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Regulated D.C. Power Supply

Introduction
In general, electronic circuits using tubes or transistors require a source of d.c. power. For example,
in tube amplifiers, d.c. voltage is needed for plate, screen grid and control grid. Similarly, the emitter
and collector bias in a transistor must also be direct current. Batteries are rarely used for the purpose
as they are costly and require frequent replacement. In practice, d.c. power for electronic circuits is
most conveniently obtained from commercial ac. lines by using rectifier-filter systcm, called a d.c.
power supply.

The rectifier-filter combination constitutes an ordinary d.c. power supply. The d.c. voltage from
an ordinary power supply remains constant so long as a.c. mains voltage or load is unaltered. How-
ever, in many electronic applications, it is desired that d.c. voltage should remain constant irrespec-
tive of changes in ac. mains or load. Under such situations, voltage regdatio devices are used with

ordinary power supply. This constitutes regulated dc. power supply and keeps the d.c. voltage at

fairly constant value. In this chapter, we shall focus our attention on thethe various voltage regulating

circuits used to obtain regulated power supply.

19.1 Ordinary D.C. Power Supply

An ordinary or unregulated d.c. power supply contains a rectifier and a filter circuit as shown in Fig.
19.1. The output from the rectifier is pulsating d.c. These pulsations are due to the presence of ac.
component in the rectifier output. The filter circuit removes the ac. component so that steady d.c.
voltage is obtained across the load.

Fig. 19.1

Limitations. An ordinary d.c. power supply has the following drawbacks
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(i) The d.c. output voltage changes directl y with input ac. voltage. For instance, a 5% increase
in input a.c. voltage results in approximately 5% increase in d.c. output voltage.

(H) The d.c. output 'voltage dccrcascs as the load current increases. This is due to voltage drop
in (a) lransioi mci windings h) rectifier and (c) filter circuit.

These variations in d.c. output voltage may cause inaccurate or erratic operation or even mal-
functioning of many electronic circuits. For example, in an oscillator, the frequency will shift and in
transmitters, distorted output will result. Therefore, ordinary power supply is unsuited for many dcc-
tronic applications and is being replaced by regulated power supply.

19.2 Important Terms

For c	 pariso	 different types of power supplies, the following teons are commonly used
Wtage regulation. The d.c.voltagc available across the output terminals of  given power

u	 depends upon load current. If the load current 'dc is increased by decreasing RL (See Fig.
-- 19.2), there is greater voltage drop in the power supply and hence smaller d.c. output voltage will be

available. Reverse will happen if the load current decreases. The variation of output voltage w.r.t. the
amount of load current drawn from the power supply is known as voltage regulation and is expressed
by the following relation

% Voltage regulation = VNJ - VEt.X 100
VI. .'-

where	 VNL	 d-c. output voltage at no-load
= d-c. output voltage at full-load

Vd

POWER
Vdc

Fig. 19.2

VN	 NO-LOAD

FULL-LOAD

FL -'FL

Fig. 19.3

In a well designed power supply, the full-load voltage is only slightly less than no-load voltage
i.e. voltage regulation approaches zero. Therefore, lower the voltage regulation, the lesser the differ-
ence between full-load and no-load voltages and better is the power supply. Power supplies used in
practice have a voltage regulation of 1% i.e. full-load voltage is within 1% of the no-load voltage.
Fig. 19.3 shows the chaagc of d.c. output voltage with load current. This is known as voltage regu-
lation Curve.

(ii) Minimum load resistance. The change of load connected to a power supply varies the load
current and hence the d.c. output voltage. In order that a power supply gives the rated output voltage
and current, there is minimum load resistance allowed. For instance, if a power supply is required to
deliver a full-load current 'L at full-load voltage VF(, then,

RVFL
Umin) -

FL
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Thus, if a data sheel specifies that a power supply will give an output voltage of lOOV at a
maximum rated current of 0.4A, then minimum load resistance you can connect across supply is
Rm = IM/0.4 = 2500. If any attempt is made to decrease the value of RL below this value, the rated
d.c. output voltage will not be available.

E	 e 19.1. If the dc. output voltage is 400V with no-load attached to power supply but
ec as to 300V at full-load, find the percentage voltage regulation.

Solution.

VNL = 400 V; V 1 = 300 V

%Volagercgulation = VNL — VFL xlOO = 400 xl00	 33.33%
VFL	 300

9.2. A power supply has a voltage regulation of 1%. If the no-load voltage is 30V
what ist e full-load voltage?

Solution. Let VFL he the full-load voltage.

% Voltage regulation =	 ---- x 100
VFL

or	 I = 30'FLx100
VFL

7	 VFL = 29.7 V

- .3. Zvo power supplies A and B are available in the market. Power supply A has
no- oad a.nd full-load voltages of 30V and 25V respectively whereas these values are 30V and 29V
for power supply B. Which is better power supply?

- Solution. That power supply is better which has lower voltage regulation.
Power supply A

VNL = 30V, VFI = 25V

VNL —VFL	 30-25
-% Voltage regulation = - --- x 10 - —xlOO = 20%
 25VFL

Power supply 	 VNL = 30V, VFL 29V

% Vciltagc regulation = VNL-VF710030_29----xlOO = 3.45%
VFL	 29

Therefore, power supply B is better than power supply A.

Example 19.4. Fig. 19.4 shows the regulation
cune of a power supply. Find (I) voltage regulation 	 600
and (ii) minimum load resistance. 	 50 -

Solution. Referring to the regulation curve 	 .4
shown in Fig. 19.4, it is clear (hat:

1300-
VN, = 500 V; V , = 300 V	 I

.l200-
'FL = 120 mA R, (mm)	 .

(i)	 Regulation 
= V 1 - 

VH x I 00
VF,	 -

500-300	
0	 40	 80	 120	 160

= -- —X 10	 Id, (mA),
300

= 66.7%	 Fig. 19.4
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ated Power Supply

d.c>,pówer supply which maintains the output voltage constant irrespective of a. c. mairasfluc:ua-
'rIor load variations is known as regulated d.c. power supply.

-vfRL^ VOU

ORDINARY	 I	 \LTAGEA.C. VOLTAGE	 POWER	 yin	 REGULATOR
SUPPLY	 I

Fig. 19.5

A regulated power supply consists of an ordinary power supply and voltage regulating device.
Fig 19.5 shows the block diagram of  regulated power supply. The output of ordinary power supply
is fed to the voltage regulator which produces the final output. The output voltage remains constant
whether the load current changes or there are fluctuations in the input ac. voltage.

Fig. 19.6

Fig. 19.6 shows the complete cfrcuit of  regulated power supply using zener diode as a voltage
regulating device. As you can see, the regulated power supply is a combination of three circuits viz.,
(i) bridge rectifier (ii) a capacitor filter C and (iii) zener voltage regulator. The bridge rectifier
converts the transformer secondary a.c. voltage (point P) into pulsating voltage (point Q). The pul-
sating d.c. voltage is applied to the capacitor filter. This
filter reduces the pulsations in the rectifier d.c. output POINT P
voltage (point R). Finally, the zener voltage regulator
performs two functions. Firstly, it reduces the variations
in the filtered output voltage. Secondly, it keeps the out-
put (V; ,41 ) nearly constant whether the load current
changes or there is change in input ac. voltage. Fig.
19.7 shows the waveforms at various stages of regulated
power supply. Note that bridge rectifier and capacitor
filter constitute an ordinary power supply. however,
when voltage regulating device is added to this ordinary
power supply, it turns into it regulated power supply.

POINT Q

POINT R

POINT Sr—

Fig, 19.7
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Note.ii priticc. 1!ii. Ivpc at cgtiLilui	 1.11,k IuII. The piiiiiary 1iihlc,n nli 1 lie simpk zcncr rcgulii-
ui is the I act that [lie letter wastes 1 Ircincuduc ainuitri: at puwci.	 •cticaL vuIiac rcgulaliirs Contain a

iiiii tiber of di scfctc and/or i itegraled active dcvici:s N 	 I cless ihi ,, ( iicu I gives an idea allow the rcgulatcd

kan(,

rfRegulated Power Supply

nary power supply, the voltage regulation is poor I. e. d-c. output vollage thanges apprc
ciahly with load current. Moreover, output village also change'. die to viritlotis ill 	 input a.c.
voltage. This is due to the lolkiwing reasons

(i) fit there are considerable variations in a.c. line voltage caused by outside factors
beyond our control. This changes the d.c. output voltage. Mast 01 the electronic circuits will refuse
to work satisfactorily on such output voltage fluctuations. This nccessitutes to use regulated (I.e.
power supply.

(ii) The internal resistance of ordinary power supplv°i. relatively large (> 30 Therefore,
output voltage is markedly affected by the amount of load current drawn from the supply. These
variations in d.c. voltage may cause erratic opeialion ofekclinnic circuits. Therefore, regulated d.c.
power supply is the only solution in such situations.

19.4 Types of Voltage Regulators

A device which maintains the output voltage, of an ordi Ja y pOsv 'supply curstaflt irrespective of
load variations or changes in input ac. voltage is kitussit as a 'OLUi , i? regulator. A voltage regulator
generally employs electronic devicc.s to achieve illis objcctivc. l'ltcicai c basic two types ot voltage
regulators viz ., (I) scrips voltage regulator (ii) shunt voltage regulator.

The series regulator is placed in series wit h the load as clown in big 19.8 ii), 'On the other hand.
the shunt regulator is placed in parallel with the load as shown in fig. 191 (ii). F,ach type of regulator
provides an output voltage that remains constant ivcn it the i iipii .'oitagC Vat ics or the load current
changes.

1 For low voltages. FJr low ii.c. output voltages k uplo 50V), eihei isener diode alone or zener

ill with transistor is used. Such supplies are called ii insistorised power supplies. A
transistor power supply can gi\e only low st;ibilt.sed voltages because the sale value ui VCF is about

50 V and if it is increased above this aue, the breakdown of the junction hi1 occur.

(i)

	

	 (ii)

Fig. 19.8

2. For high voltages. For voltages greater than 50 V. glow tubes are used in conjunction with
vacuum tube amplifiers. Such supplies are generall y called tube power supplies and are extensively
used for the proper operation of vacuum valves.
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19. / Zeiie_Diode Voltage Regulator

s disc . ed in chapter 9, when the zencr diode is operated in the breakdown or zener region, the
ge across it is substantially constant Xoa  large change of current through it. This characteristic

permits it to be used as a voltage regulatoig. 19.9 shows the circuit of a zcner diode regulator. As
long as input voltage V,, is greater than zerier voltage V7 . the zener operates in the breakdown region
and maintains constant voltage acio'. s the load. The series limiting resistance R. limits the input
currcnt.'\1

_'	 Rs	 / IL
+ o—AAAAAt'---------*-----------i-------+--------, 	 ---

/
/	 Fig. 19.9

ration. The zener will maintain constant voltage across the load inspite of changes in load
current or input voltage. As the load current increases, the zener current decreases so that current
through resistance R. is constant. As output voltage = - IR5 , and I is constant, therefore, output
voltage remains unchanged. The reverse would be true should the load current decrease. The circuit
will also correct for the changes in input voltages. Should the input voltage V,,, increase, more current
will f1ow , hrough the zener, the voltage drop across R ç will increase but load voltage would remain
constan . .he reverse would be true should the input voltage decrease.

itations. A zcner diode regulator has the following drawbacks
It has low efficiency for heavy load currents. It is because if the load current is large, there

_..-	 will be considerable power loss in the series limiting resistance.
The output voltage slightly changes due to zener impedance as V = V + 1Z2 Changes in

load current produce changes in zener current. Consequently, the output voltage also changes. There-
fore, the use of this circuit is limited to only such applications where variations in load cutTent and
input voltage are small.

Example 19.5. Fig. 19.10 shows the zeier regulator calculate (i) current through the series
resistance (ii) minimum and maximum load current and (iii) minimum and maximum zener current.
Comment on the results.
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Solution.

	

V. -v	 24-12	 12V
=—i;tT =	 = 75 m

RS

(ii) The minimum load current iCuUS when N1

=

The maximum load current occurs when N, 	 20011

—	 t2V	 60 jnAL(mdx) — R	 —	
-

L(ntiri)

7(mi) ' =	 - (,nu) = 
75 — 60 = 15 mA

'/.(nuu) = 1,- 'L (mu) = ' ._ 0 = 75 mA
Comments. Th current / through the series resistance R 5 is constant. When load current

increases from 0 to 60 mA, the zener current decreases from 75 mA to 15 mA, maintaining I constant
in value. This is the normal operation of zener regulator i.e. Is and V, remain constant inspite of
changes in load current or source voltage.

Example 19.6. A zener regulator has V7 = 15V The input i'oltoge may varyfrom 22 Via 40 V
and load current from 20 mA to 100 mA. To hold load voltage constant under all conditions, what
should be the value of series resistance?

Solution. In order that zener regulator may hold output voltage constant under all operating
conditions, it must operate in the breakdown region. In other words, there must be zener current for
all inpul voljages and load currents. The worst case occurs when the input voltage is minin urn and
load currenj is maximum because then zencr current drops to a niiliimUifl.

Von (min)—

	= 22-- 1 5 =	 = 70

	

01	 (JIA	 /	 i._

ni

.	 ansistor Series Voltage Regulator	 - 

u r e 19.11 shows a simple series voltage regulator using a transistor and zcncr diode. The circuit
is called a series voltage regulator because the load current passes through the series transistor Q 1 as

shown in Fig. 19.11. The unregulated d.c. supply is fed 	 Q1
to the input terminals and the regulated output is oh- +
tamed across the load. The zcner diode provides the 	 ¶	 I
reference voltage. 	 nR,'	 V	 ..

	

Qperation. The base voltage of transistor Q, is '	 R V

	

L .	 > L out-id to a relatively constant voltage across the zener di-
ode. For example. if 8V zener (i . e., V., = 8V) is used,	 —	 V

the base voltage of Q 1 will remain approximately RV. 	 ,.._.

Referring to Fig. 19.11.
= V7 — V,\

Fig. 19.11

(i) If the output voltage decreases, the increased base-emitter voltage causes transistor Q 1 to

conduct more, thereby raising the output voltage. As a result, the output voltage is main-
tained at a Constant level.

(ii) If the output voltage increases, the decreased base-emitter voltage causes transistor Q 1 to

conduct less, thereby reducing the output voltage. Consequently, the output voltage is main-
tained at a constant level.
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The advantage of this circuit is that the changes in zener current are reduced by a factor P.
Therefore, the effect of zener impedance is greatly reduced and much more stabilised output is ob-
tained

Limitations

(i) Although the changes in zener current are much reduced, yet the output is not absolte1y
constant. It is because both V and V decrase with the increase in room tempe

(ii) The output voltage cannot be changed easily as no such means is provided.

Example 19.7. For the circuit shown in Fig. 19. 11, if V = 10V, 13 = 100 and RL = 1000 ), find
the load voltage and load current. Assume V E 0,5V and the zener operates in the breakdown
region.

Solution.

Output voltage. V, = V - VL.

= 10-0.5 = 9.5V
V	 9.5V

Load current, 'L = RL 	 100012
-
-	 =9.5mA

Example 19.8. A series voltage regulator is required to supply a current of JA at a constant
voltage of 6'! If the supply voltage is 10 V and the zener operates in the breakdown region, design
the circuit. Assume 13 = 50, VBE = 0.5V and minimum zener current = 10 mA.

Solution. The design steps require the determination of zener breakdown voltage and current
limiting resistance R5. Fig. 19.12 shows the desired circuit of series voltage regulator.

(i) Zener breakdown voltage. The collector-emitter terminals are in series with the load. There-
fore, the load current must pass through the transistor i.e..

Collector current, I = 1 A

Base current, ! = I-/13 = 1 AlSO = 20 mA

9

+
Fig. 19.12

-	 Output voltage.	 = V - VBE

or	 6 = V—O.5

V = 6+0.5 = 6.5V
Hence Zener diode of breakdown voltage 6.5V is required.

(ii) Value of R5

Voltage across R5 = V, , - V7 = 10— 6.5 = 3.5 V

- Voltage across R5 =	 3.5 V = 117(lR5 -
	 (20+10)rnA



Fig. 19.13
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Example 19.9. For the series voltage regulator shown in Fig. 19.13, calculate (i)output volt-
age and (ii) zener current.

out

1 kfl

Solution.	 -
(i) V0 = VL — VUE	 12-07 = 11.3 V

(ii) Voltage across R = Vi,. - V, = 20 - 12 =8 V
8v

Current thio igh II. 1, = 220.	 = 36.4 nA

V	 It.3V
Load ciirIcnt, 'L 

=	 =	
= 11.3 mA

1(:.	 11.3
Base current, I == U.2. mA

P	 50

Zener current, i, = I,. in	 36.4 -- 0.226	 36 mA

19.7 Series Feedback Voltage Regulator

Fig. 19.14 shows the circuit of series feedback voltage regulator. It employs principles of negative
feedback to hold the output voltage almost constant dcspit_ changes in line voltage and load current.
The transistor Q, is called apa.c.r transistor because all the load current passes through it. The sample

and adjust circuit is the voltage divider that consists of R 1 and R The voltage divider samples the

output voltage and delivers a negative feedback voltage to the base The feedback voltage VF

controls the collector current of Q1.

I
out

I
Operation. The unregulated d.c. supply is fed to the voltage regulator. The circuit maintains
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constant output voltage irrespective ui the variations in load or input voltage. Here is how the circuit
perates.

(i) Suppose the output voltage increases due to any reason. This causes an increase in voltage
across KL(i.e., R. )as it is apart of the output circuit. This in turn means that more VF1S fed
back to the base of transistor Q1 producing a large collector current of Q . Most of this
collector current flows through R1 and causes the base voltage of Q, to decrease. This
results in less output voltage i.e., increase in voltage is offset. Thus output voltage remains
t6nstant.

(ii) Similiarly, if output voltage tries to decrease, the feedback voltage V also decreases. This
reduces the current through Q 1 and R 1 . This means more base voltage at Q 2 and more output
voltage. Consequently, the output voltage remains at the original level.

Output Voltage. The voltage divider R 1 - R 2 provides the feedback voltage.
V	 R2

Feedback fraction. m =	 =
R 4

I_R+R,
Closed 1001)voltage gain, Ac: = in 	 _. R,	

14-

Now	 V1 = V + V81.

or	 In	 = V + VB 	 VF = in V0)

or	 =
In

or	 V,,	 A (1 (V7 + V,11 )	 ( ': I/rn = A

Therefore, the regulated outptn voltage is equal to closed-loop voltage gain times the sum of
Lener voltage and base-emitter voltage. -

19.8 Short-Circuit Protection

The main drawback of any series icgulator is that the pass transistor can be destoyed by excessive
load current ii the ioad is acciUcittally shorted. To avoid su&ili an eventuality, a current limiting circuit
is added to a series regulator as shown in Jig. 19.15. A current limiting circuit consists of  transistor
(Q 3 ) and a series resistor (R 4-) that is connected between base and emitter terminals.

Fig. 19.15

1+
V.

1
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(i) When the load current is normal, the voltage across R 2 (= voltage across base-cinittcr of

Q) is small and Q is *olf. Under tIl1s condition, the Circuit works as described earlier.

(ii) If load current becomes excessive, the voltage across R4 becomes large enough to turn on

Q . The collector current of 
Q3 

flows through R 3 , thereby decreasing the base voltage of

Q2• The decrease in base voltage of 22 reduces the conduction of pass transistor (.c.

preventing any further increase in load current. Thus, the load current lot the circuit is liii

itcd to about 700 mA.

Example 19.10. In the series feedback voltage regulator shown in Fig. 1915, I?, = 2 k Q.

R2 = I kQ., V = 6 Vand VnE = 0.7 V What is the regulated output voltage?

Solution.

Feedback fraction, or

Closed-loop voltage gain, A,

Regulated output voltage, V,,,

=	 I
- R1 -4R2 	 2+1	 3

=
m 

= 3

= ACL(V?+

= 3(6+0.7) = 20.1 V

• Exam le 19.11. In the seriesfeedback circuit shown in Fig. 19. 15, R 1 30 k and R, = /0 ku.

What is the ?osed loop voltage gain?

Solution.	 Feedback fraction, rn =

Closed-loop voltage gain, A.1 =

R2 = 10

R1 +R2	 30+10	 4

= 4
02

19.9 Transistor Shunt Voltage Regulator

A shunt voltage regulator provides regula-
tion by shunting current away from the load

to regulate the output voltage. Fig. 19.16

shows the circuit of shunt voltage regula-

tor. The voltage drop across series resis-

tance depends upon the current supplied to

the load R,. The output voltage is equal to
the sum of zener voltage (V7) and transis-
tor base-emitter voltage (VilE) i.e.,

= V1 + Va,.

If the load resistance decreases, the
current through base of transistor decreases.

As a result, less collector current is shunted.

Therefore, the load current becomes larger,

thereby maintaining the regulated voltage

across the load. Reverse happens should

the load resistance increase.

SHUNT REGULATOR

Fig. 19.16

* In order that Q3 is ON, voltage across R4 must be about 0.7 V. This means that toad current then is l, =

0.7V/ I 0 = 700 mA. Therefore, if load current is less than 700 mA, Q 3 is off. If load current is more than

700 mA. 0. will he turned on.
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Drawbacks. ,\ shunt voltage regukitni has the lolhiwing diiiwhacks

(i) A large portion of the total current through R , flows through transistor rather than to the
load.

(ii) There is cursiderahlc power loss in
(iii) There are problems of overvoltage protection in tins circuit.
ror these reasons, a series voltage regulator is preferred over the shunt voltage regulator.

Example 19.12. Determine the () regulated voltage and (ii) various currents for the shunt

regulator shown in Fig. 19.17.

IAR1 = 100	 0iiI
Solution. (i)	 Output voltage. V ,	 = V7 + Vul. = 8 3 + 0.7	 9V

V
(ii)	 Load current, 1 1 = -	 = l

	
= 90 mA

'
Current through R.,/. =	 = -- - -- -2-9 13  100 m

.S S	 130	 130 Q

Collector current, 'c = 	 - l = 100 - 90 = 10 mA

19.10 Glow-Tube Voltage Regulator

As discussed in chapter 6, when a glow tube (cold cathode gas diode) is operated in the normal glow

region, the voltage across the tube remains constant over a wide range of tube current. This charac-
teristic permits it to he used as a voltage regulator. Fig. 19.18 shows the circuit of  glow-tube voltage
regulator. The unregulated d.c. input voltage must exceed the striking voltage of the tube. Once the
gas in the tube ionises, the voltage across the tube and the load will drop to the ionising voltage. The
tube will maintain constant voltage so long as the input d.c. voltage is greater than this value. The
resistance R. is used to limit the input current.

1.'

Fig. 19.18

+ I
V0"1

-jr
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Operation. The glow tube will maintain constant voltage across the load inspite of the changes
in load current or input voltage. Now, should the load decrease, the output voltage would tend to
increase. The glow tube will draw more current *without any increase in the output voltage. Mean-
while, the drop in load current is offset by the increase in tube current and the current through R5
remains constant. As output voltage = Vm - I R5 , therefore, output voltage remains unchanged.
Similarly, the circuit will maintain constant output voltage if the input voltage changes. Suppose the
input voltage decreases due to any reason. This would result in less current flow through the glow
tube. Consequently, the voltage drop across R 5 decreases, resulting inconstant voltage across the load.

19.11 Series Triode Voltage Regulator
Fig. 19.19 shows the circuit of a series triode voltage regulator. It is similar to series transistor
regulator except that here triode and glow tube are used instead of transistor and zener diode. The
resistance R and glow tube (V.R.) help to maintain constant potential across the load. A potentiom-
eter R is connected across the glow tube and its variable point is connected to the grid of the triode.

Operation. The d.c. input V from the unregulated power supply is fed to the voltage regulator.
The circuit will maintain constant output voltage (V01) inspite of changes in load current or input
voltage. The output voltage is given by

I
V.,

i

V = E,, + EX

Now, E is constant because the glow tube is operating in the normal glow region. Also grid voltage
E is constant because it hardly depends upon plate current. Therefore, output will remain accurately
fixed at one value. Any increase in the output voltage causes greater voltage drop across the limiting
resistance R, tending to restore the output voltage to the original value,

19.12 Series DoubleTriode Voltage Regulator
Fig. 19.20 shows the circuit of a series double triode voltage regulator. Triodes T1 and T2 are used as
direct coupled feedback amplifier in which output voltage variations are returned as feedback to
oppose the input changes. The glow tube VR maintains the cathode of triode T2 at constant potential
w.r.t. ground. The triode T2 functions as a control tube and obtains bias from the potentiometer R3.
The resistances R3 and R4 are range limiting resistors. The capacitor across VR tube helps to minimise
the tendency of the circuit to generate audio frequency oscillations.

*	 More current will cause further ionisation, decreasing the tube res istance. Therefore, voltage across the
tube remains unchanged.
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Operation. The unregulated d c. supply is fed to the voltage regulator. The circuit will produce

an output voltage (V , ) which is independent of changes in input voltage and of changes in the load
over a wide range. With a decrease in load or increase in the input voltage, there would be tendency
for the voltage across the resistive network R,, R 1 , and R 1 to rise. The result is that voltage on the grid

of tjiodc T. becomes less negative- The triode T2 then conducts more current and a greater current

flows through R 1 which causes a greater voltage drop across this resistor. The increase in voltage
across R 1 will raise the negative potential on the grid of triode T1 . This increases the resistance of T,

and hence the voltage across it. The rise in voltage across T1 tends to decrease the output voltage.

The reverse would he true should the load increase or input voltage decrease.

Multiple-Choice Questions

1: in an unregulated power supply, if load cur-
rent increases, the output voltage ...........

(i) remains the same

(ii) decreases	 (iii) increases

(it) none of the above

2. In an unregulated power supply, if input a.c.
voltage increases, the output voltage............

(i) increases	 (ii) decreases

(iii) remains the same

(ir) none of the above

3. A power supply which has a voltage regula-
tion of ...........is unregulated power supply.

(1) 0 %	 (ii) 0.5 %

(iii) 10 %	 ( it') 0.8 %

4. Commercial power supplies have voltage
regulation ...........

(i) of 10%	 (U) of 15%

(iii) of 25 %	 ( it') within I %

S. An ideal regulated power supply is one
which has voltage regulation of ...........

(i) 0%	 (ii) 5%

(iii) 10%	 (it') I %

h. A zcncr diode utilises ...........characteristic
for voltage regulation.

(i) forward	 (ii) reverse

(iii) both forward and reverse

(it') none of the above

7. Zener diode can be used a .............

(1) (i.e. voltage regulator only

(ii) ac. voltage regulator only

(iii) both d.c. and ac. voltage regulator

(iv) none of the above
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H. A zener diode is used .is a .......... voltage

regulating device.
(i) shunt	 (ii) series

(iii) series-shunt	 (iv) none of thc above
9. As the junction telnperaturc increases, the

voltage breakdown point for Lener mecha-
015111 ...........
(i) is increased	 NO is decreased

(iii) remains the same
(iv) none of the above

10. The rupture of co-valent bonds will occur
when the electric field is ............

(i) 1(X) V/cm	 (ii) 0.6 V/cm
(iii) I (X)0 V/cni
(iv) more than 105V/cm

11. In a 15 V zener diode, the breakdown mecha-
nism will occur by ............
(i) avalanche mechanism
(ii) zener mechanism

(iii) both ener and avalanche mechanism
(iv) none of the above

12. A zener diode that has very narrow deple-
tion layer will breakdown by . ........... mecha-
nisin.
(i) avalanche	 (ii) zener

(iii) both avalanche and zener
(iv) none of the above

13. As the junction temperature increases, the
voltage breakdown point for avalanche
mechanism ............
(i) remains the same
(ii) decreases	 (iii) increases
(iv) none of the above

14. Another name for zcner diode is ............dixle.

(i) breakdown	 (ii) voltagc
(iii) power	 (iv) current

15. Zener diodes are generally made of ............

(1) germanium	 (ii) silicon
(iii) carbon	 (ii') none of the above

16. For increasing the voltage rating, 7.eners are
connected in ............

(i) parallel	 (ii) series-parallel
(iii) series	 i, iv) none of the above

17. In a z.ener voltage regulator, the changes in
load current produce changes in ...........

zericr cur rent	 (ii) zerrer voltage
(iii) zerrcr voltage as well as t.emrer current

t y ) hone of the above
18. A zener voltage regulator is used for ............

load currents.
(I) high	 ii) very high

(iii) moderate	 (e) small
19. A /,erier voltage regulator will cease to act

as a voltage regulator if zener current he -
Conies ...........
i) less than load current

(ii) zero
(iii) more ihari load current
(ii) none of the above

20. If the doping level is increased, the break-
down voltage of the zenci ............

(i) remains the same
(ii) is increased	 (iii) is decreased
(iv) none of the above

21. A 30 V zener will have depletion hoer width
that of It) V zencr.

(i) more than	 (ii) less than
(iii) equal to	 (iv) none of the above

22. The current is a zener diode is limited by

(i) external resistance

(ii) power dissipation

(iii) both (1) and (ii)
(iv) none of the above

23, A 5 in A change in zener current produces a
50 mV change in zcner voltage. What is the
zencr impedance ?
(i) I U	 (ii) 0. I U

(iii) I() U	 (iv) IOU
24. A certain regulator has a no load voltage ol

6 V and a full-load output of 5.82 V. What
is the load regulation
(i) 3.09 %	 ( Ii) 2.87 %

(iii) 5.72 %	 (iv) none of the above

25. What is true about the breakdown voltage
in a zerier diode 7
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(I) It decreases when load current in-
creases.

(ii) It destroys the diode.
(iii) It equals current times the resistance.

(iv) It is approximately constant.

26. Which of these is the best description br a
zener diode 7
(i) It is a diode.
(it) It is a constant-current device.

(iii) It is a constant-voltage device.
(iv) It works in the forward region.

27. A Zener diode ............
(i) is a battery
(U) acts like a battery in the breakdown re-

g ion

(iii) has a barrier potential of I V

(iv) is forward biased

28. The load voltage is approximately constant
when a zencr diode is ............
(1) forward biased
(ii) unbiased
(iii) reverse biased
(iv) operating in the breakdown region

29. Ina loaded zenet regulator, which is the larg-
est zener current 7

(I) series current 	 (ii) zener current

(ii) load current	 (iv) none of the above

30. If the load resistance decreases in a zener
regulator, then zener current .............
(i) decreases	 (U) stays the same

(iii) increases	 (iv) none of the above

31. If the input a.c. voltage to unregulated or
ordinary power supply increases by 5 %,
what will be the approximate change in d.c.
output voltage 7
(i) 10%	 (ii) 20%

(iii) 15%	 (iv) 5%
32. If the load current drawn by unregulated

power supply increases, the (Lc. output volt-
age ............

(I) increases	 (ii) decreases
(iii) stays the same (iv) none of the above

33. Ii a power supply has fl4)-lOa(i and fullload

voltages of 30 V and 25 V respectively, then
1)crceiltage voltage regulation is ............
(1) 10%	 (ii) 20 %

(iii) IS %	 (iv) none of the above

34. A power supply has -,I voltage regulation of

I	 If the no-load voltage is 20 V, what is
the full-load voltage ?
(i) 19. V	 u) 15.7 V

I K  V	 (iv) 17.2 V
35, Iwo similar IS V zencrs are connected in

series. What is the regulated output volt-

(1) 15 V	 (ii) 7.5V

(hi) 3() V	 (iv) 45 V

36. A power supply can deliver a maximum rated
current of 0.5 A at full-load output voltage
of 20 V. What is the minimum load resis-
tance that you can connect across the sup-

ply?
(1) 10 1.	 (ii) 20

(iii) 15 Q	 (iv) 40 tl
37. In a regulated power supply, two similar

15 V zencrs are connected in series. The
input voltage is 45 V d.c. If each zener has a
maximum current rating of 300 mA, what
should he the value of series resistance 7

(i) 1(1 0	 (ii) 50 Q

(iii) 25 Q	 (it') 40

38, A zerier regulator ............in the power sup-

ply.
(I) increases the ripple
(U) decreases the ripple
(ui) neither increases nor decreases ripple
(it') data insufflciet

39. When load current is zero, the zcncr current
will be ............
(i) zero	 (ii) minimum

(Ui) maximum	 (iv) none of the above

40. The zcner current will be minimum when

(I) load current is maximum
(ii) load current is minimum

(iii) load current is zero
(iv) none of the above
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Answers to Multiple-Choice Questions

	

1. (ii)
	

2. (i)
	

3,	 4. (iv)
	

5. (i)

	

6. (ii)
	 7. (iii)
	

8.	 (1)
	

9. (U)
	

10. (iv)

	

11. (i)
	

12. (ii)
	

13.	 14. (i)
	

15. (ii)

	

16. (iii)
	

17. (i)
	

18.	 (iv)	 19. (ii)
	

20. (iii)

	

21. (1)
	

22. (iii)
	

23. (v)
	

24. (1)
	

25. (iv)

	

26, (iii)	 27. (ii)
	

28.	 (isP)

	

29. (i)
	

30. (t)

	

31. (iv)
	

32. (ii)
	

33.	 34. (i)
	

35. (iii)
	36. (iv)	 37. (ii)

	
38. (ii)
	

39. (iii)
	

40, (1)

Chapter Review Topics

1. What do you undcisland by unregulated power supply .' Draw the circuit of such a supply.
2. What are the limitations of unregulated power supply
3. What do you understand by regulated power supply 7 Draw the block diagram of such a supply.
4. Write a short note on the need for regulated power supply.
5. Explain the action of a zener voltage regulator with a neat diagram.
6. Write short notes on the following

(i) Transistor series voltage regulator
(ii) Negative feedback voltage regulator
(iii) Glow tube voltage regulator

7. What are the limitations of transislorised power supplies
8. Draw the circuit of a most practical valve operated power supply and explain its working.

Discussion Questions

1. Why do you prefer d.c. power supply to batteries ?
2. How can you improve the regulation of an ordinary power supply 7
3. How does zener maintain constant voltage across load in the breakdown region?
4. Why is ionising potential of glow tube less than striking potential 7
5. What is the practical importance of voltage regulation in power supplies 7
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Solid-State Switching Circuits

Introduction

In pi actice, it is often required to make or break an electrical circuit in many operations. In some
applications, it is desirable and necessary that this make and break should be very quick and without
sparking. The mechanical switches cannot be used for the purpose for two main reasons. Firstly, a
mechanical switch has high inciia which limits its speed of operation. Secondly, there is sparking at
the contacts during breaking operation which results in the burning of the contacts.

The researches in the past years have revealed that tubes and transistors can serve as switching
devices. They can turn ON or OFF power in an electrical circuit at a very high speed without any
sparking. Such switches are known as electronic switches. The electronic switches are being exten-
sivel y used to produce non-sinusoidal waves e.g., square, rectangular, triangular or saw-tooth waves.
Solid-state switching circuits are findingincreasing applications. For example, solid-state switching
circuits are the fundamental components of modern computer systems. In this chapter, we shall
confine our attention to transistor as a switch. Once the reader gets acquainted with the switching
action of a transistor, he can continue to study digital electronics on his/her own.

20.1 Switching Circuit
A circuit which can turn ON or OFF current in an electrical Circuit is known as a switching circuit.

A switching circuit essentially consists of two parts viz. (i) a switch and (ii) associated circuitry.
The switch is the most important part of the switching circuit, It actually makes or breaks the ckctri-
cal circuit, The Function of associated circuitry is to help the switch in turning ON or OFF current in
the circuit. It may he worthwhile to mention here that associated circuitry is particularly used with
electronic switches.

20.2 Switch
A switch is a device that can turn ON or OFF current in an electrical circuit. It is the most important
part of a switching circuit. The switches can be broadly classified into the following three types

(i) Mechanical switch
(a) Electro-mechanical switch or Relay
(iii) Electronic switch

Although the basic purpose of this chapter is to discuss the switching action of a transistor, yet 
brief description of mechanical and electromechanical switches is being presented. This will help the
reader to understand the Importance of transistor as a switch.

428
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20.3 Mechanical Switch

Vvivitch which is operated mechanically to turn ON or OFF current in an electrical circuit is known
as a mechanical switch /	 S

he familiar example of a mechanical switch is thc tumbler switch
used iii homes to turn ON or OFF power supply to various appliances
such as laris, heaters, bulbs etc)' he action of a mechanical switch can	 -
be beautifully understood by referring to Fig. 20.1 where a load RL is	 -	 L

connected in series with a battery and a mechanical switch S) As long as
the switch is open, there is no current in the circuit. When switch is 
closed, the current flow is established in the circuit. It is easy to see that 	 Fig. 20.1
the whole current flows through the load as well as the switch.

Limitations. A mechanical switch suffers from the following drawbacks

(i) In the closed position, the switch carries the whole of the load current. For a large load
current, the switch contacts have to be made heavy to enable them to carry the necessary current
without overheating. This increases the size of the switch.

(ii) If the load current carried by the circuit is large, there will he sparking at the contacts of the
switch during breaking operation. This results in the wear and tear of the contacts.

(iii) Due to high inertia of a mechanical switch, the speed of operation is very small.

Due to above limitations, the use of mechanical switches is restricted to situations where switch-
ing speed is small and the load current to be handled is not very heavy.

20.4 Electro-mechanical Switch or Relay

It is a mechanical switch which is operated electrically to turn ON or OFF current in an electrical
circuit.

Fig. 20.2

The electro-mechanical switch or relay is an improved form of simple mechanical switch. Fig.
20.2 shows the schematic diagram of a typical relay. It consists of lever L carrying armature A and a
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.oienoid C'. The spring pulls the lever upwards while the solenoid when energised pulls it down-
wards. The solenoid circuit is so designed that when switch S is closed, the downward pull of the
solenoid exceeds the upward pull of the spring.

Wlicn the switch S is closed, the lever is pulled downward and the armature A closes the relay
contacts I and 2. This turns ON current in the circuit. However, when switch S is opened, the
solenoid is dc-energised and the spring pulls the lever and hence the armature A upwards. Conse-
quently, the relay contacts I and 2 are opened and current flow in the circuit is interrupted. In this
wa y, a relay acts as a switch.

Advantages. A relay possesses the following advantages over a simple mechanical switch

UY The relay or elect ro-mcchanieal switch requires a small power for its operation. This per-
wits to control a large power in the load by a small power to the relay circuit. Thus a relay acts as a
power amplifier i.e. it combines control with power amplification.

(ii) The switch in the relay coil carries a small current as compared to the load current. This
permits the use of a smaller switch in the relay coil circuit.

(iii) The operator can turn ON or OFF power to a load even from a distance. This is a very
important advantage when high voltages are to be handled.

(iv) There is no danger of sparking as the turning ON or OFF is carried by the relay coil switch
which carries a small current.

However, a relay has two principal limitations. First, the speed of operation is very small; less
than 5 operations per second. Secondly. a relay has moving parts and hence there is considerable
wear and tear.

20.5 Electronic Switches
It is a device which can turn ON or OFF current in an electrical circuit with the help of electronic

devices e.g., transistors or tubes. 	 -	 -
Electronic switches have become very popular because of their high speed of operation and

absence of sparking. A transistor can be used as a switch by driving it back and forth between
saturation and cut off. This is illustrated in the discussion below

(i)

	

	 (ii)

Fig. 20.3

(i) When the base input voltage is enough negative, the transistor is cutoff and no current flows
in collector load [See Fig. 20.3 (i)]. As a result, there is no voltage drop acorss RC and the output
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voltage is *ideally
0 and	 =

This condition is similar to that of an open switch (i.e. OFF state) as shown in Fig. 20.3 (ii).
MVA

(i)
	

(ii)

Fig. 20.4

(ii) When the input base voltagc is positive enough that transistor saturates, then 1c(sai) will flow
through R e.. Under such conditions, the entire V will drop across collector load R and output
voltage is ideally zero i.e.,

V.
=	 - R	 and

This cd:ion is similar to that ol a closed switch (i.e., ON

state) as shown in Fig. 20.4 (ii).
Conclusion. The above discussion leads to the conclusior

that a transistor can behave as a switch under proper conditions
In other words, if the input base voltages are enough negativc
and positive, the transistor will be driven between cut off anc
saturation. These conditions can be easil y fulfilled in a transis-
tor circuit. Thus a transistor can act as a switch. Fig. 20.
shows the switching action of a transistor in terms of dc loac
line. The point A of the load line represents the ON conditior
while point B represents the OFF condition.

VCE = 0

'C

'C (sat)

0

Fig. 20.5

Example 20.1. Determine the minimum high input voltage (+V) required to saturate the tran-
sistor switch .vlzown in Fig. 20.6.

Solution. Assuming the transistor to be ideal,
V1R = io V/I k = 10 mA

•	 = 10 mA	 0.1 mA'I	 icit

Now	 +V = IB R B + V11

*	 The collector current will not be zero since a little leakage current always flows even when the base input
voltage is negative or zero.

Output voltage = V. - 'irkage R. if	 = 0, then output voltage =



_L^_

Fig. 20.7
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(0.1 mA) (47 Ll) + 0.7
= 4.7+0.7 = 5.4V

+ V= WV

Fig. 20.6

I lcncc in orddr to saturate the transistor, we require + 5.4 V.

20.6 Advantages of Electronic Switches

The td lowing are the advantages of transistor switch over other types of switches

I i ) It has no moving parts and hence there is little wear and tear. Therefore, it gives noiseless

operation.
(ii) It has smaller size and wciht.

(iii) It gives troublcfrce service because of solid state.
(is') It is cheaper than other switches and requires little maintenance.
(c) it has a very fast speed of operation say upto 10 operations per second. On the other hand,

the mechanical switches have a small speed of operation e.g. less than 5 operations in a second.

20.7. Important Terms

So far we have considered the transistor to he an ideal one. Art 	 transistor has VCE = Vcc (or 1
= 0) in the OFF state and VCE = I) (or l( = '((rO 

in the ON state. However, such ideal conditions are
not realised in practice. In a practical transistor, the out-	 +
put voltage is neither V(.c in the OFF state nor it IS Zero
in the ON state. While designing a transistor switching
circuit, these points must he taken into consideration.

(i) Collector leakage current. When the input
circuit is reverse biased or input voltage is zero, a small

Vo l' ,

current (a few pA) flows in the collector. This is known
as collector leakage current and is due to the minority
carriers. The value of this leakage current is quite large
in Ge transistors, but in modern silicon transistors, the
value of leakage current is low enough to be ignored.

(ii) Saturation collector current. It is the nwi-

mu/fl collector current for a particular load in a transis-

io?:

Consider an iip,i transistor having a load R. in its collector circuit as shown in Fig. 207. As the
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input forward bias is increased, the collector current i. also increases because = However,
with the increase in /(., the voltage drop across R C increases. This results in the *decrease of VCE.
When V, drops to knee voltage (V,,ee)• any further increase in collector current is not possible since
ji decreases sharply when V(.F falls below knee voltage. This maximum current is known as satura-
tion collector current

Saturation collector current, /	 =0.')

20.8 Switching Transistors

A transistor which is used as a switch is known as a switching transistor.
In general, switching transistor is fabricated by the same process as an ordinary transistor except

that it has special design features to reduce switch-off time and saturation voltage. It is so arranged in
the circuit that either maximum current (called saturation collector current) flows through the load or
minimum current (called collector leakage current) flows through the load. In other words, a switch-
ing transistor has two states t'iz. U) ON state or when collector saturation current flows through the
load (ii) OFF state or when collector leakage current flows through the load. In the discussion that
follows transistor means the switching transistor.

\ 20.9 Switching Action of a Transistor

The switching action of a transistor can also be explained with the help of output characteristics. Fig.
20. shows the output characteristics of it typical transistor for a CE configuration. The load line is
drawn for load R C and collector supply Va.. The characteristics are arranged in three regions : OFF,
ON or saturation and active regions.

IC

Fig. 20.8

(1) OFF region. When the input base voltage is zero or negative, the transistor is said to be in
the OFF condition. In this condition, In = 0 and the collector current is equal to the collector leakage
current 'CE The value of I CEO can be obtained from the characteristics if we know Vc.

Power loss	 Output voltage x Output current
As already noted, in the OFF condition, the output voltage =VCC since voltage drop in the load

due to 'CEO is negligible.
Power loss = Vt,.. X 'CEO

V 1, = VCC - 'C R.
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Since 'CEO is very small as compared to full-load current that flows in the ON condition, power
loss in the transistor is quite small in the OFF condition. It means that the transistor has a high
efficiency as a switch in the OFF condition.

(ii) ON or saturation region. When the input voltage is made so much positive that saturation
collector current flows, the transistor is said to be in the ON condition. In this condition, the satura-
tion collector current is given by

I	
- VCC  -

C(sat) -
	 R

Power loss = Output voltage x Output current
The output voltage in the ON condition is equal to Vk, and output current is

Power loss = Vk X 'COal)

Again the efficiency of transistor as a switch in the ON condition is high. It is because the power
loss in this condition is quite low due to small value of Vk,lfe

(iii) Active region. it is the region that lies between OFF and ON conditions.

The OFF and ON regions are the stable regions of operation. The active region is the unstable
(or transient) region through which the operation of the transistor passes while changing from OFF
state to the ON state. Thus referring to Fig. 20.8, the path AB is the active region. The collector
current increases from 'CEO to 'C(cal) alng the path AB as the transistor is switched ON. However,
when the transistor is switched OFF, the collector current decreases from 'C(3a1) to ICEO along BA.

20.10 Multivibrators
An electronic circuit that generates square waves (or of/icr non-sinusidals such as rectangular
saw-tooth waves) is known as a *multivibrator.

FEEDBACK

Fig. 20.9
A multivibrator is a switching circuit which depends for operation on positive feedback. It is

basically a two-stage amplifier with output of one fedback to the input of the other as shown in
Fig. 20.9.

The circuit operates in two states (viz ON and OFF) controlled by circuit conditions. Each ampli-
fier stage supplies feedback to the other in such a manner that will drive the transistor of one stage to
saturation (ON state) and the other to cut off (OFF state).

After a certain time controlled by circuit conditions, the action is reversed i.e. saturated stage is
driven to cut off and the cut off stage is driven to saturation. The output can be taken across either
stage and may be rectangular or square wave depending upon the circuit conditions.

Fig. 20.9 shows the block diagram of a multivibrator. It is a two-stage amplifier , with 100%

*	 The name multivibratur is derived from the fact that a square wave actually consists of a large number of
(fourier series analysis) sinusoidals of different frequencies.
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'C

Fig. 20.10

Circuit

ASTABLE
MULTIVIBRATOR

Output

_F111-F-L
Input

NONE
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positive feedback. Suppose output is taken across
the transistor Q2 . At an y particular instant, one
transistor is ON and conducts I<_ while the other
is OFF Suppose Q, is ON and Q 1 is Ol'F The
collector current in Q will be I is shown in
Fig. 20.10. This condition will prevail or a time
br in this case) determined by citcuit conditions.

After this time, transistor	 is cut ott and Q 1 is
turned ON. The collector current	 is now

as shown. The circuit will sta y in this condi-
tion fora time de. Again Q is turned ON and Q
is driven to cut off. In this wa the output will he
a square wave.

20.11 Types of Multivibrators
A multivibrator is basically a two-stage amplifier with output of one Icdback to the input of the other.
At any particular instant, one transistor is ON and the other is OFF. After a certain time depending
upon the circuit components, the stages reverse their conditions - the conducting stage suddenly cuts
off and the non-conducting stage suddenly shins to conduct. The two possible states of a mu)tivibrator
are

ON	 OFF

First Stoic -	 Q1	 Q2

Second State	 Q2	 Q1
Depending upon the manner in which the two stages interchange their states, the muluvibrators

are classified as
(i) Astable or free running multivibrator
(ii) Monostable or one-shot multivibrator

(iii) Bi-stable or flip-flop niultivibrator.
Fig. 20.11 shows the inputloutput relations for the three types of multivibrators.

Ti

7MONOSTABLE
MULTIVIQRATOR

NL	
BISTABLE
	 Ti_T

MULTIVIBRATOR

Fig. 20.11
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(i) The astahle or Free running uiultivihriitor altci nates automatically between the two states
and remains in each for a tune dependent upon the circuit constants. Thus it is just an oscillator since
it requires no external pulse for its operation. Of course, it does require a source of (i.e. power.
Because it continuously produces the square-wave output, it is often referred to as afree running

nu1ti vibrotor.

(ii) The inonostable or one-shot multivibrator has one state stable and one quasi-stable (i.e.
halt stable) state. The application of input pulse triggers the citcuit into its quasi-stable state, in
which it remains for :I determined by circuit constants. After this period of time, the circuit
return ,., to its initial stable state, the process is repealed upon the application of each trigger pulse.
Since the monostable inultivibrator produces a single output pulse for each input trigger pulse, it is
generally called one-shot ,nuhzivthrator.

(di) The histable multivihrator has hoth the two states stable. It requires the application of an
external triggering pulse to change the operation froin either one state to the other. Thus one pulse is
used to generate halt-cycle of square wave and another pulse to generate the next half-cycle of square
wave. it is also known as aJlip-Jloj) ,nultivthrutor because of the two possible states it can assume.

20.12 Transistor Astable Multivibrator
.4 omolm.ibrator which generates square waves of its own (i.e. without any external triggering pulse)

is known (i,v an astable or free running multivibrator.
The*astable rnulti y ibrator has no stable state. It switches hack and forth from one state to the

other, remaining in each state for a time determined by circuit constants in other words, at first one
transistor conducts (i.e. ON state) and the other stays in the OFF state for some time. After this period
of lime, the second transistor is automatically turned ON and the first transistor is turned OFF. Thus
the inultivihrator will generate a square wave output of its own. The width of the square wave and its
ftcquency will depend upon the circuit constants.

- vcc

Fig. 20.12

,jVircuit details. Fig. 20.12 shows the circuit of a typical transistor astable multivibrator using
two identical transistors Q 1 and Q2 . The circuit essentially consists of two symmetrical CE amplifier
stages, each providing a feedback to the other. Thus collector loads of the two stages are equal i.e.

*	 A means not. Hence astable means that it has no stable state.
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= R. and the biasing resistors are also equal i.e. R2 = R,, . The output of transistor Q 1 is coupled to

the input of Q2 through C 1 while the output of Q 2 is fed to the input of Q 1 through C2. The square
wave output can be taken from Q 1 or Q2.

"Operation. When is applied, collector currents start flowing in Q 1 and Q2 . In addition, the
coupling capacitors C 1 and C2 also start charging up. As the characteristics of no two transistors (i.e.

. V,) are exactly alike, therefore, one transistor, say Q 1 , will conduct more rapidly than the other.
The rising collector current in Q 1 drives its collector more and more positive. The increasiilg positive
output at point A is applied to the base of transistor Q 2 through C 1 . This establishes a reverse bias on

and its collector current starts decreasing. As the
collector of Q 2 is connected to the base of Q 1 through
C2 , therefore, base of Q 1 becomes more negative i.e.

Q 1 is more forward biased. This further increases the	 D c	 g
collector current in Q 1 and causes a further decrease 	 b 

of collector current in Q 2 . This series of actions is 	 0	 4,	 +
repeated until the circuit drives Q 1 to saturation and	 __,	 d'	 e

Q2 to cut off. These actions occur very rapidly and
may be considered practically instantaneous. The out- 	 o	 TIME
put of Q 1 (ON state) is approximately zero and that of 	 Fig. 20.13
Q2 (OFF state) is approximately Vcc . This is shown
by ab in Fig. 20.13.

When Q 1 is at saturation and Q2 is cut off, the full voltage appears across R 1 and voltage

across R4 will be zero. The charges developed across C and C2 are sufficient to maintain the satura-

tion and cut off conditions at Q 1 and Q2 respectively. This condition is represented by time interval

bc in Fig. 20.13. However, the capacitors will not retain the charges indefinitely but will discharge
through their respective circuits. The discharge path for C 1 , with plate L negative and Q conducting,

is LA Q, V(.( .R 2M as shown in Fig. 20.14 (i).
The discharge path for C2. with plate K negative and Q 2 cut off, is KBR4 R3J as shown in Fig.

20.14 (ii). As the resistance of the discharge path for C 1 is lower than that of C21 therefore, C 1 will

Fig. 20.14
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As C 1 discharges, the base bias at Q 2 becomes less positive and at a time determined by R2 and
( lnrward bias is re-established at Q .,. This causes the collector current to start in Q . The increas-
rig positive potential at collector of Q, is applied to the base of Q 1 through the capacitor C 2 . Hence

the base of Q will become more positive i.e. Q 1 is reverse biased. The decrease in collector current
in Q 1 sends a negative voltage to the base of C) through C, thereby causing further increase in the
collector current of Q. With this set of actions taking place, Q, is quickly driven to saiuraton and Q1
to cut off. This condition is represented by cd in Fig. 20.13. The period of time during which Q2
remains at saturation and Q 1 at cut oft is determined by C, and R.

ON or OFF time. The time for which either transistor remains ON or OFF is given by
ON time for Q, (or OFF time for Q 2 ) is

= 0.694 g2
OFF time for Q (or ON time for Q2)

= 0.694 R 3 C2

Total time period of the square wave i.s
T =	 + T2 = 0.694 (R2 C 1 + R 1 C2)

As R 2 = R1 = R and C = C2 = C,
T = O.694 (RC +RC) 1.4RCseconds

Frequency of the square wave is

/= THzT RC

1.0
1urraybe noted that in these expressions, R is in ohms and C in farad.

xainpie 20.2. Inthe astable niultivibratorshown inFig. 20.12, R2 =R 3 = 10k1 and C1 C2
1 pP Determine the time period and frequency of the square wave.

Solution.

Here R = 10 kQ = 10 ci; c = 0.01 iF = 10 F

Time period of the square wave is
T	 1.4 RC = 1.4x 10 4 x 10 second

= 1.4x 10 second = 1.4x 10x l03msec
= 0.14 msec

Frequency of the square wave is
I

= T in second	 = 1.4 x I0

= 7xI03Hz=7kUz

O. 13 Transistor Monost.able Multi vibrator

A nzultit'ibrator in which one transistor is always conducting (i.e. in the ON state) and the other is
non-conducting (i.e. in the OFF state) is called a monostable multivibrator.

A *monostable multivibrator has only one state stable. In other words, if one transistor is con-
ducting and the other is non-conducting, the circuit will remain in this position. It is only with the
application of external pulse that the circuit will interchange the states. However, after a certain time,
the circuit will automatically switch back to the original stable state and remains there until another
pulse is applied. Thus a monostable niultivihrator cannot generate square waves of its own like an

*	 Mono means single.
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astable multi vibrator. Only external pulse will cause it to generate the square wave.
Circuit details. Fig. 20.15 shows the circuit of a transistor monostabic multivibrator. It consists

of two similar transistors Q 1 and Q 2 with equal collector loads i.e. R, = R 1 . The values of V1111 and I?
are such as to reverse bias Q and keep it at cut off. The collector supply V( .(. and R, forward bias Q2
and keep it at saturation. The input pulse is given through C2 to obtain the square wave. Again output
can he taken from Q 1 or Q2.

- vcc

Fig. 20.15

peration. WithIhe circuit arrangement shown. Q 1 is at cut off and Q 2 is at saturation. This is
the stable state for the circuit and it will continue to stay in this state until a triggering pulse is applied
at C2 . When a negative pulse of short duration and sufficient magnitude is applied to the base of Q1
through C2 , the transistor Q 1 starts conducting and positive potential is established at its collector.
The positive potential at the collector of Q 1 is coupled to the base of Q 2 through capacitor C 1 . This
decreases the forward bias on Q 2 and its collector current decreases. The increasing negative poten-
tial on the collector of Q2 is applied to the base of Q 1 through R 1 . This further increases the forward
bias on Q 1 and hence its collector current. With this set of actions taking place, Q 1 is quickly driven
to saturation and Q 2 to cut off.

With Q 1 at saturation and Q 2 at cut off, the circuit will come back to the original stage (i.e. Q2 at
saturation and Q 1 at cut off) after some time as explained in the following discussion. The capacitor
C1 (charged to approximately V) discharges through the path R2VC.CQI. As C 1 discharges, it sends
a voltage to the base of Q2 to make it less positive. This goes on until a point is reached when forward
bias is re-established on Q2 and collector current starts to flow in Q 2 . The step by step events already
explained occur andQ 2 is quickly driven to saturation and Q1 to cut off. This is the stable state for the
circuit and it remains in this condition until another pulse causes the circuit to switch over the states.

20.14 Transistor Bist.able Multivibrator

A rnultivib razor which has both the stales stable is called a bistable multivibrator.
The bistable multivibrator has both the states stable. It will remain in whichever state it happens

to be until a trigger pulse causes it to switch to the other state. For instance, suppose at any particular
instant, transistor Q 1 is conducting and transistor Q . is at cut off. If left to itself, the bistable multivibrator
will stay in this position forever. However, if an external pulse is applied to the circuit in such a way
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that Q, is cut ott and 	 is turned on, the circuit will stay in the new position. Another trigger pulse
is then required to switch the Liicuit hack to its original stale.

Circuit details. Fig. 20.16 shows the circuit of a typical transistor histable multivibrator. It
consists of two identical CE amplifier stages with output of one fed to the input of the other. The
feedback is coupled through resistors (R 2 , R) shunted by capacitors C 1 and C,. The main purpose of

capacitors C 1 and C, is to improve the switching characteristics of the circuit by passing the high

frequency components of the square wave. This allows fast rise and fall times and hence distortionless
square wave output. The output can be taken across either transistor.

+ vcc

1
OUTPUT

rui 1	 no	 H'I1UI

Fig. 20.16

Operation. When VCC is applied, one transistor will start conducting slightly ahead of the other

due to some differences in the characteristics of the transistors. This will drive one transistor to
saturation and the other to cut off in a manner described for the astable multivibrator. Assume that Q1

is turned ON and Q ., is cut OFF. If left to itself, the circuit will stay in this condition. In order to
switch the multivibrator to its other state, a trigger pulse must be applied. A negative pulse applied to
the base of Q 1 through C3 will cut it off or a positive pulse applied to the base of Q 2 through c4 will
cause it to conduct.

Suppose a negative pulse of sufficient magnitude is applied to the base of Q through C 3. This

will reduce the forward bias on Q and cause a decrease in its collector current and an increase in
collector voltage. The rising collector voltage is coupled to the base of Q 2 where it forward biases the

base-emitter junction of Q 2. This will cause an increase in its collector current and decrease in

collector voltage. The decreasing collector voltage is applied to the base of Q 1 where it further

reverse biases the base-emitter junction of Q 1 to decrease its collector current. With this set of

actions taking place, Q 2 is quickly driven to saturation and Q 1 to cut off. The circuit will now remain

stable in this state until a negative trigger pulse at Q 2 (or a positive trigger pulse at Q 1 ) changes this

state.
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20.15 Differentiating Circuit

A circuit in which output voltage is directly proportional to the derivative of the input is known as

a diffetcntiating circuit.

Output	 (Input)
dt

A differentiating circuit is a simple RC series circuit with output taken across the resistor R. The
circuit is suitably designed so that output is proportional to the derivative of the input. Thus if a d.c.
or constant input is applied to such a circuit, the output will be zero. It is because the derivative of a
constant is zero.

C

Fig. 20.17

Fig. 20.17 shows a typical differentiating circuit. The output across R will be the derivative of

the input. It is important to note that merely using voltage across R does not make the circuit a
differentiator; it is also necessary to set the proper circuit values. In order to achieve good differen-
tiation, the following two conditions should be satisfied

(i) The time constant RC of the circuit should be much smaller than the time period of the input

wave.
(ii) The value of Xc should he 10 or more times larger than Rat the operating frequency.

Fulfilled these conditions, the output across R in Fig. 20.17 will be the derivative of the input.

Let e be the input alternating voltage and let i be the resulting alternating current. The charge q

on the capacitor at any instant is
q = Ce

Now	 i =

	 d	

-(q) =	 (C e,)

or	 j	 C7(e)

Since the capacitive reactance is very much larger than R, the input voltage can be considered

equal to the capacitor voltage with negligible error i.e. e =

= C+(e)

Output voltage, e0 = i R

RC-(e1)
dt

(e)	 RC is constant)
di

d
Output voltage	 (Input)
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()ulpul waveforms, the output waveform from a differentiating circuit depends upon the time
constant and shape of the input wave. I hrec Important cases will be considered.

(i) When input is a square wave. When the input fed to a differentiating circuit is a square wave,
output will consist of sharp narrow pulses as shown in Fig. 20.18. During the OC part of input wave,
its amplitude changes abruptl y and hence the differentiated wave will be a sharp narrow pulse as
shown in Fitz. 20.18. however during the constant part ('8 of the input, the output will be zero
because the derivative of a constant is zero.

Let u look at the ph ysical explanation of this behaviour of the circuit. Since time constant RCof
the circuit is very small w r. t time period of input wave and Xe .>> R, the capacitor will become fully
charged during the early part of each half-cycle of the input wave. During the remainder part of the
half cycle, the output of the circuit will be zero because the capacitor voltage (e ) neutralises the input
voltage and there can be no current now through R. Thus we shall get sharp pulse at the output during
the start of each half-cycle of input wave while for the remainder part of the half-cycle of input wave,
the output will be zero. lii this way, a symmetrical output wave with sharp positive and negative
peaks is produced. Such pulses are used in many ways in electronic circuits e.g. in television trans-
mitters and receivers, in rnultivibrators to initiate act-ion etc.

(ii) When input is a triangular wave. When the input fed
to a differentiating circuit is a triangular wave, the output will be
a rectangular wave as shown in Fig. 20.19. During the period OA
of the input wave, its amplitude changes at a constant rate and,
therefore, the differentiated wave has a constant value for each
constant rate of change. During the period All of the input wave,
the change is less abrupt so that the output will be a very narrow
pulse of rectangular form. Thus when a triangular wave is fed to
a differentiating circuit, the output consists of  succession ofrcct-
angular waves of equal or unequal duration depending upon the
shape of the input wave.

0'	 B	 ci ID

LJU
Fig. 20.19

(iii) When input is a sine wave. A sine wave input becomes a cosine wave and a cosine wave
Input becomes an inverted sine wave at the output.

Example 20.3. (1) What is the effect of time constant of an RC circuit on the differentiated wave?
(ii) Sketch the output waveform from the differentiating circuit when input is square wave for

T = 100 RC, T = 10 RC, 7' = RC,

Solution.
(1) Irian RC differentiating circuit, the output voltage is taken across Rand the wave form of the

output depends upon the time constant of the circuit. The circuit will function as a differentiator if the
product RC is man y times smaller than the time period of the input wave.
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(ii) Square wave input. Fig. 20.20 shows the input square wave led to a differentiating circuit.
Fig. 20.21 shows the output waveforms for different values of time period of the input wave.

+5V

o r
INPUT WAVEFORM

Fig. 20.20

It may he noted that RC coupling circuit is the same as a differentiating circuit except that it has
a long time constant—in excess of 5 RC. Therefore, a coupling circuit does not noticeably differenti-

ate the input wave.
e

—5 V	 I	 —5V1	 V -5V1-

T=IOORC	 T=IORC	 T= RC

Fig. 20.21

\\iple 20.4. Ina differentiating circuit, R = 10 kl and C = 2.2 pP If the input voltage goes
from 0 Vro JO Vat a constant rate in 0.4 s, determine the output voltage.

Solution.

e0 = RC -  (e) = RC -	 ... See Art. 20.15

dc	 10-0
Here	 R = lOk; C = 2.2jiF; -	 = --- = 25 V/s

e 0 = ( lOx 103)x(2.2x 10)x25 = 0.55V

20.16 Integrating Circuit

A circuit in which output voltage is directly proportional to the integral of the input is known as an

integrating circuit i.e.

Output	 .1. Input

An integrating circuit is a simple RC series circuit with output taken across the capacitor C as
shown in Fig. 20.22. It may be seen that Rand Cof the differentiating circuit have changed places. In
order that the circuit renders good integration, the following conditions should he fulfilled

R
WvW

14— eR __

e ()	

'=

 OUTPUT =

 _,T
Fig. 20.22
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(:) The time constant RCof the circuit should be very large as compared to the time period of the
Input wave.

(u) The value of R should be 10 or more times larger than X.
Let e he the input alternating voltage and let i be the resulting alternating current. Sincc R is very

large as compared to capacitive reactance X C of the capacitor, it is reasonable to assume that voltage
across R (i.e. e) is equal to the input voltage i.e.

C, =

Now
R R

The charge q on the capacitor at any instant is

q = Jdt

	Output voltage, e1, =	 =
C	 C

Jdt

	

=	 Jedt

c Je, di

Output voltage o Jinput

R

(. RC is constant)

Output waveforms. The output waveform from an integrating circuit depends upon time constant
and shape of the input wave. Two important cases will be discussed

(i) When input is a square wave. When the input fed to an integrating circuit is a square wave,
the output will be a triangular wave as shown in Fig. 20.23 (i). As integration means summation,
therefore, output from an integrating circuit will be the sum of all the input waves at any instant. This
sum is zero at  and goes on increasing till it becomes maximum at C. After this, the summation goes
on decreasing to the onset of negative movement CD of the input.

INPUT
A

H
OUTPUT 1Z

(i)

INPUT I_____

	

-	 I

	

I	
I

	

I	
I

	

I	
I

	

I	
I

	

I	
I

	

I	 I

	

I	 I

OUTPUT

(ii)

Fig. 20,23
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(ii) When input is rectangular wave. When the input fed to an integrating circuit is a rectangu-
lar wave, the output will be a triangular wave as shown in Fig. 20.23 (ii).

20.17 Important Applications of Diodes
We have seen that diodes can be used as rectifiers. Apart from this, diodes have many other applica-
tions. However, we shall confine ourselves to the following two applications of diodes

(1) as a clipper	 (ii) as a damper
A clipper (or limiter) is used to clip off or remove a portion of an a.c. signal. The half-wave

rectifier is basically a clipper that eliminates one of the alternations of an ac. signal.
A damper (or dc restorer) is used to restore or change the dc reference of an ac signal. For

example, you may have a 10 V, ac signal that varies equally above and below 2 V dc.

20.18 Clipping Circuits
The circuit with which the waveform is shaped by remowng (or clipping) a portion of the applied
Wave is known as a dipping circuit.

Clippers find extensive use in radar, digital and other electronic systems. Although several
clipping circuits have been developed to change the wave shape, we shall confine our attention to
diode clippers. These clippers can remove signal voltages above or below a specified level. The
important diode clippers are (i) positive clipper (ii) biased clipper (iii) combination clipper.

(i) Positive clipper. A positive clipper is that which removes the positive half-cycles of the
input voltage. Fig. 20.24 shows the typical circuit of a positive clipper using a diode. As shown, the
output voltage has all the positive half-cycles removed or clipped off.

R

F

_	 _OUTPUT	
--- VV.
	 V

Fig. 20.24

The circuit action is as follows. During the positive half cycle of the input voltage, the diode is
forward biased and conducts heavily. Therefore, the voltage across the diode (which behaves as a
short) and hence across the load RL is zero. Hence *ou tpu t voltage during positive half-cycles is zero.

During the negative half-cycle of the input voltage, the diode is reverse biased and behaves as an
open. In this condition, the circuit behaves as a voltage divider with an output given by

-Output voltage	 RL
 =	 V,

R + RL

Generally, R1 is much greater than R.

Output voltage = - V.
It may be noted that if it is desired to remove the negative half-cycle of the input, the only thing

to be done is to reverse the polarities of the diode in the circuit shown in Fig. 20.24. Such a clipper is
then called a negative clipper.

(ii) Biased clipper. Sometimes it is desired to remove a small portion of positive or negative

It may be noted that all the input voltage during this half-cycle is dropped across R.
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halt-cyLte of thc ,ignat voltage For this purpose, biased clipper is used. Fig. 20.25 shows the circuit
of it biased clipper using a diode with a battery of V volts. With the polarities of battery shown, a
portion of each positive half-c ycle will be clipped. However, the negative half-cycles will appear as
such across the load. Such a clipper is called biased positive clipper.

The circuit action is as 6.11ows. The diode will conduct heavily so tong as input voltage is
greater than +V. When input voltage is greater than +V, the diode behaves as a short and the output
equals +V. The output will stay at +V so long as the input voltage is greater than +V. During the
period the input voltage is less than +V, the diode is reverse biased and behaves as an open. There-
lore, most of the input voltage appears across the output. In this way, the biased positive clipper
removes input voltage above +V.

During the negative half-cycle of the input voltage, the diode remains reverse biased. Therefore,
almost entire negative half-cycle appears across the load.

RLOUTPUT
T

Ej_11
Fig. 20.25

11 it is desired to clip a portion of negative half-cycles of input voltage, the only thing to be done
is to reverse the polarities of diode or battery. Such a circuit is then called a biased negative clipper.

Combination clipper. It is a combination of biased positive and negative clippers. With a
combination clipper, a portion of both positive and negative half-cycles of input voltage can be re-
moved or clipped as shown in Fig. 20.26.

0
V.

Fig. 20.26

The circuit action is as follows. When positive input voltage is greater than +V 1 , diode D1
conducts heavily while diode D 7 remains reverse biased. Therefore, a voltage +V 1 appears across the
load. This output stays at +V so long as the input voltage exceeds +V 1 . On the other hand, during the
negative half-cycic, the diode D2 will conduct heavily and the output stays at —V2 so long as the input
voltage is greater than —V 2 . Note that +V 1 and —V., are less than + V,,, and Vm respectively.

Between +V and —V2 neither diode is on. Therefore, in this condition, most of the input voltage
appears across the load. It is interesting to note that this clipping circuit can give square wave output
if V  is much greater than the clipping levels.

X xampIc 20.5. For the negative series clipper shown in Fig.20.27, what is the peak output
v/Iage from the circuit ?

Solution. When the diode is connected in series with the load, it is called a series clipper. Since



Solid-State Switching Circuits

it is a negative clipper, it will rcmovç negative portion of input a c. signal.

p
+l2V	

VOW

0
-12V — ...... .
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ll.3V 

out

Fig. 20.27

During the positive half-cycle of input signal, the dioide is forward biased. As a result, the diode
will conduct. The output voltage is

VOu ,fak) = V fl(PJk) -O.7 = 12-0.7= 11.3V
During the negative-half cycle of input signal, the diode is reverse biased and consequently it

will not conduct. Therefore V1,, 0. Note that under this condition, the entire input voltage will
appear across the diode.

/-7ampLe 20.6. The negative shunt clipper shown in Fig. 20.28 (i) has a peak input voltage of
+ Jfj V What is the peak output voltagefrom this circuit?

+ V.
In

+ by.

0
- by..........

R	 R	 +VouI

kU
v%4/v'__, , qRL 	 fPENj 8VLA

0

(i)	 (ii)

Fig. 20.28

Solution. When the diode is connected in parallel with the load, it is called a shunt clipper.
During the positive half-cycle of input ac signal, the diode is reverse biased and it will behave as an
open. This is shown in Fig. 20.28 (ii). With diode as an open.

VOu r (pek) = Peak voltage across

- RL	 __
R + RL n (po&) =	 x 10 = 8 V

1+4

Note that peak output voltage is somewhat less than the peak input voltage.

Example 20.7. In example 20.6, what will be the output voltage and voltage across R when the
input voltage is -10 V?

Solution. During the negative half cycle of input signal, the diode is forward hiascd. Therefore,
diode can he replaced by its simplified equivalent circuit as shown in Fig. 20.29. Since load is
connected in parallel with the diode,

_J1_._,

R
- o-

V	 lK)I	 10.7vjR1=4k	 O.7V-,

Fig. 20.29
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V a 	 -0.7V

Voltage across R, VR = (— ID) -(-0.7) = - 10+0.7 = -9.3 V

lxample 20.8. The positive shunt clipper shown in Fig. 2030 has the input waveform as mdi-

cated Determine .zhe value of Vor for each of the input alternations.

in

+lov

0
-1ov.....-.-..

R
p	 ..WP—
V 200Q I	

i	
T

R= 1 kfI V0,I
Fig. 20.30

Solution.
Positive half-cycle. During the positive hall-cycle of the input ac signal, the diode is forward

biased. Therefore, diode can be replaced by its simplified equivalent circuit as shown in
Fjg. 20.31. Since the load is connected in parallel with the diode,

= 0.7V

V.

0.7V	
I

vi,1	 R
0

	+l0V	 Vn 2001

0.7 V	 RL= I

	

01	

11. t

Fig. 20.31

Negative half-cycle. During the negative half-cycle of the input ac. signal, the diode is reverse
biased and ii conducts no current. Therefore, the diode will behave as an open as shown in Fig.
20.32.

V	 R

	

V,

	

^Ouf

	

.,	 20O	 j

-	 ..v 	 -L	
CN	

- 8.33

Fig. 20.32

v- .	 - R + RL
	 (peak)

= [ 2 )loV	 -8.33 V

Again the peak output voltage is somewhat less than the peak input voltage.

Example 20.9. In Fig. 20.30, what is the purpose of using the series resistance R ?

Solution. The purpose of series resistance R is to protect the diode from damage. Let us explain
this point. Suppose the series resistance R is not in the circuit. The circuit then becomes as shown in
Fig. 20.33.
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During the positive half-cycle of the input signal, the diode is forward biased. Since series
resistance R is not present, it is easy to see that the diode will short the signal source to the ground.
As a result, excessive current will flow through the diode as well as through the signal source. This
large current may damage/destroy either the diode or the signal source.

0 
V\	 IF

yin	 p	
kT

Vo.

t 	 RL	 V0

I
Fig. 2033

Note. The series resistance R protects the diode and signal source when diode is forward biased.
However, the presence of this resistance affects the output voltage to a little extent. It is because in a
practical clipper circuit, the value of R is much lower than RL. Consequently, output voltage will be
approximately equal to Vi. when the diode is reverse biased.

20.19 Applications of Clippers
There are numerous clipper applications and it is not possible to discuss all of them. However, in
general, clippers are used to perform one of the following two functions

(1) Changing the shape of a waveform
(ii) Circuit transient protection
(i) Changing the shape of waveform. Clippers can alter the shape of a waveform. For ex-

ample, a clipper can be used to convert a sine wave into a rectangular wave, square wave etc. They
can limit either the negative or positive alternation or both alternations of an a.c. voltage.

(ii) Circuit Transient protection. *Transients can cause considerable damage to many types
of circuits e.g., a digital circuit. In that case, a clipper diode can be used to prevent the transient form
reaching that circuit. +5V

Fig. 20.34

Fig. 20.34 shows the protection of a typical digital circuit against transients by the diode clipper.
When the transient shown in Fig. 20.34 occurs on the input line, it causes diode D2 to be forward
biased. The diode D2 will conduct thus shorting the transient to the ground. Consequently, the input
of the circuit is protected from the transient.

*	 A transient is a sudden current or voltage rise that has an extremely short duration.
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20.20 Clamping Circuits

A circuit that plaa's either the positive or negative peak of a signal at a desired d.c. level is known

as a clamping circuit..

+ by
POSITIVE

LAMPER

Fig. 20.35

A clamping circuit (or a claniper) esscnially adds a dx component to the signal. Fig. 20.35 shows
the key idea behind clamping. The input signal is a sine wave having a peak-to-peak value of 10 V. The
damper adds the il c. component and pushes the signal upwards so that the negative peaks fall on the
relti level. As you can see, the waveform now has peak values of + 10 V and 0 V.

It may he seen that the shape of the original signal has not changed; only there is vertical shift in
thc signal. Such a cIminper is cabled apo.rilim'e ckunper. The negative damper does the reverse i.e. it
pushes the signal downwards so that the positive peaks fall on the zero level.

The lollowi rig points may he noted carefully
(i) The clamping circuit does not change the peak-to-peak or r,m.s value of the waveform. Thus

referring to Fig. 20.35 above, the input wave lorni and clamped output have the same peak-to-peak
aloe i.e.. 10 V in this case. If you measure the input voltage and clamped output with an a.c.

voltmeter, the readings will he the same.
(ii) A clamping circuit changes the peak and average values of a waveform. This point needs

explanation. Thus in theabove circuit, it is easy to see that input waveform has a peak value of 5 V
and average value over a cycle is zero. The clamped output varies between 10 V and 0 V. Therefore,
the peak value of clamped output is 10 V and 'average vakie is 5 V. Hence we arrive at a very
important conclusion that a damper changes the peak value as well as the average value of a wave-
bormn.

20.21 Basic Idea of a Clamper

A clamping circuit should not change peak-to-
peak value of the signal it should only change
the dc level. To do so, a clamping circuit uses a
capacitor, together with a diode and a load resis-
tor R 1 . Fig. 20.30 shows the circuit of a positive
damper. The operation of a damper is based
on the principle that charging time of a capaci-
tor is nwdc very small as compared to its dis-
charging time. Thus referring to Fig. 20.36,

C
p

Vi n	
lpF

I

R1 = 10 Q	 11 R 10 k

Fig. 20.36

"Charging time constant. t = R C = (10 Q) x (10' F) = 10 is
Total charging time, r = 5RJ C = 5x 10 = Sops

10 +00*	 Average value (or (IC value) =	 = 5 V
** When diode is forward biased.
+	 From the knowledge of electrical engineering, we know that charging time of a capacitor is 5 RC.
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Discharging time constant, t = R C = (10 X 10 1  x (I x 10 () = IC) ins
Total discharging time, t0 = 5R,C = 5 x ID = 50 ms

It may be noted that charging time (i.e., SOps) is very small as compared to the discharging time
(i.e., 50 ms). This is the basis of damper circuit operation. In a practical clamping circuit, the values
of C and R, are so chosen that discharging time is very large.

20.22 Positive Clamper

Fig. 20.37 shows the circuit of a "positive damper. The input signal is assumed to he a square wave
with time period T. The clamped output is obtained across R,. The circuit design incorporates two
main features. Firstly, the values of Cam] R, are so selected that time constant 'r = CR, is very large.
This means that voltage across the capacitor will not discharge significantly during the interval the
diode is non conducting. Secondly. R,C time constant is deliberately made much greater than the
time period Tof the incoming signal.

0v	

+V

 —V

C
0	 I)	 p

Vill	 RL	 V.

Fig. 20.37

Operation
(i) During the negative halfcycle of the input signal, the diode is forward biased. Therefore, the

diode behaves as a short as shown in Fig..20.38. The charging time constant (= CR1, where R1 =
forward resistance of the diode) is very small so that the capacitor will charge to V volts very quickly.
It is easy to see that during this interval, the output voltage is directly across the short circuit. There-
fore, V,,1=O.

C

V V.

Fig. 20.38

[T	 .	 • 0+I 
RL V.

Fig. 20.39

(ii) When the input switches to +V state (i.e., positive half-cycle), the diode is reverse biased
and behaves as an open as shown in Fig. 20.39. Since the discharging time constant ( CR,) is much
greater than the time period of the input signal, the capacitor remains almost fully charged to V volts
during the off time of the diode. Referring to Fig. 20.39 and applying KirchhofCs voltage law to the
input loop, we have,

V+V—V ,1	 0

*	 When diode is reverse biased.
If you want to determine what type of damper you are dealing with, here is an easy memory trick. If the
diode is pointing up (away from ground). the circuit is a posmi'vc claniper. On the other hand, if diode is
pointing down (towards ground), the circuit is a ncgaiive clmiiiper.
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+

Th
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or	 = 2V

The resulting wavetorn is shown in Fig. 20.40 his clear that it is
a positively clamped output. That is to say the input signal has been
pushed upward by V volts so that negative peaks tall on the zero
level.

20.23 Negative Claniper

Fig. 20.41 shows the circuit of a negative damper. The clamped out-
put is taken across 8L Note that only change from the xisi1ive damper
is that the connections of diode are reversed.

(i) During the positive half-cycle of the input signal. the diode
is forward biased. Therefore, the diode behaves as a short as shown
in Fig. 20.42. The charging time constant (= CR1) is very small SC)

that the capacitor will charge to V volts very quickly. it is easy to sec
that during this interval, the output voltage is directly across the short
circuit. Therefore, V,, = 0.

if

(ii) When the input switches to —V state (i.e.
C+ I,-	 ______________

n	
10+

VT	
RL	 Vout

0-

Fig.  20.42

negative half-cycle), the diode is reverse biased

and behaves as an open as shown in Fig. 20.43. Since the discharging time
constant (= CR 1 ) is much greater than the time period of the input signal, the
capacitor almost remains fully charged to V volts during the off time of the
diode. Referring to Fig. 20.43 and applying Kirchhoff s voltage law to the
input loop, we have,

= 0

Of
	 = —2V

The resulting waveform is shown in Fig. 20.44. Note that total swing
of the output signal is equal to the total swing of the input signal.

II,iIJViola 
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C
0+

	

V.	 .!.	 RL Vour
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-Q	 -r
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C
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Example 20.10. Sketch the output waveform for the circuit rho ivn in Fig. 20.45. It is gh'en that
discharging tim.e constant (CR 1 ) is inuch greater than the time period of input wave.

Fig. 20.4520.45

Solution.
During positive halt-cycle of the input signal, the diode is forward biased. The network will

appear as shown in Fig. 20.4. It is clear that V,,jr = + 2 V. Further, applying Kirchhoffs voltage law
to the input loop in Fig. 20.46, we have,

5V - V -2V =0
V = 3 V

'C
+0- 0+

ye

5V

2V IRtv0Mt

-01-

Fig.  20.46

3V
-°--;-fl_	 0+

5 V
you'

2V
0 0-

Fig. 20.47

Therefore, the capacitor will charge up to 3 V.	
VOMI

During the negative half-cycle of the input signal, the diode is reverse 	 2biased and will behave as an open [See Fig. 20.471. Now battery of 2 V has +
no effect on V, Applying Kirchhoffs voltage law to the outside Loop of
Fig. 20.47, we have,	 0

= 0
or	 V­, =
The negative sign resulting from the tact that the polarity of 8 V is 	 -8 V

opposite to the polarity defined for V ,4 ,. The clamped output is shown in 	 Fig. 20.48
Fig. 20.48. Note that the output swing of 10 V matches with the input swing.

Note. It is biased damper circuit. It allows a waveform to he shifted above or below (depend-
ing upon the polairty of 2 V battery) a dc reference other than 0 \'.

Exam ple 20.11. Sketch the output waveform for the circuit shown in Fig. 20.49. It is ,çivcn that
discharging time constant (= CR,) is much greater than the titne period of input wave.

Fig. 20.49 20.49
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Solution.
I Jtirii1t. the ptI\iiive till Cycle 01 input signal. (he diodc is forward biased. Therefore, the diode

hcl,ivcs I Sec Hg 20 5 01 It eas y to see that V, = —2 V Further applying Kirchhoffs
vtihi;it't.' I;Ikk to the inpui loop I Sec big. 20.501, we have,

5t ( +V - ft

or	 V(. = 7V
there I ire 111C ;pac lit r will charge upto 7 V.

4-p	 II	 T0+I
5V	 I	 R	 V

	

1.	 out

2V
- p	 0-

Fig. 20.50

7V

5V	

2V	
R, V.,

0+0	 -

Fig. 20.51

I )uruig the negative hal I-cycle of the input signal, the diode is reverse
biased and behaves as an open as shown in Fig. 20.51. Now battery of 2 V 0
ha', no effect on V,1 . Applying KirchhotI's voltage law to the outside Loop —2V
of Fig. 20-5 1. we have,

= 0
or	 V, = —12V
The negative sign resulting from the fact that the polarity of 12 V is - 12V

opposite to the polarity defined lor V• The clamped output is shown in
Fig. 20.52. Note that output and input swings are the same. 	 Fig.20.52

Multiple-Choice Questions

1. .\ switch) has .....
(;) one state	 (n) two states

(iii) three states	 (it') none of the above
2. A rela y is ..............switch.

(I) a iiiectiiuiical	 (ii) an electronic
(iii)	 all

(it') none of the above
3. The switch that has the fastest speed of op-

eration is ..............switch.
(u) electronic
(it) mechanical
(iii) electromechanical
(ii') none of the above

4. 'rhe most inexpensive switch is
switch,
(i) electronic

( ii)	 iiieijhianiciI

(iii) electromechanical
(r') none of the ,uhove

5. The main disadvantage of a mechanical
switch is that it ..............
(1) is operated mechanically
(ii) is costly

(iii) has high inertia
(iv) none of the above

6. When a transistor is driven to saturation,
ideally the output is ..............
(i) V 1.	 ( ii) 0

(iii) VCCJ2	 (iv) 2Vc
7. The maximum speed of electronic switch can

he ..............operations per second.
(i) 10	 (ii) 10

(iii) I (X)O	 (iv) iü
8. A relay is superior to a mechanical switch
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because it ..............
(i) is relatively inexpensive

(ii) does not require moving contacts

(iii) combines control with power amplifica-
tion

(iv) none of the above
9. When a transistor is driven to cut off, ide-

ally the output is ..............

(i) V	 (ii) 0
(iii) VJ2	 (iv) Vf3

10 . .............. multivibrator is a square wave os-
cillator.
(i) monostable	 (ii) astable

(iii) bistable	 (iv) none of the above

ii. An astable multivibrator has ..............

(i) one stable state (ii) two stable states

(iii) no stable state (iv) none of the above

12. If-dc. supply of 10  is fed toadifferentiat-
ing circuit, then output will be ..............

(i) 20V	 (ii) by

(iii) OV	 (iv) none of the above
13. If the input to a differentiating circuit is a

saw-tooth wave, then output will be ..............
wave.
(i) square	 (ii) triangular

(iii) sine	 (iv) rectangular

14. A bistable multivibrator has ..............

(i) two stable states
(ii) one stable state

(iii) no stable state
(iv) none of the above

15. If a square wave is fed to a differentiating
circuit, the output will be ..............
(1) sine wave
(ii) sharp narrow pulses
(iii) rectangular wave
(iv) triangular wave

16. An integrating circuit is a simple RC series
circuit with output taken across ..............

(i) both R and C (ii) R
(iii) C	 (iv) none of the above

17. For an integrating circuit to he effective, the
RC product should be ..............the time pe-

rind of the input wave.
(i) 5 times greater than
(ii) 5 times smaller than
(iii) equal to
(iv) aticast 10 times greater than

18. A differentiating circuit is a simple RC cir-
cuit with output taken across ..............

(i) R	 (ii) C
(iii) both R and C (iv) none of the above

19. A rnonostahle multivibrator has ..............

(i) no stable state
(ii) one stable state
(iii) two stable states
(iv) none of the above

20. The multivibrator which generates square
wave of its own is the ..............multivibrator.
(1) monostable	 (ii) bistable

(iii) astable	 (iv) none of the above

21. For a differentiating circuit to be effective,
the RC product should be ..............the time
period of the input wave.
(i) equal to
(ii) 5 times greater than
(iii) 5 times smaller than
(iv) aticast 10 times greater than

22. When a rectangular voltage waveform is
applied to a capacitor, then the current wave-
form is ..............
(i) rectangular	 (ii) sinusoidal

(iii) sawtooth	 (iv) square
23. The positive clipper is that which removes

the ..............half-cycles of the input volt-
age.
(I) negative
(ii) positive
(iii) both positive and negative
(iv) none of the above

24. A clamping circuit adds ..............component
to the signal.
(i) d.c.
(ii) a.c.
(iii) both d.c. and ac.
(iv) none of the above
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25. one	 ould timl a clamping circuit in

(t) receiving antenna
(it) radio transmitter
ml radio receiver (iv) television receiver

26. When transistor is used as an amplifier, it is
ojseraretl ill the ..............region.
M mill	 (ii) saturation

(iii) active	 (iv) none of the ahove
27. When the transistor (CL arrangement) is in

the cut oIl region, the collector current is

(i) '(ío	 (ü) '(E0

Cot) ( + I ) ICEO	 (iv) 1C (.4(.41f)a

28. A negative clipper removes the ..............halt
cycles or the input voltage.

Principles of Electronics

(i) negative
(ii) positive

(iii) both positive and negative
(iv) none of the above

29. lIthe input to an integrating circuit is a suc-
cession of alternating positive and negative
pulses of very short duration, the output will
be ..............wave.
(i) rectangular	 (ii) triangular

(to) sine	 (is') square
30. In a inultivibrator, we have ..............feed-

back.
(i) negative
(ii) l(X% positive
(ii:) both positive and negative
(iv) none of the above

Answers to Multiple-Choice Questions
	1. (ii)	 2. (iii)	 3.	 (i)	 4. (i)	 S. (iii)

	

6. (ii)	 7. (iv)	 8.	 9. (i)	 10. (ii)

	

11. (iii)	 12, (iii)	 13.	 (it')	 14. (i)
	

15. (ii)

	

16. (iii)	 17. (is')	 18.	 (i)	 19. (ii)	 20. (iii)

	

21. (iv)	 22. (1)	 23. (ii)
	

24. (i)
	

25. (iv)
	26. (iii)	 27. (ii)	 28. (I)

	
29. (iv)
	

30. (ii)

Chapter Review Topics

1. What is a switching circuit?
2. Discuss the advantages of an electronic switch over a mechanical orelcctro-mcchanical switch.
3. Explain the terms collector leakage current and saturation collector current.
4. Explain the witching action of a transistor with the help of output characteristics.
5. What is a mutt y vibrator 7 Explain the principle on which it works.
(. With a neat sketch, explain the working of (1) astable multivibrator (ii) monostable multivibrator

(to) histat,tc multi vibrator.
7. What is the basic difference among the three types of iuttivihrators. 7
8. Show that the output from a differentiating circuit is derivative of the input. What assumptions are

made in the derivation 7
9. Sketch the output wavcform.c from a differentiating circuit when input is (i) a square wave (ii) saw-

tooth wave.
10, Show that the output from an integrating circuit is the integral of the input.
11. Wham is a clipper 7 Describe (m) positive clipper (ii) biased clipper and (iii) combination clipper.
12. What do you understand by a clamping circuit ? With neat diagrams explain the action of  (i) positive

damper (o) negative damper.
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Problems

1. The negativeshum upper Nhown III lie. 2(Y , ._; lma peik input	 Iuiie ii + l	 V. Wm;mi	 he
peak ' ltigc 7	 1	 ' I

R	 V111

1
vim	

"(flitI	 RL

Fig. 20.53	 Fig, 2034

2. In the negative series clipper shown in Fig 20.54. what is the peak uutpuu voltage 7	 19.3 V]
3. In the circuit shown in Fig. 20.55. whit tire the mnhiiimii:n mud mee.	 'i I he	 itct jiitI

:-2t\[

Fig, 20.5520.55

+20V -.

0
.-20V ............

C

l0V	 +
Vin	 L	 Vt"',

-p

Fig. 20.56

4. Sketch (he wave. sh;ipc of clamped output in Fig. 20.56.

Discussion Questions

1. What is the effect of RC product on the output waveform in a differentiating circuit '?
2. A differentiating circuit is essentially an RCcircuit. Why the output from RC coupling is not a differ-

entiated wave ?

3. What is the difference between a switching transistor and an ordinary transistor'?
4. What effect does a damper have on the average value of a given input wave 7
5. What effect does a damper have on the r.m.s. voltage of a sine-wave input 7
6. What determines the d.c. reference voltage of a damper ?
7. Discuss the differences between shunt and series clippers.
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Introduction
In the prcvious chapters, we have discussed the circuit applications of an ordinary transistor. In this
t y pe of transistor, both holes and electrons play part in the conduction process. For this reason, it is
sometimes called a bipolar transistor. The ordinary or bipolar transistor has two principal disadvan-
tages. First, it has it input impedance hccaüe of forward biased emitter junction. Secondly, it
has considerable noise level. Although low input impedance problem may be improved by careful
design and use of more than one transistor, yet it is difficult to achieve input impedance more than a
few megaohnis. The field effect transistor (PET) has, by virtue of its construction and biasing, large
input impedance which may be more than 100 mcgaohms. The FETis generally much less noisy than
the ordinary or bipolar transistor. The rapidly expanding FET market has led many semiconductor
marketing managers to believe that this device will soon become the most important electronic de-
vice, primaril y because of its integrated-circuit applications. In this chapter, we shall focus our atten-
tion on the construction, working and circuit applications of field effect transistors.

21.1 Types of Field Effect Transistors ,--

A bipolar junction transistor (BiT) is a current controlled device i.e., output characteristics of the
device are controlled by base current and not by base voltage. However, in a field effect transistor
(EP[) the output characteristics are controlled by input 	 itige (i.e., electric field) and not by input
current, This is probably the biggest difference between BiT and PET. Thert are two	 t'peI

tic t c feet transistors:

(i) Junction field effect transistor (JEET)

(ii) Metal oxide semiconductor field effect transistor (MOSFET

To begin with, we shall study about JFET and then improved form of fEET, namely; MOSF'ET

'21.2 Junction Field Effect Transistor (JFET)

A junction field effect transistor is a three terminal semiconductor device in which current conduc-
tion is by one t ype of carrier i.e., electrons or holes.

The fEET was developed about the same time as the transistor but it came into general use only
in the late 1960s. In it JFET, the current conduction is either by electrons or holes and is controlled by
means' of an electric field between the gate electrode and the conducting channel of the device. The
JT"ET has high input impedance and low noise level.

Constructional details. A Jf"ET consists of a p-type or n-type silicon bar containing two pn
junctions at the sides as shown in Fig. 21. I. The bar forms the conducting channel for the charge

458
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carriers. If the bar is of n-type, it is called n-channel JFETas shown in Fig. 21.1 (i) and if the bar is

of p-type, it is called a p-channel JFET as shown in Fig. 21 . I (ii). The two pa junctions forming

diodes are connected internally and a common terminal called gate is taken out. Other terminals are

source and drain taken out from the bar as shown. Thus a JFEThas essentially three terminals viz.,

gate (G), source (5) and drain (D).

? DRAIN (D)	 DRAIN (D)

P

GATE	 i-
(G)	 I	 P

SOURCE (S)

n-Channel JFET	 p.Channel JFET

(i)	 (ii)
Fig. 21.1

JFET polarities. Fig. 21.2(i) shows it-channel JFET polarities whereas Fig. 21.2 (ii) shows the

p-channel JFET polarities. Note that in each case, the voltage between the gate and source is such
that the gate is reverse biased. This is the normal way of JFET connection. The drain and source

terminals are *interchangeable i.e.. either end can he used as source and the other end as drain.

Fig. 21.2

3..1i3 Working Principle of JFE
Fig. 21.3 shows the circuit of ii-channel JFETwith normal polarities. The circuit action is as follows:

(I) When a voltage V 5 is applied between drain and source terminals and voltage on the gate is

zero Sec Fig. 21.3(i) 1, the two pa junctions at the sides of the bar establish depletion layers. The
electrons will flow from source to drain through a channel between the depletion layers. The size of
these layers determines the width of the channel and hence the current conduction through the bar.

*	 This is generally valid for low frequency applications. However, it is not true at high frequencies.
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iL) When a revcrsc voltage V( . 5 is applied between the gate and source (See Fig. 21.3 (ii)J, the
v. rdth of the depletion layers is increased. This reduces the width of conducting channel, thereby
increasing flic rcsi,tancc nm-t y pe bar. Consequently, the current from source to drain is decreased.
On the rip  hand, if the reverse voltage on the gate is decreased, the width of the depletion layers
also decreases. This increases the width of the conducting channel and hence source to drain current.

(i)
	

(ii)

Fig. 213

It is clear from the above discussion that current from source to drain can be controlled by the
application of potential (i.e. electric field) on the gate. For this reason, the device is called field effect
(rwi.vtslor. It may he noted that a p-channel JFEToperatcs in the same manner as an n -channel JFET
except that channel current carriers will be the holes instead of electrons and the polarities of V0s and

are reversed.

21.4 Schematic Symbol of JFET
Jig. 21.4 shows the schematic symbol ofJFET. The vertical line in the symbol may be thought as

D

Fig. 21.4

channel and source (S) and drain (D) connected to this line, lithe channel is n-type, the arrow on the
gate points towards the channel as shown in Fig. 21.4 (i). However, for p-type channel, the arrow on
the gate points from channel to gate [See Fig. 21.4 (ii)].

21.5 Importance of JFET
A JEE'!' acts like a voltage controlled device i.e. input voltage ( VGS ) controls the output current. This
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is different from ordinary transistor (or bipolar transistor) where input current controls the Output
current. Thus JFET is a semiconductor device acting *1 Ike ;I tube. The need for JFET arose
because as modern electronic equipment became increasingl y Iransistorised, it became apparent that
there were many functions in which bipolar transistors were iiiiahle to replace vacuum tubes. Owing
to their extremely high input impedance, JFET devices are more like vacuum tubes than are the
bipolar transistors and hence are able to take over many vacuum-tube functions. Thus, because of
fEET, electronic equipment is closer today to being completely solid state.

The JFET devices have not only taken over the functions of vacuum tubes but they now also
threaten to depose the bipolar transistors as the most widely used semiconductor devices. As an
amplifier, the JEEThas higher input impedance than that of a conventional transistor, generates less
noise and has greater resistance to nuclear radiations.

21.6 Difference Between JFET and Bipolar Transistor 	 7\/

The fEET differs from an ordinary or bipolar transistor in the following ways:
(i) Ina JFET, there is only one type of carrier, holes in p-type channel and electrons in n-type

channel. For this reason, li is also called a urtipolar transistor. However, in an ordinary transistor,
both holes and eiectronplay part in conduction. Therefore, an ordinary transistor is sometimes
cal lehpoIaransisto,r.

(ii) As the input circuit (i.e., gate to source) of a JFET is reverse biased, therefore, the device
has high input impedçç. However, the input circuit of an ordinary transistor is forward biased and
hence has low input impedance.

(iii) As the gate is reverse biased, therefore, it carriesvery small current. Obviously, JFET is just
like a vacuum tube where control grid (corresponding to gate in JFET ) carries extremely small
current and input voltage controls  the output current. For this reason, JFETis essentially a voltage-
driven device. However, ordinary transisiôflairent operated device i.e., input current controls
the output current.

COLLECTOR	 DRAIN

BASE -	 G±1L

EMITTER

	

	 SOURCE

Fig. 21.5

(iv) A bipolar transistor uses a current into its base to control a large current between collector
and emitter whereas a fEET uses voltage on the 'gate' ( base) terminal to control the current
between drain (= collector) and source ( = emitter). Thus a bipolar transistor gain is characterised by
current gain whereas the fEET gain is characterised as a transconductance i.e., the ratio of change in
output current (drain current) to the input (gate) voltage.

(v) In fEET, there are no junctions as in an ordinary transistor. The conduction is through an
n- type or p-type semi-conductor material. For this reason, noise level injFETis very small.

'	 The gate, source and drain of a JF!T correspond to grid, cathode and anode of a vacuum tube.
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21.7 JEET as an Amplifier
Fig. 21.0 shows fEET amplifier circuit The weak signal is applied between gate and source and
amplified output is obtained in the drain-souicc circuit. 	 + v
For the proper operation of JFET, the gate must be nega-	 DS

tive w.r.t. source i.e., Input circuit should always he re-
verse biased. This is achieved either by inserting a bat-
tery V(;G in the gate circuit or by a circuit known as
biasing circuit. in the present case, we are providing
biasing by the battery V,,,.

A small change in the reverse bias on the gate pro-
duces a large change in drain current. This fact makes 	 OUTPUT
J/"ETcapable of raising the strength of a weak signal. SIGNAL
During the positive half of signal, the reverse bias on
the gate decreases. This increases the channel width
and hence the drain current. During the negative half-
cycle of the signal, the reverse voltage on the gate in-	 VGG
creases. Consequently, the drain current decreases. The

Fig. 21.6result , is that a small change in voltage at the gate pro-
diices a large change in drain current. These large variations in drain current produce large output
across the load RL. In this way, JFET acts As an amplifier.

21.8 Output Characteristics of JFET
The curve between drain current ('a) and drain-source voltage (V ) of a fEET at constant gate-
source voltage (VGS) is known as output characteristics of fEET. Fig. 21.7 shows the circuit for
determining the output characteristics of fEET. Keeping V(; fixed at some value, say IV, the drian-
source voltage is changed in steps. Corresponding to each value of V 5 , the drain current ID is noted.
A plot of these va16ès gives the output characteristic of fEET at VGS = IV. Repeating similar proce-
dure, output characteristics at other gate-source voltages can be drawn. Fig. 21.8 shows a family of
output characteristics.

ID

vGs=iV

VGSr2v

VGS=3V

Vs

Fig. 21.7	 Fig. 21.8

The following points may he noted from the characteristics
(i) At first, the drain current ID rises rapidly with drain-source voltage VDS but then becomes

constant. The drain-source voltage above which drain current becomes constant is known a5 pinch
ffv1tage. Thus in Fig. 21.8, OA is the pinch off voltage.

(ii) After pinch off voltage, the channel width becomes so narrow that depletion layers almost

'(S7''
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touch each other. The drain current passes through the small passage between these layers. There-
fore, increase in drain current is very small with V above pinch off voltage. Consequently, drain

current remains constant.
(iii) The characteristics resemble that of a penlode valve.

21.9 Important Terms

In the analysis of a JFETcircuit, the following important terms are often used

1: Shorted-gate drain current (11)ç5)

2. Pinch off voltage (Vs)
3. Gate-source cut off voltage [V(;5(,.jI

1. Shorted-gate drain current ('DSS• 
It is the drain current with source short-circuited to

gate (i.e. V.5 = 0) and drain voltage ( V05) equal to pinch off voltage. It is sometimes called zero-bias

current.
Fig 21.9 shows the JFET circuit with VGS = 0 i.e., source shorted-circuited to gate. This is

normally called shorted-gate condition. Fig. 2 1. 10 shows the graph between I and s for the
shorted gate condition. The drain current rises rapidly at first and then levels off at pinch off voltage
V,.,. The drain current has now reached the maximum value 65 When V05 is increased beyond V,,,
the depletion layers expand at the top of the channel. The channel now acts as a current limiter and
*holds drain current constant at l.

ID (mA)

BREAKDOWN

Vçç=O	 I

ACTIVE
REGION	 L V05 (VOLTS)

0	 V	 V05

Fig. 21.9	 Fig. 21.10

The following points may be noted carefully

(i) Since l , is measured under shorted gate conditions, it is the maximum drain current that
you can get with normal operation of JFET.

(ii) There is a maximum drain voltage ( V0 (mui)1 that can be applied to a JFET. lithe drain

voltage exceeds V05	 JiET would breakdown as shown in Fig. 21 . 10.

(iii) The region between V,, and VDS (breakdown voltage) is called constant-Current region

or active region. As long as V 5 is kept within this range, 'D will remain constant for a constant value

Of VQ5 . In other words, in the active region, JFET behaves as a constant—current device. For proper

working of JFET, it must be operated in the active region.

•	 When drain voltage equals V,,, the channel becomes narrow and the depletion layers almost touch each
other. The channel now acts as a current limiter and holds drain current at a constant value of
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2. Pinch off Voltage (Vt). it is the nir'imum drain-source voltage at which the drain current
eS.scn twily becomes constant.

Figure 2 I. I 1 shows the drain curves of a lEFT. Note that pinch off voltage is V,,. The highest
curve is for V( ., = 0, the shorted-gate condition. For values of V,, greater than V,,, the drain current
is almost constant It is because when V equals VI,, the channel is effectively closed and does not
allow further increase in drain current. It may he noted that for proper function of JFET, it is always
operated for Vm> Vi,, However, V ç shouid not exceed VI)S( ,, ) otherwise fEET may breakdown.

n A)

vGs (1 V

I/US - - IV

'GS —2V

- V

(VOLTS)

Fig 21.11

3. Gate-source cut off voltage	 It is the gate-source voltage where the channel is
completely cut off and the drain current becomes zero.

The idea of gate-source cut off voltage can be easily understood if we refer to the transfer char-
acteristic of a JFET shown in Fig. 21.12. As the reverse gate-soerce voltage is increased, the cross-
sectional area of the channel decreases This in turn decreases the drain current. At some reverse
gate-source voltage, the depletion layers extend completely across the channel. In this condition, the
channel is cut off and the drain current reduces to zero. The gate voltage at which the channel is cut
off (i.e. channel becomes non-conducting) is called gate-source cut off voltage

Notes. (I) It is interesting to note that VGS	 will always have the same magnitude value as VP.
For example if V,,	 6 V, then VUS (ff) = - 6 V. Since these two values are always equal and
opposite, only one is listed on the specification sheet for a given fEET.

(ii) There is a distinct difference between V,. and V(;ç() . Note that V is the value of V1)5 that
causes the lEFT to become a constant current device. It is measured at V05 = 0 V and will have a
constant drain current = I,. However, V ;5 is the value of V ;5 that causes 1. to drop to nearly
zero.

21.10 Expression for Drain Current ('a)
The relation between I	 and V, is shown in Fig. 21.13. We note that gate-source cut off voltage [i.e.DSS

VG( ,pl on the transfer characteristic is equal to pinch off voltage V on the drain characteristic i.e.
VP = I V.s

For example, ifafFEThas V05 = — 4V, then V,. = 4V.
The transfer characteristic of fEET shown in Fig. 21.13 is part of a parabola. A rather complex

mathematical analysis yields the following expression for drain current
[	 v..

/	 'l---
'U = oss[	 V05((,ff)

where	
'U = drain current at given V(;s



—V(;S
(VOLTS
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IDSS	 shorted - gate drain current

VGS = gate-source voltage
= gate-source cutoff voltage

/f)(mA)

Fig. 21.13

14xampIe 21.1. Fig. 21.14 shows the transfer characteristic of a JFET Write the equation for
drain current.

Solution. Referring to the transfer characteristic in Fig. 21.14, we have,

IDSS = l2mA

	

(affi = -5V	
'0

-  

V
[ s 12

-	 1)551
	L 	 GS(off)J	 12mA

0	 10 = 12 1 + VGS ]2 rnA

Example 21.2. A JFET has the following parameters.
= 32 mA; VGs ( , , )g = - 8V: V(;5 = - 4.5 V. Find the

value of drain current.	 -VGS	 -

2
1Solution.	 ID = less [I -	

;s
Vcs((,ff)j

32 F	
- 4 . 5)1 2 

mA=	 1-

Fig. 21.14

/
- 6.12 mA

Example 21.3. A JFET has a drain current of S mA. If 	 10 mA and VGs (O	 -6 Yfind the
value of VGS and (ii) V

V	
2

Solution.	
ID = 'rs.c - v 

GS

GS(ff)

or	 5 = 10 1i+Yc
6

or	 =	 = 0.707
6
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V( .5 = - 1.76 V

(n) ;itid	 = -	 = 6 V

21.11 Advantages oFJFET

A fELT is a voltage controlled, constant current device (similar to a vacuum pentode) in which
variations in input voltage control the output current. It combines the many advantages of both
bipolar transistor and vacuum pentode. Some of the advantages of a IFET are

(:) It has a very high input impedance (of the order of 1(K) Mi). This permits high degree of
isolation between the input and output circuits.

(ii) The operation of a JFET depends upon the bulk material current carriers that do not cross
junctions. Therefore, the inherent noise of iuhcs (due to high-temperature operation) and those of
transistors (due to junction transitions) are not present in a JFET.

(iii) A fEET has a negative temperature co-efficient of resistance. This avoids the risk of ther-
mal runaway.

(iii) A JIET has a very high power gain. This eliminates the necessity of using driver stages.

(e) A fEET has a smaller size, longer life and high efficiency.

1^ 2 Parameters of HET
Like VaCUUm tubes, a JFEThas certain parameters which determine its performance in a circuit. The
main parameters of a JFET arc (i) ac. drain resistance (ii) transconductance (iii) amplification factor.

(i) a.c. drain resistinee (rd). Corresponding to the a.c. plate resistance, we have ac. drain
resistance in it fEET. It may be defined as follows

It is the ratio of change in drain-source voltage (A VDS) to the change in drain current (AID)
constant gate-source voltage i.e.

.
ac. drain resistance, rd	

AV=	 Q at constant V5
A ID

For instance, if a change in drain voltage of2 V produces a change in drain current of 0.02 mA, then,

ac. drain resistance, rd 
=	 2 V	

= 100 k
0.02 mA

Referring to the output characteristics of a fEET in Fig. 21.8, it is clear that above the pinch off

voltage, the change in I is small for a change in V05 because the curve is almost flat. Therefore,

dri-sistance of a JFET has a large value, ranging from 10 k2 to 1 M1.

(ii) Transcondict.ance (g12 ). The control that the gate voltage has over the drain current is
meäurêd by transconductance g1 and is similar to the transconductance gm of the tube. It may be

defined as follows
It is the ratio of change in drain current (AI D) to the change in gale-source voltage (AVGS) at

constant drain-source voltage i.e.
AID

Transconductance, g1 =	 at constant V05

The transconductance of a JFET is usually expressed either in mAlvolt or micromho. As an
example, if a change in gate voltage of 0. I V causes a change in drain current of 0.3 mA, then,

Transconductance. ' = 
0.3 mA 

= 3 mATV = 3 x If) AN or rnho
' 0. 1 V

= 3 x 10 x 106 p mho = 3000 p mho
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(iii) Amplification factor ( ji ). It is the ratio of change in drain-source voltage (AV,,,) to the

change in gate-source voltage (AVGS) at constant drain current i.e.

Amplification factor, p =	 at constant
A

Aniplihcati(in factor of' aJl"ETindic ate s how i ouch more control the gate voltage has over drain
current than has the drain voltage. For instance, if the ampliheatiun factor uf i/Hr] is 50, It means
that gate voltage is 5(4imcs as effective as the drain voltage in controlling the drain current.

21.13 ReIajn-TngJFET Parameters
There I ationshi p among JFET paramcters can he established as under

AV
We know p = -

(,,'O
Multiplying the numerator and denominator on R.H.S. by A1 ). we get,

p =
L\Vk A i f)	 A/f) A

P = r,Xg,

i.e. itnplifcation factor = a-c. drain resistance X transciinductarice

Ex't 21.4.	 iien a reverse gale collage of 15 V is i;p/ied to (1 fEET the gate current is

10' 1 pA. Fin 1 the re stance between gate and source.

Solution.	 V(.5 = IS V i. = 10 pA = IC) A

Gate to source resistance.	= -b 	15V- = --.-	 = IS x 10 Q = 15,000 N1)
i• lo //	 C,

This example shows the major difference between a JFE'/' and a bipolar transistor. Whereas the
input impedance of a JFET is several hundred M12, the input impedance of a bipolar transistor is only
hundreds or thousands of ohms. The large input impedance of a JFETpermits high degree of isolation
between ther

2M' . 'I

q1 output.

Exa 	 When VGc of a JFET changes front —3.1 V to —3 ) the drain current c/iwiges
from I mA tb 1-3_ni. What is the value of transconductance ?

Solution.	 = 3.1	 3 = 0, I V	 in ag rut uriC
All) = 1.3-1= 0.3inA

'rransconductance, g = -° = 'o'jT = 
3 rrvVV = 3000 j.i mho

A VC

Example 21.6. The following readings were obtained experitnentallv front a fEET:

VGS	 0 	 0 	 —O.2V

VDS	 . 7V	 15 	 15 

	

10 mA	 10.25 mA	 9.65 mA

Determine (i) a. c. drain resistance (ii) tran.vconduciance and (iii) a171121i/7 cation factor

Solution. (i) With V(;ç constant at (CV, the increase in Vu ., front 7 V to 15 V increases the drain
current from 10 mA to 10.25 mA i.e.

Change in drain-source voltage, AV	 = 15 - 7 =	 V
Change in drain current, A/ u = 10.25 - 10	 0.25 mA
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ic. drain resistancc. r1 
= -/-- =	

= 32 kfl

(ii) With Vi,,.. constant at 15 V. drain current chang s from 10.25 riiA to 9.65 mA as V(;5 is

changed from I) V to - 0.2 V.
= 0.2-0 = 0.2V

A l, = 10.25 - 9.65 = 0.6 mA
A/0Transciinductancc. g, =	 --,-- = 3 mAJV = 3000 i mho

(lit)	 Amplification factor, p	 r x ç' = (32 x 01) x (3000 x 10 ) = 96

21.14 JF'ET Biasing

For the PIO PCr operation of ,i-channel JIET. gate must he negative wrt. source. This can be achieved

either by inserting a battery in the gale circuit or by a circuit known as biasing circuit. The lacr
method is preferred because batteries arc costly and require frequent replacement.

1. Bias battery. Fig. 21.15 shows the biasing of a n-channel fIEThy it bias battery V(;G. This

battery ensures that gate is always negative ov.r.f. source during all parts of the signal.

2. Biasing circuit. The biasing circuit uses supply voltage V 1 ,0 to provide the necessary bias.

Two most commonly used methods are (i) self-bias (ii) potential divider method.

(i) Self-bias. Fig. 21. 16 shpws the self-bias method. The resistor Rs is the bias resistor. The
d.c component of drain current flowing through R 5 produces the desired bias voltage. The capacitor

C5 bypasses the ac. component of the drain current.

+ V0[1	 + VDD

RD

ID__(d

	

SIGNAL J	 'iis

	

RG!	
R

U..,

Fig. 21.15	 Fig. 21.16

Voltage across R . V = ID RS

Since gate current is negligibly small, the gate terminal is at d.c. ground i.e., V = 0

VGS	 V0 - V5 0 '0 Rs
or	 V5 = - 10R5

Thus bias voltage V; keeps gate negative wrt. source.

Operating point The operating point (i.e.. zero signal I, and V,)s) can be easily determined.

Since the parameters of the JFET are usually known, zero signal 1/) can be calculated from the following
relation



Fig. 21.17

Cs

-0

OUTPUT

Cs
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V..
- F	 'l---

Also	 V,15 = V011 - / (R 1 + R5)

Thus d.c. conditions of JiLl iiiiplifier are Full y spcciticd.

(ii) Potential divider method. Fig. 2 1.17
Shows potential divider method of hiisi ng a JFET.

This circuit is identical to that used for a transistor.
The resistors R 1 and R 2 form a voltage divider across

drain supply V 1. The voltage V2 across R, pro-

vides the necessary bias.
V

V2 _JL_XR
2	 R1+R1	 2

Now	 V2 = V( ;s + 1/) R5

Or	 VQ5 = V2 10 R 5	 SI
The circuit is so designed that l, R. is larger

than V2 so that V., is negative. This provides cor-

rect bias voltage. We can find the operating point
as under:

/	
V,V;5

D	 R5

and	 V1)5 = VJ)1) - I t) (R, + R)

21.15 JFET Connections
There are three leads in a fEET viz.. source, gate and drain terminals. However, when JFET is to be

connected in a circuit, we require four terminals , two for the input and two for the output. This
difficulty is overcome by making one terminal of the JFET common to both input and output termi-

nals. Accordingly, a fEET can he connected in a circuit in the following three ways

+ V1)0

VOL)+ 

COMMON SOURCE CONNECTION

Fig. 21.18

SIGNAL



+ V00 = 20 V

CS

=	 = 0.55

= —0.9V

= V0—V5

= V0 _V5

= 0—(-0.9) = 0.9V

=	 = 0.9V = 
0.6k121.5 irmA

V...
I +

OF	
Gs

Now	 V as
or	 Vs
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('umil in . ,ow cc conneci 1011	 (ii) Common gate connection
(tit I (.omimimmon drain connection

lIme cotmummon source connection is tic inmost widely used arrangement.
ctmnncclmorn provides high input impedance, good voltage
gain and a inodenatc output impedance. however, the cii-
CLIII produces a phase reversal i.e.. output signal is 180' out
of phase with the input signal. Fig. 21.19 shows a common
source n-channel JEET amplifier. Note that source termi-
nal is common to both input and output.

Note. A common source fEET amplifier is the fEET
equivalent of common emitter amplifier. Both amplifiers
have a I KIt 0 phase shift from input to output. Although the

two amplifiers serve the same basic purpose, the means by
which they operate are quite different.

Example 21.7. In a self-bias n-channel JFE7 the 0/)-

erat1ri' pat/ni is to be set at l = 1.5 mA and V,	 10 V The
fEET parameters ore 	 = 5 mA and V,. = —2 V Find the
'alues of R ç and R17 Given that V = 20 V

Solution. Fig. 21.19 shows the circuit arrangement.

/	
- v65 2

DS5II 	 Fig. 21.19

or	 1.5 = 5 1l+5
2

It is because this

Applying Kirchhofls voltage law to the drain circuit, we have,
VDD = / R0+V05+lR5

or	 20 = 1.5 nA x R0 + 10 + 0.9

- (20-10--0.9)V
R0 -
	

=6kl l.5mA

Example 21.8. In an n - channel fEET biased by potential divider method, it is desired to set the
operating point at I = 2.5 mA and Vt)S = 8V If VOD = 30 'v R, = I MQ and R 2 = 500 kfl, find
time value of R. The parameters of JFET are	 = 10 mA and V, 	- 5 V.DSS

Solution. Fig. 21.20 shows the conditions of the problem.

'I) = I'f)551	
vj2
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V .
or	 2.5 = 101

I . 	 5

or	 l- =	 2.5/10 = 0.5
-)	 M(2 R

or	 = —2.5V

Vrw
Now 	V2	

R1+R, x

=
L000+ 500

= LOV

V =V.+IR

	

2	 'S	 0 S	 2 500k9l k
or	 IOV = _2.5V+2.5mAxR5	 2

R	
IOV+2.5V	 12V

2.5 mA	 2.5 mA

= 5 kL1

21.16 Voltage Gain of JFET Amplifier

Fig. 21.21 shows a typical circuit ofaiFETampliiter. The JFET

is sell-biased by using the biasing network R s - C. The d.c.
component of the drain current flowing through the source-

biasing resistance R5 produces the desired bias voltage. The

capacitor C bypasses the ac. component of drain current. It
may be noted that biasing circuit is similar to the cathode bias
for a vacuum tube. The value ofR ç can be determined from the

	

following relation : 	 SIC

S— j
L)

where V. = voltage drop across R. and I = current through

RS

RD

2.5 mA

T
_JS=gV

+ Vfl( = 30 V

R5	
c5

Fig. 21.20

'f)

RL

DD

Fig. 21.21
Like a vacuum tube, a JFET is a voltage driven device.

Therefore, the voltage gain of a fEET amplifier can be determined in the same manner as for a

vacuum tube.

Voltage gain of JFET amplifier is

A - 
MR,

rd+I?L

Since	
rd gj r RL.

I	 x g .	 :. A	
r + F?d	 L

If rd >> RL , then the latter can be neglected as compared to the former.
r	 F?

Voltagegain,A =	
g	 L or A, = gJçxR
ri

Example 21.9. The transconductance of a JFET used in a voltage-amplifier circuit is
3000 pmho and the load resistance is 10 U1 Calculate the voltage amplification of the circuit
assuming that rd >> RL.
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Solution. g, , = 300(1 pmhn = 3((X) x II) mlio and fi, = 10 kci = 10,00() ci

As r 1 >> R,,	 ..	 A. = g1 R, = (3(.X)) x 10 -  x (10,0(X))	 30

Example 21.10. In the JFET circuit shown in Fig. 21.22.find(i) VDS and (ii)

Solution.

+ V01, = 30 V

RD = 5 kfl

ID = 2.5 mA

S

R=200Q	 .cs

Fig. 21.22

(i)	
VIIS = VDD —10 ( RD + R) = 30-2.5 mA (5+ 0.2) = 30— 13 = 17 V

ii)	 V(.5 = — 10 R5 —(2.5x 10 3 )x200 = —0.5V

Example 21.11. Figure 21.23 shows two stages of JFET amplifier The first stage has ID =

2.I5mA and the second stage has TD = 9.I5mA. Find the dc. voltage of drain and source of each
stage wri. ground.

Solution.	 Voltage drop in 8.2 kci = 2.15 mA x 8.2 kci = 17.63 V

D.C. Potential of drain of first stage w :: t. ground is

VI) = V00 — 17.63 = 30-17.63 = 12.37 V

+ VDD = 30 V

8.2 kU

2.15 mA

D

S

tO Mci

Fig. 21.23

2 kQ

4 9.15 mA

OUTPUT

220cit 
TIcs ISIGNAL

680 ci
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D.C. potential of source of first stage to ground is

Vs	 lR = 2.15mAx0.68k1 = 1.46 V

Voltage drop in 2 kQ= 9.15 mAx2k.Q = 18.3 V

D.C. potential of drain of-second stage to ground is

VA = VD11 —18.3 = 30— 18.3 = 11.7 V

D.C. potential of source of second stage to ground is

V 5 =	 = 9.15 mAx0.22M = 2.01V

21.17 JFET Applications

The high input impedance and low output impedance and low noise level make fEET far superior to
the bipolar transistor. Some of the circuit applications of JEET are

1st STAGE	 BUFFERSECOND
AMPLIFIER	 STAGE

HIGH Z1 ,1	 LOW Z()11(

Fig. 21.24

(i) As a buffer amplifier. A buffer amplifier is a stage of amplification that isolates the
preceding stage from the following stage. Because of the high input impedance and low output
impedance, a JFETcan act as an excellent buffer amplifier (See Fig. 21.24). The high input imped-

ance of fEET means light loading of the preceding stage. This permits almost the entire output from

first stage to appear at the buffer input. The low output impedance of JFETcan drive heavy loads (or
small load resistances). This ensures that all the output from the buffer reaches the input of the
second stage.

+ V1)fl

Fig. 21.25

OW

R5



OXIDE
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(u) Phase-shift oscillators. The oscillators discussed in chapter 16 will also work with JFETs.
However, the high input impedance of JEETIs especially saluable in phasc-shift oscillators to minimise
the loading effect. Fig. 21.25 shows the phas-shift oscillator using n-channel fEET.

(iii) As RF amplifier. In communication electronics, we have to use JFETRF amplifier in a
receiver instead of fliT amplifier for the following reasons

a) The noise level of Jf'ETis very low. The JFETwiII not generate significant amount of noise
and is thus useful as an RE amplifier.

(h) The antenna of the receiver receives a very weak signal that has an extremely low amount of
\\ urrent. Since fEET is a voltage controlled device, it will well respond to low current signal provided

-\\ \ the antenna.

Metal Oxide Semiçdtetor FET (MOSFET)
Metal oxide semiconductor field effect transistor is an important semi-conductor device and is widely
used in many circuit applications. The input impedance of a MOSFET is much more than that of a
fEET because of very small gate leakage current. The MOSFET can be used in any of the circuits
covered for the fEET. Therefore, all the equations apply equally well to the MOSFET and JFET in
amplifier con nections>-

ConstructiOnal details. Fig. 21.26 (I) shows the constructional details of n-channel MOSFET.
It is similar tofFETexccpt with the following modifications:

4 There is only a single p-region. This region is called subtrate.

çj4 (A thin layer of metal oxide (usually silicon dioxide) is deposited over the left side of the
channel. A metallic gate is deposited over the oxide layer As silicon dioxide is an insulator, therc-
tore, .gate is insulated from the channel. For this reason, MbSFETis sometimes called insulated gate
PET.

- (ia) Like JFET. a MOSFET has three terminals viz, source, gate and drain.
Fig. 21.26 (ii) shows the schematic symbol of n-channel MOSFET.

DRAIN

SUBTRATE	 GA	
SUBTRATE

SOURCE

(ii)
Fig. 21.26

21.19 Working Principle of MOSFET
Fig. 21 .27 shows the circuit of MOSEET. Instead of gate diode as in JFET, here gate is formed as a
small capacitor. One plate of this capacitor is the gate and the other plate is the channel with metal
oxide as the dielectric. When negative voltage is applied to the gate, electrons accumulate on it.
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These electrons *repel the conduction band
electrons in the n-channel. Therefore, lesser
number of conduction electrons are made
available for current conduction through the
channel. The greater the negative voltage
on the gate, the lesser is the current con-
duction from source to drain. If the gate is 	 CP	 VDS
given positive voltage, more electrons are
made available in the ,i-channel. Conse-
quently, current from source to (train in-
crcascs The following points may he

noted:	 r4'T__
101" In a MOSFET, the source to drain

current is controlled by the electric field of 	
Fig. 21.27

capacit9r formed at the gate.

Unlike the fEET, aMOSFET has no gate diode. This makes it possible to operate the device

with
	

tive or negative gate voltage.
A the gate forms a capacitor, therefore, negligible gate current flows whether positive or

negative voltage is applied to the gate. Consequently, the input impedance of MOSFETis very high,

ranging from I 0,000MQ to 10,000,OOMI2

Multiple-Choice Questions

1. AJFET has three terminals, namely

(i) cathode, anode, grid

(ii) emitter, base, collector

(iii) source, gate, drain

(iv) none of the above

2. AJFETis similar in operation to .......valve.

(i) diode	 (ii) pentode

(iii) triode	 (iv) tetrode

3. A fEET is also called .......transistor.

(i) unipolar	 (ü) bipolar

(iii) unijunction	 (iv) none of the above

4. A IFET is a .......driven device.

(i) current

(ii) voltage

(iii) both current and voltage

(iv) none of the above

5. The gate of a JFT is .......biased.

(i) reverse

(ii) forward

(iii) reverse as well as forward

(iv) none of the above

6. The input impedance of a JFET is .......that

of an ordinary transistor.

(i) equal to	 (ii) less than

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

7. In a p-channel JFET, the charge carriers are

(i) electrons

(ii) holes

(iii) both electrons and holes

(iv) none of the above.

8. When drain voltage equals the pinch-off volt-
age, then drain current ...... .with the increase

in (train voltage.

(i) decreases

(ii) increases

(iii) remains constant

(iv) none of the above

9. If the reverse bias on the gate of a IFET is

increased, then width of the conducting chan-

nel .......

If one plate of capacitor is negatively charged, it induces positive charge on the other plate.
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(i) is decreased
(ii) is increased

(iii) remains the same
(iv) none of the above

10. AMOSFE7' has ...... . terminals.
(i) two	 (ii) five

(iii) four	 (iv) three
11. A MOSFET can be operated with .......

(i) negative gate voltage only
(ii) positive gate voltage only

(iii) positive as well as negative gate volt-
age

(iv) none of the above
12. AJFEThas .......power gain.

(I) small	 (ii) very high
(iii) very small	 (iv) none of the above

13. The input control parameter of a JFET is

(i) gate voltage	 (ii) source voltage
(iii) drain voltage (iv) gate current

14. A common base configuration oiapnp tran-
sistor is analogous to .......of a JFET.
(i) common source configuration
(ii) common drain configuration

(iii) common gate configuration
(iv) none of the above

15. A JFET has high input impedance because

(i) it is made of semiconductor material
(ii) input is reverse biased

(iii) of impurity atoms
(iv) mine of the above

16. In a JFET, when drain voltage is equal to
pinch-off voltage, the depletion layers
(i) almost touch each other

(ii) have large gap
(iii) have moderate gap
(iv) none of the above

17. Ina JFET IDSS is known as ..............
(i) drain to source current

(ii) drain to source current with gate shorted
(iii) drain to source current with gate open
(iv) none of the above

18. The two Important advantages of a JFET are

(i) high input impedance and square-law
property

(ii) inexpensive and high output impedance
(iii) low input impedance and high output

impedance
(iv) none of the above

19 . .............. has the lowest noise-level.
(i) triode	 (ii) ordinary transistor

(ii,) tetrode	 (iv) JFET

20. A MOSFET is sometimes called ...... . JFET.

(i) many gate	 (ii) open gate
(iii) insulated gate (iv) shorted gate

21. Which of the following devices has the high-
est input impedance ?
(i) JFET

(ii) MOSFET

(iii) crystal diode
(iv) ordinary transistor

22. A MOSFET uses the electric field of a .......
to control the channel current,
(1) capacitor	 (ii) battery

(iii) generator	 (iv) none of the above
23. The pinch-off voltage in a JFE7' is analo-

gous to .......voltage in a vacuum tube.
(i) anode
(ii) cathode

(iii) grid cut off
(iv) none of the above

24. The formula for a.c. drain resistance of a
JFETis ..............

A VDS
(i) A I at constant

A V
(ii) A I at constant VOS

A
A VGS 

at constant VDS

A
(iv)	

VDS 
at constant VGS

25. In class A operation, the input circuit of a
JFETis ............. biased.
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(i) forward	 (ii) reverse

(iii) not	 (iv) none of the above

26. If the gate of a R,-ET is made less negative,
the width of the conducting channel .......

(i) remains the same

(ii) is decreased

(iii) is increased

(iv) none of the above

27. The pinch-off voltage ofafFETis about .......

(1) 5 V	 (ii) 0.6 V

(iii) 15 V	 (iv) 25 V

28. The input impedance of a MOSFE1is of the
order of ..............

(i) (1	 (ii) a few hundred

(iii) k I	 (iv) several M i
29. The gate voltage in a JFET at which drain

current becomes zero is called ..............volt-
age.

(i) saturation	 (ii) pinch-off

(iii) active	 (iv) cut-off

30. The drain current ID in a JFET is given by

V

(i) DS.J -

	 2

(ii) ID = IDSS	
+

(	 v,,2
(iii) 1	 'DSS	 - VGS J

(	 l'2

(iv) 'D='	

v

CZ
DSSI	 V

31. In a FET, there are ...............pn junctions at
the sides.

(i) three	 (ii) four

(iii) five	 (iv) two

32. The transconductance of a JFET ranges from

(i) 100to500mAJV

(ii) 500 to 1000 mAJV

(iii) 0.5 to 30 mA/V

(iv) above 1000 mA/V

33. The source terminal ofaiFETcorresponds

to ...............of a vacuum tube.

(i) plate	 (ii) cathode

(iii) grid	 (iv) none of the above

34. The output characteristics of a JFETcloscly

resemble the output characteristics of a
valve

(1) pentode	 (ii) tetrode

(iii) triode	 (iv) diode

35. If the cross-sectional area of the channel in
n-channel JFETincrea.ses, the drain current

(i) is increased

(ii) is decreased

(iii) remains the same

(iv) none of the above

36. The channel of a JFET is between the

(i) gate and drain

(ii) drain and source

(iii) gate and source

(iv) input and output

37, For Vc?- 0 V, the drain current becomes
constant when V exceeds ...............

(i) cut off	 (ii) V00

(iii) V	 (iv) 0 V

38. A certain JFET data sheet gives VGs(O =
—4 V. The pinch-off voltage V is .............

(i) +4V	 (ii)-4V

(iii) dependent on VGS

(iv) data insufficient

39. The constant-current region of a JFET lies
between ...............

(i) cut off and saturation

(ii) cut off and pinch-off

(iii) 0 and

(iv) pinch-off and breakdown

40. At cut-off, the JFET channel is ...............

(i) at its widest point

(ii) completely closed by the depletion
region

(iii) extremely narrow

(iv) reverse biased
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Answers to Multiple-Choice Questions

1. (iii)
6. (iii)

11. (iii)
16. (i)
21. (ii)
26. (iii)
31. (iv)

36. (ii)

2. (ii)
7. (ii)

12. (ii)
17. (ii)
22. (i)
27. (i)
32. (iii)
37. (iii)

4. (ii)
9. (0

14. (iii)
19. (iv)

24. (1)

29. (ii)
34. (0
39. (iv)

5. (1)

10. (iv)
15. (ii)
20. (iii)
25. (ii)
30. (i)
35. (i)
40. (ii)

Chapter Review Topics

1. Explain the construction and working of a iFFY.

2. What is the difference between a fEET and a bipolar transistor ?

3. Flow will you determine the drain characteristics of JFET? What do they indicate?
4. Define the fEET parameters and establish the relationship between them.

5. Briefly describe some practical applications of JFET.

6. Explain the construction and working of MOSMT.

7. Write short notes on the following
(1) Advantages of fEET	 (ii) Difference between MOSFET and JFET

Problems

1. A fEET has a drain current of  mA.	 10 mA and V05(,,5) is -6 V. find the value of V05 and
(ii) V, .	 Ri) - 1.5 V (ii) 6 VI

2. A iFFY has an IDSSof 9 mA and a	 of - 3V. Find the value of drain current when V05 = - 1.5V.

[2.25mAJ
3. In the JFETcircuit shown in Fig. 21.28 if '0 = 1.9 mA, find V and V.	 [- 1.56V; 13.5VJ

+24V	 +20V

Fig. 21.28	 Fig. 21.29
4. For the JFETamplificr shown in Fig. 2129, draw the dc. load line.

5. For a fEET. Inss 9 mA and V,, = 3.5 V. Determine I when (i) V05 = 0 V (ii) V05	 - 2V.

[(i) 9mA (ii) 1.65 mA]
6. Sketch the transfer curve for a P-channel JFET with l,, 	 4 mA and V. = 3 V.
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Silicon Controlled Rectifiers

Introduction

The silicon controlled rectifier (abbreviated as SCR) is a three terminal semi-conductor switching
device which is probably the most important circuit element after the diode and the transistor. In-
vented in 1957, an SCR can be used as a controlled switch to perform various functions such as
rectification, inversion and regulation of power flow. The SCR has assumed paramount importance
in electronics because it can be produced in versions to handle currents upto several thousand am-
peres and voltages upto more than I kV.

The SCR has appeared in the market under different names such as thyristor, thyrode and transis-
tor. It is a unidirectional power switch and is being extensively used in switching d.c. and a.c.,
rectifying a.c. to give controlled d.c. output, converting d.c. into a.c. etc. In this chapter, we shall
examine the various characteristics of silicon controlled rectifiers and their increasing applications in
power electronics,

22.1 Silicon Controlled Rectifier (SCR)
A silicon *controlled rectifier is a semiconductor **device that acts as a true electronic switch. It can

GATE (ci)

AN5EPaCATHODE

RE

G4
(ii)

Fig. 22.1

change alternating current into direct current and at the same time can control the amount of power
fed to the load. Thus SCR combines the features of a rectifier and a transistor.

* Why not germanium controlled rectifier ? The device is made of silicon because leakage current in
silicon is very small as compared to germanium. Since the device is used as a switch, it will carry leakage
current in the off condition which should be as small as possible.

SI It got this name because it is a silicon device and is used as a rectifier and that rectification can he con-
trolled.

479
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Constructional details. When a pnjunctiuli is added to ajunction transistor, the resulting three
j)fl junction device is called it silicon controlled rectifier. Fig. 22.1 (i) shows its construction. It is

clear that it is essentially an ordinar y reciifiei (pn) and a j unction transistor (iim) combined in one

unit to form pnpn device. Three terminals are taken; one from the outer p-tpe material called anode

A, second from the outer ntypc material called cathode K and the third from the base of transistor
section and is called gate(;. In the normal operating conditions of SCR, anode is held at high positive
potential w.rr. cathode and gate at small positive potential wrt. cathode. Fig. 22.1 (ii) shows the

symbol of SCR.

The silicon controlled rectifier is a solid state equivalent of thyration. The gate, anode and
cathode of SCR correspond to the grid, plate and cathode of thyratron. Fur this reason, SCR is
sometimes called thy ri star.

22.2 Working of SCR
In a silicon controlled rectifier, load is connected in series with anode. The anode is always kept at
positive potential w.rt. cathode. The working of SCR can he studied under the following two heads.

(i) When gate is open. Pig. 22.2 shows the SCR circuit with gate open i.e. no voltage applied
to the gate. Under this condition, junction J2 is reverse biased while junctions J and J3 are forward
biased. Hence, the situation in the junctions J 1 and J 1 is just as in a npn transistor with base open.
Consequently, no current flows through the load R 1 and the SCR is cut off. However, if the applied
voltage is gradually increased, a stage is reached when * reverse biased junction J2 breaks down. The

SCR now conducts	 heavily and is said to be in the ON state. The applied voltage at which SCR

conducts heavily without gate voltage is called llreakover voltage.

NO
VOLTAGE

AL

Fig. 22.2

(ii) When gate is positive w.r.t. cathode. The SCR can be made to conduct heavily at smaller
applied voltage by applying a small positive potential to the gate as shown in Fig. 22.3. Now junction
J. is forward biased and junction J, is reverse biased. The electrons from n-type material start mov-
ing across junction J towards left whereas holes from p-type towards the right. Consequently, the
electrons from junction J. are attracted across junction J2 and gate current starts flowing. As soon as
the gate current flows, anode current increases. The increased anode current in turn makes more
electrons available at junction J2. This process continues and in an extremely small time, junction J,

*	 The whole applied voltage V appears as reverse bias across junction J2 as junctions J1 and J3 are forward
biased.

has broken down.Because i and J are forward biased and 
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breaks down and the SCR starts conducting heavily. Once SCR starts conducting, the gate (the
reason for this name Is obvious) loses all control. Even if gate voltage is removed, the anode current
does not decrease at all. The only way to stop conduction (i.e. bring SCR in off condition) is to reduce
the applied voltage to zero.

"1.
Fig. 223

Conclusion. The following conclusions are drawn from the working of SCR:

(1) An SCR has two states i.e. either it does not conduct or it conducts heavily. There is no state
in between. Therefore, 5R behaves like a switch.

(ii) There are two ways to turn on the SC!'. The first method is to keep the gate open and make
the supply voltage equal to the breakover voltage. The second method is to operate SCR with supply
voltage less than breakover voltage and then turn it on by means of a small voltage (typically 1.5 V,
30 mA) applied to the gate.

(iii) Applying small positive voltage to the gate is the normal way to close an SCR because the
hrcakover voltage is usually much greater than supply voltage.

(iv) To open the SCR (i.e. to make it non-conducting ), reduce the supply voltage to zero.

22.3 Equivalent Circuit of SCR

The SCR shown in Fig. 22,4 (i) can be visualised as separated into two transistors as shown in

A
A

P

0

C	 p

K

(i)	 (is)	 (iii)
Fig. 22.4

Fig. 22.4 (ii). Thus, the equivalent circuit of SCR is composed of pnp transistor and npn transistor
connected as shown in Fig. 22.4. (iii). 11 is clear that collector of each transistor is coupled to the base
of the other, thereby making a positive feedback loop.
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The working of 5(1? can be easily explained horn its equivalent circuit. Fig. 22.5. shows the
equivalent circuit of SCR with supply Voltage V and load resistance R,. Assume the supply voltage V
is less than hrcakovcr voltage as is usually the case.
With gate open (i.e. switch S open), there is no base
current in transistor T. Therefare, no current flows in
the collector of 7', and hence that of T 1

1

 Under such
conditions, the SCR is open. However, if switch S is
closed, a small gate current will flow through the base
ofT2 which means its collector current will increase
The collector current of 7', is the base current of T
Therefore, coikctor current ofT 1 increases. But col-
lector current of T 1 is the base current of 7',. This
action is accumulative since an increase of current in
one transistor causes an increase of current in the other
transistor. As a result of this action, both transistors
are driven to saturation, and heavy current flows
through the load RL. Under such conditions, the SCR closes.

22.4 Important Terms

The following terms are touch used in the study of SCR
(i) Brcakover voltage	 (ii) Peak reverse voltage

(iii) Holding current	 (it') Forward current rating
(t') Circuit fusing rating
(1) Breakover voltage. It is the nii,iimum forward voltage, gate being open, at which SCR

starts conducting heavily i.e. timied on.
Thus, if the breakovcr voltage of an SCR is 20() V, it means that it can block a forward voltage

(i.e. SCR remains open) as long as the suppiy voltage is less than 200 V. lfiie supply voltage is more
than this value, then SCR will he turned on. In practice, the SCR is operated with supply voltage less
than breakover voltage and it is then turned on by means of a small voltage applied to the gate.
Contiiicrcially available SCRs have hrcakovcr voltages from about 50 V to 500 V.

(ii) Peak reverse voltage (PR y). It is the ,naximunm reverse voltage (cathode positive w.r.t.
anode) that can be applied to an SCR without conducting in the reverse direction.

Peak reverse voltage (PRV) is an important consideration while connecting an SCR in an ac.
circuit. During the negative half of ac. supply, reverse voltage is applied across SCR. If PRV is
exceeded, there may be avalanche breakdown and the SCR will he damaged if the external circuit
does not limit the current. Commercially available SCRs have PRV ratings upto 2.5 kV.

(iii) Holding current. It i.c the niaxinmw pj anode current, gate being open, at which SCR is
turned offfrorn ON conditions.

As discussed earlier, when SCR is in the conducting state, it cannot be turned OFF even if gate
voltage is removed. The only way to turn off or open the SCR is to reduce the supply voltage to
almost zero at which point the internal transistor comes out of saturation and opens the SCR. The
anode current under this condition is very small (a few mA) and is called holding current. Thus, if an
SCR has a holding current of 5mA, it means that if anode current is made less than 5mA, then SCR
will be turned off.

(iv) Forward current rating. It is the maximum anode current that an SCR is capable of
passing without destruction.
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Every SCR has a sate value of forward current which it can conduct If the value of current

exceeds this value, the SCR may be destroyed due to intensive heating at the junctions. For example,
ifan SCR has a forward current rating of 40A, it means that the SCR can safely carry only 40 A. Any
attempt to exceed this value will result in the destruction of the SCR. Commercially available SCRs
have forward current ratings from about 30A to l00A.

(v) Circuit fusing (121) rating. his the product of square offorward surge current and the time
of duration of the surge i.e.,

Circuit fusing rating = 12t

The circuit fusing rating indicates the maximum forward surge current capability of SCR. For
example, consider an SCR having circuit fusing rating of 90 A

2 S. If this rating is exceeded in the SCR
circuit, the device will be destroyed by excessive power dissipation.

Example 22.1. An SCR has a breakover voltage of 400 V a trigger current of /0 ,nA and
holding current of 10 ,nA. What do you infer from is ? What will happen (f gate current is made
/5 mA?

Solution. (i) Breakover voltage of 400 V It means that if gate is open and the supply voltage is
400 V. then SCR will start conducting heavily. Itowever, as long as the supply voltage is less than
400 V, the SCR stays open i.e. it does not conduct.

(ii) Trigger current of 10 m.4 It means that if the supply voltage is less than breakover voltage
(i.e. 400 V) and a minimum gate current of ID mA is passed. the SCR will close i.e. starts conducting
heavily. The SCR will not conduct if the gate current is less than 10 mA. It may be emphasised that
triggering is the normal way to close an SCR as the supply voltage is normally much less than the
breakover voltage.

(iii) Holding current of JO mA. When the SC!? is conducting, it will not open (i.e. stop conduct-
ing) even if triggering current is removed. However, if supply voltage is reduced, the anode current
also decreases. When the anode current drops to 10 mA, the holding current, the SCR is turned off.

(iv) If gate current is increased to 15 mA, the SCR will be turned on lower supply voltage.
Example 22.2. An SCR in a circuit is subjected to a 50A surge that lasts for 12 ms. Determine

whether or nor this surge will destroy the device. Given that circuit fusing rating is 90 A2s.
Solution. Circuit fusing rating =2 = 

(50) x (12 x lD) = 30 A2,c
Since this value is well below the maximum rating of9OA 2s, the device will not be destroyed.
Example 22.3. An SCR has a circuitfusiiig rating of 50A 2s. The device is being used in a circuit

where it could he subjected to a 100  surge. Determine the maimuni allowable duration of such a
Surge.

2/ t ting)(raSolution.	 = ---where I , = known value tif surge current

50= - ---- = 5 x 10 - 's = S ms
(lOOY

22.5 v-I Characteristics of SCR

It is the curve between anode-cathode voltage (V) and anode current (1) of an SCR at constant gate
current. Fig. 22.6 shows the V-I characteristics of a typical SCR.

(i) Forward characteristics. When anode is positive it! ri. cathode, the curve between Vand
/ is called the forward characteristic. In Fig. 22.6, 'OABC is the forward characteristic of SCR at
IG = 0. If the supply voltage is increased from zero, it 	 is reached (point A) when the SCR starts
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conducting. Under this condition, the voltage across 5CR suddenly drops as shown by dotted curve

AB and most of supply voltage appears across the load resistance R,. It proper gale current is made

to flow. SCR can close at much smaller supply voltage.

ON STATE
VER

::	

en EAKO
VOLTAGE

B 

—V4	
_____4fO

AVALANCHE
BREAKDOWN

K	 —1

Fig. 22.6

(ii) Reverse characteristics. When anode is negative wr1. cathode, the curve between Vand I

is known as reverse characteristic. The reverse voltage does come across 5CR when it is operated
with a c. supply. If the reverse voltage is gradually increased, at first the anode current remains small
(i.e. leakage current) and at some reverse voltage, avalanche breakdown occurs and the SCR starts

conducting heavily in the reverse direction as howri by the curve DL. This maximum reverse voltage

at which SCR starts conducting heavily is known as reverse /neokdnwn rolia,i,'c.

22.6 SCR in Normal Operation

In order to operate the SCR in normal operation, the following points arc kept in view

(i) The supply voltage is generally much less than breakover voltage.

(ii) The SCR is turned on by passing an appropriate amount of gate current (a few mA) and not

by breakover voltage.
(iii) When SCR is operated from ac. supply, the peak reverse voltage which comes during nega-

tive half-cycle should not exceed the reverse breakdown voltage.

(ii') When SCR is to be turned OFF front the ON state, anode current should be reduced to
holding current.

(v) If gate current is increased above the required value, the SCR will close at much reduced

supply voltage.

22.7 SCR as a Switch

The SCR has only two states, namely; ON state and OFF state and no state inhetwcen. When appro-
priate gate current is passed, the SCR starts conducting heavily and remains in this position indefi-
nitely even if gate voltage is removed. This corresponds to the ON condition. However, when the
anode current is reduced to the holding current, the SCR is turned OFF. It is clear that behaviour of

SCR is similar to a mechanical switch. As SCR is an electronic device, therefore, it is more appropri-

ate to call it an electronic switch.

Advantages or SCR as a switch. An SCR has the following advantages over a mechanical or

electromechanical switch (relay)
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(i) It has no moving parts. Consequently, it gi' vs []()I " C; 	 oper.itioil at hih ci IILICIR

(ii) The switching speed is vcry high upto 10 ()perdti4)Iis pC \CL 010].

(ii:) It permits control over large current (30- 100 A) in tIre load b y inc;rirs ni :i srn;iIl gaic un ciii
(a few mA).

(ii') it has small site and gives trouhie free scivice,

22.8 SCR Switching

We have seen that SCR behaves as a switch i.e. it has onl y two states i. ( )N st,tc ii id iii 	 I
is profi table to discuss the methods erriploycti to turn-on or turn-ott an SCR.

1. SCR turn-on methods, In order to turn on the SCR, the gate voltage V( . is increased itIrhi 1

minimum value to initiate triggering. This minimum value ot gate voltage at which SC!? i s turned ON
is called gate triggering voltage V (JJ. The resulting gate current is called gale triggering current
Thus to turn on an SCR all that we have to do is to apply positive gate voltage equal to 	 or pis .1

gate current equal to i,.. For most of thc SCRs, V = 2 to 10 V and	 = 100 0A tO 1 500 iii .•\ Vvc

shall discuss two methods to turn oil 	 SC!?.

Fig. 22.7

(i) D.C. gate trigger circuit. Fig. 22.7 shows a typical circuit used for triggering an SCS

a d.c. gate bias. When the switch is closed, the gate receives suffictent positive voltage (= V,;,) toturn
the SCR on. The resistance R 1 connected in the circuit provides noise suppression and Improves the
turn-on time. The turn-on time primarily depends upon the magnitude of the gate current. The higher
the gate-triggered current, the shorter the turn-on time.

(i)

Fig. 22.8
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(it) /C. !/l/cer rlruU. An SC!? can also he turned on with positive cycle of ac. gate current.
I	 22. (it) shows such a circuit. During the positive half cycle of the gate current, at some point
/
	

1 ,,i* the device is turned on as shown in Fig 22,8 W.
2. SCR turn-oil methods. The SC!? turn-ott poses more problems than SCR turn-on. It is

he,iuse once the device is ON, the ate loses all control. There are many methods of SCR turn-off
hut only t\i will he discussed.

it) 4,ic0c mile/it ifllerruptiiui When the anode current is reduced below a minimum value
cal led holding current, the SC!? turns nfl. The simple way to turn off the SCR is to open the line
switch S as shown in Fig. 22.9.

//) !'otce(I conuuulcitic,r!. The method ut discharging it in parallel with an SCR to turn
off the SCR is called forced commutation. Fig. 22. II) shows the forced commutation of SCR where
capacitor C performs the commutation. Assuming the SCRs arc switches with SCRI ON and SCR2

)l'F. current flows through the load and C as shown in Fig. 22.10. When SCR2 is triggered on, C is
electively paralleled across 5CR I . The charge oil 	 is then opposite to SCR I's forward voltage.
SC!? I is thus turned off and the current is transferred to R-SCR2 path.

Fig. 22.9	 Fig. 22.10

22.9 SCR Half-Wave Rectifier
One important application of an SCR is the controlled half-wave rectification. Fig. 22.11 (1) shows
the circuit of an SCR half-wave rectifier. The ac, supply to be rectified is supplied through the
transformer. The load resistance R, is connected in series with the anode. A variable resistance r is
inserted in the gate circuit to control the gate current.

RL	 I
p	 V

Fig. 22.11
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Operation. The a.c. supply to be converted into d.c., supply is applied to the primary of the
transformer. Suppose the peak reverse voltage appearing across secondary is less than the reverse

breakdown voltage of the SCR_ This condition ensures that SCR will not breakdown during negative

half-cycles of ac. supply. The circuit action is as follows

(i) During the negative half-cycles of ac. voltage appearing across secondary, the SCR does not

conduct regardless of the gate voltage. It is because in this condition, anode is negative wr.!. cathode

and also PRV is less than the reverse breakdown voltage.

(u) The SCR will conduct during the positive half-cycles provided proper gate current is made
to flow. The greater the gate current, the lesser the supply voltage at which SCR is turned ON. The

gate current can he changed by the variable resistance r as shown in Fig. 22.11 M.

(iii) Suppose that gate current is adj usted to such a value that SCR closes at a positive voltage V1

which is less than the peak voltage V,, . Referring to Fig. 22.11 (ii), it is clear that SCR will start

conducting when secondary ac. voltage becomes V 1 in the positive halt-cycle. Beyond this, the SCR

will continue to conduct till voltage becomes hero at which point it is turned OFF. Again at the start
of the next positive halt-cycle, SCR will start conducting when secondary voltage becomes V1.

(iv) Referring to Fig. 22.11 (ii), it is clear that tiring angle is a i.e. at this angle in the positive

half-cycle. SCR starts conduction. The conduction angle is 0 (= 180 0 -

It is worthwhile to distinguish between an ordinary half-wave rectifier and SCR half-wave recti-

fier. Whereas an ordinary half-wave rectifier will conduct full positive half-cycle, an SCR halt-wave

rectifier can be made to conduct full or part of a positive half-cycle by proper adjustment of gate

current. Therefore, an SCR can control power fed to the load and hence the name controlled rectifier.

Mathematical treatment. Referring to Fig. 22.11 (i), let v = Vm sin 0 be the alternating voltage

that appears across the secondary. Let a be the firing angle. It means that rectifier will conduct from

a to 180' during the positive half-cycles.

	

I80	 i180,

Average output. V,, =	
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$ sin 0 d
2n 

V01
-

2it -
-cosO]

V
	= 	 ' (cos (X - cos 180°)
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	= 	 '52 (l 4- cos cc)
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Average current, I	 =	 =	 (I + cos (X)

The following points may be noted

(i) If the firing angle or =0', then lull positive halt-cycle will appear across the load R 1 and the

output current becomes

V	 V

	

I , =	 - -'- (I+ cos 0°) = -
2R	 mRL

This is the value of average current for ordinar y halt-wave rectifier. This is expected since the
lull positive half-cycle is being conducted.

(ii) If a = 90°, then aVCTLgC ciliTent is given hs

V	 V
	/ . =	 (l+ Cos 90°) = -----

2it R,	 2it R,
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ih,ii rcHicr lu' 11' ' 1 19 angle cx, the smaller I, the average current and vice-versa.

1';\amj)le 22,4. A half-wave rectifi e r circuit employing an SCR is adjusfed to have a gate cur-
It /U 0/ ltii/i i/it' forwci,d bitikt/wpt Voltage of SCR is 100 Vfor 

'A 
= IotA, Ifa sinusoidal voltage of

..'()(I V peak o applied, find

(i ) firin' tingle	 (ii) conduction angle	 (iii) average current
"1 U/lie It titI c' Vt.'. (ant -e = / 001 (U/ti (lie holding current to be zero.

Solution.	 I' = V sin 0

llerc.	 v = l(XiV, V = 200 V

WI) = 2(X) Sill I)

10(1ii	 sin I) =	 - = 0.5
201)

I) = sin (0.5) = 30 i e. Firing angle, a = 0 = 300

a)	 (.onihictutn inglc. O = 180° - 	 = 80' - 30 = 150°
V

(Hi	 Average voltage = -- (I + cos ) 	 (I + LOS 30°) = 59.25 V
	2n 	 2n

Average current = Average voltage =59.15= 
0.5925 A

1(X)

Example 22.5. An SCR ha/J-wai'e rectifier has afor-'ard breakdown voltage of 150 V when a
vale cur,'ent ()f/ mA Jlov.'.v in the gate circuit. If cm sinusoidal voltage of 400 V peak is applied, find:

W firing angle	 (it) average output t'ltage

(iii) uveraç'e current . for a load resistance of 200 	 (iv) power output

,,'I% \ // Oil' 11(111 the vote current is IotA throng/tout and the forward breakdown voltage is more
(Ii/ii .jig) Vii lieu I	 / tiifl,

Soluiti Iii.	 V 	 = 4(8) V	 ' = 150 V.	 R,	 2(8) i2
I) Now	 V sin 0

i'or	 sill 	 =	 =50	
0,375

	

p;,,	 4(X)

i.e.	 tiring angle, (x (= 0) = sin	 0.375 = 22°

(ii) Average tuiLpul voltage

	

V	 4W

	

V = " (I cos 22 0) =	 (I + cos 22 0) = 122.6 V

	

2it	 2ir

Oil)Average Current. I	
= ,ivera output	 =	

= 0.613 A
1 

(a )	 Output power = V x 1 ) = 122.6 x 0.613 = 75.15 W

• Example 22.6. An ac. voltage v = 240 sin3I4 r is applied loan SCR half-wave rectifier If the
SCR has aforwarci breakdown voltage of 180 Vfind the time during which SCR remains off.

Solution. The 5CR will remain (Ill till the voltage across it reaches 180 V. This is shown in Fig.
22 I 2 Clciriv. .S(R will remain oft For t second.

Now	 v = V,, sin 34 1

Here	 V = 180V;	 V,,1 = 240V
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180 = 240s1n(314t)

or sin 314t =	 = 0.75	 V = 240 siti 4 (
240 V l-• - - - -

or	 3141 = sin (0.75)	 I8OVF--
= 48 . 60 0.848 radian

=	 := 0.(X)27 see = 2.7 milliseeorid
314	 TIME

22.10 SCR Full-Wave Rectifier 	 Fig. 22.12

Fig. 22.13 (i) shows the circuit of SCR full-wave rectifier. It is exactly like an ordinary centre-tap circuit
except that the two diodes have been replaced by two SCRs. The gates of both SCRs get their

(i)	 (ii)

Fig. 22.13

supply from two gate controls. One SCR conducts during the positive half-cycle and the other during
the negative-half-cycle. Consequently, full-wave rectified output is obtained across the load.

Operation. The angle of conduction can be changed by adjusting the gate currents. Suppose the
gate currents are so adjusted that SCRs conduct as the secondary voltage (across half winding) be-
comes V 1

1
 During the positive half-cycle of ac. across secondary, the upper end of secondary is

positive and the lower end negative. This will cause SCRI to conduct. However, the conduction will
start only when the voltage across the upper half of secondary becomes V 1 as shown in Fig. 22.13 (ii).
In this way only shaded portion of positive half-cycle will pass through the load.

During the negative half-cycle of ac. input, the upper end of secondary becomes negative and
the lower end positive. This will cause SCR2 to conduct when the voltage across the lower half of
secondary becomes V 1 . It may be seen that current through the load is in the same direction (d.c.) on
both half-cycles of input ac. The obvious advantage of this circuit over ordinary full-wave rectifier
circuit is that by adjusting the gate currents, we can change the conduction angle and hence the output
voltage.

Mathematical treatment. Referring to Fig. 22.13 (i), let v = V. sin 0 be the alternating voltage
that appears between centre tap and either end of secondary. Let a be the firing angle.

l8O	
V

Average output. V1	 -!- 
5 Vm in 0dO	

5 
sin 0dO

CE



SCR 2

Principles of Electronics

V	 V
(205 () I, 	 = - (cos x - cos 180°)

It	 it

V
_2L (I + COS (X)
It

This value is double that of a halt-wave rectifier. It is expected since now negative half-cycle is
also rectified.

V	 V
	Average current, j	 =	 =	 . i + cos a)

	

"	 R	 it R1

Example 22.7. An SCR full-wave rectifier supplies to a load of 100 a If the peak ac. voltage
between centre lap and one end of secondary is 200 find (i) d. c. output voltage and (ii) load current
forafiring angle of 60

490

V =

Solution.	 V,,

(i) D.C. output voltage. V

(ii) Load current,

22.11 Applications of SCR

= 200 V c = 60"; 8, = 1000
V	 2(X)=	 (I +cosa) = —(l+ cos )°) = 95.5V
It	 it

V9S5

=	
= KX) = O.955A
8, 

The ability of an SCR to control large currents in a load by means of small gate current makes this
device useful in switching and control applications. Some of the important applications of SCR are
discussed below

(i) SCR as static contactor. An important application of SCR is for switching operations. As
SCR has no moving parts, therefore, when it is used as a switch, it is often called a static contactor.

A

Fig. 22.14

Fig. 22.14 shows the use of SCR to switch ON or OFF a.c. power to a load RL. Resistances R 1 and R2
are for the protection of diodes D 1 and D2 respectively. Resistance R3 is the gate current limiting
resistor. To start the circuit, switch is closed. During the positive half-cycle of a.c. supply, end A is
positive and end B is negative. Then diode D2 sends gate current through SCR 1. Therefore SCR  is
turned ON while SCR2 remains OFF as its anode is negative wr.:. cathode. The current conduction
by SCR  follows the path AR,K 1 BA. Similarly, in the next half-cycle, SCR2 is turned ON and con-
ducts current through the load. It may be seen that switch S handles only a few mA of gate current to
switch ON several hundred amperes in the load RL. This is a distinct advantage over a mechanical

vitch.
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B	 Fig. 22.15

(ii) SCR for power control. It is often necessary to control power delivered to some load such
as the heating element of a furnace. Series resistances or potentiometers cannot be used because they
waste power in high power circuits. Under such conditions, silicon controlled rectifiers are used
which are capable of adjusting the transmitted power with little waste. Fig. 22.15 shows a common
circuit for controlling power in the load RL. During the positive half-cycle of a.e. supply, end A is

positive and end B is negative. Therefore, capacitor C2 is charged through AD, RC2 D48. The charge

on the capacitor C2 depends upon the value of potentiometer R. When the capacitor C2 is charged

through a sufficient voltage, it discharges through the zener Z. This gives a pulse to the primary and

hence secondary of transformer T2. This turns on SCR2 which conducts currents through the load RL.

During negative half-cycle of supply, the capacitor C 1 is charged. It discharges through the zener and

fires SCR  which conducts current through the load.

Fig. 22.16

The angle of conduction can be controlled by the potentiometer R. The greater the resistance of

R, lesser is the voltage across C 1 or C2 and hence smaller will be the time during which SCRI and



+ vcc

OPEN e—Y -

Fig. 22.18
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ii	 t'i.lu	 .! hill	 cL' In this wa y . ssceancoiitrol a large powerot several kW in theload
V. III) the help of a " niall pOtciiti(iiiietCr R.

iii! SCRs for speed control of d.c. shunt motor. The conventional method of speed control of
d  shunt noii&ir is to change 11w held excitation. But change in field excitation changes the motor
orqiic also This drawback is overcome in SCR control as shown in Fig. 22.16. Diodes D 1 , D2 , D1
,iiil 0 4 toriii the bridge. l'his bridge circuit converts ;i.e. into d.c. and supplies it to the field winding
t lie motor. During the positive half-cycle ofa c. suppl y . 5CR I conducts because it gets gate current

Ironi hiidgccircuit as well its its anode is positive wri
Cal lu.lc, The arni;iturc wimitling of the motor gets cur-	 +VCC	 -

icril the angle tilconduction can he changed by vary- LIGHT
inc thc gate current. During the negative hailcycle of
a	 supply, 5 ( 'R2 provides current to the armature
s iuttiiy. In thus way, the voltage led to the motor ar- BUZZER

iiiiliurc and hence the speed can he controlled.
Ourlight detector. Fig. 22.17 shows the use

ol .	 1? liar miverlight detection. The resistor R is a	 SCR
piliti resistor, it device whose resistance decreases
with (lie increase in light intensity. When the light fall-
inc on I? has normal intensity, the value of R is high
cnouph and the voltage across R 1 is insufficient to trig.
per the SC!?. However, when F? is in strong light, its
resistance decreases and the voltage drop across R, Fig. 22.17
becomes high enough to trigger the S( -.'R. Conse-
(liently. the buzzer sounds the alarm. It may be noted that even if the strong light disappears, the
hii7lcr continues to sound the alann. It is because once the SCR is fired, the gate loses all control.

pp-

2112 Light-Activated SCR

The lieht-activated SCR (1 .ASCR) is the light sensitive equivalent of the nor-
nat SCR and is shown in Hg. 22. 18. As the name suggests, its state is con-
rolled by the light falling on depletion layers. In a normal SCR, gate current

turns on the device. In the *LASCR , instead of having the external gate cur-
rem applied, light shinning on the device turns it ON. Just as a normal SC)?,
the I.AS('R will continue to conduct even ii the light source is removed. The
I .\S('Rs lind many applications including optical l igl­ L controls, relays, phase

motor control and a large number of computer applications.

Multiple-Choice Questions

1.	 ii 5( li' hits	 pt junctions.
(i) t'.Vo	 (ii) three

lM) lou	 (iv) none of the above
2. An 5CR is a 01 ILI state equivalent of.............

C! triode	 (ii) pentode
(ii:) gas-filled iriode (iv) tctrode

3. An SIR has .......... .... seroiuonductmmr layers.

	

(i) two	 (ii) three

	

(iii) four	 (iv) none of the above
4. An SCR has three terminals viz

(1) cathode, anode, gate
(ii) anode, cathode, grid

(iii) anode, cathode, drain
(iv) none of the above

*	 Fir rn;ixonuin scnsiiiviiy 10 liplit, the gate is left open.
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5. An SCR behaves as a ...............switch.
(i) unidirectional 	 (ii) bidirectional

(iii) mechanical 	 (ii') none of the above
6. An 5CR is sometimes called ..............

(,) triac
(ii) diac
(iii) unijunction transistor
(iv) thyris(or

7. An SCR is made of ...............
(i) germanium	 (ii) silicon

(iii) carbon	 (iv) none of the above
8. In the normal operation of an SCR, anode is

wr.:, cathode.
(i) at zero potential
(ii) negative
(iii) positive
(iv) none of the ahovc

9. In normal operation of an SCR, gate is
wj t. cathode.

(i) positive
(ii) negative
(iii) at zero potential
(iv) none of the above

10. An SCR combines the features of ...............
(I) a rectifier and resistance
(ii) a rectifier and transistor
(iii) a rectifier and capacitor
(iv) none of the above

11. The control element in an SC!? is ...............
(i) cathode	 (ii) anode

(iii) anode supply (iv) gate
12. The normal way to turn on an SC!? is by

(i) breakover voltage
(ii) appropriate anode current

(iii) appropriate gate current
(iv) none of the above

13. An SCR is turned off by ...............
(i) reducing anode voltage to zero
(ii) teducing gate voltage to zero
(iii) reverse biasing the gate
(iv) none of the above

14. An SCR is a ...............triggered device.
(i) voltage
(ii) current

(iii) voltage as well as current
(iv) none of the above

15. In an SCR circuit, the supply voltage is gen-
erally ...............that of breakover voltage.
(i) equal to	 (ii) less than

(iii) greater than	 (iv) none of the above
16. When an SCR is turned on, the voltage across

it is about ..............................
(i) zero	 (ii) It) V

(iii) 0.] V	 (iv) IV
17. An SCR is made of silicon and not gcrnia-

nium because silicon ...............
(i) is incxperive
(ii) is mechanically strong
(iii) has small leakage current
(ii') is tetravalent

18. An SCR is turned oft' when ...............
(i) anode current is reduced to ZCFO

(ii) gate voltage is reduced to zero
(iii) gale is reverse biased
(iv) none of the above

19. In an SCR circuit, the angle of conduction
can be changed by ...............
(i) changing anode voltage
(ii) changing gate voltage
(iii) reverse biasing the gate
(iv) none of the above

20. It tiring angle in an SCR circuit is increased,
the output ...............
(i) remains the same
(ii) is increased
(iii) is decreased
(ii) none of the above

21. If gate current is increased, then anode-cath-
ode voltage at which SCR closes ...............
(i) is decreased
(ii) is increased
(iii) remains the same
(iv) none of the above

22. When SCR is OFF, the current in the circuit
is..............
(i) exactly zero
(ii) small leakage current
(iii) large leakage current
(iv) none of the above
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23. An SCR can exercise control over 	 .
of ac. supply.
(1) positive half-cycles only

(ii) negative half-cycles only
(iii) both positive and negative half-cycles
(iv) positive or negative half-cycles

24. We can control a.c. power in a load by con-
necting ..............

Principles of Electronics

() two SCRs in series
(ii) two SCRs in parallel

(iii) two SCRs in parallel opposition
(iv) none of the above

25. When SCR starts conducting, then ..............
loses all control.
(i) gate	 (ii) cathode

(iii) anode	 (iv) none of the above

Answers to Multiple-Choice Questions

	

1. (ii)	 2. (iii)

	

6. (iv)	 7. (ii)

	11. (iv)	 12. (iii)

	

16. (iv)	 17. (iii)
	21. (1)	 22. (ii)

	3. 	 (iii)

	

8.	 (iii)

	

13.	 (i)
	18.	 (i)

23. (iv)

4. (i)	 S. (i)

9. (1)	 10. (ii)
14. (ii)	 15. (ii)
19. (ii)	 20. (iii)
24. (iii)	 25. (i)

Chapter Review Topics

1. Explain the construction and working of an SCR.

2. Draw the equivalent circuit of an SCR and explain its working from this equivalent circuit.
3. Explain the terms hrcakover voltage, holding current and forward current rating as used in connection

with SCR analysis.
4. Draw the V-I characteristics of an SCR. What do you infer from them ?
S. Explaiit the action of an SCR as a switch. What are the advantages of SCR switch over a mechanical

or electro-mechanical switch ?
6.	 Discuss some important applications of SCR.

Problems

1. An SCR has a breakover voltage of 450 V, a trigger current of 15 mA and holding current of 10 mA.
What do you infer from it?

2. An SCR in a circuit is subjected to a 50 A current surge that lasts for 10 ms. Determine whether or not
this surge will destroy the device. Given that circuit fusing rating of SCR is 90 A2s.

[will not be destroyed]

3. An SCR has a circuit fusing rating of 70 A 2 s. The device is being used in a circuit where it could be
subjected to a 100 A surge. Determine the limit on the duration of such a surge. 	 [7ms]

4. An SCR has a circuit fusing rating of 60 A 2s. Determine the highest surge CLUTCr1L value that SCR can
withstand for a period of 20 ms.	 [54.77A]

Discussion Questions

1. 1-tow does SCR differ from an ordinary rectifier'?
2. Why is SCR always turned on by gate current?
3. Why SCR cannot be 'used as a bidirectional switch?
4. Flow does SCR control the power fed to the load ?
5. Why are SCRs usually used in ac, circuits?
6. Name three thyristor devices.
7. Why is SCR turned on by high-frequency radiation?
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Power Electronics

Introduction

Since the 1950's there has been a great upsurge in the devciupmcnt, production and applications of
semiconductor devices. Today there arc well over IOU million semiconductor devices manufactured
in a year. These figures alone indicate how important semiconductor devices have become to the
electrical industry. In fact, the present day advancement in technology is largely attributed to the
widespread use of semiconductor devices in the commercial and industrial fields.

One major field of application of semiconductor devices in the recent years has been to control
large blocks of power flow in a system. This has led to the development of a new branch of engineer-
ing called power electronics. The purpose of this chapter is to acquaint the readers with some impor-
tant switching devices much used in power electronics.

23.1 Power Electronics

The branch of electronics which deals with the control of power at 50 Hz (i.e. supply frequency) is
known as power electronics.

There are many applications where it is desired to control (or regulate) the power fed to a load
e.g. to change the speed of a fan or motor. So far we have been using electrical methods to exercise
such a control. However, electrical methods do not permit a*fine control over the flow of power in
a system. Moreover, there is a considerable wastage of power. In the recent years, such semiconduc-
tor devices have been developed which can exercise fine control over the flow of large blocks of
power in a system. Such devices act as controlled switches and can perform the duties of controlled
rectification, inversion and regulation of power in a load. The important semiconductor switching
devices are

(i) Silicon controlled rectifier (SC!?) 	 (ii) Triac
(iii) Diac	 (iv) Unijunction transistor (U.JT)

The silicon controlled rectifier (SCR) has already been discussed in the previous chapter. There-
fore, we shall deal with the other three switching devices in the following discussion.

23.2 The Triac

The major drawback of an SCR is that it can conduct current in one direction only. Therefore, an SCR

can only control d.c. power or forward biased half-cycles of a.c. in a load. However, in an a.c.
system, it is often desirable and necessary to exercise control over both positive and negative half-

For example, the speed of a ceiling fan can he changed in four to live steps by electrical method.

495
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i;vclCS. For this purpose, a semiconductor device called triac is used.
A triac is a three terminal semiconductor switching device which can control alternating cur-

rent in a load.
tiac is an abbreviation ftr Irioilc' ax. switch. Tr'-- indicates that the device has three terminals

and 'ac' means that the device controls alternating current or can conduct current in either direction.
ihe key function of a triac may be understood by referring to the simplified Fig. 23. 1. The

*control circuit of triac can be adjusted to pass the desired portions of positive and negative half-
cycle of ac. supply through the load R,. Thus referring to Fig. 23.1 (ii), the triac passes the positive

AAAAAP______	 OUTPUT

(i) 
Fig. 23.1	

(ii)

half-cycle of the supply troin 0, to I 8O i.e. the shaded portion of positive half-cycle. Similarly, the
shaded portion of negative half-cycle will pass through the load. In this way, the alternating current
and hence ac. powcT flnwing through the load can be controlled.

Since a triac can control conduction of both positive and negative half-cycles ofa.c. supply, it is
sometimes called a bidirectional semi-conductor triode switch. The above action of a triac is cer-
tainl y not a rectifying action (as in an 'SCR) so that the triac makes no mention of rectification in its
nani C.

23.3 Triac Construction
M.T.1

r_j	 4--n

	

E, F:;	 ::
P Ii	I 	 Ii

SCR1 SCR i

	

—*4 N 1	 iNI-

L..__.

M.T.2
(ii)

Fig. 23.2

M.T,1	 GATE

JN
M.T.2
(i)

*	 Although it appears that 'triac' has two terminals, there is also third terminal connected to the control
circuit.

'	 SLR is a controlled rcciiticr. his a unidirectional switch and can conduct only in one direction. Therefore,
it can control only one half-cycle (positive or negative) of a.c. apply
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A triac is a bidirectional switch having three terminals. Hg. 23.2 (i) Shows the basic structure of a
triac. Rekrring to Fig. 23.2 (ii), the basic structure can be shown to be consisting oltwo halves. Each
half may he considered as a pnpn SCR with the gates coirimoned as shown in Fig. 23.2 (iii). Flie
equivalent circuit of triac shown in Fig. 23.2 (a;) indicates that it corresponds to Iwo separate
SCRs connected in inverse parallel (; c. anode of each connected to the cathode of thc other) with
gates commoned.

MT, I

MT, 2

Fig. 23.3

Fig. 23.3 shows the symbol of a triac. The control terminal as with
S(.'R, is called the gale U The other two terminals are till and %112 re-
spectively callqd main terminal I' and main terminal 2'. With proper gate
current, the triac can be made to conduct when ,%17-2) is either positive or
negative w. ri. tlTl.

It can be seen that even symbol ofiriac indicates that it can conduct for
either polarity of voltage across the main terminals. The gate provides con-
trol over conduction in either direction.

Triacs arc commercially available to handle maximum r.ni.s. currents
from about 0.5 A upto 25 A, although special triacs 1r o Ne about 1000 A
have been developed. As the current handling capacity increases, so does
the semi-conductor element size and the containing package.

23.4 Triac Operation

Fig. 23.4 shows the simple triac circuit. The ac. supply to he controlled is connected across the main
terminals of triac through a load resistance R,. The gate circuit con-
sists of battery, a current limiting resistor R and a switch S.	 he
circuit action is as follows

(;) With switch S open there will be no gate current and the
triac is cut oft'. Even with no gate current, the triac can be turned on
provided the supply voltage becomes equal to the breakuver voltage
ot'triac. However, the normal way to turn on a triac is by introducing
a proper gate current,

(ii) When switch S is closed, the gate current starts flowing in
the gate circuit. Inasimilar manner to SCR, the breakover voltage of
the triac can be varied by making proper gate current to flow. With a
few milliamperes introduced at the gate, the triac will start conduct-
ing whether terminal M72 is positive or negative w.r.i. MTI.

(iii) If terminal M'72 is positive w.r,i. MTI, the triac turns on and the conventional current will
no w from M72 to M7'l. If the terminal M72 is negative w.r.i. MTI, the triac is again turned on but this
time the conventional current flows from AITI to M72.

The above action of triac reveals that it can act as an c.r.c. contactor to switch on or off alternating
current to a load. The additional advantage of triac is that by adjusting the gate current to a proper
value, any portion of both positive and negative half-cycles ofa.c. supply can be made to flow through
the load. This permits to adjust the transfer ofa.c. power from the source to the load.

23.5 Triac Characteristics
Fig. 23.5 shows the V-I characteristics of a triac. Because the triac essentially consists of two SCRs
of opposite orientation fabricated in the same crystal, its operating characteristics in the first and third
quadrants are the same except for the direction of applied voltage and current flow. The following
points may be noted from the triac characteristics
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230 V. TRI	 (TVITR2

Fig. 23.7
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(i) The V-I characteristics for triac in the 1st and I lird quadrants are essentially identical to
those of an SCR in the 1st quadrant.

(i.) The triac can he operated with either positive or negative gale control voltage but in *nor-
mal operation usually the gate voltage is positive in quadrant I and negative in quadrant Ill.

1st Quadrant

I	 p-V4 	 --0	 Va(,

Ilird Quadrant
MT. 2 (-). G (-) (

Fig. 233

(iii) l'hc supply voltage at which the triac is turned ON depends upon the gate current. The
greater the gate current, the smaller the supply voltage at which the triac is turned on. This permits to
use a triac to control ac. power in a load from zero to full power in a smooth and continuous manner
with no loss in the controlling device.

23.6 Applications of Triac
As low gate currents and voltages can be used to control large load currents and voltages, therefore,
iriac is often used as an electronic on/off switch controlled by a low-current mechanical switch.

POWER
TRANSFORMER

A
POWER1000 W	 OUTPUT	

1

(i) As a high-power lamp switch. Fig. 23.6 shows the use of a triac as an ac. on/off switch.

With this arrangement, less charge is required to turn on the triac.



Power Electronics	 499

When switch S is thrown to position I, the triac is cut oil and the output power of lamp is zero. But
as the switch is thrown to position 2, a small gate current Ca few mA) flowing through the gate turns
the triac on. Consequently, the lamp is switched on to give full output of 1000 watts.

(ii) Electronic change over of transformer taps. F. 23.7 shows the circuit of electronic
change over of power transformer input taps. Two triacs 1//I and TR2 are used for the purpose.
When triac TRI is turned on and TR2 is turned off', the line input is connected across the full trans-
former primary AC. However, if it is desired to change the tapping so that input appears across part
AB of the primary, then 7R2 is turned on and TRI is turned off The gale control signals are so
controlled that both triacs arc never switched on together. This avoids a dangerous short circuit on
the section BC of the primary.

23.7 The Diac

A diac is a two terminal, three iciver bidirectional device which con he switched/ruin its OFF s(Weo
ON stale for either polarity (/ app/ted voltage.

DIAC BASIC
CONSTRUCTION	 DIAC SYMBOL

Fig. 23.8

The diac can be constructed in either npn orpnp form. Fig. 23. (i) shows the basic structure of
a diac in pnp form. The two leads are connected top-regions ofsilicon separated by an n-region. The
structure of diac is very much similar to that of a transistor. I lowever, there are several imporant
differences:

(I) there is no terminal attached to the base layer.
(ii) the three regions are nearly identical in size.
(iii) the doping concentrations are identical (unlike a bipolar transistor) to give the device sym-

metrical properties.
Fig. 23.8 (ii) shows the symbol of a diac.
Operation. When a positive or negative voltage is applied across the terminals of  diac, only a

small leakage current i, will flow through the device. As the applied voltage is increased, the
leakage current will continue to flow until the voltage reaches the breakover voltage V ). At this
point, avalanche breakdown of the reverse-biased junction occurs and the device exhibits negative
resistance i.e. current through the device increases with the decreasing values of applied voltage. The
voltage across the device then drops to 'breakback' voltage V.

Fig. 23.9 shows the V-i characteristics of  diac. For applied positive voltage less than + V,s() and
negative voltage less than Vfl) a small leakage current (± I,) flows through the device. Under
such conditions, the diac blocks the flow of current and effectively behaves as an open circuit. The
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and	 FJ•) c the breakdown OItagCS and usuall y have a range of 30 to 50 volts.

When the positive or negative applied voltage is equal to or greater than the breakdown voltage,
diac begins to conduct and the voltage drop across it becomes a few volts. Conduction then continues
until the device current drops below its holding current. Note that the breakover voltage and holding
current values are identical for the forward and reverse regions of operation.

l)iacs are used primarily for triggering of triacs in adjustable phase control of ac. mains power.
some oI'thc circuit applications of diac are () light dimming (ii) heat control and (in) universal motor

speed control.

23.8 Applications of Diac

Although a Iriac ma y be fired into the conducting state by a simple resistive triggering circuit, more
reliable and faster turn-on may he had ifa switching device is used in series with the gate. One of the
switch ing devices that can trigger a triac is the diac. This is illustrated in the following applications.

(/) Lamp dimmer. Fig. 23.10 shows a typical circuit that may be used for smooth control of
ac, power fed to a lamp. This permits to cohtrol the light output from the lamp. The basic control is
by an RCvariable gate voltag angement. The series R , - C 1 circuit across the triac is designed to
limit the rate of voltage rise across the device during switch off.

LAMP

230 V
50 liz.

Fig. 23.10
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The circuit action is as follows. As the input voltage increases positively or negatively, C 1 and
C charge at a rate determined primarily by R.,. When the voltage across C1 exceeds the breakover
voltage of the diac, the diac i fired into the conducting stale. The capacitor C discharges through the
conducting diac into the gate ot the triac. hence, the triac is turned on to pass the ac. power to the
lamp. By adju ;Ling thc value oIl?,, the rate ot charge of capacitors and hence the point at which triac
will trigger on he positive or negative hall-cycle of input voltage can he controlled. Fig. 23.11 shows
the wavcfom of supply voltage and load voltage in the diac-triac control circuit

(i)	 (ii)
Fig. 23.11

The tiring of triac can be controlled upto a maximum of 1800. In this way, we can provide a
continuous control of load voltage from practically zero to full r.m.s. value.

(ii) heat control. Fig. 23.12 shows a typical diac-triac circuit that may be used for the smooth
control of ac. power in a heater. This is sinhil4rto the circuit shown in Fig. 23.10. The capacitor C1

in series with choke L across the triac helps to slow-up the voltage rise across the device during
switch-off. The resistor R4 in parallel with the diac ensures smooth control at all positions of variable
resistance R7.

The circuit action is as follows, As the input voltage increases positively or negatively, C 1 and
2 

charge at a rate determined primarily by R,. When the voltage across C3 exceeds the breakover
voltage of the diac, the diac conducts. The capacitor C 1 discharges through the conducting diac into
the gate of the triac. This turns on the triac and hence ac. power to the heater. By adjusting the value
of R, an y portion of positive and negative half-cycles of the supply voltage can be passed through the
heater. This permits a smooth control of the heat output from the heater.

LOAD

23.9 Unij unction Transistor (UJT)

A unijunction transistor (abbreviated as IJJT) is a three terminal semiconductor switching device.
This device has a unique characteristic that when it is triggereçl, the emitter current increases
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recncrLitivcly until it is limited by emitter power supply. Due to this characteristic, the unijunction
transistor can he employed in a variety of applications e.g., switching, pulse generator, saw-tooth
generator etc.

Construction. Fig. 23. 13 () shows the basic*structure of  unijunction transistor. It consists of
an n-t ype silicon bar with an electrical connection on each end. The leads to these connections are

1 2 (BASE TWO)

pn JUNCTION
EMIT	

SILICON
I	 I 'i-TYPE BAR

H
13 (BASE ONE)

(')

	

	 (ii)

Fig. 23.13

called base leads tJU,VL'-HflL' 13, and hasc two 13 2 . Part way along the bar between the two bases, nearer
to B, than B. apnjunction is formed between ap-type emitter and the bar. The lead to this junction
is called the emitter lead E. Fig, 23.13 (ii) shows the symbol of unijunction transistor. Note that
emitter is shown closer to B, than 13. The following points are worth noting

(t) Since the device has one pnjunction and three leads, it is 	 commonly called a unijunction
transistor (uni means single).

(ii) With only one pn-j Lin ction, the device is really a form of diode. Because the two base termi-
nals are taken from one section of the diode, this device is also called double-based diode.

(iii) The emitter is heavily doped having many holes. The n region, however, is lightly doped.
For this reason, the resistance between the base terminals is very high (5 to 10 kQ) when emitter lead
is open.

Operation. Fig. 23.14 shows the basic circuit operation of  unijunction transistor. The device
has normally B2 positive w.r.1. B1.

(i) If voltage t' is applied between B 2 and B 1 with emitter open [See Fig. 23.14 (i)J, a voltage
gradient is established along the n-type bar. Since the emitter is located nearer to 82, more than 'half
of appears between the emitter and B. The voltage V 1 between cmter and B establishes a
reverse bias on the po junction and the emitter current is cut off. Of course, a small leakage current
flows from B, to emitter due to minority carriers.

Note that Structure of UJT is very much similar to that of the n-channel JFET. The only difference in the
two components is that p-type (gate) material of the JFET surrounds the n-type (channel) material.
In packaged form, a UT looks very much like a small signal transistor, As a UJT has only oncpn junction,
therefore, naming it a 'transistor' is really a misnomer.

f

	

	 The n-t y pe silicon bar has a high resistance. The resistance between emitter and B is greater than between
B, and emitter. It is because emitter is nearer to B2 than H.
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IR

(i)

	

	 (ii)
Fig. 23.14

(ii) If a  positive voltage is applied at the emitter [See Fig. 23.14 (ii)], the pnjunction will remain
reverse biased so long as the input voltage is less than V 1

1

 If the input voltage to the emitter exceeds
1',, the pn junction becomes * forward biased. Under these conditions, holes are injected from p-type
riiatçrial into the n-type bar. These holes are repelled by positive B2 terminal and they are attracted
towards B terminal of the bar. This accumulation of holes in the emitter to B 1 region results in the
decrease ofresistance in this section ofthe bar, ITic result is that internal voltage drop from emitter to
B i is decreased and hence the emitter current I. , ircreases. As more holes are injected, a condition of
saturation will eventually be reached. At this point, the emitter current is limited by emitter power
supply only. The device is now in the ON state.

(iii) if  negative pulse is applied to the emitter, thepn junction is reverse biased and the emitter
current is cut off. The device is then said to be in the OFF state.

23.10 Equivalent Circuit of a UJT

Fig. 23.15 shows the equivalent circuit of  UJT. The resistance of the silicon bar is called the inter-
base resistance R 1111 . The inter-base resistance is represented by two resistors in series viz.

(ca) R132 is the resistance of silicon bar between B2 and the point at which the emitter junction
lies.

* The main operational difference between the FET and the (LIT is that the PET is normally operated with
the gate junction reverse biased whereas the useful behaviour of the U.JT occurs when the emitter is for-
ward biased.
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(I' ) R, 11 is the resistance of the bar between 13 1 and emitter junction. This resistance is shown
variable because its value depends upon the bias voltage across the pnjunction.

The pnjunction is represented in the emitter by a diode I).
The circuit action of a UIT can he explained more clearly from its equivalent circuit.
(i) With no voltage applied to the LOT, the inter-base resistance is given by

= 
Rill i

The value of R,01 generally lies between 4 kQ and 10 M.

(ii) 11Th voltage Vi,,, is applied between the bases with emitter open, the voltage will divide up
across R,11 and R,1

Voltage across R	
R111

V = _____________
R111

R,1
or	 VVill?= _____________

Rill + R,1,

The ratio V 1 IV, is called intrinsic stand-off ratio and is represented by Greek letter r.

Obviously, r
Rill +

The value of r usually lies between 0.51 and 0.82.
Voltage across R,11 = Ti J"

The voltage i V,111 appearing across R,, reverse biases the diode. Therefore, the emitter current
is zero.

(iii) If now a progressively rising positive voltage is applied to the emitter, the diode will become
forward biased when input voltage exceeds r V,01 by V,,, the forward voltage drop across the silicon
diode i.e.

VP = 1 V1111 +

where	 V,,	 peak point voltage'
= f orward voltage drop across silicon diode ( 0.7 V)

When the diode D starts conducting, holes are injected from p-type material to the n-type bar.
These holes are swept down towards the terminal B. This decreases the resistance between emitter
and B (indicated by variable resistance symbol for R,, 1 ) and hence the internal drop from emitter to
B. The emitter current now increases regeneratively until it is iimited by the emitter power supply.

Conclusion. The above discussion leads to the conclusion that when input positive voltage to
the emitter is less than peak-point voltage V, the pn-junction remains reverse biased and the emitter
current is practically zero. However, when the input voltage exceeds V, , R,11 falls from several thou-
sand ohms to a small value. The diode is now forward biased and the emitter current quickly reaches
to a saturation value limited by R 1 (about 20 f) and forward resistance ofpn-junction (about 200

23.11 Characteristics of UJT
Fig. 23.16 shows the curve between emitter voltage (V[ ) and emitter current (I,. ) of  UJTat a given
voltage V,,,, between the bases. This is known as the emitter characteristic of UJT. The following
points may he noted from the characteristics

(i) Initially, in the cut-off region. as V1 increases from zero, slight leakage current flows from
terminal 8 2 to the emitter.']'his current is due to the minority carriers in the reverse biased diode.

(ii) Above a certain value of V, forward I begins to flow, increasing until the peak voltage V,,
and current 1,, are reached at point P.
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CUT OFF]
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I
	

IF'- 	 'V

LEAKAGE
CURRENT

Fig. 2316

(iii) After the peak point P, an attempt to increase V, is followed by a sudden increase in emitter
current 'F with a corresponding decrease in V,.. This is a negative resistance portion of the curve
because with increase iii I,.. V, decreases. The device, therefore, has a negative resistance region
which is stable enough to be used with a great deal of
reliability in many areas e.g.. trigger circuits, sawtooth
generators, timing circuits

(iv) The negative portion of the curve lasts until the
valley point V is reached with valley-point voltage V. 14V
and valley-point current J.. After the valley point, the 12V	

PEAK POINT

device is driven to saturation. VALLEY POINTI OV
Fig. 23.17 shows the typical family of V1/11: charac-

teristics of  UJTat different voltages between the bases. 8V
It is clear that peak-point voltage ( 	 ,,r V, + V,,) falls	 /	 15v

steadily with reducing V, 11, and so does the valley point 4V
Vvoltage V,. The difference V,, - Vv is  measur of the 2V 5V

switching efficiency of UJT and can be seen to fall off 
as V,, 11 decreases. For a general purpose UJT. the peak -
point current is of the order of I iA at V,,, = 20 V with	 Fig. 23.17
a valley-point voltage of about 2.5 V at 6 mA.

Exam pie 23.1. The intrinsic stand-off ratio for a UJT is determined to he 0.6. If the inter-base
resistance is 10 kC, what are the values of R11 , and R '

112

Solution.	 R811 = ID k, ri = 0.6
Now	 R, = R,, + R,0
or	 10 = R,, 1 + R,,,

Also	 =
R111 

R

, 
ill

I12

or	 0.6	 (: R,, 1	R112 = 10 k)

= 10 x 0.6 = 6 k

and	 Rill 	 —6	 4 k
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Example 23.2. A unjunction transistor has 10 V between the bases. If the intrinsic stand off
ratio is 0.65, find the Va/Ut' of stand off voltage. What will he the peak-point voltage if the forward
voltage drop in the pfl JUnction is 0. 7 V?

Solution.

	

	 t'jil? - 10 V;	 Tl = 0.65;	 V1>	 0.7 V
Stand off voltage = r V = 0.65 x 10 = 6.5 V

Peak-point voltage, V1, = rl V011 + V,,	 6.5 + 0.7 = 7.2 V

23.12 Advantages of UJT

The UJTwas introduced in 1948 but did not become commercially available until 1952. Since then, the
dcvice has achieved great popularity due to the following reasons

(i) It is a low cost device.
(ii) It has excellent characteristics.

(iii) It is a low-power absorbing device under normal operating conditions.
Due to above reasons, this device is being used in a variety of applications. A few include

oscillators, trigger circuits, saw-tooth generators, bistable network etc.

23.13 Applications of UJT

tin (junction transistors are used extensively in oscillator, pulse and voltage sensing circuits. Some of
the important applications of (1./Tare discussed below

(i) U.JT relaxation oscillator. Fig. 23.18 shows UlTrelaxation oscillator where the discharg-
ing of a capacitor through UJTcan develop a saw-tooth output as shown.

When batter)' V is turned on, the capacitor C charges through resistor R 1 . During the áharging
period, the voltage across the capacitor rises in an exponential manner until it reaches the peak - point
voltage. At this instant of time, the (lIT switches to its low resistance conducting mode and the
capacitor is discharged between E and 13 I As the capacitor voltage flys back to zero, the emitter
ceases to conduct and the UI? is switched off. The next cycle then begins, allowing the capacitor C
to charge again. The frequency of the output saw-tooth wave can be varied by changing the value of
R 1 since this controls the time constant R 1 C of the capacitor charging circuit.

Fig. 23.18

The time period and hence the trequcncv of the saw-tooth wave can be calculated as follows.
Assuming that the capacitor is initially uncharged, the voltage V. across the capacitor prior to break-
down is given 1w

(I	 c'
	 RIC

where	 R('	 charging time constant of resistor-capacitor circuit

	

i	 time from the commencement of waveform.



Fig. 2319
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The discharge of the capacitor occurs when V ( is equal to the *peakpoint voltage il V,.. . i.e.
-t'R1C

fl	 Il/i -
	 ( 1 - e

or	 13 = I—c
- I Jillor	 e	 = I—i

or	 I	 /?1 Clot.
'-11

Time period. t - 2.3 R 1 C Iog1ç>

Frequenc y of saw-tooth wave, f =	
I	 liz

(in seconds

(ii) Overvoltage detector. Fig. 2119 shows a simple d.c. over-voltage indicator. A warning pilot
- lamp L is connected between the emitter and R circuit. So long as the input voltage is less than the
peak-point voltage (V,) of the LJ7 the device remains switched off. I lowcvcr, when the input voltage
exceeds V, the LLJ7' is switched on and the capacitor discharges through the low resistance path
between terminals E and /( The current flowing in the pilot lamp 1. lights it, thereb y indicating the
overvoltage in the circuit.

Multiple-Choice Questions

1. A triac has three terminals vi: ...................
(I) drain, source, gate
(ii) two main terminal and a gate terminal

(iii) cathode, anode, gate
(iv) hone of the above

2 A triac is equivalent to two SCRs ...........
(1) in parallel
ti) in series

(iii) in inverse-parallel
(iv) none of the above

3	 A triac is a ............ switch.
(1) bidirectional

(ii) undirectional
(iii) mechanical
(iv) none of the above

4. The V-I characteristics for a triac in the first
and third quadrants are essentially identical
to those of ............ in the first quadrant.
(i) transistor	 (ii) SC!?

(iii) 1.LIT	 (iv) none of the above
5. A triac can pass a portion of ............ half-

ccle through the load.

(i) only positive
(ii) only negative

Actuall y , peak point voltage, V,, = TI	 + V. As I, , , the forward voltage drop across emitter diode is
generally small. it can he neglected with reasonable accuracy.
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(iii) both positive and negative
a) none of the above

6. A diac has	 . terminals.
(i) two	 (ii) three

(to) tout-	 (it) none of the ithtivc
7. A triac has ...........semiconductor layers.

(i) two	 (ii) three
(iii) four	 (it) five

8. A diac has ............ pnpunciions.
(i) tour	 (ii) two

(iii) three	 (iv) none of the above
9. The device that does not have the gate ter-

minal is ............
(I) triac	 (ii) FET

(iii) SCR	 (iv) diac
10. A diac has .............semiconductor layers.

(I) three	 (ii) two
(iii) four	 (it') none of the above

11. A LJThas .......................
(/) two p2 unctions
(ii) one pn junction

(iii) three pnjunctions
(iv) none of the above

12. The ncrmal way to turn oil 	 diac is by

(1) gate current
(ii) gate voltage

(iii) breakover voltage
(iv) none of the above

13. A diac is ............switch.
(1) an ac.	 (ii) a d.c.

(iii) a mechanical (iv) none of the above
14. Ina UJT thep-type emitter is ............doped.

(/) lightly	 (ii) heavily
(iii) moderately	 (iv) none of the above

15. Power electronics essentially deals with con-
trol of ac. power at ............
(i) frequencies ihove 20 kI lz

(ii) frequencies above 1000 kHz
(iii) frequencies less than 10 I lz

(iv) 50 Hz frequency

16. When the emitterterminal of  (liT is open,
the resistance between the base terminals is
generally ...........
(1) high	 (ii) low

(i ii) extremely low (iv) none of the above
17. When a UJT is turned ON, the resistance

between emitter terminal and lower base ter-
minal ..................
(u) remains the same

(ii) is decreased
(iii) is increased
(it') none of the above

18. To turn on (If!', the forward bias on the emit-
ter diode should he ............the peak point
voltage.
(u) less than	 (ii) equal to

	

(iii) more than	 (iv) none of the above
19. A UJTis sometimes called ............diode.

(I) low resistance (ii) high resistance

	

(iii) single-base	 (iv) double-based
20. When the temperature increases, the inter-

base resistance (R,,1) of a UJT ............
(1) increases
(ii) decreases

(iii) remains the same
(iv) none of the above

21. The intrinsic stand off ratio (ii) of a UJTis
given by .................

+ R,12
(u) R11 + R112	 (it) 

RM

Rill

R ill	 RM + R 
112

	

R 111 + R,12	 (iv)	 R,1,

22. When the temperature increases, the)ntrin-
sic stand off ratio .................
(1) increases
(ii) decreases
(iii) essentially remains the same
(o) none of the above

23. Between the peak point and the valley point
f (lIT emitter characteristics we have

region.
(1) saturation	 (ii) negative resistance
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(iii) cut-off	 (iv) none of the above

24. A diac is turned on by ......................
(i) breakover voltzne

(ii) gate voltage
(iii) gate current
(iv) none ol the above

25. The device that exhibits negative resistance
regionis ........................
(:) diac	 (ii) triac

(iii) transistor	 (iv) UJT
26. The UJTmay he used as ........................

(i) an amplifier
(ii) a sawtooth generator
(iii) a rectifier
(iv) none of the above

27. A diac is simply ........................
(i) a single junction device
(//) a three junction device
(iii) a triac without gate terminal

(iv) none of the above
28. After peak point, the UJT operates in the

region.
(1) cut-off
(ii) saturation
(iii) negative resistance
(iv) none of the above

29. Which of the following is not a characteris-
tic of UJT?
(i) intrinsic stand off ratio
(ii) negative resistance

(iii) peak-point voltage
(iv) bilateral conduction

30. The triac is ........................
(i) like a bidirectional SCR
(it) a four-terminal device

(iii) not a thyristor
(iv) answers (1) and (ii)

I.	 (ii)
6. (1)

16. (i)
21. (iii)
26. (ii)

Answers to Multiple-Choice Questions

2. (iii)	 3. (i)	 4. (ii)
7. (iii)	 8. (ii)	 9. (iv)

12. (iii)	 13.	 ()	 14. (ii)

7. (ii)	 18.	 (iii)	 19. (iv)
22. (iii)	 23. (ii)	 24. (1)
27. (iii)	 28. (iii)	 29. (iv)

5. (iii)
10. (:)
15. (iv)
20. (i)
25. (iv)
30. (1)

Chapter Review Topics

I. Discuss the importance at rower electronics.
2. lxplain the construction and working of a triac.
3. Sketch the V4 characteristics ala triac What do you inter from them ?
4. Describe sonic important applications of a triac.
5. lxplain the construction and working of  iliac.
6. Discuss the applications of a diac.
7. Explain the construction and working of a (Lii.
S. Draw the equivalent circuit ofa ('fT and discuss its working from the circuit.
9. Describe some important applications of  (.17.

tO. Write shorl notes oil 	 billowing
Ii)	 ( JTrelaxation oscillator
lii)	 Tr iac  as an iL.C. ss itch
(oi) Diac as a triggering device



510
	

Principles at Electronics

Problems

1. The intrinsic stand oft ratio for a (.UTis dctcrniined to he 0.6. lIthe inter-base resistancc is 5 k1, what
arc the values of R, and R,?	 IRBI = 3 kC) ; RB2 2 kI)I

2. A unijunction transistor has 18 V between the bases. if the intrinsic stand off ratio is 0.8, find the
aluc of stand off voltage. What will he the peak point voltage ii the forward voltage drop in the

,'n junction is 0.7 V 7	 114.4 V ; 15.1 VI
3. In a unilunction transistor, t = 0.8, V1. = 10.3 V and R., = 5 k. Determine RBI and

120 k ; 12 VI
4. 1 h instrinsic stand-off ratio for a UJT is 0.75 and V,rn = 12 V. If the forward drop in thepn-junction

v, 0.7 V, find the peak point voltage. 	 19.7 VI
5. A unijunction transistor has 12 V between the bases. lithe intrinsic stand off ratio is 2/3, find the

value of stand-off voltage. What will he the peak point voltage if the forward drop in the pn junction
is 0.7 V?	 18V;8.7V1

Discussion Questions

1. What are advantages of a triac over an SCR?

2. Why is diac preferred to trigger a triac?
3. Why is power electronics so important?
4. Wh y is diac used to trigger a triac 7
5. Is the name U,JT appropriate?
6. What is the most common application of diac?
7. What are the symptoms of a shorted diac or triac?
8. What arc the symptoms of an open diac or t.riac?
9. For what are UJTs used?
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Electronic Instruments

Introduction

In recent years, the rapid strides and remarkable advances in the field of electronics is partly due to
modern electronic instruments. By using these instruments, we can gather much information regard-
ing the performance of specific electronic circuit. Electronic instruments are also used for trouble
shooting since they permit readings to be taken so that circuit faults can be located by ascertaining
which component values do not coincide with the pre-established values indicated by the manufac-
turer. In fact, electronic instruments are playing a vital role in the fast developing field of electronics.
It is with this view that they have been treated in a separate chapter.

24.1 Electronic Instruments

Those instruments which employ electronic devices for measuring various electrical quantities (e.g.
voltage, current, resistance etc.) are known as electronic instruments.

There are a large number of electronic instruments available for completion of various tests and
measurements. However, in this chapter, we shall confine our attention to the following electronic

instruments

(i) Multimeter	 (ii) Vacuum tube voltmeter (VTVIv/)

(iii) Cathode ray oscilloscope

The knowledge of the manner in which each instrument is used plus an understanding of the
applications and limitation of each instrument will enable the reader to utilise such instruments
successfully.

24.2 Multimeter

A multimeter is an electronic instrument which can measure resistances, currents and voltages. It is an
indispensable instrument and can he used for measuring d.c. as well as a.c. voltages and currents.
Multirneter is the most inexpensive equipment and can make various electrical measurements with
reasonable accuracy.

Construction. A multimeter consists of an ordinary pivoted type of moving coil galvanometer.
This galvanometer consists of a coil pivoted on jeweled bearings between the poles of a permanent
magnet. The indicating needle is fastened to the coil. When electric current is passed through the
coil, mechanical force acts and the pointer moves over the scale.

Functions. A niultimcter can measure voltages, currents and resistances. To achieve this objec-
tivc, proper circuits are incorporated with the galvanometer. lhc galvanorneter in a rnultimetcr is

511
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always of Ic/i zelo tipc i.e. ritiriiiiI ly it ., needle rests in extreme left position as eoinpireel to Centre
/ero positii)n of ordinary gal vanoinetcrs.

() Multirneter as voltrncicr. When a high resist;incc is connected in series with a galvanoni-
crer. it becomes a voltmeter. Fig. 2-1.1 I() shows a high resistance R connected in series with the
galvanometer of resistance G. If I is thc full scale deflection current, then the galvanometer becomes
a voltmeter of range (I - V volts. The required value of series resistance R is given hy

V = / R+I G

or	 V/1	 R + G

or	 R = V/I - (5

For maximum accuracy, a inultimetcr is always provided with a number of voltage ranges. This
is achieved by providing a number of high resistances in the iiiultimcicr as shown in Fig. 24.1 (ii).
Each resistance corresponds to one voltage range. With the help of selector switch S. we can put any
resistance (R 1 , R2 and R1 ) in series with the galvanometer. When d.c. voltages are to be measured, the
multimeter switch is turned on to d.c. position. This puts the circuit shown in Fig. 24.1 (ii) in action.
By throwing the range selector switch Sto a suitable position, the given d.c. voltage can be measured.

The inultirneter can also measure a.c. voltages. To permit it to perform this function, a full-wave
rectifier is used as shown in Fig. 24.2. The rectifier converts ac. into d.c. for application to the
galvanometer. The desired ac. voltage range can be selected by the switch S. When ac. voltage is to
he measured, the multimcter switch is thrown to ac. position. This puts the circuit shown in Fig. 24.2
in action. By throwing the range selector switch S to a suitable position, the given ac. voltage can
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he measured. It may be mentioned here that a.c. voltage scale is calibrated in r.m.s. values. There-
lore, the meter will give the r.m.s. value of the a.c. voltage under measurement.

(ii) Multimeter as ammeter. When low resistance is connected in parallel with a galvanom-
eter, it becomes an ammeter. Fig. 24.3 (/) shows a low resistance S(generally called shunt) connected
in parallel with the galvanometer of resistance G. If 1. is the full scale deflection current, then the
ealvanorneter becomes an ammeter of range 0 - I amperes. The required value of shunt resistance S
is izivcn by

IS = IgC

or	 I!I, = G(S or ---	 I =	 + I

	

1 9	S
I+I	 G4-S	 I	 GS

or	
-=,,	

or
19 	S

In practice, a number of low resistances are connected in parallel with the galvanometer to pro-
vide a number of current ranges as shown in Fig. 24.3 (ii). With the help of range selector switch S,
an y shunt can be put in parallel with the galvanometer. When d.c. current is to be measured, the
multimcter switch is turned oil to d.c. position. This puts the circuit shown in Fig. 24.3 (ii) in action.
By throwing the range selector switch S to a suitable position, the desired d.c. current can be mea-
sured.

SI

S

'	 1 
1

(t)	 (ii)

Fig. 24.3

The multimeter can also he used to measure alternating current. For this purpose, a full - wave
rectifier is used as shown in Fig. 24.4. The rectifier converts a.c. into d.c. for application to the
galvanometer. The desired current range can be selected by switch S. By throwing the range selector
switch Sto a suitable position. the given ac. current can he measured. Again, the a.c. current scale is
calibrated in r.rn.s. values so that the instrument will give r.m.s. value of alternating current under
measurement.

(iii) Multimeter as ohmmeter. Fig. 24.5 (i) shows the circuit of ohmmeter. The multimeter
employs the internal battery. A Fixed resistance R and a variable resistance rare connected in series
with the battery and galvanometer. The fixed resistance R limits the current within the range desired
and variable resistance r is for zero-adjustment reading. The resistance to be measured is connected
between terminals A and B. The current flowing through the circuit will depend upon the value of
resistor connected across the terminals. The ohmmeter scale is calibrated in terms of ohms. The
ohmmeter is generally made multirange instrument by using different values of R as shown in
Fig. 24.5 (ii).



Fig. 24.4

A
VOL

514	 Principles of Flectror,ics

To use ohmmeter, terminals A and B are shorted and resistance r is adjusted to give full scale
deflection of the galvanorneter. Under this condition, the resistance under measurernenl is zero,
Because the needle deflects to full scale, the ohmmeter scale must then indicatcfull scale deflection

as cro ohm. Then probes A and B are connected across the resistance to be measured. If the
resistance to be measured is high, lower current flows through the circuit and the meter will indicate
lower reading. It may be mentioned here that each time the ohmmeter is used, it is first shorted across
,(B and r is adjusted to zero the meter. This calibrates the meter and accommodates any decrease in
the terminal voltage of the battery with age.

1%I

R-

L4:IL®4

I
(i)	 B
	

(ii)	 B

Fig. 24.5

Typical multimeter circuit. Fig 24.6 shows a typical multimeter circuit incorporating three
voltage and current ranges.

R1	 R=5oc1

+IOOV	 +IOV
	 +1v

+2OOiA +lmA	 +lOmA
Fig. 24.6
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Here the full-scale deflection (fs.d.) current of the meter is 100 iA and meter resistance is 50 Q.
The design of this multimeter means finding the values of various resistances.

24.3 Applications of Multiruetcr

A multimeter is an extremely important electronic instrument and is extensivel y used for carrying out
various tests arid measurements in electronic circuits. It is used

() For checking the circuit continuity. When the multimeter is employed as continuity-check-
ing device, the ohmmeter scale is utilised and the equipment to be checked is shut off or disconnected
from the power mains.

(i) For measuring d.c. current flowing through the cathode, plate, screen and other vacuum tube
circuits.

(lit) For measuring d.c. voltages across various resistors in electronic circuits.

( a') For measuring ac. voltages across power supply transformers.
(v) For ascertaining whether or not open or short circuit exists in the circuit under study.

24.4 Sensitivity of Multimeter

The resistance offered per volt offlAil scale deflection by the inuitimeter is known as multimeter
sensitivity.

Multimeter sensitivity indicates the internal resistance ci the multimeter, For example, if the
total resistance of the meter is 5000 ohms and the meter is to read 5 volts full scale, then internal
resistance of the meter is 1000 0 per volt i.e. meter sensitivity is 1000 0 per volt. Conversely, if the
meter sensitivity is 400 0 per volt which reads from 0 to 100 V, then meter resistance is 40,000 ohms.
If the meter is to read V volts and I, is the full scale deflection current, then,

S

Meter resistance

Meter sensitivity = Resistance per volt lull scale deflection
=

II	 1

Sensitivity is the most important characteristic ofa multimeter. If the sensitivity of  multirneter
is high, it means that it has high internal resistance. When such a meter is connected in the circuit to
read voltage, it will draw a very small current. Consequently, there will be no change in the circuit
current due to the introduction of the meter. Hence, it will measure the voltage correctly. On the
other hand, if the sensitivity of multimeter is low, it would cause serious error in voltage measure-
ment. The sensitivity of multimeters available in the market range from 5 kO per volt to 20 kO per
volt.

24.5 Merits and Demerits of Multimeter

Although multimeter is widely used for manufacturing and servicing of electronics equipment, it has
its own merits and demerits.

Merits
(/) It is a single meter that performs several measuring functions.

(u) It has a small size and is easily portable.
(ii:) It can make measurements with reasonable accuracy.
Demerits
(i) It is a costly instrument. The cost of a multimcter having sensitivity of 20 kO per volt is

about Rs. 1000.
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i) It crnnt make precise and accurate measurements due to the loading effect.

(iii) Technical skill is required to handle it.

24.6 Meter Protection
It is important to provide protection for the meter in the event of an accidental overload. This is
achieved b y connecting a diode in parallel with the voltmeter as shown in Fig. 24.7.

(1+	

40	 0

 

OVERLOAD
CURRENT

Fig. 24.7

Let us see how diode across the meter enables it to withstand overload without destroying the
expensive movement. If I is the nominal f.s.d. current, a potential difference of IRm is developed

across the diode. The circuit is so designed that iRm does not turn on the diode. In the event of an
accidental overload (say 5 I), the voltage across diode becomes 5 times greater and it is immediately
turned on. Consequently. diode diverts most of the overload current in the same manner as a shunt.
Tittis protection of the meter against overload is ensured. Silicon diodes are perhaps the best to use in
such circuits.

Example 24.1. A ,nuliimeter has full scale deflection current of I ,nA. Determine its sensitivity.

Solution. Full scale deflection current. I, = I mA = 10 A

Multitneter sensitivity = lll = 1/10	 = 1(MX) il per volt

Example 24.2, A multimeter has a sensitivity of 1000 C2 per volt and reads 50 Vfull scale. If the

meter is to he used to measure the voltage across 50000 2 resistor will it read correctly ?

Solution.	 Meter sensitivity = I (WX) Q per volt
Full scale volts = 50 V

Meter resistance = 50 x 1000 = 50,000

When the meter'ete is used to measure the voltage across the resistance as shown in Fig. 24.8, the
total resistance of the circuit is a parallel combination of two
50,000 il resistors. Therefore, the circuit resistance would be 	 M
reduced to 25(X)0 Q and double the amount of current would
he drawn than would otherwise be the case. 	 50,000 1

Meter will give Iughlv incorrect reading.

Comments This example shows the limitation of multi-
meter. The multimeter will read correctly only if its resistance 	

50,000

is very high as compared to the resistance across which voltage
is to he measured.	 Fig. 24.8

As a rule, the resistance of the multimiteter should he
atleast 100 times the resistance across which voltage is to be measured.

Example 24.3. In the circuit s/iowii in Fig. 24.9 (i), it is desired to measure the voltage across

10 kQ resistance. If a multitneser of sensitivity 4 kU/volt and range 0-10 V is used for the purpose,

what will be the reading ?



10 k 10 kg)

20 V
(i)

20 V
(ii)
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Solution. In the circuit shown in Fig. 24.9 (i), the circuit current by Ohm's law is I mA. There-
fore, voltage across tO U2 resistance is 10 V. Let us see whether the given multinicter reads this

value Fig. 24.9 (ii) shows the multimeter connected across 10 kO resistance. The introduction of
multimeter will hange the circuit resistance and hence circuit current.

Resistance of meter = 4 k2 x 10 = 40 kQ

Total circuit resistance = 40 kQ j 10 kfl + 10 kQ
= 40x 10 + 10	 8	 It)	 18k

40 ± 10

20 V
Circuit current =	 - LII inA

18 k

Fig. 24.9

Voltage read by multimeter = 8 k'1 x I .11 mA	 8.88 V

F.xa mple 24.4. If in the above example, a multimeter ofsensitivit ,v 20 kQ per volt is used, ii

will he the reading ?

Solution.	 Meter resistance - 20 kQ x 10 = 200 k

Total circuit resistance	 200 kQ j 10 k + 10 kQ
00 x 10=	 - + 10 = 9.5 +- 10 - 19.5 k

200 + 10

Circuit current =	
20 V = 1.04mA

:. Voltage read by multimeter 9.5 kQ x 1.04 mA = 9.88 V
'A comparison of examples 24.3 and 24.4 shows that a rnu1tinieer with higher sensitivity gi'.cs

more correct reading.

Example 245. In the circ uit shown in Fig. 24. 10, find the voltage at points A, B, C and I) (ii

before the meter is connected and (i after the meter is connected. Explain why the meter reaa:ng
differ from those without the meter connected,

Solution. (i) When meter is not connected. When meter is not connected in the circuit, the

circuit is a simple series circuit consisting of resistances 20 kQ, 20 kQ, 30 kQ and 30
Total circuit resistance =- 20 + 20 + 30 + 30	 100 k

1 00 V
Circuit current =K	 = I mA

Voltage at point A = 100V
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Fig, 24.10

Voltage at point B = 100 - I mA x20k) = 80V

Voltage at point C = 100 - I mA x 40 kQ = 60V

Voltage at point D = 100— 1 mA x 70 kfl = 30V

(ii) When meter is connected. When meter is connected in the circuit, the circuit becomes a
series parallel circuit. The total circuit resistance would depend upon the position of switch S.

(a) When switch is at position .4

ftc volta ge at point A is 100 V because point Ais directly connected to the voltage source.

Voltage at point A 4 100V

(b) cn .s lil1(/i is at position B

Total circuit resistance = 20+ 80 x 60 = 20+34.28 = 54.28 k)
80+60

	

Circuit current	
100 

54.28 W

	

Voltage at point It	 x 34.28 kfl	 63 V
54.28 kK2

It hen switch is at point C

Iota] Circuit resistance = 40 60 
x 60

60+60 = 
40 + 30 = 70W

Circuit current = boy
70 M

100 V

	

Voltage at point C =	 x 30W = 42.8 V

(J) When switch is at point D

30 x 60

	

Total circuit resistance	 70+	 = 70 + 20 = 90 kQ
30+60

	

Circuit curren	
100 V

t =
90 kQ

	

Voltage at point /) 	
100 V
90 k2 

x 20W = 22.2 V

Comments, Note that potential measurements are being made in a high-impedance circuit; the
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circuit resistance is comparable to meter resistance. As it the resistance ofthc voltmeter should
he IOU times the resistance across which voltage is to he nieasured. Since such a condition is not
realised in this problem, the meter readings differ appreciabl y from those without the meter con-
nected.

24.7 Vacuum Tube Voitnicler ( VTVM)

A vacuum tube voltmeter consists ofan y ordinary voltmeter and electron tubes. It is extensively used
for measuring both a.c. and d.c. voltages. The vacuum tube voltmeter has high internal resistance

10 MQ ) and draws extremely small current from the circuit across which it is connected. In oihr
words, the loading effect of this instrument is very small. therefore, a I 7l ;Af measures the exact
voltage even across a high resistance. In fact, the ability of 17 V,%iio measure the voltages accurately
has made this instrument the most popular with technicians for trouble shooting radio and television
receivers as well as for laboratory work involving research and design.

(i) Simple VTVM circuit. Fig. 24.11 shows the simple circuit ota vacuum tube voltmeter. It
consists ofa triode having meter Mconnected in the plate circuit. The meter is calibrated in volts.
is the grid leak restor. The voltage to he measured is api lied at the grid of triode in such it way that
grid is always negative w.r.!. cathode. This voltage at the grid is transformed by the triode into
corresponding plate current The meter Al connected in the plate circuit directly gives the value of the
voltage under measurement. It may be seen that as grid draws extremely small current (< I hA),
therefore, internal resistance of VTV,l is very larp e. this circuit has the disadvantage that if the
applied voltages change (especially filament voltage), the plate current will also change. Conse-
quently, the meter will give wrong reading. 	 -

Fig. 24.11

(ii) Balanced bridge Type VTVNI. The disadvantage of above circuit is overcome in the
balanced bridge type V7'VAl shown in Fig. 24.12. Here, two similar triodes V 1 and V2 are used. the
meter Al is connected between the plates of triodes and indicates the voltage to be measured. The
variable resistance r in the plate circuit of V. is for zero adiustment of the meter. The voltage to be
measured is applied at the grid of triode V 1 in such a way that grid is alwa ys negative with respect to
cathode.

Operation. When no voltage is applied at the input terminals 413, the plate currents flowing in
both valves arc equal as the triodes are similar. Therefore, plates of both valves are at the same
potential. Consequently, the current through the meter ti is zero and the meter reads zero volt.
however, in actual practice, there are always some constructional differences in plates, grids and
cathodes of the two valves. The result is that two plate currents differ slightly and the meter may give
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some reading. In such a case, the meter needle is brought to zero by changing resistance r.

The voltage to be measured is applied at the grid of triode V 1 . making the grid negative wr.L
cathode. This changes the plate current of triode V 1 and the plates of two valves no longer remain at
the same potential. Therefore, a small current flows through the meter M which directly gives the
value of the voltage being measured. It may be noted that actually triode V 1 is used for voltage
measurement, the purpose of V1 is simply to prevent zero drift. By using two similar tubes, any
change in plate current due to supply fluctuations will equally affect the two plate currents. There-
krc, net change in potential drop across voltmeter is zero.

Range selection. In practice, a V7'VM is made a multirange instrument by employing a potenti-
omcter at the input circuit as shown in Fig. 24.13, By throwing the range selector switch S to a
suitable position the desired voltage range can be obtained. Thus when the range selector switch S is
thrown to position I, the voltage applied to the grid is three times as compared to position 3. Al-
though only three voltage ranges have been considered, a commercial V7'YM may have more ranges.

24.8 Applications of VTVM
A VTVM is far superior to a multimeter and performs a number of measuring functions. A few
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important applications of VTVM are discussed below:

Fig. 24.14

(i) d.c. voltage measurements. A VTVM can accurately measure the d.c. voltages in an elec-
tronic circuit. The d.c. voltage to be measured is applied at the input(i.e. grid of J',) terminals in such
away that grid of the input valve V 1 is always negative. Fig. 24.14 shows the circuit of an amplifier
stage and measurement of d.c. voltage across cathode resistor RK.

(ii) d.c. current measurements. A conventional VTVM does not incorporate a current scale.
However, current values can be found indirectl y . For instance, in Fig. 24.14, the d.c. current through
IRK can be found by noting the voltage across RK and dividing it by the resistance Rk.

Fig. 24.15

(iii) a.c. voltage measurements. For measuring a.c. voltage, a rectifier is used in conjunction
with a VTVM. The rectifier converts a.c. into d.c. for application to the grid of valve V. In fact,
rectifier circuit is a part of P7VJ%1. Fig. 24.15 shows the transistor power amplifier stage and mea-
surement of a.c. voltage across the speaker.

(iv) Resistance measurements. A V7'VMcan be used to measure resistances and has the ability
to measure resistances upto 1000 megaohms whereas the ordinary ohmmeter will measure only upto
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about 0 li1egaohni. Fig. 24. 16 how the circuit of l/l%lohmeter. B y throwing the selector switoh
Sto an y suitable position, the desired resistance range can he obtained. The unknown resistor whose
value is to be measured is connected between points A and B. If the unknown resistance has high

value, a higher negative bias will he applied to triode V 1 . Reverse will happen if the unknown resis-
tance has low value. The imbalance in the plate currents of the two valves will cause a current
through the meter M which will directly give the value over the resistance scale of the meter.

24.9 Merits and Demerits of VTVM

A VTVM is an extremely important electronic equipment and is widely used for making different
measurements in electronic circuits.

Merits
(i) A VTVM draws extremely, small current from the measuring circuit. Therefore, it gives accu-

rate readings.
(ii) There is little effect of temperature variations.
(iii) Because a VTVivInses triodes, the voltage to be measured is amplified. This permits the use

of less sensitive meter.
(iv) It has a wide frequency response.
Demerits
(i) It cannot make current measurements directly.

(ii) Accurate readings can he obtained onl y for sine waves

24.10 Cathode Ray Oscilloscope

The cathode ray oscilloscope (commonly abbreviated as CR0) is an electronic device which is ca-
pable of giving a visual indication of  signal waveform. No other instrument used in the electronic
industry is as versatile as the cathode ray oscilloscope. It is widely used for trouble shooting radio
and television receivers as well as for laborator work involving research and design. With an oscil-
loscope, the waveshape cia signal can he studied with respect to amplitude distortion and deviation
from the normal. In addition, the oscilloscope can also he used for measuring voltage, frequency and
phase shift.

In an oscilloscope, the electrons are emitted from a cathode accelerated to a high velocity and
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brought to focus on a fluorescent screen. The screen produces a visible spot where the electron beam
strikes. By deflecting the electron beam over the screen in 1CSOflSC to the electrical signal, the
electrons can be made to act as an electrical pencil ofli,s,'/ir which produces a spot of light wherever it
strikes. An oscilloscope obtains its remarkable properties as a measuring instrument from the fact
that it uses as an indicating needle a beam of electrons. As electrons have negligible mass, therefore,
they respond almost instantaneously when acted upon by an electrical signal and can trace almost any
electrical variation no matter how rapid. A cathode ray oscilloscope contains a cathode rai' tube and
necessary power equipment to make it operate.

24.11 Cathode Ray Tube

A cathode ray tube (commonly abbreviated as CRT) is the heart of the oscilloscope. It is a vacuum
tube of special geometrical shape and converts an electrical signal into visual one. A cathode ray tube
makes available plenty of electrons. These electrons are accelerated to high velocity and are brought
to focus on a fluorescent screen. The electron beam produces a spot of light wherever it strikes. The
electron beam is deflectedn its journey in response to the electrical signal under study. The result is
that electrical signal waveform is displayed visually. Fig. 24.17 shows the various parts of cathode
ray tube.

HORIZONTAL
FOCUSSING	 DEFLECTION

ANODE	 PLATES	 SCREEN
ACCELERATING

	

GRID	 ANODE

ELECTRON

	

CATHODE	

BEAM

 VERTICAL
DEFLECTION

ELECTRON GUN	 PLATES	 AQUADAG

Fig. 24,17

(i) Glass envelope. It is conical highly evacuated glass housing and maintains vacuum inside
and supports the various electrodes. The inner walls of CRT between neck and screen are usually
coated with a conducting material, called aquadag. This coating is electrically connected to the
accelerating anode so that electrons which accidently strike the walls are returned to the anode. This
prevents the walls of the tube from charging to a high negative potential.

(ii) Electron gun assembly. The arrangement of electrodes which produce a focussed beam of
electrons is called the electron gun. It essentially consists of an indirectly heated cathode, a control
grid, afocusing anode and an accelerating anode. The control grid is held at negative potential w.r. 1.

cathode whereas the two anodes are maintained at high positive potential w.r.1. cathode.
The cathode consists of  nickel cylinder coated with oxide coating and provides plenty ofelec-

trons. The control grid encloses the cathode and consists of a metal cylinder with a tiny circular
opening to keep the electron beam small in size. The focussing anode focuses the electron beam into
a sharp pin-point b y controlling the positive potential on it, The positive potential (about 10,000 V)
on the accelerating anode is much higher than on the hcusing anode. For this reason, this anode
accelerates the narrow beam to a high velocity. Therefore, the electron gun assembly forms a narrow,
accelerated beam of electrons which produces a spot of light when it strikes the screen,
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(I/n l)cilcction plate assembl y . The deflection of the beam is accomplished by two sets of
dcllcctinc plates placed within he tube beyond the accelerating anode as shown in Fig. 24.17. One
set is the ucrocal dc/h'ction plait's arid the other set is the horizontal deflection plates.

The veil ical deflection plates are mounted horizontally in the tube. Bvapplying proper potential
to tlies plates, the electron beam can he made to move up and down vertically oil fluorescent
screen. The horizontal deflection plates are mounted in the vertical plane. An appropriate potential
dlii these plate can cause the electron beam to move right and left horizontally on the Screen.

(iv) Screen. The screen is the inside face of the tube and is coated with some fluorescent mate-
rial such as iinc orthosilicate, iinc oxide etc. When high velocity electron beam strikes the screen, a
spot of light is produced at the point of impact. The colour of the spot depends upon the nature of
fluorescent material. If - zinc orthosilicate is used as the fluorescent material, green light spot is pro-
duced.

Action of CRT. When the cathode is heated, it emits plenty of electrons. These electrons pass
through control grid on their way to screen. The control grid influences the amount of current flow as
in standard vacuum tubes. If negative potential on the control grid is high, fewer electrons will pass
through it and the electron beam on striking the screen will produce a dim spot of light. Reverse will
happen ifthc negative potential on the control grid is reduced. Thus, the intensity of light spot on the
screen can he changed by changing the negative potentiaf.on the control grid. As the electron beam
leaves the control grid, it comes under the influence of focussing and accelerating anodes. As the two
anodes are maintained at high positive potential, therefore, they produce a field which acts as an
c/cciro.viuiic /cn.v to converge the electron beam at a point on the screen.

As the electron beam leaves the accelerating anode, it comes under the influence of vertical and
horizontal deflection plates. If no voltage is applied to the de-
flection plates, the electron beam will produce spot of light at 	 - .---	 Oi
the centre (point 0 in Fig. 24.18) of the screen. lfthe voltage is 	 — - — -
applied to vertical plates on/v as shown in Fig. 24. 18, the dcc-
tron beam and hence the spot of light will be deflected upwards
(point 0 1 ). The spot of light will be deflected downwards (point

	 T
2) if the potential on the plates is reversed. Similarly, th spot

of light can be moved horizontally by applying voltage across
the horizontal plates.	 Fig. 24.18

24.12 Deflection Sensitivity of CRT

The shift of the spot of light on the screen per unit change in voltage across the deflection plates is
known as deflection sensiiivitv of C'RT. For instance, if a voltage of 100 V applied to the vertical
plates produces a vertical shift of  mm in the spot, then deflection sensitivity is 0.03 mm/V. In general,

Spot deflection	 Deflection sensitivity x Applied voltage
The deflection sensitivity depends not only on the design of the tube but also on the voltage

applied to the accelerating anode. The deflection sensitivity is low at high accelerating voltages and
vice-versa.

Example 246. The deflection sensitivity of a CRT is 0.01 mm/V. Find the shfi produced in the
spot when 400 V are applied to the vertical plates.

Solution. As voltage is applied to the vertical plates only, therefore, the spot will be shifted
vertically.

Spot shift = deflection sensitivity x applied voltage

= 0.01 x4004mm
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Example 24.7. The deflection sensitivity of a CRT is 0.03 mm/V. If an unknown voltage is
applied to the horizontal plaie.v, the spot shills 3 mm horizontall y. Find the value of unknown volt-
age.

Solution. Deflection sensitivity 0.03 mm/V
Spot shift = 3mm

Now, spot shift 	 deflection sensitivity x applied voltage

Applied voltage	 -	 spot shift . 	 =	 _3 mm 	 IOU V
deflection sensitivity 	 0.03 mm/V

24.13 Applying Signal Across Vertical Plates

ha sinusoidal voltage is applied to the vertical deflection plates, it will make the plates alternately
positive and negative. 'thus, in the positive half of the signal, upper plate will be positive and lower
plate negative while in the negative half-cycle, the plate polarities will be reversed.

SCREEN

	

1	 12

T
I 3V

4

(iii)

Fig. 24.19
The result is that the spot moves up and down at the same rate as the frequency of the applied

voltage. As the frequency of applied voltage is 50 Hz, therefore, due to persistence of vision, we will
see a continuous vertical line 2 - I -4 on the screen as shown in Fig. 24.19 (iii). The line gives no
indication of the manner in which th voltage is alternating since it does not reveal the waveform.

24.14 Display oSignal Waveform on CR0

One interesting application of CR0 is to present the wave shape of the signal on the screen. As
discussed before, if sinusoidal signal is applied to the vertical deflection plates, we get a vertical line.
Ilowever, it is desired to see the signal voltage variations with time on the screen, This is possible
only if we could also move the bAam horizontally from left to right at a uniform speed while it is
moving up and down. Further, as soon as a full cycle of the signal is traced, the beam should return
quickly to the left hand side of the screen so that it can start tracing the second cycle.

SCREEN

Fig. 24.20
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In order that the beam moves from cli to right at it 	 rate, a voltage that varies linearly
tb time should he applied to the horizontal plates. This condition is exactly met in the saw tooth

v;ive shown In Fig. 24 21> 1'>.

\licn time , 0, the ncgiit y e volta ge oil lioriLontal plates keep the beam to the extreme left
oii the screen a ,ho n in Fig. 2420 (ii). As the time progresses, the negative voltage decreases
litlCarl\ s oh tulle and the heanu noses towards right forming a horizontal line. In this way, the saw
kotli save applied t( ' i lioriziumital plates moves the beam from left to right at a uniform rate.

24.15 Signal Pattern on Screen

Ii the sitLnah volta ge is applied to the vertical plates and saw tooth wave to the horizontal plates, we
get the exact pattern of the signal as shown in Fig. 24,2 1. When the signal is at the instant I, its
amplitude is zero. But at this instant, maximum negative voltage is applied to horizontal plates. rhe
result is that the bean) is at the extreme left on the screen as shown. When the signal is at the instant
2, its amplitude is maximum. I lowever, the negative voltage on the horizontal plates is decreased.
lucre fore, the beam is deflected upwards by the signal and towards the right by the saw tooth wave.
The result is that the beam now strikes the screen at point 2. On similar reasoning, the beam strikes
the screen at points 3. 4 and 5. In this wa y , we have the exact signal pattern on the screen.

- I

3	
SAWTOOTH

5	
WAVE

Fig. 24.21

24.16 Various Controls of CR0

In order to facilitate the proper functioning of ('RO, various controls are provided on the face of
('/?O. A few of them are given below: 	 -

(1) h2tcn.st,' control. The knob of intensity control regulates the bias on the control grid and
affects the electron beam intensity. lfthe negative bias on the grid is increased, the intensity ofelec-
tron beam is decreased, thus reducing the brightness of the spot.

('i) Focus control. The knob of focus control regulates the positive potential on the focussing
anode. If the positive potential on this anode is increased, the electron beam becomes quite narrow
and the spot on the screen is a pin-point.

(iii) llori:onial position control. The knob of horizontal position control regulates the ampli-
tude ofd.c. potential which is applied to the horizontal deflection plates, in addition to the usual saw
tooth wave. By adjusting this control, the spot can be moved to right or left as required.
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(iv) Vertical position control. The knob of vertical position control regulates the amplitude of
d.c. potential which is appied to the vertical deflection plates in addition to the signal. By adjusting
this control, the image can be moved up or down as required.

24.17 Applications of CR0
The modern cathode ray oscilloscope provides a powerful tool for solving problems in electrical
measurements. Some important applications of CR0 are

I. Examination of waveforms
2. Voltage measurement

3. Frequency measurement

1. Examination of waveform. One of the important uses of CR0 is to observe the wave
shapes of voltages in various types of electronic circuits. For this purpose, the signal under study is
applied to vertical input (i.e., vertical deflection plates) terminals of the oscilloscope. The sweep
circuit is set to internal so that sawtooth wave is applied to the horizontal input i.e. horizontal deflec-
tion plates. Then various controls are adjusted to obtain sharp and well defined signal waveform on
the screen.

AMPLIFIER
	 LOAD

OSCILLATOR

I 14-4----VERTICAL
INPUT 'TERMINALS

OSCILLOSCOPE

Fig. 24.22

Fig. 24.22 shows the circuit for studying the performance of an audio amplifier. With the help of
switch .S', the output and input of amplifier is applied in turn to the vertical input terminals. If the
waveforms are identical in shape, the fidelit y of the amplifier is excellent.

2. Voltage measurement. As discussed before, if the signal is applied to the vertical deflec-
tion plates only, a vertical line appears on the screen. The height of the line is proportional to peak-
to-peak voltage of the applied signal. The following procedure is adopted for measuring voltages
with CR0.

(i) Shut off the internal horizontal sweep generator.
(ii) Attach a transparent plastic screen to the face of oscilloscope. Mark off the screen with

vertical and horizontal lines in the form of' graph.
(iii) Now, calibrate the oscilloscope against a known voltage. Apply the known voltage, say

10 V, to the vertical input terminals of the oscilloscope. Since the sweep circuit is shut off, you will
get a vertical line. Adjust the vertical gain till a good deflection is obtained. Let the deflection
sensitivity be V volts/mm.
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v) keeping the vertical gain unchanged, apply the unknown voltage to be measured to the
vertical input terminals of ( HO.

(u) Measure the length of the vertical line obtained. Let it be 1mm.

Then, Unknown voltage	 I x V volts

3. Frequency measurement. The unknown frequency can he accurately determined with the
help of a CR0. The steps of the procedure are as under

(1) A known frequency is applied to horizontal input and unknown frequency to the vertical
input.

(ii) The various controls are adjusted.
(iii) A pattern with loops is obtained.
(ii') The number of loops cut by the horizontal line gives the frequency on the vertical plates (/) -

and the noniher of loops cut by the vertical line gives the frequency on the horizontal plates (f,).
= No. of loops cut by horizontal line

f11	 No. of loops cut by vertical line

For instance, suppose during the frequency measurement test, a pattern shown in Fig. 24.23 is
obtained. Let us further assume that fr 'equency applied to horizontal plates is 2000 Hz. If we draw
horizontal and vertical lines, we find that one loop is cut by the horizontal line and two loops by the
vertical line. Therefore,

= No. of loops cut by horizontal line 	 -
No. of loops cut by vertical line

2000	 2
or	 J. = 2000 x 1/2 = 1000 Hz

i.e. Unknown frequency is 1000 Hz 	 Fig. 24.23

Example 24.8. In an oscilloscope, 200 V 50 Hz signal produces a deflection of 2 cm corre-
vponcl:ng to a certain selling of vertical gain control. If another voltage produces 3 cm deflection,
what is the value of this voltage ?

Solution. Deflection sensitivity = 200 V/2 cm = 100 V/cm
Unknown voltage = D. S. x deflection = 100 x 3 = 300 V

Example 24.9. When signals of different frequencies were applied to the vertical input fermi-
nul.v of oscilloscope, the patterns shown in Fig. 24.24 were obtained. I/the frequency applied to
horizontal plates in each case is 1000Hz, determine the unknown frequency.

0(i) (ii)

Fig 24.24

r vvv''v

A A A A A.

Solution.
(I) The number of loops cut by horizontal and vertical line is one.

='f or J, = f11 = I ON Hz
fit
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(ii) The number of loops Cut by horizontal line is 2 and the number of loops cut by vertical line
is I.

f.	 2
=-- or I = 2 x fit = 2 x 1000	 2000 Hz

fit	 .1
(iii) The number of loops cut by the horizontal line is 6 and that by vertic1 line is I.

•	 L

fH_l

or	 6f,,	 6x 1000 = 6000 lIz

Multiple-Choice Questions

1. An ammeteF is connected in ...............with
the circuit eleihent whose current we wish
to measure.
(1) series
(ii) parallel

(iii) series or parallel
(iv) none of the above

2. A galvanometer in series with a high resis-
tance is called ..............................
(i) an ammeter	 (ii) a voltmeter

(iii) a wattmeter	 (iv) none of the above
3. An ammeter should have . .............resis-

tance.
(i) infinite	 (ii) very large

(iii) very low	 (iv) none of the above
4. A voltmeter is connected in ...............with

the circuit component across which poten-
tial difference is to be measured.
(i) parallel

(ii) series
(iii) series or parallel
(iv) none of the above

5. A voltmeter should have ..............resistance.
(i) zero	 (ii) very high

(iii) very low	 (iv) none of the above
6. The sensitivity of a multimeter is given in

(i) 2	 (ii) 4niperes
(iii) ku/V	 (iv) none of the above

7. If the full-scale deflection current of a mul-
timeter is 50 jiA, its sensitivity is ...............
(i) 10kcJV	 (ii) 100 kcL'V

(iii) 50 kQ/V	 (iv) 20 kVV

8. If a multimeter has a sensitivity of 1000
per volt and reads 50 V full scale, its inter-
nal resistance is...............

	

(i) 20 M	 (ii) 50 kQ

	

(iii) 10 W	 (iv) none of the above
9. A VTVPyI has ...............input resistance than

that ofa multimeter.

	

(1) more	 (ii) less

	

(iii) same	 (iv) none of the above
10. The input resistance of a VTVM is about

	

(1) 1000 C)	 (ii) 10 kI

	

(iii) 20 W	 (iv) 10 M 
II. If the negative potential on the control grid

of CRT is increased, the intensity of spot

(i) is increased
(ii) is decreased

(iii) remains the same
(iv) none of the above

12. For display of signal pattern ...............volt-
age is applied to the horizontal plates of a
CR0.

	(I) sinusoidal	 (ii) rectangular

	

(iii) sawtooth	 (iv) none of the above
13. Two multimeters A and B have sensitivities

of 10 k1N and 30 kN respectively. Then

(1) multimcter A is more sensitive
(ii) multimeter B is more sensitive
(iii) both are equally sensitive
(iv) none of the above

14. A galvanometer of resistance G is shunted
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1 sen	 iii;i1I icsiIu1ce S. I lie resistance I	 (iii) sawtooth wave
ii the	 L.iiliiii	 ,iiiiiiicici	 .............	 tnt	 none of the above

It	 (ii)	 , 	 23. A	 WO is used to ITiCILSUIC ...............

	

4 .S	 I	 (i) voltage	 (ii) frequency
1 G	 N	 (11 ) 11l1C of the IlIiPi_	 (ii)) pha	 (iv) all of above

IS. .\	 1 . 1 is never used to measure ...............24, 1 f 2 	 of the main current is to he passed
(i) voltae	 (it) current	 through a galvanometer of resistance G, then

Il i ) resistance	 (n) none of the above 	 resistance of the shunt required is .............

10.	 lie seiisitis it\ of ii	 oltiiicter which uses it	 (i) (..'50	 (ii) (j,

lOi) tii\ rnetcr iiiovCflieilt is	 (iii) 49 C;	 (iv) 500

(I) I kt2 V	 (0) Ii) kVV	 25. Which of the following is likely to have the

(iii) 5 k2V	 (iv) data insufficient 	 largest resistance

	

7. 'A lnit is the total resistance of a voltmeter 	 (it voltmeter of range 10 V
oil the 10 V ran ge w lien the meter move-	 (ii) moving coil galvanometer
went IS rated for 5(1 itA of lull-scale cur- 	 (iii) ammeter of range I A
tent	 (iv) a copper wire of length I m and diam-
(i) 1(1 k2	 (n) 20 kA2	 eter 3 tOm

(:n) 200 kQ	 (ii) none Of the above	 26. An ideal ammeter has ...............resistance.
18. 1 he material used in coat inside face ott 	 /	 (i) low	 (ii) infinite

.	 (iii) zero	 (iv) high
(1) carbon	 (n) sulphur	 27. The resistance of ail ideal voltmeter is .........

(ii/) silicon	 (n) phosphor	 (I) low	 (ii) infinite

	

9. \Vtien an ammeter is inserted in the circuit, 	 iero	 (iv) high
the circuit current .....................28. 

[0 send 10% of- the main cuent through a
(I) increase	 moving coil galvanometer of resistance
(it) decrease	 99 Q. the shunt required is ...............
tit) reinii in the s;une	 ( i) II Q	 (ii) 9.9 )
(n) none of the above	 (iii) 100 Q	 (iv) 9

	

20. A series ohmmeter circuit uses a 3 V hatters	 29. A voltmeter has a resistance of  ohms and
and a I mA meter movement. What is the	 range V volts. The value of resistance re-
half-scale resistance for this movement ?	 quired in series to convert it into voltmeter
(i)	 3 k2	 (ii) 1.5 ki	 of range ,jV is .....................

(iii) 4.5 k(2	 (iv) 6 kc2	
(it	

.	 1•\_ii)
2 1. The most accurate device for measuring volt-

a ge is	 (.ii)_n 
G

—1	 (iv) (n — 1) G
(i) voltmeter	 (ii) multimetcr

(iii) CR0	 (iv) VTVM	 30. An ammeter has a resistance ofG ohms and
range of/amperes. The value of resistance

22. The iortiontal plates of a C RO are supplied
w ith ...............to observe the wavcfom of - a	 required in parallel to convert it into an am-

St ena I.
meter of range ni is ....................

(i) nG	 (ii) (n— UG
(it sinusoidal wave

0	 G(ii) cosine wave	 (iii)	 (iv)

-
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Answers to Multiple-Choice Questions

3. (iii)	 4

8. (ii)	 9
13. (ii)	 14
18. (iv)	 19
23. (iv)	 24
28. (1)	 29

Chapter Review Topics

1. (i)	 2. (ii)

6. (iii)
	

7. (iv)

II. (ii)	 12. (iii)

16. (ii)	 17. (iii)

21. (iii)
	

22. (iii)

26. (iii)	 27. (ii)

(i)
	

5. (ii)
(1)
	

10. (iv)

(i) 15. (ii)
(it)
	

20. (:)

(ii) 25. (I)

(iv)
	

30. (iii)

1. What is a multimeter ?llow does it work?
2. What type of measurements can he made with it

	 ? Explain with suitable diagrams.
3. Briefly explain the advantages of 20 kcJvolt multimeter as compared to a 10 kfllvolt niultirnctcr.
4. What are the applications of a rnultimcicr?
5. Discuss the advantages and disadvantages ofa multimeter.
6. What is it 	 Explain balanced bridge Type VTV%fwith.a neat circuit diagram.
7. What are the applications of VTVM?

8. Discuss the advantages and disadvantages of VTFM.

9. Briefly explain the differences hctsccn a I 'It';tI and it
10. Lxplain the construction and working of a cathode ray tube.
It. I low will you make the following measurements with it

(i) voltage	 (ii) frequenc y ?
12. Write short notes on the 6dlowing

Limitations of multimctcr
(ii) Advantages of osci llnscope

(fu) Vacuum tube voltmeter
(iv) Oscilloscope controls

Problems

I. A voltmeter is used to measure voltage across 20 k resistor as shown iii lig. 24.25. What s II he the
oltage value i1() voltmeter has infinite resistance (ii) voltmeter has it sensitivity of 1000 Qpervolt

and reads 100 V full scale? 	 1(1) 50 V (11)45 V 

2. The three range voltmeter is arranged it ,  in Fig. 24.26. The ranges are 0 to 3 V, 0 to IS V and
0 to 50 V as marked. If the full scale deflection current is 10 mA, what should he the values of R 1 , R2
and R 1 ? The resistance\ of the meter is 5	 1305 Q, 1505 Q, 5005

3. If the sensitivity of voltmeter in Fig. 24.25 is 500 avolt (Fu fl-scale reading being 100 V), what will
he the reading of the voltmeter ? 	 141.7 VI
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4.	 \k liat is tile lislet hill -scale voltage that could be displayed with a 100 pA meter movement with
iii internal rcsisi,tllee ol 150O 7 What oiiId he the sensitivit y ol this meter in ohms per volt?

Il5mV, 10,000 ON

5. II a 20,11(1(1 OjV hider o oh 5 kO internal resistiutce is used in an ohmmeter with a 3-V-battery, what
internal resistance is required in the meter to produce proper zeroing'?	 160 kOj

Discussion Questions

1. Why is sensitivity of best multimeter not more than 20 kO per volt?

2. Wh y do we generally prefer Vfl'M to muttimeter for measurements in electronic circuits'?

3 , Wh y does oscilloscope give more accurate measurements than a VTVAI?

4. What is the basic difference between vacuum tubes and cathode ray tube?
S. I low can a multinicter he used for continuity checking ?
6. Which would usually have more linear scales, dc or ac meters?
7. Which is more sensitive, ii 0 - 59 pA or a 0 - I mA meter ?

. On a multirange ohmmeter, where is 0 Q mark ?
9. What component prevents meter damage in a VTV1f

10. Could a 0— I mA-movement IOU - V voltmeter and a 0 - 50 pA - movement tOO - V voltmeter be
used in series across 125 V ?
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Integrated Circuits

Introduction

The circuits discussed so far in the text consisted of separately manufactured components (e.g. resis-

tors. capacitors, diodes, transistors cie,)joincd by wires or plated conductors on printed boards. Such
circuits are knwn as discrete c ircuits because each component added to the circuit is discrete (i.e.
distinct or separate) from the others. Discrete circuits have two main disadvantages. Firstly, in a large
circuit (e.g. TV circuit, computer circuit) there may he hundreds of components and consequently
discrete assembly would occupy a large space. Secondly, there will be hundreds of soldered points
posing a considerable problem of reliability. To meet these problems of space conservation and
reliabilit y , engineers started it 	 for miniaturized circuits. This led to the development of micro-

electronics in the late 1950s.
Micro-electronics is the branch of electronics engineering which deals with micro-circuits. A

micro-circuit is simply it 	 assembly of electronic components. One type of such circuit is

the integrated circuit, generally abbreviated as IC. An integrated circuit has various components
such as resistors, capacitors, diodes, transistors etc. fabricated on a small semiconductor chip. Flow
circuits containing hundreds of components are fabricated on a small semiconductor chip to produce
an IC is a fascinating feat of iiiiero-cicctrorrics. This has not only fulfilled the ever-increasing de-
mand of industries for electronic equipment of smaller size, lighter weight and low power require-
ments, but it has also resulted in high degree of reliability. In this chapter, we shall focus our attention
on the various aspects of integrated circuits.

(25.1 Integrated Circuit

An integrated circuit is one in which circuit components such as transistors, diodes, resistors, ca-
Npacitors eç, are automatically part of a small semiconduc-	

k	 0,2 mm
for chip..)

An integrated circuit consists of a number of circuit corn-
ponents(c.g. transistors, diodes, resistors etc.) and their inter
connections in a single small package to perform a complete
electronic function. These components are formed and con-
nected within a small chip of semi-conductor material. The
following points are worth noting about integrated circuits

(i) In an IC, the various components are automatically
part a small semi-conductor chip and the individual com-
ponents cannot he removed or replaced. This is in contrast to

533
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discrete as.ctnhlv iii v. tic! i t i t u 	 ciwiponents can I  removed or replaced if necessary.

(it) The ,i/c of on I( i, extremely small. Iii tact, iCs arc so small that you normally need a
to see the LinimiectIrus liciscemr the iiimipirnents. Fig. 25.1. 1mows a typical semi-conduc-

nm rhimp has inc dime m5mrm1 1 2 nun >' 11.2 mm x 0.001 mm. Ii is possihlc i produce circwtS contain-
inc tiiaiiv transistors. diode'. rcsmst. 'I  etc ()11 the surface of this small chip

ii,) No comulninemits of an Wiirc seen to pmnect above the surface 01 lhc.chip. This is because all
die coiimp&rnemits are I rmned A ithmmi the chip.

Advantages and Disadvantages of integrated Circuits

Integrated circuits free the equipment designer twin the need to construct circuits with individual
discrete components such as 1rinsmstors, diodes, and resistors. With the exception of a few very
sinpic citcuits, the availabilit y ofa large number of low-cost integrated circuits have largely rendered
discrete circuitr y obsolete. It is, therelore, desirable to mention the siintticant advantages of inte-
grated circuits over discrete circuits. However, integrated circuits have some disadvantages and
co flU()US efforts are on to overcome them.

/ Advantages Integrated circuits possess the following advantages over discrete circuits7(	 (i) Increased reliability due to lesser number of connections.
\ (ii .) Extremely small size due to the fabrication of various circuit elements in a single chip of
sent i -conductor material.

(iii) Lesser weight and 	 spaec requirement due to miniaturized cimeLit.

(iv) Low power requirements.
(i) Greater ability to operate at extreme values of temperature.

km cost because of simultaneous production of hundreds of alike circuits on a sinai! semi-
t)iiCiOi waler.
titi) 'IliC circm.mmt la	 nut is gicat ty simplified because integrated ci ' 	 its are constrained to use

ininmnmum number of external connections.
Disad'antages:The disadvantages of integrated circuits are
(i) If air y commiponeni in an IC goes out 

of 
order, the whole IC has to c replaced by the new one.

(ii) In an 1(2, it is neither convenient nor economical to fahrmc	 :ipacitances exceeding 30pF.
Therefore, for lugh values of capacitance. discrete Components exterior to IC chip are connected.

(itt) It is not possible to fabricate inductors and transformers on the surface of semi-conductor
Chip. Themeiore, these coumpraileni .ime connected exterior to the semi-conductor chip.

(it-) Its not possible to producc high power IC.s (greater than ID W).
It , ) There is a lack offlexibility in an ICi. e., it is5generallv not possible to modify the parameters

within which an integrated circuit will operate.

p5.3 IC Classifications

'oui basic types of constructions are employed in the manufacture of integrated circuits, namely
(i) mono-lithic (ii) thin-film (iii) thick-film (iv) hybrid.
Monolithic It'S are by far the most common type used in practice. Tlercfore, in this chapter we

shall confine our attention to the construction of this type of ICs onIy,JIt may be worthwhile to

*	 Since it combines both active (e.g., transistors, diodes dc) and passive elements (e.g., resistors, capacitors
dc.) in a monolithic structure, thc complete unit is called an integrated circuit.
Ty pically, this is about 10% of the space required by comparable discrete assembly.
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mention here that regardless of the type of method used to fabricate active and passive components,
the basic characteristics and circuit operation of an 1C are the same as for any of their counterparts in
a similar circuit using separate circuit Components.

25.4 Making Monolithic IC

A monolithic IC is one in which all circuit components and their i,iter-connections are formed on a
single thin wafer called the substrate.

The word monolithic is from Greek and means "one stone.' The word is appropriate because all
the components are part of one chip Although we are mainly interested in using ICY, yet it is profit-
able to know sonicthing about their fabrication. The basic production processes for the monolithic
IC's are as follow

(i) p-Substrate. This is the first step in the making of an IC. A cylindrical p-type *silicon
crystal is grown having typical dimensions 25 cm long and 2.5 cm diameter ISee Fig. 25,2 (i)j. The
crystal is then cut by a diamond saw into many thin wafers like Fig. 25.2 (ii), the typical thickness of
the wafer being 200 pm. One side of water is polished to get rid otsurfoce imperfections. This wafer
is called the substrate The ICY- are produced on this wafer.

(i)	 (ii)

Fig. 25.2

(ii) Epitaxial ii layer. The next step is to put the wafers in a diffusion furnace. A gas mixture
of silicon atoms and pentavalent atoms is passed over the wafers. This forms a thin layer of n-type

EPITAXIAL LAYER
	 Sb2 LAYER

10 

L

	 I pm
	

p- SU BSTRATE

[0
	

(ii)

Fig. 25.3

semi-conductor oil 	 heated surface of substrate [See Fig. 25.3 (1) ). This thin layer is called the
**epuial la yer and is about 10 pro thick. It is in this la yer that the whole integrated circuit is formed.

(iii) Insulating layer. In order to prevent the contamination of the epitaxial layer, a thin Si02
layer about I pm thick is deposited over the entire surface as shown in Fig. 25.3 (ii). This is achieved
by passing pure ox y gen over the epitaxial layer. The oxygen atoms combine with silicon atoms to

*

	

	 Since silicon possesses characteristics which are best suited to IC manufacturing processes.
The word "epitaxial' is derived from the Greek language and means arranged upon.
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tiriii it l)(l Of SIlICOn dioxIe
Producing cornponeiils B y the process of *diffusion, appropriate materials are added to

lie substrate it specific locations to produce diodes, transistors, resistors and capacitors. The produc-
tII)I1 of these cotilponents oil 	 wafer is discussed in Art 25.5. 	 CHIP

oj-) Etching. Before an y impurity is added to the substrate, the
oxide la yer (i.c. 510., la y er) is etched. The process of etching exposes
the epitaxial layer and permits the production of desired components.
The terminals are piocessed by etching the oxide layer at the desired
locations.

(vi) ('hips. III 	 the water shown in Fig. 25.4 is divided into
laree nuiiiher 'I ireas I ach of these areas will he it separate chip. The

IiuiniIlactiIrCI pioluces tiuiidreds of alike /C.v oil wafer over each
area To sepal ate the individual I( , the water is divided into small chips
hv',i process similar to glass cutting. This is illustrated in l'ig. 25.4. It
nias be seen that hundreds of alike ICs call produced from a small
V. ;iler, This simultaneous mass production is the reason for the low cost
of integrated circuits.

After the chip is cut, it is bonded to its mounting and connection.-, are
made heiss ecn the IC and external leads. The 1C is then encapsulated to
prevent it from becoming eo III umiimnatcd b y the surrounding atmosphere.

25.5 Fabrication of Components on Monolithic IC

[lie notable feature of an IC is that it comprises it number of circuit elements inseparably associated
in a single small package to perform a complete electronic I unction. This differs from discrete as-
seinbly where separately manufactured components are joined by wires. We shall now see how
various circuit elements (e.g. diodes, transistors, resistors etc.) can he constructed in all 	 form.

.-SUBSTRATE •1uJ*Il:Vl

Iff

WINDOW
Iv4	

=LM=j
p-SUBSTRATE
	 'jij*ii:vii

(v)

Fig. 25.5

i) Diodes. One or more diodes are formed by diffusing oe or more small li-type deposits at

*	 In IC construction, diffusion is the process of deliberately adding controlled impurities at specific loca-
tions of substrate by thermal processes.
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appropriate locations on the substrate. Fig. 25.5 shows how a diode is formed on a Portion of sub-
strate of a monolithic IC. Part ol Si0 2 layer is etched off, exposing the epitaxial layer as shown in Fig.
25.5 (i). The wafer is then put into a furnace and trivalent atoms are diffused into the epitaxial layer.
The trivalent atoms change the exposed cpitaxial layer from fl-t y pe semi-conductor to p-type. Thus
we get an island of n-type material under the Si01 layer as shown in Fig. 25.5 (ii).

Next pure oxygen is passed over the wafer to form a complete Si02 layer as shown in Fig. 25.5
(iii). A hole is then etched at the centre of this layer thus exposing the n-cpitaxial layer [See Fig.
25.5 (iv)]. This hole in SiO, layer is called a window. Now we pass trivalent atoms through the
window. The trivalent atoms diffuse into the cpitaxial layer to turin an island of p-type material as
shown in Fig. 25.5 (v). The 5i0 2 layer is again formed on the wafer by blowing pure oxygen over the
wafer [See Fig. 25.3 (vi)]. Thus ap-n junction diode is formed on the substrate.

11
MIZIMMMMOMM W10

p

p-SUBSTRATE

(ii)

Fig. 25.6

The last step is to attach the terminals. For this purpose, we etch the Si02 layer at the desired

locations as shown in Fig 25.6 (i). By depositing metal at these locations, we make electrical contact
with the anode and cathode of the integrated diode. Fig. 25.6 (ii) shows the electrical circuit of the

diode.

(ii) Transistors. Transistors are formed by using the same principle as for diodes. Fig. 25.7
shows how a transistor is formed on a portion of the substrate of a monolithic IC. For this purpose,

the steps used for fabricating the diode are carried out upto the point where p island has been formed

and scaled off [See Fig. 25.5 (vi) above[. This Fig. is repeated as Fig. 25.7 (r) and shall he taken as the

starting point in order to avoid repetition.
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Fig. 25,7
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window is now formed at the critic of 'dO layer, thus c sposing the p-cpitaxial layer as shown
in Pie. 25.7( ii). 'then %k e pass pentasalent itnius throti g li the window. The pentavalent atoms diffuse
tritt, the epitaxial layer to toriti an island of n-t y pe material is shown in Fig. 25.7 (iii). The .'dO, laver
is re-formed over the wafer 1w passim-, pure oxygen ISee Fig 257 (iv)] The terminals are processc
' cichitie the .'dO. Liver at appropriate locations and depositin g the metal at these locations as shos
n tic 25 1 1r'). [it 	 way, e get the integrated transistor. Fig. 25.7 (ii) shows the electrical circuit

,ifa transistor.
(iii) Resistors. Fig. 2.8 shows how a resistor is formed on a portion of the substrate of a

initnolithic W. lini thi'5 pnp'sc. the steps used for fabricating diode are carried out upto the point
where o island hi been tot neil mid sealed off [Refer hack to Fi g . 25.5 (in)]. This figure is repeated

25.8 (ii and shall be taken :rs the starting point in order to avoid repetition.

Fig. 25.8

A windos is now brined at the centre of Si0 2 la yer, thus exposing the n-epitaxial layer as shown
in Fig. 25.8 (ii). Then we diffuse a p-Is pe material into the li-type area as shown in Fig. 25.8 (iii). The
SiG, la yer is re-formed over the wafer by passin g pure oxygen [See Fig., 25.8 (iv)]. The terminals are
processed by etchine .5iO layer at two points above the p island and depositing the metal at these
locations 15cc Fig. 25.8 (i - ). In this s¼-ay, we get an integrated resistor. Fig. 25.8 (vi) shows the
electrical circuit ot a resistor.

The value of resistor is mleterinti ned b y the material, its length and area of cross-section. The
high-resistance resistors are king and narrow while low-resistance resistors are short and of greater
cross-sect omit.

(it') Capacitors. Fi g . 25$9 shows the process of fabricating a capacitor in the monolithic IC,
The trst step is to diffuse an n-tspc material into the substrate which forms one plate of the capacitor
X" shown in Fig. 25.9 (i). Then SiO layer is re-formed over the wafer b y passing pure oxygen as
shown in l'mg. 25.9 (ii).

The SiO laser lonried act ,, as the dielectric of' the capacitor. The oxide layer is etched and
iertni nal I is added as shown in Fi g . 25.9 (iii). Next a large (compared to the electrode at terminal I
metal ire electrode is deposited on the 510, laser and forms the second plate of the capacitor. The
ox tie layer is etched and terioimiil 2 is added. This gives an integrated capacitor. The value of
capmittir formed depends upon the dielectric constant of 5i07 layer, thickness of SiO2 layer and the
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arCI of corss-scction of in. 	 Ii: H Ific Iwo electrodes.

1	 2
0-	 0

(iv)

Fig. 25.9

25.6 Simple Monolithic IGs

It has been seen above that individual components can he inte rated in a monolithic JC. \Ve shall now
see how an electronic ciicwt comprising different components is produced in an IC form. The key
point to keep in mind is Oial regardless of the complexity of the circuit, it is mainly a process of
etching windows, form jni , and it islands, and connecting the integrated components.

MMEPWO A W111111111111, VAM11111,

nI
L_

I...	 I
(ti)

Fig. 25.10

(i) 'Fwo-diode IC, Fig. 25, 10 (i) shows a two-diode IC with a common anode whereas Fig.
25.10 (ii) shows a two-diode IC with individual anode.

Two points are worth noting. Firstly, an y circuit [like the one shown in Fig 25-10 (i) or Fig 25.10
(ii)] is not integrated mdi dually rather hundreds of alike circuits are simultaneously fabricated on
a water. The wafer is then cut into chips so that each chip area represents one circuit. This is the key
factor for low cost of ICs and is exerting considerable influence on electronics engineers to switch
over to IC technology. Secondly, ICs are usually not as simple as shown in Fig. 25. It). In fact, actual
ICc contain a large number of components.

(ii) Another simple IC. Fig.25. 11 shows an IL consisting of a capacitor, resistor, diode and
transistor connected in series. The interconnection of the circuit elements is accomplished by extend-
ing the metallic deposits from terminal to terminal of adjacent components.

It is interesting to see that p substrate isolates the integrated components from each other. Thus

(1
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referring to Tie. 25.1 1, depiction layers exist between p ubstratc and the four n islands touching it,
As the depiction layers have virtually no current carriers, therefore, the integrated components are
insulated from each other.

T1	 T2T3T4

p-SUBSTRATE

C	 R	 D

T1

p	 .is.AvAt	 Iø	 9	 °T

Fig. 25.11

25.7 TC Packings
In order to protect ICs from external environment and to provide mechanical protection, various
forms of encapsulation are used for integrated circuits. Just as with semi-conductor devices, IC
packa ges are of two types viz.

9mm

4.5 mm

2.5

(i)
	

(iii)

(ii)

Fig. 25.12
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(i) herrnatic (metal or ceramic with glass) 	 (ii) non-herniatic (plastics)
Plastics are cheaper than hermatic but are still not regarded as satisfactory in extremes of tem-

perature and humidity. Although iCs appeared in the market several years ago, yet the standardisation
of packages started only in the recent years. The three most popular types of IC packages are shown
in Fig. 25.12.

(1) Fib. 25.12 (i) shows TO-5 package* which resembles a small signal transistor in both ap-

pearance and size but differs in that it has either 8, 10 or 12 pigtail-type leads. The close leads
spacing and the difficulty of removal from a printed circuit board has diminished the popularity of
this package with the users.

(ii) Fig. 25.12 (ii) shows aflat pack container with 14 leads, seven on each side.

(ii:) Fig. 25.12 (iii) shows the dual-in-line (DIL) pack in 14-lead version. The 14-pin DIE, is the

most popular form and has seven connecting pairs per side. The pairs of pins of this pack are in line
with one another, the pins being 2.5 trim apart to allow IC to be fitted directly into the standard printed
circuit boards.

25.8 IC Symbols
In general, no standard symbols exist for 10. Often the circuit diagram merely shows a block with
numbered terminals. However, sometimes standard symbols are used for operational amplifiers or
digital logic gates. Some of the symbols used with ICs are shown below.

4

2

7 	 CODE NO.	 I

	

Fig. 2.13	 Fig. 25.14
Fig. 25.13 shows the symbol of an IC i-f unplilicr containing 3 transistors, 3 resistors and

terminals. Similarly, Fig. 25.14 shows an IC audio amplifier which contain 6 transistors 2 diodes, 17
resistor and has 12 terminals.

Scale of Integration

An /(' chip may contain as large as lO(),00() sLIlconductor devices or other components. The relative
number of these components within the chip is given by referring to its scale of integration. The
following terminology is commonly used.

	

Scale of integration	 Abbreviation	 Number of components

Small
	 **SSI	 I to 20

Medium	 MSI	 20 to 100
Large	 I-SI

	
100 to 1000

Very large	 VLSI
	

1000 to 10,000
Super large	 SLSI

	
10,000 to 100,000

This was the earliest type of package and it was natural for the semi-conductor manufactures to use
modified transistor cases.
SSI stands for small scale integration
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c . lu -'^ontv C ircuits  Using 1(.s

Ii cr.ried crcu1Ls if 	 Iairlv coilililes because I hey c oil t;iin i large number (II circuit components
thin a sni;ill sciiiicurrducroi chip. Wlulc studying circuits using Ws, we are more concerned with

the esteriial connections to the if' rather than what is actuall y L'oing on inside.
lit I( Fixed 5-'. oil Voltage Regulator. The IC voltae regulator is a device that is used to

hold I ic output voltagc front a
power suppls constant as the ii-

put vol age or load current

cli.uiges. For example. LM (	 LM 309

fl] \L-(! mmstmvct provides :i 4- 5 V
d.c. output. This re g ulator is frc-	

R
mhii('nt!y used in dieital circuits.	 I.

Ph' 25. I 5 shosss the circuit of the
vofiage re g ulator using FM 309.	 -	 -
It is a three terminal device ss'iili	 -
terimunals labelled as input, output 	 Fig. 25.15
and g round terminal. It provides
a fixed 5 V between tbc output and g round terminals.

The I All 309 has it iiumnber of advantages over the zener diode. First, it is much inure accurate

than the zener shoLle. Secondly, there is built-mn overload protection. The FM 309 also has overheat-
II the internal temperature becomes excessive, it shuts oil' until the temperature is

reduced, at which point it will start up again.
u) IC Adjustable Voltage Regulator. Sometinics, we want a voltage regulator whose-voltage

we can vary An example of such a voltage regulator is FM 3 17 whose schematic diagram is shown

in Fig. 25-16. By varying the value of R. the output voltage of the re g ulator can be adjusted. The
killowuig cdlu;ltis m n is used to determine the regulated d.c. output voltage for an LM 317 regulator
cucmiIt.

V = I.25+IOH	 R1	
)

Example 25.1. In LM 317 voltage regulator shown in Fig. 25.16, R 2 is adjusted to 2,4 k'2. If the
i-nine o/' R, is 240 0, determine the regulated d.c. output voltage for the circuit.

Fig. 25.16
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I 1?.
Solution.	 y	 =	 .25	 I

"I

I24 k2

	

= 1.25	
240	 + J 

= 13.7 V

IUIti1)lC-(hOiCC Questions

I. An IC ha	 .................sue.

(i) very large
(ii) large

(iii) extremely small
(iv) flOflC of the above

2. ICs are generally m;idc of ..............
(i) silicon	 (ii) germanium

(iii) Copper	 (iv) none of the aho e
3. .............. ICs are the most coin mon lv used.

(i) thin film	 (ii) monolithic
(iii) h y brid	 (it') none of the above

4. The most popular form of /Cpackagc is

(i) DII	 (ii) flatpack

(iii) TO-5	 (iv) none of the above
5. ................ .cannot he fabricated on an IC.

(i) transistors
4(u) diodes
(iii) resistors
(iv) large inductors and transformers

6. An audio amplifier is an example of.............

(i) digitaIC
(ii) linear IC

(iii) both digitial and linear IC
(iv) none of the above

7. The active components in an IC arc .............

(1) resistors
(ii) capacitors
(iii) transistors and diodes
(iv) none of the above

8. We use .................lC.' in computers

C) digital
(i) linear
(iii) both digital and linear

( iv) lione of the above
9. The .JQ 2 layer in an IC acts as .................

(i) a resistor
(ii) an insulati rig layer
(iii) mechanical output

j none of the above
10. ICs ire used ill

i) linear (le\ii.C5 uni)
(ii) dig tat devices only
(iii) both linear and digital devices
(it') none of the above

11. A transistor takes .................inductor on a

sit icon 1C chip.
(1) less space than
(ii) more space. thanan

(iii) same space as
(iv) none of the above

12. The most popular types of ICs arc ................

i) thin-film	 (ii) hybrid
(iii) thick-film	 (iv) monolithic

13. Digital IC's process .................
(i) linear signals only

(:1) digital signals only

(iii) both digital and linear signals
(iv) none of the above

14. Opea 111031 amplifiers use .................
I)	 linear I(,s

() digital I( s

(iii) hoth lillear and digital IC,u

(Iv) none of the above
iS. Which vt the lollowing is most difficult to

tabrictitci ill an
( i) diode	 (ii) transistor

(iii) IlI	 (iv) capacitor
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Answers to Multiple-Choice Questions

I	 (iii)	 2. (i)	 3.	 (ti)	 4. (ii)	 5. (iv)

6. (ii)	 7. (iii)	 l.	 (1)	 9. (ii)	 10. (iii)

11. (i)	 12. (iv)	 13.	 (iii)	 14. (ii)	 15. (iv)

Chapter Review Topics

I. What is an integrated circuit 7Discuss the relative advantages and disadvantages of ICs over discrete
assembly.

2. HOW will you make a monolithic K".1

3. Explain how (i) a diode (ii) a transistor (iii) a resistor and (ii') a capacitor can be constructed in a
monolithic integrated circuit.

4. Explain how electronic circuit consisting of dilIcrcut components can he constructed in a monolithic
IC.

5. Write short notes on the following
(1) Epitaxial layer	 (ii) IC packages	 (ii,) IC symbols

Discussion Questions

I. Why are ICs so cheap .'
2. Why do ICs require low power?
3. Why cannot we produce It's of greater power?
4. Why are IC's more reliable than discrete assembly 1
5. Why is DIL IC package the most popular?
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Hybrid Parameters

Introduction

In order to predict the behaviour of a small-signal transistor amplifier, it is important to know its
operating characteristics e.g., input impedance, output impedance, voltage gain etc. In the text so far,
these characteristics were determined by using 13 and circuit resistance values. This method of
analysis has two principal advantages. Firstly, the values of circuit components are readily available
and secondly the procedure followed is easily understood. However, the major drawback of this
method is that accurate results cannot he obtained. It is because the input and output circuits of a
transistor amplifier are not completely independent. For example, output current is affected by the
value of load resistance rather than being constant at the value 13i,. Similarly, output voltage has an
ctThct on the input circuit so that changes in the output cause changes in the input.

One of the methods that takes into account all the effects in a transistor amplifier is the hybrid
parameter approach. In this method, four parameters (one measured in ohm, one in inho, two dimen-
sionless) of a transistor are measured experimentally. These are called hybrid orb parameters of the
transistor. Once these parameters for a transistor are known, formulas can be developed for input
impedance, voltage gain ctc.in terms of/i parameters. There are two main reasons for using h param-
eter method in describing the characteristics of a transistor. Firstly, it yields exact results because the
inter-effects of input and output circuits are taken into account. Secondly, these parameters can he
measured very easily. To begin with, we shall apply h parameter approach to general circuits and then
extend it to transistor amplifiers.

26.1 Hybrid Parameters

Every **linear circuit having input and output terminals can be (malvsed by four parameters (one
measured in ohm, one in mho and two dimensionless) called hybrid or h Parameters.

Hybrid means "mixed". Since these parameters have mixed dimensions, they are called hybrid
parameters. Consider a linear circuit shown in Fig. 26.1. This circuit has input voltage and current
labelled v and i1 I This circuit also has output voltage and current labelled v 7 and i. Note that both
input and output currents (i 1 and i 2 ) are assumed to flow into the box input and output voltages (u1

and v2 ) are assumed positive from the upper to the lower terminals. These are standard conventions
and do not necessarily correspond to the actual directions and polarities. When we analyse circuits in

Since transistor is generally connected in CE arrangement, current amplification factor 13 is mentioned
here.

** A linear circuit is one in which resistances, inductances and capacitances remain fixed when voltage across
them changes.

545
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which the voltagcs arc of oppostle polarity or where the currents flow out of the box, we simply treat
these voltaizes and currents as negaive quantities.

1-

	

+0	 0+

LINEAR

	

I	 CIRCUIT	 2

0-

Fig. 26.1

It can he proved b y advanced circuit theory that voltages and currents in Fig. 26.1 can be related
by the following sets of cquatioiis

11 
1 = It I i + /112 12

= 11 21 it + It 	 (ii)

In these equations, the us are fixed constants fora given circuit and are called It parameters. Once
these parameters are known, we can use equ1tIons (i) and (ii) to find the voltages and currents in the
circuit. If we look at eq.( i). it is clear that has the dimension of ohm and 11 12 is (Iimensionless.
Similarly, from eq. (ii), h 21 is dimensionless and 11 22 has the dimension ofrnho. The following points
ma y he noted about It parameters

(i) Every linear circuit has four/i parameters one having dimension of ohm, one having dimen-
sion of nho and two dimensionless.

(ii) '] ' lie It parameters oVa given circuit are constant. If 	 change the circuit, It parameters would
d ' change.

(ii,) Stipi'osc that in a particular linear circuit, voltages and currents are related as under:
= l0i+6v2

i, = 4i1+3v2

here we can say that the circuit has It parameters given by/i 11 = 10	 h 2	6 h, 1 4 and 
h 22

= 3 5.

26.2 Determination of h Parameters

The major reason for the use of It parameters is the relative ease with which they can be measured.
The It parameters of a circuit shown in Fig. 26.1 can he found out as under

(1) If we short-circuit the output terminals (Sec Fig. 26.2), we can say that output voltage v 2 = 0.
Putting i, = t) in equations (i) and (ii), we get,

= It 1 i + It 
12

X 0

•	 2 
= h 2 	 + 11 22 X 0

	

= -	 for v2 = 0 i.e. output shorted

and	 112I = '	 for v, 
2 = 

0 i.e. output shorted

Let us now turn to the physical meaning of/z 11 
and /121 Since h 1 is a ratio of voltage and current

it is an impedance and is called ** "input impedance with output shorted". Similarly, h2

* The two parts on the R.H.S. of eq. (i) must have the unit of voltage. Since current (amperes) must be
niultiplicd by resistance (ohms) to get voltage (volts), /i t

, should have the dimension of resistance i.e.
ohms.

**	 Note that v 1 is the input voltage and it is the input current. Hence e 1 1i 1 is given the name input impedance.
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is the ratio of output and input current (i.e., i1/i ) , it will he dimensionless and i.s called ''current gain

with output shorted

ii

LINEAR
' CIRC UIT	 SHORT

Fig. 26.2

LINEAR
OPEN CIRCUIT ]

Fig. 26.3

(ii) The other two It (viz 2 and h 2 ) can he found by making i, = 0. This can be done
by the arrangement shown in Fig. 26.3. Here, we drive the output tcriiiinals with voltage i,, keeping
the input terminals open. With this set up. i 1 = 0 and the equations become:

= /? ]I 	 0 f 11 12 12

= 11 21 X 0 + h 2 ., i'
vi

h 1	 =	 for i t = 0 i.e. input open

and	 /122 = —i-	 for i 1 = 0 i.e. input open

Since 11 17 is a ratio of input and output voltages (i.e. v 1 Ii' 2 ), it is dimensionless and is called
''voltage feed6aek ratio with input terminals open. Sinularlv. 11 72 I" a ratio of output current and
output voltage (i.e. iIv-, it will he admittance and is called output admittance with input teriiitmials open.

Example. 26.1. Find the h parameters of the circuit sIir ' Il'n ip Fig. 26.4 (i)

0 vvYvW' 1 -°
IC) i

5 U
0	 ---------

Fig. 26.4

Solution. The It pi!rametcrs of the circuit shown in Fig. '26.4(1) can be hiund as under

To find h 	 11 21 , short - circuit the output tcriiunils zts shuwii iii Fig 20 	 It i' clear that
input impedance of the. circuit is It)	 because 5 Q resistance is shut ted 1mm.

12 1 1 = 1OL
Now current i 1 Flowing into the box will flow through I() reostor and then throll ph the shorii

path as shown. It ma y he noted that in our discussion, i. is the output Ill rent flowing into the box.
Since output current in Fig. 26.4 (ii) is actually flowing out uut tie hues. I. is uieg;itive i r..

p N

	: +̂2

ti
OPEN 

To find /i 1 and 1122, make the arrangement as shown in
Fig. 26.4 (iii) Here we are dris inc the outptt terminals with a Fig. 26.4 ,ii)voltage 1 ) . This sets up a current t. Note that input terminals
arc open. Under tins condition, there will he no current in l0Qre.sistoi ,iiiul. therefore, there can he no
voltage drop across it. Consequently, all the voltage appears icross inpu t terillinals i.e.

1 =

6. =	 = --- = —1
it	 II

= "2



..A,W y -/W1	 0

41	 . 4Q
4
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h = — =	 = I

Now the output impedance looking into the output ter In i nals with input terminals open is simply 5

1. Then 12 2 , will be the reciprocal of it because 12 22 is the output admittance with input terminals open.

11 22 = 1/5 = 0.2 Z5

The Jr parameters of the circuit arc

111 1 = 10Q;h 1 = -

12 1 2 = 1:12 22 =

It may be mentioned here that in practice, dimensions are riot written with h parameters. It is
because it is understood that It ,, is always in ohms, Jr 12 and /171 are dimensionless and 1222 is in mhos.

Example 26.2. Find the Jr parnieter.c of the circuit shown in Fig. 26.5 (1).

(i)	 Fig. 26.5	 (ii)

Solution. First of all imagine that output terminals are short-circuited as shown in Fig. 25.6 (ii).
The input impedance under this condition is the parameter /r.

Obviously,	 h 11 = 4+4114

= 4+ . -- = 6c1
4+4

Now the input current i 1 in Fig. 26.5 (ii) will divide equally at the junction of  ci resistors so that
output current is i 1 /2 i.e.

i, = - i 1 12 = —0.5 it

=	 =-03
It

In order to find h 12 and /122, imagine the arrangement as

shown in Fig. 26.5 (iii). Here we are driving the output termi-
nals with voltage v 21 keeping the input terminals open. Un-

der this condition, any voltage 12 applied to the output will

divide by a factor 2 i.e.

p 

I =4
+	 I + 1

oP:Nv

V1 =	 = 0.5v,	 Fig. 26.5 (iii)

h 2 = 
V2 	 t'

Now the output impedance looking into the output terminals with input terminals open is simply
Q. Then 12 12 will be the reciprocal of this i.e.

12 , 2 =	 = 0.I255
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26.3 h Parameter Equivalent Circuit

Fig 26.6 (i) shows a linear circuit. It is required to draw the h paranictcr C(jWValCflt circuit uf
Fig. 26.6 (i). We know that voltages and current of the circuit in Fig. 26.6 (i) can be expres sed in

terms of h parameters as under
v 1 = h 1 i l + h12
	 (i)

i 2	 h 1 i 1 + h22 "2
	 (ii)

+LINEAR 
V i 	 CIRCUIT	 V2

(i)
Fig. 26.626.6

i	 h1 4-
0++ -j*	

+	
-

2 V2	
fh,21i1	 1122 V2

(ii)

Fig. 26.6 (ii) shows h parameter equivalent circuit of Fig. 26.6 (i) and is derived from equations (i)

and (ii). The input circuit appears as a resistance /r in series with a voltage generator /1 , 2 12 This

circuit is derived from equation (1). The output circuit involves two components a current generator

j1 and shunt resistance h22 and is derived from equation (ii). The following points are worth

noting about the h parameter equivalent circuit [See Fig. 26.6 (ii)]

(i) This circuit is called hybrid equivalent because its input portion is aThevenin equivalent, u
voltage generator with series resistance, while output side is Norton equivalent, or current generato
with shunt resistance. Thus it is a mixture or a hybrid. The symbol 'h' is simply the abbreviation ol

the word hybrid (hybrid means "mixed").
(ii) The diff,erent hybrid parameters are distinguished by different nunihcr subscripts. The nota-

tion shown in Fig. 26.6 (ii) is used in general circuit analysis. The first number designates the circuit
in which the effect takes place arid the second number designates the circuit from which the e1l'ct
comes. For instance, h21 is the "short-circuit forward current gain" or the ratio ofihe current in i.

output (circuit 2) to the current in the input (circuit I).

(iii) The equivalent circuit of Fig. 26.6 (ii) is extremely useful for two main reasons First, it
isolates the input and output circuits, their interaction being accounted for by the two controlled
sources. Thus, the effect of output upon input is represented by the equivalent voltage generator
h 2v, and its value depends upon output voltage. Similarly, the effect of input upon output is
represented by current generator h21 i 1 and its value depends upon input current. Secondly, the vo
parts of the circuit are in a form which makes it simple to take into account source and load circuits.

26.4 Performance of a Linear Circuit in h Parameters

We have already seen that any linear circuit with input and output has a set of In parameters. We shall
now develop formulas for input impedance, current gain, -voltage gain etc.of a linear circuit in terms
of h parameters.

(i) Input impedance. Consider a linear circuit with a load resistance rL across its terminals as

shown in Fig. 26.7. The input impedance Z i, of this circuit is the ratio of input voltage to input current

i.e.

zin =

Now s' = h 11 i 1 + h 12 v2 in terms of h parameters. Substituting the value of v 1 in the above

expression, we get.
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/III _'Lt /I v
=	 ±

=	 Il	 It

14---

+	 I	 +
V I	

LINEAR
CIRCUIT

Zrn

Fig. 26.7
Now, 12 h21 i + h22 v2 in terms of Ii parameters. Further from Fig. 26.7, it is clear that 12 =

-- u2Ir,. The minus sign is used here because the actual load current is opposite to the direction of i2.

[.. . —V2]
= 11 21 i l + h22 '2	

[	 = r

or	 - h21 i = h22 v2 + 2,= '2 	 + I
L	 t. rL

=	 2I	
...(ii)

Substituting the value of v 2/i 1 from exp. (ii) into exp. (1), we get,

Zin = h11 - 
h12 h21	

.(iii)

1122 +

rL

This i the expression for input impedance of  linear circuit in terms of h parameters and load
connected to the output terminals. If either h 2 or r1 is very small, the second term in cxp. (iii) can be
neglected and input impedance becomes

Zen	 'Iii

(ii) Current Gain. Referring to Fig. 26.7. the current gain A. of the circuit is given by:

A i = -

Now	
i2 = h1 I + h 2, v2

and =2 	- 2 r

/1 21 i l - 122 i2 r1

or	 i2 (1 + 112 r1 ) = 11 2 /

or	 =
l+hr,

But i,41 = A , the current gain of the circuit.

A =
	 1121l+Iir,

It 11, 2 r1 << I ,then A,	 /l2 I.
The expression A1 /121 is often useful. To say that h22 r << I is the same as saying that
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r1 << I/h 22. This occurs when r1 is much smaller than the output resistance ( I/li), shunting 1121 t,

generator. Under such condition, Most tit the generator current bypasses the circuit output resistance
iii favour of r1 . This means that i,	 li, 1or 1 2/1	 112.

(iii) Voltage gain. Referring hack to Fig. 2.7, the voltage gain of the circuit is given hy

1)-,
A =

1:1

==	 Z)	 . . . (iv)

While developing expression for input impedance, we found that

-	 lifl

i	 -
ll72+

rL
Substituting the value of v2/i 1 in exp. (u), wc get,

Av
-

=

rL
z [h22 + I)

Example 26.3. Find the (1) input impedance and (ii) voltage gain for the circuit shown in

Fig. 26.8.

0

10

i	 I rL = 5 Q

zin

Fig. 26.8

Solution. The h parameters of the circuit inside the box are the same as those calculated in
example 26.1. i.e.

/1	 = 10;	 1121 = -

11 12 = I	 and	 /122 =0.2
(1) Input impedance is given by;

/10 -
1112 h2	

= 10— lx -
Z, =	 h22+I

= 10+2.5 = 12.5W

By inspection, we can see that input impedance is equal to 10 W plus two 5 w resistances in
parallel i.e.

zin = 10+5115

-
- 10+ 5+5-- = 12.5w

(ii)	 Voltage gain, A, = z, (i+.J	 2.5(o + ) =
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It means that output voltage is one-fifth of the input voltage. This can be readily established by
inspection of Fig. 26.8. The two 5 Q resistors in parallel give a net resistance o12.5 a Therefore, we
have a voltage divider consisting of' 10 Q resistor in series with 2.5 Q resistor.

Output voltage	 x Input voltage

or	
Output voltage - 15 -
Input voltage -12,5 - 5

or	 A =1
5

Comments. The reader may note that in a simple circuit like that of Fig. 26.8, it is not advisable to
USC h parameters to find the input impedance and voltage gain. It is because answers of such Circuits
can be found directly by inspection. However, in complicated circuits, inspection method becomes
cumbersome and the use of h parameters yields quick results.

26.5 The h Parameters of a Transistor

It has been seen in the previous sections that every linear circuit is associated with h parameters.
When this linear circuit is terminated by load ri,, we can find input impedance, current gain, voltage
gain, etc. in terms of h parameters. Fortunately, for small a.c. signals, the transistor behaves as a
linear device because the output a.c. signal is directly proportional to the input a.c. signal. Under
such circumstances, the a.c. operation of the transistor can be described in terms of h parameters.
The expressions derived for input impedance, voltage gain etc. in the previous section shall hold
good for transistor amplifier except that here rL is the a-c. load seen by the transistor.

Fig. 26.9 shows the transistor amplifier circuit. There are four quantities required to describe the
external behaviour of the transistor amplifier. These ar v 1 , i 1 , v2 and i2 shown on the diagram of Fig.
26.9. These voltages and currents can be related by the following sets of equations:

TRANSISTOR	

jRLVi	 V2

Fig. 26,9

V I = h 11 i 1 +.h17t,2

= h 1 i 1 +h22v2

The following points are worth noting while considering the behaviour of transistor in terms of h
parameters

(i) For small ac. signals, a transistor behaves as a linear circuit. Therefore, its ax. operation
can be described in terms o'fh parameters.

(ii) The value of  parameters of  transistor will depend upon the transistor connection (i.e. CB,
CE or CC) used. For instance, a transistor used in CB arrangement may have h1 

I 
= 20Q. If we use the

same transistor in CE arrangement, h 11 will have a different value. Same is the case with other h
parameters.

(iii) The expressions for input impedance, voltage gain etc. derived in Art. 26.4 are also appli-
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cubic to transistor amplifier except that r1 is the ac. load seen hv the transistur i.e.
r1 = RC 11 RL

(iv) The values of  parameters depend upon the operating point, lithe operatinrz point is changed,
parameter values are also changed.

(v) The notation v p i 1 , t' 2 and i, is used for general circuit analysis. in a transistor aitiphi icr. we
use the notation depending upon the configuration in which transistor is used. Thus for ( E arrange-
ment,

= V,,.	 it 	 I,	 v, = V	 1, = I
Here V,e, I,,, V, and I are the R.M.S. values. 	 -

26.6 Nomenclature for Transistor h Parameters
The numerical subscript notation for It (viz. It /i li 2 and li-,) is used in general circuit
analysis. However, this nomenclature has been modified for it transistor to indicate the nature of
parameter and the transistor configuration used. The It parameters ol a transistor are represented by
the following notation:

(i) The numerical subscripts are replaced by letter subscripts.
(ii) The first letter in the double subscript notation indicates the nature of parameter.
(iii) The second letter in the double subscript notation indicates the circuit arrangement (i.e. CD.

CE or CC) used.
Table below shows the h parameter nomenclature of a transistor:

S.No.	 h parameter	 Notation in CB	 Notation in CE	 Notation in CC

1.	 h it
	 It 	 hie	 h ic

2,	 h12	 hrh	 lire	 h re

3. h2	 lip,	 - 

4. h22	 h(,h	 h0 

Note that first letter 1, r, f or o indicates the nature of parameter. Thus h indicates input
impedance and this parameter is designated by the subscript i. Similarly, letters ,;f and o respectively
indicate reverse voltage feedback ratio, forward current transfer ratio and output admittance. The
second letters b, e and c respectively indicate CB, CE and CC arrangement.

26.7 Transistor Circuit Performance in h Parameters
The expressions for input impedance, voltage gain etc in terms of It parameters derived in Art 26.4 for
general circuit analysis apply equally for transistor analysis. However, it is prohtahlc to rewrite therri
in standard transistor h parameter nomenclature.

(i) Input impedance. The general expression for input impedance is
-
	

hl 2 h2
In -

Using standard h parameter nomenclature for transistor, its value for CE arrangement will he

= hie - It,,

ItØe +

Similarly, expressions for input impedance in CI? and CC arrangements can he written. It may be
noted that r is the a.c. load seen by the transistor.



554

	

	 Principles of Electronics

(ii) ( iirrent gaul. I lie gciieiil cxjrcssioii for ciirrciil gain is
ii.,

+ 'in 'i
I 1 sit

	

	 s.iiid.iid transistor It j \Iiaiiletcr noiticiicliitire, its value for CE arrangement is

A =
Ii

-I + 11"'.

The reader can rcatfily write down he expressions for CR and CC arrangements.
(III) Voltage gain. The gener;il expressitin br voltage gain is

-	 ih.p., +
r

Using standard transistor  parameter nomenclature, its value for CE arrangement is
- life

= r1

In the same way, expressions for voltage gain in CB and CC arrangement can be written.

Example 26.4. A transistor used in CL arrangement has the following set of h parameters when
the (IC'. operating point is Vc,.. = 10 volts and Ic = I mA

h	 2000 a	 h = 10-" ntho; h , = lO s; lift = 50
Determine (i) input impedance (ii) current gain and (iii) voltage gain. The ac. load seen by

the transistor is rL 600 K2. What will he approximate values using reasonable approximations?

Solution. (i) Input impedance is given by;

= h -
	

= 2000	 10-3 x 50	 .... (I)
+ I 	

10 +
rL	

600

= 2000-28 = 19720
The second term in eq. (i) is quite small as compared to the first.

h. = 2000'0
Il k	 50

(ii) Current gain, A, = -----	 I + (&X)x loj
If h, r1 << I, then A	 h1 = 5()

—he,	 —50(iii) Voltage gain, n,, =	 = ____________________ --14.4
Z'^ (1, 1" + 

r

1	 l972(l0+)

The negative sign indicates that there is I 80° phase shift between input and output. The magni-
tude of gain is 14.4. In other words, the output signal is 14.4 times greater than the inputand it is 180°
out of phase with the input.

Example 26.5. A transistor use3 in CE connection has the following set of h parameters when
the d.c. operating point is V = 5 volts and l = I mA

/i = 1700 a h	 1.3 x j o' ; h1 = 38; h = 6 x

/J the a. c. load rL seen b y the transistor is  k, find (i) the input impedance (ii) current gain and
iii) voltage gain.



VOk Ot	 UT

SIG

Hybrid Parameters	 555

Solution (I) The input iriipcdaricc looking into the base of transistor is

z = fill	 h,Je = 1700 - 3 
X tO X	

16900(
In	

Ii +	 X I() + -
r	 20(X)

life	 38	 38
(ii) Current gain, A =	 =	 37,6

I +Jii	 I +Ox	 x2X)	 1.012

—	 —3
Voltage gain, A	

h1.	

=(	 I	 = -+	
J	

690 (ox 10I +
	 )

rL

Example 26.6. Fig. 26.10 shows the transistor amplifier in CE arrangement. The h parameters

of transistor are as under:

hie = 150011; h1 = 50, h ,e = 4x 10; h = 5x 10U
Find (1) a.c. input impedance of the amplifier and (ii) voltage gain.

Solution. The ac. load r1 seen by the transistor is equivalent of the parallel combination of R (=

10 kO) and RL (= 30 kO) i.e.

r = 
Rc /?L 	 10  30 

= 7.5kO = 750011
I.	 R.+R	 10+30

+	 = 20 V

Fig. 26.10

(1) The input impedance looking into the base of transistor is given by

= hie h, hft = 1500- 4 
X 10 X 50

= 139011
h1g.+ i-	 5xl0+

rL
This is only the input impedance looking into the base of transistor. The ac. input impedance of

the entire stage will be Zi,, in parallel with bias resistors i.e.

Input impedanceofstage = 80x 10 1140 x I0lI 1390 = 13200

(ii)	 Voltage gain, A. =	
— h 	—so=

Z(h + 1)	 1390(5 x l0 
+ 75

1 
00)

rL

The negative sign indicates phase reversal. The magnitude of gain is 196.
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26.8 Experimental Determination of Transistor h Parameters

The determination ofh parameters of  general linear circuit has already been discussed in Art. 26.2.
To illustrate how such a procedure is carried out for a CE transistor amplifier, consider the circuit of
Fig. 26.11. The R.M.S. values will be considered in the discussion. Using standard transistor nomen-
clature

= h. 'h + h V.

= life II, + h V

+ vcc

Fig. 26.11

(i)

(1) Determination of h11 and hk. In order to determine these parameters, the output is a.c.
short circuited as shown in Fig. 26.12 (1). This is accomplished by making the capacitance of C2

deliberately large: The result is that changing component of collector current flows through C2
instead of RC and a.c. voltage developed across C2 is zero i.e.	 = 0.

+ vcc

Fin. 26.12 (i)

Substituting V = 0 in equations (i) and (ii) above, we get,
V =	 + h, x 0

= hfe + h,xO

•	 Note that setting V = 0 does not mean that Vc.E (the d.c. collector-emitter voltage) is zero. Only ac.
output is short-circuited.
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I
h1 =	 for 'V = 0

and	 hie =	 for V	 0

Note that 'e and 'h arc the ac. R.M.S. collector and base currents respectively. Also V is the a.c.
R.M.S. base-emitter voltage.

(ii) Determination of h, and h. In order to determine these two parameters, the input is ac.
open-circuited, a signal generator is applied across the output and resulting V, V and I are mea-
sured. This is illustrated in Fig 26.12 (ii). A large inductor L is connected in series with Rfi . Since
the d.c. resistance of inductor is very small, it does not disturb the operating point. Again, a.c. current
cannot how through R because of large reactance of inductor. Further, the voltmeter used to mea-
sure Vhe has a high input iinpedanceand hence there are no paths connected to the base with any
appreciable a.c. current. This means that base is *effectively ac. open-circuited i.e. 1,, = 0.

+ vcc

JEO

*

Fig. 26.12 (ii)

Substituting 'h = 0 in equations (/) and (ii), we get,
V = hO+hV

= hjeX0+h,.Vce

for 'h =hre - v

and	 110e 	 = 0oe	 vce
Example 26.7. The following quantities are measured in a CE amplifier circuit:
(a) With output a.c. short-circuited (i.e. V C, = 0)

lb = / O juA; 'c	imA;V = IOmV
(b) With inputa.c. open-circuited (i.e. 'b-0)

V = 0.65mV;I = 60pA; Vce = IV
Determine all the four h parameters,

How effectively the base is ac. open-circuited depends upon the reactance L and the input impedance of
the voltmeter used to measure V.
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Solution.	 Ii	 = l0XlO__- 1IJI) U
,	 tO x 10

h	 r	
= Ix It)	

= l()
j,	 lOx It)

=	 .	 0.65 x lt)	 = 065 x It)

I.	 ()x ID=	 = (Ol.Intho

26.9 Limitations ofh Parameters

The it parameter approach provides accurate intorniation regarding the current gain, voltage gain,
input impedance and output impedance of a transistor amplifier. However, there are two major limi-
tations on the use of these parameters.

(i) It is very difficult to get the exact values of it parameters fttr a particular transistor. It is
because these parameters are subject to considerable variation-unit to unit variation, variation due to
change in temperature and variation due to change in operating point. In predicting an amplifier
performance, care must be taken to use Ii parameter values that are correct for the operating point
being considered.

(ii) The It parameter approach gives correct answers for small a.c. signals only. It is because a
transistor behaves as a linear device for small signals only.

Multiple-Choice Questions

I. Hybrid means ...................
(i) mixed	 (ii) single

(iii) unique	 (iv) none of the above
2. There are ...................h parameters of a tran-

sistor.
(i) two	 (ii) tour

(iii) three	 (iv) none of the above
3. The It parameter approach gives correct re-

sults for ...................
(i) large signals only

(ii) small signals only
(. iii) both small and large signals
(it') none of the above

4. A transistor behaves as a linear device for

(i) small signals only
(ii) large signals only

(iii) both small and large signals
(it') none of the above

5. The paraiticter Ji,e stands for input impcd-

ance in ..................
i) ('B arrangement with output shorted

(ii) CC arrangement with output shorted
(iii) CE arrangement with output shorted
(iv) none of the above

6. The dimension of h parameter is .................

	

(i) inho	 (ii) ohm

	

(iii) farad	 (iv) none of the above
7. The parameter hfr is called ...................in CE

arrangement with output shorted.
(i) voltage gain

(ii) current gain
(iii) input impedance
(it') none of the above

8. If the operating point changes, the h param-

eters of a transistor ...................
(i) also change
(ii) do not change
(iii) may or may not change
(iv) none of the above

9. The values of h parameter of a transistor in

CE arrangement are ...................arrange-
inent.
(i) the same as for GB
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(ii) the sitne as for CC	 13, 1 Ring \tandard transistor Itparameter no-
(iii) different from that in (B	 nicitcliiturc, the voltage gamin CE arrange-
(it)	 none of the above	 bent is ...................

	

10. In order to determine /i , and h , [irietcrs	 - --
of a transistor, . .................. is ac. short-cu- 	

/	
I

cuited.
(s) input	 -

(ii) output 	 + I)
(iii) input as well as output
(iv) none of the above

	

11. If temperature changes, It parameters of a	 i

transistor	 (ii) mine of the above

(i) may or may not change 	 14. 7 = /t -
(ii) do not change	 h. + 

r
(iii) also change	

(ii) Ii It(iv) none of the above	 rr Je

(to)	 h12. In CE arrangement, the value of input rn-
r1	 (it') none of the above

pedance is approximately equal to .............. IS. ................... h parameters of a transistor are...
(is)(t) /t

dimensionless.
h

(so) h 	 (iv) none of the above	
(t) tour	 (u) three

(so) two	 (iv) none of the above

Answers to Multiple-Choice Questions

1. (i)	 2. (ii)	 3.	 (ii)	 4. (i)	 5. (iii)
6. (ii)	 7. (ii)	 8. (i)	 9. (iii)	 10. (ii)

11. (iii)	 12. (i)	 13.	 (i)	 14. (ii)	 15. (iii)

Chapter Review Topics

I. What do you understand by hybrid parameters ? What are their dimensions ?
2. How will you measure Ii parameters of a linear circuit?
3. Draw the it parameter equivalent circuit n) a linear circuit.
4. What is the ph ysical meaning of/i parameters ?
5. Derive the general formula fur

	

(i) input impedancepedancc (o) cii rrciii gait and ( i ii )  Vt) It age gain in Ic rio	 ' paMnict ers, and the. load.
6. What are the notations for It parameters ol a ir,sutsisiur when used ill (i) CU (ii) CE and (iii) CC

arrangement ?
7. How are It parameters of a transistor measured
8. What are the drawbacks of It parameter approach in the design oh a transistor. amplifier ?

Discussion Questions

1. What is the origin of the name hybrid ?
2. How can we obtain an effective ac. short-circuit across the output of an amplifier? Does this affect

d.c. operating conditions ?
3. When h parameters are specified for a particular transistor, the operating point is usually given. Why

is this necessary ?
4. How can we obtain an effective ac. open circuit at the input to an amplifier ? Does this affect d.c.

operating conditions. ?
5. Under what condition is the input impedance of a transistor equal to 1fe ?
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Digital Electronics

Introduction

A continuously varying signal (voltage or current) is called an analog signal. For example, a sinusoi-
dal voltage is an analog signal. In the previous chapter, we studied the behaviour of diodes and
transistors primarily from tile analog or continuous-signal point of view. in an analog electronic
circuit, the output voltage changes continuously according to the input voltage variations. In other
words, the output voltage can have an infinite number of values. A signal (voltage or current) which
can have only two discrete values is called a digital signal. For example, a square wave is a digital
signal. The semiconductors devices (e.g. diodes, transistors etc) can be designed for two-state
operation viz, saturation and cut off. In that case, the output voltage can have only two states (i.e.,
values), either *low or high. An electronic circuit that is designed for two-state operation is called a
digital circuit.

The branch of electronics which deals with digital circuits is called digital electronics. When
most of us hear the term digital, we immediately think of "digital calculator" or "digital computer".
This is attributed to the dramatic way the low-cost, powerful calculators and computers have become
accessible to an average person. Now digital circuits are being used in many electronic products such
as video games, microwave ovens and oscilloscopes. Digital techniques have also replaced a lot of
the older 'analog circuits" used in consumer products such as radios, TV sets and high-fidelity sound
recording and playback equipment. In this chapter, we shall discuss the fundamental aspects of
digital electronics.

27.1 Analog and Digital Signals

(i) Analog signal, A continuously varying signal (voltage or current) is called an analog sig-
nal. For example, an alternating voltage varying sinusoidally is an analog signal [See Fig. 27.11. If
such an analog signal is applied to the input of  transistor amplifier, the output voltage will also vary
sinusoidally. This is the analog operation i.e., the output voltage can have an infinite number of
values. Due to many-valued output, the analog operation is less reliable.

(ii) Digital signal. A signal (voltage or current) that can have only two discrete values is called
it signal. For example, a square wave is a digital signal [See Fig. 27.2]. It is because this signal
has only two values viz, +5 V and 0 V and no other value. These values are labelled as High and Low.
The High voltage is + 5 V and the Low voltage is  V. If proper digital signal is applied to the input
of a transistor, the transistor can be driven between cut off and sa:uratiomi. in other words, the transis-
or will have two-state operations i.e., output is either low or high. Since digital operation has only

*	 Time exact value of voltage is unimportant if the voltage is distinguishable as low or high.

560
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two states (i.e., ON or OFF, it is far more reliable than many-valued analog operation. It is because
with two-states operation, all the signals are easily recognised as either low or high.

27.2 Digital Circuit
An electronic circuit that handles only a digital signal is called a digital circuit.

The output voltage of a digital circuit is either low or high and no other value. In other words,
digital operation is a two-state operation. These states are expressed as (High or Low) or (ON or OFF)
or (I 010). Therefore, a digital circuit is one that expresses the values in digits l's or 0's. Hence the
name digital. The numbering concept that uses only the two digits 1 and 0 is the binary numbering
.rysteni. Therefore, the first step would be to discuss this number system.

27.3 Binary Number System
A number system is a code that uses symbols to count the number of items. The most common and
familiar number system is the decimal number system. The decimal number system uses the symbols
0, 1,2, 3,4,5,6,7, Sand 9. Thus, the decimal system uses 10 digits for counting the items. A binary
system uses only two digits (0 and I) for counting the items. The reader may wonder how to count the
items iii a binary system. Let us see how it is done.

Counting in Decimal and Binary systems. Figure 27.3 shows the counting of stones in deci-
mal as well as binary system. As you will see, the counting in the binary number system is performed
much the same way in the decimal number system.

Stones	 Decimal	 Binary
No stone	 0	 0
•	 1	 1

2	 10
3	 Ii

S...	 4	 10(
.5...	 5	 101
•.•...	 6	 110
S......	 7	 111

8	 1000
9	 1001

Fig. 27.3
(i) Let us first see how items are counted in decimal system. In this system, the count starts as

0. 1.......9. After 9, we are to write the next number. To do so, we use the second digit of the decimal
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system (i.e., I) followed by the first digit (i.e., 0). So after 9, the next number is 10. The count again
continues as 10, II, 12 ......19. After 19, we use the third digit of the system (i.e., 2) followed by the
first digit (i.e., 0) and the count continues as 20, 21. .... etc. In this way, we get the number up to 99.
In order to represent a number next to 99, we use three decimal digits (100). That is to say second
digit of the decimal system (i.e., I) followed by two first digits (i.e. two zeros).

(ii) Let us now turn to binary system. Note that 0 and I count in the binary system is the same
as in the decimal counting. To represent 2 stones, we use the second binary digit (i.e., I) followed by
the first (i.e., 0). This gives binary number 10 (read as one-zero and not ten) as an equivalent of 2 in the
decimal system. Likewise, 3 in the decimal system can be represented by the binary number ii (read
as one-one and not eleven). After this, the two binary digits are exhausted. We shall use three digits
to represent the next binary number. Thus, to represent 4 (four), we use the second binary digit
followed by two first binary digits. This gives the binary *100 (read as one-zero-zero) as equivalent
(04 in the decimal system. Here is a simple way to find binary equivalents. Each time the two digits
I and 0 in one position are exhausted (counted as high as they will go), a 1 is added at the left, all
digits to the right are made 0, and the count continues. The reader may apply this simple rule to find
next binary numbers.
Notes:

(i) Each binary digit (0 or I) is referred to as a hit. A string of four bits is called as a nibble and
eight bits make a byte. Thus, 1001 is a nibble and 10010110 is a binary byte.

(ii) The binary number system is the most useful in digital circuits because there are only two
digits (0 and I).

27.4 Place Value

Consider the decimal number 642. This can be expressed as;
642 600+40+2

Note that in a multidigit decimal number (i.e., 642 in the present case), each position has a value
that is 10 times the value of the next position to its immediate right. In other words, every position
can be expressed as

642 = 6x102+4x101+2x100
Thus, we find that values of various positions in a decimal number system are powers of 10 i.e.,

equal to the number of digits used in the system. This number is called base or radix of the system.
Thus, the decimal system has base of 10 (ten).

For the decimals, the digit to the extreme right is referred to as the least significant digit (LSD)
because its positional value or weight is the lowest. For the decimal number 642. 2 is the LSD. The
left-most digit in the decimal number is the most significant digit (MSD) because its positional value
or weight is the highest. For the decimal number 642, 6 is the MSD with a value of 600.

Binary number system. In the binary number system, only two digits (0 and 1) are used.
Therefore, the base of this system is 2. In a binary number, each position has a value that is 2 times
the value of the next position to its immediate right. In other words, every position can be expressed
by 2 raised to some power. We know that binary number 1001 is equal to the decimal number 9. This
can be readily shown as under:

1001 =lx23+0x22+0x21+1x20=9
For binary numbers, the digit at the extreme right is referred to as least significant bit (LSB). In

the binary number 100!, the I at the right is the ISB. The left-most digit is called the most significant

*	 Note that the procedure is similar to that which was used to write 100 (hundred) in the decimal system.
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bit (MSB). In the binary number I(S) I thc I at the left is the ¶/SII with the value of S in decimal terms
27.5 Decimal to Binary Ccnversiori
There are many methods to perform this conversion. The iiiethod dc,ci I bcd here is called double-dabble because it requires successive divisions by 2. This method can he summarised as under

Divide progressively the decimal number by 2 and w,ile down the remainder after each divi-
sion. Continue this process till you get a quotient of 0 and remainder of], the conversion is now
complete. The remainders, taken in reverse order, form the binary number ISec Fig. 27.4].

Note that 13 is first divided by 2, giving a quotient of , 6 with  remainder of I. This remainder
becomes the 20 position in the binary nuii,hcr. The 6 is lien divided b y 2, giving a quotient of 'I with
a remainder ofO. This rcinaiiider becomes the 2! position in the binary number.

Continuing this procedure, the equivalent binary number is 1101.
Decimal number

74_^_2 3

2 = 6 with a remainder of

with a remainder of

with a remainder of

with a remainder of

Fig. 27.4

Example 27.1. Convert the decimal number 37 to its equivalent binary
number

Solution. Using double-dabble method, we find that the equivalent binary
number is 100101. It is a usual practice to mention the base uf'the nutither system.
The decimal system has a base of 10 while binary system has a base of 2.

	

(37)	 = (100101)2
Note. This notation avoids the confusion that may arise because decimal

number also involves the digits 0 and I. Thus, ( 101 ), ( ,denotes the decimal number
hundred one while the binary number ( 101 )2 is equivalent to decimal nutnhcr 5.

Example 27.2. Convert the decimal number 23 to its equivalent binary
number

Solution. Using double-dabble method, we find that the equivalent binary
number is 10111.

	

(23)	 = (10111)2
Note that binary number 10111 has five bits.

27.6 Binary to Decimal Conversion
Binary numbers can be converted to equivalct decimal numbers quite easily.-,	 ,.	 -

2 37
2	 IS—I
2 9-0
2 4—I
2 2-0
2 1-0

0-1

2 23
2	 11-1
2 5—!
2 2—I
2 1-0

0-1

Iuppose you are given me nmnary number  IDOl I. Its conversion to equivalent decimal number
involves the following two steps : 	 I	 1	 0	 0	 1	 1

(i) Place the decimal value of each position of the binamy number. 2 2	 2	 22	 2'	 2°
(ii) Add all the decimal values to get the decimal number.
Thus,	 (110011)2 =lx2S+lx24+Ox2+ox22+lx2l+Ix20

= 32+16+0+0+2+151
(I IDOl 02 = (5I)1

Note. In binary to decimal conversion, all positions containing 0 can be ignored. Only add the
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dcII1lal a111c." ol the lssIl o i l i'. where I appears. Thus, in case of the above binary number.
(Il(X)hl=lX2+lX24+iX2'+lX2°

= 32+16+2+1=51

Example 27.3. Convert the binary number 110001 to its equivalent decimal number

Solution. The binary number along with its decimal values of various positions is shown.

(l!(XL1l) = lx2+lx24 +lx2°	 I 1	 0 0 0

= 32+16+1=49

or----
	 (ll(XX)l), =

27.7 Logic Gates
A digital circuit with one or more input signals but only one output signal is called a logic gate.

Since a logic gate is a switching circuit (i.e. a digital circuit), its output can have only one of the

two possible states viz., cither a high voltage (I) or a low voltage (0) - it is either ON or OFF.
Whether the output voltage of a logic gate is high (1) or low (0) will depend upon the conditions at its
input. Fig. 27.5 shows the basic idea of a 4 logic gate using switche.

(1) When S 1 and S2 are open, the bulb is OFF.

(ii) When S 1 is open and S2 closed, the bulb is OFF.

(iii) When S 2 is open and S 1 closed, the bulb is OFF.

(iv) When both S 1 and S2 are closed, the bulb is ON.

Note that output (OH or OW) depends upon the conditions at the input.

The four possible combinations of switches S 1 and 52 are shown in the table below. It is clear that

when either of the switches (S 1 or S2 ) or both are open, the bulb is OFF. In binary language, when

either of the inputs or both the inputs are low (0), the output is low. When both switches are closed,
the bulb is ON. In terms of binary language, when both the inputs are high (1), the output is high. It
is usual practice to show the conditions at the input and output of a logic gate in the binary form as
shown in the table below, Such a table is'called truth table.

2 2 21 22 2' 20

S1	 S2	 Bulb

open. open	 OFF

open closed	 OFF

	

closed Open	 OFF

closed closed	 ON

Truth Table

MM

(i)	 Fig. 27.5 
(ii)	 (iii)

The term "logic" is usually used to refer to a decision-making process. A logic gate makes
logical decisions regarding the existence of output depending upon the nature of the input. Hence,

such circuits are called logic circuits.

27.8 Three Basic Logic Gates
A logic gate is a circuit that has one or more input signals but only one output signal. All logic gates

can he analysed by constructing a truth table. A truth table lists all input possibilities and the

* Iii itself, the circuit is not actually a logic gate but the logic is similar. The actual gate circuits are made with
diodes and transistors. In other words, switches S 1 and S2 are replaced by diodes or transistors.
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corresponding output for each input. The thicc basic logic gales that rniikc tip ill digital circuits are

(1) OR gate (ii) AN!) gate and (iii) NOT gate. We shall first di.:u.ss these three basic logic gates and
then the combination of these gates. The following points jmtv he noted about logic *gates

(i) A binary 0 represents () V and binary I represents + 5V** . It is common to refer to binary 0
as I .0W input or output and binary I as HIGH input r output.

(i) A logic gate has only one output signal. The output will depend upon the input signal/
signals and the type of gate.

(iii) The operation of a Logic gate may he described either by truth table or Boolean algebra.

27.9 OR Gate
An OR gate is a logic gate that has two or more inputs but only one output. However, the output Y of
an OR gate is LOW when all inputs are 1.0W. The output Y of an OR gate is HIGH if any or all the
inputs are HIGH.

It is called OR gate because the output is high if any or all the inputs are high. For the same
reason, an OR gate is sometimes called "any or all gate". For example. consider a 2-input OR gate. The
output Y will he high if either or both inputs are high.

OR gate operation. Fig. 27.6 (i) shows one way to build a 2-input OR gate while Fig. f27.6 (ii)

shows its simplified schematic diagram. The input voltages are labelled as A and B while the output

voltage is Y. Note that negative terminal of the battery is grounded and corresponds to  state (LOW
level). The positive terminal of the batter y (+5 V) corresponds to I state (HIGH level). There are
only tour input-output possihilitie

A

B	 T
5v	 R11i

(ii)

Fig. 27.6

A B Y

o	 o	 0

o	 i	 i

I	 0	 1

1	 1	 1

(iii)

(i) When both A and B are connected to ground, both diodes are non-conducting. Hence, the
output voltage is ideally zero (low voltage). In terms of binary, when A 0 and B = 0, then
Y = () as shown in the truth table in Fig. 27.6 (iii).

(ii) When A is connected to ground and B connected to the positive terminal of the battery. diode

"2 is forward biased and diode D I is non-conducting. Therefore, diode 0., conducts and the
output voltage is ideally +5 V. In terms of binary, when A = 0 and B = 1, then Y= 1 [See Fig.
27.6 (iii)].

*	 A gaze can be regarded as a harrier which when closed prevents the passgac of information but if open
allows the signal/signals to pass through freely.
In digital systems, the binary information is represented by two voltage levels, generally +5 V and 0 V. So
5 V is used to represent binary I and 0 V is used to represent binary 0.

t	 As you can see in Fig. 27.6 (ii) that output is high when either or both of the input switches are closed but
not when both are open.
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0	 1	 0

0	 0

A	 1i

3L
.5 V

(i)
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(Hi) \khcri /1 Is connected to the positive terminal of the battery and B to the ground, diode D 1 isoil 	 diode L.), is off. Again the output voltage is -5 V. In binary terms, when A = 1 and B
0, then Y I ISee Fig. 27.6 (iii)].

(iv) When both A and B are connected to the positive terminal of the battery, both diodes are on.
Since the diodes are in parellel, the output voltage is +5 V. In binary terms, when A = I and B

	then I	 I I See Fig, 27.6 (iii)].
It is clear from the truth table that/sr OR gate, the output is high fanv or all of the inputs are

high. The only way to get a low output is by having all inputs
Inputs

A	
I Outpu t	

low. Fig. 27.7 shows the logic s ymbol or OR gate. Note that the
B	 tput	 symbol has curved line at the Input.

	

Fig. 27.7	 Boolean expression. The algebra used to symbolically describe
logic functions is called Boolean algebra. The 	 —7sign in Boolean algebra refers to the logical OR function, The Boolean expres- A + B Isian for OR function is 	 0 + 0	 - 0

=A + B = Y	 0+1
1+0 =

=	 1OR symbol	 1+1

The adjoining table shows possibilities for the Inputs. According to this table, when 0 is ORed
with 0, the result equals 0. Also, any variable ORed with I equals I. The OR function can be summed
up as under

0 ORed with 0 equals 0
OORed with I equals I
I ORed with I equals 1

27.10 AND Gate

The AND gate is a logic gate that has two or more inputs but only one output. The output Yof AND
gate is I HGH when all inputs are HIGH. However, the output Yof AND gate is LOW if any or all inputs
are LOW.

It is called AND gate because output is high only when all the inputs are high. For this reason,
the AND gate is sometimes called "all or nothing gate". For example, considera 2-input AND gate.
The output will be high when both the inputs are high.

AND gate operation. Fig. 27.8 (i) shows one way to build a2-input AND gate while Fig. 27.8 (ii)
shows its simplified schematic diagram. There are only four input-output possibilities.

_______________________	 Fig. 27.8

* Note that two switches used to represents the OR function were connected in parallel. If the switches are
connected in series [See Fig. 27.8 (ii)], AND function is obtained. The output is high if both the switches
are closed. The output will be low if either switch is open.



Inputs	 Output

Fig. 27.9

	

0.0	 = 0

	

0.1	 =	 0

	

1.0	 =	 0

	

1.1	 = ii

A Y

0	 1

1	 0

Output

Input A	 Y=

Y
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(1) When both A and Bare connected to ground, both the diodes (D and D2 ) are forward biased
and hence they conduct current. Consequently, the two dioedes are grounded and output
voltage is zero. In terms of binary, when A = 0 and B 0, then Y 0 as shown in truth table
in Fig. 27.8 (iii).

(ii) When .4 is connected to the ground and 13 connected o the positive terminal of the battery,
diode D is forward biased while diode D2 will not conduct. Therefore, diode D 1 conducts
and is grounded. Again Output voltage will be zero. In binary terms, when A = 0 and B = 1,
then Y = 0. This fact is shown in the truth table.

(iii) When 13 is connected to the ground and A connected to the positive terminal of the battery,
the roles of diodes are interchanged. Now diode D 7 will conduct while diode D 1 does not
conduct. As a result, diode D, is grounded and again output voltage is zero. In binary terms,
when A = I and B = 0, then I = 0. This fact is indicated in the truth table.

(iv) When both A and B are connected to the positive terminal of the binary, both the diodes do
not conduct. Now, the output voltage is +5 V because there is no current through R1.

It is clear from the truth table thatJr AND gate, the output is high if all the inputs are high.
However the output is low if any or all inputs are low. Fig. 27.9 shows the logic symbol of AND gate.
This is the symbol you should memorise and use from now oil 	 AND gates.

Boolean expression. The Boolean expression for AND function is

A B = Y

AND symbol

where the multiplication *dot stands for the AND operation. The adjoining table shows the possibili-
ties for the inputs. Table tells us that 0 ANDed with any variable equals 0.
Also, I ANDed with I equals one. The AND function can be summed up as 	 A . B = V

under

o ANDed with 0 equals 0

o ANDed with I equals 0

I ANDed with I equals I

27.11 NOT Gate or Inverter

The NOT gate or inverter is the simplest of all logic gates. It has only one input and one output, where
the output is opposite of the input. The NOT gate is often called inverter because it inverts the input.

+v

(i)
	

(ii)
	

(iii)
Fig. 27.10

Note that the multiplication dot is often omitted, so expression may appear as AB = Y.
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Figure 27.10(i) shows a *typical inverter circuit. When A is connected to ground, the base of
transistor @1 will become negative. This negative potential causes the transistor to cut off and
collector current is zero and output is + V volts. In binary tcnn, when A =0, Y= I. If sufficiently large
positive voltage is applied at A, the base of the transistor will become positive, causing the transistor
to conduct heavily. Therefore, the output voltage is zero. In binary terms, when A = I, Y = 0. Fig.

7. I() (ii) shos truth table for an inverter. It is clear from the truth table that whatever the input to the
in \'crtcr, the output assumes opposite polarity. If the input is 0, the output will be I if the input is 1,
the output will he 0.

Figure 27.10 (iii) shows the logic s y mbol for NOT gate or inverter. Note that small bubble on the
inverter symbol represents inversion. The Boolean expression for NOT function is

Note that bar above the input A represents inversion.

If  =0, then Y=O or Y= I

If  = I,then Y=i orY=0

27.12 Combination of Basic Logic Gates
The OR. AND and NOT gates are the three basic circuits that make up all digital circuits. We shall
discuss a few combinations of these basic circuits.

(m) NAND gate. It is a combination of AND gate and NOT gate. In other words, output of AND
Fate is connected to the input of  NOT gate as shown in Fig. 27.11 (1). Clearly, the output of  NAND
gate is opposite to the AND gate. This is illustrated in the truth table for the NAND gate. Note that
truth table for NAND gate is developed by inverti,i' the outputs of the AND gate.

The Boolean expression for NAND function is

Y = A.B

This Boolean expression can be read as Y= not A . B. To perform the Boolean algebra operation,
first the inputs must be ANDed and then the inversion is performed. Note that output from a NAND
s'Otc is alwa.r / except when all of the inputs are I. Fig. 27.11 (iii) shows the logic symbols for a
NAND gate. The little bubble (small circle) on the right end of the symbol means to invert the AND.

Inputs

AhIDcoutPutYrD

Inputs	 Output
A B AND (Y') NAND (Y

00	 0
1	 0	 0	 1
0	 1	 0	 1
1	 I	 1.	 1	 0

(1)

	

	 (ii)	 (ut)

Fig. 27.11

(ii) NOR gate. It is a combination of OR gate and NOT gate. In other words, output of OR gate
is connected to the input of a NOT gate as shown in Fig. 27.12 (i). Note that output of OR gate is
inverted to turill NOR g ate. This is illustrated in the truth table for NOT gate. It is clear that truth

Note that icsiMors RK and R 1 form a voltage divider between ground and the negative voltage.
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table for NOR gate is developed by iwerting the outputs of the OR gate.

Inputs	 Output

A B	 OR (Y')	 NOR (Y)

00	 0	 1

I	 0	 1	 0
01	 I	 0

ii	 I	 0

(ii)

Fig. 27.12

Inputs	 Output

(i)

A^^_Y

(iii)

The Boolean expression for NOR function is

Y = A+B

This Boolean expression can be read as Y = not A or B. To perform the Boolean algebra operation,

first the inputs must be ORed and then the inversion is performed. Note that outputfrorn a NOR gate

is high (1) onl y when all the inputs are low (0). if an y of the inputs is high (1), the output is low (0).

Fig. 27.12 (iii) shows the logic symbol for a NOR gate. The bubble (small circle) at the Y output

indicates inversion.

27.13 NAND Gate as a *Universal Gate

The NAND gate is universal gate because its repeated USC can produce other logic gates. The table

below shows how NAND gates can be connected to produce invertcr (i.e., NOT gate), AND gate and

OR gate.

	

Logic	 Symbol	 Circuit using NAND gates only
Function

	

Inverter	 AA

A.B
AND 

A

	

OR	
B

Fig. 27.13

*	 It may be noted that NOR gate is also a universal gate.
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B

Innuis	 Output
A B	 OR	 XOR

00	 0	 0
to

01	 1	 1
1 1 1	 1	 0

Inputs
:::^Output
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n NOT gate from NAND gate. When two inputs of NAND gate are 	 B (= A)	 Y
	ned tocthcr so that it has one input, the resultin g circuit is NOT gate.	 o

The truth table also shows this fact.	 o

13	 r I7 	 (ii) AND gate from NAND gates. For this
purpose, we use two NAND gat es in a manner as show above. The output of
first NAND gate is given to the second NAND gate acting as inverter (i.e.,

1	 I	
Inputs of NAND gate joined). The resulting circuit is the AND gate. The
output Y of ft , NAND gate (AND gate followed by NOT gate) is inverted

-	 Output ot AND gate. The second NAND gate acting as inverter further inverts
it so that the final output Y is that of AND gate. The truth table also shows this fact.

(or) OR gate from NANDNAND gates. For this purpose. we	 -
rise ihrcc NAND gates in a nanner as shown above. [lie A	 B	 Y = A	 Y' = 13	 Y
lust two NAND gates arc operated as NOT gates and their 0 	 0	 1	 1	 0
outputs are fed to the third. The resulting circuit is OR gate. I 	 0	 0	 1	 1
This tact is also indicated b y the truth tahle.	 0	 I	 1	 0	 1

1	 1	 0	 0	 1
27.14 Exclusive OR (Tate 

lIre iraitic exclusive OR gate is usuall y shortened to XOR gate. The XOR gate can be obtained by
using OR. AND and NOT g ates as shown in Fi g . 27.14 (i).

	

(1)	 (ii)	 (iii)
Fig, 27.14

27.14 (ii) shows the truth table for XOR gate. The table shows that the output is HIGH (1) if
an y but not all of the Inputs are HIGH (I). This exclusive feature eliminates the similarity to the OR
gate. The OR gate truth table is also given so that you can compare the OR gate truth table with XOR
gale truth table. The logic symbol for XOR gate is shown in Fig. 27.14 (iii). Note that the symbol is
soiu litr to that of OR gate except for the additional curved line at the input side.

The logic operations in the circuit are as under

	

A=B_ 	/1	 B	 AB=Y'	 AB=Y'	 Y=Y+Y'

O	 0	 I	 1	 0	 0	 0
1	 0	 0	 I	 0	 1	 1
o	 1	 1	 0	 1	 0	 1

I	 0	 0	 0	 0	 0

Note that DANDed with I is  and 1 ANDed with 1 is I.

Example 27.4. Obtain the truth table for the circuit shown in Fig. 27.15 (i).

Solution. Figure 27. IS (ii) shows the truth table for the circuit. The truth table can be obtained
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"cry easily it the reader reriiciiihcrs the following simple Boolean operations

:ziiA+i11_- = 
(A + Th. A

(i)

Fig. 27.15

2i Y=A+B Y=Y.A

00	 0	 0
I	 ()	 1	 1
0	 1	 10'

(ii)

Ci) 0 4'ORed with () = 0 / ORed islth / = / 1 ORed with (}	 /

(ii) () * *ANDrd it'ih () = C) 0 /tNDcd with 1 = 0 1 ANL)ed with / = /

Thus, when A = C) and /3 = 0, then A ORed with 13 = 1)1. c., Y = 0. When Y (= 0)is ANDed with A
(= 01, the result is 0. Again when A = I and B = 0. then A ORed with B is I i.e., Y = 1. Now Y'

(= 1) ANDed with A (= I), the result is 1.

Example 27.5. Obtain the truth table for the circuit shown in Fig. 27.16.

Fig. 27.16

Solution. The truth table for the circuit is shown below

Y= y' +

A	 B	 A	 Y'AB	 B	 Y=Y'+B

0	 0	 I	 0	 1

0	 0	 0	 1

C)	 1	 1	 1	 0

I	 0	 0	 0	 0

(I) When A = C) and 13 = 0, then A = 1. Now Y is equal to ,% (= I) ANDed with 13 (= 0). The

result is (). Then Y (= 0) ORed with B ( I) is I i.e.. Y =

(ii) When A = I and 13 = 0. then A = 0 . Nov., Y is equal to A ( 0) ANDed with B (= 0) and the

result is 0 i.e., Y = 0. Then	 (= 0) ORed with B (= 1) is I i.e., Y= 1.

The reader can proceed in a similar way to find the other output values.

Note that A + B means A ORcd with B.

Note that A . 13 means .4 ANDcd with B.

*
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27.15 Encoders and Decoders

A digital circuit can process numbers in binary form. I hiwever, most of (lie information we handle is in
iJeciinal form. Therefore, a digital machine must perform the following functions

(i) Convert the information from decimal to digital (binary) form.

(ii) Process the digital information.

(iii) Convert the digital output back to decimal form.

The circuit that converts deciiitat form to digital (binary) form is called encoder and the circuit that
converts digital form to decihL imm is called decoder. Fig. 27. 17 shows encoding and decoding in a
digital calculator. Here the input is the decimal number 5 punched in at the keyboard. The encoder
changes the decimal number 5 to the digital form as the binary digit 0101. The central

Fig. 27.17

processing unit (CPU) contains digital logic circuits for necessary calculations. Here all operations
are carried out in binary form. The output of CPU is fed to the decoder which changes the binary
signal hack to the decimal form. The output display is in the decimal form, showing the original
number 5.

27.16 Advantages and Disadvantages of Digital Electronics

The world of electronics can he classified as either digital or analog circuits. An increasing majority
of applications in electronics use digital techniques to perform operations that were once performed
using analog methods. It is worthwhile to give advantages and disadvantages of digital electronics.

Advantages. The chief reasons for the shift to digital technology are

(t) Digital s ystems are generally easier to design. It is because the circuits that are used are
.rotrc/i/ni' circuits where exact values of voltages or current are not important, only the range (HIGH
or LOW) in which they fall is important.
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(ii) Digital circuits provide greater accurac y and precision. It is because digital circuits can
handle as many digits of precision as you need simply by adding more switching circuits. In analog
systems, precision is usually limited to three or four digits because the values of voltage and current
are directly dependent on the circuit components.

(iii) Di,i,'iial circuits are less aj/eciedhy noise. Suprinus fluctuations in voltage (noise) arc not as
critical in digital systems as in analog systems. it is because in a digital circuit, the exact value of a
voltage is not important as long as the noise is not large enough to prevent us from distinguishing a
HIGH from a LOW.

(iv) More digital circuitry can he fabricated on IC chips. Analog system uses such devices
(high-value capacitors, inductors, transformers) that cannot be economically integrated. For this
reason, analog systems cannot achieve the same degree of integration as digital circuits.

(v) Information storage is easy with digital circuits.
Disadvantages. (i) The real world is mainly analog. However, the digital circuits can handle

only digital signals. This necessitates encoders and decoders which increase the cost of the equip-
ment.

(ii) There are situations where using only analog techniques is simpler and more economical.
For example, the process of signal amplification is most easily accomplished using analog circuitry.

However, advantages of digital techniques outweigh the disadvantages. For this reason, we are
fast switching to digital techniques.

27.17 Boolean Algebra

Digital circuits perform the binary arithmetic operations with binary digits I and 0. These operations
are called logic functions or logical operations. The algebra used to symbolically describe logic
functions is called Boolean algebra. Boolean algebra is a set of rules and theorems by which logical
operations can be expressed symbolically in equation form and be manipulated mathematically, As
with the ordinary algebra, the *letters of alphabet (e.g. A, B, C etc) can be used to represent the
variables. Boolean algebra differs from ordinary algebra in that Boolean constant and variables can
have only two values 0 and I. There are four connecting symbols used in Boolean algebra viz.

(i) equals sign (=)	 (ii) plus sign (+)
(iii) multiply sign () 	 (iv) bar (—)
(i) Equals sign (=). The equals sign in Boolean algebra refers to the standard mathematical

equality. In other words, the logical value on one side of the sign is identical to the logical value on the
other side of the sign. Suppose we are given two logical variables such that  = B. Then ifA = 1, then
B= land ifA=0,thenB=O.

(ii) Plus sign (+). The plus sign in Boolean algebra refers to the logical OR operation. Thus,
when the statement A + B = I appears in Boolean algebra, it means A ORed with B equals 1. Conse-
quently, either A = 1 or B = 1 or both equal 1.

(iii) Multiply sign (). The multiply sign in Boolean algebra refers to AND operation. Thus,
when the statement A . B = I appears in Boolean algebra, it means A ANDed with B equals 1. Con-
sequently, A = I and B = 1. The function A . B is often written as AB, omitting the dot for conve-
nience.

(iv) Bar sign (-). The bar sign in Boolean algebra refers to NOT operation. The NOT has the

effect of inverting (complementing) the logical value. Thus, if A = I, then A = 0

*	 For camnple. A might represent a certain digital circuit input or output and at any time, we must have either
A=OorA= I.
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27.18 Boolean Theorems

We now discuss the basic Boolean theorems that are useful in manipulating and simplifying Boolean
expressions. For convenience, we divide the theorems into two groups

(i) Single variable theorems.
(ii) Multivariable theorems.
(i) Single variable theorems. These theorems refer to the condition when only one input to the

logic gate is variable. Table 27.1 gives single variable Boolean theorems.
Table 27.1

Theorem 1:

Theorem 2:

Theorem 3:

Theorem 4:

Theorem 5:

Theorem 6:

Theorem 7:

Theorem 8:

Theore,n 9:

Theorem 1. (A + 0 = A). This theorem can be verified by
ORing a variable A with a 0 and is illustrated in Fig. 27.18.
Here one input to OR gate is always 0 and the other input A
can be a value I or 0. When A is at I, the output is I which is
equal to A. When A is at 0, the output is  which is also equal
to A (= 0). Therefore, a variable ORed with 0 is equal to the
value of the variable. This is easy to remember since 0 added
to anything does not effect the value of the variable, either in
regular addition or OR addition.

A +0=A

A . 1 =A

A+A=1
AA=0
A +A =A
A A=A
A+1=1

A -0=0

A=A

A = 1	 _aai. = 1

A = 0	
Y = 0

Fig. 27.18

Theorem 2. (A . I = A). This theorem can be verified by ANDing a variable A with a 1 and is
illustrated in Fig. 27.19. Here one input to AND gate is always

A = 1	
= 1	 1 and the other can be a value I or 0. If  is 1, the output of the

AND gate is I because both the inputs are now l's. If A is 0,
the output of the AND gate is a 0. Therefore, a variable ANDed

A = 0	 Y 0 withal is equal to the value of the variable (A I =A). This is
easy to remember because AND operation is just like ordinary

Fig. 27.19	 multiplication.

Theorem 3. (n + A = t). This theorem can be easily ex 	 A = 1	 Output	
=

plained. If a variable A and its complement (A) are ORed, the A = 0

rcsiiltisalways I. lfA isa0, then 0+0=0+1=1. lfflisal, 	 A=0_..2E_

then 1 + I = I + 0 = 1 . Fig. 27.20 illustrates this theorem. 	
Fig. 27.20
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Theorem 4. (A	 = o) This theorem states that if a 
A1	 J.D_2Et , 0

variable A is ANDed with its complement, the result is zero.

This is readily apparent because either A or A will always be	
A = 0	 = o

0. Therefore, when one of the inputs to an AND gate is 0, the 	 A

output is always 0. Fig. 27.21 illustrates this theorem. 	 Fig. 27.21

Output

:	
'=	 Theorem 5. (A+AA). This theorem states that when a

variable  is ORed with itself, the output is equal to the variable.
Output	 Thus, ifA is aO, thenO+O=Oand ifA is a I, then I + 1 = 1. Fig.

A	 = 0 27.22 illustrates this theorem.
Fig. 27.22

Theorem 6. (A A = A). This theorem states that if a
variable A is ANDed with itself, the result is equal to the vari-

able. For example, if A = 0, then 0 . 0 = 0 and if A = l then

1 = 1. For either case, the output of an AND gate is equal to

the value of the input variable A. Fig. 27.23 illustrates this
theorem.

2=o
Fig. 27.23

Theorem 7. (A + I = 1). This theorem states that when a variableA = 1	
Y 1	 A is ORed with 1, the outuput is always equal to I. Fig. 27,24

illustrates this theorem. One input to an OR gate is always 1 andA -	
Y = 1 the other input  can be either I or 0. Now Ion an input to OR

gate produces 1 on the output regardless of the value of the
Fig. 27.24	

variable on the other input.

Theorem 8. (A . 0 = 0). This theorem states that variable A
A ANDed with 0 always produces 0. Recall that any time one 	

0	
Y = 0

input to an AND gate is 0, the output is 0 regardless of the	
A

value of the vartable A on the other input. This theorem is 	 =	 JD__2!E.t y = o
illustrated in Fig. 27.25.

A = _______	
= I	 _______ 

A = 0

A = I _______	
=0	 _______ = 

I

Fig. 27.26

Fig. 27.25

Theorem 9. ( = A). This theorem

states that if a variable A is complemented

twice, the result is the variable itself. Start-
ing with A and inverting (complementing)

it once gives A . Inverting it 011CC more
gives A - the original value. This theorem is illustrated in Fig. 27.26.

Duality Principle. Before moving to multivariable theorems, this would he the right place to

mention an important property of Boolean algebra called dualit y principle. It is stated below

The dualit y principle states that a Boolean expression rernain.s valid if operators OR and AND
are interchanged and l's and 0's in the expression are also interchani,'ed.

In order to understand this principle, consider the Boolean Theorem I viz.

A+O = A

According to duality principle, this Boolean expression remains valid ifOR function is replaced
by AND function and 0hy I. lii that case, the Boolean expression becomes



A + B + C	 A
B

C

Fig. 27.29

A

B
C

A +B+C
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Al = A
Note that this is Boolean Theorem No. 2. Therefore, Boolean Theorem 2 is dual of Boolean

Theorem I and vice - versa. Applying duality principle, Theorem 4 is dual of Theorem 3 and vice-

Theorem 6 is dual of Theorem S and vice-versa, Theorem 8 is dual of Theorem 7 and vice-versa.

To apply duality principle to a Boolean expression, we simply interchange OR and AND operator and

replace I 's by Os and 0s by I's.

(ii) Multivariable theorems. These theorems refer to the condition when more than one input to
the logic gate are variable. Table 27.2 gives multivariable Boolean theorems.

Theorem 10
Theorem 11

Theorem 12

Theorem 13

Theorem 14

Theorem 15

Theorem 16

Theorem 17

Theorem 18

Table 27.2

A + B = B + A	 Commutative Law
AB=BA J

A + (B + C) = (A + B) + C } Associative Law
A (B C) = (A . B) - C
A (B+C)=A •B+A . C
(A +B)(C+D)=A . C + B C+A D+B•D
A+AB=A

()=

f 
Dc Morgan s Theorems

()=A+B

IDistributive Law

The following points may be noted about these theorems

(a) Theorems 10 and II obey commutative law. This law slates that the order in which the
variables are ORed or ANfled makes no difference.

AA+B	 A', ::I^ B + A
Fig. 27.27

Fig. 27.28

A	
AB

B ::::^

B :::D_ BA

Figure 27.27 illustrates the commutative law as applied to the OR gate while Fig. 27.28 illustrates
the commutative law as applied to an AND gate.

(h) Theorems 12 and 13 obey associative law. This law states that in the ORing orANDing of
several variables, the result is the same regardless of the grouping of the variables.
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A	 ABC	
B	

AB

B^^ BC
	 MW	 CABC

Fig. 27.30

Figure 27.29 illustrates the associative law as applied to the OR gate, while Fig. 27.30 illustrates
the associative law as applied to an AND gate.

(c) Theorems 14 and 15 obey distributive law. This law states that a Boolean expression can
be expanded by multiplying term -b y-term just the same as in ordinary algebra.

=	
AB + AC

A (B + 

Fig. 27.31

Fig. 27.31 illustrates the distributive law in terms of gate implementation.
(d) We will prove Theorem 16 by factoring and using Theorems 2, 7, 10 and 14.

A+A•B =A - l+AB
= A (I + B)
= A . (B + I)
= A 

Theorem 2
Theorem 14
Theorem 10

Theorem 7
.Theorem 2

(e) Theorems 17 and IS are the two most important theorems of Boolean algebra and were
contributed by the great mathematician named DeMorgan. Therefore, these theorems are called Dc
Morgan's theorems.

27.19 De Morgan's Theorems

DeMorgan's theorems are extremely useful in simplifying expressions in which a product or sum of
variables is inverted.

The two theorems are

(i) ()=A-B

(ii) ()=n+iJ
(i) The first Dc Morgan's theorem may be stated as under
When the OR sum of two variables is inverted, this is equal to inverting each variable individu-

al ) , and then ANDing these inverted variables i.e.,

() =

In this expression, A and B are the two variables. The L.H.S. is the complement of the OR sum of
the two variables. The R.H.S is the AND product of individual inverted variables.
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(u) the second I )e 1 reans (huniciti 111aV be stated as under

11 ,11C11 the A NI) product l tio lsIri(Jhles Lv Inverted, this is eqiwl io inverting cue/i iurw/,lc

:ndivtthutllv and i/len ORwi,' 1/1cm I.C..

= A s 13

In this cxpressinn. A and 13 are the two variables. The L.H.S. is the complement of the AND
product of the two variables. The RI H.S. is the OR sum of the individual inverted variables.

27.20 Operator Precedence

The operator precedence for evaluating Boolean expression is (i) parentheses (ii) NOT (iii) AND and
(ic) OR. In other words, the expression inside the parenthesis must be evaluated before all other
operations. The next operation that holds precedence is the complement, then follows the AND and
finall y the OR. For example, consider the Boolean expression

A + B . (C + D)

The sequence of operations will he

(1) The expression inside the parenthesis (i.e. C + D) will be evaluated first.

(ii) Then B will he evaluated.

(iii) Then the results of the two (i.e. j3 and C + D) will be ANDed.

(iv) Finally, the result of the r(x1uct will be ORed with A.

Example 27.6. Using Boolewi algebraic techniques, simplify the following expression

Y = AB•C•D+A'B•CD+A•BC-D+A•B•C•D

Solution.	 Y = ABC1)+ABCD+A•BC•D+AB•CD	 (i)

Step I : Take out the common factors as below

Y = BCD(A+ A)+IICD(A+A)

Step 2 : Apply Theorem 3 (A + A =

Y = BCD + B C D

Step 3 : Again factorize

Y = BD( C+ C)

Step 4 : Apply Theorem 3 ( (' + C = I)

Y	 B!) 1 = B!)

This is the simplified form of exp. (i).

Example 27.7. Using Boo/eon techniques, simplify the following expression

Y = AB+A(B+)+B(B+C)
Solution.	 Y = AB+A(B+C)+B(R+C)	 (i)

Step I : Apply Theorem 14 (distributive law) to second and third terms:

Y = AR+AB+AC+BB+BC

Step 2: Apply Theorem 6 (B B B)

Y = Al3+AB+AC+B+BC

Step 3 : Apply Theorem 5 (AB +AB =AB)

Y = AB+AC+B+BC'
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Step 4 : Factor B out of last 2 terms

Y = AB+AC+B(I+C)
Step 5 : Apply commutative law and Theorem 7 (1 + C = C + I = 1):

Y =AB+AC+Bl
Step 6: Apply Theorem 2 (B- I = B):

Y = AB+AC+B
Step 7 : Factor B out of first and third terms

Y = B(A+I)+AC
Step 8: Apply Theorem 7 (A + I = 1):

Y = B . I +AC
Step 9: Apply Theorem'-) (B - I B):

-	 Y=B+AC
This is the simplified form of exp. (i).

Example 27,8, Simplify, the following Boolean expressions to a minimum number of literals

(i) Y=A+AB	 (ii) Y=AB+AC+BC

Solution. (1)	 Y = A + A B

A+AB-,-AB
	

[: A =A +AB from Theorem 161

= A + B (A+A)

= A+B
	

[ A + A = I from ihuorein 3]
Y = A+B

Y= AB+AC+BC

= AB+AC+BC.(A+A)

= AB+AC+ABC+ABC

= AB (I +C)+ AC (1+8)

AB+ AC

Y=AB+AC

Example 27.9. Determine output expression for the circuit shown below and simplify it using Dc
Morgan's theorem.

Fig. 27.32

Solution. The output expression for the circuit shown above is

Y = 1(A--B)CD]

Using Dc Morgan's theorem

Y = (A+B)+C+D

Y = A+B+C+D
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Example 27.10. Find the corn plernent of the expressions given below:

(i) y = ABC + ABC

(ii) Y = A-i- (BC +BC)

Solution. (i)	 y = ABC ± ABC

y = (ABC + ABC)
Applying Dc Morgan's theorem : 	 -

Y = (ABC) (ABC)
Again applying Dc Morgan's theorem to the each expression inside the brackets

= (A+B+C)(A+B+C)

(ii)	 Y = A (BC + BC)

Y = A (BC +BC)
Applying De Morgan's theorem : 	 -- - -

Y = ,4 (BC +BC)
Again applying Dc Morgan's theorem to the expression inside the brackets

= A + (BC) (BC)
Applying Dc Morgan's theorem for the third time we get

Y = A+ (B+(')-(B+C)

or	 Y = A+BC+BC

Example 27.11. Simplify the following Boolean expressions
(i) Y(A+B+C):(A+B)

(ii) Yr-AB+ABC+ ABC

(iii) Y= l+A(B.C+BC+BC)+AI3C+AC

(iv) y=(A+B+C)+(B+C)

Solution.(i)	 Y = (A+B+C)(A+B)
= AA+AB+B-A+BB+CA+CB

Using A -A = A, we get,
Y = A+AB+AB+B+AC+BC

=fl-4-A13-s-B+AC+BC	 E:AB+AB=AB]
= A+B+AC+BC	 [:A+AB=A]

A (1+ C) + B (1+ C)
=Al+B - l	 [:l+C=fl

Y=A+B

(ii)	 Y = AB+ABC+ ABC
= AB-s-AB(C+C)

= AB+AB	 [: C+C = 1]

Y=AB
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Y = l+A(BC+BC+Bc+ABC+AC

Using	 I +A = [ , we get,

Y = l+ ABC +AC	 [... I+A (BC +BC+ BC) =l1

l+AC

y=l
Thus, because of the tirst term Yreduces to I. Therefore, any Boolean expression ORcd with I,

results in I

(it)	 Y	 (A+I3+C)+(B+C)

Applying I)e Morgan's theorem

Y = (A+B+C)(B+C)

Again applying Dc Morgan's theorem

Y = (AB•C)•(B-C) = 0	 [: 88 = 0, CC = 01

Example 27.12. Simplify the following Boolean expression

Y = ABD+ABD

Solution.	 Y = A B D + A B 0

Factor out the common variables A B (using Theorem 14), we get:

Y = AB(D±D)

Using Theorem 3, 0 + D = 1:

Y=AB1

Using Theorem 2, we get:

Y = AB

Example 27.13. Simplify the following Boolean expression:

Y = (A+B)(A+B)

Solution.	 Y = (A + B) (A + B)

The expression can be expanded by multiplying out the terms. [Theorem 15].

Y = A•A +AB+B•A+BB

Using Theorem 4. A - A = 0. Also B.B = B [Theorem 6].

Y = O+AB+BA+B

= A•B+AB+B

Factoring out the variable B[Theorem 14], we have,

Y = B(A+A+l)

Using Theorem 7, A + I = I.

Y = B(A+1)

Again using Theorem 7, A + I = I.

Y=B•1
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Finally, using Theorem 2, we have.
Y = B

Multiple-Choice Questions

1. The binary number 10101 is equivalent to
decimal number ....................
(1) 19	 (ii) 12

(iii) 27	 (iv) 21
2. The universal gate is ....................

(i) NAND gale	 (ii) OR gate
(iii) NOT gate	 (iv) none of the above

3. The inverter is ....................
(i) NOT gate	 (ii) OR gate

(iii) AND gate	 (iv) none of the above
4. The inputs of a NAND gate are connected

together. The resulting circuit is ....................
(i) OR gate	 (ii) AND gate

(iii) NOT gate	 (iv) none of the above
5. The NOR gate is OR gate followed by ........

(i) AND gate	 (ii) NAND gate
(iii) NOT gate	 (iv) none of the above

6. The NAND gate is AND gate followed by

(i) NOT gate	 (ii) OR gate
(iii) AND gate	 (iv) none of the above

7. Digital circuit can be made by the repeated
use of.................
(i) OR gates	 (ii) NOT gates

(iii) NAND gates (iv) none of the above
8. The only function of NOT gate is to ............

(i) stop a signal
(ii) invert input signal

(iii) act as a universal gate
(iv) none of the above

9. When an input signal I is applied to a NOT
gate, the output is ....................

(i) 0	 (ii) I
(iii) either 0 or I	 (iv) none of the above

10. In Boolean algebra, the bar sign(—) indicates

(i) OR operation
(ii) AND operation
(iii) NOT operation
(iv) none of the above

11. The given Boolean expression is

Y= A B + B

If A= I and B= 1, then Y=
(i) I	 (ii) 0

(iii) either 1 orO	 (iv) none of the above
12. In Boolean algebra, the plus sign (+) indi-

cates ....................
(1) AND operation
(ii) OR operation
(iii) NOT operation
(iv) none of the above

13. (A + B) = .....................

(i) A + B	 (ii) A — B

(iii) A , B	 (iv) none of the above

14. (A	 B) = .....................

(i) A + B	 (ii) AB

(iii) A - B	 (iv) none of the above

15. A +A . B = .....................

(i) B	 (ii) A

(iii) A + B	 (iv) none of the above

Answers to Multiple-Choice Questions

1. (iv)
	

2. (i)
	

3. (1)	 4. (iii)
	

5. (iii)
6. (1)
	

7. (iii)
	

8.	 (ii)	 9. (1)
	 10. (iii)

12. (ii)	 13. (iii)	 14. (i)
	

15. (ii)
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Chapter Review Topics

1. Write a short note on analog and digital signals.
2. What is adigital circuit?.
3. What is binary number system?
4. I low will you make decimal to binary conversion?
5. How will you make binary to decimal conversion?
6. What is a logic gate?
7. What are the three basic logic gates?
8. Describe OR function with a 2-input OR gate.
9. Explain AND function with a 2-input AND gate.

10. What is a NAND gate?
11. What is a NOR gate ?
12. Flow will you obtain NOT gate from NAND gate?
13. What is indicated by plus (-4-), dot () and bar (-) in a Boolean expression ?
14. State Dc Morgan's theorems.
15. What are encoders and decoders?

Problems

1. Convert decimal number 23 into equivalent binary number. 	 1(10111)21

2. Simplify the expression Y AC D+ A BC D.	 [Y AC+BD

3. Simplify the expression Y (A + C)- (B + D) to one having only single variables inverted.

IYAC+BDI

4. Find the complement function of Y A BC+ABC.	 I(A+ B + C)A +8+ C

5. Simplify the expression 1=4-8+4-	 .	 [Y=A]

6. Simplify the expression Y= A - B- C-f B-C.	 IY= B . CJ

7. Simplify the following Boolean expression to a minimum number of literals:

1 = A(A+B) -	 IY=ABJ

8. Simplify the following Boolean function to a minimum number of literals:

1 = ABC+ABC+AB	 IYAC+ABI

9. Simplify-the expression : I = (4 + 8) (4 + (7) (B + (')	 !Y (A + B) (A + C) I

10. Find the complement of the function
V = A(BC+BC)	 (Y=4+(B+C)(B+C)I

Discussion Questions

1. Why is logic circuit name so?

2. What is the importance of digital techniques?

3. Why is analog system unreliable?

4. What is the importance of NAND gate?

5. What is Boolean algebra?

6. What is the importance of Dc Moan's theorems in Boolean Algebra?
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7. What is the meaning of - sign in Boolean expression 7

8. (ijvc two differences between decimal and binary systems.

9. What are the disadvantages of digital circuits?

10. What are the advantages of Roolcan theorems?

ii. What is the rncaning of- sign in Boolean expression ?

12. What isi universal gate? Why is it so named?

13. Most at information we handle is in decimal form. Will a digital circuit process this information as
such?

14. What role is played by encoder and decoder?


