. Capacitance
exists between any two conducting surfaces separated
by an insulating medium. As triode electrodes are
made of metals and evacuated space between any two
of them presents insulation, therefore, capacitance
must exist between grid and cathode (Cu), grid and
plate (C,) and plate and cathode (C,, k ) . These ca-
pacitances are called interelectrode capacitances (See
Fig. 3.17). lnterelcctrodc capacitances are quite small,
ranging from 2 to 12 picofarads.

At low Frequencies, their effects are quite negli-
gible. Iloweve,; at high frequencies, partwularlv
plate to grid capacitance C ,_ introduces serious com-
plications.

I)
Fig. 3.17

Plate-grid reactance,	 =
	

I	 -	 I -
 -

Ihe plate to grid capacitance (',,,especially has the property of feeding back energy from the
plate circuit (output) to the grid circuit (input). At high frequencies, the value ofX is quite low so
that a part of the plate energy will be Fed back to the grid circuit through ('. This capacitive
feedback is negative and reduces the amplification at high frequencies. It is due to this reason that
triodes are generally used for amplifying low frequency V 20kHz] signals.

(ii) Insufficient amplification. The amplification factor of  triode is generally small and does
not exceed 100. The amplification factor p of  valve can be high if the effect of control grid on plate
current is quite large as compared to that of plate. But this is not so in case of triode due to insufficient
shielding between plate and cathode. The control grid which is to provide the necessary shielding
allows a part of electric field to penetrate through it.

However, if control grid is to he made more effective in controlling the plate current, the electric
field from plate to cathode should be shielded as effectively as possible. This can be achieved by
having a control grid with very finely spaced spiral. But there is a limit to it since in a very finely
spaced spiral grid, the electrons will encounter difficulty in passing through the grid openings and
consequently, the plate current will be reduced. This puts a limit to the ef/ctiveness of control grid.
Therefore, amplification factor of a triode is low.

3.14 Tetrode Valve

Although triode can make aniphfication, it presents the major limitation that plate-to-grid capaci-
tance (C'.,) causes feedback particularly at higher frequencies. The plate-to-grid capacitance of a
triode can be reduced by inserting an additional grid, called the screen grid, between control grid and
plate. Such a four-electrode valve is known as tetroth.'.

70V1
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Construction. The tetrode is a four-electrode valve. It contains apla(c, c(JthodC, coPltrolgrfd(;1
wu/.vcr('c'H grid C,. The construction at screen grid is somewhat similar to control grid and is placed
between plate and control grid. The screen grid is operated at fixed positive potential w.r.t. cathode,
hut somewhat lower than the plate voltage. The cut-away sketch and symbol oftetrode are shown in
Figs. 3.18 (i) and 3.18 (ii) respectively.

(i)

	

	 (ii)
Fig. 3.18

The main purpose of screen grid is to screen or shield the plate from the control grid in order to
reduce plate-to-grid capacitance. This can be easily understood by referring to Fig. 3.19. With the
addition ofscreen grid, capacitance exists between plate and screen grid (C 1 ) and between screen grid
and control grid (C2). These two capacitances are in series and, therefore, the total capacitance
between plate and control grid is reduced. It has been found that plate to grid capacitance in a tetrode
is reduced to about 0.01 pF. This reduced C, nearly eliminates all the capacitive feedback from plate
circuit to grid circuit.	 I

Operation. The working of tctrode is similar to triode with the
additional action of screen grid. Like triode, control grid in a tetrode is
placed at a small negative potential while the plate is at a fairly posi-
tive potential w.r.t. cathode. The screen grid is also kept at positive
*potential w.r.t. cathode but somewhat lower than plate voltage.

When cathode is heated, it emits electrons by thermionic emis-
sion. The path for emitted electrons inside the tube is from the cath-
ode, through the control grid, and through the spaces in the screen grid 	 Ci

to be collected by the plate. Most of the emitted electrons reach the
plate, forming a plate current flow. However, some electrons are at-
tracted by the screen grid to constitute screen grid current. Therefore,
in a tetrode, the cathode emission produces a screen grid current as Fig. 3.19

* If the screen grid is connected to cathode, the purpose of reducing plate to grid capacitance is served but it
introduces another undesirable effect. As cathodcis at negative potential w.r.t. plate, therefore, screen will
also be negative w.r.t, plate. The result would be that flow of electrons from cathode to plate would be
retarded due to repulsion of screen grid. This difficulty is overcome by making the screen grid positive
w.r.t. cathode -
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well as plate current. Although screen grid current serves no useful purpose, it is only a small part of
the total emission current.

As the screen grid acts as an electrostatic shield between the plate and control grid, therefore,
change in plate voltage has little effect on the magnitude of plate current. On the other hand, the
control grid retains control over the plate current. Thus, the additioo of screen grid makes the plate
voltage less effective in controlling the plate current without alfecting the effethvness of the control
grid. In other words, amplification factor is increased.

3.15 Tetrodc Characteristics

Characteristic curves of a tetrode can be obtained in the same manner as were obtained for a triode.
However, more significant for tetrode's performance is the plate characteristics. The plate charac-
teristic of a tetrode gives the relationship between plate current ('h) and the plate voltage (Eb) at
constant grid voltage and at some fixed screen grid voltage. The circuit diagram for the determination
of plate characteristics of  tetrode is shown in Fig. 3.20.

With the control grid voltage held constant, say - 2 V and the screen grid voltage held constant
at some positive value (say E,g = 100 V), the plate voltage is varied from zero to maximum. Corre-
sponding to each value of plate voltage, the plate current is noted. The variations in plate current with
plate potential are then plotted on a graph. This gives the plate characteristic oftetrode at E - 2 V
and screen grid voltage = 100 V.

The experiment is repeated with E = - 4 V and EC - 6 V etc. Thus a family of plate character-
istics is obtained as shown in Fig. 3.21. It may be noted that this family of plate characteristics of
tetrode is valid only for screen voltage chosen i.e. tOO V in this case. If the plate characteristics for
any other screen grid voltage are desired, a new family of curves may be obtained by keeping the
screen grid voltage fixed at the new value.

The following points may be noted from the tetrode characteristics
(1) Portion mb For the portion oh of the characteristic, the plate current increases with the

increase in plate voltage. Although during this portion, plate voltage is less than screen grid voltage,
yet most of the electrons manage to reach the plate. This results in the increase in plate current.

(ii) Portion bc: For the portion he of the curve, the plate current decreases with the increase in
plate voltage. The decrease in plate current (i.e. dip in the curve) is due to the phenomenon known as
secondary emission. Although even now plate potential is less than screen grid potential, the elec-
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trons are speeded up sufficiently to cause electron emission from the plate material itself, The emit-
ted electrons are called secondary electrons and the process is known as secondary emission. These
secondary electrons are immediately attracted by the screen grid because its voltage is more positive
than that of the plate. As the secondary electrons flow in opposite direction to plate current, there-
fore, plate current is *reduced, This explains why during the portion he of the curve, the plate
current decreases though plate potential is increasing. This region where an increase in plate volt-
age causes a decrease in plate current is known as negative resistance region. This behaviour of
tcrodc leads to undesirable effects during amplification.

Eb (VOLTS)

Fig. 3.21

(iii) Portion cd As the plate voltage is further increased (portion cci) and begins to approach
the value of screen voltage, the force of attraction exerted by the plate on the secondary electrons
becomes greater than that exerted by the screen grid. Consequently, secondary electrons are pulled
back by the plate and plate current rises sharply. This explains the increase of plate current with plate
voltage increase during the portion cd of the curve.

(iv) Portion de: For this portion of the curve, the plate current remains practically constant. it
is because now plate voltage is substantially higher than screen voltage and plate practically collects
all the electrons from the cathode.

3.16 Tetrode Constants

Tetrode constants have the same meaning as for triodes. However, their values are different from that
of a triode due to the presence of screen grid. We shall now consider each tetrode constant in turn.

(i) a.c. plate resistance (rn). Because of the shielding effect of screen grid, plate voltage has
little effect on plate current. Consequently, a much greater change in plate voltage is required to
produce the same change in plate current than would be necessary in a triode. Therefore, the a.c.
plate resistance (A.Eh/ Jh) of a tetrode is much greater than that of a triode. The tetrode resistance is
of the order of 70 kQ to 100 kQ.

•	 The secondary emission also takes place in the triode, but since the plate in a triode is the only positive
electrode, the secondary electrons are attracted back by the plate.
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(ii) Amplification factor (la). It has already been discussed that control grid of a tetrode has
about the same effect in controlling the plate current as in a triode. But in a tetrode, the plate potential
has very little effect on plate current as compared to triode. Clearly, the amplification factor
(iEh/ E ) of a tetrode will be higher than that of a (node. The amplification factor of a tetrode is
about 500 compared to a triode whose i.t varies from 10 to 100.

(iii) Transconductance (ga) The transconductance is given by .c J.1/r. Although the l,t of a
tetrode is high, the r is also extremely high. The increase in amplification factor for the tetrode is
offset by the greater increase in plate resistance. Consequently, the mutual conductance of a tetrode
is slightly less than for a triode. The usual value of tetrode transconductance is of the order of 1000
to 1500 i.imho, which is about the same as for a triode.

3.17 Limitation of Tetrode
The disadvantage of a tetrode is the reduction of plate current due to secondary emission. In normal
operation, with an ac. signal applied to the grid circuit, the plate voltage oftetrode varies from instant
to instant. As the screen grid voltage is likely to be greater than plate volt-
age during some a part of ac. signal, the secondary electrons are attracted
by the screen, Thus a current opposite to plate current starts flowing in the
tetrode as shown in Fig. 3.22. This reduces the plate current, 	 - -	 -

The phenomenon of reduction of plate current in a tetrode due to
secondary emission is known as **dynatron effect.

The dip in Eh/lb characteristic of a tetrode is due to dynatron effect.
The result is that tetrode operation is limited to a small portion of Eb/Ib

curve. In this region, a high supply voltage is necessary to prevent second-
ary emission. For this reason, tetrode is obsolete these days and has been
replaced by pentode.

Example 3.5. A tetrode vacuum tube is operated in a circuit for the type shown in Fig. 3.23 and
has the following values.'

= 10 mA

This does happen in an actual tetrode during the positive half-cycle of the signal when a large plate current.
is flowing. This large current results in a big voltage drop across load R. and consequently plate voltage is
reduced to a low value. But screen grid voltage is generally kept high (200 V as compared to Ebb = 300 V)
in order that it may attract sufficient number of electrons for plate, thus increasing M and r. Hence, plate
voltage falls below screen grid voltage during most part of the positive half-cycle of the signal.

•	 Since the plate acts here as a source of electrons, the region is known as dynatron region.
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Ebb 300 V; R, 4.7 kL, RK 6812

Ib — IOmA, I,g=3mA

(i) Explain the function of R and C.
(ii) What is the zero signal plate-cathode voltage?

(iii) What is grid-cathode bias?
(iv) if the screen voltage is to be 150 what value of screen dropping resistor R will be

required?

Solution.

(i) In actual practice, the desired d.c. operating voltage for the screen grid is obtained from the
piate supply voltage E,,h with the help of resistor R (; . The screen grid is connected to the plate supply
through the resistance R.. By having a suitable value of the desired positive potential can be
obtained on the screen grid. The capacitor C is connected from the screen to the ground to provide
the a.c. grounding for the screen.

(ii) Zero siinal ntatc - cathode voltage

= Ebb — /b R! = 300— 10mAx4.7k

= 300-47 = 253V
(iii) The curr.. flowing through cathode resistance RK is (lb + 10.

grid - cathode bias = - R  (i, +	 = - 68 (13 mA)

= —68(l3 x 10-3 A) = —O.884V
(iv) Plate supply voltage = Screen grid voltage + drop in R
or	 Eh = 'SG +	 RVG

or	 R.. = ____ 300-150 = 150  
= 50k12

isu 3 m	 3mA

3.18 Pentode Valve

In order to eliminate the undesirable effects of secondary emission, an additional grid, called sup-
pressor grid, is inserted inbetween the plate and screen grid of tetrode. This gives the five-electrode
valve, called Pentodé. Thus, a pentode contains a cathode, a plate and three grids. The grid closest
to the cathode is the control grid G 1 , and next is the screen grid G2 and the third is supressor grid G3.
The suppressor grid is connected to the cathode and serves to suppress the effects of secondary
emission. Fig. 3.24 (i) shows the physical construction of pentode whereas Fig. 3.24 (ii) shows its
symbol.

Action of suppressor grid. The working of pentode is similar to tetrode with the additional
action of suppressor grid. The suppressor grid performs the following functions:

(I) Suppresses secondary emission effects. As the suppressor grid is connected to the cathode,
therefore, it is at substantial negative potential w.r.t. plate. The electrons from cathode still produce
secondary emission as they hit the plate with high speeds. But now the secondary electrons are no
longer attracted to the screen grid. As soon as the secondary electrons are emitted by the plate, they
are repelled back by the negative suppressor grid. Thus the effects of secondary emission are *sup-
pressed and the 'dip' in the plate characteristic oftetrode is eliminated.

(ii) increases amp4flcationfactor The presence of suppressor grid provides further shielding

The reader may note that suppressor grid does not prevent secondary emission by the plate. Rather it
eliminates the effects of secondary emission.
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between plate and control grid. This puts the control grid in a more commanding position and hence
amplification factor is Increased.

CUT-AWAY VIEW
(1)

	

	
[I1]

Fig. 3.24

(iii) Reduces C. The suppressor grid further reduces grid to plate capacitance. This completely
eliminates the feedback action.

3.19 Pentode Characteristics

The plate characteristics of a pentode can be obtained by using the sane circuit as for tetrode. Fig.
3.25 shows a family of plate characteristics of a typical pentode.

(mA)
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Fig. 3.25

The following points may be noted from the pentode characteristics:
(,) Over the major portion of the characteristics, plate current is largely independent of plate

voltage changes. Therefore, pentode may be thought as a constant current device. A pentode is
generally operated in this region.

(11) The dip found in the plate characteristics of tetrode is eliminated in the pentode plate char-
acteristics.

(iii) The characteristics are non-linear below the knee of the curve.
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Pentode constants. Due to additional shielding action of suppressor grid, the plate potential in
a pentode has even less effecl on the plate current than in a tetrode. Therefore, a pentode has higher
amplification factor and plate resistance than a tetrude. Agairbccause of extremely high amplifica-
tion factor and plate resistance, the g,,, which is the ratio of the two, is comparable in value to both the
triode and tetrodc. Typical values of pentode constants are

Amplification factor, 1000 to 5000
Plate resistance, 0,5 to 2 Mn
'Fran sconductance, 1000 to 9000 p. mho

3.20 Comparison of Valve Constants

Below is given the comparison of valve constants of' triode, tetrode and pentode for facility of refer-
ence.

S.No. I	 Particular	 Triode	 - Tetrode	 Pentode

Amplification factor (p.)
	

10 to 100
	

Range around 500	 1000 to 5000
Plate resistance (re)
	

3000to 1000k
	 70 to 1000 	 0.5to2M

'Fran sconductance (g)
	

About 2500 p. mho	 About 1000 p. mho 1000 to 9000 p. mho

3.21 Limitations in the Operating Conditions of Tubes

The vacuum tubes discussed so far shall gi c satisfactory performance in a circuit if they are operated
under proper conditions. Any deviation may result in the damage of the tube. Therefore, the tube
manufacturers publish manuals indicating the limitations in the operating conditions of tubes. The
important ones are peak inverse voltage, ,nax,rnum plate current and maximum plate dissipation.

(I) Peak inverse voltage. In the normal situation, the plate of a tube is positive wri. cathode
and current flows from cathode to plate. However, if the tube is supplied with small reverse potential
(i.e. plate is negative and cathode is positive), normally no current will flow. As the reverse potential
is increased, a stage may reach when the electric field becomes strong enough to tear electrons out of
the cold plate. As a result, current starts flowing in the reverse direction i.e. from plate to cathode.
This is undesirable and may damage the tube or other circuit elements. The maximum reverse voltage
that can he applied across the tube without conduction in the reverse direction is known as peak
inverse voltage.

The peak inverse voltage is always specified in tube manuals. Care should be taken that this
rating is never exceeded in a tube.

(ii) Maximum plate current. It is the highest instantaneous plate current that a tube can safely
carry without damage to the cathode and without undue voltage drop in the tube. This value is also
listed in tube manuals by the manufacturers.

(iii) Maximum plate dissipation. It is maximum power that a tube can handle without over-
heating. During the tube operation, electrons from cathode bombard the plate. The kinetic energy of
these electrons is converted into heat, thus raising the temperature of plate structure. If the heat is
produced faster than the plate can dissipate it, the temperature will rise to such a point as to either
melt the plate or cause electron emission from the plate. Therefore, heat produced must be dissipated
in order to keep the plate temperature within safe limits.

3.22 Why Current in Vacuum?

The reader must have noted that there are two advantages in using a vacuum tube to provide current.
(1) The emitted electrons can flow only in one direction from cathode to anode inside the tube.
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In other words, current will flow only when anode is positive w.r.1. cathode. Hence when an
alternating voltage is applied between anode and cathode, the current will flow only during
the half cycles which make anode positive w.r.t. cathode. As a result, the tube can serve as
a rectifier, changing alternating current to direct current.

(ii) The amount of plate current can be effectively controlled by the control grid. A small
change in grid potential produces a very large change in plate current. Therefore, the tube
can be used as an amplifier to raise the strength of a weak signal.

The above conditions cannot be realised if current flows through a wire.

3.23 Causes of Tube Failure
A vacuum tube is basically a low-current device as the electron flow is limited by the amount of
thermionic emission from the cathode. Most of vacuum tubes carry less than 100 mA. There are
several reasons why vacuum tubes become defective. Some of the more common reasons are

(i) Filament Failure. Filament wires gradually lose molecules, weaken at one point and burn
out. Too much filamant current may also burn out the wire. The open filament can be
checked with an ohmmeter, with power off.

(ii) Tube becomes gassy. If the envelope leaks, air is drawn into the tube. The internal ele-
ments give p if gas when overheated by excessive current.

(iii) Loose elements. When elements are not welded properly, they vibrate, causing opens or
short circuits in the tubes.

Multiple-Choice Questions

1. The two principal electrodes present in ev-
ery vacuum tube are ..............
(:) plate and grid
(ii) plate and cathode
(iii) cathode and grid
(iv) none of the above

2. A vacuum diode can be used as a ..............
(i) rectifier	 (ii) amplifier

(iii) oscillator	 (iv) none of the above
3. The plate current in a vacuum diode depends

upon ..............
(i) cathode temperature only
(ii) plate voltage only
(iii) both plate voltage and cathode tempera-

ture
(iv) none of the above

4. The control grid in a triode is ..............
(i) very near to plate
(ii) very near to cathode
(iii) mid-way between plate and cathode
(iv) none of the above

5. A pentode is essentially ..............device.
(i) a constant current
(ii) a constant voltage
(iii) neither constant voltage nor constant

current
(iv) data incomplete

6. The internal resistance of a tube is mainly
due to ..............
(i) space charge (ii) vacuum

(iii) plate potential (iv) none of the above
7. More noise is generated in a pentode than in

a triodè due to the presence of..............
(1) space charge	 (ii) heater

(iii) more number of electrodes
(iv) none of the above

8. The grid-to-plate capacitance is least in
valve.

(1) triode	 (ii) tetrode
(iii) pentode	 (iv) none of the above

9. The negative resistance characteristic of a
tetrode is due to ..............
(i) secondary emission
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(n) plate being positive w.r.t. cathode
(iii) control grid being negative w.r.t. cathode
(iv) none of the above

10. A triode is normally operated with control
grid at ..............potential w.r.t. cathode.
(1) positive	 (ii) zero

(iii) high positive (iv) negative
If. The screen grid potential is kept ..............

plate potential.
(I) somewhat higher than
(ii) somewhat lower than

(Id) same as
(iv) at zero potential w.r.t.

12. The voltage on the suppressor grid of a
pentode is generally ..............
(i) positive w.r.t. cathode

(ii) zero w.r.t. cathode
(iii) negative w.r.t. cathode
(iv) none of the above

13. The unit of transconductance is ..............
(,) ohm	 (ii) volt

(iii) mho/rn	 (iv) mho
14. The tube whose plate characteristics re-

semble with the output characteristics of a
transistor is ..............
(i) triode valve	 (ii) tetrode valve

(iii) pentode valve (iv) diode valve
15. A vacuum tube will conduct only if its plate

is ..............w.r.t. cathode.
(i) positive	 (ii) negative

(iii) at zero potential
(iv) none of the above

16. For a given plate voltage, if negative poten-
tial on the control grid of a triode is in-
creased, the plate current ..............
(I) increases	 (ii) decreases

(iii) remains the same
(iv) cannot say

17. A hard tube is defined as a tube with ..............
(i) a tungsten filament

(ii) a metal envelope
(iii) a gas in the envelope
(iv) no gas in the envelope

18. For proper high frequency amplification, we
use ..............
(,) triode	 (ii) tetrode

(iii) pentode	 (iv) none of the above
19. The real measure of valve's amplification

capability is its ..............
(1) transconductance
(ii) plate resistance

(iii) amplification factor
(iv) none of the above

20. The transconductance of a pentode is
that of a triode.

(i) more than	 (ii) less than
(iii) same as	 (iv) none of the above

21. What will be the transconductance of a tube
having l.L 20 and r,, = 8000 Q ?
(i) 1400 It mho	 (ii) 2500 t mho

(iii) 800 jt mho	 (iv) none of the above
22. If a 20 V change in plate voltage of a triode

brings about 2 mA change in plate current
at constant grid voltage, then a.. plate re-
sistance of the triode is ..............
(i) 5 kc	 (ii) 20 k)

(iii) 2 k)	 (iv) 10 kfl
23. The transconductance of  tube is 3 mA/volt.

What is its value in micromhos?
(i) 3000 t mho	 (ii) 6000 j mho

(iii) 1333 i mho	 (iv) none of the above
24. The values of  and rp ofa tube are increased

two-fold. The change in its transconductance
will be ..............
(i) four-fold	 (ii) three-fold

(iii) no change	 (iv) eight-fold
25. What is the amplification factor of a triode

if its plate resistance is IS k) and
transconductancc is 4000 i mho ?
(i) 30	 (ii) 60

(iii) 90	 (iv) 180
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Answers to Multiple-Choice Questions

	

1. (ii)	 2. (i)

	

6. (z)	 7. (iii)

	

11. (ii)	 12. (ii)

	

16. (ii)	 . 17. (iv)

	

21. (ii)	 22. (iv)

3. (iii)
8. (iii)

13. (iv)
18. (iii)
23. (z)

	

4. (ii)	 5. (1)

	

9. (1)	 ' 10. (iv)

	

14. (ii:)	 15. (z)

	

19. (i)	 20. (iii)

	

24. (ii:)	 25. (ii)

Chapter Review Topics

1. Explain the construction and working of a vacuum diode.
2. Explain the formation of space charge, what is the effect of cathode temperature on space charge?
3. Give the procedure for determining the plate characteristics of a vacuum diode. What inferences you

draw from these characteristics ?
4. Explain the terms d.c. plate resistance and ac. plate resistance of a vacuum tube.
5. Describe the construction and working of a vacuum triode.
6. Give the procedure of determining the static plate characteristics and mutual characteristics of a vacuum

triode. What inferences do you draw from these curves?
7. Define plate resistance, transconductancc and amplification factor of a triode and establish the rela-

tionship among them.
S. Flow will you obtain dynamic plate characteristics of a triode?
9. Discuss the limitations of triode.

10. Explain the construction and working of 	 tetrode valve (ii) peritodc valve.

Problems

A triode passes a plate current of 4.5 mA at a plate voltage of 300 V and grid voltage of- 10 V. If the
plate voltage is reduced to 250 V but grid voltage increased to - 7.5 V, the plate current remains
unchanged. Find the amplification factor of triode. 	 1201

2. If a triodc has mutual conductance of 1.5 mA/V and anode slope resistance of 12 k, calculate the
amplification factor.	 1181

3. Atriodepasses a plate current ofI0mAatEh = 200VE. = 0V. lfE-4V,Eb=100V,then1h
5 mA. Find (I)' plate resistance (ii) amplification factor (iii) mutual conductance.

((1) 20 k (ii) 25 (iii) 1250 g mhoj

El Two plate characteristics for a triode are obtained from the following data
Grid Voltage = 0

Plate voltage (volts)	 0	 25	 50	 75	 100	 125
Plate current (mA)	 0	 0	 2.5	 5,4	 8.8	 12,8	 17.4

Grid Voltage - 4 V
Plate voltage (volts)	 45	 75	 100	 125	 ISO
Plate current (mA)	 0	 1,5	 4.0	 6.9	 10.3
Draw the characteristics and find the values of three valve constants.

(g, = 2,2 mA/V, p = 16, r = 7.25 kQj

5. A triode passes a plate current of  mA at plate voltage of 150 V and grid voltage of- 2 V. lithe grid
voltage is changed to - 3.5V, the plate current drops to 3.2 mA but can be restored to 5 mA by
increasing plate voltage to 195 V. Calculate (i) mutual conductance ( it) ac. plate resistance and (iii)
amplification factor. 	 1(1) 1200 jarnho (ii) 25 k (iii) 301
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Discussion Questions

I. Why is vacuum tube used to provide current?
2. Why is vacuum diode operated in the space charge limited region?
3. Why is a.c. plate resistance of a vacuum tube more significant than d.c. plate resistance?
4. Why is control grid of a tube always held at negative potential?
5. Why secondary emission effects introduce complications in tetrode and not in triode and pentode?
6. Why has a pcntode a higher amplification factor and a higher plate resistance than a tetrode or triode?

7. Wh y transconductance has about the same value in triode, tetrode and pentode?
8. Why is transconductance a real measure of valve's amplification capability?
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Introduction

The electric power is almost exclusively generated, transmitted and distributed in the form of alter-
nating current as an economical proposition. However, for many applications, we require d.c. supply.
For example, for the successful operation of all electron tubes and semiconductor devices, d.c. supply
is needed. Batteries cannot be used for the purpose as they are costly and require frequent replace-
ment. Therefore, it is necessary to convert available a.c. supply into the required d.c. supply. This is
achieved by an electronic device known as reczfler.

Though conversion ofa.c. into d.c. can be accomplished by mechanical devices such as motor-
generator sets, rotary converters etc., yet rectifiers are mostly used for this purpose due to their sim-
plicity, cheapness, efficiency, longer life and noiseless operation. In this chapter, we shall deal with
vacuum tube rectifiers and their increasing applications in electronic equipment.

4.1 Rectifier

An electronic device that converts alternating current into direct current is called a rectifier.
A rectifier changes a.c. into d.c, by eliminating the negative half-cycles of the alternating volt-

age. It may be thought of as a switch that closes a load circuit during the positive half-cycle of a.c.
supply and opens the circuit during the negative half-cycle. Therefore, a rectifier provides one-way
path for electric current i.e. conduction takes place in one direction only. It is in this way that a
rectifier converts an alternating current into unidirectional current.

4.2 Vacuum Diode as Rectifier

It has already been discussed that when the plate of a diode is positive w.r.t. cathode, current flows in
the plate circuit whereas no current flows when plate is negative w.r.t. cathode. This unidirectional
characteristic of diode permits it to be used as a rectifier. Although there is no switch in .a diode, yet
it behaves in a quite similar way.

Fig. 4.1 shows the action of  vacuum diode as a rectifier. During the positive half-cycle ofa,c.
supply, plate is positive w.rt. cathode [See Fig. 4.1 (i)] and diode conducts current in the circuit. This
corresponds to the closure of switch. However, during the negative half-cycle of ac. supply, plate is
negative wr.s. cathode [See Fig. 4.1 (ii)] and hence no current conduction takes place. This corre-
sponds to the opening of the switch. The result of this action of diode is that current always flows in
one direction in the load. As a matter of fact, the characteristic of diode to conduct current in one
direction renders it suitable to be used as a rectifier.

63
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Fig. 4.1

4.3 Single-Phase Vacuum Tube Rectifiers

Broadly, single-phase vacuum tube rectifiers may be classified into two categories viz, half-wave
rectifier and full-wave rectifier. A half-wave rectifier conducts only on the positive half-cycles of
input a.c. voltage i.e. it uses one half-cycle of ac. input voltage to produce d.c. output. On the other
hand, a full-wave rectifier conducts on both half-cycles (positive and negative) of ac. input i.e. it uses
both half-cycles of input ac. voltage to produce d.c. output. Obviousl y, a full-wave rectifier circuit
can supply more d.c. output power than the equivalent half-wave rectifier.

Before discussing the various rectifier circuits, the reader may keep the following points in mind

(1) The available a.c. supply has a nominal phase voltage of 230V r.m.s. and frequency 50Hz.

(ii) Usually, ac. supply to be rectified is supplied through a transformer for two reasons. Firstly,
a transformer allows us to step up or down the ac. voltage. Secondly, it isolates the rectifier circuit
from power line and thus reduces the risk of electric shock.

4.4 Half-wave Rectifier

A half-wave rectifier employs a single diode as shown in Fig, 4.2. The ac, supply to be rectified is
applied through a power transformer in series with diode valve and load resistance R1 . The trans-
former has two secondary windings. One is the high voltage winding and supplies ac. voltage to the
diode for rectification. The other is low voltage winding and supplies low-voltage a.c. to the heater of
the cathode.

Operation. The a.c. voltage to be rectified appears across the secondary winding PQ. During
the positive half-cycle of ac. supply, the end P of the secondary winding (and hence the plate) be-
comes positive w.r.i. end Q (i.e. cathode). Thereibre, diode conducts and the conventional current
flows from plate to cathode and then via load resistance RL to the end Q. Note that current is flowing
from A to B in the load. However, during the negative half-cycle of a.c. supply, end P is negative and
end Q positive. This makes the plate negative wri. cathode and hence diode does not conduct. Again
for the next positive half-cycle, diode conducts and current flows through the load from A to B.

Therefore, current through R1 is unidirectional i.e. it always flows from A to B, though after every
half-cycle. Consequently, d.c. output is obtained across the load.

It may be noted that although the output across load is unidirectional, it is not steady because of
continuous changes in amplitude (See Fig. 4.3) Therefore, the output from a rectifier is pulsating
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*d .c . These pulsations are removed with the help offiller circuit to obtain steady d.c. output.
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Fig. 4.2	 Fig. 4.3

Note the rippple in the d.c. output has the same frequency as that of a.c. input voltage. Therefore,
the ripple frequency of half-wave rectifier for 50 Hz ac. power line voltage is 50 Hz.

4.5 Rectification Efficiency of Half-wave Rectifier

The basic function of a rectifier is to convert alternating current into direct current. Therefore, it is
very important to know how efficient the rectifier is to convert input a.c. power into d.c. power.

The ratio of d.c. power output o the ac. power input in a rectifier is known as rectification
efficiency i.e.

Rectification etliciency,= d.c. output power
a.c. input power

Consider a hall'-wave rectifier circuit shown in Fig. 4.4. Suppose the input a.c, voltage (i.e.
across secondary of the transformer) is v P m sinO. Let r and R, he the plate resistance and load
resistance respectively. For the positive half-cycle of ac. input voltage, the diode conducts whereas
for negative half-cycle, no conduction takes place I he waveform of output current is shown in Fig.
4.5.

Maximum value of current through load is

= rp +R,

d.c. output power. As the output current is pulsating d.c., therefore, we shall have to find the
average value in order to determine the d.c. power. For a half-wave rectified current wave,

Average current, Il. =
TI

To a.sccrlain the polarities of d.c. output voltage, see the direction of conventional current flow in the load
R1 . This current flows from the positive terminal to the negative terminal. Therefore, end A of load is
positivc and end B negative

65

ri



66
	 Principles of Electronics

d.c. output power. P, = l. R1 =

VOLTAGE ACROSS
V	 SECONDARY

A.	 I	 I

RLL!i1
OA = CONDUCTION PERIOD

AB = NON-CONDUCTION
PERIOD

Fig. 4.4	 Fig. 4.5

a.c. power input. The a.c. input power is dissipated in plate resistance r, and load resistance RL.

For a half-wave rectified current wave,

r.m.s. value of current, 'rm

.c. input power,	 C = 'rm.r ( + RL) =	 (r,, + R1)

R,
Pac	 71 )

Rectification efficiency, ii	 = 2

0.406 •

It is obvious from exp. (i) that if R, is much larger than rp, then r/R, can be neglected as com-

pared to I and efficiency of rectification will be maximum i.e.

Max. rectification efficiency, Tj = 40.6%

This shows that in half-wave rectification, maximum 40.6% of ac. input power can be converted
into d.c. power. Due to poor efficiency of half-wave rectifier, it is rarely used in practice.

Example 4.1. A half-wave rectifier uses a diode with rp = 300 Cl If the input ac. is 200 V

(r.m.$) and load is a resistance of 1200 , calculate I. 'rm . and the rectification efficiency,

Solution.

Plate resistance, r1, = 300

Load resistance, R,	 1200 C)

Max. value of a.c. input, P m = 200x JEi V
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m	 =Max. value of current, 'm 
= V	 200.J 0.189 A 189 m

(, + R,)	 (300 + 1200)

'dc = l,,/ic = I89ht = 60 m

'rm	 I',n/2 = 189/2 = 94.5 mA

d.c. output power, Pd, = l L x R1 = (0 . 06)2 x 1200 = 4.32 W

a.c. input power, P0 =	 (r,, + RL) = (0.0945)2 x 1500 = 13.39 Wr"IS

Rectification efficiency = .Lcx 100 = 4.32-xlOO = 32.26%
1^1	 13.39

Example 4.2. A half-wave rect ifier is used tosupply 100 Vd.c. to a load of 800 a The diode
has a plate resistance of 200 il Calculate:

(i) a. c. voltage required
(ii) efficiency of rectification

Solution.
Plate resistance, rp = 200

	

Load resistance, R,	 800 Q
D.C. output voltage, EdC = 100 V

(i) Let V. be the maximum value of ac. voltage required.

V.Now	 = 1k x R1 = 
it (r+ RI) 

X R,

or	 100	
,t(200+800) <800

V 
= Tt(200±800)l00 

= 393V

Hence a.c. voltage of maximum value of 393V is required.

(ii) Rectification efficiency	 0 .406 = 0.406 = 0.325 = 32.5%

I+ -	 i+g

RL

Example 4.3. A vacuum tube half-wcri'e rectifier with a.c. and dc. instruments Is shown in Fig.
4,6. Find the readings of:

(i) a moving coil permanent magnet ammeter (d.c.)
(i) a. c. ammeter
(ii:) wattmeter

Solution.
(I) Voltage across transformer secondary, e = 1000 sin 0)1

Max. value, Vm = 1000 V

Max. current, 'm = 1 +R1	 (500+4500) 
= 0.2 A	 200 mA=

r 

'dc = 11/7t = 200/7t = 63.7 mA

The d.c. ammeter reads 63.7 mA.
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SUE!

= 500 t	 j,,	 WATTMFTEA

R1=4500f)

Fig. 4.6

(ii) =	 = 'm1'2 = 200/2 = 100 mA

The a.c. ammeter reads 100 mA.

(iii) The wattmeter is connected in such a way that it reads the entire power supplied to the diode

and load.

Wattmeter reading, W	 (/)2 (r + R1)

(±P.2_) x (500 + 4500) = 50 watts

4.6 Disadvantages of Half-Wave Rectifier

Half-wave rectification is seldom used in practice because of the following drawbacks

(i) The rectification e1flcienc, is low.

(ii) The d.c. output is small.

(iii) The secondary of the transforncr carries the rectified current, thus producing direct

magnetisation of the transformer core.

(iv) Because of short heavy pulses of current, the heating of transformer windings is large com-

pared to the current d'elivered.

4.7 Vacuum Tube Full-wave Rectifiers

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

(1) Centre-tap full-wave rectifier

(ii) Full-wave bridge rectifier

It may be noted that use of transformer is essential for full-wave rectification though it is optional

for half-wave rectification.

4.8 Centre-tap Full-wave Rectifier

A centre-tap full-wave rectifier may employ either (i) two diode circuit or (ii) double-diode circuit.

We shall discuss each type of circuit in turn.

I. Two diode circuit. This circuit uses two single diodes A and B as shown in Fig. 4.7. The
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plates of two diodes are connected to the opposite ends of the centre-tapped secondary of power
transformer. The two cathodes are tied together and the common junction D is connected to one side
of load resistance R,. The other end of RL is connected to thc centre-tap C of the secondary winding.
With this arrangement, only one-half of transformer secondary voltage appears between the plate and
cathode of each diode.

Operation. When positive half of ac. supply appears across the secondary winding, end P
becomes positive and end Q negative. This makes the plate of diode A positive and that of diode B
negative w.r.t. cathode. Therefore, current conduction takes place in the circuit due to diode A only
while diode B does not conduct. The path of conventional current is along I'/tDCP and is shown by
the dotted arrows. Note that current is pulsating and its direction through load R 1 is from 1) to C.
During negative half-cycle, end P becomes negative and end Q positive. Hence, diode B will conduct
and diode A does not. The path of conventional current is along QBDCQ and is shown by solid
arrows. Note that again the direction of current through load RL is from D to C.

A

The reader should note carefully that current flow through load RL is in the same direction for
both half-cycles of a.c. input voltage (See Fig. 4.8). Therefore, d.c. output is obtained across R1.
Also, the polarities of d.c. voltage across RL should he noted.

Disadvantages

(1) It is sometimes difficult to locate the centre-tap on the secondary winding.
(ii) The d.c. output is small as each diode utilises only one-half of the transformer secondary

voltage.
(iii) The diodes used must have high peak inverse voltage. It is because when the diode is not

conducting, *whole of secondary voltage appears across it in the reverse direction.

2. Double-diode circuit. Sometimes, two separate diodes are put in one envelope so that the
two plates share a common cathode. The valve is then known as a double-diode as shown in Fig. 4.9.
The two plates A and B are connected to the opposite ends of centre-tapped secondary of power
transformer. The load resistance RL is connected between the centre-tap and the cathode.

* Refer to Fig. 4.7. When diode A is conducting, its cathode is positive almost to the peak of secondary
voltage and the cathode of B is at the same potential. But the plate of B is negative to the peak of secondary
voltage. Therefore, an inverse voltage equal to the maximum secondary voltage appears across the non-
conducting diode B.
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Operation. The working of this Circuit is exactly similar to that of two diode circuit. During the
positive half-cycle ofa.c. voltage, end P of secondary winding is positive and end Q negative. There-
fore, plate A conducts while plate B does not. This is shown by dotted arrows. However, during the
negative half-cycle, plate B conducts whereas plate A does not. This is shown by solid arrows. It may
be noted that current through load resistance R1 is in he same direction for both half-cycles of input
ac. and hence d.c, output appears across the load. This circuit also carries the disadvantages of two
diode circuit.

4.9 Full-wave Bridge Rectifier

The need for centre-tapped power transformer is eliminated in the bridge rectifier circuit as shown in
Fig. 4. 10. It contains four diodes to form a bridge circuit and hence the name. The a.c. supply to be
rectified is applied to the diagonally opposite ends of the bridge through the transformer. Between the
other two ends, load resistance R, is connected. As we shall see, for each half-cycle (positive or
negative) of ac. input, two diodes in series carry the current in the same direction through the load,
Therefore, the circuit gives full-wave rectification.

r 

TF --'' SECONDARY
VOLTAGE

0

Fig. 4.10
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Fig. 4.11



Vacuum Tube Rectifiers	 71
Operation. During the positive half-cycle ofa.c. supply, suppose the top end P of transformer

secondary becomes positive and the bottom end Q negative. This places the voltages on the cathodes
and plates of four diodes asunder:

Plate of diode D positive w.r.I. cathode
Plate of diode 0 3 positive wr.t. cathode
Plate of diode 0, negative wr.i. cathode
Plate of diode 04 negative wr.1. cathode
As only that diode conducts which has its plate positive w.r.t. cathode, therefore, only diodes D

and 01 will conduct. These two diodes will be in series through load R, as shown in Fig. 4.12. The
conventional current flow is shown by dotted arrows. It is clear that end A of the load resistance R1
will be positive and end B negative.

During the negative half of a.c. supply, the top end P of the transformer secondary becomes
negative and bottom end Q positive. This places the voltages on the plates and cathodes of four
diodes as under

Plate of diode D2 positive w.r.t. its cathode
Plate of diode D4 positive wr.:. its cathode
Plate of diode D negative w.r.1. its cathode
Plate of diode D negative w.r.1. its cathode

P

Q
Fig. 4.12	 Fig. 4.13

Obviously, during this half-cycle of ac. supply, only diodes D2 and 04 will conduct. These
diodes are put in series through the load R1 as shown in Fig. 4.13. The conventional current flow is
shown by solid arrows. It may be seen that again current is flowing from A to B in the load i.e. in the
same direction as for the previous half-cycle of a.c. supply. Thus current flows in the same direction
through the load for both half cycles ofa.c. supply. Consequently, d.c. output is obtained across load
resistance R,.

Advantages:
(i) The need for the centre-tap on the secondary of the transformer is eliminated.
(ii) The output voltage is nearly	 ice that of the centre-tap circuit for a given power trans-

former.
(iii) The peak inverse voltage is one-half that of centre-tap circuit.

$	 Because full voltage of transformer secondary is applied across the two conducting diodes during each a.c.
half-cycle. However, in centre-tap circuit, only half of secondary voltage is utiliscd for rectification.
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Disadvantages
(i) It requires four diodes instead of two.
(ii) As two diodes in series carry the load current during each half-cycle, therefore, tube voltage

drop is increased.']"his reduces the output voltage. In any case, output is much more than the equiva-
lent centre-tap circuit.

(in) The cathodes of the rectifier tubes are at difThrcnt potentials. This does not permit the use of
double-diode and necessitates a separate heater supply for each of the four tubes.

4.10	 Rectification Efficiency of Full-wave Rectifier

Consider a full-wave rectified current wave shown in Fig. 4.14. Let the input a.c. voltage (across
secondary of transformer) be v = V sinO. Let us further assume that r and R, are the plate resistance
and load resistance respectively.

Maximum current through load is

V.I
= ______

r+R1

d.c. power output. As the output current waveform is pulsating d.c., therefore, we shall have to
find the average value of current over one cycle.

For a full-wave rectified current wave,

Average current, jay = 1d,= It

2

d.c. output power, Pd,	 f, R1	 ] x R1

a.c. power input. The a.c. input power is dissipated in plate
resistance r and load R1 . For a full-wave rectified current wave,

R.M.S. value of current is

iV&WA

-

Rectification efficiency is
21 I x R

(	 it )	 '	 0.812
1'	

.	

r''	 -- (r, + R 1 )	 I +

RL

If R1 >> r.,, then efficiency will be maximum and is equal to 81.2%. This is double the efficiency
due to half-wave rectifier. In other words, a full-wave rectifier is twice as effective as a half-wave
rectifier.

Example 4.4. Afull-wave, I-phase rectifier employs two vacuum diodes, the internal resistance
of each diode may be assumed constant at 500 ). The transformer r.m.s. secondary voltage from
centre lap to each of secondary end is 300 V and load has a resistance of 2000 a Find:

(i) d.c. power output 	 (ii) a. c. power input 	 (ii:) rectification efficiency

Solution.
Diode resistance, r1,	 500
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Load resistance, R, = 2000 0

Max. value of ac. voltage, V	 300x Jr2 V

J/
Maximum value of current, 1,,, = 	 --	 = 0.17 A

rp + R1	500 + 2000

(i) =	
=	 = 0.108A

d.c. power output, P	 / x l? = (0.108) 2 x 2000	 23.32 watts

(ii) R.M.S. value of load currLnt,
	 =	

= 0.12 A

ac. power input, P,,,.	 I' 	 + 1?,)

(0 . 12)2 x (500 + 2000) = 36 watts

- '-- x 100	 64,8%Rectification efficiency 
=	

X 
100 -  36

Example 4.5. A full-wave rectifier with ac. and d.c. instruments is shown in Fig. 4.15. Calcu-
late the readings of: ('ii) dc. ammeter () ac. ammeter

Solution.
Max. value of input voltage, Vm = 1000 V

Vm	 -	 1000	 = 0.2A '- 200 m
= ,+R1 - 500+4500

AB
= 2 1,,, - 2(200) - 127.3 mA

0') It	 It	 -

The d.c. ammeter reads 127.3 mA.

(ii)	 'rmc 
== 200 = 141.4 mA

72 T2

The ac. ammeter reads 141.4 mA.
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4.11	 Advantages of Full-Wave Rectifier

The advantages of a full-wave rectifier as compared to a half-wave rectifier are
(i) it produces a more constant rectified output as compared to a half-wave rectifier.

(ii) It has higher rectification efficiency.
(in) The ripple frequency is double the frequency of the ac, input voltage. Since higher ripple

frequency is easier to filter, smaller capacitors are required for filter circuits.
(iv) There is no resultant transformer-core magnetisation due to direct current flow through the

secondary of the transformer. It is because of cancellation ofdirect current flowing in each half ofthe
transformer secondary in opposite directions.

4.12	 Filter Circuits
The output of a rectifier has pulsating character i.e. it contains d.c. and ac. components. The uses of
such a pulsating direct voltage are limited to charging batteries, running d.c. motors etc. However, in
electronic circuits, we need a d.c. voltage that is constant in value. In order to get constant d.c,
voltage, a filter circuit is installed between time rectifier output and load R1 as shown in Fig. 4.16.

FILTER CIRCUITRLRECTIFIER

Fig. 4.16

The filter circuit removes or filters out the a.c. component from the rectifier output and allows
only the d.c. component to reach the load. Thu, a constant d.c. voltage appears across the load. The
most commonly used filter circuits are

(1) capacitor filter (ix) choke input filter (iii) capacitor input filter
The operation of these filters is discussed in detail in chapter 9.

4.13 D.C. Power Supply

The d.c. power supply is a combination of three basic elements viz. traasformer, full-wave rectifier
and filter circuit. Fig. 4.17 shows a typical power supply for a radio receiver.

10171

FULL-WAVE
TRANSFORMER	 RECTIFIER	 FILTER CIRCUIT

Fig. 4.17
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Transformer is used to change the a.c. line voltage to the proper magnitude for the power-supply
operation. The full-wave rectification is done by double-diode. The output from the rectifier has a
pulsating character. The pulsations in the rectifier output are reduced to minimum value by the Ca-
pacitor input filter.

Multiple-Choice Questions

	

1. The output of 	 rectifier is ...............
(i) pulsating d.c.	 (ii) pure d.c.

	

(iii) pure a.c.	 (iv) none of the above
2. A vacuum diode acts as a ...............switch.

(i) bi-directional	 (ii) controlled
(iii) unidirectional (iv) none of the above

3. The maximum efficiency of a full-wave rec-
tifier is ..............
(:) 40.6%	 (ii) 20.3%

(iii) 90%	 (iv) 81.2%
4. The most important consideration in a

vacuum tube rectifier is ...............
(i) filament voltage rating
(ii) PIV rating
(iii) plate voltage rating
(iv) none of the above

5. The d.c. output of a bridge type rectifier is
nearly ...............that of centre-tap rectifier
for a given transformer.
(i) twice	 (ii) thrice

(iii) four times	 (iv) five times

6. In a centre-tap full-wave rectifier................
transformer secondary voltage is utilised.
(I) full	 (ii) one-third

(ii,) one-half	 (iv) one-eighth
7. The maximum efficiency of a half-wave rec-

tifier is ...............
(i) 20.3%	 (ii) 80.6%

	

50%	 (iv) 40.6%
8. Transformer is essential in a ................rec-

tifier.
(i) bridge type	 (ii) half-wave

(iii) centre-tap	 (iv) none of the above

9. In a full-wave rectifier, if a.c. supply is 50
Hz, then a.c. ripple in the output is ...............
(i) 50 Hz	 (ii) 100 Hz

(i i i) 25 Hz	 (iv) 200 Hz

10. Abridge type rectifier uses ...............diodes.
(i) four	 (ii) two

(iii) three	 (iv) six
11. For the same d.c. output, centre-tap rectifier

should have ........... .... PIV as compared to
bridge type rectifier.
(I) same	 (ii) smaller

(iii) higher	 (iv) none of the above
12. For high voltage applications, we use

(i) centre-tap rectifier

(ii) bridge type rectifier
(iii) half-wave rectifier
(iv) none of the above

13. The power supply in a radio receiver gener-
ally uses ...............filter.
(1) capacitor input
(ii) choke input
(iii) resistance
(iv) none of the above

14. In filter circuits, we generally use ...............
capacitors.
(1) mica	 (ii) paper

(iii) air	 (iv) electrolytic
15. In a half-wave rectifier, if ac. supply is

50 Hz, then a.c. ripple in the output is ...........
(1) 100 Hz	 (ii) 25 Hz

(iii) 50 Hz	 (iv) 12.5 Hz
16. The d.c. output of a bridge type rectifier is

that of equivalent centre-tap rec-
tifier.
(i) the same as	 (ii) more than

(iii) less than	 (iv) none of the above

17. The values of L and C in filter circuits for a
half-wave rectifier are ...............as compared
to that of a full-wave rectifier.
(i) the same as	 (ii) more
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(Iii) less	 (iv) none of the above
18. In a centre-tap rectifier, if voltage between

one end of secondary and centre-tap is
300 V peak, then PIV is...............
(/) 600 V	 (ii) 300 V

(iii) 150 V	 (iv) 1200 V
19. Capacitor'input filter is ...............choke in-

put filter.
(i) as efficient as

(ii) more efficient than
(iii) less efficient than
(iv) none of the above

20. Full-wave rectification is
wave rectification.
(1) easier to filter than

(ii) difficult to filter than
(iii) as easier to filter as
(iv) none of the above

half-

Answers to Multiple-Choice Questions

1. (i)	 2. (ii:)
	

3. (iv)
	

4. (ii)	 5. (1)
6. (iii)	 7. (iv)
	

8. (ii:)
	

9. (Ii)	 10. (:)

11. (iii)	 12. (ii)
	

13. (1)
	

14. (iv)	 15. (iii)

16. (ii)	 17. (ii)
	

18. (i)
	

19. (ii)	 20. (,)

Chapter Review Topics
CA

I. What is a rectifier? Explain how a vacuum diode acts as a rectifier.
2. Describe the working of  vacuum tube half-wave rectifier.
3. Derive an expression for the efficiency of half-wave rectification in terms of tube resistance rp and

load resistance RL.
4. With neat sketches, explain the working of following full-wave rectifiers

(1) double-diode circuit 	 (ii) two diode circuit
(iii) bridge circuit

5. Deduce an expression for the efficiency of full-wave rectification.
6. What is a filter circuit?
7. (live the circuit diagram of a typical radio d.c. power supply.

Discussion Questions

I. Why is half-wave rectifier used for applications requiring a small etwrcnt drain?
2. Why is a transformer necessary for full-wave rectification?
3. Why cannot you use two double diodes in a bridge rectifier circuit?
4. The transformer in a centre-tap circuit has usually a high step-up ratio between primary and secondary

windings. Explain why?
5. Where do you use bridge rectifier circuit?
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Vacuum Tube Amplifiers

Introduction

The process of raising the strength of a weak signal is known as amplification and the device which
accomplishes this job is called an amplifier. The phenomenon of amplification is necessary through-
out radio communication s .ems. For example, the radio waves picked up by the receiving antenna
possess extremely small power say, of the order of milliwatts. However, they must be amplified to
several watts in order to produce adequate loudspeaker response in the radio receiver. Similarly, the
sound output from a microphone is a fraction of a watt and must be amplified hundreds of times to
make it possible to fill a stadium with sound. As a matter of fact, amplifiers find wide applications in
industrial and commercial fields e.g. in television, inter-communication system, radio receivers etc.
Fortunately, the characteristics of vacuum tubes reveal that they can do the job of amp lification. The
purpose of this chapter is to show how vacuum tubes may be utilised to amplify voltage or power
most efficiently.

5.1 Vacuum Tube Amplifiers

The amplifiers employing vacuum tubes for raising, the strength of a weak signal are known as
vacuum tube amplifiers.

Only grid-controlled vacuum tubes e.g. triode, tetrode, pentode etc. can act as amplifiers, The
weak signal is applied between control grid and cathode and the amplified output is obtained across
the load in the plate circuit. The amplifying property of a grid-controlled tube is due to the fact that
a small change in grid voltage causes a relatively large change in plate current and hence greater
output is obtained across the load in the plate circuit i.e. grid voltage is amplified.

MICROPHONE	 SPEAKER

SIGNAL	 AMPLIFIED
OUTPUT

Fig. 5.1

It should be noted that an amplifier amplifies only the electrical signal. This electrical signal In
be amplified may be directly available or converted into electrical by some suitable device. For
example. Fig. 5.1 shows the single line diagram of  public address system. The microphone converts
the' sound waves into equivalent electrical was. These electrical waves (called the signal) are
applied to the input terminals of the amplifier i.e. between control grid and cathode of the tube. The

77
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signal appears in the amplified form at the output terminals i.e. in the plate circuit. The amplified
electrical signal is converted into sound waves by the speaker connected in thc plate circuit of the
tube.

5.2 Faithful Amplification

The most important requirement of an amplifier is that it should do faithful amplification i.e. it should
increase the magnitude of signal and the general shape of the signal should not change. In other
words, the amplified output should be similar in every respect to the input (i.e. signal) except for the
amplitude which should be as great as possible.

In order to achieve faithful amplification, the control grid of the amplifying tube should be kept
at negative potential w.rt. cathode at all times. To do so, a d.c. voltage is applied in the grid circuit
in addition to the signal voltage as shown in Fig. 5.2. This d.c. voltage is known as grid bias (Er) and
its magnitude is such that it always keeps the grid negative wri. cathode regardless of the polarity of
the signal.

Why is grid bias necessary? The reader may wonder why grid bias battery El . is necessary for
faithful amplification. Assume for a moment, that it is absent and only signal (a.c.) is applied in the
grid circuit. The alternating signal will make the grid alternately positive and negative w.r.t. cathode.
Whenever the input signal goes positive, the grid will draw current. The grid current flow results in
the following effects

(i) It distorts the linearity of /b/EC characteristic, thus leading to distorted amplification.
(ii) It requires certain amount of power (i.e. grid voltage x grid current) which it extracts from

the input signal. Generally, the input signal is too weak to supply the power and consequently*
distorted amplification takes place.

For these reasons, no grid current should flow during any portion of the cycle of the input signal.
The bias battery E ensures this function. The bias voltage is always of sufficient magnitude and of
such polarity as to maintain grid negative wrt. cathode at all times.

5.3 Triode as an Amplifier
Fig. 5.2 shows the basic triode implifier circuit.
The weak signal eg is applied in the grid circuit
and useful output is obtained across the load
connected in the plate circuit. The bias battery E
ensures the grid to be always negative w.r.1. cath-
ode. The weak signal voltage produces a **large
change in plate current. As the value of RL is quite
high. therefore, a large voltage drop occurs across
it. Thus, a weak signal applied in the grid Circuit e
appears in th amplified form in the plate circuit. g
It is in this way that a triode acts as an amplifier.

Illustration. The action of triode as an am-	 'I	 'I 
E 

I
plifier can be made more illustrative if we con- 	 Ebb
sider the typical circuit values as shown in Fig. 5.3 	 Fig. 5.2
(i) Thus an alternating signal e equal to 4 V peak amplitude has been applied in the grid circuit of
triode in series with a fixed bias voltage E from a..4-volt battery. The total instantaneous voltage

*	 Only over the linear portion of !dE curve, variations of e produce proportional changes in 'b However,
with grid current flow, the lb/k curve deviates from linearity.

*1 We have already seen that grid is in a commanding position and a small voltage placed on it produces a
large change in plate current.
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between grid and cathode (e.) is equal to the algebraic sum of and E i.e.
= E+c

In our example, E, - 4 V and the signal voltage e varies between + 4 V and - 4 V. Therefore,
the total instantaneous grid voltage e will vary between 0 and - 8 V. It is clear that grid is never
driven positive w.r.1. cathode and hence this circuit arrangement will give faithful amplification. Let
us suppose that load R, 20 k a

Fig. 5.3

Consider some numerical values given in the table below. Only three conditions of signal voltage
(vi:. 0 V, + 1 V and +2 V) are considered. Let us assume that corresponding to these three conditions,
the plate current is respectively 3 mA, 4 mA and 5 mA.

S. No.	 eg	 E.	 ec	 ib	 tb R,
OV	 —4V	 —4V	 3 m	 60V

2	 +V	 —4V	 —3V	 4 m	 SOy
3	 —4V	 —2V	 5mA	 100V

It is clear that change of signal voltage from + IV to + 2V has produced a change of 100— 80
20V across R1 . Thus a small change of only I V in the signal has changed the voltage across 

RL by
20V - an amplification of 20 times.

The following points may be noted:

(1) When no signal is applied, d.c. plate current (I,,) flows in the,circuit due to grid bias E
However, when the signal is applied, the plate current varies above and below I

P in accordance with
the input. Therefore, with the signal applied, the total plate current 

1b [See Fig. 5.3 (ii)] is given by
I,, = I,.,4-i,,

where	
1P = zero signal plate current
I,,,	 a.c. component due to signal voltage

(ii) The *useful output of the tube is the voltage drop across R1 due to a-c. component i, i.e.
*	 The d.c. component fixes the biasing conditions only. It is the a.c. component which produces useful

output. Suppose at any instant the signal voltage is such that plate current increases from 
1h = I,, to i,, = 1,, +

Voltage amplification = change in voltage across R, = (I i, +	
-	 i,, R1

signal voltage	 signal voltage	 signal voltage
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I eful output - 
I/, /? (

i,, R
1.	Voltage amplification	

signal voltage

5.4 Graphical Analysis of Triode Amplifier

The function of triode as an amplifier can also be explained graphically. Suppose a signal of peak
voltage Eg is applied in the grid circuit in series with grid bias voltage E( E being greater than signal
peak voltage E so that grid is always negative w.rt. cathode. The total instantaneous grid voltage will
be the algebraic sum of E and signal voltage at any instant.

i,(mA)

A.C. PLATE
CURRENT i

Ell L

-e 4	
ci 	 At 0	

p

	

I	 I

	

I	 I

SlGNAL—i'

	

I	 I

Fig. 5.4

Fig. 5.4 shows the dynamic mutual characteristic of triode. When no signal is applied, the grid
voltage e is equal to grid bias voltage E represented by 013 and the corresponding plate current is
OL. I lowever, when the signal is applied, the grid voltage e varies between (k + Eg) and (E - Eg)

represented by OC and OA and the corresponding current varies between OMand OK. It is clear from
the graph that small changes in grid voltage produce large variations in plate current. This large
change in plate current produces greater output across R1

1
 Thus, triode acts as an amplifier.

Operating point. The values of plate current and grid voltage (bias) in the absence of signal
determine the operating point. Thus, in Fig. 5.4, E is the operating point. It is called so because the
signal variations take place about this point. For faithful amplification, the operating point should be
so chosen that the variations of input signal are accommodated within the linear portion of the char-
acteristic. Referring to Fig. 5.4, it is clear that by selecting the operating point E, the variations of the

input signal are accommodated within the linear portion DF of the characteristic. Consequently,
output current waveform has the same shape as the input signal, resulting in faithful amplification.

5.5 Phase Reversal

In the triode amplifier, there is a phase difference of 1 80 0 between the input (i.e. signal) voltage and
output voltage. In other words, the positive half-cycle of the signal appears as amplified negative-
half in the output while the negative half-cycle of the signal appears as amplified positive-half in the
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output. This is known as phase reversal. This fact can be easily explained by referring to Fig. 5.5.
Output voltage, Ch = Ebb

When the signal is increasing in the positive half-cycle, the net grid voltage e becomes less
negative. The result is that plate current ih increases and so does the voltage drop 1h RL. As Ebb is
constant, therefore, output voltage Ch decreases. In other words, as the signal is increasing in the
positive half-cycle, the output is increasing in the negative sense i.e. output is 1800 out of phase with
the input. Similarly, when the signal goes in the negative-half cycle, the plate current decreases and
hence voltage drop i, R1 also decreases. This results in the increased voltage output e',. In other
words, as the signal is increasing in the negative half cycle, the output is increasing in the positive
sense. It may be noted that amplification is not affected by this phase reversal.

5.6 A.C. Equivalent Circuit of Triode

Fig. 5.6 (i) shows the triode amplifier circuit. Let us assume that triode has amplification factor i, a.c.
plate resistance r and plate load RL. When the signal eg is applied, the plate current consists of
*quiescent current I,, and (ii) an ac. component i,• The useful output of the tube is the voltage drop
across RL due to the a.c. component i,,.

(i)
	 (ii)

Fig. 5.6

Zero signal plate current is also called quiescent current, Quiescent means silent. Therefore, it is the plate
current when triode is silent i.e. in the absence of signal.
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So far tis the flow of in the tube is concerned, the equivalent circuit is as shown in Fig. 5.6
(ii). The signal Voltage C appears as .i e in the plate circuit. Therefore, between plate and cathode,
an imaginary a-c. generator of voltage p e is incorporated. The ac. plate resistance is in series with
plate load R1 . The a.c. output e,, is obtained across load R1.

Voltage gain. The ratio of output voltage to the input signal voltage is known as voltage gain i.e.

Voltage gain = Output voltage
Signal voltage

Referring to the equivalent circuit of triode in Fig. 5.6 (ii), we get,
-	 1Cg

(pc.

	

Output voltage, e	 i,R1	
= r + R1 ) R,11

Voltage gain, A. =

(	 e
R1.'

C

p.R=

The following points may be noted
(i) The voltage gain has no unit i.e. it is a number.
(ii) The voltage gain AV is less than p. It is because some voltage is dropped across the internal

resistance r1 , of the tube. Ifr = 0, then A = p.
(iii) For a non-resistive load,

A = ______

	

V	 r+Z,

Example 5.1. A triode used as an amplifier has an amplification factor of 20 and a. c. plate
resistance of 10M. The load resistance is iS kD.. Find the voltage gain of the amplfler.

Solution.	 p	 20, r, = 10 k Q, R/ 15 k Q

	Voltage gain, A	
p. R1 

= 20x15 = 12
r+R,	 10+15

Example 5.2. A 12 AU7 triode used as an amplifier has p 20 and ri., = 10 k KI The load
resistance is 15 k Q. The signal voltage applied to the grid has a 3-volt peak swing. Find (:) voltage
gain (ii) load current and (iii) output voltage.

Solution. Fig. 5.7 shows the conditions of the problem.
p = 20, r=10k2, R 1 =15k, Eg3V

(i)	 Voltage Gain, A 
= p. R1 = 20x15 = 

12
V	 r+R,	 10+15

*	 The d.c. components of current and voltage merely serve to fix the operating point and so long as they are
present in their proper amount, they may be ignored while calculating the flow of a.c.
While using this relation, the units of R, and r, must be the same.
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E

Fig. 5.7

t Eg

 
20x30707

= 1.69x1O3A(ii) Load Current (rm.s.),	
r, + R1 - (10 + 15) x 103

Output voltage = I, x R,

= 1.69x 10 3 Ax I5kQ = 25.35 V
Example 5.3. The voltage gain of an amplifier using triode is 30 with load resistance of50 kf2

and 34 with load resistance of 85 kK). Calculate the parameters of the Iriode.
Solution.

When load resistance R1 = 50 kQ

A = _____

'

or	 30 = 	
x 50

r +50

or

	

	 30 r + 1500 = 50 j.t
When load resistance R1 = 85 k

= M <85	 -
r,+85

or	 34 re,, + 2890 = 85 i	 (ii)
Solving eqs. (i) and (ii), we get, x = 42 and r = 20 kfl

=	
= 20000^ = 21x1Omho

Example 5.4. A triode of plate resistance of 2400 f2 and an amplification factor of 6 feeds a
load of 3000 l When the rm.s. value of a sinusoidal voltage applied to the grid is 9 V what is the
a. c. power developed in the load?
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Solution.
-	 ______

R.M.S. value of ac. plate current, I/,p E9
rp + R1

I lerc	 p	 6; E	 9 V; r = 2400 ; R 3000 0

	Plate current (rrn s), / = 2400 ±3000	 -0.01 A

	A.C. power in load = 112 R,	 (0.01)2 x 3000	 0.3 W

5.7 Self-biasing of Triode

In the absence of signal, the d. c. voltage that exists between control grid and cathode, making grid
ncitivc wri. cathode, is known as grid bias.

It has already been explained that for faithful amplification, no current should flow in the grid
circuit. This is possible only if the net grid-cathode voltage is always negative. In the circuit drawn
so far, this was achieved by using a battery E in the grid circuit. Iiowever,thuse of such a grid bias
battery is undesirable because of its high cost and frequent replacement. Therefore, in practice, the
d.c. component of plate current of the triode is itself used for obtaining grid bias voltage. Under such
conditions, the triode is said to be self-biased.

The method of obtaining grid bias by using d.c. component ofplate current in a triode is known

as self-biasing.
Ihe two most commonly used methods of self-biasing ofa triode are ; cathode bias and grid leak

bias. We shall discuss these two methods in turn.

(i) Cathode bias. This is the most common arrangement of obtaining grid bias in valves acting
as ampliliers. In this method, a resistance RA (called cathode resistor) is placed in series with the
cathode circuit as shown in Fig. 5.8. The d.c, plate current ! flowing through Rk produces a d.c.

voltage drop /Rk across it, making control grid negative wr.t. cathode. This is because the conven-

tional plate current flows through R from point P to Q, thus making point Q (i.e. control grid) nega-
tive wr.1. point P (i.e. cathode).

II,	
Ip+ip

Fig. 5.9

It is very important that grid bias voltage (iPRk) 
should remain constant whether the signal is

applied or not. When no signal is applied (See Fig. 5.8), the d.c. plate crrent I,, establishes a fixed

L_ 	 bias. However, when an a.c. signal is applied, an a.c. component i,,	
es varying

flows in the plate circuit in

addition to d.c. component I,.,. The total plate current (1,, + i) flowing through Rk produc 
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grid bias across R. In order to keep grid bias voltage fixed during the application of signal, a by-pass
capacitor Ck is connected in parallel with Rk as shown in Fig. 5.9. The capacitor C'k provides an easy
path for a.c. component i, of plate current whereas the d.c. component Ii., flows through Rk, thus
producing a fixed grid bias voltage l,,Rk.

(ii) Crid leak bias. In this method, bias voltage is obtained by means ofa capacitor Cg and high
resistance Rg placed in the grid circuit as shown in Fig. 5.10. The resistance R is known as grid leak
resistor because a small grid current leaks through it to establish grid bias.

c,	 I	 I	 RL

rEbb

1 D	 C
Fig. 5.10	 Fig. 5.11

When no signal is applied, there is no grid bias voltage because the grid current is zero and has
no voltage drop across R. However, when an a.c. signal is applied in the grid circuit, this makes the
grid alternately positive and negative wrI. cathode. During the positive half of the signal [See Fig.
5.10], the electrons are drawn by the capacitor C. thus making them to flow through R This makes
point B(i.e. grid) negative w.r.t. point C(i.e. cathode) and establishes the necessary grid bias. It may
be noted here that the electrons flowing through R continue their journey to cathode and through the
valve. During the negative half of signal [See Fig. 5.11], no further electrons are drawn by the grid.
Some of the electrons already collected on the capacitor Cg leak through R, again making point B
negative wr.t. cathode.

5.8 Practical Circuit of Triode Amplifier

Figure 5.12 shows the practical circuit of  triode amplifier. The functions of the various components
of the circuit are briefly discussed below:

(i) Cathode resistor R. The cathode resistor Rk is used to properly bias the triode. Its value
ranges from 2 M to 10 kf2 depending upon the design considerations.

(ii) By-pass capacitor C. The by-pass capacitor Ck (I - 4 xF) is connected across Rk. Its
function is to provide a low reactance path to the a.c. signal. If Ck were not used, a varying voltage
will develop across R. on the application of signal. This will change the bias voltage, resulting in
unfaithful amplification.

(in) Grid leak resistor R. Some of the millions of electrons that travel from cathode get stuck up
at the grid, thus making it too much negative. The grid leak resistor Rg ( I Mn) provides an easy
path for such electrons to return to the cathode. If Rg were not used, the grid would be driven to such
a high negative potential by the electrons striking it that plate current may be cut off.

(iv) Coupling Capacitor C The coupling capacitor C (0.01 to 0.1 iF) is used to connect one
stage of amplification to the next stage. Its function is to prevent the steady anode voltage of the first
valve from reaching the grid of the second valve and thus overloading it.
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(i') Input copacitor C,,. An input capacitor Cm is used to couple the signal to the grid of the tube.
If it were not used the signal source resistance would come across R. and thus change the bias
conditions. This capacitor allows only a.c. signal to flow but isolates the signal source from R.

ih	 C

Fig. 5.12

Figure 5.13 shows the simplified and practical way of drawing the amplifier circuit. Note that
output may be obtained either (1) across RL or (ii) across the terminals I and 2. In either case, the
magnitude of the output will be the same.

5.9 Types of Amplifiers

A vacuum tube is mainly used for amplifying two electrical quantities viz, voltage and power. Ac-

The useful output is due to the ac. component ip of plate current.
Output across R. 11, R
Output across terminals I and 2 = Ebb - IPRL
Since Ebb cannot pass through capacitor C,

Output across terminals 1 and 2 - i, R
Note that output across terminals 1 and 2 is the same as across
the phase reversal.

...(ii)
The negative sign in exp. (ii) indicates
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cordingly, there are two types of amplifiers namely; voltage amplifiers  and power amplifiers.
(i) Voltage amplifier. Its main function is to raise the voltage level of the signal. Although a

voltage amplifier may also build up power to some extent, but this is of secondary interest. The
design of voltage amplifier incorporates two features viz., high amplification factor t and high plate
resistance R1 . The result is that output voltage is considerably higher than the input voltage.

(ii) Power amplifier. Its main function is to raise the power level of the signal. Although the
voltage level may be built up to some extent but this is of secondary interest. The power amplifier is
designed to have small lu and low R1 . This results in the large plate current and hence greater power
output.

5.10 Classification of Amplifiers

Voltage or power amplifiers may be classified in severalways. However, they ("particularly power
amplifiers) are frequently classified according to their mode ofoperwion i.e. plate current flow dur-
ing various parts of the signal. The flow of plate current would obviously depend upon the grid bias
voltage and the signal magnitude. On the basis of plate current flow during various parts of the signal,
the amplifiers are classified as class 4 amplifiers, class B amplifiers and class C amplifiers.

I. Class A amplifiers. The amplifiers	 DYNAMIC	 it,
in which the grid bias is so chosen that plate
current flows during whole of the signal cycle
are known as class A amplifiers. Clearly, for
this to happen, the amplifier tube must oper-
ate on the linear portion of the dynamic char-
acteristic as shown in Fig. 5.14. An inspec-
tion of the figure reveals that input signal is
faithfully reproduced in the output.
Advantages:

(1) There is little distortion i.e. output
wave shape is exactly similar to the input wave
shape, though much amplified.

(ii) The power amplification is almost in-
finite. The class A amplifier is always oper-
ated at a negative grid bias. Consequently, no 	 Fig. 5.14
grid current flows and the power amplifica-
tion, which is the ratio of output power divided by input power (almost zero) is, therefore, very high.
Disadvantages.

(i) They have Tlow efficiency (about 25%). The remaining power (75%) is dissipated in the
valve.

*	 They may be classified as to signal frequency (e.g. audio frequency, high frequency amplifiers), methods of
coupling (e.g. R-C coupled, transformer-coupled amplifiers) etc.
Voltage amplifiers are usually operated in class A operation only.

t	 Amplifier efficiency = ac. power output
d.c. power input

The plate current flows at all times in class A operation. At low values of grid voltage, the a.c. component
of plate current is very small as compared to zero signal plate current. The result is that ac. power compo-
nent is comparatively a small fraction J d.c. power input.
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(a) Due to poor efficiency, the output is quite low.
Class A amplifiers are used where distortionless output is the prime requisite e.g. voltage ampli-

fiers, audio power amplifiers.
2. Class B amilifiers. The amplifiers in which the grid bias is so chosen that plate current

flows during the positive half cycle of the signal only are known as class B atnplfiers. Obviously, for
this to happen, the grid is biased near to cut off value as shown in Fig. 5.15. An inspection of the
figure reveals that plate current flows during positive half-cycles of signal only. However, during
negative half-cycles of the signal, the grid is driven so much negative that no plate current flow is
possible.
Advantages

(i) The efficiency of operation is fairly good (about 50%), As the grid is biased to cutoff value,
therefore, plate current flows only when the signal is applied. Consequently, most of the plate current
represents power.

(ii) Due to improved efficiency, fairly good power output is obtained.
Disadvantages

(i) The output is distorted since negative half-cycles of input do not appear in the output.
(ii) The power amplification is less than that of class A amplifier.

OUTPUT PLATE

POINT	 CURRENTCUTOFF /----

 L I ---------
cc	 I	 cc

I	 I	 I

SIGNAL	 GRID8lA

Fig. 5.15

Applications
In class B operation, the output waveform of the positive half-cycles is fairly good but negative

half-cycles do not appear at all. However, it is possible to arrange two class B tubes in a circuit known
as push-pull circuit. One tube amplifies the positive half-cycle of the signal and the other tube
amplifies the negative half-cycle. In this way, both half-cycles of the input signal appear in the output
with the added advantages of hi g her output and efficiency. Push-pull circuit is, therefore, widely used
for power amplification.

3. Class C amplifiers. The amplifiers in which grid bias is greater than cut off value so that
plate current flows for less than half of the input signal cycle are known as class C amplfIers. The
class C operation is illustrated graphically in Fig. 5.16 where the grid is operated at a negative high
value of grid bias. The features of Class C amplifiers are high distortion, high power output and
excellent efficiency (about 75%). B ecause of their inherent distortion, the use of class C amplifiers is
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only limited to oscillators and final stages of radio transmitters where higher efficiency rather than
distortion is important.

ib

OUTPUT PLATE
 J_CURRENT

POINT	 ZI - - -
CUTOFF

-	 4 I	
I \	 I \	 10 ec

0I	 I

SIGNAL__
I	 GRID BIAS —I

Fig. 5.16

5.11 Amplifier Coupling Methods
The output from a *single amplifier stage is usually insufficient to drive an output device such as a
loudspeaker. Additional amplification over two or three stages is generally necessary. To accomplish
this, output of each amplifier stage is electrically coupled to the grid of the next amplifier tube as
shown in Fig. 5.17. The manner in which the output of one stage is fed for amplification to the next
stage is called coupling. There are several methods of coupling one stage of amplification to another.
In each method, the object is

(i) to transfer ac. output of one stage to the input of the next stage.

(it) to isolate the **d . c . conditions of one stage from the other.

r',-,, ,r,I I11I1	 II I.I('

FIRST STAGE	 SECOND STAGE	 THIRD STAGE

Fig. 5.17

Fig. 5.17 shows three stages of amplification. If the gains of respective stages are G 1 , G 2 and G11
then the total gain G is given by

•	 A single amplifier stage consists of a single triode (or any other grid-controlled tube) and associated circuit
such as plate load, grid bias circuit etc.

except for direct coupled amplifiers.
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= G>GxG,

The most commonly used coupling methods are R-C coupling, impedance coupling and rwzs-

fornicr coupling.

5.12 Res istce-Capacitance (R-C) Coupled Amplifiers
This is the most popular type of coupling and is employed in the voltage amplification stage. Fig.
5.18 shows two stages of R-C coupled amplifier. A resistance R1 is used as a plate load and capacitor
C ((1.01 to 0.! 1.iF) is used to connect the output of one stage to the grid of the next stage. Here, RL

and C,. form the coupling network and hence the name R-C coupled amplifier. The Rk - Ck combina-
tion forms the biasing network. The input capacitor C,,, allows only the a.c. signal to flow.

Operation. When the input signal of r,m.s. value E is applied to the grid of first valve V 1 , it
appears in the amplified form across plate load RL. The output across RL of valve V 1 is given to the
grid of valve V2 through the coupling capacitor C,. The second stage further does amplification. It
may he added here that coupling capacitor performs two useful functions viz:

+ Ebb

1
ONE STAGE

Fig. 5.18

(i) it offers low reactance to a.c. ; allowing a.e. output	 z
of V 1 to be transferred to the grid of V2.

(ii) it *prevents the high positive voltage on the plate of
V 1 from reaching the grid of next valve V2 since a capacitor
can only pass ac.

Frequency response. The voltage gain of an amplifier
varies with signal frequency. The curve between voltage gain T
and signal frequency of an amplifier is known as frequency
response. Fig. 5.19 shows the frequency response of an R-C

MID
FREQUENC
RANGE

50 Hz	 20 kHz

ip FREQUENCY

Fig. 5.19

* If C is not used, then full positive voltage of valve V1 will be applied to the grid of valve V2. This will
result in extremely high value of grid current in V2 and the grid structure would probably melt.. Moreover,
unfaithful amplification will result as grid is driven positive.
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coupled amplifier. The following points may be noted

(i) The gain is small at low frequencies (<50Hz). It is because Cc offers very high reactance at
low frequencies and, therefore, part of a.c. output of the first stage is lost across it.

(ii) The gain is constant in the mid-frequency range (50 Hz-20 kllz). This is also the audio
frequency range e.g. music, speech etc.

(iii) The gain is small at high frequencies due to the shunting effect of plate to cathode capaci-
tance.
Advantages:

(i) An R-C coupled amplifier has lower cost since it employs resistors and capacitors which are
quite cheap.

(ii) It occupies less space and weight since modern resistors and capacitors are quite small and
extremely light.

(iii) It has better frequency response. It is because the gain in mid-frequency region, which is the
region of most importance for speech, music etc., is nearly constant.
Disadvantages:

(i) The gain of an R-C coupled amplifier is comparatively small. It is because the effect of
loading of the next stage is appreciable which results in the lower effective load and hence less gain.

(ii) They tend to become noisy with the passage of time.
(ii,) Impedance matching is poor.
Applications. R-C coupled amplifiers are used for voltage amplification e.g. in the initial stages

of public address system or in the initial stages of a radio receiver.

5.13 Choke-Capacitance Coupled Amplifiers
A choke-capacitance amplifier differs from R-C coupled amplifier only in respect of load. The load
for choke-capacitance amplifier is a choke coil of large inductance and negligible resistance. Fig.
5.20 shows the two stages of a choke-capacitance coupled amplifier. The circuit is similar to R-C
coupled amplifier except that the load is a choke coil L instead of high resistance. Here, L-C, forms
the coupling network and hence the name choke-capacitance coupled amplifier.

+ Ebb

Fig. 5.20

The effect of plate-cathode capacitance is that load resistance is shunted by an a.c. path. The greater the
frequency, lower is the impedance of this shunting path. Therefore, effective load impedance is reduced
and hence the gain.
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When the signal is applied to grid of first valve V, it appears in the amplified form across plate
load L. The Output across L of valve V 1 is given to the grid of the next valve V2 through coupling
capacitor C( . The second stage renders further amplification.
Advantages:

(1) Lesser supply voltage Ebb is required. It is because there is a very little d.c. voltage drop in
L due to d.c. plate current flow.

(ii) Very little d.c. power is wasted in inductive load L as it possesses small resistance.
(iii) Higher voltage amplification can be obtained,

Disadvantages:

(i) Frequency response is poorer than R-C coupling.
(u) More costly due to high cost of choke.
(iii) Core saturation effects of choke due to direct current.
Due to poor frequency response, L-C coupling is rarely employed except for amplifying a nar-

row range of frequencies.

5.14 Transformer Coupled Amplifiers

This type of coupling is mostly employed for power amplification. Fig. 5.21 shows two stages of
transformer coupled amplifier. A transformer T (called coupling transformer) is used to feed the
output of one stage to the input of the next stage. The primary P of this transformer is made plate load
of valve V and its secondary Sgives the input to the grid of the next valve V2.

Operation. When an a.c. signal is applied to the grid of first valve V 1 , this causes an amplified
a.c. to flow through the plate circuit of V1 and hence primary P of the coupling transformer. The
inductive reactance of transformer primary multiplied by the plate current (r.m.s. value) gives the
output voltage appearing in the plate circuit of valve V 1 . This amplified voltage in the primary is
transferred to the input of the next stage by transformer secondary as shown in Fig. 5.21. The second
stage does amplification in an exactly similar way.

+ Lb,,

OUTPUT
TRANSFORMER
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TRANSFORMER

C.	 II
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Rk	 Rk	 —i-- C,

Fig. 5.21

Frequency response, The frequency response of a transformer coupled amplifier is shown in
Fig. 5.22. It is clear from the curve that frequency response is very poor. This can be explained as
under
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Output voltage across P = Plate load x plate current
= Reactance of primary P x plate current

The reactance of primary P depends upon frequency.
Lower is the frequency, lesser is the plate load and hence
smaller is the gain. This results in a disproportionate amplifi-
cation of frequencies in a complete signal such as music, with
lower frequencies getting amplified to smaller extent and
higher frequencies to greater extent.
/1(l'(IJi1Ut.CX :

(i) Hi gh gain can he obtained by using step-up coupling
transformer.

(ii) An excellent impedance matching can be achieved
in a transformer coupled amplifier.
Disadvantages:

(i) it gives poor frequency response.
(ii) Coupling transformers are bulky and fairly expensive.
(iii) Frequency distortion is higher i.e. low frequency signals are less amplified as compared to

high frequency signals.
Applications, it is used for power amplification e.g. in the output stage. It is because in the

output stage of an amplifier, we want to transfer power (rather than voltage) to a load. Maximum
power can be transferred only by impedance matching which is excellently done by transformer
coupled amplifiers.

Example 5.5. The parameters of a certain power triode are p = 20, r 1000 ft If a loud-
speaker having a resistance of 10 Q is to be supplied through a transformer from this triode, find ()
transformation ratio for transfer of maximum power (ii) the power supplied to the speaker when the
r. m. s. value of signal voltage is 8 V

Solution. Fig. 5.23 (i) shows triode supplying power to the loudspeaker through a transformer,

PLATE SUPPLY
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Let	 l	 ' rims. value of secondary current
l. = r.m.s. value ofa.c. component of plate current
R, = resistance of the loudspeaker

= N - No. of primary turns
N2 - No. of secondary turns

R1, = equivalent resistance of loudspeaker referred to primary = n2RL
The equivalent circuit of triode power amplifier is shown in Fig. 5.23 (ii).
(i) In order to transfer maximum power to the speaker,

= n2RL

_f-or	 n -

(ii) Maximum power absorbed by the load (i.e., speaker) is

/
2 

'max	 I, R1 = f	
E J 

RE

= (&2r

l2r) 1'

Pm==
	 (20x8)2 = 

6.4W
4r	 4x1000

(.. Rr,,)

5.15 Stages of a Practical Power Amplifier
A practical power amplifier has two main stages of amplification viz, voltage amplification stage and
output stage [See Fig. 5.24].

(i) Voltage amplification stage. Here, the voltage level of the weak signal is raised by employ-
ing two or more than two stages of voltage amplification. Generally, R-C coupled amplifiers are
used.

(ii) Output stage. This is the final stage and feeds power directly to the load e.g. speaker. This
stage essentially consists of a power amplifier and its purpose is to transfer maximum power to the
load.	 A

VOLTAGE	 VOLTAGE I	 1 OUTPUTAMPLIFI-	 AMPUFI-	
I STAGECATION I	 I CATION I

Fig. 5.24

As power handled by the output stage is quite large, therefore, current in the output stage is quite
high. If a single tube is used, it can only be employed as a class A amplifier for faithful amplifica-
tion. But the power efficiency of class A operation is very low. In order to have high efficiency, the
output stage generally employs two tubes in class B operation. This is known as push-pull arrange-

It is because only in class A operation, the complete signal (+ ye and - ye hail) is obtained in the output.
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merit. One tube amplifies the positive half-cycle of the signal and the other tube amplifies the nega-
tive half-cycle of the signal.

5.16 Push-Pull Amplifier

The power efficiency of a class A amplifier is quite low (about 25%). In order to increase the effi-
ciency in power amplification, two tubes are used in* push-pull arrangement in the output stage. One
tube amplifies the positive half-cycle of the signal while the other tube amplifies the negative half-
cycle of the signal.

Circuit details. Fig. 5.25 shows the circuit where two tubes V 1 and V2 are used in push-pull.
Both the tubes are operated in class B operation i.e. plate current is nearly zero in the absence of the
signal. The centre-tapped secondary of the input transformer T1 supplies equal and opposite voltages
to the grid circuits of the two tubes. The output transformer T, has centre-tapped primary. The output
is taken across the secondary of output transformer T2.

Operation. Suppose during the positive half cycle of the signal (marked I), the end A of the
input transformer is positive and end B is negative. This will make the grid of valve V 1 more 'posi-
tive and that of valve V2 more negative. Thus valve V 1 conducts (solid arrow heads) and valve V2 is

cut off. Therefore, this half-cycle of the signal is amplified by valve V1 and appears in upper half of
the output transformer primary. In the next half-cycle of the signal (marked 2), valve V2 conducts
(dotted arrow heads) and valve V 1 is cut off. Therefore, this half-cycle of the signal is amplified by
valve V2 and appears in the lower half of output transformer primary.

The plate currents flow on alternate half-cycle of the signal through the centre-tapped primary of
the output transformer and since they are in opposite direction, the effect is the same as a normal sine
wave a.c. (See Fig. 5.25). This induces voltage in the secondary of the output transformer.

4 ......	 4.

Tv
Fig. 5,25

*	 So called because when one tube is pushing (conduction), the other is pulling (stopping conduction).
This does not mean that either grid will actually become positive. It cannot happen because the d.c. grid
bias keeps both grids at a negative potential.

t	 Both valves are operating in class B operation i.e. they are biased to cut off. Here, grid of valve V1 becomes
less negative and grid of valve V2 more negative. Hence V2 does not conduct.
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ldvaniages:
(i) The efficiency is much higher (about 80%).

(ii) As d.c. plate currents of the two tubes flow in opposite directions in the two halves of the
output transfbrrner primary, therefore, core saturation effect is eliminated.

(iii) For the same plate dissipation, the output power is nearly 5 times that of  single tube amplifier.
(iv) The signal input voltage is divided between the two halves of the input transformer. There-

fore, the input circuit can handle double the grid voltage of single tube operating as class A amplifier.
Disadvaniages:

(1) Two tubes have to be used,
(ii) There may be unequal amplification of two halves of the signal if the parameters (t, g,,, "a)

of the two tubes are not equal.
Applications. It is used in the final stages of  power amplifier e.g. public address system.

Multiple-Cho
1. For faithful amplification, the control grid

should be ....... . w.1. cathode.
(1) positive	 (ii) at zero potential

(iii) negative	 (iv) none of the above
2. The actual voltage gain of a triode amplifier

is less than j.i due to ........
(i) grid being negative w.r.t. cathode
(ii) voltage drop in the a.c, resistance of the

tube
(iii) plate being positive w.r.t. cathode
(iv) none of the above

3. The output and input voltages of a grounded
cathode amplifier have a phase difference
of........
(i) 90°	 (ii) 0°

(iii) 270°	 (iv) 1800

4. A voltage amplifier is designed to have ........
(I) high ji and R1

(ii) high r and low R,

(iii) low p and high RL

(iv) none of the above
5. The best frequency response is provided

by........
(1) transformer coupling
(ii) direct coupling

(iii) R.C. coupling
(iv) impedance coupling

6. The output stage of a practical amplifier al-
ways employs ........

cc Questions
(I) R.C. coupling
(ii) direct coupling
(iii) transformer coupling
(iv) impedance coupling

7. Voltage amplifiers are operated as ........
amplifiers.
(i) class A	 (ii) class C

(iii) class B	 (iv) none of the above
8. The plate efficiency of class A amplifier is

about ........
(i) 50%	 (ii) 70%

(iii) 5%	 (iv) 30%
9 . ........ operation results in severe distortion.

(I) Class C	 (ii) Class A
(iii) Class B	 (iv) none of the above

10. The best tube for high-frequency application
is........
(I) triode valve	 (ii) pentode valve

(iii) tetrode valve (iv) none of the above
11. The maximum plate efficiency for class B

operation is ........
(1) 50%	 (ii) 40%

(ii:) 78.5%	 (iv) 35%
12. The iiput impedance of a vacuum tube am-

plifier is ........
(i) zero	 (ii) small

(iii) large	 (iv) data insufficient

13. In a vacuum tube amplifier, grid bias is pro-
videdby ........
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(i) a bias battery
(ii) a bias resistor

(iii) mains a.c. voltage
(iv) none of the above

14. The magnitude of bias voltage is determined
by........
(I) plate supply voltage
(ii) filament voltage
(iii) load resistance
(iv) magnitude of signal

15. If no bias is employed in a vacuum tube
amplifier, then ........
(i) plate current may increase
(ii) there will be distortion in the output
(iii) electron emission will not be proper

(iv) tube may bum
16. Ifa single tube is used in the output stage of

a practical amplifier, it must have...........op-
eration.
(i) class A	 (ii) class B
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(iii) class C	 (is') none of the above
17. In order to obtain maximum voltage gain,

coupling should he employed.
(I) RC	 (ii) direct

(iii) transformer	 (iv) impedance
18. Power amplifiers are generally operated in

operation.
(i) class A	 (ii) class B

(iii) class C	 (iv) none of the above
19. For the same plate dissipation, the output

power of a class B push-pull amplifier is
nearly ...........that of a class A amplifier.
(i) 2 times	 (ii) 3 times

(iii) 2.4 times	 (iv) 5 times
20. Direct coupling is used for ...........amplifi-

cation.
(i) very low frequency

(ii) audio frequency
(iii) radio frequency
(iv) ultra high frequency

Answers to Multiple-Choice Questions

1. (iii)	 2. (ii)
	

3. (iv)	 4. (1)	 5. (ii)
6. (ii)	 7. (i)
	

8. (iv)	 9. (1)	 10. (ii)
II. (iii)	 12. (iii)
	

13. (if)	 14. (iv)	 15. (ii)

16. (i)	 17. (iii)
	

18. (ii)	 19. (iv)	 20. (f)

Chapter Review Topics

1. What do you understand by vacuum tube arnrliticr Explain the action of a triode amplifier.
2. What do you mean by faithful amplification? how will you achieve it in a vacuum tube amplifier?
3. Describe the action of triode amplifier graphic:ihy.
4. Obtain the ac. equivalent circuit of a triode and hence derive the expression for voltage gain.
5. What do you understand by triode biasing? Explain any two methods of self-biasing a triode.
6. Draw the circuit of a practical triode amplifier and explain the function of each component.
7. What do you understand by coupling of amplifiers 7 What is its need'?
8. Describe the characteristics of class A, B and C amplifiers.
9. Describe the circuit details, working, advantages and disadvantages of: (:) R-C coupled amplifiers.

(ii) Choke-capacitance coupled amplifiers. (iii) transformer-coupled amplifiers.

10. Explain the working of a push-pull amplifier with a neat sketch. What are the advantages and disad-
vantages of this circuit?

II. Write short notes on the following
(i) Operating point (ii) Phase reersal (iii) Stages uf a practical power amplifier.
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Problems

I. hod the voltage gain ofa triode amp lilier if p = 30, r1, 20 kO and plate load R, = MO.	 1101

2. Find the output voltage for a triode amplifier ifr = 20 kO	 ID kO and input voltage = 5 V. lake
50.	 143.3V1

3. A triode amplifier has mutual conductance 0.5 miVV and plate resistance r,, = 13 M. Find (i) the
voltage amplification for a resistive load ot40 kO (/) the power output when a sinusoidal signal of
peak value 2V is applied to the grid. 	 t() 4.9 (11)1.2 mWJ

4. the slope oII5 'l  characteristic ola triode is 0.2 mA/volt and that of i5fE characteristic 1.3 mAIvolt.
liplaIc load R,	 8 kQ. find the voltage arnplilication. 	 141

5. A pentode having a mutual conductance of I mA/V and ac. plate resistance of 800 kO is used as a
voltage amplifier with a resistive load o15() kO Calculate the voltage amplification obtained. 1471

6. The peak value of a sinusoidal voltage applied to the grid of a triode is IV. The valve has a plate
resistance of 9k0 and an amplification factor 18 and the load resistance is 20 M. Find (1) the r.m.s.
value of alternating component of plate current (ii) the r.rn.s. value of alternating voltage across the
load and (iii) the voltage amplification of the system. 	 I(s) 0.439 mA (ii) 8.78 V (iii) 12.41

7. A triode has an amplification factor of 20 and ac. plate resistance of 10 M. Determine the r.m.s.
value ofa.c. component of voltage across a purely resistive load of 50 k12 when an r.m.s. voltage of
1.8 V is applied between grid and cathode. 	 .	 130V1

8. A triode has the following parameters 4 k12 and g,,, = 3mAIV. This triode is to supply power to
a loudspeaker through an ideal transformer. If the resistance of loudspeaker is 200, calculate (i) the
ratio of transformation for ma.'dmum power transfer and (ii) the power supplied to the speaker when
the signal voltage applied to the grid has an r.m.s. value of 2V.	 1(1) 14.14 : 1(11)36 mWI

Discussion Questions

1. Why cannot vacuum diode do anipliuication?
2. Why is coupling necessary in multistage amplifiers?
3. Why are voltage amplifiers always operated in class A operation?
4. Why are power amplifiers generally operated in class B operation ?
5. Why is the efficiency of class A operation low?
6. Why is transformer coupling used for power amplification ?



Gas-Filled Tubes

Introduction

In the vacuum tubes we have been discussing so far, the electrons flow from cathode to anode in
vacuum. In such tubes, extreme care is taken to produce as perfect a vacuum as possible to prevent
ionisation of gases and the resulting large uncontrolled currents. It may be recalled that the secret of
triode is the fine control of free electrons within valve by the ekctrostatic 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 as-filled tubes are capable of doing various jobs that vacuum
tubes cannot perform and which ar pecialty 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.

6.1 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 10mm of Hg to 50mm. 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 characteristic 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 electrons 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-
cathode type.

The ability of  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 efficienc y. But a gas filled tube has one special ability which the
wire does not possess ; the ability to carry current in one direction.

99



PLATE

CATHODE

G RID

	

PLATE

 

S

CATHODE

Fig. 6.3 Fig. 6.4

100	 Principles of Electronics

Cold-cathxlc type. in this type ot gas hued tubes, the c;ilhudc is iou hcalcd a '; ilia 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 the underlying reasons for the start
of conduction in cold-cathode gas tubes. Most cold-cathode tubes are used a' diodes.

PLATE	 PLATE

GRID

CATHODE	 .	 CATHODE

Fig. 6.1	 Fig. 6.2

Fig. 6.1 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. 6.2 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 arc used as diodes, triodes and tetrodes.

Fig. 63 shows the schematic symbol of a hot-cathode gas diode, known as phanotron whereas
Fig. 6.4 shows the symbol of hot-cathode gas triode, known as thyrairon.

6.2 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. 6.5. 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.rt.



Gas-Filled Tubes	 101

cathode, the electrons (black dots) from the space charge speed towards the anode and collide with
gas molecules (white circles) in the tube.
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Fig. 6.5

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 (white 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 ions sléwly drill 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 regading 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.
(ii) 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 neutral isation of space charge by
the positive gas ions. The ionisation voltage depends upon the type and pressure of gas in the tube.

(iii) 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.

6.3 Cold-Cathode Gas biode

Fig. 6.6 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. 6.7 shows a circuit that can be used to investigate the operation of cold-cathode
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gas diode. Ilectric conduction through the tube passes through three successive discharge phases
'.'i:. 1 owiiscntl discharge, the glow discharge and the arc discharge.

(i) Townsend discharge. At low anode-cathode voltage, [he 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 etc.) 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.

Fig. 6.6	 Fig. 6.7
(ii) 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. 1 his 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 Eb 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.

(iii) 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 farther increased, the discharge becomes an arc.

*	 The volt-ampere characteristics of glow tube were first investigated by J. S. Townsend in 1901 and hence
the name.
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6.4 Characteristics of Cold-Cathode Diode
The volt-ampere cl)aractcristic ol ,I diode is shown in Fig. 6. At low anode-cathode
voltage, the iuhc current is very small (I mA) and i.s due to the ionisation of gas molecules by the
natural SOUFCCS. This stage of conduction upi voltage B is known as Townsi'iul dicharge and is non-
self maintained discharge because it requires an external source to cause ionisation. At some critical
voltage such as /?, 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 IT)), voltage across the tube remains constant even if the plate current
increases.
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After the glow discharge, the voltage across the tube no longer remains constant. Now, if the
supply voltage is raied, 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.

6.5 Applications of Glow Tubes

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

(i) As a voltage regulating tube. A glow tube
maintains constant voltage across it in the glow dis-
charge region. This characteristic permits it to be
used as a voltage regulating tube. Fig. 6.9 shows a
simple circuit commonly used to maintain constant
voIage across a load. The glow tube (VR tube) is
connected in parallel with the load RL across which
constant voltage is desired. So long as the tube op-
erates in the glow discharge region, it will maintain
constant voltage (= 150V) across the load. The extra
voltage is dropped across the series resistance R.
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(ii) As a polarity indicator As the cathode is surrounded by a characteristic glow, therefore, it
G111 be useful to indicate the polarity of a direct voltage.

(iii) .4s an electronic switch, which closes at ionisation potential, permitting a large current to
flow, and opens at the deionising voltage, blocking the current flow.

(iv) As a radioJrequcncyfiL'ld 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.

6.6 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 wr.t. cathode.

Operation. Fig. 6. 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
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.

Fig. 6.10	 Fig. 6.11

Plate Characteristics. Fig. 6. 10 shows the circuit that can be used to determine the volt-ampere
(Eh/I,) characteristics of a hot-cathode gas diode. The series resistance R is used to limit the current
to reach a dangerously high value. Fig. 6.11 shows the plate characteristic of hot-cathode diode. It is
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
E5 above point A results in higher plate current (I,,) and large drop across R but the voltage Eb across
the tube remains constant.
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6.7 Thyratron

A hot-cathode gas triode is known by the trade name thjrairon. As discussed before, a gas diode
tires at a fixed plate potential, depending upon the type of us 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, ifa 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 he tired at any plate potential.

Construction. Figs. 6.12 (i) and 6.12 (a) respectively show the cut-away view and schematic
symbol of a Ihyratron. 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 ofthvratron 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.
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Fig. 6.12

Operation. Whencathode is heated, it emits plenty of electrons by thermionic emission. If tile
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
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 isonl y to
start the conduction f 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
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until suflicicrit plate current is flowing to cause ionisation. I lowever, by adjusting the negative
voltage on the grid, the desired plate current can be obtained to cause ionisation:

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

6.8 Applications of Thyratron
As the grid voltage has no control over the magnitude o1paie current once the thyratron fires, there-
fore, 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. ih yratrons are also used as controlled rectifiers for
controlling the amount of d.c. power fed to the toad. They are also used in motor control circuits.

Multiple-Choice Questions

I. A gas diode can conduct .........the equiva-
lent vacuum diode for the same plate volt-
age.
(I) less current than
(ii) more current than

(iii) same current as
(iv) none of the above

2. A gas-filled tube has ........resistance be-
fore ionisation.
(I) very high	 (ii) small

(iii) very small	 (iv) zero
3. The PIV of a hot cathode gas diode is ........

the equivalent vacuum diode.
(i) the same as that of
(ii) more than that of
(iii) less than that of
(iv) none of the above

4. The anode-to-cathode potential of a gas-
filled tube at which gas deionises and stops
conduction is called ........potential.
(1) extinction	 (ii) striking

(iii) ionising	 (iv) none of the above
5. A thyratron can be used as ........

(i) an oscillator	 (ii) an amplifier
(ii,) a controlled switch
(iv) none of the above

6. The internal resistance of  gas-filled tube is
that of a vacuum tube.

(1) the same as	 (ii) more than

(iii) less than	 (iv) none of the above

100 to 1000 i sec.

7. A cold cathode tube is generally used as a

(I) diode	 (ii) triode
(iii) tetrode	 (iv) pentode

8. Conduction in a cold cathode tube is started
by........
(i) thcrmioiiic emission
(ii) secondary emission
(iii) natural sources
(iv) none of the above

9. The cathode heating time of therm ionic gas
diode is ........that of a vacuum diode.
(I) the same as	 (ii) much more than

(iii) much less than (iv) none of the above
10. The solid state equivalent of thyratron is

(i) FET	 (ii) transistor
(iii) SCR	 (iv) crystal diode

11. The solid state equivalent of cold cathode
diode is .........
(1) zener diode	 (ii) crystal diode

(iii) LED	 (iv) transistor
12. The noise in a gas-filled tube is ........that in

a vacuum tube.
(i) the same as	 (ii) more than

(iii) less than	 (iv) none of the above
13. The ionisation potential in a gas diode de-

pends upon ........
(i plate current

(ii) cathode construction
(iii) size of the tube
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(iv) type and pressure of gas

14. If the gas pressure in a gas-tilled diode is
increased, its PIV rating ........
(i) remains the same
(ii) is increased

(iii) is decreased
(iv) none of the above

IS. Once athyrauon is fired, its control grid
over the plate current.
(i) loses all control
(ii) 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.
(1) grid	 (ii) plate

(iii) filament	 (iv) none of the above
17. lonisation of cold cathode diode takes place

at ........plate potential compared to hot cath-
ode gas diode.
(I) the same	 (ii) much higher

(iii) much lesser	 (iv) none of the above
18. A gas-filled tube has ........internal resistance

after ionisation.
(1) low	 (ii) 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	 (ii) less

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

(1) a rectifier
(ii) a power-controlled
(iii) a regulating
(iv) an amplifier

Answers to Multiple-Choice Questions

3. (ii:)	 4. (:)
8. (iii)	 9. (ii)

13. (iv)	 14. (ii:)
18. (i)	 19. (it)

1. (ii)
	

2. (1)
6. (iii)
	

7. (i)

16. (ii)	 17. (ii)

5. (ii:)
10. (iii)
15. (i)
20. (iii)

Chapter Review Topics

1. Explain the differences between a gas tube and equivalent vacuum tube.
2. Explain how ionisation takes place in a hot-gas diode. How does current conduction take place in such

a tube?
3. Give the schematic symbols of glow tube, hot-cathode gas diode and thyratron.
4. Explain the construction, operation and characteristics of a glow tube.
S. Discuss some applications of glow tubes.
6. What is a th yratron ? I low does it differ from a vacuum triode?
7. Write short notes on the following:

(1) Characteristics of hot-cathode gas diode
(ii) Applications of thyratrons

Discussion Questions
1. What are the advantages of gas tubes over vacuum tubes?
2. What is the difference between the action of thyratron and vacuum triode?
3. Why cannot thyratrons be used as rectifiers for high voltages?
4. Can gas diodes be used as rectifiers for high voltages?
5. What is the drawback of a gas diode compared to a thyratron?
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Atomic Structure

Introduction

The study of atomic structure is of considerable importance for electronics engineering. Unfor-
tunately, the size of an atom is so small that it is virtuall y 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 stud y ing the proper-ties of atom experimentally. After this, a
gue. is made regarding the possible structure of atom, which should satisfy the properties stud-
ied experimentally.

Various scientists have given different theories regarding the structure of atom. However, for the
purpose of understanding electronics, the study of l3ohr's atomic model is adequate. Although nu-
merous 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.

7,1\çr's Atomic Model

In 1913, Neils Bohr, Danish Physicist gave clear explanation of atomic structure. According to Bohr:
(i) Ail atom consists ofa positively charged nucleus around which negatively charged electrons

revolve in d ik;cnt circular orbits.

(ii) The electrons can revolve round the nucleus only in certain permitted orbits i.e. orbits of
certain radii are allowed,

(iii) The electrons in each permitted orbit have a certain fixed amount of energy. The larger the
orbit ( i c. larger radius), the greater is the energy of electrons.

(iv) If an electron is given additional energy (e.g. heat, light etc.), it is lifted to the higher orbit.
The alum 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 oiheat,
light or other radiations.

Fig. 7.1 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 third orbit. The first, second, third orbits etc. are also
known as K, L. Al orbits respectively.

These electrons can revolve only in permitted orbits (i.e. orbits of radii r 1 , r2 and r3 ) and not inan y arbitrary orbit. Thus, all radii between r 1 and r2 or between r2 and r3 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

The values of radii are determined from quantum considerations.*

108



NUCLEUS

(i)
Fig. 7.2

4
	 So that its total energy is equal to that of second orbit.
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second orbiL jusi the 'right amount ofenergy 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 radia-
tions.

(i) (ii)

3rd 01
2m

Fig. 7.1

AJIcrgv Levels

It has already been discussed that each orbit has fixed amount of energy associated with it. The
electrons moving in a particular orbit posses. the.ene	 halorhit The larger the orbit, thgreater

is its energy. 	 ecomes clear that outer orbit electronossess more energy than the inner orbit
clectron	 --

-.A convenient way ' of representing tile eneWqfdifintorhit&Js shown i Fig,J.2 (ii). This is
known as enevgylevel.diagram. The first orbiLieprese6the j7rsI enerijyç]. he second orbit

so on The larger the or—bit—of anlectron the greater is its

energy and higher is the energy level. 	 L
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Energy Bands
In CiLSC of  single isolated atom, the electrons in any orbit possess dclinitc energy. }Iiiwcver, 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  energy band.

>	 range of energies possessed by an electron in a solid is known as energy hand.
ENERGY

(i)	 (ii)	 (iii)
Fig. 73

The concept of energy band can he easily understood by referring to Fig. 7.3. Fig. 7.3 (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 hand [See Fig. 7.3 (iii). The electrons
in the first orbit can have any energy range in this hand. Similarly, second orbit electrons form second
energy hand and so on.

74/Important Energy Bands in Solids
As discussed before, individual K, L, Al 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
so'ids, the following are of particular importance [See Fig 7.41

(i) Valence band. The range a energies (i.e. hand)
possessed by valence electrons is known as valence band.

The electrons in the outermost orbit of an atom are -
known as valence electrons. Inanorina] atom. a1cnce
band has the electrons of highest energy. This band may,	 FORBIDDEN
beconip!ctely. or_partially filled. .For instance, in case of z	 ENERGYUj
inert gases, the valence band is full whereas for other ma- a	 GAP
rerials, it is only partially filled. The partially tilled band

cacan accommodate more electrons. VALENcEBAN

(ii) Conduction band. In certain materials (e.g. met-
als), the valence electrons are loosely attached to the------ -	 - --
nucleus. Even at ordinary temperatures some ot the Va-	 Fig. 7.4
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lencc electrons my get detached to become lice electrons. In fact, it is these Ir electrons which-arc-
responsible for the conduIionijt current in aconductoL jFo r this rcasonthcyrc called çoiducn(n
electrons.

The range of en crier i.e. band) possessed by conduction band £[cc:rons is Lnown as conduc.

tionband.
All electrons in the conduction band are free electrons. If ;I has empty conduction

band, it means current conduction is not possible in that substance. Generally, insulators have empty
cond9ion band. On the other hand, it Is partially filled for conductors.

d
i^J'?i) t.fidden energy gap. The separation bet r'een conduction band and valence band on th

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 ol the bondage )f valence electrons
to the atom. The greater the energy gap, more tiglilly the ' valence electrons are hound 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.

S
7$' Qassifica lion of Solids and Energy Bands

We know that sortie 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. Thjcrons in th.,
lower energy hnd are tightly bound to the n4usiijy
no part in the conduction process. However, the valence and
conduction bands are of particular importance in ascertain- 	 'CONDUCT ION BAND
ing the electrical behaviour ot various solids. 

\	 (i) Insulators.	 wood, glass ctcJicc
>-

tHose substances which do notjjowifhe passage of electric U.115C
	 FORBIDDEN

mcurrent through the. In terms [nergy_baniL1hc valence W	 1	 BAND
band is full while he con(tuctionban tiscinpy. Further, the 	 I	 I
energy gap_ between valence -and -conduction bands is very_ ca

iiSV)lF7 5rrer	 VALENCE BAN

electic field is required to push the valence electrons-"e
conduction hand. For this reason, the elcctricaLconducth'ity_
of such materials is extremely smaland may he regarded as 	 Fig. 7$
t11 under ordinary conditions.	 -

At room temperature. the valence electrons of the insulators do not have enough energy to cross
over to the conduction band. However, when the tern-
pureiaised, some of the valence electrons may ac- 	 CONDUCTION AND

e enough energy to cross over to the conduction band.
Hence, the resistance of an insulator decreases with the

r7cascintei1ure i.e. an insulator has neative tern-,
perature co-efficient of resistance.	 -	 Z

Conductors. Conductors— . copcalu-
miniumjare those substances which easily allow the ms- 	 VALENCE BAND
sage of electric current throughibcmn. It is hecic thcrc

a large number of free electrons available in a con-
i uctor. In terms of energy band, the valence and conduc-
tion hands overlap each other as shovn in Fig. - 7.6. Due	 Fig. 7.6
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to this ovcrlupping, a slight potential diticrcnce across a conductor causes the free electrons to consti-
electric current. i'hus, the electrical behaviour of conductors can be satisfactorily explained by

the hand e,pergy theory of materials.

EtiyScmicondutors. Semiconductors (e.g. germarium, silicon etc.) are those substances whose
electrical conduc ivis inbetween conductors and

	

of energy hand, the valence band 	

=BAND
i iTrsi liMed and conduction band is almost empty.EMPTY
Further, the energy gap between valence and conduc- a 	 j_
uninds is v	 small as shown i.ni Fig. 7 7 There-

fore, comparativcjy smaller electric field (smalkr than w 	 I eV
insulators but much greater than conductors) is re- 
qwred push the eletrons from the valence band to
the conduction band. In short, a semiconductor has

- (a) almost full valence band
(b)almost emptyconduction band

	

(c) small energy gap ( I eV) between valence	 Fig. 7.7
and conduction bands.

At low temperature, the valence band is completely full and conduction band is completely
empty. Therefore, a semiconductor virtually behaves as an insulator at low temperatures. However,
even at room temperature, some electrons (about one electron for 1010 atoms) cross over to the
conduction band, imparting little conductivity to the semiconductor. As the temperature is increased,
more valence electrons cross over to the conduction band and the conductivity increases. This shows
that electrical conductivity of a semiconductor increases with the rise in temperature i.e. a semicon-
ductor has negative temperature co-efficient of resistance.

Multiple-Choice Questions

I. The electrons in the third orbit of an atom
have ........energy than the electrons in the
second orbit.
(i) more	 (ii) less

(iii) the same	 (iv) none of the above
2. When an electron jumps from higher orbit

to a lower orbit, it ........energy.
(I) absorbs
(ii) emits
(iii) sometimes emits, sometimes absorbs
(iv) none of the above

3. Which of the following is quantized accord-
ing to Bohr's theory of atom?
(i) linear momentum of electron
(ii) linear velocity of electron

(iii) angular momentum of electron
(v) angular velocity of electron

4. A semiconductor has ........band.
(I) almost empty valence

(ii) almost empty conduction
(iii) almost full conduction
(iv) none of the above

5. The electrons in the conduction band are
known as ........
(1) bound electrons
(ii) valence electrons

(iii) free electrons
(iv) none of the above

6. In insulators, the energy gap between valence
and conduction bands is ........

	

(i) very large	 (ii) zero

	

(iii) very small	 (iv) none of the above
7. In a conductor, the energy gap between va-

lence and conduction bands is ........
(i) large	 (ii) very large

	

(iii) very small	 (iv) none of the above

8. According to Bohr's theory of atom, an elec-
tron can move in an orbit of........
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(1) any radius

(ii) certain radius
(iii) some range of radii

(iv) none of the above
9. In a semiconductor, the energy gap between

valence and conduction bands is about

	

(1) 15 eV	 (ii) 100 eV

	

(iii) 50 eV	 (iv) I eV
10. The energy gap between valence and con-

duction bands in insulators is about

	

(1) 15 eV	 (ii) 1.5 eV
(iii) zero	 (iv) 0.5 eV;

Answers to Multiple-Choice Questions

1. (1)	 2. (ii)	 3. (ii:)	 4. (ii)	 5. (ii:)
6. (1)	 7. (ii,)	 8. (ii)	 9. (iv)	 10. (:)

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. (live the energy band description of conductors, semiconductors and insulators.

Discussion Questions

I. 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?

2

C)



Semiconductor Physics

Introduction

Certain substances like germanium, silicon, carbon etc. are neither good conductors like copper nor
insulators like glass. In other words, the resistivity of these materials ties inbetween conductors 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 semicon-
ductor device 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 in-
creasingly popujar. In this chapter, we shall focus our attention on the different aspects of semicon-
ductors.

8.1	 conductor f(
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:

C" semiconductor is a substance which has resistivity (10-410 0.5 m) 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
vhy not to classify it as a resistance material? The answer shall be readily available if we study the
following table

	

S.No.	 Substance	 Nature	 Resistivity

Copper	 good conductor	 1.7 x 10-8 !n m

	

2	 Germanium	 semiconductor	 0.6 Q m

	

3	 Glass	 insulator	 9 x 10 0 m

	

4	 Nichrome	 resistance material	 10 0 m

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 inbetweeri cqnductors 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 insulatoi
or a resistance material. This gave such substances like germanium the name of semiconductors.
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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.
\perties of Semiconductors

(I) The resistivity of  semiconductor is less than an insulator but more than a conductor.
(ii) Semiconductors have negative temperature co-efficient of resistance i.e. the resistance of a

semiconductor decreases with the increase in temperature 1and vice-versa. For example, germanium
is actually an insulator at low temperatures but it becomes a good conductor at high temperatures.

(iii) 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. 	 .f

8.2 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-vaIjp 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.

Fig. 8.1 shows the co-valent bonds among germanium atoms. A germanium atom has *4 valence
electrons. It is the tendency of each germanium atom to have 8 electrons in the last orbit. To do so,
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-S	 -

COVALENT BONDS AMONG Ge ATOMS
(i)

Fig. 8.1.

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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each germanium atom positions itself between four other germanium atoms as shown in Fig. 8.1 (i).
Lach neighbouring atom shares one valence electron with the central atom. In this business of shar-
ing, the central atom completes is last orbit by having 8 electrons revolving round the nucleus. In this
way, the central atom sets up co-valent bonds. Fig. 8.1 (ii) shows the bonding diagram.

The hollowing points may he noted regarding the co-valent bonds
(i) Co-valent bonds are formed by sharing of valence electrons.
(it) In the formation ofco-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 par-
ticular atoms. For this reason, valence electrons in a semiconductor are not free.

83./rysta1s

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. 8. 1, it is clear that each.
atom is surrounded by neighbouring atoms in a repetitive manner. Therefore, a piece of germanium
is generally called germanium crystal.

8.4 Commonly Used Semiconductors

There are many semiconductors available, but very few of them have a practical application in elec-
tronics. The two most frequently used materials are germaniumJGe)d 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 bonds) is very small; being 0.7 eV for germanium and 1. I eV for silicon. Therefore, we
shall=iscs these two semiconductors in detail.
ç rmanium. Germanium has become the model substance among the semiconductors; the
m'in 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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(i)	 (ii)
Fig. 8.2

The atomic number of germanium is 32. Therefore, it has 32 protons and 32 electrons. Two
electrons-are in the first orbiL eight electrons in the second eighteen electrons in the third and four
electrons in the outer or valence orbit [See Fig. 8.2 (i)]. It is clear that germanium atom has four
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valence electrons i.e., it is a tetravalent element. Fig 8.2 (ii) shows how the various germanium
atoms are held through co-valent bonds. As the atoms are arranged in an orderly pattern, therefore.

rmaruum has crystalline structure.
&. (ii) 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 i; 100% pure for use as a
semiconductor.
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(i)
Fig. 8.3

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. 8.3 (1)]. It is clear that silicon atom has Four valence electrons i.e. it is a tetravalent element.
Fig. 83 (ii) shows how various silicon atoms are held through co-valent bonds. Like germanium,
silicon at	 arearc also arranged in an orderly manner. Therefore, silicon has crystalline structure.

8.5,Inergy 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 10 1 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 con-
duction band with a very small energy gap ( I eV) separating the two.

Figs. 8.4 and 8.5 show the energy hand diagrams of germanium and silicon respectively. It may
be seen that forbidden energy gap is very small; being 1.1 cV 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 elections 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.

8./4ffect 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. 8.6 (z)].

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:
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Fig. 8.6

(ii) 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 it,

the semiconductor. These free electrons can constitute a tiny electric current if potential difference is
applied across the semiconductor crystal [See Fig. 8.7 (1)]. This shows that the resistance of a semi-

Out of I0 0 semiconductor atoms, one atom provides a free electron.
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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.

(i)

	

	 (ii)

Fig. 8,7

Fig. 8.7 (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 hole 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 m St significant concept in semiconductors.

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
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 hcile ii create—d. 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. 8.8) 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 Al) 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 tvalence electrons from one co-

'	 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.
t	 Unlike the normal current which is by free electrons.
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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 how is the presence of holes in the co-valent bonds. Therefore, it is more appropriate to
consider the current as the movement of holes.

Fig. 8.8

Energy hand description. The hole current can be beautifully explained in terms of energy
hands. Suppose due to thermal energy, an electron leaves the valence band to enter into the conduc-
tion band as shown in Fig. 8.9.

CONDUCTION BAND

eV

I"N 
1 
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Fig. 8.9

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, the valence electron at N moves into the hole at
M'. Consquently, hole is created at N. It is clear that valence electrons move along the path PNML

Q
whereylolcs move in the opposite direction i.e. along the path LMNP.

8.8J Intrinsic Semiconductor
A semiconductor in an cxtrenelypureform 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 ho/es as shown in Fig. 8.10. 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-
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ductor is by both free electrons and holes. Therefore, thc total current inside the semiconductor is the
sum of currents due 10 free electrons and holes.

FREE ELECTRONS

4 -.	 1--.	 4	 .
B

0-	 0- 	 0 -4

HOLES -+

.	 -4-

Fig. 8.10

It may be noted that current in the external wires is billy electronic i.e. by electrons. What about
the holes? Referring to Fig. 8. 10, holes being positively charged move towards the negative terminal
of supply. As the holes reach the negative terminal B, electrons enter the semiconductor crystal near
the terminal and combine with holes, thus cancelling them. At the same time, the loosely held elec-
trons near the positive terminal A are attracted away from their atoms into the positive terminal. This
creates new.ho1es near the positive terminal which again drift towards the negative terminal.

8.9,,Ixtrinsic Semiconductor

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 scm/conduct or.i he process of adding impurities to a
semiconductor is known as doping) The amount and ty f such impurities have to be closely
controlled during the preparation otextrinsic semiconductor. Generally, for 10' s 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

(/) n-type semiconductor	 (ii) /)-type semiconductor

Semiconductor

When a small amount ofpcniavalenz impurity is added to a pure semiconductor, it is known as
n-type semiconductor.)

The addition of pentavalent impurity provides a large number of free electrons in the semicon-
ductor crystal. Typical examples of pentavalent impurities arc arsenic (At. No. 33) and antimony
(At. No. 51). Such impurities which produce n-type semiconductor are known as donor impurities
because they donate or provide free electrons to the semiconductor crystal.
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To explain the formation of n-type semiconductor, consider a pure germanium crystal. We know
that germaniurn When a small amount of pentaa1ent impurity like
arsenic is added to germanium crystal, a lare nnber of free electrons becornevaIeJJb

The reason is le.senicis pentavalent i.e. - its atom has five V lectron. An
arsenic atom fits in the germanium crystal in such a way that its four valence electrons -form covalent

boswithfour germanium atoms. The fifth valence electron of arsenic atom finds no place in co-
valent bonds and is thus free as shown in Fig. 8.1 I. Therefore, for each arsenic atom added, Ae free
electron T1T 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 mil-
lions of free electrons.

Fig. 8. 12 shows the energy band description of n-type semi-conductor
lent impurity has produced a number of conduction band electrons i.e.,
valence electrons of pentavalent atom form cova-
lent bonds with four neighbouring germanium at-
oms. The fifth left over valence electron of the
pentavalent atom cannot be accommodated in the 	 •	 •

The addition of pentava-
free electrons. The four

UCTION
ND

valence band and travels to the conduction band.
The followinr points may be noted carefully :

"a y new free electrons are produced a
by the addition of pentavalent impurjt . 	

I	 VABLE

(ii) Thermal energy ofroom ternperatpre51il1
eneratefëwo1e-ekctron pairs However, the.

number of free electrons provi 	 y the pentava
lent impurity fair exceeds the number of holesjt_ 	 Fl 8.12

Js due to,fts predomuinanceQfelectrons over holes
that	 called n-type semiconductor (n stands for negative).

•.h 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
it-type conductivity, refer to Fig. 8.13. 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.



Semiconductor Physics
	 123

POSITIVELY
CHARGED
IMPURITY

ATOM

_____ _____ 	 FREE
4	 • 4 1ELECTRON

• 4	 •	 • 4	 • 4 -S-I
4-- 4	 • 4 —.4	 S

1•	

n-type

S
	

5-

cm 	 -. Fig. 8.13

p-type Semiconductor

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

semiconductor.)

The addition	 valenLrnpuriprovides a large number of holes in the semiconduc tor. Typical

exarnps of trivalent impurities are gallium (At. No. 31) and indium (At. No. 49).
hich produc.p-type semiconductc,r.rcgffi-	 - impurities - 	 Ge •	 . Go •	 . GeIP

known as ac epior

	toles created can accept the electrons. i	 a

	

To Sxplain the formation of piype	 TRIVALENT
semiconductor, consider a pure 	 IMPURITY
^Fu_mc 	 When amitarnshLo.f a	 ATOM

iaIent impurity	 Go	 Galike_gallium is added
______	 _____	 a	 a	 • Ge

to germanium crystal. there exists a large
number o?holesinthe crystal. The rca-

	

son is simple. Gallium is trivalent i.e. its	 HOLE

atom has three valence electrons. Each' 	 -
atom of gallium fltsi 	 jriiianiufl!	 S	

S

Go S	 S Go S	 S Ge

jan be formed. It is because three
vale nc ^,. 	 can 	 Fig 814
form
with three germanium atoms as shown in Fig. 814. n the fourth co-vale nt_k, onl\/eermxmm
atom contributes one valence eletron while gallium has no valence electron to contributc as all its
thr valence electrons are 	engaged in the co-valent bonds with neighbouring germaniumee 
atoms. In other words, fourth bond is incomplete beingprfone elcctToij. This missing electron

is called ahig. Therefore, for each gallium atom added, Aone hole is created. small amount of
gallium provides millions of holes.

Fig 8.15 shows the enejgy band description _ol th 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 temperatujc, But the holes fa r outnumbe r

conduction band electrons. It is due	 it is called

ptype semiconductor (p stands for positive).
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$	 4

Fig. 8.15	 Fig. 8.16

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. 8.16. When pd. is applied to thcp-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 arc 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
notherun[ik the	 where-currei	 free electrons.

8.12 Charge on n-type and p-ty pe 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.

8.t 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 j-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. 8. 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 now 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. 8.17 (ii).
Therefore, holes are the majority carriers and free electrons are the minority carriers.
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Most semiconductor devices contain one or more pu junctions. The pn junction is of great
importance because it is in effect, the cantrol element for semiconductor devices. A thorough knowl-
edge of the formation and properties ofpn junction can enable the reader to understand the semicon-
ductor devices.

Formation of pn junction. In actual practice,
the characteristic properties ofpn junction will not
be apparent if  p-type block is just brought in con-
tact with n-type block. In fact, pnjunction is fabri-
cated by special techniques. One common method
of making pn junction is called alloying. In this
method, a small block of indium (trivalent impu-
rity) is placed on an n-type germanium slab as shown
in Fig. 8.18 (1). The system is then heated to a tem-
perature of about 500°C. The indium and some of
the germanium melt to form a small puddle of mol-
ten germanium-indium mixture as shown in Fig, 8.18
(ii). The temperature is then lowered and puddle
begins to solidify. Under proper conditions, the at-
oms of indium impurity will be suitably adjusted in
the germanium slab to form a single crystal. The
addition of indium overcomes the excess of elec-
trons 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 button which is frozen
on to the outer surface of the crystallised portion as
shown in Fig.$.18 (iii). This button serves as a
uitable bas or soldering on leads.

8.	 roperties of pn Junction

To explain the properties of a pn junction, consider two types of materials; one p-type and the other
n-type as shown in Fig 8.19. In this figure, left side material is a p-type semiconductor having
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*negative acceptor ions and positively charged holes. The right side material is n-type semiconduc-
tor having "positive donor ions and free electrons.

p-type

0	 0	 0le e e et o	 00	 0le e e e

n-type

•	 •	 •	 •	 FREE
ELECTRON

• 41)	 •
NEGATIVE--4 o	 o	 o	 o I	 I •	 KV%JIAI

ACCEPTOR r	 e	 e	 e	 e DONOR
ION	 l''ION

Fig. 819

Now, suppose the two pieces are suitably treated to form pnjunction. Keep in mind that n-type
material has a high concentration of free electrons while p-type material has a high concentration of
holes. Therefore,t the junction, there is a tendency for the 	 v0 + 
free electrons to diffuse over to the p-side and holes to the n.	 0	 • • ,

side. This process is called diffusion) As the free electrons	 e e e e
move across the junction from n-type top-type, positive do- 	 o o °	 • • •
nor ions are uncovered i.e. they are robbed of free electrons. 	 e e e e	 e

Hence, a positive charge is built on the n-side of the junction. 	 e
At the same time, the free electrons cross the junction and
uncover the negative acceptor ions by filling in the holes.
Therefore, a net negative charge is established on p-side of 	 DEPLETION
the junction. When a sufficient number of donor and accep- 	 LAYER
tor ions is uncovered, further diffusion is prevented. It is 	 i

positive charge on n-side repels holes to cross
from p-type to n-type and negative charge on p-side repels 	 i	 V0 0.2V
free electrons to enter from n-type to p-type. Thus, a barrier	 1.
is set up against further movement of charge carriers i.e. holes
and electrons. This is called potential barrier or junction
barrier ) The potential barrier is of the order of 0.1 to 0.3 	

Fig. 8.20
V, .) 

volt. The potential distribution diagram is shown in Fig. 8.20. It is clear from the diagram that a
potential barrier I' is set up which gives rise to electric field. This field prevents the respective
majority carriers from crossing the barrier region..

It should be noted that outside this barrier on each side of the junction, the material is still
neutral Only inside the barrier there is positive charge on n-side and negative charge on p-side. This
region is called depletion layer) It is called so because the mobile charge carriers (i.e. free electrons
and holes) have been depleted (i.e. emptied) in this region)

8.1/ Applying Voltage Across pn Junction

The potential difference across apn junction can be applied in two ways, namely;forward biasing
and rçersc biasing.

1. Forward biasing. When external voltage applied toihejunclion is in such a direction that
ittncels the potential barrier, thus permiting current flow, it is called forward biasing.

The acceptor impurity atom is short of one electorn. Therefore, it becomes a negative ion.
t$ The donor impurity atom donates one electron to the crystal and becomes a positive ion.
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To apply forward bias,conipçsitiveter- 	 p	 n

minal of the battery to p-type and negative termi-
naltontype as shown in Fig. 8.21. The applied 	 I

Tôrward potential establishes an electric field

which—acts against the field due to potential bar- 	 o-.---*	 U

rier. Therefore, the resultant field is weakened
ând the barrier height is reth4Ced!1e JUflCtIQfl2.S - i

shown in Fig. 8.21. As -potential jbarrier voltage
i'drysthall (0. FRU 0.3 V), therefore, a small for-
ward voltage is sufficient to completely eliminate 	

I	 I NO EXTERNAL
FIELD

the barrier. Once epottial barrier is elimi-
natedby the forward voltge, junction resistance 	 FIELD

becomes almost zero and a hwresisthncepahis
established for the entifrcircuit. Therefbre,cur-
rent flows irhercuit. This is called forward

current. With forward bias to pn junction, the	 I	
I

14 wing points are worth noting: 	
Fig. 8.21

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

(ii) The junction offers low resistance- (called forward resistance, R) to current flow.

(iii) Cirrent flows in the circuit due to the establishment of low resistance path. Therna.gnitudc_

furrent depends upon the applied forward volge)

' 2. Reverse biasing. When the external voltage applied to the junction is in such a direction

that pten(ial 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. 8.22, It is
clear that applied reverse voltage establishes 	 .__-[44-
an electric field which acts in the same direc-
tion as the field due to potential barrier. There- 	 a	 a

	

fore, the resultant field at the junction is 	 i

strengthened and the barrier height is in-
creased as shown in Fig. 8.22. The increased

	

potential barrier prevents the flow of charge 	 I

carriers across the junction. Thus, a high re- EXTERNAL FIELD

	sistance path is established for the entire cir- 	 I / ) — -
" NO EXTERNAL

	cult and hence the current does not flow. With	 I ø' I
z	 FIELD

reverse bias to pn junction, the following
points are worth noting:	 1/
((i) The potential barrier is increased. 	 7

	

i:) The junction offers very high resis-	 Fig. 8.22
tance (called reverse resistance, R) to cur-

rent flow,

(iii) No current flows in the circuit due to the establishment of high resistance path)

Conclusion. From the above discussion, 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 bias
to the junction, a low resistance path is set up and hence current flows in the circuit.
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8.17 Current Flow in a Forward Biased pn Junction

We shall now see how current flows across pn junction when it is forward biased. Fig. 8.23 shows a
forward biased pnjunction. Under the influence of forward voltage, the free electrons in n-type move
towards the Junction, leaving behind positively charged atoms. I lowcvcr, more electrons arrive

from the negative battery terminal and enter the n-region to take up their places. As the free elec-
trons reach the junction, the)' become **valence electrons. As valence electrons, they move through
the holes in thep-region. The valence electrons move towards left in the J.1-region which is equivalent
to the holes moving to right. When the valence electrons reach the IcR end of the crystal, they flow
into the positive terminal of the battery.

Fig. 8.23

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

electrons.
(iii) 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	 ied by ee electrons.

8.I	 mperc Characteristics of pit .Junction

olt-amper or V-/characteristic ofapnjunction (also called a crystal or semiconductor diode) is the
rve between voltage across the junction and the circuit cur-rent. Usually, voltage is taken along x-

axis and current along y-axis. Fig. 8 24 shows the tcircuit arrangement for determining the V-I

*	 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,

¶	 R is the current limiting resistance. It prevents the forward current from exceeding the permitted value.
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characteristics of a pnjunction.The characteristics can be stu.tied under twhcads, namely; zero
external voltage, forward bias and reverse b,.

mA

Fig. 8.24

ro external voltage. When the external voltage is zero, i.e. circuit is open at K, the
p tential barrier at the junction does not permit current flow. Therefore, the circuit current is zero as
indicated by point C) in Fig.

_ _

 r7 ard bias. With forward bias to the pnjunction i.e. p-type connected to positive termi-
n  and connected to negative terminal, the potential barrier is reduced. At some forward
vtage(O.7V for Si and 0.3 V for Ge),the potential harrier is altogether eliminated and current starts
flowing in the circuit. From now onwards, the current increases with the increase j.p forward voltage.
Thus, a rising curve OB is obtained with forward bias as shown in Fig. 8.25. (Jrom the forward
characteristic, it is seen that at first (region QA).the current increases very slowly and the curve is
non-linear. It is because the external applied voltage is used tip in overcoming the potential barrier)

r, once the external voltage exceeds the potential harrier voltage, the pnjunction behaves like
an ordinary conductor. Therefore, the current rises very sharply with increase in external voltage
(region AB on the curve). The curve is almost linear.

/, (mA)

BARRIER
VOLTAGE

A

V (VOLTS) 4	 -4 VF (VOLTS)
0.3 0.4 0.5

BREAKDOWN
VOLTAGE

Fig. 8.25

(PUY R ^veras. 1̂ ith reverse bias to the pnjunction i.e. p-type connected to negative termi-
rial and n'-type connected to positive terminal, potential barrier at the junction is increased. There-
fore, the junction resistance becomes very high and practically no current flows through the circuit.



HOLE
(MINORITY CARRIER)ELECTRON

(MINORIT"

130	 Principles of Electronics

However, in practice, a very small current (of the order of I LA) flows in the circuit with reverse bias as
shown in the reverse characteristic. Ihis 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 matcril. These undesirable free electrons in p-type and holes in n-type are called
minority carriers. As shown in Fig. 8.26, to these minority carriers, the applied reverse bias appears

as forward bias. Therefore, a 0 *small current flows in the reverse direction.

Fig. 826

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 permanen1

Note. The forward current through a pa junction is due to the majority carriers produced by the impurity.

However, reverse current is due in the minority carriers produced due to breaking of some co-valent bonds at

room tempcTilturc.

k8.19 Important Terms
Two important terms often used with pnjunction (i.e. crystal diode) are breakdown voltage and knee

shall now explain these two terms in detail.

Breakdown voltage. It is the minimum reverse voltage at which pnjunction breaks down

'ith 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
reverse current. For understanding this point, refer to Fig. 8.27. Even at room temperature, some
hole-electron pairs (minority carriers) are produced in the depletion layer as shown in Fig. 8.27 (i).
With reverse bias, the electrons move towards the positive terminal of supply. At large reverse
voltage, these electrons acquire high enough velocities to dislodge valence electrons from semicon-
ductor atoms as shown in Fig. 8.27 (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-

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 vo'tage but can generally be regarded as negligible over the working
range of voltages.
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fore, care should be taken that reverse voltage across apn junction is always less than the breakdown

voltage.

(i)
	

(ii)

e
//	 Fig. 8.27

t5' Knee voltage It is the forward voltage at which the current through the junction starts to
increase rap! dly.

When a diode is forward biased, it conducts current very slowly until we overcome the potential
barrier. For silicon pnjunction, potential barrier is 0,7 V whereas it is 0.3 V for germanium junction.
It is clear from Fig. 8.28 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 maybe added here that in order to get useful current through apn junction, the applied voltage must
be more than the knee voltage.

I (mA)
	

IF

KNEE
	 KNEE

VOLTAGE
	 VOLTAGE

1.4	 2.1 p VF (VOUS)	 0.6 0.9 1.2 0 V1 (VOLTS)

SILICON
	 GERMANIUM

Fig. 8.28

Note. The potential barrier voltage is also known as turn-on voltage. This is obtained by taking the

straight line portion of the forward characteristic and extending it back to the horizontal axis.

8.20 Limitations in the Operating Conditions of pn Junction

Every pn junction has limiting values of maximum forward current, peak inverse voltage and max!-

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.
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(i) AIavi,ii tint /urii and ('urn/i!. It is the liighe ill stall 	 forward current that ajm junction
can conduct without damage to the junction Manufacturers' data sheet usually specifies this rating.
If the forward current ill pn junctitm is morc than this rating, the junction will be destroyed due to
overheating.

(u) Peak inverse voltage (Pit). It is the maximum reverse voltage that can be applied to thepn
junction without damage to the junction. lithe reverse voltage across the junction exceeds its PIV, the
junction may be destroyed due to excessive heat. The peak inverse voltage is of particular importance
in rectifier service. A jmjunction i e. a crystal diode is used as a rectifier to change alternating current
into direct current. In such applications, care should he taken that reverse voltage across the diode
during negative half-cycle of ac. does not exceed the PIV of diode.

(10) illLVIfliU/fl poiv'/ ruling. It is the maximum power that can he dissipated at the junction
without damaging it. The power dissipated at the junction is equal to the product ofjunction current
and the voltage across thejunction. This is a very important considerafion and is invariably specified
by the manufacturer in the data sheet.

Multiple-Choice Questions

I. A semiconductor is formed by ........bonds.
(i) covalent	 (it) electrovalent

(iii) co-ordinate	 (iv) none of' the above
2. A semiconductor has ........temperature co-

efficient of resistance.
( i ) positive	 (nj zero

(nun) negative	 (iv) none of the above
3. The roost commonly used semiconductor is

(i) germanium	 (ii) silicon
(Id) carbon	 (iv) sulphur

4. A semiconductor has generally ........valence
elections.
(I) 2	 (ii) 3

(iii) 6	 (iv) 4
5. The resistivity of pure germaiiiuin under

standard conditions is about ........
(i) 6 x* 10 4 Q cm (ii) 60 Q cm

(iii) 3 x 106 Q cm (iv) 6 x IO Q cm
6. The resistivity of pure silicon is about ........

(/) 100 Q cm	 (ii) 6000 K 2 cm
(iii) 3	 10 5 Q cm (iv) 1,6 x 10 -8 2 cm

7. When a pure semiconductor is heated, its
resistance ........
(I) goes up

(ii) goes down
(iii) remains the same

(iv) cannot say
8. The strength of a semiconductor crystal

comes from ........
(I) forces between nuclei
(ii) forces between protons
(iii) electron-pair bonds
(iv) none of the above

9. When a pentavalent impurity is added to a
pure semiconductor, it becomes
(1) an insulator

(ii) in intrinsic semiconductor
(iii) p-type semiconductor
(iv) n-type semiconductor

JO Addition of pentavalent impurity to a semi-
conductor creates many ........
(I) free electrons (ii) holes

(iii) valence electrons
(iv) bound electrons

II. A pentavalent impurity has ........valence
electrons.

	

(i) 3	 (ii) 5
(iii) 4	 (iv) 6

12. An n-type semiconductor is .......
(i) positively charged
(ii) negatively charged
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(iii) electrically neutral
(iv) none of the above

13. A trivalent impurity has ....... . valence elec-
trons.
(1) 4 	 (1)5

(iii) 6	 (iv) 3
14. Addition of trivalent impurity to a semicon-

ductor creates many ........

(i) holes	 (i) free electrons

(iii) valence electrons
(iv) bound electrons

15. A hole in a semiconductor is defined as
(1) a free electron
(if) the incomplete part of an electron pair

bond
(iii) a free proton
(iv) a free neutron

16. The impurity level in an extrinsic semicon-
ductor is about ........ ofpure semiconductor,
(1) 10 atoms for 10

g
 atoms

(ii) I atom for 10 8 atoms

(iii) I atom for 104 atoms
(iv) I atom for 100 atoms

17. As the doping to a pure semiconductor in-
creases, the bulk resistance of the semicon-
ductor ........

(1) remains the same
(1) increases

(iii) decreases
(iv) none of the above

18. A hole and electron in close proximity would
tend to ........
(1) repel each other

(ii) attract each other
(iii) have no effect on each other
(iv) none of the above

19. In a semiconductor, current conduction is
due ........
(1) only to holes
(ii) only to free electrons

(iii) to holes and free electrons
(iv) none of the above

20. The random motion of holes and lice elec-
trons due to thermal agitation is called ........

(I) diffusion	 (i/) pressure
(iii) ionisation	 (iv) none of the above

21. A forward biased pn junction has a resis-
tance of the ........
(1) order of 2	 (u) order of k

(iii) order of M	 (iv) none ol the above
22. The battery connections required to Forward

bias apn junction are ........

(1) +ve terminal top and -- ye terminal ton

(II) — ye terminal top and '-vc terminal to n

(iii) —ye terminal top and — ye terminal ton

(iv) none of the above
23. The barrier voltage at a pn junction for ger-

manium is about ........
(1) 3.5V	 (ii) 3V

(iii) zero	 (iv) 0.3V
24. In the depletion region ofa pnjunction, there

is a shortage of ..........

(i) acceptor ions (ii) holes and elec-
trons

(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) very low resistance
(iv) large current flow

26. Apn junction acts as a ........

(1) controlled switch
(ii) bidirectional switch
(iii) unidirectional switch
(iv) none of the above

27. A reverse biased pn junction has resistance
of the........
(1) order of Q	 (1) order of kQ

(iii) order of M	 (iv) none of the above
28. The leakage current across a pn junction is

due to ........
(1) minority carriers
(ii) majority carriers

(iii) junction capacitance

(iv) none of the above
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29. When the temperature of an extrinsic semi-
conductor is increased, the pronounced ef -
fect is on ........
(i) jUflCtOn capacitance

(mi) minority carriers
(iii) majority carriers
(iv) none of the above

30. With forward bias to apn junction, the width
of depletion layer ........

(i) decreases	 (ii) increases

(iii) remains the same
(iv) none of the above

31. The leakage current in a pn junction is of
the order of ........
(i) A	 (ii) mA

(iii) kA	 (iv) l.tA
32. In an intrinsic semiconductor, the number of

free electrons ........
(i) equals the number of holes

(iii) an insulator

(iv) a piee of copper wire

(ii) is greater than the number of holes
(id) is less than the number of holes
(iv) none of the above

33. At room temperature, an intrinsic semicon-
ductor has ........
(i) many holes only
(ii) a few free electrons and holes

many free electrons only

(iv) no holes or free electrons
34. At absolute temperature, an intrinsic semi-

conductor has ........
(i) a few free electrons
(ii) many holes
(iii) many free electrons
(iv) no holes or free electrons

35. At room temperature, an intrinsic silicon
crystal acts approximately as ........

(i) a battery
(ii) a conductor

Answers to Multiple-Choice Questions

1. (1)
	

2. (iii)
	

3.	 (ii)
	

4. (iv)
	

5. (ii)

6. (ii)
	

7. (ii)
	

8.	 9. (iv)
	

10. (1)

11. (ii)
	

12. (iii)
	

13. (iv)
	

14. (1)
	

15. (ii)

16. (ii)
	

17. (iii)
	

18. (ü)
	

19. (iii)
	

20. (1)

21. (i)
	

22. (1)
	

23. (iv)
	

24. (ii)
	

25. (ii)

26. (iii)
	

27. (iii)
	

28. (i)
	

29. (ii)
	

30. (i)

31. (iv)
	

32. (i)
	

33. (ii)
	

34. (iv)
	

35. (iii)

Chapter Review Topics

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

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 1 rn junction under forward and reverse biasing.
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9. Draw and explain the I'-! characteristics of  j'n junction.

0. Write short notes on the f011owing

(1) Breakdown voltage

(ii) Knee voltage
(in) Limitations in the operating conditions olpn unction

Discussion Questions

. Why is a scmiconductor an insulator at ordinary temperature?
2. Why are electron carriers present in p-type semiconductor?
3. Why is silicon preferred to germanium in the manufacture of semiconductor devices?
4. What is the importance of peak inverse voltage?



Semiconductor Diode

Introduction

It has already been discussed in the previous chapter that a pn junction conducts current easily
when forward biased ani practicall y 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. Therefire. like a vacuum diode, a semiconductor diode can also accomplish the job of
/ccn/icalion i.e. change alternating to direct current. However, semiconductor diodes have become
more *Popular as they are smaller in size, cheaper and robust and usually operate with greater
elliciencv. In this chapter, we shall focus our attention on the circuit performance and applications
of semiconductor diodes.

9.1 Semiconductor Diode

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

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

	

A crystal diode has two terminals. When it is connected in a circuit, one	 BAR

thing to decide is whether the diode is forward or reverse biased. There is an
easy rule to ascertain it. If the external circuit is trying to push the conven-

	

tional current in the direction of arrow, the di9de is forward biased. On the 	 Fig. 9.1
other hand, if the conventional current is trying to flow opposite to arrow-
head, the diode is reverse biased. Putting in simple words

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

(ii) If the arrow/wadoUdiode symbol is negative w.r.t. bar, the diode is reverse biased.

ldenoJication 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
vailable

/

On the other hand, vacuum diodes can withstand high reverse voltages and can operate at fa,' 11Y high
temperatures.
So called bccanscpnjunction is grown out of a crystal.

136
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(I) Some manufacturers actually paint the symbol on the body of the diode e.g. BY] 27, BYI 14
crystal diodes manufactured by I3EL [See Fig. 9.2 (i)].

BLUE	 RED

-*ti- >- 
-E:: -

BY 127
	

OA 80
(1)
	

(ii)

Fig. 9.2

(ii) Sometimes, red and blue marks are used on the body of the crystal diode. Red mark denotes
arrow hereas blue mark indicates bar e.g. 0A80 crystal diode [See Fig. 9.2 (ii)].

4 U. / Crystal Diode as a Rectifier

Fig. 9.3 illustrates the rectifying action of a crystal diode. The ac. 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 R1 as shown. However, during the negative
half-cycle of input ac. voltage, the diode becomes reverse biased because now the arrowhead is
negative wr.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 ac. into d.c. It
may be seen that output across R, is pulsating d.c.

v,

50Vl0\\,f\

VOL4I

•CJt	

50V1

I
Fig. 9.3

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 R1 . However, when the diode
.i. is reverse biased, it behaves like an open switch and disconnects the ac. supply from the load R11

This switching action of diode permits only the positive half-cycles of input a.c. voltage to appear
across R,.

Example 9.1. In each diode circuit of Fig. 9.4, find whether the diodes are forward or reverse
biased

_F"I"W7

T	 D	
D,

0



D, 

_^TrWV
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(iii) (iv)

Fig. 9.4

Solution.
(1) Refer to Fig. 9.4 (1). The conventional current coming out of battery flows in the branch

circuits. In diode 1), the conventional current flows in the direction of arrowhead and hence this
diode is forward biased. Ilowever. in diode D 1 ,tlie conventional current flows opposite to arrowhead
and hence this diode is reverse biased.

(ii) Refer to Fig. 9.4 (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.

(iii) Refer to Fig. 9.4 (iii'). During the positive half-cycle of input a.c. voltage, conventional
current flows in the direction of arrowhead in D 1 but it flows opposite to arrowhead in D2. Therefore,
during positive half-cycle, diode D 1 is forward biased and diode D2 reverse biased. However, during
the negative half-cycle of input ac. voltage, diode D2 is forward biased and D 1 is reverse biased.

(iv) Refer to Fig. 9.4 (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 ac, voltage, both the diodes are
forward biased.

9.3 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 for-
ward 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; dc. forward resistance and a.c.for-
ward resistance.

(i) dc. 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. 9.5, it is clear that when forward voltage is 0.4, the
forward current is OB.

-pd.c. forward resistance, R	 OB
(ii) 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.

Change in voltage across diode
ac. forward resistance 

= Corresponding change in current through diode
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Fig. 9.6Fig. 93

VF

Semiconductor Diode
	

139

The a.c. forward resistance is more significant as the diodes are generally used with alternating
voltages. The ac. forward resistance can be determined from the forward characteristic as shown in
Fig. 9.6. If P is the operating point at any instant, then forward voltage is oh and forward current is
oe. To find the ac. forward resistance, vary the forward voltage on both sides of the operating point
equally as shown in Fig. 9.6 where oh = hc. It is clear from this figure that

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

a.c. forward resistance = Change in forward voltage - oc - 0a	 ac
Change in forward current	 of - od - dJ

It may be mentioned here that forward resistance of a crystal diode is very small, ranging from I
to 25 Q.

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 I while for silicon this ratio is 1000000 : I.

9j/quivalcnt Circuit of Crystal Diode

It is generally profitable to replace a device or system by its equivalent circuit. An equivalent circuit
of a device (c.,' crystal diode, transistor etc) is a combination of electric elements, which when con-
nected 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.

(/) *Approximate Equivalent circuit. When the forward voltage V1; is applied across a diode,

it will not conduct till the potential barrier V0 at the junction is overcome. When the forward voltage
exceeds the potential barrier voltage, the diode starts conducting as shown in Fig. 9.7 (I). The for-
ward current /, flowing through the diode causes a voltage drop in its internal resistance r1. Therefore,

the forward voltage V,. applied across the actual diode has to overcome

Wc assume here that V/f characteristic of crystal diode is linear.

r'
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(i) potential harrier

(ii) internal drop 11r1

V1 = V0+ir

For a silicon diode, V0 = 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

V0 andinternal resistance rj as shown in Fig. 9.7 (ii). This approximate equivalent circuit of a diode
is very helpful in studying the performance of the diode in a circuit.

Vf

DIODE
	 EQUIVALENT CIRCUIT

(i)
	

(ii)

Fig. 9.7

(u) Simplified Equivalent circuit. For most applications, the internal resistance r 1 of the crys-
tal diode can be ignored in comparison to other elements in the equivalent circuit. The equivalent
circuit then reduces to the one shown in Fig. 9.8 (ii). This simplified equivalent circuit of the crystal
diode is frequently used in diode-circuit analysis.

+	 If	 -
• 111	

-.

V,,

(i)

SWITCH
+ if	

. Hi-	 0p

V0

VF

(ii)

Fig. 9.8

(iii) 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 r1 0 and potential barrier V0 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.

9.5 Crystal Diode Equivalent Circuits

It is desirable to sum up the various models of crystal diode equivalent circuit in the tabular form
(See Page 141).

Exam e9. An a.c. voltage ofpeak value 20 V is connected in series with a silicon diode and

!oadresista ' f 500 Q. Jftheforward resistance of diode is JO Q,find:

(i) peak current through diode (ii) peak output voltage

What will he these values if the diode is assumed to be ideal?

Solution.

	

Peak input voltage	 20 V

	

Forward resistance, r1	 10 0

Load resistance, R1 = 500 0
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S.No.	 Type	 Model	 Characteristic

+ 'F

Approximate model	 VI,

o v	 F

IDEAL DIODE

2.

IF

Simplified model 	

r
IDEAL DIODE

F

3. Ideal Model	 +p	 0

o
IDEAL DIODE

Potential barrier voltage, V0 = 0.7 V

The diode will conduct during the positive half-cycles ofa.c. input voltage only. The equivalent
circuit is shown in Fig. 9.9 (ii).

V0=0.7V	 no

::::	

.Pt TVi.	 500 Q	 V.

(i)

	

	 (ii")

Fig, 9.9

(i) The peak current through the diode will occur at the instant when the input voltage reaches
positive peak i.e. V= V2OV.

V,. = VO+(!J),,kErJ+R,]

V—V	 20-07	 193or	
= r + R, = 10 —+5 0 0 = 510 A 

= 37.8 mA

(ii) Peak output voltage = ('f)ak x R, = 37.8 mA x 500 0 = 18.9 V
Ideal diode. For an ideal diode, put V0 = 0 and r1 = 0 in equation (1).

V,. = ( r)pcak x RL

'F	 20Vor	 = -- = 	 = 40 mA
R1.	 5000

Peak output voltage =	 x R1	 40 mA x 500 0 = 20 V

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 V. and voltage drop in r. 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,

0'
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Examp Find the current through the diode in the circuit shown in Fig. 9. 10 (i). Assume
the diode to b' al.

50 	 A	
R1=4551

V = tO V 

T	 S ) K,	 - ,	 = o . 1 0 v	 - - D

(i)	 ii	 (ii)	 II
Fig. 9.10

Solution. We shall use Thevenin's theorem to find current in the diode. Referring to Fig. 9.10(i),

E0 = Thevenin's voltage
= Open circuited voltage across .48 with diode removed

	

1,	 5

	

-, -..--------- x I.	 =	 x l()	 0.909 '
R 1 +R,	 50+5

R0 = '[hevenin's resistance
= Resistance at terminals .4B with diode removed and battery

replaced by a short circuit
= R1 R2 = 50x5

R 1 + R2 	 50+5

Fig, 9.10 (71) shows Thevenin's equivalent circuit. Since the diode is ideal, it has zero resistance.

Current through diode = 
E
	

0 . 909
=	

= 0.2A = 200 mA

> / Exanip9.4w alculate the current through 48 resistor in the circuit shown in Fig. 9. 11 (1,).

1 ume the di	 to be ofsilicon andforward resistance of each diode is / Q.
Solution. Diodes D 1 and D 1 are forwarçLbiased while diodes D 2 and D4 are reverse biased. We,

can, therefore, consider the branches containing diodes D2 and D ,1 as "open". Replacing diodes D1

and D by their equivalent circuits and making the branches containing diodes D2 and D4 open, we get
the circuit shown in Fig. 9.11 (ii). Note that for a silicon diode, the barrier voltage is 0.7 V.

Di

	

07V	 480
IOVT

	

D4	
JO.7V

(ii)

Fit. 9.11

Net circuit voltage = 10— 0,7 —0.7 	 8.6 V

Total circuit resistance = I + 48 * I = 50



0 20 V

S1Y

A 

Ge

VA

(i)

20 V

+V

A	 VA
3 k

(ii)
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Circuit current	 8.6/50 = 0.172 A = 172 mA
//_

Exam 9. Determine the current fin the circuit shown in Fig. 9.12 (1). Assume the diodes
to he of si/ic nd forward resistance of diodes to be zero.

/ 2k

.J_E1=24V	 E
D2	

2=4V...

(1)

0.7 V

ji^^ ^R

T E1 24V

(ii)

Fig. 9.12

Solution. The conditions of the problem suggest that diode D 1 is forward biased and diode D2 is
reverse biased. We can, therefore, consider the branch containing diode D2 as open as shown in
Fig. 9.12 (ii). Further, diode D 1 can be replaced by its simplified equivalent circuit.

/ 
= E1 —E2 —V0 - 24-4-0.7 - 19.3V 

= 965mAR	 -	 2k	 2k1

Exampl?9)Find the voltage VA in the circuit shown in Fig. 19.13 (i). Use simplified model.
Solution. It appears 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 (V0 = 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. 9.13 (ii).

Fig. 9.13

VA = 20 - 0.3 = 19.7 V
Example 9.7. Find VQ and Jo in the network shown in Fig. 9.14 (1). Use simplified model.
Solution. Replace the diodes by their simplified models. The resulting circuit will be as shown

in Fig. 9.14 (ii). By symmetry, current in each branch is If) so that current in branch CL) is 21D.
Applying Kirchhoff s voltage law to the closed circuit ABCDA , we have,

—0.7—/)) x2-2I ) x2+10 = 0	 (/DinmA)
or	 6//, = 9.3

'L) == 1.55mA
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V()	 (2 1 /) ) x 2 kQ = (2 x 1.55 mA) x 2 kO = 6.2 V

2 kfl

+IOV.
Si 

T2  

VQ

Si

2 k11
c2 In

^AA 
D 

qI) D2 In

(ii)(i)
Fig. 9.14

Example 9.8. Determine current through each diode in the circuit shown in Fig. 9.15 (I). Use
simplified model. Assume diodes to be similar.

0.5 kn	 !
I	 0+

+	 I 'inIDI	

.15 

T	 T0.7V 	 07VL
(ii)

Fig. 915

Solution. The applied voltage forward biases each diode so that they conduct current in the same
direction. Fig. 9.15 (i0 shows the equivalent circuit using simplified model. Referring to Fig. 9.15 (ii,

= Voltage across R	 15 - 0.7 
= 28.6 mA

R	 - 0.5kQ

Since the diodes are similar, 1,,j = 'Dl = 
f 

= 
186

= 14.3 mA

Comments. Note the use of placing the diodes in parallel. If the current rating of each diode is
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.

9.6 Important Terms
While disc.mg the diode circuits, the reader will generally come across the following terms

(fr-1orward 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. If this value is exceeded, the diode
may be destroyed due to excessive heat. For thi, reason, the manufacturers' data sheet specifies the
maxZiunp forward current that a diode can handle safely.

eak inverse voltage. It is the maximum reverse voltage that a diode can withstand with-
out destroying the junction. 4
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If the reverse voltage across a diode CXCCC(IS this v;iRic. 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. Asa maltcr of Fact,
PIV consideration is generally the deciding factor in diode rectifier circuits. The peak inverse volt-
age may be twccn IOV and 10 kV depending upon the type of diode.

(i	 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 1.1 A) for silicon diodes but it is appreciable (
100 iA) 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 IOU mA while the reverse
current might be only a few 1.tA—a ratio of many thousands between forward and reverse currents.

9.7 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 Ui. 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

(i) )Jafl . wave rectifier	 (ii) Full-wave rectifier

tt\ 987Half-Wave Rectifier A'^^l

In half-wave rectification, the rectifier conducts current only during the positive half-cycles of input
ac. supply. The negative half-cycles ofa.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.

Circuit details. Fig. 9.16 shows the circuit where a single crystal diode acts as a half-wave
rectifier, The ac. supply to be rectified is applied in series with the diode and load resistance R1.

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 ac. input voltage as the situation demands. Secondly, the
transformer isolates the rectifier circuit from power line and thus reduces the risk of electric shock.

Vill
	 B
	

V11.1

- I0	 01
(1)	

Fig. 9.16

	 (ii)
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Operation. The ac. voltage across the secondary winding AB changes polarities after every
half-cycle. During the positive half-cycle of inputa.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.ri. 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
onl y it is blocked during the negative half-cycles [See Fig. 9.16 (ii)]. In this way, current flows
through load R1 always in the same direction. Hence d.c. output is obtained across R1 , 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.

Dsadvantages : 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.

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

\91iency of Half-Wave Rectifier P

The ratio of d.c. power output to the applied input a. a. power is known as rectifier efficiency i.e.

Rectifier efficiency, 11 
= d.c. power output

Input ac. power

Fig. 9.17

Consider a half-wave rectifier shown in Fig. 9.17. Let v = Vm 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 ac. supply while no current conduc-
tion takes place during negative half-cycles.

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.

•	 = I =	 ________
av	 dc	 -ji dO 

=	 sinO
1 

	 dO
2n 

0	
2i 0r1+R1

=	 Vm =
	__ 	 2tfr1 + 

8) [—cos 0]

= V.	 _______x2 =	 V.	 I

	

21t (rf +RL )	 (rf+RL)lt

*	 Average value = Area under the curve over a cycle 	 ' I do

Base	 2n
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- 01'	
V11

	

 [	 ,-	

[	
(rj+RI)

d.c. power, P	 l x R,.
= ( Ln

R1

a.c. power input : The a.c. power input is given by
P = ?(r1 + R,)

For a half-wave rectified wave, l, =

	

= (La) x (r+ R1 )	 ...( ii)

d.c. output power =	 ( tm ,'1t) 2 x R,	Rectifier efficiency = ac, input power
	

('m 
/ 2)2 (rj + R,)

= 0.406 RL = 0.406
rf+R,	

+ r1l.
The efficiency will be maximum if r 1 is negligible compared to R,.

Max. rectifier efficiency =
This shows that in half-wave rectification, a maximum of 40.6% of a.c. power is converted into

d.c. power.

fts4 Examle 9.9. the applied input a. c. power to a half-wave rectifier is 100 walls. The dc. output
cr obta,)igdis 40 waIts.
(I) What is the rectification efficiency?
(ii) What happens to remaining 60 watts?
Solution.

(i) Rectification efficiency = d.c.output power = 40 = 0.4 = 40%
ac. input power	 100

(ii) 40% efficiency of rectification does not mean that 60% of power is lost in the rectifier
' 'ircuit. In fact, a crystal diode consumes little power due to its small internal resistance. The 100 W

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 COflVtrted into 40 watts.

-.	 Power efficiency =	 x 100 = 80% -

Although 100 watts of ac. power was supplied, the half-wave rectifier accepted only 50 watts
and converted it into ø'watts d.c. power. Therefore, it is appropriate to say that efficiency of recti-
fication is 40% and ot 80% which is power efficiency.

Exam An a.c. supply of 230 V is applied to a half wave rec:ffier circuit through a
transformer o 'n ratio 10: 1. Find (1) the output d c. voltage and (ii) the peak inverse voltage.
Assume the diode to be ideal.
s

	

	 It may be remembered that the area of one-halfcycle of a sinusoidal wave is twice the peak value. Thus in
this case, peak value is I and, therefore, area of one-half cycle is 2 1,,.

1=!&	 2 7	 it

V
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IDEALSolution,	 10
Primary to secondary turns is

N1
- to

230V
R.M.S. primary voltage

= 230 V
:. Max. primary voltage is

= (ñ) x r,m.s. primary voltage

= (.h) x 230 = 325.3 V
Max. secondary voltage is

148

/

v,,, = v,,,,, x 
N 2 = 325.3 x	 = 32.53 V
N 1	 10

	

Vdc

(i)	 =

x R, =	 = 3 2 - 5 3 	 10.36 V
It	 It	 it

(ii) During the negative half-cycle ofa.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 9.11. A crystal diode having internal resistance r1 = 202 is usedfor half-wave reciW-
cation. If the applied voltage v = 50 sin w I and load resistance RL = 800 iT2, find:

(i) l"" 1 k' 'rmc	 (ii) ac. power input and dc. power output
(iii) d.c. output voltage	 (iv) efficiency of rectification

Solution.
v = 5O Sin wt

Maximum voltage, V. = 50 V

(i) 'm 
=	 V.	 50	 = 0.061 A = 61 mA

r1 +R,	 20+800

1,. = I,,,/it = 61/it = 19.4 mA
/	 = 112	 61/2 = 30.5 mA

(ii) a.c. power input = (j)2 x (r1+ R1) = (305)2 x (20 + 800) 	 0.763

d.c. power output = I 2 x R = 19.4\2 x 800 = 0.301 watt

	

dc	 11

(iii)	 d.c. output voltage	 = 19.4 mA x 800 n = 15.52 volts

(iv) efficiency ofrectification = 0.301-'- x 100 = 39.5/a

Example 9.12. A half-wave rectifier is used to supply 501 7 d c. to a resistive load of 800 £1 The
diode has a resistance of 25 ft Calculate ac. voltage required.

•1
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Solution.
Output d.c. voltage,	 = 50 V

Diode resistance, r1 = 25 Q
Load resistance, R 1 = 800 Q

Let Vm be the maximum value of a.c. voltage required.

=	 >

I	 V
= .-- x 1? = -" -- x I?

71	 71(r1 + I?1)
1.

1	 V=	 m

r1+R1

or	 50 =
x 800

(25 1 800) 

• 	

- jtx825x50 -
—	

162 
800	

- 

Hence ac. voltage of maximum value 162 V is required.

i_—Fiii-Wave Rectifier
_P

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. Thereforc,a full-wave
rectifier utilises both half-cycles of input a.c. voltage to produce The following two
circuits are commonly used for full-wave rectification

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

94,A^ntrc-Tap Full-Wave Rectifier

The circuit employs two diodes D 1 and 02 as shown in Fig. 9.19. A centre tapped secondary winding
AB is used with two diodes connected so that each uses one half-cycle of input ac. voltage. In other
words, diode D utilises the a.c. voltage appearing across the upper half (OA) of secondary winding
or rectification while diode 02 uses the lower half winding 013.

Lit

A	
01

Id

SU

1?	 -
02

Fig. 9.19

Operation. During the positive half-cycle of secondary voltage, the end A of the secondary
winding becomes positive and end B negative. This makes the diode D forward biased and diode D2

reverse biased, Therefore, diode D 1 conducts while diode D2 does not. The conventional current
flow is through diode D, load resistor R1 and the upper half of secondary winding as shown by the
dotted arrow During the negative half-cycle, end A of the secondary winding becomes negative and



I
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Fig. 9.21
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end 13 positive. Thcrcforc, diode D, conducts while di-
ode D i does not. The conventional current flow is
through diode D21 load R 1 and lower half winding as
shown by solid arrows. Referring to Fig. 9.19, it may
be seen that current in the load R 1 is in the same threc-
turn for both half-cycles of input a.c. voltage. There-
fore, d.c. is obtained across the load R,. Also, the po-
larities of the d.c. output across the load should be noted.

Peak inverse voltage. Suppose V,,r is the maxi-
mum voltage across the half secondary winding. Fig.
9.20 shows the circuit at the instant secondary voltage 	 Fig. 9.20

reaches its maximum value in the positive direction. At this instant, diode D 1 is conducting while
diode D, is non-conducting. Therefore, whole of the secondary voltage appears across the non-
conducting diode. Consequently, the peak inverse voltage is twice the maximum voltage across the
half-secondary winding i.e.

PIV = 2 V.

Disadvantages
(i) It is difficult to locate the centre tap on the secondary winding.
(ii) The d.c. output is small as each diode utilises only one-half of the transformer secondary

voltage.
(iii) he diodes used must have high peak inverse voltage.

.1	 Full-Wave Bridge Rectifier
he need for a centre tapped power transformer is eliminated in the bridge rectifier. It contains four
iodes D 1 , D 2 , D and D4 connected to form bridge as shown in Fig. 9.21. 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 R1 is connected.

Vin
SECONDARY J

VOLTAGE
+	 .1)

0

you:

04D3

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 1 and D. forward biased while
diodes D2 and D4 are reverse biased. Therefore, only diodes D 1 and D3 conduct. These two diodes
will be in series through the load R, as shown in Fig. 9.22 (i). The conventional current flow is shown
by dotted al-rows. It may be seen that current flows from A to B through the load R1.

During the negative half-cycle of secondary voltage, end P becomes negative and end Q posi-
tive. This makes diodes D2 and D4 forward biased whereas diodes D 1 and D3 are reverse biased.
Therefore, only diodes D2 and D4 conduct. These two diodes will be in series through the load RL as
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shown in Fig. 9.22 (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,.

St'PPLY	 1

D
	—8

_____ -
	 (1)	

Fig. 9.22

AC
SUPPLY	 R

1D2

(ii)

Peak inverse voltage. The peak inverse voltage (NV) of each diode is equal to the maximum
secondary voltage of transformer. Suppose during positive half cycle of input ac.. end P of second-
ary is positive and end Q negative. Under such conditions, diodes D 1 and D 3 are forward biased
while diodes 1)2 and D4 are reverse biased. Since the diodes are considered ideal, diodes D, and D1
can be replaced by wires as shown in Fig 9.23 (i). This circuit is the same as shown in Fig. 9.23 (ii).

C)	 C)
()	 (ii)

Fig. 9.23

Refering to Fig. 9.23 (ii), it is clear that two reverse biased diodes (I. . D7 and D.) and the
secondary of transformer are in parallel. Hence PIV of each diode (I) and 1)4 ) is equal to the
maximum voltage (P a,) across the secondary. Similarly, during the nc .J haf cvck', 1), and D4 are
trward biased while D, and D3 will be reverse biased. it is easy to sec that reverse voIagc across

and D3 is equal to
Advantages

(1) The need tbr centre-tapped transformer is eliminated.
(ii) The output is twice that of the centre-tap circuit for the same secondary voltage.
(iii) The PIV is one-half that of the centre-tap circuit (for same d.c. output).

Disadvantages
(I) It requires four diodes.
(ii) As during each half-cycle of a.c. input two diodes that conduct are in series, therefore,

voltage 4iop in the internal resistance of the rectifying unit will he twice as great as in the centre tap
circuit. This is objectionable when secondary voltage is sii]

Efficiency of Full-Wave Rectifier

Fig. 9.24 shows the process of full-wave rectification. Let v -- V sin 0be the ac. voltage to be
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rectified. Let r1 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

I =	 v	 Vm sin O
r1 +RI,	 r1+RI,

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,

152

2 1,

==

	

xd.c. power output, 'Ic

1,

Fig. 9.24

a.c. input power. The ac. input power is given by

	

=	 (r1 + R1)
For a full-wave rectified wave, we have,

= '/ "i 
2im	

(r +R,)

Full-wave rectification efficiency is

	

=	 (2/rn/it)2 R1
Ti	 p	 -	 2

() (r,. +

8	 RI,	 0.812 Rk - 0.812

	

TE
=	 (r1 +R,) = r1 + R, -

(ii)

ct;12_
-

The efficiency will be maximum if rf is negligible as compared to RL .	 ..
Maximum efficiency = 81.2%	 .	 f.

This is double the efficiency due to half-wave rectifier. Therefore, a full-wave rectifier is twice
as effective as a half-wave rectifier.



Semiconductor e 	 153

Exam p 9.13. A full-wave rectifier uses two diodes, the internal resistance of each diode may
assumed coItc ant at 200. The transformer m.s. secondary voltage from centre tap to each end
secondary is 50 V and load resistance is 980 a Find,'

(i) the mean load current	 (ii) the rm.s. value of load current

Solution.
	r1	 20 Q, R, = 980 Q

	

Max. a.c voltage, Vm	 50 x	 = 70.7 V

Max. load current, /	
V	 70.7V 70.7 mA

r1 + R, 	 (20+980)Q

x707
(I)	 Mean load current, I .	 —'--v-	 _----_--- = 45 mA

It	 It

(ii) R.M.S. value of load current is

/	 = I!!L-1=50mA

	

rm*	
-- ,,J	 (7

Example 9.14. In the centre-tap circuit shown in Fig. 9.25, the diodes are assumed to he ideal
1. e. having zero internal resistance. Find:

IDEAL
(i) d.c. output voltage(ii) peak in-	 _________ - .

verse voltage (iii) rectification efficiency.

Solution.
Primary to secondary turns, N 1 /N, = 5 230 V	 j
R.M.S. primary voltage 230 V 	 f1	 100

R.M.S. secondary voltage
=230x(1/5)=46V	 *

IDEAL
Maximum voltage across secondary

Fig. 9.25
= 46 x ..J = 65V

Maximum voltage across half secondary winding is

	

Vm	 65/2 = 32.5 V
2 P	 2x325

()	 Average current, 'd ' =	 = 	 0.207 A
 itR,	 71 X100

	

d.c. output voltage, P'l i,	 I,,. x F?, = 0,207 x 100 = 20.7 V
(ii) The peak inverse voltage is equal to the maximum secondary voltage, i.e.

P/V — 65 V

(ii:)	 Rectification efficiency = _ 0.812
I +

R,
Since r1 = 0

	

Rectification efficiency	 81.2 %
Example 9.15. In the bridge type circuit shown in Fig. 9.26, the diodes are assumed to be ideal.

Find:
(1) d.c. output voltage (ii) peak invcrce voltage (iii) output frequency
Assume primary to secondary turns to be 4.
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Solution.

Pritnarv/seeidary turns. N 1 1N 7	4

R.M.S. primary voltage =

R. 	 secondary voltage = 230 (N 21N 1 ) = 230(1/4) = 57.5V

Maximum voltage across secondary is

V = 57.5x.J =81.3V

2V	 2x8l.3
WAverage current, 'th. =	 = it 

x 200 = 0.26 A

d.c. output voltage, V I, = Id, XRL 0,26x2(X) = 52V

(ii) The peak inverse voltage is equal to the illaximurn secondary voltage i.e.

P/V = 81.3 V

(iii) In full-wave rectification, there are two output pulses for each cdmplete cycle of the input ac.
votlagc. Therefore, the output frequency is t"icc that of the i.e. supply frequency i.e.

2 xJ; , = 2 x 50 = 100 Hz

Example 9Z Fig. 9.27 (i) and Fig. 9.27 (ii) show the centre-tap and bridge type circuits

having the swue load resistance and transformer turn ratio. The primary of each is connected to

230V M) H supply.

(I) Find the d.c. voltage in each case.

(ii) P/V for each case for the came d.c. output. Assume the diodes to be ideal.

(I)	 (ii)
Fig. 9.27
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Solutini.

(I) D.C. output voltage
Centre-tap circuit

R.M.S. secondary voltage = 230x 115 = 46V

Max. voltage across secondary	 46 x	 = 65 V

Max, voltage appearing across halFsecondary winding is
V,, = 65/2 = 32.5 V

2V
Average current, ,'	

itRL
2V

D.C. output voltage, Vth . =	 x R1 =
7E RI.

= 2V,,, = 2x32.5 
= 20.7 V

ir;	 it

Bridge Circuit
Max. voltage across secondary. V = 65V

2V	 2V	 2X65
D.C. output voltage, V = ld( RL = -	 x RL =	-" =	 = 41.4 V

This shows that for the same secondary voltage, the d.c. output voltagc of bridge circuit is twice
that of the centre-tap circuit.

(ii) PlY for samed.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. 9.28.

Centre-rap circuit
R.M.S. secondary voltage = 230x 1/5 = 46V

Max. voltage across secondary 	 46x ..J = 65 V

Max. voltage across half secondary winding is

V,,1 = 6512=32.5V

(i)

	

	
(ii)

Fig. 9.2

P!V = 2 V,, = 2 x 32.5 = 65 V

Bridge type circuit
R.M.S. secondary voltage = 230x 1/10 = 23V

Max. voltage across secondary, V,,, = 23xV = 32.5 V



+ 50V

+32V

-50V -

(i)

+50V,

+l8V	 - -

-32V

-.50V -

(ii)

Fig. 9.30

+ 50V

+ 32V

_tt
-50V -

(iii)
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P/V = Vill = 32.5 V
This shows that for the same d.c. output voltage. P/V of bridge circuit is halt that of centre-tap

circuit. This is a distinct advantage of bridgc circuit.

Example 9.17. The four diodes used in abridge rectifier circuit have forward resistances which
may be considered constant at Mandinfinite reverse resistance. The alternating supply voltage is
24() V rni.s. and load resistance is 480 U calculate (i) mean load current and (ii) power dissipated
in each diode.

Solution.

Max. ac. voltage, Vrn = 240 x ri V
(i) At any instant in the bridge rectifier, two diodes in series are conducting. Therefore, total

circuit resistance = 2 r1 + R,.

V	 -	 -
Max. load current, 'm =

	

	
240x h	

0.7 A
2 rj + R1 - 2 x I + 480 -

Mean load current,	 = 0.45 A
It	 It

Since each diode conducts only half a cycle, diode r.m.s. current is

'rrns = 'm "2 = 0.7/2 = 0.35 A
Power dissipated in each diode =	 x r1 = (Q35)2 x I = 0.123 W

Nature of Rectifier Output

It has already been discussed that the output of a rectifier is pulsating d.c. as shown in Fig. 9.29. In
fact, if such a waveform is carefully analysed, it will be 	 e
found that it contains a d.c. component and an ac. compo-
nent. The ac. component is responsible for the *pulsa-
tions in the wave. The reader may wonder how a pulsating
d.c. voltage can have an a.c. component when the voltage 	

.never becomes negative. The answer is that any wave
which varies in a regular manner has an ac. component.	 Fig. 9.29

(ii)

9.14

*	 Means changing output voltage.
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The fact that a pulsating d.c. Contains both d.c. and ac. components can be beautifully illustrated
by referring to Fig. 9.30. Fig. 9.30 (1) shows a pure d.c. component, whereas Fig. 9.30 (ii) shows the
*ac component. If these two waves are added together, the resulting wave will be as shown in Fig.
9.30 (iii). It is clear that the wave shown in Fig. 9.30 (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. 9.29 and the wave shown in Fig. 9.30 (iii) may be noted.

It follows, therefore, that a pulsating output of a rectifier contains a d.c. component and an a.c.

*Xtiovheness

mponent.

15 Ripple Factor
output of a rectifier consists of a d.c. component and an a.c. component (also known as ripple).
a.c. component is undesirable and accounts for the pulsations in the rectifier output. The effec-

 of a rectifier depends upon the magnitude of ac. component in the output the smaller this
component, the more effective is the rectifier.

The ratio ofm.s. value of a.c. component to the dc. component in the rectifier output is known
as ripple factor i.e.

r.rn.s. value of a.c.componcnt -
Ripple factor 

=	 value of d.c. component	 -ldc
Therefore, ripple factor is very important in deciding the effectiveness of  rectifier. The smaller

the ripple factor, the lesser the effective ac. component and hence more effective is the rectifier.

	

Mathematical analysis. The output current of a 	 .,
rectifier contains d.c. as well as a.c. component. The 100 Hz RIPPLET 

	undesired ac. component has a frequency of	 I .-.*."
100 Hz (i.e. double the supply frequency 50 Hz) and is 'dr

called the ripple (See Fig. 9.31). It is a fluctuation
superimposed on the d.c. component.

By definition, the effective (i.e. r.m.s.) value of to- —
tal load current is given by

Inns = j'dc +

or	 lac =	 -MU	 de

Dividing throughout by 'de' we get,

lac - 	 I /2 _12
- / V nns	 dc

I&	 dc
But	 is the ripple factor.

C
	Ripple factor = J_. 'tj 2 	 2	 'rr 1
	V rntc'dc	

-;-j -dc
(i) For hall-wave rectification. In half-wave rectification,

'rm.s = /,/2 	;	 'dc =

Ripple factor = F_12J2 - I = 1.21
*	 Although the a.c. component is not a sine-wave, yet it is alternating one.

Fig. 9.31
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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,

1',.	 2/rn
1,k 	11'

i12
Ripple factor =	 ------	 - I = 0.48

2 'rn)

effective ac. component

	

ic.	 = 0.48
d.c. component

This shows that in the output of a full-wave rectifier, the d.c. component is morf than the ac.
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 9.18. A power supply A delivers 10 V dc with a ripple of 0.5 V r. m, s. while the power
supply B delivers 25 V dc with a ripple of I mV r ms. Which is better power supply?

Solution. The lower the ripple factor of a power supply, the better it is.

For powcr supply A

Ripple ltctor = 'atrm.) =	 100 = 5%
'/C

For power supply 13

Ripple factor = 
Vac(r rn %) = 0.001 100 = 0.004%

Cie9i4power supply B is better.

16' Comparison of Rectifiers

Particulars	 Half-wave	 Centre-tap	 Bridge type	 I

	I 	 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 	 /,,	 2j	 2J,,

	6	 Peak inverse voltage	 2 V.

	

9.17	 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 ac. 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
If such a d.c, is applied in an electronic circuit, it will produce a hum.
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Obviously, a filter circuit should be installed between the rectifier and the load as shown in
Fig. 9.32. 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 ac. readily but
does not *pass d.c. at all. On the other hand, an inductor **opposes 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.

p
Pt

	

RECTIFIER	 A.C. COMPONENT	 kPuREDc

	

OUTPUT	 FILTERED	 OUTPUT

FILTER CIRCUIT
Fig. 9.32

9.18 Types of Filter Circuits

The most commonly used filter circuits are capacitor filter, choke input filter and capacitor input
flier or it-filler. We shall discuss these filters in turn.

(1) Capacitor filter. Fig. 9.33 (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. 9.33 (iii)I, the
capacitor is charged to the peak value Vm 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. 9,33 (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.

f ..	 A C E G

	

RECTIFIER	 I	 I
V	 OUTPUT	 CT	 ___________

o	 I	 ol	 .

(i)
	

(ii)
	

(iii)

Fig. 9.33

A capacitor offers infinite reactance to d.c. For d.c.,f= 0.

	

A. =	 =	 =
271 /r	 2itxOxC

I lence, a capacitor does not allow d.c. to pass through it.
•' We know X1 = 2itJL. For d.c.,f= 0 and, therefore, A', = 0. Hence inductor passes d.c. quite readily. For

a.c., it offers opposition and drops a part of it.
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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 1rnsistor radio battery eliminators.

(ii) Choke input filter. Fig. 9.34 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 I and 2 of the filter circuit. As
discussed before, the pulsating output of rectifier contains ac. and d.c. components. The choke
offers high opposition to the passage of ac. component but negligible opposition to the d.c. compo-
nent. The result is that most of the ac. 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

Fig. 9.34

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.

(iii) Capacitor input filter or it-filter. Fig. 9.35 shows a typical capacitor input filter or "it-
filter. It consists of a filter capacitor C1 connected across the rectifier output, a choke L in series and
another filter capacitor C2 connected
across the load. Only one filter section
is shown but several identical sections are
often used to improve the smoothing ac- 	 0	 _.-+
tion.	 0

The pulsating output from the recti-
fier is applied across the input terminals
(i.e. terminals I and 2) of the filter. The RECTIFIER
filtering action of the three components 	 OUTPUT

viz C 1 , L and C2 of this filter is described
below:

11
Ci1	 CiT	 LOAD

Fig. 9.35

(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 1 bypasses an appreciable amount
of a.c. component while the d.c. component continues its journey to the choke L.

*	 The shorthand name of inductor coil is choke.
The shape of the circuit diagram of this filter circuit appears like Greek letter it (pi) and hence the name it-
filter.



R =25 Q

Fig. 9.38

R= 750Q

Fig. 9.37

V,,'

V
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(h) The choke L offers high reactance to the ac. 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 filler capacitor C 2 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 9.19. The choke of Fig. 9.36 has a dc. resistance of 25 Q. What is the d.c. voltage if
the full-wave signal into the choke has a peak value of25. 7 V?

250%	 50 Q

Fig 9.36

Solution. The output of a full-wave rectifier has a d.c. component and an a.c. component. Due
to the presence ofa.c. component, the rectifier output has a pulsating character as shown in Fig. 9.37.
The maximum value of the pulsating output is Vm and d.c. component is k. = 2 Vm/lt.

For d.c. component V., the choke resistance is in series with the load as shown in Fig. 9.38.

Vol tage across load, V.	 IX	 x R,
R + R,

	

= 2V,,1 	2x25.7 = 16,4VIn our example, V'.
It	 It

Voltage across toad, VL. =
	 V;K .	 164R,	 x750	 15.9VR+R,	

.
25+750

The voltage across the load is 15.9 V dc plus a small ripple.

9.19 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

0	 That part of a.c. component which could not be bypassed by capacitor C1.
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voltage or load. Thus, it the input voltage increases, the d.L. output voltage of the rectifier also
increases- Similarly, if the load current increases, the output voltage falls due to the voltage drop in
the rectitng clement, 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.

9.2k- Zener Diode

Ii has already been discusscd that when the reverse bias on a crystal diode is increased, a critical
voltage, called breakdown voltage is reached where	 IF
the reverse current increases sharply to a high value.
The breakdown region is the knee of the reverse char-
acteristic as shown in Fig. 9.39. The satisfactory ex-
planation of this breakdown of the junction was first
given by the American scientist C. Zener. Therefore,
the breakdown voltage is sometimes called zencr volt- VIi
age and the sudden increase in current is known as KNEE
zener current. 

The breakdown or zener voltage depends upon
the amount ot doping. If the diode is heavily doped,
depletion layer will be thin and consequently the break- REVERSE
down oithcjunction will occur at it 	 reverse volt- CHARACTERISTIC	 in

age. Oil 	 other hand, a lightly doped diode has a 	 Fig. 939
higher breakdown voltage. When an ordinary crystal
diode is properly doped so that it has a sharp breakdown voltage, it is called a zener diode.

(A proper/v doped C)'StCIl diode which has a sharp breakdown voltage is known as a zener

diode.)
F.. 9.40 shows the symbol of  zcner 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:

(I) A ,cner diode is like an ordinary diode except that it is properly doped so as to have a sharp
breakdown voltage.

(ii) A zenr diode is always reverse connected i.e. it is always reverse

biased.
(iii) A 7cner diode has sharp breakdown voltage, called zener voltage V2.

(iv) When forward biased, its characteristics are just those of ordinary

	
Fig. .40

diode.
(v) The zeiter diode is not immediately burn just because it has entered the breakdown region.

As long as ihe external circuit connected to the diode limits the diode current to less than burn out

value, the diode will not burn out.

9.21	 Equivtticnt Circuit of Zener Diode

The analysis of circuits using i.encr diodes can be made quite easily by replacing the zener diode by
its equivalent circuit.

(i) "On" state. When reverse voltage across a zener diode is equal to or more than breakdown
voltage V., the current increases very sharply. In this region, the curve is almost vertical. It means

tion of zener diode.The cuirent is limited only by both external resistance and the power dissipa 



(i)

V 2: V

vz

-f
jO

+

1
E0
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that voltage across ze'ner diode is constant at V. even though the current through it changes. There-
fore, in the breakdown region, an ideal zener diode can be represented by a battery of voltage V 7 as
shown in Fig. 9.41 (ii). Under such conditions, the zener diode is said to be in the "ON" state.

iz

TVZ

(ii)

Equivalent circuit of zcncr for "on" state
Fig. 9.4!

(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. 9.42 (ii).

V

	

I	 I

	

 V	 /Z= 0

(i)
	

(ii)

	

vz > v> 0
	

Equivalent circuit of i.cner for 'off" state

Fig. 9.42

9.22 Zener Diode as Voltage Stabiliser

A zener diode can be used as a voltage regulator to provide a constant voltage from a source whose
age may vary over sufficient range. The circOit arrangement is shown in Fig. 9.43 (I). The zcner

diode of zener voltage V is reverse connected across the load R1 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 V2 ( E0)

across the load so long as the input voltage does not fall below V.

R	 1	 1,	 R	 1

::

(i)

Fig. 9.43

*	 This assumption is fairly reasonable as the impedance of zener diode is quite small in the breakdown
region.
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When the circuit is properly designed, the load voltage E remains essentially constant (equal to

V7) even though the input voltage E , and load resistance R, may vary over a wide range.

(i) Suppose the input voltage increases. Since the z.ener is in the breakdown region, the zener
diode is equivalent to a battery V, , as shown in Fig. 9.43 (ii). It is clear that output voltage remains

constant at V. (= E0). The excess voltage is dropped across the series resistance R. This will cause an

increase in the value of total current 1. The zener will conduct the increase of current in / while the
load current remains constant. Hence, output voltage E 0 remains constant irrespective of the changes

in the input voltage E,.

(ii) 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 1) will not change as the zener is within its regulating range. The additional
load current will come From a decrease in zener current 1,. Consequently, the output voltage stays at

constant value.
Voltage drop across R	 E, - E0

Current through R, I = I, -
Applying Ohm's law, we have.

R=
+ 1,

9.23 Solving Zener Diode Circuits
The analysis of zencr 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.

I. E1 and R, fixed. This is the simplest case and is shown in Fig. 9.44 (I). Here the applied

voltage E as well as load R1 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 Vacross the resulting
open-circuit as shown in Fig. 9,44 (ii).

VE -- R1E,
°	 R+R1

R	 R

(i)	 (ii)

Fig. 9.44

If V^ V7, the zener diode is in the "on" state and its equivalent model can be substituted as shown
in Fig. 9.45 (i). If V < V, the diode is in the "off' state as shown in Fig. 9.45 (ii).
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R	 I
+

10
E1

+

(1)	 (ii)

Fig. 9.45

(1) On state. Referring to circuit shown in Fig. 9.45 (i),

= V
E	 E.—E

= I - I, where 'L = —p- and I =

Power dissipated in zener, P = Vl

(ii) Off state. Referring to the circuit shown in Fig. 9.45 (ii),

= 'L and !=O

VR = E1 —E0 and V = E0 (V< Vz)

VIzV(0)O

2. Fixed E and Variable RL. This case is shown
in Fig. 9.46. Here the applied-voltage (Er) is fixed while	 +	 R

load resistance RL (and hence load current 1L) changes.

Note that there is a definite range of RL values (and hence

'L values) which will ensure the zener diode to be in
"on" state. Let us calculate that range of values. 	 E	 Vz -	 Rt.	 E0

(1) R 1 and 'Lmaz' Once the zener is in the "on"

state, load voltage E0 (= Vj is constant. As a result,
when load resistance is minimum (i.e., 	 load cur-	 -	 4
rent will be maximum (1L = EO/RL) , In order to find the	 Fig. 9.46
minimum load resistarkce that will turn the zener on, we
simply calculate the value of RL that will result in E. = V i.e.,

*R E.
E0 =	 = R ± RL

RV

z
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 E. across the load less than V and the

zener will be in the "off" state.

*

	

	 If you remove the zener in the circuit shown in Fig. 9.46, then voltage V across the open-circuit is

= RLEI

R+RL

The zerier will be turned on when V = V.
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Clearly	 I/max	 =

(ii) I Lmin and RLMW It is easy to see that when load resistance is maximum, load current is
niinirnum.

Now,	 Zener current, 1, = I—
When the zencr is in the "on" state, I remains "fixed. This means that when I, is maximum, i

will be minimum. On the other hand, when i is minimum, I is maximum. If the maximum current
that a zener can carry safely is 	 then,

'1mm = - '7.M

V 7and	 Rl.muz =	
E0	

= 1'
L.ntin	 1_'nj,i

If the load resistance exceeds this limiting value, the current through zener will exceed IzA4 and
the device may burn out.

3. Fixed RL and Variable E. This case is shown	 R
in Fi. 9.47. Here the load resistance R1 is fixed while
the applied voltage (E) changes. Note that there is a
definite range of E values,.that will ensure that zener
diode is in the "on" state. Let us calculate that range of V1 	 RL: : E0
values.

(i) E 1 (mm). To determine the minimum applied
voltage that will turn the zener on, simply calculate the
value of E, that will result in load voltage E0 = V i.e.,	

Fig. 9.47

	

E - V7
	 R,E,

	

0	 7 R + R1,

•	 E	
- (R+R,)V,

i(mm)	 R,
(ii) E 1 (max)

Now, Current through R, I = I, + I
Since I (= E0/R1 = V/R,) is fixed, the value of I will be maximum when zener current is maxi-

mum i.e..

'max = '/Jf +
Now	 E	 IR+E0
Since E. (= 177) is constant, the input voltage will be maximum when I is maximum,

E,	 = 'max R + V,
Example 9.20. For the circuit shown in Fig. 9.48 (1), find:
(:) the output voltage 	 (ii) the voltage drop across series resistance

(iii) the current through zener diode

Solution. If you remove the zener diode in Fig. 9,48 (I), the voltage V across the open-circuit is
given by
*	 Voltage across R, yR = E, - E0 and I = VRIR. As E, and E0 are fixed, / remains the same.

Max. power dissipation in zener, PZW V 'ZAf
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I? E	 10 x 120i.V	 -____	 --- = 80V
1? - I?,	 S + 10

Since voltage across zcncr diode is greatcr 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. 9.48 (ii).

+ R=skcI	 i	 'I.	 + R=5k)

Fig. 9.48

(z) Referring to Fig. 9.48 (ii),
Output voltage = V7 SO V

(ii) Voltage drop across R = Input voltage -	 = 120 - 50	 70 V
(iii) Load current, 1 = V2/R1 = 50 V/ 10 W = 5 mA

Current through R I = 1.0_Y = 14 mA
5k

Applying Kirchhoff's first law, I = 11 +
Zener current, 17 = I I = 14 - 5	 9 mA

p/	 Example 9.21. For the circuit shown in Fig. 9.49 (1), find the maximum and minimum values f
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 V7 ( 50 V). I Icoce

the zcncr diode will be in the "on" state for this range of applied voltages. Consequently, it can he
replaced by a battery of 50 V as shown in Fig. 9.49 (ii).

Y,Z- :90 - 2	 r50V 10 kfl	 10 kO

(i)	 (ii)
Fig. 9.49

Maximum zener current. The zener will conduct *maximum Current when the input voltage is
maximum i.e. 120 V. Under such conditions

	

Voltage across 5 k 	 = 120 - 50 70 V

- 1 Since I, ( J'2/R,) is fixed, 1z will be maximum when I is maximum.
E—E0	E—V.

Now, I	 =---	 . Since V (= E0) and R are fixed, I will be maximum when E, is
maximum and vice-versa.
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Current through 5 k, I - 
70 V

 - 14 mA
5 k

Load current, I,

	

	 50 V= 5 mA
10 kQ

Applying KirchhofFs first law, / = /, +
.Zener current, l =	 = 14 - 5 = 9 mA

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 5 k	 = 80 - 50 = 30 V

Current through 5 k, I 
= 30 V
 = 6 mA

Load current, 1,, = 5 mA

Zcner current,	 'L = 6-5 = l mA

Example 9.22. A 7.2 V zener is used in the circuit shown in Fig. 9.50 and the load current is to
Ava,.y 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,

	

/Z	 T
E1=12V	 -R E0

	T 	 12

4	 1	 I

Fig. 930

Solution.	 E. = 12 V; V = 7.2 V
E - E

R=	 0

'Z +!(
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 zner current will occur when the load current is maximum.

R =
	 E,-E0	 = 12V-7.2V = 4.8V	

435c2

	

('z)mrn + ('j)m	 (10 + 100) mA	 110 mA

lfR = 43.5 ) is inserted in the circuit, the output voltage will remain constant over the regulating
range. As the load current 'L decreases, the zener current 1 will increase to such a value that 1 +
= 110 mA. Note that if load resistance is open-circuited, then I	 0 and zener current becomes

110 mA.

Example 9.23. The zener diode shown in Fig. 9.51 has V = 18 V The voltage across the load
slays at 18 Vas long as 1 is maintained between 200 mA and2 A. Find the value ofseries resistance
Rso that E0 remains 18 V while input voltage E, is free to vary between 22 V to 28V

VWV-

22Vto28V,7"	 'Vz=l8V	 fo	 RL=18c2

	

1.	 1
Fig 9.51
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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 1,, = V7 / R, = 18 V/18 Q = I A = 1000 mA.

R 
=	 =	 (22-18)V	 =	 4V

(')m,,, + (/),	 (200 + 1000) mA	 1200 mA

Exam pie 9.24. A 10-V zener diode is used to regulate the voltage across a variable load resis-
tor The input voltage varies between 13 V 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.

1,

13Vto 16V_...i-'
	

R1

Fig. 9.52

Solution. The zener will conduct minimum current (i.e. 15 mA) when input voltage is minimum
(i.e. 13 V).

•	 R	
E, - EO	 (13-10)V =	 3V	 = 30

-.	 ('Z)mrn + ('L)max - ( 15 + 85) mA	 100 mA

, 7

	

	 Example 9.25. The circuit of Fig. 9.53 uses two zener diodes, each rated at 15 J< 200 mA. If the
circuit is connected to a 45-volt unregulated supply, determine:

(:) The regulated output voltage	 (ii) The value of series resistance R

R

'
= 45 V	

Z2	

RL	 E0

4	 +4

Fig. 9,53

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. 9.53. However, in such circuits,
care must be taken to select those zeners that have the same Current rating.

Current rating of each zener, i = 200 mA
Voltage rating of each zener, V = 15 V

Input voltage, E, = 45 V
(1)	 Regulated output voltage, E. = 15 + 15 = 30 V

E -F0 45-30	 15 
(ii)	 Series resistance, R	

'	 = 200 mA = 200 mA

Example 9.26. 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. 9.54 shows the desired circuit. The worst case is at no load because then zeners
carry the maximum current.
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Voltage rating of each zener, V7 = 10 V
Current rating of each zener, I, = 1000 mA

Input unregulated voltage, E, = 45 V
Regulated output voltage, E0 = 10 + 10 + 10 = 30 V

VVVV

E, = 45 V E0=30V

4

Fig. 934

Let R ohms be the required series resistance.
Voltage across R	 45-30 = 15 

R 
= 	 = 15  

= 15
lz	 1000 mA

Example 9.27. Over what range of input voltage will the zener circuit shown in Fig. 9.55
maintain 30 V across 2000 fl load, assuming that series resistance R 200 n and zener current
rating is 25 mA ?

R=200	 I
-WN	

E0
F	 /Z

000 ^ 

T
E.	 2

-	 4	 411
Fig. 9.55

Solution. The minimum input voltage required will be when I = 0. Under this condition,

I 30V 15 mL 20000

Minimum input voltage = 30+IR = 30+ 15mAx200

= 30+3 = 33V

The maximum input voltage required will be when l 25 mA. Under this condition

=	 = 15+25 = 40 m

Max, input voltage = 30 + I R
30+40mAx200Q

= 30 + 8 = 38V
Therefore, the input voltage range over which the circuit will maintain 30 V across the load is

33 V to 38 V.

Example 9.28. In the circuit shown in Fig. 9.56, the voltage across the load is to be maintained
at 12 V as load current varies from 0 to 200 mA. Design the regulator.' Also find the maximum
wattage rating of zener diode.
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Solution. By designing the regulator here means
to find the values of V, and R. Since the load voltage is
to be maintained at 12 V, we will USC a zeflCr diode of
iencr voltage 12 V i.e.,

V1 12 	 lô

The voltage across I? is to remain constant at 16 -
12 4 V as the load current changes from 0 to 200 mA.
The minimum zener current will occur when the load
current is maximum.

	

_	
E -- E

	I? - 	 =
4

16-12	 -	 4V
200

(0 + 200) mA - 200 mA

Maximum power rating of zener is
P7, = V7 I, = (12V)(200ntA)	 2.4W

9.24 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.
(ii) They arc simpler and inherently cheaper.
(iii) 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 o
current may produce enough heat to ruin thepn junction. On the other hand, vacuum diodes function
normally over a wide range of temperature changes.

It may he 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.

(ii) They can handle small currents and low inverse voltages as compared to vacuum diodes.

(iii) 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 thi overload is removed, the tube will generally recover.

Multiple-Choice Questions

1. A crystal diode has	 2. A crystal diode has forward resistance ofthe

9Y'onc pn junction	 order of ........

(ii) two pnjunctioiis	 (i) kO	 ..kilT 0

(iii) three pnjunctions	 (iii) MO	 (iv) none of the above

(iv) none of the above 	 3. If the arrow of crystal diode symbol is posi-

Even when soldering the leads of  crystal diode, care must he taken not to permit heat from the soldering
device to reach the crystal diode.
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tive w.r.t. bar, then diode is 	 . biased.
.(-i) forward
(ii) reverse
(iii) either forward or reverse
(v) none of the above

4. The reverse current in a diode is oftheôrder
of........
(i) kA	 (ii)mA

ç) pA	 (iv) A
5. The forward voltage drop across a silicon

diode is about ........
(i) 2.5 V	 (ii) 3 V

(iii) b y	 (0 0.
6. A crystal diode is used as ........

(1) an amplifier	 .(ii) a rectifier
(iii) an oscillator	 (iv) a voltage regulator

7. The d.c. resistance of a crystal diode is ........
its a.c. resistance.
(1) the same as	 (ii) more than

iii) less than	 (iv) none of the above
8. An ideal crystal diode is one which behaves

as a perfect ........when forward biased.
..(i) conductor
(ii) insulator
(iii) resistance material
(iv) none of the above

9. The ratio of reverse resistance and forward
resistance of a germanium crystal diode is
about ........
(i) 1:1	 (ii) 100:1

(iii) 1000: 1	 iv) 40000:
10. The leakage current in a crystal diode is due

to........
J ' minority carriers
(ii) majority carriers
(iii) junction capacitance
(iv) none of the above

11. If the temperature of a crystal diode in-
creases, then leakage current ........
(1) remains the same
(ii) decreases
(üi) increases

(iv) becomes zero
12. The PIV rating of a crystal diode is ........

that of equivalent vacuum diode.
(i) the same as	 (j/) lower than

(iii) 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
(ii) is increased

is decreased
(iv) none of the above

14. The knee voltage of a crystal diode is ap-
proximately equal to .......
(i) applied voltage
(ii) breakdown voltage
(iii) forward voltage
(I5 barrier potential

15. When the graph between current through and
voltage across a device is a straight line, the
device is referred to as ........
(' linear .	 (ii) active

(ii:) jionlinear	 (iv) passive
16. When the crystal diode current is large, the

bis is ........
jY forward	 (ii) inverse

(iii) poor	 (iv) reverse
17. A crystal diode is a ........device.

non-linear	 (ii) bilateral
(ii:) linear	 (iv) none of the above

18. A crystal diode utilises ........characteristic
for rectification.
(1) reverse
() forward
(iii) forward or reverse
(iv) none of the above

19. When a crystal diode is used as a rectifier,
the most important consideration is ........
(1) forward characteristic
(ix) doping level
(iii) reverse characteristic

Ply rating
20. If the doping level in a crystal diode is in-
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creased, the width of depletion layer
(1) remains the same
(ii) is decreased

Qil) is increased
(v) none of the above

21. A zener diode has ........
one pn junction

(ii) two pn junctions
(iii) three pn junctions
(iv) none of the above

22. A zener diode is used as ........
(1) an amplifier 	 (jiy voltage regulator

(iii) a rectifier	 (iv) a multivibrator
23. The doping level in a zener diode is

that of a crystal diode.
(I) the same as	 (ii) less than
(1 more than	 (iv) none of the above

24. A zener diode is always ......... . connected.

PY reverse
(ii) forward
(iii) either reverse or forward
(iv) none of the above

25. A zoner diode utilises ....... . characteristic for
its operation.
(I) forward
(ii reverse
(iii) both forward and reverse
(iv) none of the above

26. In the breakdown region, a zener diode be-
haves like a ........ . source.

ZO constant voltage
(ii) constant current
(iii) constant resistance
(iv) none of the above

27. A zener diode is destroyed if it ........
(1) is forward biased
(ii) is reverse biased(iK carries more than rated current
(iv) none of the above

28. A series resistance is connected in the zener
circuit to ........
(i) properly reverse bias the zener

jJ)- protect the zener
(iii) properly forward bias the zener
(iv) none of the above

29. A zener diode is ....... . device.
ia non-linear	 (ii) a linear

(iii) an amplifying (iv) none of the above
30. A zener diode has ....... . breakdown voltage.

(i) undefined	 (4 sharp
(iii) zero	 (iv) none of the above

31 . ........ rectifier has the lowest forward resis-
tance.

IfA solid state	 (ii) vacuum tube
(iii) gas tube	 (iv) none of the above

32. Mains a.c. power is converted into d.c. power
for ........
(1) lighting purposes
(ii) heaters	 -
(415 using in electronic equipment
(iv) none of the above

33. The disadvantage of a half-wave rectifier is
that the ........
(i) components are expensive
(ii) diodes must have a higher power rating

.tiii) output is difficult to filter
(iv) none of the above

34. If the a.c. input to a half-wave rectifier has
an r.m.s. value of 4001 r2 volts, then diode
PIV rating is ........

(i) 400/h V	 400V

(iii) 400 x 12 V (iv) none of the above
35. The ripple factor of a half-wave rectifier is

(i) 2	 (ii) 1,21
(iii) 15	 .-&) 0.48

36. There is a need of transformer for
(i) half-wave rectifier

,(ky centre-tap full-wave rectifier
(ii:) bridge full-wave rectifier
(iv) none of the above

37. The PIV rating of each diode in abridge rec-
tifier is ....... . that of the equivalent centre-
tap rectifier.
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II.
16.
21.
26.
31.
36.
4'.

(1)
(ii)

(1)
(1)
(i)
(i)
(ii)
(I)

2.
7.

12.
17.
22.
27.
32.
37.
42.

(ii)

(ii)
(i)
(ii)

(I)
(i)

3.
8.

'3.
18.
23.
28.
33.
38.
43.

(I)
(1)

(ii)

(ii)

(iv)
(iv)
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one-half	 (ii) the same as
(it:) twice	 (ii.) four times

38. (or the same secondary voltage, the output
voltage from a ccnLre-tap rectifier is
than that of bridge rectifier.
(i) twice	 (u) thrice

(iii) h.ur times	 (.k4 one-half
39. lithe IIV rating of a diode is exceeded

(1) the diode conducts poorly
the diode is destroyed

(iii) the diode behaves as zener diode
(iv) none of the above

40. A 10 V power supply would use ........as
filter capacitor.
(1) paper capacitor (ii) mica capacitor

electrolytic capacitor
(iv) air capacitor

41. A 1000 V power supply would use ........as
a filter capacitor.
ci) paper capacitor
(ii) air capacitor
(iii) mica capacitor

Principles of Electronics

(iv) electrol ytic capacitor
42.	 he ......filter circuit results in the best volt-

age regulation.
.4111 choke input
(ii) capacitor input
(iii) resistance input
(it') none cit he above

43. A half-wave rectifier has an input voltage of
240 V r.m,s. Ii (he step-down transformer
has a turns ratio of 8 : I what is the peak
load voltage 2 Ignore diode drop.
(i) 27.5 V	 (ii) 86.5 V

(iii) 30 V	 (	 42.5 V
44. 1 lie maximum efficiency ofa half-wave icc-

tilier is ...........
,4i) 40,6%	 (ii) 81.2%
(iii) 50%	 (i's') 25%

45. The most widely used rectifier is
(I) half-wave rectifier

(ii) centre-tap full-wave rectifier
(,itl) bridge full-wave rectifier
(iv) none of the above

Answers to Multiple-Choice Questions

4. (iii)
9. (iv)

14. (iv)
19. (iv)
24. (i)
29. (1)
34. (ii)
39. (ii)
44. (i)

Chapter Review Topics

5. (iv)
10. (I)
15. (,)
20. (iii)
25. (ii)
30. (ii)
35. (iv)
40. (iii)
45. (iii)

What is a crystal diode 2 Explain its rectifying action.
2 Draw the graphic symbol of crystal diode and explain its significance. (low the polarities of crystal

diode are identified '?
What do you understand by the d.c. and a.c. resistance uta crystal diode? (low will you determine
them from the V-I characteristic ot'a crystal diode ?

4. Draw the equivalent circuit of  crystal dioac.
5. Discuss the importance of peak inverse voltage in rectifier service.
6. Describe a half-wave rectifier using a crystal diode.
7. Derive an expression for the efficiency of a half-wave rectifier.
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8. With a neat sketch, explain the working of (I) Centre-tap full-wave rectifier (ii) Full-wave bridge
rectifier.

9. Derive an expression for the efficiency for a full-wave rectifier.
10. Write a short note about the nature of rectifier output.
11. What is a ripple factor? What is its value for a half-wave and full-wave rectifier?
12. Describe the action of the following filter circuits : (1) capacitor 1111cr (ü) choke input filter (iii)

capacitor input filter.
13. What is a zencr diode? Draw the equivalent circuit of an ideal zcncr in the breakdown region.
14. Explain how zcner diode maintains constant voltage across the load.

Problems

1. What is the current its the circuit in Fig. 9.57? Assume the diode to be ideal. 	 110 mAl

+6V	 200 Q +4V
a 01

Fig. 9.57

Si
01

svf

	 I
Fig. 9.58

2. Using equivalent circuit, determine the current in the circuit shown in Fig. 9.58. Assume the forward
resistance of the diode to be 2 Q. 	 1358 mAl

3. Find the voltage V4 and current fin the circuit shown in Fig. 9.59. Use simplified model. 114 V; 2 mAl

4. Determine the magnitude of V4 in the circuit shown in Fig. 9.60. 	 19.5 VI
5. A half-wave rectifier uses a transformer of turn ratio 4: I. If the primary voltage is 240 V (r.m.s.), find

(1) d.c. output voltage (ii) peak inverse voltage. Assume the diode to be ideal.	 j(i) 27 V (ii) 85 V(

	/ Si	 Ge	 Si	 Ge 2 k
+15V°	 04	 04	 OVA

	 04	 04 V . , 	 4

7 kc
	

2 kU

Fig. 959
	

Fig. 9.60

6. A half-wave rectifier uses a transformer of turn ratio 2 : I. The load resistance is 500 C. If the primary
voltage (r.m.s.) is 240 V, find (i) d.c. output voltage (ii) peak inverse voltage. 	 1(1) 54 V (ii) 170 VJ

230 V 200 Q
50Hz.	

tD2
_

Fig. 9.61

I
23V
50Hz	 (

I	 I

Fig. 9.62

7. In Fig, 9.61. the maximum voltage across half of secondary winding is 50 V. Find (1) the average load
voltage (ii) peak inverse voltage (iii) output frequency. Assume the diodes to be ideal.

1(l) 31.8 V (11)100 V (li) 100 Hz
8. In Fig. 9.62, the maximum secondary voltage is 136 V. Find (1) the d.c. load voltage (it) peak inverse

voltage (iii) output frequency.	 1(1) 86.6 V (ii) 136 V (lit) 100 HzI
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9. In the circuit shown in Fig. 9.63, is zcner diode in the on or off slate?

I K11

3kQ	 50\
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bill
I	 I

Fig. 9.63	 Fig. 9.64

10. In the circuit shown in Fig. 9.64, determine the range of R1 that will result in a constant voltage of
10 V across R,.	 1250!D to 1.25 k01

Discussion Questions

1. Why are diodes not operated in the breakdown region in rectifier service?
2. Why do we use transformers in rectifier service?
3. Why is P/V important in rectifici' service?
4. Why is zener diode used as a voltage regulator?
5. Why is capacitor input filter preferred to choke input filter?

I


