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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 a.c. lines by using rectifier-filter system, 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 a.c. mains or load. Under such situations, voltage regu{arfng devices are used with
ordinary power supply. This constitutes regulated d.c. power supply and keeps the d.c. voltage at
fairly constant value. In this chapter, we shall focus our attention on the 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 a.c.
component in the rectifier output. The filter circuit removes the a.c. component so that steady d.c.
voltage is obtained across the load.

.

230V
50 Hz

Fig. 19.1

Limitations. An ordinary d.c. power supply has the following drawbacks :
41



412 Principles of Electronics

(1) Thed.c. output voltage changes directly with input a.c. voltage. For instance, a 5% increase
ininput a.c. voltage results in approximately 5% increase in d.c. output voltage.

(if) The d.c. oulput voltage decreases as the load current increases. This is due to voltage drop
in (a) transformer windings (b) rectifier and (¢) filter circuit.

These variations in d.c. output voltage may cause inaccurale 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 elec-
tronic applications and is being replaced by regulated power supply.

19.2 1 portant Terms

depends upon load current. If the load current /,_is increased by decreasing R, (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 : X

Vo, = Ve
% Voltage regulation = 2L x 100
ViL
where V. = d.c.output voltage at no-load
Vi, = d.c.output voltage at full-load
Ve
Ve
”
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Fig. 19.2 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 change of d.c. output voltage with load current. This is known as voltage regu-
lation curve. /Dgc

(if) 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 /; at full-load voltage V,, then,

.

Ve,

Ry, .. =
L{min)
" Tr,
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Thus, if a data sheet specifies that a power supply will give an output voltage of 100V at a

maximum rated current of 0.4A, then minimum load resistance you can connect across supply is

R,..=100/0.4 =250 €. If any attempt is made to decrease the value of R, below this value, the rated
d.c. output voltage will not be available.

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

Solution.

Vy = 400V; V, =300V
% Voltage rcgulatioﬁ = K"1"*~-:—Vi><l([) = m%ﬂ;’mxlm =3333%
FL :

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

Solution. Let V, be the full-load voltage.

Vy =V,

% Voltage regulation = Y- FL 5 100
FL
30-V
or 1 = /100
FL
V., =297V

FL

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

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

Power supply A
Voo =30V, V, =25V
Ve =V, 30-25
% Voltage regulation = —NLVJXIOO e x100 = 20%
FL
Power supply B Voo =30V, V, =29V
V,, =V, - .
% Voltage regulation = —MeFLx 100 = s 29X1(]') = 345%
Ver 29

.

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

Example 19.4. Fig. 19.4 shows the regulation
curve of a power supply. Find (i) voltage regulation
and (ii) minimum load resistance.

Solution. Referring to the regulation curve

shown in Fig. 19.4, it is clear that : t—:
2 — o
Vi = 500V, VvV, =300V 3
Iey = 120mA; Ry s = N
V., =V
0 Regulation = —M—fL x 100 i
FL ==
500 - 300 e

— x 100

66.7 %
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¥ or load variations is known as regulated d.c. power supply.

ORDINARY T LTAGE T
A.C.VOLTAGE POWER Vin n;gum?on RL.<Z Vou
SUPPLY l _L

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 a 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 a.c. voltage.

POINT P
POINT @ POINT R POINT §
L
A.C. SUPPLY l T AN
c + —T:
I _1,_'1'- Vz B Vo

I

FFig. 19.6 shows the complete circuit of a 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.,
(1) bridge rectifier (ir) 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 (). The pul-

sating d.c. voltage is applied to the capacitor filter. This
filter reduces the pulsations in the rectifier d.c. output po 1 pZ_\ /\ /\

voltage (point R). Finally, the zener voltage regulator \/ \/ \/

puerforms two functions. Firstly, it reduces the variations
in the filtered output voltage. Secondly, it keeps the out-

Fig. 19.6

put (V. ) nearly constant whether the load current
changes or there is change in input a.c. voltage. Fig.
19.7 shows the waveforms at various stages of regulated

power supply. Note that bridge rectifier and capacitor [ i + Vg
POINT §

filter constitute an ordinary power supply. However,
when voltage regulating device 1s added to this ordinary
power supply, it turns into a regulated power supply. Fig. 19.7
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Note. In practice, this type of regulator s rarely ased. The primary problem with the simplc zener regula-
tor i the fact that the zener wastes a tremendcus amount of power. Practical vollage repulators contain a
number of disefete and/or integrated active devices. Neverthieless, this cireuit gives an idea about the regulated
pOawWer

f Regulated Power Supply

- Inanordinary power supply, the voltage regulation is poor Le. d.c. output voltage thanges appre-
ciably with load current. Morcover, output voltage also changes due to variations in the input a.c.
voltage. This is due to the following reasons .
(f) In practice, there arc considerable variations in a.c. line voltage caused by outside factors
beyond our control. This changes the d.c. output voltage. Most ot the electronic circuits will refuse
to work satisfactorily on such output voltage fluctuations. This nccessitales to use regulated d.c.
power supply.
(ii) The internal resistance of ordinary power supply”is relatively iarge (> 30 ). Therefore,
- output voltage is markedly affected by the amount of load current drawn from the supply. These
variations in d.c. voltage may causc erratic operation of electronic 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 ordinacy power supply cunstant irrespective of
load variations or changes in input a.c. voltage is known as a voltage reguluior. A voltage regulator
generally employs clectronic devices w achicve this objective. There are basic two types of voltage
regulators viz., (i) serigs voltage regulator (i7) shunt voltage regulator.

The series regulator is placed 10 series with the load as shown in Fig. 19.8 (1), On the other hand,
the shunt regulator is placed in parallel with the load as shown in Fig, 198 (). Bach type of regulator
provides an output voltage that remains constant cven it the input voltage varies or the load current
changes.

1., For low voltages. Fur low d.c. output voltages (upto 50V), either zener diode alone or zener
in conjunction with transistor 1s used. Such supplics are called tansistorised power supplies. A
transistor power supply can give only low stabilised voltages because the safe value of Vi, is about
50V and if it 1s increased above this vaiue, the breakdown of the junction may occur,

SERIES
Yin © REGULATOR Yin® by
S
, SHUNT
[Loo] v, ReGULAToR| © [L0AD] Vi,
A 4 JL v L 4
() ) (iD)

Fig. 19.8

2. For high voltages. For voltages greater than 50 V, plow tubes are used in conjunction with
vacuum tube amplifiers, Such supplies are gencrally called tbe power supplies and are extensively
used for the proper operation of vacuum valves.



416 //’ il Principles of Electronics

iode Voltage Regulator | -

ssed in chapter 9, when the zener diode 1s operated in the breakdown or zener region, the
ge across it is substantially constant foy a large change of current through it. This characteristic
permits it to be used as a voltage rcgulamréig, 199 shows the circuit of a zener diode regulator. As
long as input voltage V, is greater than zener voltage V, , the zener operates in the breakdown region
and maintains constant voltage across the load. The scries limiting resistance R limits the input

current.
Ry

1 I
% > ; >
3 Vm vy * RL Vuur
% (UNREGULATED D.C)) l
Fig. 199

ration. The zener will maintain constant voltage across the load inspite of ¢hanges 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 =V, — IRy, and [ 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 flow through the zener, the voltage drop across R, will increase but load voltage would remain
e reverse would be true should the input voltage decrease.

itations. A zener diode regulator has the following drawbacks :

/j) 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.

if) The output voltage slightly changes due to zener impedance as V= V,+1,Z,. 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 cufrent and

input voltage are small.

Example 19.5. Fig. 19.10 shows the zener 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.

1, Rg=160Q
MW

+

UNREGULATED R
POWER SUPPLY| 24V ke

(200 Q to )
‘._ szlsz’

v

Fig. 19.10
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Solution.

. YVa _2-12_ 12V
(0 = TR T T T e = TSmA
{ii) The minimum load current occurs when R, - eo.

: II.(mm} =0
The maximum load current occurs when R, = 200 Q.

vV 12V
{ = ol = —— = 60mA
L )
i RL(mm} 200Q -
(iii) Lyming = s =1t tmany = 75-60 = 15mA
]é{mcu) = ’.\' —IL(min) =75-0=75mA

Comments. The current /¢ through the scries resistance R is constant. When load current
increases from 0 to 60 mA, the zener current decreases from 75 mA to 15 mA, maintaining [ constant
in value. This is the normal operation of zener regulator i.e. [ and V, remain constant inspite of
changes in load current or source voltage,

Example 19.6. A zener regulator has V, = I5V. The input voltage may vary from 22 Vio 40 V
and load current from 20 mA 1o 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 input voljages and load currents. The worst case occurs when the input voltage is minin um and
load currenj is maximuin because then zener current drops to a minimum.
-V

vin(mr'n) ot

R.’;{ma.t] 7= “__;.;,-(maxb
22-15 TV
= 2£2 - = - 1q -
) 01 OlA P ol B
19.6: Transistor Series Voltage Regulator A a7y TR Cunrment-
. (ur ARy

‘igure 19.11 shows a'simple series voltage regulator using a transistor and zener diode. The circuit
is called a series voltage regulator because the load current passes through the series transistor 0, as
shown in Fig. 19.11. The unregulated d.c. supply is fed Q

to the input terminals and the regulated output is ob- + - TN

tained across the load. The zener diode provides the Qﬂ - T | 4
i Vae f

reference voltage.
Operation. The base voltage of transistor Q, is

|

\_hefd to a relatively constant voltage across the zener di- & Re I"""
ode. For example, if BV zener (Le., V, = BV) is used, l*'_ 1
the base voltage of {1, will remain approximately 8V. ¥ o
Referring to Fig. 19.11, * \ P tou
Your = ¥~ Vm\.‘ .

(i) If the output voltage decreascs, the increased base-emitter voltage causes transistor Q, to
conduct more, thereby raising the output voltage. As a result, the output voltage is main-
tained at a constant level:

(if) 1f the output voltage increases, the decreased base-emitter voltage causes transistor Q; 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 B
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 absolytely

constant. It is because both V. and V, decrease with the increase in room tempe

(i) 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, B = 100 and R, = 100092, find

the load voltage and load current. Assume Vyp = 0.5V and rhe zener operates in the breakdown
region,

Soluation.

Output voltage, V_, = V,— Vg,
10-05 =95V
Vo 9.5V

Load current, /;, = E_ 10000 =95mA

1]

Example 19.8. A series voltage regulator is required to supply a current of 1A at a constant
voltage of 6V, If the supply voltage is 10 V and the zener operates in the breakdown region, design
the circuit. Assume P = 50, Vg = 0.5V and minimum zener current = 10 mA.

Solution. The design steps rcqutre the determination of zener breakdown voltagc and current
limiting resistance Rg. 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, = [./8 = 1 A/50 = 20 mA

- /-\ <

. 1A

Ry
] Ig+1
10V Lot b
* > > s
Fig. 19.12

Output voltage, V,, = V=V,

or 6 = V,-05
V, =6+05 =65V

Hence Zener diode of breakdown voltage 6. SV is required.
(i) Value of R

Voltage across Rg = V, -V, = 10-65 =35V
Voltage across Ry 35V

R, = =
s I el 20+10) mA

= 117Q
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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.

20V iy
v’in Vauf
_ R, =1kQ
viz
'fvf 12V
Fig. 19.13
Solution. )
(i) V., = V=V, =12-07 = 1L3V .
(if) Voltage across Ry = V, =V, = 2012 = 8§V
8V
Current thiough K./, = 200 = 36.4 mA
Load 1 Vy _ 113V 1.3 mA
oad current, [, = =% = - = []1.3m
4 R, 1k€2
; I )
Base current, /, = '; = ]5]{;’ = (0.229mA

Zener current, I, = -1, = 36.4--0226 = 36 mA
19.7 Series Feedback Voltage Regulator

Fig. 19.14 shows the circuit of scries feedback voltage regulator. )t employs principles of negative
feedback to hold the output voltage almost constant despitc changes in line voltage and load current.
The transistor Q, is called a pass transistor because all the load current passes through it. The sample
and adjust circuit is the voltage divider that consists of R, and R.,. The veltage divider samples the
output voltage and delivers a negative feedback voltage to the base of 2. The feedback voltage Vi
controls the collector current of Q.

= N
b I =*
5 i
Vi"" RL Vnur
) +
Yr R,
b4 l ¥

Fig. 19.14

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

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

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

Output Voltage. The voltage divider R, — R, provides the feedback voltage.

Vv
Feedback fraction. m = —&— = -—R"Z—f-
. R +R,
Closed | | in, A W s PR,
losed loop voltage gam, A., = el R, = R,
Now . Vi = Vy+ Vg
or mV, =V, +V,. [ VF,= mvV.,.)
or B O ¥ Yo
. ) ’”
o Vi = Act V7 + V) (= Um = Ag)

Therefore. the regulated output voltage is equal to closed-loop voltage gain times the sum of
zener voltage and base-emitter voltage. -

.19.8 Shorl-Circu'il I-’ﬁ?teclion

The main drawback of any scries regulator is that the pass tiansistor can be destgoyed by excessive
load current it the Joad is accidentally shorted. To avoid such an eventuality, a current limiting circuit
is added to a scries regulator as shown in Fig. 19.15. A current limiting circuit consists of a transistor
(Q,) and a series resistor (R;) that is connccled between base and emitter terminals.

2, Ry

P el Y
1Q
Ry tf
Q3 % -

out

2

- AAAA

Fig. 19.15
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(i) When the load current is normal, the voltage across R, (= voltage across base-cmitter of
©,) is small and Q. is *off. Undecr this condition, the circuit works as described earlier.

(1) If load current becomes excessive, the voltage across R, becomes large enough to turn on
;. The collector current of Q4 flows through Ry, thereby decreasing the base voltage of
(2,. The decrease in base voltage of 0, reduces the conduction of pass transistor (i.e., Q).
preventing any further increase in load current, Thus, the foad current for the circunt is lim-
ited to about 700 mA.

Example 19.10. In the series feedback voltuge regulator shown in Fig. 19.15, R, =2kQ
R,=1kQ, V,=06Vand V= 0.7 V. What is the regulated output voltage?

Solution.
acti .- S WP
Feedback fraction, m = R+R 241 3
. 1
Closed-loop voltage gain, A, = el 3

Regulated output voltage, V., = Ao (V,+ V)
3(6+07) =201V

Example 19.11. In the series feedback circuit shown in Fig. 19.15, R, = 30 kQand R, = 10 k€L
What is the closed loop voliage gain? '

R 10« 1

R+R, 30+10 4

I

Solution. Feedback fraction, m

Closed-loop voltage gain, A, = 5 = 4
: m

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 (V) and transis-
tor base-emitter voltage (V) ie.,

Vou = Vz+ Vpge

ouf

If the load resistance decreases, the
current thruugf\ base of transistor decreases.
As aresult, less collector current is shunted.
Therefore, the load current becomes larger,
thereby maintaining the regulated voltage
across the load. Reverse happens should Fig: 1240
the load resistance increase.

| C———— T —————— 0+

SHUNT REGULATOR

*  Inorder that @, is ON, voltage across R, must be about 0.7 V. This means that load current then isl, =

0.7V/ 1 =700 mA. Therefore, if load current is less than 700 mA, @, is off. 1f load current is more than
700 mA. O. will be turned on.
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Drawbacks. A shunt voltage regulator has the following drawbacks :

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

(i1) There is considerable power loss in K.
(1if) There are problems of overvoltage protection in this circuit,
For these reasons, a series voltage regulator is preferred over the shunt voltage regulator.

Example 19.12. Determine the (i) regulated voltage and (ii) various currents for the shunt
regulator shown in Fig. 19.17.

Vo
(+22V)

RL= 100 Q2 vo.u!

A 4 Y
Fig. 19.17

Solution. (1) Qutput voltage, V

ol

= V4V, = 83+07 = 9V
Ve _ 9V

ol

R T i00

(if) Load current, /, = = 90 mA

v -V 39 _ g
Current through Ry, [y = " " = 1]2‘0'—) = Il:;:)\él

Collector current, /. = I=1, = 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 be used as a voltage regulator. Fig. 19,18 shows the circuit of a glow-tube voltage
regulator. The unregulated d.c. input voltage must cxceed 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 uscd to limit the input current.

Ry i
+ B

i
: T
in Rf. Iu{

= 100 mA

=

L

Fig. 19.18
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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 Ry
remains constant. As output voltage = V, — [ R, 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 decreases, resulting in constant 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 (V) inspite of changes in load current or input
voltage. The output voltage is given by ;

ul

ouf

+o
] | \
Vin

1 VR

f"
Fig. 19.19
You = B E, ;

Now, E is constant because the glow tube is uperating 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 Double Triode Voltage Regulator

Fig. 19.20 shows the circuit of a series double triode voltage regulator. Triodes T, and T, 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 T, at constant potential
w.r.t. ground. The triode T, functions as a control tube and obtains bias from the potentiometer R5.
The resistances Ry and R, 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, decrcasing the tube resistance. Thercfore, voltage across the
tube remains unchanged.
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T,
+
11.—
i
Ry
Vin R3 Vmu
R-t
3 3

Fig. 19.20

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, and R, torise. The resultis that voltage on the grid
of triode T, becomes less negative. The triode T, then conducts more current and a greater current
flows through R, which causes a greater voltage drop across this resistor. The increase in voltage
across R, will raise the negative potential on the grid of triode 7. This increases the resistance of T
and hence the voltage across it. The rise in voltage across T, tends to decrease the output voltage.
The reverse would be true should the load increase or input voltage decrease.

Multiple-Choice Questions

1. Inan unregulated power supply, if load cur- (1) of 10% (ii) of 15 %
rent increases, the output voltage .......... (iii) of 25 % (iv) within 1 %
(1) remains the same 5. An ideal regulated power supply is one
(ii) decrcases (iif) increases which has voltage regulationof ...........
(iv) none of the above (5 0% (i) 5%
2. Inanunregulated power supply, if inputa.c. (iii) 10 % (iv) 1 %
voltage increases, the output voltage ........... 6. A zener diode utilises ........... characteristic
(i) Increases (i) decreases for voltage regulation.
(tir) remains the same (i) forward (if) reverse
(iv) none of the above (iity both forward and reverse
3. A power supply which has a voltage regula- (iv) none of the above
tion of ........... is unregulated power supply. | 7. Zener diode can be used as .............
(i) 0% (i) 0.5 % (i) d.c. voltage regulator only
(i) 10 % (iv) 0.8 % (ii) a.c. voltage regulator only
4, Commercial power supplies have voltage (iii) both d.c. and a.c. voltage regulator
’ regulation .......... (iv) none of the above '
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8. A zener diode is used as a .. voltage
regulating device.
({) shunt (1) series

(ie1) series-shunt  (iv) none of the above
9. As the junction temperature increases, the
voltage breakdown point for zener mecha-
NS
() is increased (1) 15 decreased
(iif) remains the same
(iv) none of the above
10. The rupture of co-valent bonds will occur
when the electric field is ...
(fy 100 V/em (ir) 0.6 V/icm
(iiiy 1000 V/iem
(iv) more than 10° Viem
11. Ina 15V zener diode, the breakdown mecha-
nism will occurby ............
-(f) avalanche mechanism
(i) zener mechanism
(iir) both zener and avalanche mechanism
(iv) none of the above
12. A zener diode that has very narrow deple-
tion layer will breakdown by ............ mecha-
nism.
(i) avalanche (if) zener
(itt) 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
(1f) decreases (iif) increases
(iv) none of the above
14. Another nane for zener diode is ........... diode.
(1) breakdown

(iir) power

(i) veltage

(iv) current

15. Zener diodes are generally made of ...

(1) germanium (i) silicon

(iif) carbon (iv) none of the above

16. For increasing the voltage rating, zeners arc
connected in...........,

(i) parallel (i) series-parallel
(itr) series (iv) none of the above
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17. In a zener voltage regulator, the changes in
load current produce changes in ...

(1) zenercurrent (i) zener voltage
(iif) zener voltage as well as zener current
(1v) none of the above

18. A zener voltage regulator is used for
load currents.

(f) high
{iii)
19. A zener voltage regulator will cease to act
as a voltage regulator if zener current be-
COMES ..o,

(/i) very high

moderate ~(iv) small

(1) less than load current
(1) zero
(iif)

(iv) none of the above

more than load current

20, 1f the doping level is increased, the break-

down voltage of the zener ............
(1) remains the same
(i) is increased (i) is decrcased
(iv) none of the above
21. A30V zener will have depletion layer width
............ that of 10 V zener.
(i) more than (if) less than
(iir) equal to (iv) none of the above
22. The current is a zener diode 1s hmited by
(i) external resistance
(if) power dissipation
(i) both (1) and (i)
(iv) none of the above
23. A5 m A change in zener current produces a
S50 mV change in zener voltage. What is the
zener impedance ?
iy 12 (i) 0.1 Q2
(iii) 100 £2 (iv) 10£2
24. A certain regulator has a no-load voltage of
6 V and a full-load output of 5.82 V. What
is the load regulation ?
(i) 3.09% (1) 2.87 %
(i) 5.72 % (iv) none of the above
25. What is true about the breakdown voltage
in a zener diode ?
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(i)

It decreases when load current in-
creases.
It destroys the diode.

It equals current times the resistance,

(i)
(iif)
(iv) Ttis approximately constant.
26. Which of these is the best description for a
zener diode ?
(i) Tris adiode.
(i) Itis aconstant-current device.
(iif) Ttis a constant-voltage device.
(iv) It works in the forward region.
27. A Zenerdiode ............
(1)
(i1)

is a battery

acts like a battery in the breakdown re-
gion

(D)
()
28. The load voltage is approximately constant
when a zener diode 15 ............
() forward biased
(if) unbiased

has a barrier potential of 1 V
is forward biased

(iii) reverse biased
(iv) operating in the breakdown region

29. In aloaded zener regulator, which is the larg-
est zener current ?

() seriescurrent (if) zener current

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

30. If the load resistance decreases in a zener
regulator, then zener current .............
(i) decreases
(ih)
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 ?
(i) 10% (1) 20 %
(i) 15 % (iv) 5%
32. If the load current drawn by unregulated
power supply increases, the d.c. output volt-

(if) stays the same

ncreases (iv) none of the above

(/) increases (if) decreases
(iif) stays the same (iv) none of the above

33. If a power supply has no-load and full-load

Principles of Electronics

voltages of 30V and 25 V respectively, then
percentage voltage regulation is o,

() 10 % (it} 20 %
(iif) 15 % (iv) none of the above

34. A power supply has a voltage regulation of
1 % If the no-load voltage is 20 V, what is
the full-load voltage ?

(i) 198V (i) 157V
(i) 186V (iv) 17.2V

35. Two sunilar 15 V zeners are connected in

series. What is the regulated output volt-

agre?
iy 15V (i) 1.5V
(itr) 30V (iv) 45V

36. A power supply can deliver a maximum rated
current of (.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?

() 100 (i) 20 Q2
(iii) 1580 (iv) 40 Q2

37. In a regulated power supply, two similar
I5 V zeners are connected in series. The
input voltage is 45V d.c. If cach zener has a
maximum current rating of 300 mA, what
should be the value of series resistance ?

(n 10Q (ify 5022
(iii) 250 (iv) 40Q2
38. A zenerregulatar ... in the power sup-
ply.

(1) increases the ripple
(if) decreases the ripple
(iify neither increases nor decreases ripple
(iv) datainsufficient
39. When load current is zero, the zener current

willbe ............
(i) zero (if) minimum
(iir) maximum (iv) none of the above

40. The zener current will be minimum when

(i) load current is maximum
(i) load current is minimum
(iif)
(iv)

load current is zero

none of the above
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Answers to Multiple-Choice Questions

1. (i) 2. (i) 3. (i) 4. (iv) 5. (D)
6. (if) 7. (i) 8. () 9. (i) 10, (iv)
11. (i) 12, (i) 13. (i) 14. (1) 15, 1(er)
16.  (iii) 17. (D) 18. (iv) 19, (i) 20. (i)
21. (i) 22, (iii) 23. (iv) 24. (1) .25, (i)
26. (iif) 27. (i) 28. (iv) 29. (i) 30. (i)
31 (iv) 32. (if) 33. (i) 3. (i) 35. (iir)
36. (iv) 37. (i) 38. (i) 39. (iti) 40. (1)

Chapter Review Topics

1. What do you understand 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 ? 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 ncat diagram.
6. Write short notes on the following :
(i) ‘Transistor series voltage regulator
(i) Negative feedback voltage regulator
(iii) Glow tube voltage regulator
What arc the limitations of transistorised power supplics ?

% =

. Draw the circuit of a most practical valve operated power supply and explain its working.

Discussion Questions

. Why do you prefer d.c. power supply to batterics 7
How can you improve the regulation of an ordinary power supply ?
How does zener maintain constant voltage across load in the breakdown region?

Why is ionising potential of glow tube less than striking potential ?
What is the practical importance of voltage regulation in power supplics ?

e
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Solid-State Switching Circuits

Introduction

In practice, it is often required to make or break an electrical circuit in many operations. ln 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 inertia 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-
sively used to produce non-sinusoidal waves e.g., square, rectangular, triangular or saw-tooth waves.
Solid-state switching circuits are finding increasing 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 electri-

cal circuit. The function of associated circuitry is to help the switch in turning ON or OFF current in

the circuit. It may be worthwhile to meation 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 :
(1) Mechanical switch
(1) Electro-mechanical switch or Relay
(iit) Electronic §\vilch
Although the basic purpose of this chapter is to discuss the switching action of a transistor, yet a
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

(A switch which is operated mechanically to turn ON or OFF current in an electrical circuit is known
as a mechanical switch. g

Q‘hc familiar example of a mechanical switch is the tumbler switch
used 1n homes to turn ON or OFIY power supply to various appliances
such as fans, heaters, bulbs etc. Q‘hc action of a mechanical switchcan  —=
be beautifully understood by referring to Fig. 20.1 where a load R, is =
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.

l

(f

Limitations. A mechanical switch suffers from the following drawbacks :

(1) 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.

(if) 1f the load current carried by the circuit is large, there will be sparking at the contacts of the
switch during breaking operation. This results in the wear and tear of the contacts.

(iti) 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.

SPRING
I AL
AR i
L L
= pcC
L e
s — Z]
SOLENOID T
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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solenoid €. The spring pulls the lever upwards while the solenoid when energised pulls it down-
wards. The solenoid circuit is so designed that when switch § is closed, the downward pull of the
solenoid exceeds the upward pull of the spring,.

When the switch § is closed, the lever is pulled downward and the armature A closes the relay
contacts | and 2. This turns ON current in the circuit. However, when switch S is opened, the
solenoid is de-energised and the spring pulls the lever and hence the armature A upwards. Conse-
quently, the relay contacts | and 2 are opencd and current flow in the circuit is interrupted. In this
way, a relay acts as a switch.

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

(i)Y The relay or electro-mechanical switch requires a small power for its operation. This per-
mitsto 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 carrics a small current as compared to the load current. This
permits the use of a smaller switch in the relay coil circuit.

(iif) 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. T

~ 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 : «

+ VCC + Vcc‘

(1) (i)
Fig. 203

(i) When the base input voltage is enough negative, the transistor is cut off and no current flows
in collector load [See Fig. 20.3 (i)]. As a result, there is no voltage drop acorss R and the output
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voltage is *ideally V... L.e.,

I(.' = (0 and VCE= VC'('

This condition is similar to that ot an open switch (i.e., OFF state) as shown in Fig. 20.3 (if).

Fig. 20.4

(ify When the input base voltage is positive enough that transistor saturates, then [r:(.mn will flow
through R.. Under such conditions, the entire V. will drop across collector load R and output
voltage is ideally zero i.e.,

Vee
o = Tgm = == and V=10

Clsar) RC

This condition is similar to that of a closed switch (i.e., ON
state) as shown in Fig. 20.4 (if). Ie

Conclusion. The above discussion leads to the conclusion
that a transistor can behave as a switch under proper conditions. e san
In other words, if the input base voltages are enough negative
and positive, the transistor will be driven between cut off and
saturation. These conditions can be easily fulfilled in a transis-

i s o , > Vee
tor circuit. Thus a transistor can act as a switch. Fig. 20.5 0 vV
shows the switching action of a transistor in terms of dc load
line. The point A of the load line represents the ON condition
while point B represents the OFF condition.

Fig. 20.5

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

Solution. Assuming the transistor to be ideal,

’('{.mr) = V(-LJRC = 10V/1k2 = 10mA
=
Iy = ‘_(E“ = ————‘ml(;n]A = 0.l mA
Now +V = IRy +Vy,

*  The collector current will not be zero since a little leakage current always flows even when the base input

voltage is negative or zcro.

Output voltage = Vo =1, 0, Reo 101,44, = O, then output voltage = Ve
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= (0.1 mA) (47 k) + 0.7
=47 ¥0:7 = 54V

+Vee= 10V

47kQ

e I /?) o0
N

k4
Fig. 20.6

Hence in ordér to saturate the transistor, we require + 5.4 V.
20.6 Advantages of Electronic Switches
The following are the advantages of transistor switch over other types of swilches :
(/) Tt has no moving parts and hence there is little wear and tear. Therefore, it gives noiseless
aperation.
(i) Tt has smaller size and weight.
(iif) It gives troublefree service because of solid state.
(iv) It is cheaper than other switches and requires little maintenance.

(v) 1t 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 uperation e.g. less than 5 operations in a second.

20.7. Important Terms

So far we have considered the transistor to be an ideal one. An ideal transistor has Vp = V- (or /.
=0) in the OFF state and Vo = 0(orl.= I(_.m”) in the ON state. However, such ideal conditions are
not realised in practice. In a practical transistor, the out-

+V
i 3 2 cC
put voltage is neither V.. in the OFF state nor it 15 zero
in the ON state. While designing a transistor switching
circuit, these points must be taken into consideration. R

(/) Collector leakage current. When the input
circuit is reverse biased or input voltage is zero, a small ]
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. [t is the maxi-
mum collector current for a particular load in a transis-
ior.

Fig. 20.7

Consider an npn transistor having a load R - in its collector circuit as shown in Fig. 20.7. As the
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input forward bias is increased, the collector current /. also increases because /. = B/,. However,
with the increase in /., the voltage drop across R . increases. This results in the *decrease of V..
When V., drops to knee voltage (V,, ), any further increase in collector current is not possible since
B decreases sharply when V- falls below knee voltage. This maximum current is known as satura-
tion collector current.

Vee =¥

~ - h .
Saturation collector current, lumn =. R—“—'
‘ G

20.8 Switching Transistors

A transistor which is used as a switch is known as a switching transistor.

_ Ingeneral, 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. Itis 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 viz. (i) 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.
20.8 shows the output characteristics of a typical transistor for a CE configuration. The load line is
drawn for load R - and collector supply V. The characteristics are arranged in three regions : OFF,
ON or saturation and active regions.

+ Ve

e w

%Rf ¢
T

T :

Fig. 20.8

(i) OFF region. When the input base voltage is zero or negative, the transistor is said to be in
the OFF condition. In this condition, 7, = 0 and the collector current is equal to the collector leakage
current /-, The value of /.., can be obtained from the characteristics if we know V..

Power loss = Output voltage x Output current

As already noted, in the OFF condition, the output voltage = V... since voltage drop in the load

due to /-, is negligible.

Power loss = V.. X1y

ce = Vec—IcRe
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Since /-, 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 _ tﬂf!; i piﬂrr
C(sar) — R

Power loss = Output voltage x Output current
The output voltage in the ON condition is equal to V,, _and output current is f¢ .
& X sar)
Again the cfficiency 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 V. -

Power loss = V,

knee

(iif) 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 /., to I, aleng the path AB as the transistor is switched ON. However,
when the transistor is switched OFF, the collector current decreases from /-, t0 Iz, along BA.

20.10 Multivibrators

An electronic circuit that generates square waves (or other non-sinusoidals such as rectangular,
saw-tooth waves) is known as a *multivibrator.

FEEDBACK
——— 1
FEEDBACK J_
~ SECOND . 3
FIRST STAGE STAGE (
TRANSISTOR| ——  [TRANSISTOR Vous
2 3 0, : T
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 multivibrator is derived from the fact that a square wave actually consists of a large number of
(fourier scries analysis) sinusoidals of different frequencies.



Solid-State Switching Circuits 2 435

positive feedback. Suppose output is tuken across |
the transistor (J,. At any particular instant, one i

transistor is ON and conducts /-, while the other h

is OFF. Suppose @, is ON and @, is OFF. The '

collector current in @, will be 7, . as shown in : L b ¢ i

Fig. 20.10. This condition will prevail for a time Clsan) e "

(hc in this case) determined by circuit conditions, 4 Y 4+ 4

After this time, transistor ¢J, is cut off and Q, is lepo b— ] > (E——
turned ON, The collector current in ¢, is now = & -
1 ¢ as shown. The circuit will stay in this condi- 0 — > TIME "
tion for a time de. Again @, is turned ON and @,

is driven to cut off. In this way, the output will be Fig. 20.10

a square wave,
20.11 Types of Multivibrators

A multivibrator is basically a two-stage amplifier with output of one fedback 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 siarts to conduct. The two possible states of a multivibrator
are

ON OFF

First State ~ Q, Q,
Second State Q, Q

Depending upon the manner in which the two stages interchange their states, the multivibrators
are classified as :

(i) Astable or free running multivibrator
(/i) Monostable or one-shot multivibrator
(iif) Bi-stable or flip-flop multivibrator.
Fig. 20.11 shows the input/output relations for the three types of multivibrators.

Input : Clrcuit Output
ASTABLE l
NONE MULTIVIBRATOR [—*
Ty

MONOSTABLE
—* MULTIVIBRATOR [—*

BISTABLE
MULTIVIBRATOR [—*

"

Fig. 20.11
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(/) The astable or free running multivibrator alternates automatically between the two states
and remains in cach for a ime 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 d.c. power.
Because it continuously produces the square-wave output, it 1s often referred to as a free running
multivibrator.

(i1} The monostable or one-shot multivibrator has one state stable and one quasi-stable (i.e.
hall-stable) state. The application of input pulse triggers the circuit into its quasi-stable state, in
which it remains for a period determined by circuit constants. After this period of time, the circuit
returns (o its initial stable state, the process is repeated upon the application of each trigger pulse.
Since the monostable multivibrator produces a single output pulse for each input trigger pulse, it is
gencrally called one-shot multivibrator.

(iii) The bistable multivibrator has both the two states stable. It requires the application of an
external triggering pulse to change the operation from either one state to the other. Thus one pulse is
used to generate half-cycle of square wave and another pulse to generate the next half-cycle of square
wave. Itis also known as a flip-flop multivibrator because of the two possible states it can assume.

20.12 Tl:ansistnr Astable Multivibrator

A muldtivibrator which generates square waves of its own (i.e. without any external triggering pulse)
is known as an astable or free running multivibrator.

L’Lhc *astable multivibrator has no stable state. It switches back and forth from one state to the
ather, remaining in cach 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 *his period
of time, the second transistor is automatically turned ON and the first transistor is turned OFF. Thus
the multivibrator will generate a square wave output of its own) The width of the square wave and its
trequency will depend upon the circuit constants.

=Yg

OUTPUT

Fig. 20.12

\ﬁircuit details. Fig. 20.12 shows the circuit of a typical transistor astable multivibrator using
two identical transistors Q, and Q,. The circuit essentially consists of two symmetrical CE ampliﬁcr
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, = R, and the biasing resistors are also equal i.e. R, = Ry. The output of transistor Q| is coupled to
the input of Q, through C, while the output of Q, is fed to the input of @, through C,. The square
wave output can be taken from Q, or Q,.

/Operation. When V.. is applied, collector currents start flowing in Q@ and @,. In addition, the
coupling capacitors C, and C, also start charging up. Asthe characteristics of no two transistors (i.e.
B. V) are exactly alike, therefore, one transistor, say Q,, will conduct more rapidly than the other.
The rising collector current in Q, drives its collector more and more positive. The increasing positive
output at point A is applied to the base of transistor Q, through C,. This establishes a reverse bias on
@, and its collector current starts decreasing. As the
collector of Q, is connected to the base of (0, through
C,. therefore, base of Q, becomes more negative i.e.
Q, is more forward biased. This further increases the
collector current in Q| and causes a further decrease
of collector current in @,. This series of actions is
repeated until the circuit drives Q, to saturation and
Q, to cut off. These actions occur very rapidly and
may be considered practically instantaneous. The out-
put of Q, (ON state) is approximately zero and that of
@, (OFF state) is approximately V.. This is shown
by ab in Fig. 20.13. .

When ©, is at saturation and Q, is cut off, the full voltage V. appears across R, and voltage
across R, will be zero. The charges developed across C, and C, are sufficient to maintain the satura-
tion and cut off conditions at Q, and Q, respectively. This condition is represented by time interval
be 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, with plate L negative and Q| conducting,
is LAQ,V.R,M as shown in Fig. 20.14 (i).

The discharge path for C,. with plate K negative and @, cut off, is KBR,R.J as shown in Fig.
20.14 (i). As the resistance of the discharge path for C, is lower than that of C,, therefore, C, will
discharge more rapidly.

&

4 9 4 }
=y d e

— TIME

Y

— QUTPUT

(=]

Fig. 20.13

-Yec - Vec

*'.f

o -

(®) (i)
Fig. 20.14
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As C, discharges, the base bias at Q, becomes less positive and at a time determined by R, and
., forward bias is re-established at Q,. This causes the collector current to start in 0. The increas-
ing positive potential at cullector of Q, is applied to the base of Q| through the capacitor C,. Hence
the base of @ will become more positive i.e. @ is reverse biased. The decrease in collector current
in Q, sends a negative voltage to the base of Q, through C|, thereby causing further increase in the
collector current of 0, With this set of actions taking place, Q, is quickly driven to saturatron and 9,
to cut off. This condition 1s represented by ed in Fig. 20.13. The period of time during which Q,
remains at saturation and Q| 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) is
T, = 0.694R,C,
OF I time for @, (or ON time for )
T, = 0.694R,C,
Total time period of the square wave is
T =T +T7,=06%(R,C +R )
AsR, = Ry = RandC, = C, = C,

T = 0.694 (RC+ RC) = 1.4 RCseconds
Frequency of the square wave is
L, 08
=F pete

may be noted that in these expressions, R is in ohms and C in farad.
Example 20.2. In the astable multivibrator shown in Fig. 20.12, R, = R; = 10kQ and C; = C,
.01 pF. Determine the time period and frequency of the square wave.
Solution.
Here R = 10kQ = 10°Q; C = 0.01 pF = 10°F
Time period of the square wave is
T

14RC = 1.4%10*x 107 second
1.4 % 107 second = 1.4x 107 x 10" m sec
= 0.14 m sec

Frequency of the square wave is

TP N - YRR,

T in second 14x107
4 7% 10'Hz = TkHz
/M{ 13 Transistor Monostable Multivibrator
-

A multivibrator 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 multivibrator cannot generate square waves of its own like an

[}

*  Mono mecans single.
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astable multivibrator. Only external pulse will cause it to generate the square wave.

Circuit details. Fig. 20.15 shows the circuit of a transistor monostable multivibrator. It consists
of two similar transistors @, and Q, with equal collector loads i.e. K| = R;. The values of Vj, and R¢
are such as to reverse bias Q| and keep it at cut off. The collector supply V.- and R, forward bias @,
and keep it at saturation. The input pulse is given through C, to obtain the square wave. Again output
can be taken from @, or @,.

=-Vee
% R % Ry % R,
>
B R, c
— — AAA — |
Q] 0,
OUTPUT A
CZT R
INPUT
PULSE " Van
Fig. 20.15

“Qperation. With. the circuit arrangement shown, Q, is at cut off and Q, 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 C,. When a negative pulse of short duration and sufficient magnitude is applied to the base of
through C,, the transistor Q, starts conducting and positive potential is established at its collector.
The positive potential at the collector of Q, is coupled to the base of @, through capacitor C|. This
decreases the forward bias on Q, and its collector current decreases. The increasing negative poten-
tial on the collector of Q, is applied to the basc of @, through R,. This further increases the forward
bias on @, and hence its collector current. With this set of actions taking place, Q, is quickly driven
to saturation and Q, to cut off.

With Q, at saturation and Q, at cut off, the circuit will come back to the original stage (i.e. {, at
saturation and Q, at cut off) after some time as explained in the following discussion. The capacitor
C, (charged to approximately V..) discharges through the path R,V .- Q. As C, discharges, it sends
a voltage to the base of 0, to make it less positive. This goes on until a point is reached when forward
bias is re-established on Q, and collector current starts to flow in Q,. The step by step events already
explained occur and.Q, is quickly driven to saturation and Q, 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 Bistable Multivibrator -

A multivibrator which has both the states 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 @, is conducting and transistor @, is atcut off. If leftto 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 @, is cut off and Q, is turned on, the circuit will stay in the new position. Another trigger pulse
is then required o switch the ciicuit back to its original state,

Circuit details. Fig. 20.16 shows the circuit of a typical transistor bistable 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, R;) shunted by capacitors C, and C,. The main purpose of
capacitors C, 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.

+Vee

Q)

Q (E lq R ' R % . 0, OUTPUT

v TRIGGER s TRIGGER
INPUT 1 —— "BB INPUT 2 ¥

Fig. 20.16

@LOperalion. When V.. is applicd, one transistor will start conducting slightly ahcad 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 Q,
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, through C; will cut it off or a positive pulse applied to the base of Q, through C, will
cause it to conduct.

Suppose a negative pulse of sufficient magnitude is applied to the base of Q| through C,. 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 O, where it forward biases the
base-emitter junction of Q,. This will cause an increase in its collector current and decrease in
collector voltage. The decreasing collector voltage is applied to the base of @, where it further
reverse biases the base-emitter junction of Q, to decrease its collector current. With this set of
actions taking place, Q, is quickly driven to saturation and Q, to cut off. The circuit will now remain

stable in this state until a negative trigger pulse at Q, (or a positive trigger pulse at Q,) 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 differentiating circuit.

Qutput e di (Input)
t
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 ifad.c.

or constant input is applied to such a circuit, the output will be zero. It is because the derivative of a
constantis zero.

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) Thetime constant RC of the circuit should be much smaller than the time period of the input
wave.

(if) The value of X, should be 10 or more times larger than R at the operating frequency.

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

Let ¢, be the input alternating voltage and let i be the resulting siternating current. The charge g
on the capacitor at any instant is

g = Ce,

. _d9 _d._ 4
Now i= = = d:(q) = dr(Ce‘)
or i = C-g;(et.)

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 = ¢,

i = C%(E,)
Output voltage, e, = iR
= Rc%(ef)
. ec % (e,) (*; RC is constant)

Output voltage o< ‘% (Input)
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Output waveforms. The output waveform from a differentiating circuit depends upon the time
constant and shape of the input wave. Three important cases will be considered.

(1) 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 abruptly and hence the differentiated wave will be a sharp narrow pulse as
shown in Fig. 20.18. However, during the constant part CB of the input, the output will be zero
because the derivative of a constant is zero.

4 5 ) &
= ) A

sV B '
N T 5
B .

N

>

Input Waveform

Fig. 20.18

Let us look at the physical explanation of this behaviour of the circuit. Since time constant RC of
the circuit is very small w.r.1 timie period of input wave and X >> R, the capacitor will become fully
charged during the carly 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 flow 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. In 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 multivibrators to initiate action etc.

(1) When input is a triangular wave. When the input fed
to a differentiating circuit is a triangular wave, the output will be
arectangular wave as shown in Fig. 20.19. During the period OA o
of the input wave, its amplitude changes at a constant rate and, i

|
I

therefore, the differentiated wave has a constant value for each
constant rate of change. During the period 48 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 - =k
adifferentiating circuit, the output consists of a succession of rect- — \—‘
angular waves of equal or unequal duration depending upon the Fig. 20.19

shape of the input wave.

PR —

{(ii)) 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. (i) What is the effect of time constant of an RC circuit on the differentiated wave?

(i) Sketch the output waveform from the differentiating circuit when input is square wave Jor
T =100RC, T =I]0RC, T = RC

Solution.

(i) Inan RC differcntiating circuit, the output voltage is taken across R and 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 many 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 fed to a differentiating circuit.
Fig. 20.21 shows the qutput waveforms for different values of time period of the input wave.
4

+5V

0 — !

INPUT WAVEFORM
Fig. 20.20
1t may be 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, €. ’ e

t t f

+5V +5V ' +5Vi
\ k \ I\ \"\‘1 [\'\*

0 V 2L p V Sl L J
-
-5V = 5N -5V

T=100RC T=10RC T=RC

& Fig. 20.21
\5%[820.4. In a differentiating circuit, R = 10 kQ and C = 2.2 pF. If the input voltage goes

from 0 V to 10 V at a constant rate in 0.4 s, determine the output voltage.

> [

Solution.
{ de
= RCE (¢) = RC— . 20.
¢ 4 &) 5 See Art, 20.15
de, 10-0
Here R=10kQ:C=2.2uF'.-3!—=—0—1—=25VIS
e =

(10% 10%) (2.2 % 107%)x 25 = 0.55V
20.16 Integrating Circuit ]

A circuit in which output voliage is directly proportional to the integral of the input is known as an
integrating circuit i.e.
Output =< I 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 R and C of the differentiating circuit have changed places. In
order that the circuit renders good integration, the following conditions should be fulfilled :

i R
%t _[ & OUTPUT =,

Fig. 20.22
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(i) The time constant RC of the circuit should be very large as compared to the time period of the
input wave.
(if) The value of R should be 10 or more times larger than X

Let e, be the input alternating voltage and let i be the resulting alternating current. Since R is very
large as compared to capacitive reactance X of the capacitor, it is reasonable to assume that voltage
across R (i.e. e,) is equal to the input voltage ie.

€ = €y
. e e
Now i= R =1
R R

The charge g on the capacitor at any instant is

_[:‘ dr

q

]
<=
1]

&

Output voltage, e,

C C
= J‘E_Rldt ['.' = %J
C
1
= FC‘; !EJ dr
oc Jef dt (" RC is constant)

Output voltage o< Ilnput

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 :

() When input is a square wave. When the input fed to an integrating circuitis 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 A 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.

B[ c

INPUT ' - INPUT
© A i .

Fig. 20.23
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(i) 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 (if).

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 :

(i) as a clipper (i) as a clamper

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 a.c. signal.

A clamper (or dc restorer) is used to restore or change the dc reference of an ac signal. For
example, you may have a 10V, ac signal that varies equally above and below 2 V dc.

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

T T
R,  OUTPUT _VO “\/ \/
oty -

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 R, is zero. Hence *output 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 ;

R
Output voltage = — R+ R, V.,
Generally, R, 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 aclipperis
then called a negative clipper.

(if) 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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half-cycle of the signal voltage For this purpose, biased clipper is used. Fig. 20.25 shows the circuit
of a biased clipper using a diode with a battery of V volts. With the polarities of battery shown, a
portion of each positive half-cycle 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 follows. The diode will conduct heavily so long 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-
fore, 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. '

R

AAAA o by
+ 1 A
v==— R, < OUTPUT 0 \/ \/
T R -
Flg. 20.25

If it is desired 1o clip a portion of negative half-cycles of input voltage, the only thing to be done
is to reverse the polaritics of diode or battery. Such a circuit is then called a biased negative clipper.
\/@r)’ 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.

4 5 . 4

D, Dy
g n
V= =V,
T T

Fig. 20.26

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

Between +V, and -V, 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.

' {?xamplc 20.5. For the negative series clipper shown in Fig.20.27, what is the peak output
voltage from the circuit ?

Solution. When the diode is connected in series with the load, it is called a series clipper. Since
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itis a negative clipper, it will removg negative portion of input a.c. signal.

=
t l R,

0
Vaul‘

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
Vourgeay = Vinpeary —0-7=12-07=113V

During the negative-half cycle of input signal, the diode is reverse biased and consequently it
will not conduct. Therefore V,, = 0. Note that under this condition, the entire input voltage will
appear across the diode.

/%ﬁample 20.6. The-negative shunt clipper shown in Fig. 20.28 (i) has a peak input voltage of
+ 10V, What is the peak output voltage from this circuit ?

VOW’

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,

Vmwm = Peak voltage across R
R, 4
vi (peak) —
R+ R, Ml 1+4

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

x10 = 8V

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

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

Vv

in

Fig. 20.29
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-07V
(=10)=(=0.7) = -10+0.7 = =93V

ol
Voltage across R, Vj

y
%xample 20.8. The positive shunt clipper shown in Fig. 20.30 has the input waveform as indi-

1]

for each of the input alternations.

cated. Determine the value of V_,,
K!n
R
+ 10V
,G_QU__. g V, 2000 T
_ % s l R =1k _1,,—,,,

Fig. 20.30

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

biased. Therefore, diode can be replaced by its simplified equivalent circuit as shown in

Fig. 20.31. Since the load is connected in parallel with the diode,

v, =07V
V., -
o—AN—
+10V v, 200Q _L
0 t _I- 0.7v R =1kQ

Fig. 20.31

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

20.32.

-833V

vnur(pru‘l} . R + RL 4
1000
——— |[(-10V) =-833V
{200 + 1000 ]( )
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.



o

Solid-State Swilching Circuits 449

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.

V.

in

o .
vin

Fig. 2033

1
'

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. Itis because ina
practical clipper circuit, the value of R is much lower than R, . Consequently, output voltage will be
approximately equal to V,_ 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 :

(/) Changing the shape of a waveform

(i) 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 efc. They
can limit either the negative or positive alternation or both alternations of an a.c. voltage.

_ (i) Circuit Transient protection. *Transicnts 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.
g +5V
-]

" TRANSIENT

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 D, to be forward
biased. The diode D, 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 places either the positive or negative peak of a signal ut a desired d.c. level (s known
as a clamping circuit.

+5 + 10V}
A POSITIVE
0 \/ CLAMPER /
= S5V}p-—---- = OI

Fig. 20.35

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

It may be seen that the shape of the original signal has not changed; only there is vertical shift in
the signal. Such a clamper is called a positive clamper. The negative clamper does the reverse i.e. it
pushes the signal downwards so that the positive peaks fall on the zero level.

The following points may be 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 form and clamped output have the same peak-to-peak -
value Le., 10 Voin this case. 1f you measure the input voltage and clamped output with an a.c.
voltmeter, the readings will be the same.

(i) A clamping circuit changes the peak and average values of a waveform. This point needs
cxplanation. Thus in the above circuit, it is easy to see that input waveform has a peak value of 5V
and average value over a cycle is zero. The clamped output varies between 10V and 0 V. Therefore,
the peak value of clamped output is 10 V and *average value is 5 V. Hence we arrive at a very
important conclusion that a clamper changes the peak value as well as the average value of a wave-
form.

20.21 Basic Idea of a Clamper

A clamping circuit should not chang'e peak-to- ) (I:

peak value of the signal; it should only change { LF

the de level. To do so, a clamping circuit uses a’ Vin

capucitur.. together with a diode and a load resis- Ry=100 R, =10kQ
tor R,. Fig. 20.36 shows the circuit of a positive

clamper. The operation of a clamper is based

an the principle that charging time of a capaci-
tor is made very small as compared to its dis- Fig. 20.36
charging time. Thus referring to Fig. 20.36,

R.C = (10Q)x(10°F) = 10ps
+5R[C =5x10 = SOps

**Charging time constant, T

I

Total charging time, T~

10+ 0

Average value (or de value) = = =5V

*

**  When diode is forward biased,

+  From the knowledge of clectrical engincering, we know that charging time of a capacitor is = 5 RC.
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R, C=(10x10)x(1x10
SR, C =5x10 = 50ms
It may be noted that charging time (i.e., 50 ps) is very small as compared to the discharging time
(t.e., 50 ms). This is the basis of clamper circuit operation. Ina practical clamping circuit, the values
of Cand R, are so chosen that discharging time is very large.

20.22 Positive Clamper

Fig.20.37 shows the circuit of a **positive clamper. The input signal is assumed to be a square wave
with time period T. The clamped output is obtaincd across R,. The circuit design incorporates two
main features. Firstly, the values of Cand R, are so selected that time constant T = 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 T of the incoming signal.

*Discharging time constant, T = "} = 10ms

Total discharging time, 1, =

C
+ V% o—] }— o
% Vin R, Vout
s
o ! : o
Fig. 20.37
Operation

(1) 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 (= CR,, where R, =
forward resistance of the diode) is very small so !hal the capacitor will charge to V vult:. very qunckiy
Itis casy to see that during this interval, the output voltage is directly across the short circuit. There-
fore, V. =0.

ouf

c : . G
s — o1 —+
4 ’ BT
] -
Vv o R b Vour vi V‘""‘ R T Vour
1.[ Q ._T
— 0 - O —

Fig. 20.38

Fig. 20.39

(1f) 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 Kirchhoff's voltage law to the
input loop, we have,

V+V-V =10

ouf

*  When diode is reverse biased.

** If you want to determine what type of clamper you arc dealing with, here is an casy memory teick. If the

diode is pointing up (away from groumd), the circuit is a positive clamper. On the other hand, il diode is
pointing down (towards ground). the circuit is a negative clamper,
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or V. =2V Vin

ot 4

The resulting waveiorm is shown in Fig. 20.40. Tt is clear thatitis
a positively clamped output. That is to say the input signal has been
pushed upward by V volts so that negative peaks fall on the zero

h

+V

\

level.
20.23 Negative Clamper

Fig. 20.41 shows the circuit of a negative clamper. The clamped out-
put is taken across R, . Note that only change from the positive clamper
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

out

+2V

in Fig. 20.42. The charging time constant (= CR)) is very small so 0]

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.

-2V

DN\

Fig. 20.

B

that the capacitor will charge to V volts very quickly. Itis easy to scc Fig. 20.40
that during this interval, the output voltage is directly across the short
circuit. Therefore, V,  =0.
T Vln ICI
+V \ o 1 —
N (-
(.) i L. S ik Vi R Vour
2
-V & o ©
Fig. 20.41
(if) When the input switches to —V state (i.e.. negative half-cycle), the diode is reverse biased
+ & &
= o+ ' = ' —0 +
v v l
M o
v ) RL Vﬂl.ll v T voul RL Vol.ll
T 9 T Q — L T —_— —
Fig. 20.42 ' Fig. 20.43
and behaves as an open as shown in Fig. 20.43. Since the discharging time 4"
constant (= CR,) is much greater than the time period of the input signal, the ~ * L4 %
capacitor almost remains fully charged to V volts during the off time of the 7 -
diode. Referring to Fig. 20.43 and applying Kirchhoff's voltage law to the 0 % i
_input loop, we have, Vv 4
~¥=V=Y =0 out
&
or . V.==2\ o
0 L
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Example 20.10. Sketch the output waveform for the circuit shown in Fig. 20.45. It is given that
discharging time constant (CR, ) is much greater than the time period of input wave.

4

+0N v ‘ v R, Vou
A\ L

e o —

+o——|} —0 4

Fig. 20.45
Solution.
During puositive half-cycle of the input signal, the diode is forward biased. The network will
appear as shown in Fig, 20.46. Itisclearthat V= +2 V. Further, applying Kirchhoff's voltage law
to the input loop in Fig. 20.46, we have,

5V-V.-2V =0
Ve =3V "
v 10 v
+ L [ ? : o+ - o—|= : ; o +
V. B
5V R! Vour S5V —‘ifi' R; Vnur
v 2V
o s o- +o0 e -
Fig. 20.46 Fig. 20.47
Therefore, the capacitor will charge up to 3 V. : i
During the negative half-cycle of the input signal, the diode is reverse 42V
biased and will behave as an open [See Fig. 20.47]. Now battery of 2 V has
no effecton V. Applying Kirchhoff's voltage law to the outside loop of >
Fig. 20.47, we have, 0
-5-3-V , =0
or de = -8V
The negative sign resulting from the fact that the polarity of 8 Vis —8V ——
opposite to the polarity defined for V. 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. Itis a biased clamper circuit. It allows a waveform to be shifted above or below (depend-
ing upon the polairty of 2 V battery) a dc reference other than 0 V.

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

JLV,‘,, C .
+5V +o—{}— o+
0 i V-‘n RL vour
=N, .
—Sv — O o —

Fig. 20.49
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Solution.

During the positive half-cycle of input signal, the diode is forward biased. Therefore, the diode
behaves as a short [See Fag, 20.50] Teis casy to see that V= =2 V. Further, applying Kirchhoff's
g 20.50], we have,

SV-V,.+2V = 0
or Ve = W

[4

aul

voltage lnw to the input loop | See bi

Therefore, the capacitor will charge upto 7 V.

C 7V
- S— ; . -a + = o—T”_ l : -0 +
V.
C
SV R, Vout 5V -T- R, Vou
FAY 2V
-y, I 0 — + O j o —
Fig. 20.50 Fig. 20.51
During the negative half-cycle of the input signal, the diode is reverse 1 o
biased and behaves as an open as shown in Fig. 20.51. Now battery of 2V 0
has noetfecton V. Applying Kirchhoff's voltage law to the outside loop -2V
of Fig. 20.51, we have,
-5V-7v-Vv =0
or Voo = =12 ¥
The negative sign resulting from the fact that the polarity of 12 Vis - 12V
opposite to the polarity defined for 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. A su_titch has ... (iif) eclectromechanical
(1) one state (1) two states (iv) none of the above
(fif) three states  (iv) none of the above 5. The main disadvantage of a mechanical
2. Arelayis ... switch. switch is that it .............
() amechanical (i) anelectronic (i) is operated mechanically
(iii) an electromechanical (if) is costly
(i) none of the above (iri) has high inertia
3. The switch that has the fastest speed of op- (iv) none of the above
eration is .............. switch. 6. When a transistor is driven to saturation,
({) electronic ideally the outputis ..............
(if) mechanical () Vee (i) O
(iif) electromechanical (i) V2 (iv) ZVCC‘
(iv) none of the above 7. The maximum speed of electronic switch can
4. The most inexpensive switch is ... beerre, pasesd RperaligNE persceond.
switch. (iy 10 (ir) 10
(i) clectronic (iii) 1000 (iv) 10°
(i)Y mechanical 8. A relay is superior to a mechanical switch
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because it ...

(i) isrelatively inexpensive

(ii) does not require moving contacts
(iif) combines control with power amplifica-
tion
(iv) none of the above
9. When a transistor is driven to cut off, ide-

ally the outputis ..............

(N Ve () 0
(rit) V. J2 (iv) V3
100 s multivibrator is a square wave 0s-
cillator.

(i) monostable
(i) bistable
11. An astable multivibrator has .............

(if) astable
(iv) none of the above

(i) one stable state (i) two stable states
(iii) no stable state (iv) none of the above
12. 1f<d.c. supply of 10V is fed to a differentiat-
ing circuit, then output will be ............
(i) 20V (i) 10V
(ii) OV (iv) none of the above

13. If the input to a differentiating circuit is a
saw-tooth wave, then output willbe ..............

wave,

(f) square (if) triangular

(iif) sine (iv) rectangular
g

14. A bistable multivibrator has .............
(i) two stable states
(if) one stable state
(iid)
(iv)
15. If a square wave is fed to a differentiating
circuit, the output will be .............

no stable state
none of the above.

() sinc wave
(ii) shlérp narrow pulses
(iif)
(iv)
16. An integrating circuit is a simple RC series
circuit with cutput taken across ..............
(i) bothRand C (i) R ‘
() C (iv) none of the above
17. Foran integrating circuit to be effective, the
RC product should be .............. the time pe-

rectangular wave

triangular wave

455

riod of the input wave.
(i) 5 times greater than
(ii) 5 times smaller than
m)
(&v)
18. A differentiating circuit is a simple RC cir-
cuit with output taken across ..............
(i) R (i) C
(iii) both Rand C  (iv) none of the above
19. A monostable multivibrator has ..............

equal to

atleast 10 times greater than

(i) no stable state

(if) one stable state
(itf) two stable states
(iv) none of the above

20. The multivibrator which generates square
waveof itsownisthe ............ multivibrator.

(ii) bistable

(iv) none of the aboye

(i) monostable
(iif) astable
21. For a differcntiating circuit to be effective,
the RC product should be .............. the time
period of the input wave.
(1) equalto
(if) 5 times greater than
(éif) 5 times smaller than
(iv) atleast 10 times greater than
22. When a rectangular voltage waveform s

applied to a capacitor, then the current wave-
(0] 4117t ARRRR——
(i) rectangular (i) sinusoidal
(iii) sawtooth (iv) square
23. The positive clipper is that which removes
theye et half-cycles of the input volt-
age.
(i) negative
(i) positive
(iif) both positive and negative
(iv) none of the above
24. A clamping circuit add
to the signal. :
(i) dec.
(i) a.c.
(iif) both d.c. and a.c.

(iv) none of the above

.............. component
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25. One would find a clamping circuit in () negative
(if) positive
(1) receiving antenna (iif) both positive and negative
(i) radio transmitter (iv) none of the above
(i radio receiver (iv) television receiver | 29, [f (he inputto an integrating circuit is a suc-
26. When transistor is used as an amplifier, it is cession of alternating positive and negative
operated inthe ... region, pulses of very short duration, the output will
(i) off (if) saturation be e, wave.
(i) active (iv) none of the above (i) rectangular (ii) triangular
27. When the transistor (CL arrangement) is in (i) sine (iv) square
the cut off region, the collector current is | 30. In a multivibrator, we have ............ feed-
.............. back.
& Tsa (i) 1 pn (i) negative
Gi) B+ Dicgo (V) I yan (if) 100 % positive
28. A negative clipper removesthe .............. half (+if) both positive and negative
cycles of the input voltage. (iv) none of the above

&b B R e

2

10.
11.

12.

Answers to Multiple-Choice Questions

(ii) 2. (iii) 3. @) 4. (i) 5. (iii)
(if) 7. (iv) 8. (iif) 9. (i) 10. (i)
(iii) 12, (i) 13. (iv) 14. () 15. (i)
(iif) 17. (iv) 18. (i) 19. (i) 20. (iii)
(iv) 22. (i) 23. (i) 24. (i) 25. (iv)
(iii) 27. (i) 28. (i) 29. (iv) 30. (i)

Chapter Review Topics
What is a switching circuit ?
Discuss the advantages of an clectronic swilch over i mechanical or clectro-mechanical switch.
Explain the terms collector leakage current and saturation collector current.
Explain the switching action of a transistor with the help of output characteristics.
What is a multivibrator ? Explain the principle on which it works.

With a neat sketch, explain the working of (i) astable multivibrator (if) monostable multivibrator
(iif) bistable multivibrator.

Whal is the basic difference among the three types of multivibrators. 7

Show that the output from a differentiating circuit is derivative of the input. What assumptions are
made in the derivation ?

Sketch the output waveforms from a differentiating circuit when input is (i) a squarc wave (if) saw-
tooth wave,

Show that the oulput from an integrating circuit is the integral of the input.

What is a clipper ? Describe (i) positive clipper (ii) biased clipper and (iii) combination clipper.
What do you understand by a clamping circuit ? With neat diagrams explain the action of a (i) positive
clamper (ir) negative clamper.
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Problems

1. The negative shunt chipper shown i lag, 20,53 has, peak imnpul voltage of +15 V. What is the output

peak voltage 7 [12.54 V)
R n
oO——— AWM ; 4 o )% : —o
v 100 © v v
in & + 10V |- n oul
=
vy > 1
0 0 \/ R,
o =[OV Jresasnnssd
Fig. 20.53 Fig. 20.54
2. Inthe negative serics clipper shown in Fig. 20.54, what is the peak output voltage 7 [9.3V]
3. In the circuit shown in Fig. 20.55, what are the minimum and peak values of the clamped output ?
1Y =20V}
VIH
4 o '
+10V ¥ o}~ 1 ——o *
0 it Vin R, Vou
- 10V e B
Fig. 20.55
‘:’l‘ﬂ e,
4 e Iir o +
+20V |-
0 \_/ : . vlﬂ RL vouf
20V b 10v
20V - 1 —o -

Fig. 20.56
4. Sketch the wave shape 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 7

A differentiating circuit is essentially an RC circuit, Why the output from RC coupling is nrit a differ-
entiated wave ?

What is the difference between a switching transistor and an ordinary transistor 7

What effect does a clamper have on the average value of a given input wave 7
What effect does a clamper have on the r.m.s, voltage of a sine-wave input ?
What determines the d.c. reference voltage of a clamper ?

NP s W

Discuss the differences between shunt and serics clippers.
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Field Effect Transistor

Introduction

In the previous chapters, we have discussed the circuit applications of an ordinary transistor. In this
type 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 a low input impedance becaise 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 megaohms. The field effect transistor (FET) has, by virtue of its construction and biasing, large
input impedance which may be more than 100 megaohms. The FET is 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, primarily 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 (BJT) is a current controlled device i.e., output characteristics of the
device are controlled by mw;ﬁ However, in a field effect transistor
(I"ET), the output characteristics are controlled by input voltage (i.e., electric field) and not by input
current. This is probably the biggest difference between BJT and FET. There are two basic types of
fieldetfect transistors:
(i) Junction field effect transistor (JFET)
(ii) Metal oxide semiconductor field effect transistor (MOSFET)
| To begin with, we shall study about JFET and then improved form of JFET, namely; MOSFET.
g 0 Junction Field Effect Transistor (JFET)
A junction field effect transistor is a three terminal semiconductor device in which current conduc-
tion is by one type of carrier i.e., electrons or holes.

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

Constructional details. A JFET consists of a p-type or n-type silicon bar containing two pn
junctions at the sides as shown in Fig. 21.1. The bar forms the conducting channel for the charge

458



Field Effect Transistors 459

carriers. If the bar is of n-type, itis called n-channel JFET as 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. 21.1 (ii). The two pn 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 JFET has essentially three terminals viz.,
gate (G), source (S) and drain (D).

DRAIN (D) DRAIN (D)

[ SOURCE (S) [ SOURCE (S)
n-Channel JFET p-Channel JFET
(i) (i)
Fig. 21.1

JFET polarities. Fig. 21.2 (i) shows n-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 be used as source and the other end as drain.

(0

Fig. 21.2

\)f .3 Working Principle of JFET

Fig. 21.3 shows the circuit of n-channel JFET with normal polarities. The circuit action is as follows:
(7)) When a voltage Vs is applied between drain and source terminals and voltage on the gate is
zero [ See Fig. 21.3 (i) ], the two pn 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 gencrally valid for low frequency applications. However, it is not true at high frequencies.
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(11) When a reverse voltage V¢ is applied between the gate and source [See Fig. 21.3 (ii)], the
width of the depletion layers is increased. This reduces the width of conducting channel, thereby
mcreasing the resistance of n-type bar. Consequently, the current from source to drain is decreased.
On the bther hand, if the reverse voltage on the gate is decicased, the widih of the depletion layers
alsodecreases. This increases the width of the conducting channel and hence source to drain current.

<
2
3

Vs =

(N (i)
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
transistor. It may be noted that a p-channel JFET operates 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 V;;and
Vs arc reversed. ¢

o
-~

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

D D
G G )
S s
n-Channel JFET p-Channel JFET
(0 (i)
Fig. 21.4

channel and source (S) and drain (D) connected to this line. If the 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

AJFET acts like a voltage controlled device i.e. input voltage (Vs) controls the output current. This
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15 different from ordinary transistor (or bipolar transistor) where input current controls the output
current. Thus JFET is a semiconductor device acting *like a vacuum tube. The need for JFET arose
because as modern electronic equipment became increasingly transistorised, it became apparent that
there were many functions in which bipolar transistors were unable 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
JFET, 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 JFET has higher input impedance than that of a conventional transistor, gencrates less
noise and has greater resistance to nuclear radiations.

21.6 Difference Between JFET and Bipolar Transistor nN"~

The JFET differs from an ordinary or bipolar transistor in the following ways :

(1) InaJFET, there is only one type of carrier, holes in p-type channel and electrons in n-type
channel. For this reason, it is also called a unipolar transistor. However, in an ordinary transistor,
both holes and electrons play part in conduction. Therefore, an ordinary transistor is sometimes
called a bipolar transistor,

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

(fii) As the gate is reverse biased, therefore, it carries very 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, JFET is essentially a voltage-
driven device. However, ordinary transistor is a current operated device i.e., input current controls
pp—————— T
the output current.

COLLECTOR DRAIN
+ +
BASE § GATE '
i 1
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 JFET 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 JFET gain is characterised as a transconductance i.e., the ratio of change in
output current (drain current) to the input (gate) voltage.

(v) In JFET, 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 in JFET is very small.

*  The gate, source and drain of a JFET correspond to grid, cathode and anode of a vacuum tube.
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21.7 JFET as an Amplifier

Fig. 21.6 shows JFET amplifier circuit. The weak signal is applied between gate and source and
amplified output is obtained in the drain-souice circuit.

For the proper operation of JFET, the gate must be nega- i
tive w.r.t. source i.e., input circuit should always be re-
verse biased. This is achieved either by inserting a bat- ‘% R,
u.:.r'y'VGU'm t_hc gate circuit or by a circuit known as I {
biasing circuit. In the present case, we are providing L——«I
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
JFET capable 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 1l
and hence the drain current. During the negative half- ‘lll
cycle of the signal, the reverse voltage on the gate in- Voo
creases. Consequently, the drain current decreases. The

result is that a small change in voltage at the gate pro-

dices a large change in drain current. These large variations in drain current produce large output
across the load R,. In this way, JFET acts as an amplifier.

21.8 Output Characteristics of JFET

The curve between drain current (/) and drain-source voltage (V) of a JFET at constant gate-
source voltage (V) is known as output characteristics of JFET. Fig. 21.7 shows the circuit for
determining the output characteristics of JFET. Keeping V; fixed at some value, say 1V, the drian-
source voltage is changed in steps. Corresponding to each value of V., the drain current /, is noted.
A plot of these valies gives the output characteristic of JFET at V= 1V. Repeating similar proce-
dure, output characteristics at other gate-source voltages can be drawn. Fig. 21.8 shows a family of
output characteristics.

Fig. 21.6

Fig. 21.7 Fig. 21.8

The following points may be noted from the characteristics :

() At first, the drain current /, rises rapidly with drain-source voltage Vs but then becomes
constant. The drain-source voltage above which drain current becomes constant is known as pinch
off voltage. Thus in Fig. 21.8, OA is the pinch off voltage.

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

7 ﬁ“s ‘(;r
We s AR
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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 pentode valve.

21.9 Important Terms 0\/

In the analysis of a JFET circuit, the following important terms arc often used :
[ Shorted-gate drain current (/;,¢¢)
2. Pinch off voltage (V)
3. Gate-source cut off voltage [V m)

1. Shorted-gate drain current (I,5c). It is the drain current with source short-circuited to
gate (i.e. Vo= 0) and drain voltage (V) equal to pinch off voltage. Tt is sometimes called zero-bias
current. : 4

Fig 21.9 shows the JFET circuit with V;¢ = 0 i.e., source shorted-circuited to gate. This is
normally called shorted-gate condition. Fig. 21.10 shows the graph between [, and V; 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 [, When V. 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 [ cc.

15 (mA)
lrIESS 1;
) BREAKDOWN
Vgs =0
) IDSS ______ GS ]
/-\ T L : I
= 1
VDS s e VDD : :
= | '
1 ! ACTIVE :
! REGION !
: 1
! 1
l — V(o (VOLTS)
’ VP VDS (max)
Fig. 21.9 Fig. 21.10

The following points may be noted carefully :

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

(if) There is a maximum drain voltage [V (., that can be applied to a JFET. If the drain
voltage exceeds Vg . JFET would breakdown as shown in Fig. 21.10.

(iir) The region between Vyand Vg o0y (breakdown voltage) is called constant-current region
or active region. As long as V,, is kept within this range, I, will remain constant for a constant value
of Vs 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.

g When drain voltage equals V,, the channcl becomes narrow and the depletion layers almost touch cach

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 (Vp). It is the minimum drain-source voltage at which the drain current
essentially becomes constant.

Figure 21.11 shows the drain curves of a JFET. Note that pinch off voltage is V,,. The highest
curve is for V.o = 0, the shorted-gate condition. For values of Vs greater than V,,, the drain current
is almost constant. It is because when Vs equals Vo the channel is effectively closed and does not
allow further increase in drain current. It may be noted that for proper function of JFET, it is always
operated for Vp,0> V.. However, V¢ should not exceed Vo5 (max 0therwise JFET may breakdown.

I (MA)
ry ‘FD
Ipss Ves=0V "nss
VGS= -1V
b Ve ~Vos < —> Vo
0 b (VOLTS) Vés o 0

Fig 21.11 \/ Fig 21.12 \/

3. Gate-source cut off voltage V. gy 11 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-source 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 VGS(nﬂ)' _

Notes. (i) It is interesting to note that Vs (o Will always have the same magnitude value as Vp.
For example if V, = 6V, then Vis o = — 6 V. Since these two values are always equal and
opposite, only one is listed on the specification sheet for a given JFET.

(ii) There is a distinct difference between V,and V{:‘Swﬂ' Note that V,, is the value of Vs that
causes the JEFT to become a constant current device. It is measured at Vi =0V and will have a
constant drain current = /;,c.. However, V;, (o 18 the value of V¢ that causes /}, to drop to nearly
zero.

21.10 Expression for Drain Current (I,

The relation between /¢ and V,, is shown in Fig. 21.13. We note that gate-source cut off voltage [i.e.
Vs (] 00 the transfer characteristic is equal to pinch off voltage Vp on the drain characteristic i.e.
Vo = Vs

For example, if a JFET has V;; = —4V, then V,, = 4V,
The transfer characteristic of JFET shown in Fig. 21.13 is part of a parabola. A rather complex
mathematical analysis yields the following expression for drain current :

2
’ = f = _v‘(J‘S__
= &y
D DS, VGS off)

I

where I, = drain current at given V¢
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I,,4¢ = shorted — gate drain current
Viee = gate-source voltage
Viswyp = gate-source cut off voltage
IH(mA)
4
Ves=0
Inss o
~Vis « Y,
35 * * Vs
(voLTs)  Ves wp i Ve (voLTS)

Fig. 21.13
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%ﬂple 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

VG.S‘ (off

Ip

Ip

1l

A
Example 21.2. A JFET has the following parameters:
Ipss = 32mA; Vg = -8V, Voo = —4.5V. Find the

value of drain current.

Solution, 1,

d\énmple 21.3. AJFET has adrain current of SmA. If I = 10mA and V.
value of (i) Vs and (if) Ve :

Solution.

or

ar

H|

12 mA
-5V Iy
v.. TP 4
!DSS(]'V : j|
GS (off) 12 mA
v TP
I2(]+—Qi:' mA
5
-Vis <
" 5 -5V 0
GS
I pss []_-V ] Fig. 21.14
GS (off)
2
32[1—(_4'5)] mA
-8
6.12 mA |
Gs(oy = — 0 V. find the

\1

T s VGS }2
e 9 V(;Stum
2
5 = 10[1+ﬁ]
6
vV
1+-LL = 5710 = 0.707
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=-176V
= =¥

(0 .- Vis

(1) and Vv 6V

GS (o) =

21.11 Advantages of JFET

A JFET 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 JFET are :

(i) It has a very high input impedance (of the order of 100 MQ). 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 tubes (due to high-temperature operation) and those of
transistors (due to junction transitions) are not present in a JFET.

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

mal runaway.
L) A JFET has a very high power gain. This climinates the necessity of using driver stages.
N (v) A JFET has a smaller size, longer life and high efficiency.

2 Parameters of JFET

Like vacuum tubes, a JFET has certain parameters which determine its performance in a circuit. The
main parameters of a JFET are (i) a.c. drain resistance (if) transconductance (iii) amplification factor.
(i) a.c. drain resistance (ry). Corresponding to the a.c. plate resistance, we have a.c. drain
resistance in a JFET. It may be defined as follows :
It is the ratio of change in drain-source voltage (AV ) to the change in drain current (Al,) at
constant gate-source voltage i.e.

’ ; V
a.c. drain resistance, r, = AVbs 4t constant Vs
Al
For instance, if a change in drain voltage of 2 V produces a change in drain current of 0.02 mA, then,
2V

a.c. drain resistance, r; = = |00kQ

0.02 mA

Referring to the output characteristics of a JFET in Fig. 21.8, itis clear that above the pinch off
voltage, the change in I, is small for a change in V¢ because the curve is almost flat. Therefore,
drain-resistance of a JFET has a large value, ranging from 10 kQ to 1 M.

(if) /:’ﬁanscondﬁctance (gﬂ ). The control that the gate voltage has over the drain current is
measured by transconductance g and is similar to the transconductance g, of the tube. It may be
defined as follows :

It is the ratio of change in drain current (Al}) to the change in gate-source voltage (AVGS) at
constant drain-source voltage i.e.

Al
A Vg

The transconductance of a JFET is usually expressed either in mA/volt or micromho. As an
example, if a change in gate voltage of 0.1 V causes a change in drain current of 0.3 mA, then,
0.3 mA

Transconductance, g, = ATy = 3mA/V = 3x 107 A/V or mho

Ix 107 % I()c’pmho = 3000 p mho

Transconductance, g, = at constant V¢




/

M
/ This example shows the major difference between a JFET and a bipolar transistor. Whercas the
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(iii) Amplification factor (p ). It is the ratio of change in drain-source voltage (AV ) 10 the
change in gate-source voltage (AV ) at constant drain current i.c.

s AV
Amplification factor, p = —2% atconstant /,,

AVgs
Amplification factor of a JFET indicates how much more control the gate voltage has over drain
current than has the drain voltage. For instance, if the amplification factor of a JFET 15 50, it means
that gate voltage is 5()‘imc.~; as effective as the drain voltage in controlling the drain current.

21.13 Relaan;]FET Parameters
The relationship among JFET parameters can be estublished as under ¢
- _ AV
We know  p = AT/;

Multiplying the numerator and denominator on R H.S._ hy A/, we get,

o= AVps XA’H - AV - Al
AVgg Al Al AViy

H ry %8y,

; ‘qmpliﬁc;ltion factor = a.c. drain resistance * transconductance

ie.
Exa{pl 21.4. When a reverse gate voltage of 15 V (s applicd to a JFET, the gate current is
107 pA. Fin stance between gate and source.
Solution. Veo = 13V I, = 107 pA = 107 A
2 V.. ¢
\)(’ - Gate to source resistance = fl = l'lv = 15%10°Q = 15,000 MQ
I 3 & 10" A

input impedance of a JFET is several hundred M£Q, the input impedance of a bipolar transistor is only
hundreds or thousands of ohms. The large input impedance of a JFET permits high degree of isolation

Exa hen Vo of a JFET changes from 3.1 V 1o =3 V, the drain current changes
Sfrom | mA to . What is the value of transconductance ?
Solution. AVie = 3.1=-3 =01V ... magnitude
Alp, = 13-1=03mA
Al,  03mA
; e, p, = = =3mAV =3
Transconductance, g, AV 01V 3000 p mho

Example 21.6. The following readings were obtained experimentally from a JFET :

Vs ov ov -02V

Vs .7V ISV ISV

I 10 mA 10.25 mA 9.65 mA

Determine (i) a. c. drain resistance (ii) transconductance and (iii) amplification factor.
Solution. (i) With Vs constant at OV, the increase in Vo from 7V to 15 V increases the drain
current from 10 mA to 10.25 mA i.e.
I5=7 =8V
10.25-10 = 0.25 mA

Change in drain-source voltage, AV,

Change in drain current, A/,

1]
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. . AV, A"
a.c. drain resistance, 1, = E,.:‘ = R = 32 kQ
(i) With V,,c constant at |5 V, drain current changcs from 10.25 mA to 9.65 mA as V¢ is
changed from 0V to - 0.2 V.
02-0 =02V
10.25 -9.65 = 0.6 mA

Al, 06mA
B = — = 3ImA/V = 3000 p mho
AV, 02V "

ryx g, = 32x 107 x (3000x 10°) = 96

A v(.-'.\'
Al

]

Transconductance, e =

"

(i) Amphitication factor, p
21.14 JFET Biasing
For the proper operation of n-channel JFET, pate must be negative w.rt. source. This can be achieved
cither by inserting a battery in the gate circuit or by a circuit known as biasing circuit. The latter
method is preferred because batteries are costly and require frequent replacement.

1. Bias battery. Fig. 21.15 shows the biasing of a n-channcl JFET by a bias battery V. This
battery ensures that gate is always negative w.rt. source during all parts of the signal.

2. Biasing circuit. The biasing circuit uses supply voltage V), to provide the necessary bias.
Two most commonly used methods are (1) self-bias (ii) potential divider method.

(i) Self-bias. Fig. 21.16 shows the self-bias method. The resistor Ry is the bias resistor. The
d.c. component of drain current flowing through R produces the desired bias voltage. The capacitor
C bypasses the a.c. component of the drain current,

+Vigps +Vpp

SIGNAL SIGNAL

- VGG

Fig. 21.15 Fig. 21.16

Voltage across Rg, Vo = IR ;

Since gate current is negligibly small, the gate terminal is at d.c. ground i.e., V; = 0
Vos = Vo= Vs = 0-1IpRs

or Vos = — IR

Thus bias voltage V¢ keeps gate negative w.r.t. source.

Operating point. The operating point (i.e., zero signal I, and V) can be easily determined.
Since the parameters of the JFET are usually known, zero signal [, can be calculated from the following
relation :
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Voo Y
I = ’n.\\'{l'_ \;\)

Also : Vs = Voo =1 (Rp+Ry)

Thus d.c. conditions of JFET amplifier are Tully specified.

(ii) Potential divider method. [ig. 21.17
shows potential divider method of biasing a JFET.

This circuit is identical to that used for a transistor.
The resistors R, and R, form a voltage divider across
drain supply V. The voltage V, across R, pro- %R
vides the necessary bias. g
: V
V, = et OB %X R
27 R+R, 2
Now Vy, = Vg +15Rg N
or Vas = Y2~ IpR;s SIGNAL
The circuit is so designed that [, R is larger
than V, so that V¢ is negative. This provides cor- +
rect bias voltage. We can find the operating point V, § R,
as under: -
F o= Vy Vs
D RS +
and Vos = Von—Ip (R + Ry
21.15 JFET Connections g AN

There are three leads in a JFET 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 JFET can be connected in a circuit in the following three ways :

+ VnD
Rp
CC
—F—
oUTPUT
Cin /_‘
SIGNAL qﬂb Rg
Rs Ce
' !

COMMON SOURCE CONNECTION
Fig. 21.18
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(1) Common source connection (i) Common gale connection
tirry Common drain connection

The common source connection is the most widely used arrangement. It is because this
connection provides high input impedance, good voltage
gain and a moderate output impedance. However, the cir-
cuit produces a phase reversal i.e,. output signal is 180° out
of phase with the input signal. Fig. 21.18 shows a common
source n-channel JFET amplifier. Note that source termi-
nal 1s common to both input and output.

Note. A common source JFET amplifier is the JFET
equivalent of common emitter amplifier. Both amplifiers
have a 180° phase shift from input to output. Although the
two amplifiers serve the same basic purpose, the means by
which they operate are quite different.

+Vpp=20V

Example 21.7. In a self-bias n-channel JFET, the op-
erating point is to be set at I, = 1.5 mA and Vs =10V, The
JFET parameters are I s = 5 mA and Vpo==2V Find the
values of Rg and R, Given that Vpp =20V

Cs

Solution. Fig. 21.19 shows the circuit arrangement.

[

2
= i I—K@
Ip = loss v, Fig. 21.19
2
or 15 = 5§ (l & V(zjs)
) Vo
or k=2 = JI5I5 =055
or Vs = —09V
Now Vos = Vo Vs
or Vs = VG—VGS
= 0-(-09) =09V
V.
R s = 09_\/ = 06kQ

ST 1, T IsmA
Applying Kirchhoff's voltage law to the drain circuit, we have

Voo = IpRp+ Vg + 1R
or A = I.5mAXR,+10+09
20-10-09 V
Ry = ( 943 =6kQ

1.5 mA

Example 21.8. /nan n-channel JFET biased by potential divider method, it is desired to set the
operating point at I, = 2.5 mA and V,,; = 8V. IfVpp = 30V.R, = I MQand R, = 500 kS, find
the value of Rs. The parameters of JFET are Ipsg = 10mAandV, = -5V,

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

2
Vis
Iy = IDSS[] _V_P]
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Vi 2 +Vpp= 30V
or 25 = 10| 1+—== !
5
V
or t+-f5?—5 = J25/10 = 05
- 1 MQ)
or Veg = -25V
VDD
Now v, = R]+R2XR2
30
R
1000+ 500 0
= |0V
VZ = VGS+!DRS V2 Sm kQ)
or 0V = -25V+25mAxR; J
R, = l0V+25V _ 125V
d 25mA  25mA
= 5kQ Fig. 21.20

21.16 Voltage Gain of JFET Amplifier

Fig. 21.21 shows a typical circuitof a JFET amplifier. The JEFET
is self-biased by using the biasing network R, — C.. The d.c.
component of the drain current flowing through the source-
biasing resistance R produces the desired bias voltage. The
capacitor Cg bypasses.the a.c. component of drain current. It
may be noted that biasing circuit is similar to the cathode bias
for a vacuuim tube. The valuc of R can be determined from the
following relation :

V
- 'Gs
Ry = = }'
D
where V, = voltage drop across Rgand I, = current through .

Ry
Like a vacuum tube, a JFET is a voltage driven device. Fig 2121
Therefore, the voltage gain of a JFET amplifier can be determined in the same manner as for a

vacuum tube,
Voltage gain of JFET amplifier is

_ _MR,
* T op4+R,
' ry 8 Ry
Since =: K S i m AR
H a” bps Y o+ R,
If r,>> R, then the latter can be neglected as compared to the former.
. T4 gfr RL
Voltage gain,A, = ——— or A, =g xR/
rd ’

Example 21.9. The transconductance of a JFET used in a voltage-amplifier circuit is
3000 uymho and the load resistance is 10 k€& Calculate the voltage amplification of the circuit
assuming that r,>> R,.
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Solution. g, = 3000 umho = 3000 x 10”" mho and R, = 10kS2 = 10,000
Bur o8, 3 A, = g, R, = (3000x 10"%) x (10,000) = 30

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

Solution.

+Vpp=30V

Fig. 21.22
(i) Vis = Vop—Ip(Rp+Ry) = 30~2.5mA(5+0.2) =30-13 = 17V
(if) Vas = —IpRy = =(2.5%107)x200 = -0.5V

Example 21.11. Figure 21.23 shows two stages of JFET amplifier. The first stage has Ip =
2.15mA and the second stage has I, = 9.15mA. Find the d.c. voltage of drain and source of each
stage w.r.t. ground.

Solution. Voltage drop in 8.2k = 2.I15mAx82kQ = 1763V
D.C. Potential of drain of first stage w.rr. ground is
Vi, = V= 1763 = 30-1763 = 1237V

+Vpp=30V

8.2kQ 2kQ

vy 2.15mA ¥ 9.15mA

o] ——
J 71.% C > : .—’ C >S ' ouTPUT
o mMQ% 680 0 “], - " Mn% 220 Q2 j

I A A

Cs
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D.C. potential of source of first stage to ground is
Vi = I R, = 2.15mAx0.68kQ = 1.46 V
Voltage dropin2kQ = 9.15mAXx2kQ = 183V
D.C. potential of drain of sccond stape to ground is
Vp = Vpp =183 =30-183 =117V
D.C. potential of source of second stage to ground is

Ve = IpRg = 9.15mAX022kQ = 201V
21.17 JFET Applications

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

.| BuFFER . | secowno
=] TREAGE > amPUFIER [ STAGE | T
H‘GH Zin LOW Zrmr
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 JFET can act as an excellent buffer amplifier (See Fig. 21.24). The high input imped-
ance of JFET 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 JFET can drive heavy loads (or
small load resistances). This ensures that all the output from the buffer reaches the input of the
second stage.

+Vpp

Ry

> r

=iy
=0
:Eﬁ

A 3

5

=
i

ot < ——»0

Fig. 21.25
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(ii) Phase-shift oscillators. The oscillators discussed in chapter 16 will also work with JFET.
However, the high input impedance of JFET is especiaily valuable in phase-shift oscillators to minimise
the loading effect. Fig. 21.25 shows the phase-shift oscillator using n-channel JFET.

(i) As RF amplifier. In communication electronics, we have to use JFET RF amplifier in a
receiver instead of BJT amplifier for the following reasons :

(@) The noise level of JFET is very low. The JFET will not generate significant amount of noise
and is thus vseful as an RF amplifier.

(b) The antenna of the receiver receives a very weak signal that has an extremely low amount of

B\\! urrent. Since JFET is a voltage controlled device, it will well respond to low current signal provided
g

v

the antenna.
.18 Metal Oxide Semiconduetor FET (MOSFET)

tal 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
JFET because of very small gate leakage current. The MOSFET can be used in any of the circuits

| covered for the JFET. Therefore, all the equations apply equally well to the MOSFET and JFET in

amplifier connections,~
Constructional details. Fig. 21.26 (i) shows the constructional details of n-channel MOSFET.
It is similar to JFET except with the following modifications :
There is only a single p-region. This region is called subtrate.

gx‘f 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, there-
fore, gate is insulated from the channel. For this reason, MOSFET is sometimes called insulated gate
FET. TR e Rems = S —
(h;:') Like JFET, a MOSFET has three terminals viz. source, gate and drain.

Fig. 21.26 (if) shows the schematic symbol of n-channel MOSFET.

DRAIN
. DRAIN
OXIDE LAYER &
GATE G__, SUBTRATE o SUBTRATE
n
T ' SOURCE
SOURCE
() (ir)

\\\\ Fig. 21.26

21.19 Working Principle of MOSFET

Fig. 21.27 shows the circuit of MOSFET. 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
given positive voltage, more electrons are
made available in the n-channel. Conse-
quently, current from source to drain in-
creases. The following points may be
noted:

W InaMOSFET, the source to drain
current is controlicd by the electric ficld of
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Fig. 21.27

capacitgr formed at the gate.
\yg’Unlikc the JFET, a MOSFET has no gate diode. This makes it possible to operate the device

with pogitive or negative gate voltage.

(iff) As the gate forms a capacitor, therefore, negligible gate current flows whether positive or
negative voltage is applied to the gate. Conscquently, the input impedance of MOSFET is very high,

ranging from 10,000MQ to 10,000,00MQ.

Multiple-Choice Questions

1. A JFET has three terminals, namely .......
(i) cathode, anode, grid
(i) cmitter, base, collector
(i) source, gate, drain
(iv) none of the above

2. AJFET s similar in operationto ....... valve.

(i) diode (if) pentode
(fif) triode (iv) tetrode
3. AJFET is also called ....... transistor.
(f) unipolar (i) bipolar
(iff) unijunction (iv) none of the above
4, AJFETisa ... driven device.
(i) current
(f) voltage
(iii) both current and voltage
(év) none of the above
5. The gate of a JFET is ....... biased.
() reverse
(i) forward

(iif) reverse as well as forward

*

(iv) none of the above
6. The input impedance of a JFET is ....... that
of an ordinary transistor.
(i) equalto (ii) less than
(iif) 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 drain voltage.

(i) decreases

(if) 1ncreases
(iif) remains constant
(iv) none of the above

9. If the reverse bias on the gate of a JFET is
increased, then width of the conducting chan-
nel s

If one plate of capacitor is ncgatively charged, it induces positive charge on the other plate.
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() 1s decreased
(if) is increased
(iii)
(iv) none of the above
10. AMOSFEThas ....... terminals.
(i) two
(iif) four (iv) three
11. A MOSFET can be operated with .......
(r) negative gate voltage only

remains the same

(if) five

(if) positive gate voltage only
(1ir) positive as well as negative gate volt-
age
(iv) none of the above
12. AJFEThas ....... power gain.
(i) small (if) very high

(iv) none of the above
13. The input control parameterof aJFET is .......

(i) very small
(i) pate voltage (if) source voltage
(ifi) drain voltage (iv) gate current
14. A common base configuration of a pnp tran-
sistor is analogous to ....... of a JFET.
(i) common source configuration '
(if) common drain configuration
(iif) common gate configuration
(iv) none of the above

15. A JFET has high input impedance because

({) it is made of semiconductor material
(if) input is reverse biased
(iif) of impurity atoms
(iv) none 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
(iif) have moderate gap
(iv) none of the above
17. Ina JFET, I ¢ is known as ..............
(¢) drain to source current
(if) drain to source current with gate shorted
(iif) drain to source current with gate open
(iv) none of the above

Principles of Electronics

18. The two important advantages of a JFET are

(¢) high input impedance and square-law
property
(i1) inexpensive and high output impedance
(¢if) low input impedance and high output
impedance
(iv) none of the above
198 oo has the lowest noise-level.
(/) triode (ii) ordinary transistor
(iii) tetrode (iv) JFET
20. AMOSFET is sometimes called ....... JFET.
({) many gate (if) open gate
(iii) insulated gate (iv) shorted gate
21. Which of the following devices has the high-
est input impedance ?
(iy JFET
(il MOSFET
(iii) crystal diode
(iv) ordinary transistor
22. A MOSFET uses the electric field of a .......
to control the channel current.
(ii) battery
(iff) generator (iv) none of the above

23. The pinch-off voltage in a JFET is analo-
gOUus to ....... voltage in a vacuum tube.

(i) anode

(ii) cathode

(i) grid cut off

(iv) none of the above

(i) capacitor

24, The formula for a.c. drain resistance of a
JPET Smannm

AVps

(i) &l at constant V.
A Vg

(i) Al at constant V
Al

(iii) AV, at constant V¢
. Al

(iv) A VDs at constant Vcs

25. In class A operation, the input circuit of a
JEET is ..ocvovinn biased.
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() forward (if) reverse
(iif) not (iv) none of the above

26, If the gate of a JFET is made less negative,
the width of the conducting channel .......

(i) remains the same
(if) 1s decreased

(iif) is increased
(iv) none of the above
27. The pinch-off voltage of a JFET is about .......
(i) 5V (i) 0.6 V
(iii) 15V (iv) 25V
28. The input impedance of a MOSFET is of the
orderof ..............
(i) (i) a few hundred Q2
(i) kQ (iv) several M Q
29. The gate voltage in a JFET at which drain
current becomes zero is called .............. volt-
age.

({) saturation (if) pinch-off
(iii) active (iv) cut-off
30. The drain current /) in a JFET is given by

2
v
§ GS
(l) ID=[DS.S'( . Vp]

v}
) GS
(@) Ip=1pgs [I . W]
2
V
(i) 1y=1ly|1= 55
p = pss Vg
| v, [}
() Ip=1pss H’@
31. Ina FET, thereare ............... pn junctions at
the sides.
(i) three (ii) four
(1if)y five (iv) two

32. The transconductance of a JFET ranges from

(f) 100 to 500 mA/V
(i) 500 to 1000 mA/V
(iif) 0.5 to 30 mA/V
(iv) above 1000 mA/V
33. The source terminal of a JFET corresponds
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(o e e of a vacuum tube.
(i) plate (if) cathode
(iif) gnd (iv) none of the above
34. The output characteristics of a JFET closely
resemble the output characteristics of a

e Valve
(/) pentode (if) tetrode
(iii) triode (iv) diode

35. If the cross-sectional area of the channel in
n-channel JFET increases, the drain current

() is increased
(i) 1s decreased
(iff) remains the same
(iv) none of the above
36. The channel of a JFET is between the
(i) gate and drain
(éf) drain and source
(iif) gate and source
(iv) inputand output
37. For V= 0V, the drain current becomes
constant when V¢ exceeds ...............
(i) cutoff (if) Vpp
(iif) V, (iv) OV
38. A certain JFET data sheet gives Vg0 =
-4 V. The pinch-off voltage V, is .............
() +4V (i) =4V
(iii) dependent on V¢
(iv) datainsufficient

39. The constamt-current region of a JFET lies
BEWERN ssscniess

(i) cut off and saturation

(if) cut off and pinch-off

(éif) Oand /g

(iv) pinch-off and breakdown

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

(f) atits widest point

(ii) completely closed by the depletion

region
(iif)
(iv)

extremely narrow
reverse biased
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Answers to Multiple-Choice Questions
1. (iii) 2. (i) 3 ) 4. (ii) 5. ()
6. (i) 7. (i) 8. (iif) 9. 10. (iv)
11. (i) 12. (if) 13. () 14. (iii) 15. (ii)
16. (D 17. (i) 18. () 19. (iv) 20. (iii)
21. (i) 22, (i) 23.  (ii) 24. (i) 25. (i)
26. (iii) 27. (D 28. (iv) 29. (i) 30. (i)
31. (iv) 32. (i) 33. (in 34. (i) 35. ()
36. (i) 37. (iii) 38. () 39. () 40. (i)

Chapter Review Topics

1. Explain the construction and working of a JFET.

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

How will you determine the drain characteristics of JFET 7 What do they indicate?
4. Define the JFET paramcters and cstablish the relationship between them.

Briefly describe some practical applications of JFET.

el

W

Explain the construction and working of MOSFET.
Write short notes on the following :
(i) ‘Advantages ol JFET (i) Difference between MOSFET and JFET

el o

Problems

1. AJFEThasadraincurrentof SmA. It/ = 10 mA and VGS{”m is =6 V, find the valuc of () V5 and

(it) V. [()~ 15V @) 6V]
2. AJFEThasan [5;0f9 mA and a Vg of = 3V. Find the valuc of drain current when Vo= —1.5V.
[2.25mA]
3. Inthe JFET circuit shown in Fig. 21.28if /, = 1.9 mA, find V;;and Vi [- 1.56V; 13.5V]
+24V +20V
4700 Q % 5002
"D

Fig. 21.28 Fig. 21.29
4. For the JFET amplifier shown in Fig. 21.29, draw the d.c. load line.
5. ForaJFET. Io=9 mAand V,=-3.5V. Determine /,, when (§) V=0V (i) Vo = —2V.
[(i) 9mA (ii) 1.65 mA]
6. Sketch the transfer curve for a P-channel JFET with [ ;=4 mAand 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 1 kV.

The SCR has appeared in the market under different names such as thyristor, thyrode and transis-
tor. It is a unidirectiongl 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

A
GATE (G)
— p n p nob— :
ANODE CATHODE 4
(A) (K)
K

U] (if)
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 uscd as a switch, it will carry leakage
current in the off condition which should be as small as possiblec.

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

479
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Constructional details. When a pn junction is added (o a junction transistor, the resulting three
pni junction device is called a silicon controlled rectifier. Fig. 22.1 (i) shows its construction. It is
clear that it is essentially an ordinary rectifier (pn) and a junction transistor (npn) combined in one
unit to form pnpn device. Three terminals are taken; one from the outer p-type material called anode
A, second from the outer n-type material called cathode K and the third from the base of transistor
section and is called gate G. In the normal operating conditions of SCR, anode is held at high positive
potential w,rt. cathode and gate at small positive potential w.r.t. cathode. Fig. 22.1 (if) shows the
symbol of SCR.

The silicon controlled rectifier is a solid state equivalent of thyratron. The gate, anode and
cathode of SCR correspond to the grid, plate and cathode of thyratron. For this reason, SCR is
sometimes called thyristor.

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 be studied under the following two heads.

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

NO
VOLTAGE
——t
Ty Jy)
plnlp|n
NO VOLTAGE
[ — s J
R, Ty - ;

Fig. 22.2

(i) 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
clectrons from junction J, are attracted across junction J, and gate current starts flowing. Assoon as
the gate current flows, anode current increases. The increased anode current in turn makes more
electrons available at junction J,. This process continues and in an extremely small time, junction J,

*  The whole applied voltage V appears as reverse bias across junction J, as junctions J, and J, are forward
biased.
**  Because J, and J, are forward biased and J, has broken down.
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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.

fss,

G ' 3
o—r+}0 R

4 » n o—+p4-LGn 2
O—» 10 —_
. _i_V
AT B S |

R, %
Fig: 22.3

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

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

(if) There are two ways to turn on the SCK. The firstinethod 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.

(&) Applying small positive voltage to the gate is the normal way to close an SCR because the
breakover 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 4
I i
' EMITTER | n
r P T,
- BASE | n E COLLECTOR
G| G—7 p | BASE Go—nt - /23
,, COLLECTOR T —
K K K
() (ir) (iif)
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. (iif). Itis 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 ol SCR can be casily explained from its equivalent circuit. Fig. 22.5. shows the
equivalent circuit of SCR with supply voltage V and load resistance R,. Assumc the supply voltage V
is less than breakover voltage as is usually the case.
With gate open (i.e. switch § open), there is no base
currentin transistor T,. Therefore, no current flows in
the collector of T, and hence that ot T,. Under such
conditions, the SCR is open. However, if switch S is R,
closed. a small gate current will flow through the base
of T, which means its collector current will increase.

The collector current of 7} is the base current of 7. =
Therefore, coticctor current of T increases. But col- _L i ¥
lector current of T is the base current of 75 This
action is accumulative since an increase of current in T J—
one transistor causes an increasc of current in the other

transistor. As a result of this action, both transistors Fig. 22.5

are driven to saturation, and heavy current flows

through the load R,. Under such conditions, the SCR closes.

22.4 Important Terms

The following terms are much used in the study of SCR :

() Breakover voltage (i) Peak reverse voltage
(it) Holding current (iv) Forward current rating

{v) Circuit fusing rating

(i) Breakover voltage. [t is the minimum forward voltage, gate being open, at which SCR
starts conducting heavily i.e. turned on.

Thus, if the breakover voltage of an SCR is 200 V, it means that it can block a forward voltage
(i.c. SCR remains open) as long as the supply voltage is less than 200 V. If te supply voltage is more
than this value, then SCR will be turncd 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.
Commercially available SCRy have breakover veltages from about 50 V to 500 V.

(ii) Peak reverse voltage (PRV). It is the maximum 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 a.c.
circuit. During the negative half of a.c. supply, reverse voltage is applied across SCR. If PRV is
exceeded, there may be avalanche breakdown and the SCR will be damaged if the external circuit
does not limit the current. Commercially available SCRs have PRV ratings upto 2.5 kV.

_ (iit) Holding current. /[t is the maximum anode current, gate being open, at which SCR is
turned off from 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 conditioq 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 SmA, then SCR
will be turned off.

(iv) Forward current rating. [/t is the maximum anode current that an SCR is capable of
passing without destruction.
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Every SCR has a safe 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, -
if an 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 100A,

(v) Circuit fusing (Izt) rating. /tis the product of square of forward surge current and the time
of duration of the surge i.e.,

Circuit fusing rating = I .

The circuit fusing rating indicates the maximum forward surge current capability of SCR. For
example, consider an SCR having circuit fusing rating of 90 As. 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 10 mA and
holding current of 10 mA. What do you infer from it ? What will happen if gate current is made
15mA ? .

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. However, as long as the supply voltage is less than
400 V, the SCR stays open i.e. it does not conduct.

(it) Trigger current of 10 mA. It means that if the supply voltage is less than breakover vollage
(i.e. 400 V) and a minimum gate current of 10 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.

(1ii) Holding current of 10 mA. When the SCR is conducting, it will not open (i.e. stap 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 ina circuit is subjected to a 50 A surge that lasts for 12 ms. Determine
whether or not this surge will destroy the device. Given that circuit Sfusing rating is 90 Als,

Solution. Circuit fusing rating =/ = (50)’ x (12 x 10) = 30 A%
Since this value is well below the maximum rating of 90 Azs, the device will not be destroyed.
Example 22.3. An SCR has a circuit fusing rating of 50 A’s. The device is being used in a circuit

where it could be subjected to a 100 A surge. Determine the maximum allowable duration of such a
surge. ’

2 .
Solution, Lo = ur—d}mgﬁ] where /. = known value of surge current
; .
e —75—03- =5%x107"s = Sms
(100)

22.5 V-I Characteristics of SCR

It is the curve between anode-cathode voltage (V) and anode current (/) of an SCR at constant gate
current. Fig. 22.6 shows the V- characteristics of a typical SCR,

() Forward characteristics. When anode is positive w.r.1. cathode, the curve between V and
I'is called the forward characteristic. In Fig. 22.6, OABC is the forward characteristic of SCR at
I;=0. 1f the supply voltage is increased from zero, a point is reached (point A) when the SCR starts
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conducting. Under this condition, the voltage across SCR suddenly drops as shown by dotted curve
AB and most of supply voltage appears across the load resistance R, . It proper gate current is made
to flow, SCR can close at much smaller supply voltage.

I
L S
Cle— ON STATE
=0 BREAKOVER
VOLTAGE
H raaes A
-V >
= v
D
AVALANCHE
BREAKDOWN
v
E =]
Fig. 22.6

(if) Reverse characteristics. When anode is negative w.rt. cathode, the curve between Vand /
is known as reverse characteristic. The reverse voltage does come across SCR when it is operated
with a.c. supply. If the reverse voitage 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 shown by the curve DE. This maximum reverse vollage
at which SCR starts conducting heavily is known as reverse hreakdown voltage.

22.6 SCR in Normal Operation

In order to operate the SCR in normal operation, the following points are 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 vperated from a.c. supply, the peak reverse voltage which comes during nega-
tive half-cycle should not exceed the reverse breakdown voltage.
(iv) When SCR is to be turned OFF from the ON state, anode current should be reduced to
holding current. 3
(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 inbetween. 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 turncd OFF. Itis 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 of SCR as a switch. An SCR has the following advantages over a mechanical or
electromechanical switch (relay) :
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(i) Tt has no moving parts. Consequently, it gives noiseless operation at high efficiency.

(i) The switching speed is very high upto 10’ operations per second.

(iif) 1t permits control over large current (30-100 A) in the Toad by means of wsmall pate curren
(a few mA).

(iv) Tt has small size and gives trouble frec service,
22.8 SCR Switching
We have seen that SCR behaves as a switch i.e. it has only two states viz. ON state and OFF stare 1
is profitable to discuss the methods employed to turn-on or turn-oft an SCR.

1. SCR turn-on methods. In order to turn on the SCR, the gate voltage Vi is increased upto o
minimum value to initiate triggertng. This minimum value of pate voltage at which SCR 15 turned ON
is called gate triggering voltage V... The resulting gate current is called gate triggering current /)
Thus to turn on an SCR all that we have to do is to apply positive gate voltage cqual to V, , or pass

pate current equal to [ ;. For most of the SCRs, V.= 20 10 Vand /= 100 pA to 1500 mA, We
shall discuss two methods to turn on an SCR.

e
_T-'

Fig. 22.7

(iy D.C. gate trigger circuit. Fig. 22.7 shows a typical circuit used for triggering an SCR with
ad.c. gate bias. When the switch is closed, the gate receives sufficient positive voltage (= V) to turn
the SCR on. The resistance R, 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 highet
the gate-triggered current, the shorter the turn-on time.

DEVICE FIRES HERE B

v

(1) (i)
Fig. 22.8
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(i) A.C.trigger circuit. An SCR can aiso be wrned on with positive cycle of a.c. gate current,
e 228 (ii) shows such a circuit. During the positive half cycle of the gate current, at some point
I..=1,, the device is turned on as shown in Fig. 22.8 (i)

2. SCR turn-off methods. The SCR turn-off poses more problems than SCR turn-on. Itis
because once the device 1s ON, the gate loses all control. There are many methods of SCR turn-off
hut only two will be discussed.

(1) Anode current interruption. When the anode current is reduced below a minimum value
called holding current, the SCR turns off. The simple way to turn off the SCR is to open the line
switch § as shown in Fig. 22.9.

(iry Forced commutation. The method of discharging a capacitor in parallel with an SCR to turn
off the SCR is called forced commutation. Fig. 22.10 shows the forced commutation of SCR where
capacitor C performs the commutation. Assuming the SCRy are switches with SCR1 ON and SCR2
OFF, current flows through the load and C as shown in Fig. 22.10. When SCR2 is triggered on, Cis
eflectively paralleled across SCR1. The charge on C is then opposite to SCR1's forward voltage,
SCR1 is thus turned off and the current is transferred to R-SCR2 path.

et
L i
N L ‘ LOAD ;A ; R
: i3 Gy
: ‘ I L
i ’ 1 F
SCR2
TRIGGER SCR 1
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 (i) shows
the circuit of an SCR half-wave rectifier. The a.c. 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,

R, |

AB. ., .
SUPPLY

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 a.c. supply. The circuit action is as follows

(i) During the negative half-cycles of a.c. voltage appearing across secondary, the SCR does not
conduct regardless of the gate voltage. Itis because in this condition, anode is negative w.r.1. cathode
and also PRV is less than the reverse breakdown voltage.

(11) The SCR will conduct during the positive half-cycles provided proper gate current is made
1o flow. The greater the gate current, the lesser the supply voltage at which SCR is turned ON. The
gate current can be chanped by the variable resistance ras shown in Fig. 22.11 (4).

(iii) Supposc that gate current is adjusted to such a value that SCR closcs at a positive voltage V,
which is less than the peak voltage V. Referring 1o Fig. 22.11 (i), it is clear that SCR will start
conducting when secondary a.c. voltage becomes V| in the positive half-cycle. Beyond this, the SCR
will continue to conduct till voltage becomes zero at which point itis turned OFF. Again at the start
of the next positive half-cycle, SCR will start conducting when secondary voltage becomes V.

(iv) Referring to Fig. 22.11 (ii), it is clear that firing angle is « Le. at this angle in the positive
half-cycle, SCR starts conduction. The conduction angle is ¢ (= 180° — ).

1t 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 half-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 =V_ sin 0 be the alternating voltage

that appears across the secondary. Let o be the firing angle. It means that rectifier will conduct from
o to 180° during the positive half-cycles.

1807 yo
Avcragcou{put. ¥, = % J V. sin0dd = Eﬁ J"sin 840
o a

v .
= 2';': [- cos 0 -

v
= 2?; (cos o — cos 180°)

Ve 1+ )
= e COs O
2]’[ Ccos

: = = -T-(l+cosq)
Average current, [, = R, MR,

The following points may be noted :

(i) Ifthe firing angle & = 0°, then full positive half-cycle will appear across the load R, and the
output current becomes :

% v
1, = 2-(l+cos0®) = =2
R, TR,
This is the value of average current for ordinary half-wave rectifier. This is expected since the
full positive halt-cycle is being conducted.
(if) 1f & =907, then average current is given by;

Yo (14 cos90%) = om
= Y Grcos90) =
w = opg VT MR,
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Fhis shows that greater the g angle o, the simaller 1« the average current and vice-versa.

Example 22.4. A half-wave rectifier circuit employing an SCR is adjusted to have a gate cur-
rentof 1mA. The forward breakdown vottage of SCR is 100 V for I# = ImA. If a sinusoidal voltage of
2000V peak is applied, find :

(1) firing angle (ii) conduction angle (iii) average current

Asvime load resistance = 1002 and the holding current to be zero.

Solution. vo=V sinB
Here, vo= [0V, V_ =200V
T M) = 20X sin B
; 100)
i SinlB = —— = 0.5
Ol SN 200
0 = sin™ (0.5) = 30° e Firing angle, a0 = 0 = 30°
(i) Conduction angle, & = 1807 —a = 180° - 30° = 150°
. vﬂl ey —_ E(X) Ty — 7.
(1ri) Average voltage = == (I+cosa) = == (I+cos 307 = 5925V
2n 2n
erage voltag
Average current = AVLM-E;_LVU 8 - 519(._1?)5 = 0.5925 A

Example 22.5. An SCR half-wave rectifier has a forward breakdown voltage of 150 V when a
cate current of I mA flows in the gate circuit. If a sinusoidal voltage of 400 V peak is applied, find:

(1Y firing angle (11) average outpur voltage
(i) average current for a load resistance of 2002 (iv) power output

Assume that the gate current is ImA throughout and the forward breakdown voltage is more
than 400V when .= 1mA

Solution. V., =400V, v = 150V, R, = 200 %2
() Now vo=V sing

or sinf = ‘:m = ;;{; = (0375

e firing angle, &t (= 0) = sin™' 0.375 = 22°

(1) Average output voltage is
L]

Vv
V. = "(l+cos22°) = ‘:’[09“+c05 22 = 1226 V
¥ 2n 2n
; i averag ltage 122.
(i) Average current, / = d\u%’? Q_u_lpu_l ﬂ’-——!’v-- = -=== = 0613A
PYETIES CHITERL Cun R, 200
{iv) Outputpower = V, x/ = 122.6x0.613 = 75.15 W

. Example 22.6. Ana.c. voltage v = 240 sin314 t is applied to an SCR half-wave rectifier. If the
SCR has a forward breakdown voltage of 180 V, find the time during which SCR remains off.

Solution. The SCR will remain off till the voltage across it reaches 180 V. This is shown in Fig.
22,12, CIcirly, SCR will remain off for 1 second.

Now ; v =V sin314¢

Here v= 180V, V=240V
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180 = 240sin (314 1) o
{L
180
or sin3l4t = 240 0.75 o N— v =240 sin 314 1
or 3141 = sin ' (0.75) -
= 48.6° = 0.848 radian :
1
¢ = 0848 _ 0027 sec = 2.7 millisecond : L
314 0 TIME
. — 1 —
22.10 SCR Full-Wave Rectifier Fig. 22.12

Fig. 22.13 (i) shows the circuit of SCR full-wave rectifier. Itis 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

IGr
SCR 1 ‘vf
!
R
AC. %
SUPPLY £ YW
l i "0
SCR 2 g’ I
r
Ig
(1) (i)

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|. During the positive half-cycle of a.c. across secondary, the upper end of secondary is
positive and the lower end negative. This will cause SCR1 to conduct. However, the conduction will
start only when the voltage across the upper half of secondary becomes V| 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 a.c. 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. It may be seen that current through the load is in the same direction (d.c.) on
both half-cycles of input a.c. 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), letv= V_ sin O be the alternating voltage

that appears between centre tap and either end of secondary. Let o be the firing angle.
180° 180"

V
Averageoutput, V, - = IE J V_ sinBdb = = | sin 040
T

a @
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Vi 150" v R
= ~Z|—gosBl " = _r’z" (cos o = cos 180°)
n

av

Vv
V. = - (l+cosw)
R

This value is double that of a half-wave rectifier. It is expected since now negative half-cycle is

also rectified.
vV 1%
Average current, [ = - = —- (] 4cos @)
4 R, TR,

Example 22.7. An SCR full-wave rectifier supplies to a load of 100 SL. If the peak a.c. voltage
between centre tap and one end of secondary is 200V, find (i) d.c. output voltage and (ii) load current
for a firing angle of 60°,

Solution. V.

200V, o = 60° R, = 100Q

(i) D.C.output voltage, V,

1%
= (1+cos @) = %t@(ncosw’) = 955V

Vo _ 955

(i) Load current, /= R, 0 - 0955A

av

22.11 Applications of SCR

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 :

(1) 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 staric contactor.

A
R, ‘
R, D,
SCR 1
s Ry
@ ' AW K,
K. |G . G
1 1 2
D, R, ) SCR 2

L
B

Fig. 22.14

Fig. 22.14 shows the use of SCR to switch ON or OFF a.c. power to a load R,. Resistances R, and R,
are for the protection of diodes D, and D, respectively. Resistance R, 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 D, sends gate current through SCR1. Therefore SCR1 is
turned ON while SCR2 remains OFF as its anode is negative w.x1. cathode. The current conduction
by SCR1 follows the path AR K| BA. Similarly, in the next half-cycle, SCR2 is turned ON and con-
ducts current through the load. It may be seen that switch § handles only a few mA of gate current to
switch ON several hundred amperes in the load R,. This is a distinct advantage over a mechanical .
switch.
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SCR1

SCR2

\ |
¥ Fig. 22.15

(i) 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 R,. During the positive half-cycle of a.c. supply, end A is
positive and end B is negative. Therefore, capacitor C, is charged through AD, RC, D,B. The charge
on the capacitor C, depends upon the value of potentiometer R. When the capacitor C, is charged
through a sufficient voltage, it discharges through the zener Z. This gives a pulse to the primary and
hence secondary of transformer T,. This turns on SCR2 which conducts currents through the load R .
During negative half-cycle of supply, the capacitor C, is charged. It discharges through the zener and
fires SCR1 which conducts current through the load.

: N
) [
[
D'* R X o,
5 FIELD
—~ — B o006 — ARMATURE
D,k Yo,

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, or C, and hence smaller will be the time during which SCR1 and
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Sl eonductina tull cyele. Inthis way, we can control a large power of several kW in the load
A, with the help of a small potentiometer K.

11 SCRs for speed control of d.c. shunt motor. The conventional method of speed control of
Leoshuntmotor s to change the field excitation. But change in field excitation changes the motor
torque also. This drawback is overcome in SCR control as shown in Fig. 22.16. Diodes D, D,, D,
and D torm the bridge. This bridge circuit converts a.c. into d.c. and supplies it to the field winding
of the motor. During the positive half-cycle of a.c. supply, SCR1 conducts because it gets gate current
Iroin bridge circuit as well as its anode is positive wrt,
cathode. The armature winding of the motor gets cur- Hee
rent. The angle of conduction can be changed by vary- LIGHT
ing the pate current. During the negative half cycle of \
a.uosupply, SCR2 provides current to the armature \\A.
winding. In this way, the voltage fed to the motor ar- R
mature and hence the speed can be controlled.

00}
[
N
N
m
o

ol SCR for overlight detection. The resistor R is a
photo-resistor, a device whose resistance decreases
with the increase in light intensity. When the light fall-
e on R has normal intensity, the value of R is high
enough and the voltage across R, is insufficient to trig-
ger the SCR. However. when R is in strong light, its Ad
resistance decreases and the voltage drop across R, Fig. 22.17

hecomes high enongh to trigger the SCR. Conse-

quently, the buzzer sounds the alarm. It may be noted that even if the strong light disappears, the
huzzer continues to sound the alarm, Tt is because once the SCR is fired, the gate loses all control.

22.12 Light-Activated SCR +Ver

The light-activated SCR (LASCR) is the light sensitive equivalent of the nor-
mal SCR and is shown in Fig. 22.18. As the name suggests, its state is con- \\‘
tralled 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-

rent applied, light shinning on the device turns it ON. Just as a normal SCR,

the LASCR will continue to conduct even if the light source is removed. The OPEN
FASCRs find many applications including optical light controls, relays, phase
control, motor control and a large number of computer applications.

v Overlight detector. Fig. 22.17 shows the use _
/! SCR

R,

Fig. 22.18
Multiple-Choice Questions

I. An SCR has ._........... pn junctions. (1) two (i) three
(1) two (if) three (iii) four (iv) none of the above
(i) four (fv) none of the above 4. An SCR has three terminals viz. ...............
2. AnSCRisasolid state equivalentof ............ () cathode, anode, gate
(1) triode (ii) pentode (if) anode, cathode, grid
{(111) gas-filled triode (iv) tetrode (iif) anode, cathode, drain

'

- AnSCR has ... semiconductor layers. (/v) none of the above

* For maximum scnsitivity to light, the gate is lcfl open.
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5. AnSCRbehavesasa............. switch.
() unidirectional (i) bidirectional
(i) mechanical (iv) none of the above
6. An SCRissometimes called ...............
(1) triac
(i) diac
(iff) unijunction transistor
(fv) thyristor
7. AnSCRismadeof .......... @
(/) germanium (if) silicon
(iii) carbon (iv) none of the above
8. In the normal operation of an SCR, anode is
............... w.r.t, cathode.
(i) at zero potential
(i) negative
(iif) positive
(iv) none of the above
9. In normal operation of an SCR, pate is
T — w.rit. cathode.
(i) positive
(1) negative
(1tf) at zero potential
(iv) none of the above
10. An SCR combines the features of ..............
(i) arectifier and resistance
(if) a rectifier and transistor
(ifir) a rectifier and capacitor
(iv) none of the above
11. The control element in an SCRis ...
(i) cathode (if) anode
(iif) anode supply  (iv) pate
12. The normal way to turn on an SCR is by
(1) breakover voltage
(ii) appropriate anode current
(iff) appropriate gate current
(iv) none of the above
13. An SCRis turned off by ..............
(f) reducing anode voltage to zero
(i) 1educing gale voltage to zcro
(iit) reverse biasing the gate
(iv) none of the above
14. An SCRisa .............. triggered device.
(i) voltage
(ir) current
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(iif) voltage as well as current
(iv) none of the above
15. Inan SCR circuit, the supply voltage is gen-
erally ............... that of breakover voltage.
(i) equal to (1) less than
(tie) greater than (iv) none of the above
16. When an SCR s turned on, the voltage across
IEabONt ...onmpnmmsane
(1) zero (i) 10V
(i) 0.1V (iv) 1V
17. An SCR is made of silicon and not germa-
nium because silicon ...............
(1) isinexpemsive
(1f) is mechanically strong
(étf) has small leakage current
(iv) istetravalent
18. An SCR is turned off when

(i) anode current is reduced to zero

(i1) gate voltage is reduced to zero
(ii1) gate is reverse biased
(iv) nonc of the above
19. In an SCR circuit, the angle of conduction
can be changed by ...............
(i) changing anode voltage
(i) changing gate voltage
(iii) reverse biasing the gate
(iv) none of the above
20. If firing angle in an SCR circuit is increased,
the output ...
(i) remains the same
(i) 1is increased
(fif) is decreased
(iv) none of the above
21. If gate current is increased, then anode-cath-
ode voltage at which SCR closes ...............
(i} is decreased
(i} is increased
(iif) remains the same
(iv) none of the above
22, When SCR is OFF, the current in the circuit
1 S
(i) exactly zero
(i) small lecakage current
large leakage current
(i) none of the above
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23. An SCR can exercise control over ............... (i) two SCRs in series
of a.c. supply. (if) two SCRys in parallel
(i) positive half-cycles only (iii) two SCRs in parallel opposition
(i) negative half-cycles only (rv) none of the above
(fif) both positive and negative half-cycles 25. When SCR starts conducting, then ...............
(iv) positive or negative half-cycles loses all control.
24. We can control a.c. power in a load by con- (i) gate (i) cathode
(3124 7] ] O (i) anode (iv) none of the above

R

by

Answers to Multiple-Choice Questions

(if) 2. (iii) 3. (i) 4. (i) 5. (i)
(iv) 7. (if) 8. (iii) 9. (i) 10. (if)
(iv) 12. (iii) 13. () 14. (i) 15. (ii)
(iv) 17. (iii) 18. (i) 19. (i) 20. (iii)
(i) 22. (if) 23. (iv) 24. (iif) 25. (i)

Chapter Review Topics

Explain the construction and working of an SCR.
Draw the equivalent circuit of an SCR and explain its working from this equivalent circuit.

Explain the terms breakover voltage, holding current and forward current rating as used in connection
with SCR analysis.

Draw the V-/ characteristics of an SCK. What do you infer from them ?

Explaim the action of an SCR as a switch. What are the advantages of SCR switch over a mechanical
or electro-mechanical switch ?

Discuss some important applications of SCR.

Problems
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?

An SCR in acircuit 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 Als.

[will not be destroyed]
An SCR has a circuit fusing rating of 70 A's. The device is being used in a circuit where it could be
subjccted to a 100 A surge. Determine the limit on the duration of such a surge. [7ms]

An SCR has a circuit fusing rating of 60 A%s. Delermine the highest surge current value that SCR can
withstand for a period of 20 ms. [54.77A]

Discussion Questions

How does SCR differ from an ordinary rectifier ?
Why is SCR always lurned on by gate current ?
Why SCR cannot be used as a bidirectional switch ?
How does SCR control the power fed to the load ?
Why are SCRs usually used in a.c, circuits?

- Name three thyristor devices.

Why is SCR turned on by high-frequency radiation ?
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Power Electronics

Introduction

Since the 1950s there has been a great upsurge in the deveiopment, production and applications of
semiconductor devices. Today there are well over 100 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 ficlds.

One major ficld 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 asystem. 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 (SCR) (ify Triac

(iii) Diac (iv) Unijunction transistor (UJT)

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 be changed in four to five steps by clectrical method.

495
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cycles. 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 ina load. .

Triac is an abbreviation for friode a.c. switch, *Tri’'— indicates that the device has three terminals
and ‘ac’ means that the device controls alternating current or can conduct current in either direction.

The 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 a.c. supply through the load R,. Thus referring to Fig. 23.1 (ii), the triac passes the positive

R,

- OUTPUT

~MAA .
TRIAC 180°
0l g 0
|

[ i

©@ Fig. 23.1 0

half-cycle of the supply from 6, to 180° i.e. the shaded portion of positive half-cycle. Similarly, the
shaded portion of negative half-cyclc will pass through the load. In this way, the al[ematmg current
and hence a.c. power flowing through the load can be controlled.

Since a triac can control conduction of both positive and negative half-cycles of a.c. supply, it is
sometimes called a bidirectional semi-conductor triode switch., The above action of a triac is cer-
tainly not a rectifying action (as in an **SCR ) so that the triac makes no mention of rectification in its
name.

23.3 T'riac Construction

M.T.1 GATE M.T.1 iy
L1 SISy
V] | 1SR ¥
P : P | : Pl
i !z !
SCR1 | : i | SCR2 G
I ! SCR1
N | R L SCR 2
! | T |
, |21 1P
N : | ' [N]
- l e
T
M.T.2 MeEe
M.T.2 )
0] (in) (iif)
Fig. 23.2

¥ Although it appcars that ‘triac’ has two terminals, there is also third terminal connected to the control
circuit.

**  SCR s acontrolled reciificr. Itis a unidirectional switch and can conduct only in one dlrcchon 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. Fig. 23.2 (i) shows the basic structure of a
triac. Referring to Fig. 23.2 (1), the basic structure can be shown to be consisting of two halves, Each
half may be considered as a papn SCR with the gates commoned as shown in Fig. 23.2 (iif). The
equivalent circuit of triac shown in Fig. 23.2 (/1) indicales that a triac corresponds Lo two scparale
SCRs connected in inverse parallel (1.¢. anode of cach connected to the cathode of the other) with

pates commoned. MT 1

Fig. 23.3 shows the symbol of a triac. The control terminal as with
SCR, is called the gate G, The other two terminals are M7 and MT2 re-
spectively called ‘main terminal 17 and ‘main terminal 2'. With proper gate
current, the triac can be made to conduct when MT72 is either positive or —o(;
negative w.r.s. MTI.

It can be seen that even symbol of triac indicates that it can conduct for
cither polarity of voltage across the main terminals. The gate provides con-
trol over conduction in either direction.

Triacs are commercially available to handle maximum r.m.s. currents
from about 0.5 A upto 25 A, although special triacs for upto about 1000 A
have been developed. As the current handling capacity increases, so docs M.T.2
the semi-conductor clement size and the containing package. Fig. 23.3

23.4 Triac Operation

Fig. 23.4 shows the simple triac circuit. The a.c. supply to be controlled is connected across the main
terminals of triac through a load resistance R;. The gate circuil con-

sists of battery, a current limiting resistor K and a switch §. The —WNwV—
circuit action is as follows :

(1) With switch S open, there will be no gate current and the
triac is cut off. Even with no gate current, the triac can be turned on
provided the supply voltage becomes equal to the breakover voltage (_9
of triac. However, the normal way to turm on a triac is by introducing
a proper gate current,

(#) When switch S is closed, the gate current starts flowing in
the gate circuit. In asimilar 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 gatc, the triac will start conduct-
ing whether terminal M72 is positive or negative w.r.r. MT1.*

Fig, 23.4

(#i7) 1f terminal MT2 is positive w.r.. MT1, the triac turns on and the conventional current will
flow from MT2 to MT1. Ifthe terminal MT2 is negative w.r.r. MT1, the triac is again turned on but this
time the conventional current flows from MT1 to MT2.

The above action of triac reveals that it can act as an a.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 of a.c. supply can be made to flow through
the load. This permits to adjust the transfer of a.c. power from the source to the load.

23.5 Triac Characteristics

Fig. 23.5 shows the ¥-/ 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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(i) The V-1 characteristics for triac in the Ist and Illrd quadrants are essentially identical to
those of an SCR in the Ist quadrant.

(ii) The triac can be operated with cither positive or negative gate control voltage but in *nor-
mal operation usually the gate voltage is positive in quadrant | and negative in quadrant I11.

!
4
MT. 2 (+).G (+)
Ist Quadrant
FO PSS 1
Ve ~L > +V
i 0 Voo

[lIrd Quadrant
MT.2(-).G(-)

v

-1

Fig. 23.5

(iii) The 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 a.c. power in a load from zero to full power ina 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,
triac is often used as an electronic on/off switch controlled by a low-current mechanical switch.

POWER
TRANSFORMER
A
POWER
1000 W OUTPUT
POWER
R S0Hz o\ NE

TR2

230 V, 50 Hz
SoHz % é@
|

Fig. 23.6 Fig. 23.7

(i) As a high-power lamp switch. Fig. 23.6 shows the use of a triac as an a.c. on/off switch.

With this arrangement, less charge is required to turn on the triac.
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When switch S is thrown to position 1, the triac is cut off and the output power of lamp is zero. But
as the switch is thrown to position 2, a small gate current (a few mA) flowing through the gate turns
the triac on. Consequently, the lamp is switched on to give full output of 1000 watts,

(if) Electronic change over of transformer taps. Fig. 23.7 shows the circuit of electronic
change over of power transformer input taps. Two triacs 7R1 and TR2 are used for the purpose.
When triac TR1 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 TR2 is turned on and TR is turned off. The gate control signals arc so
controlied that both triacs arc never switched on together. This avoids a dangerous short circuit on
the section 8C of the primary.

23.7 The Diac

A diac is a two terminal, three layer bidirectional device which can be switched from its OFF state 'to
ON state for either polarity of applicd voltage.

T o
P
N YA
P
g 4,
DIAC BASIC

CONSTRUCTION DIAC SYMBOL

(0) ' i

Fig. 23.8

The diac can be constructed in either npn or pnp form. Fig. 23.8 (i) shows the basic structure of
adiac in prp form. The two leads are connected to p-regions of silicon separated by an n-region. The
structure of diac is very much similar to that of a transistor. IHowever, there are several imporant
differences:

(/) there is no terminal attached to the base layer.
(i) the three regions are nearly identical in size. 3
(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 applicd across the terminals of a diac, only a
small leakage current /;, 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 ¥, 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 I~/ characteristics of a diac. For applied positive voltage less than + ¥, and
negative voltage less than - V), a small leakage current (+ /,,,) 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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valtage + 17, and — P, arc the breakdown voltages and usually have a range of 30 to 50 volts.

+ 1
4
8 -
y +1pn .......... ]
~ Yo : ¢
-V T r i——p 4+ V
: 0 Vy +Vp
. 1= no
!

-1
Fig. 23.9

When the positive or negative applied voltage is cqual 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 reversc regions of operation.

Diacs are used primarily for triggering of triacs in adjustable phase control of a.c. mains power.
Some of the circuit applications of diac are (i) light dimming (i) heat control and (iif) universal motor
speed control.

23.8 Applications of Diac

Although a triac may be fired into the conducting state by a simple resistive triggering circuit, more
reliable and faster turn-on may be had if a switching device is used in serics with the gate. Onc of the
switching 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
a.c. power fed to a lamp. This permits to control the light output from the lamp. The basic control is
by an RC variable gate voltage-asrangement. The series Ry~ C, circuit across the triac is designed to
limit the rate of voltage rise across the device during switch off.

LAMP

230V °
(
S)Hl?

&
. T

Fig. 23.10
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The circuit action is as follows. As the input voltage increases positively or negatively, C, and
(', charge at a rate determined primarily by R,. When the voltage across C, exceeds the breakover
voltage ol the diac, the diac is fired into the conducting state. The capacitor C, discharges through the
conducting diac into the gate ol the triac. Ilence, the triac is turned on to pass the a.c. power to the
lamp. By adjusting the value of &, the rate of charge of capacitors and hence the point at which triac
will trigger on he positive or negative half=cycle ofinput voltage can be controlled. Fig. 23.11 shows
the waveforme of supply voltage and load voltage in the diac-triac control circuit
4 rs

VARV
SUPPLY VOLTAGE LOAD VOLTAGE

(1) (i)
Fig. 23.11

5

The firing of triac can be controlled upto a maximum of 180°. In this way, we can provide a
continuous control of load voltage from practically zero to full ~.m.s. value.

(if) Heat control. Fig. 23.12 shows a typical diac-triac circuit that may be used for the smooth
control of a.c. power in a heater. This is similar to the circuit shown in Fig. 23.10. The capacitor C,
in series with choke L across the triac helps to slow-up the voltage rise across the device during
switch-off. The resistor R, in parallel with the diac ensures smooth control at all positions of variable
resistance R,. .

‘The circuit action is as follows. As the input voltage increases positively or negatively, C| and
C, charge at a rate determined primarily by R,. When the voltage across C; exceeds the breakover
voltage of the diac, the diac conducts. The capacitor C, discharges through the conducting diac into
the gate of the triac. This turns on the triac and hence a.c. power to the heater. By adjusting the value
of K,, any 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

/—-{ HEATER }

230V
50Hz o

k L CzT Cl:l: i

Fig. 23.12

23.9 Unijunction Transistor (UJT)

A unijunction transistor (abbreviated as UJT) is a three terminal semiconductor switching device.
This device has a unique characteristic that when it is triggeregd, the emitter current increases
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rebeneratively until it is limited by emiiter power supply. Due to this characteristic, the unijunction
transistor can be employed in a varicty of applications e.g., switching, pulse generator, saw-tooth
generator etc.

Construction. Fig. 23.13 (¢) shows the basic *structure of a unijunction transistor. It consists of
an n-type silicon bar with an elecirical connection on each end. The leads to these connections are

B, (BASE TWO)

B,

’._® <+—1}— pr JUNCTION

AT T +—+— SILICON
n-TYPE BAR
n

B, (BASE ONE)
(i) (if)
Fig. 23.13

called base leads base-one B, and base two B,. Part way along the bar between the two bases, nearer
to B, than B,, a pn junction is formed between a p-type emitter and the bar. The lead to this junction
is called the emitter lead E. Fig. 23.13 (i) shows the symbol of unijunction transistor. Note that
emitter 1s shown closer to B, than B,. The following points are worth noting :

(1) Since the device has one pa junction and three leads, it is **commonly called a unijunction
transistor (uni means single).

(11) With only one pn-junction, 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.

(1if) The emitter is heavily doped having many holes. The » region, however, is lightly doped.
For this reason, the resistance between the base terminals is very high ( 5 to 10 k€2) when emitter lead
is open,

Operation. Fig. 23.14 shows the basic circuit operation of a unijunction transistor. The device
has normally B, positive w.r.1. B,.

(1) I[fvoltage ¥, is applied between B, and B, with emitter open [See Fig. 23.14 (1)], a voltage
gradient is established along the n-type bar. Since the emitter is located nearer to B,, more than "half
of V'; appears between the emitter and B). The voltage ¥, between emiiter and B, establishes a
reverse bias on the pn 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 UJT looks very much like a small signal transistor. As a UJT has only one pn junction,
therefore, naming it a ‘transistor’ is really a misnomer.

t The n-type 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 B, than B,

LA
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P == [P Ew
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NO VOLTAGE n |- Ve n
[ J N
(@) (i)
Fig. 23.14

(ify 1fa pus'ilive voltage is applied at the emitter [See Fig. 23.14 ()], the pn junction will remain
reverse biased so long as the input voltage is less than ¥|. If the input voltage to the emitter exceeds
¥,.the pn junction becomes *forward biased. Under these conditions, holes are injected from p-type
matgrial into the n-type bar. These holes are repelled by positive B, terminal and they are attracted
towards B, terminal of the bar. This accumulation of holes in the emitter to B, region results in the
decrease of resistance in this section of the bar. The result is that internal voltage drop from emitter to
B, is decreased and hence the emitter current / ircreases. As more holes are injected, a condition of
saturatlon will eventually be reached. At this pmnt the emitter current is limited by emitter power
supply only. The device is now in the ON state.

(iii) 1fanegative pulse is applied to the emitier, the pn 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. 23.13 shows the equivalent circuit of a UJT. The resistance of the silicon bar is called the inter-
base resistance R, The inter-base resistance is represented by two resistors in series viz.

rv—ﬁ——m

Rpa
¥ - o [F
Vb BB
MVan
IE Rai l
G R -
Fig. 23.15

(@) Ry, is the resistance of silicon bar between B, and the point at which the emitter junction
lies.

*  The main operational difference between the FET and the UJT is that the FET is normally operated with
the gate junction reverse biased whereas the useful behaviour of the UJT occurs when the emitter is for-
ward biased.
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(h) R, is the resistance of the bar between B, and emitter junction. This resistance is shown
variable because its value depends upon the bias voltage across the pn junction,

The pn junction is represented in the emitter by a diode D.

The circuit action of a UJT can be explained more clearly from its equivalent circuit.

(/) With no voltage applied to the UJT, the inter-base resistance is given by ;

Ryy = Ry + Ry

The value of R, generally lics between 4 k{2 and 10 k2.

(if) Ifavoltage ¥, is applied between the bases with emitter open, the voltage will divide up
across R, and Ry,

R
Voltage across R, ¥, = —2—¥,,

Ry + Ry,

R
or ViV, = —8—
R + Ry

The ratio ¥,/¥y, is called intrinsic stand-off ratio and is represented by Greek letter .
Obviously, n = R
!

Ry + Rpy

The value of n usually lies between 0.51 and 0.82,
Voltage across R, = n ¥y,

The voltage n ¥, appearing across R, reverse biases the diode. Therefore, the emitter current
IS ZEro.

(i) Ifnow a progressively rising positive voltage is applied to the emitter, the diode will become
forward biased when input voltage exceeds nn ¥, by V), the forward voltage drop across the silicon
diode i.e.

Vp =¥yt V)

where V., = ‘peak pomt voltage’

V,, = forward 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,,,) 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 ¥, the pn-junction remains reverse biased and the emitter
current is practically zero. However, when the input voltage exceeds ¥, R, 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, (about 20 Q) and forward resistance of pn-junction (about 200
Q).

23.11 Characteristics of UJT

Fig. 23.16 shows the curve between emitter voltage (¥,) and emitter current (/) of a UJT at a given
voltage V', between the bases. This is known as the emitter characteristic of UJT. The following
points may be noted from the characteristics :
(/) Initially, in the cut-off region, as V. increases from zero, slight leakage current flows from
terminal B, to the emitter. This current is due to the minority carriers in the reverse biased diode.
(/i) Above a certain value of ¥, forward /, begins to flow, increasing until the peak voltage ¥,
and current /,, are reached at point P.
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Fig. 23.16

(iif) After the peak point P, an attempt to increase V,.is followed by a sudden increasc in emitter
current /. with a corresponding decrease in V,. This is a negative resistance portion of the curve

becausc with increase i/, ¥, decrcases. The device,

which is stable enough to be used with a great deal of
reliability in many areas ¢.g., trigger circuits, sawtooth
generators, timing circuits .

(iv) The negative portion of the curve lasts until the
valley point ¥ is reached with valley-point vollage V,,
and valley-point current /,.. After the valley point, the
device is driven to saturation.

Fig. 23.17 shows the typical family of ¥;/I,.charac-
teristics of a UJT at different voltages between the bases.
It is clear that peak-point voltage (= Vip + V) falls
steadily with reducing ¥, and so does the valley point
voltage V,. The difference V), - V. is a measurz of the
switching efficiency of UJT and can be seen to fall off
as V,, decreases. Forageneral purpose UJT, the peak -
point current is of the order of 1 pA at ¥, = 20 V with

a valley-point voltage of about 2.5 V at 6 mA.

therefore, has a negative resistance region

14V
12V

PEAK POINT

10V VALLEY POINT
8V
aY 15V
4V \l_.-l A
3V
=¥ Vap =5V
0 il

Fig. 23.17

Example 23.1. The intrinsic stand-off ratio for a UJT is determined to be 0.6. If the inter-base

resistance is 10 kS, what are the values of R, and R, ?
Solution. Rep = 10KkQ, n =06
Now Rew = Ry Ry
or 10 = Ry + Ry,
Also n = _Rn'-”_
Rm . :‘R’Hz
R
o - l_gL ("o Ry + Rpy = 10KkQ)
A Ry = 10x0.6 = 6KkQ
and R,, = 10-6 = 4kQ)

2
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Example 23.2. A unijunction transistor has 10V between the bases. If the intrinsic stand off
ratio is 0.65, find the value of stand off voltage. What will be the peak-point voltage if the forward
voltage drop jn the pn junction is 0.7 V' ?

Solution. Veg = 10V, 1 =065 1V, =07V

Stand off voltage = nV,, = 065x10 =65V
Peak-point voltage, V., = nV,, +V,=65+07 =72V

BR
23.12 Advantages of UJT

The UJT was introduced in 1948 but did not become commercially available until 1952. Since then, the
device has achieved great popularity due to the following reasons :
(1) Itisalow costdevice.
(iry It has excellent characteristics.
(iif) Itis 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

Unijunction transistors are used extensively in oscillator, pulse and voltage sensing circuits. Some of
the important applications of UJT are discussed below :

(i) UJT relaxation oscillator. Fig. 23.18 shows [//T relaxation oscillator where the discharg-
ing of a capacitor through UJT can develop a saw-tooth output as shown.

When battery ¥, is turned on, the capacitor C charges through resistor R,. During the ¢harging
period, the voltage across the capacitor rises in an exponential manner until it reaches the peak - point
voltage. At this instant of time, the UJT switches to its low resistance conducting mode and the
capacitor is discharged between £ and B|. As the capacitor voltage flys back to zero, the emitter
ceases to conduct and the {LJT 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, since this controls the time constant R, C of the capacitor charging circuit.

B’ r 3
K, R
& ==y Ve
T Evﬂ‘ﬂ T___ o
et I R
lT ) g — TIME ]
Fig. 23.18

The time period and hence the frequency 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 by |
PR IR

Ho = Pygll—¢ )
where R, ¢ = charging time constant of resistor-capacitor circuit

i time from the commencement of waveform.
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The discharge of the capacitor occurs when V. is equal to the *peak-point voltage n V,,,, i.e.

, - 1R\ C
n V= V-2 ™0)
_ LU
or n = l-e¢
-t o
or e l—n _
or t = R, Clog, e
* J=0
Time period, ¢ = 2.3 R, Clog,, li—liq
: |
Frequency of saw-tooth wave, f = — Hz

f in seconds

(i) Overvoltage detector. Fig.23.19 shows asimple d.c. over-voltage indicator. A warning pilot
- lamp L is connected between the emitter and B, circuit. So long as the input voltage is less than the
peak-point voltage (V},) of the UJT, the device remains switched off. However, when the input voltage
exceeds V), the U/T is switched on and the capacitor discharges through the low resistance path
between terminals £ and 5. The current flowing in the pilot lamp L lights it, thereby indicating the
overvoltage in the circuit,

+
. R
g
Vin
in
Fig. 23.19
Multiple-Choice Questions
1. A triac has three terminals viz. ... (i1) undirectional
() drain, source, gate (1if) mechanical
(i1) two main terminal and a gate terminal (rv) none of the above
(#if) cathode, anode, gate 4. The V- characteristics for a triac in the first
(iv) none of the above and third quadrants are essentially identical
2. Atriacisequivalentto two SCRs ............ to those of ........... in the first quadrant.
() inparallel (#) transistor (i) SCR
(i) in series (i) UJIT (iv) none of the above
(115) ninverse-parallel 5. A triac can pass a portion of ........... half-
(iv) none of the above cycle through the load.
J. Atriacisa............ switch, (1) only positive
(/) bidirectional (if} only negative

Actually, peak ploin[ voltage, ¥, = nV,, + ¥, As ¥, the forward voltage drop across cmitter diode is
generally small, it can be neglected with reasonable accuracy.
. V., =n¥

r Rk
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(111) both positive and negative
() none of the above
6. Adiachas. ... terminals,
(i) two (i1) three
(1) four {1v) none of the above
7. Atriachas.......... semiconductor layers.
(1) two (ir) three
(i) four (iv) five
8. Adiachas.......... pnjunctions.
(1) four (i) two
(itr) three (iv) none of the above
9. The device that does not have the gate ter-
minal is ..........
(f) triac (i) FET
(1i1) SCR (iv) diac
10. A diachas........... semiconductor layers.
(1) three (i) two
(iii) four (iv) none of the above

U P 0 o L R————
(i) two pn junctions
(if) one pn junction
(iir) three pn junctions
({v) none of the above
12. The normal way to turn on a diac is by

(/) gate current
(i) pate voltage
(iif) breakover voltage

(/v) none of'the above

13. Adiacis............ switch,
(/) ana.c. (i) ad.c.
(iir) amechanical (iv) none of the above
14. Ina UJT, the p-type emitteris ............ doped.
(1) hghtly (i) heavily

(iif) moderately (iv) none of the above
15. Power electronics essentially deals with con-
trol of a.c. power at ............
(i) frequencies ,'_lbovc 20 kHz
(i1) frequencies above 1000 kHz
(irr) frequencies less than 10 Hz
(iv) 50 Hz frequency

Principles of Electronics

16. When the emitter terminal of a UJT is open,
the resistance between the base terminals is
generally ...

(1) high (1) low
(¢if) extremely low (1v) none of the above
17. When a UJT is turned ON, the resistance
between emitter terminal and lower base ter-

(1) remains the same
(1) 1s decreased
(iif) is increased
(iv) none of the above
18. To turn on UJT, the forward bias on the emit-
ter diode should be ............ the peak point
voltage.
(1) less than (if) equal to
(iif) more than (iv) none of the above
19. A UJT is sometimes called ............ diode.
(i) low resistance (if) high resistance
(iii) single-base (#v) double-based
20. When the temperature increases, the inter-
base resistance (R,,) of a UIT ............
() increases
(if) decreases
(it) remains the same
(iv) none of the above

21. The intrinsic stand off ratio (n) of a UJT is
givenby ..o

() Ry + Ry (1) R
Ry Ry + Ry
(i) Ry + Ry, () Ry,

22. When the temperature increases, the jntrin-
sic stand offratio ...............

(i) incrcases

(if) decreases
(iir) essentially remains the same
(iv) none of the above

23. Between the peak point and the valley point
of U/JT emitter characteristics we have
cereeenn. TEGION,

(i) saturation (if) negative resistance
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(i) cut-off

24. Adiacisturned on by

(iv) none of the above

509

(iv) none of the above
28. After peak point, the UJT operates in the

. (i) breakover voltage N Ty region.

(i) pate voltage () cut-off

(iif) gate current (i1) saturation

(/v) none of the above (fif) negative resistance
25. The device that exhibits negative resistance (iv) none of the above

TEFION 18 oo

(i) diac (if) triac tic of UJT ?

(itf) transistor (iv) UJT
26. The UJT maybe used as .......cocoeeeeennnnns

(if) negative resistance

(1) anamplifier (iii) peak-point voltage

(ii) asawtooth generator
(iir) arectifier 30. Thetriacis ....... seisvenarsenes
(i) like a bidirectional SCR
(i) a four-terminal device

(iv) none of the above
27. A digcissimply oo

(iv) bilateral conduction

(i) asingle junction device (i) not a thyristor

(if) athree junction device
(iif) atriac without gate terminal

11.
16.
21.
26.

e e B e

2@ e

(iv) answers (i) and (if)

Answers to Multiple-Choice Questions

(i) intrinsic stand off ratio

(if) 2. (iii) 3.0 4. (ii) 5. (iif)
(N 7. (i) 8. (i) 9. () 10. (i)
(i) 12. (i) ' 13. (D 14. (i 15. (iv)
() 17. (i) 18. (i) 19. (iv) 20. (/)
(i) 22. (i) 23. (i) 24. () 25. (iv)
(if) 27. (i) 28. (iii) 29. (i) 30. (i)

Chapter Review Topics

Discuss the importance of power electronics.

li.\plﬁin the construction and working of a triac.

Sketch the F-f characteristics of a triac. What do you inter from them ?
Describe some important applications of a triac.

I:xplain the construction and working of a diac.

Discuss the applications of a diac.

Explain the construction and working of a UJT.

Draw the equivalent circuit of a UJT and discuss its working from the circuit,
Describe some important applications of a LUT.

Write short notes on the following :

(1)  UUT relaxation oscillator

(1) Triac as an a.c. switch

() Diacasatriggering device

29. Which of the following is not a characteris-
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Problems

The intrinsic stand off ratio for a UJT is determined to be 0.6, [f the inter-base resistance is 5 k{2, what
are the values of R, and R, ? [Rg, =3 kQ; Ry, =2 k0]
A unijunction transistor has 18 V between the bases. If the intrinsic stand off ratio is 0.8, find the
value of stand off voltage. What will be the peak point voltage if the forward voltage drop in the

pnjunction is 0.7 V7 [14.4V ; 15.1V]
In a unijunction transistor, n = 0.8, ¥, = 103V and R,, = 5kQ. Determine Ry, and Vi

[20 k2 ; 12 V]
The instrinsic stand-off ratio for a UJT'is 0.75 and Vg, = 12 V. If the forward drop in the pr-junction
15 0.7 V, find the peak point voltage. [9.7 V]

A unijunction transistor has 12 V between the bases. I the intrinsic stand off ratio is 2/3, find the
value of stand-off voltage. What will be the peak point voltage if the forward drop in the pa junction
15 0.7 V? 8V ;8.7V]

Discussion Questions

What arc advantages of a triac over an SCR ?
Why is diac preferred to trigger a triac ?

Why is power clectronics so important ?

Why is diac used to trigger a triac ?

Is the name UJT appropriate?

What is the most common application of diac?
What are the symptoms of a sherted diac or triac?
What are the symptoms of an open diac or triac?
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.
[t 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 efc.) 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 :

(/) Multimeter (if) Vacuum tube voltmeter (VTVM)
(7if) Cathode ray oscilloscope

The knowledge of the manner in which each instrument is used plus an understanding of the

applications and limitations of each instrument will enable the reader to utilise such instruments
successiully.

24.2 Multimeter

A mudtimeter is an electronic instrumentwhich can measure resistances, currents and voltages. It is an
indispensable instrument and can be used for measuring d.c. as well as a.c. voltages and currents.
Multimeter is the most inexpensive equipment and can make various electrical measurements with
rcasonable 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 multimeter can measure voltages, currents and resistances. To achieve this objec-
tive, proper circuits are incorporated with the galvanometer. The galvanometer in a multimeter is

511
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always of left zero type i.e. normally its needle rests in extreme left position as compared to centre
zero position of ordinary galvanometers

(/) Multimeter as voltmeter. When a high resistance is connected in series with a galvanom-
cter, it becomes a voltmeter, Fig. 24.1 (§) shows a high resistance R connected in series with the
palvanometer of resistance G If I“ is the full scale deflection current, then the galvanometer becomes
a voltmeter of range 0 — V volts. The required value of series resistance R 1s given by,

Vs R+dG
K K

or : VHK = R+G
or R V/If—G
R
R y ] [ R, )
T RT‘
v VOLTAGE TO

BE MEASURED

: l

(i) (i)
Fig. 24.1

C

For maximum accuracy, a multimeter is always provided with a number of voltage ranges. This
is achieved by providing a number of high resistances in the multimeter as shown in Fig. 24.1 (ii).
Each resistance corresponds to one voltage range. With the help of selector switch §, we can put any
resistance (R, R, and R,) 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 § to a suitable position, the given d.c. voltage can be measured.

The multimeter 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 a.c. into d.c. for application to the
galvanometer. The desired a.c. voltage range can be selected by the switch §. When a.c. voltage is to
be measured, the multimeter switch is thrown to a.c. 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 a.c. voltage can

R,

A.C.
VOLTAGE

Fig. 24.2



Electronic Instruments 513

be measured. It may be mentioned here that a.c. voltage scale is calibrated in r.m.s. values. There-
fore, the meter will give the r.m.s. value of the a.c. voltage under measurement.

(if) Multimeter as ammeter. When low resistance is connected in parallel with a galvanom-
eter, it becomes an ammeter. Fig. 24.3 (i) shows a low resistance S (generally called shunt) connected
in parallel with the galvanometer of resistance G. If / is the full scale deflection current, then the
calvanometer becomes an ammeter of range 0 — / amperes. The required value of shunt resistance S
is given by |

IS = I3
1/, = GIS L+l*£+l
or 41 /S or 7, =g
- 1+, G+S a ! G+ S
(4] = _— = -
i S /, 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 (i/). With the help of range selector switch S,
any shunt can be put in parallel with the galvanometer. When d.c. current is to be measured, the
multimeter switch is turned on to d.c. position. This puts the circuit shown in Fig. 24.3 (4/) in action.
By throwing the range selector switch S to a suitable position, the desired d.c. current can be mea-
sured.

SI
S
2
g ) AAAS—a S
S
. 3
'f
. L
£ ® ®
4 14 T
(W) _ (i

Fig. 24.3

The multimeter can also be 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 S to a suitable position, the given a.c. current can be measured. Again, the a.c. current scale is
calibrated in r.m.s. values so that the instrument will give r.m.s. value of alternating current under
measurement.

(iif) 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 r are connected in series
with the battery and galvanomecter. 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 4 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 (1),
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AC.
VOLTAGE

Fig. 24.4

To use ohmmeter, terminals 4 and B are shorted and resistance r is adjusted to give full scale
deflection of the galvanometer. Under this condition, the resistance under measurcment is zero.
Because the needle deflects to full scale, the ohmmeter scale must then indicate full scale deflection
as zero 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
AB 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.

™

il

(&) B (i) 8
Fig. 24.5
Typical multimeter circuit. Fig 24.6 shows a typical multimeter circuit incorporating three
voltage and current ranges.
R, R, Ry

_ o, B s
AA— AAAS—1T—— AN 7

100 pA

+ 100V +10V +1V S Sy 55

{ !
+200uA  + 1 mA + 10 mA =

Fig. 24.6
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Here the full-scale deflection (fs.4 ) current of the meter is 100 pA and meter resistance is 50 €,
The design of this multimeter means finding the values of various resistances.

24.3 Applications of Multimeter

A multimeter is an extremely important clectronic instrument and is extensively used for carrying out
various tests and measurements in electronic circuits. It is used :

(/) For checking the circuit continuity. When the multimeter is employed as continuity-check-
ing device, the chmmeter scale is utilised and the equipment to be checked is shut off or disconnected
from the power mains.

(/1) For measuring d.c. current flowing through the cathode, plate, screen and other vacuum tube
circuits.

(iify For measuring d.c. voltages across various resistors in electronic circuits,
(iv) Formeasuring a.c. 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 of full scale deflection by the multimeter is known as muitimeter
sensitivity.

Multimeter sensitivity indicates the internal resistance of 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 Q per volt i.e. meter sensitivity is 1000 Q per volt. Conversely, if the
meter sensitivity is 400 2 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,
. |4
Metert resistance = T
K

Meter sensitivity = Resistance per volt full scale deflection

V/ |
& =t
]x, Iy

Sensitivity is the most important characteristic of a multimeter. If the sensitivity of a multimeter
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 kQ per volt to 20 kQ 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
(7) Itisasingle meter that performs several measuring functions.
(#1) Tt has a small size and is easily ponat;lc.
(#i) It can make measurements with reasonable accuracy.
Demerits

(7) Itisacostly instrument. The cost of a multimeter having sensitivity of 20 kQ per volt is
about Rs. 1000.
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(ii) 1t cannot make precise and accurate measurements due to the loading effect.
(iiiy 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 by connecting a diode in parallel with the voltmeter as shown in Fig. 24.7.
g ! R, + — -

o———p————4 o
(I + OVERLOAD)

OVERLOAD
+ CURRENT

Pt

Fig. 24.7

Let us see how diode across the meter enables it to withstand overload without destroying the
expensive movement. If / is the normal fs.d. current, a potential difference of IR, is developed
across the diode. The circuit is so designed that IR, does not turn on the diode. In the event of an
accidental overload (say 5 /), the voltage across diode becomes 5 times greater and it is immediatély
turned on. Consequently, diode diverts most of the overload current in the same manner as a shunt.
Thus protection of the meter against overload is ensured. Silicon diodes are perhaps the best to use in
such circuits.

Example 24.1. A muliimeter has full scale deflection current of 1 mA. Determine ils sensitiviry.

Solution. Full scale deflection current, /I, = | mA = 107 A

Multimeter sensitivity = /[, = 1/10 = 1000 Q per volt

Example 24.2. A multimeter has a sensitivity of 1000 Q per volt and reads 50V full scale. Ifthe
meter is 1o be used to measure the voltage across 50000 S resistor, will it read correctly ?

Solution.  Meter sensitivity = 1000 £ per volt

Full scale volts = 50V
Meter resistance = 50 x 1000 = 50,000 Q2

When the meter 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 €2 resistors. Therefore, the circuit resistance would be o
50,000 Q

reduced to 25000 € and double the amount of current would
be drawn than would otherwise be the case.
Meter will give highly incorrect reading.
Comments. This example shows the limitation of multi-
meter. The multimeter will read correctly only if its resistance
is very high as compared to the resistance across which voltage
1s to be measured. Fig. 24.8

50,000 &2

As a rule, the resistance of the multimeter should be
atleast 100 times the resistance across which voltage is to be measured.

Example 24.3. [n the circuit shown in Fig. 24.9 (i), it (s desired to measure the voltage across
10 k) resistance. If a multimeter of sensitivity 4 k&W/volt and range 0-10 V is used for the purpose,
what will be the reading ?
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Solution. In the circuit shown in Fig. 24.9 (i), the circuit current by Ohm’s law is | mA. There-
fore, voltage across 10 kQ resistance is 10 V. Let us sec whether the given multimeter reads this
value. Fig.24.9 (if) shows the multimeter connected across 10 kQ resistance. The introduction of
multimeter will change the circuit resistance and hence circuit current. f

Resistance of meter = 4 k2 x 10 = 40kQ
Total circuit resistance = 40 k(I [| 10 k2 + 10 k2

- 40%10 .5 - gu o = 18 kD
40 + 10

20V

m = 1.1l mA

Circuit current =

10 kQ2 10 kQ2

beeo|

20V
(0

_ Fig. 24.9
Voltage read by multimeter = 8 kQ x .11 mA = 8.88 A%

Example 24.4. Ifin the above example, a multimeter of sensitivity 20 k2 per volt is used, wha
will be the reading ?
Solution.  Meter resistance = 20 kQ x 10 = 200 kQ
Total circuit resistance = 200 kQ || 10 kQ + 10 kQ
200x10

o EEETON p g = 90 = !
200+10+ 9.5+ 10 19.5 k2

ircui DF | _ roawa

Circuit current = 95k m

Voltage read by multimeter = 9.5 k2 x 1.04 mA = 9.88V
‘A comparison of examples 24.3 and 24.4 shows that a multimeter with higher sensitivity gives
more correct reading.
Example 24.5. [n the circuit shown in Fig. 24.10, find the voltage at points A, B, Cand D (i)
before the meler is connected and (ii) after the meter is cannected. Explain why the meter readingys
differ from rho\se without the meter connected.

Solution. (/) When meter is not connected. When meter is not connected in the circuit, the
circuit is a simple series circuit consisting of resistances 20 K, 20 k2, 30 kQ and 30 kL2
Total circuit resistance = 20 +20 + 30+ 30 = 100 kQ2
100V
100 k2
Voltage atpoint A = 100V

Circuit current = = I mA
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20kQ2
A
- 20kQ2 . $
100V €
T AN kO X
60 kQ2
30 kQ2
Fig. 24.10
Voltage atpoint 8 = 100- 1 mA x20kQ2 = 80V
Voltage at point C = 100 -1 mA x40 kQ2 = 60V
Voltage at point O = 100 - 1 mA x 70 kQ2 = 30V

(i) When meter is connected. When meter is connected in the circuit, the circuit becomes a
series paralle] circuit. The total circuit resistance would depend upon the position of switch S.

(@) When switch is at position A
The voltage at point A is 100 V because point A4-is directly connected to the voltage source.
‘ Voltage at point4 = 100V

(h) When switch is at position B

Total circuit resistance = 20 + Blxel _ 20 + 34.28 = 5428 kQ
80 + 60
Circuit current = f-jgo—-y—
ircuit cu 51280
100 V
Voltagcal point B = —————x 3428k = 63V
oltage at poin TETT 3
(¢) When switch is at point C
60 x 60
T T S Aot = 404 = 40+30 = 70kQ2
['otal circuit resistance + 50+ 60 +
Circuit ent = LOL X
ircuit curren T0KO
R 100V
Voltage at point C = KO x30kQ2 = 428V
() When switch is at point D
Total circuit resistance = 70 + o0 70+ 20 = 90kQ
30 + 60
Circuit current = 100y
90 k2
100 V
; ‘ i = 20kQ2 = 222V
Voltage at point D W0k "

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 a rule, the resistance of the voltimeter should
be 100 times the resistance across which voltage is to be measured. Since such a condition is not
realised in this problem, the meter readings differ appreciably from those without the meter con-
nected.

24.7 Vacuum Tube Voltmeter (VIVM)

A vacuum tube voltmeter consists of any 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 itis connected. In other
words, the loading effect of this instrument is very small. Thercfore, a FTFM measures the exact
voltage even acrass a high resistance. In fact, the ability of ¥7FM to 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.

() Simple VTVM circuit. Fig. 24.11 shows the simple circuit of a vacuum tube voltmeter. It
consists of a triode having meter Af connected in the plate circuit. The meter is calibrated in volts. &,
is the grid leak resistor. The voltage to be measured is apy lied at the grid of triode in such a way that
grid is always negative w.r.t. cathode. This voltage at the grid is transformed by the triode into
corresponding plate current. The meter Af 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 (< 1 pA),
therefore, internal resistance of ¥TVM is very large. 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,.

A
VOLTAGE TO
BE MEASURED R,

l |-

B B,

Fig.24.11

(if) Balanced bridge Type VTVM. The disadvantage of above circuit is overcome in the
balanced bridge type FTVM shown in Fig. 24.12, Here, two similar triodes V', and ¥, are used. The
meter M is connected between the plates of triodes and indicates the voltage to be measured. The
variable resistance 7 in the plate circuit of ¥, is for zero adjustment of the meter. The voltage to be
measured is applied at the grid of triode ¥, in such a way that grid is always negative with respect to
cathode.

Operation. When no voltage is applied at the input terminals 4B, the plate currents flowing in
both valves are equal as the triodes are similar. Therefore, plates of both valves are at the same
potential. Consequently, the current through the meter A 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.

+Ep
2 R
r
®
A
VOLTAGE TO R, -

BE MEASURED

%

B

Fig. 24.12

The voltage to be measured is applied at the grid of triode V|, making the grid negative w.r.1.
_cathode. This changes the plate current of triode V, 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| is used for voltage
measurement, the purpose of V, 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-
fore, net change in potential drop across voltmeter is zero.

VOLTAGE TO
BE MEASURED

Fig. 24.13

Range selection. In practice, a VTVM is made a multirange instrument by employing a potenti-
omeler 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 Sis
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 VTVM 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 ¥TVM are discussed below

Fig. 24.14

(/) 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 ¥,) terminals in such
a way that grid of the input valve V| is always negative. Fig. 24.14 shows the circuit of an amplifier )
stage and measurement of d.c. voltage across cathode resistor R,

(i) d.c. current measurements. A conventional ¥'7¥M does not incorporate a current scale.

However, current values can be found indirectly. For instance, in Fig. 24.14, the d.c. current through
Ry can be found by noting the voltage across R, and dividing it by the resistance Ry

Fig. 24.15

(iif} 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 ¥TVM. Fig. 24.15 shows the transistor power amplifier stage and mea-
surement of a.c. voltage across the speaker.

(iv) Resistance measurements. A ¥'TVM can be used to measure resistances and has the ability
to measure resistances upto 1600 megaohms whereas the ordinary ohmmeter will measure only upto



522 ; Principles of Electronics

about 10 megaohms. Fig. 24.16 shows the circuit of ¥TVA ohmeter. By throwing the selector switoh
S'to any suitable position, the desired resistance range can be obtained. The unknown resistor whose
value is to be measured is connected between points 4 and B. 1f the unknown resistance has high

+ Eyy

Fig. 24.16

value, a higher negative bias will be applied to triode ¥,. Reverse will happen if the unknown resis-
tance has low value. The imbalance in the plate currents of the two valves wiil 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 VITVM

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,
' (if) There is little effect of temperature variations.

(iif) Because a VTVM uses triodes, the voltage to be measured is amplified. This permits the use
of less sensitive meter.

(iv) It has a wide frequency response.
Demerits
(/) Itcannot make current measurements directly.
(1) Accurate readings can be obtained only for sine waves.

24.10  Cathode Ray Oscilloscope

The cathode ray oscilloscope (commonly abbreviated as CRQ) is an electronic device which is ca-
pable of giving a visual indication of a 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 laboratory work involving research and design. With an oscil-
loscope, the waveshape of a signal can be studied with respect to amplitude distortion and deviation
from the normal. In addition, the oscilloscope can also be 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 response to the electrical signal, the
electrons can be made to act as an electrical pencil of light 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 ncedle a beam of electrons. As electrons have negligible mass, therefore,
they respond almost instantancously 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 ray 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 deflected on 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

GF"D ANODE

_I i ,....._J......

CATHODE
X J VERTICAL
. DEFLECTION
ELECTRON GUN PLATES AQUADAG
Fig. 24.17

(/) 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 aguadag. 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.

(if) 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, a focusing anode and an accelerating anode. The control grid is held at negative potential w.r.¢.
cathode whereas the two anodes are maintained at high positive potential w.r.7. cathode.

The cathode consists of a nickel cylinder coated with oxide coating and provides plenty of elec-
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 by controlling the positive potential on it. The positive potential (about 10,000 V)
on the accelerating anode is much higher than on the focusing 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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(it1) Deflection plate assembly. The deflection of the beam is accomplished by two sets of
deflecting plates placed within the tube beyond the accelerating anode as shown in Fig. 24.17. One
set s the vertical deflection plates and the other set 1s the horizontal deflection plates.

The vertical deflection plates are mounted horizontally in the tube. By applying bropcr potential
to thesg plates, the electron beam can be made to move up and down vertically on the fluorescent
screen. The horizontal deflection plates are mounted in the vertical plane. An appropriate patential
on 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 zinc orthosilicate, zinc oxide etc. When high velocity electron beam strikes the screen, a
spot of hight 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 contral grid on their way to screen, The control grid influences the amount of current flow as
in standard vacuum tubes. 1f 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 if the negative potential on the control grid is reduced. Thus, the intensity of light spot on the
screen can be changed by changing the negative potential 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
clectrostatic lens 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 -~ 0]
the centre (point @ in Fig. 24.18) of the screen. 1f the voltage is TS e
applied to vertical plates only as shown in Fig. 24.18, the elec- ———=~=~- R L e
tron beam and hence the spot of light will be deflected upwards —_— T~ @
(point ). The spot of light will be deflected downwards (point £
(2,) if the potential on the plates is reversed. Similarly, thg spot On
of light can be moved horizontally by applying voltag,e across
the horizontal plates.

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 sensitivity of CRT. For instance, if a voltage of 100 V applied to the vertical
plates produces a vertical shift of 3 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 24.6. The deflection sensitivity of a CRT is 0.0 mm/V. Find the shift produced in the
spot when 400 V are apphed to the vertical plates.

Fig. 24.18

Solution. As voltage is applied to the vertical plates only, therefore, the spot will be shifted
vertically.

I

Spot shift = deflection sensitivity x applied voltage
0.01 x 400 =4 mm

Il
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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 plates. the spot shifts 3 mm horizontally. Find the value of unknown volt-
age. _

Solution. Deflection sensitivity = 0.03 mm/V

Spotshift = 3mm
Now, spot shift = deflection sensitivity x applied voltage
spot shift 3 mm

Sl = - 5 =100V
HpHaS IR deflection sensitivity ~ 0.03 mm/V

24.13 Applying Signal Across Vertical Plates

[1'a sinusoidal voltage is applicd 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) (if) (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. Asthe frequency of applied voltage is 50 Hz, therefore, due to persistence of vision, we will
sec a continuous vertical line 2 - 1 - 4 on the screen as shown in Fig. 24.19 (iii). The line gives no
indication of the manner in which thg voltage is alternating since it does not reveal the waveform.

24.14 Display ofSignal Waveform on CRO

One interesting application of CRO 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.
However, it is desired to see the signal voltage variations with time on the screen. This is possible
only if we could also move the bgam 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 left to right at a uniform rate, a voltage that varies linearly
with time should be applied to the horizontal plates. This condition is exactly met in the saw tooth
wirve shown in Fig. 24.20 (1). .

When time ¢ 0, the negative voltage on the horizontal plates keep the beam to the extreme left
on the screen as shown in Fig. 24.20 (i), As the time progresses, the negative voltage decreases
lincarly with time and the beam moves towards right forming a horizontal line. In this way, the saw
tooth wave applied to horizontal plates moves the beam from left to right at a uniform rate.

24.15 Signal Pattern on Screen

I1the signal voltage is applicd to the vertical plates and saw tooth wave to the horizontal plates, we
get the exact pattern of the signal as shown in Fig. 2421, When the signal is at the instant 1, its
amplitude is zero. But at this instant, maximum negative voltage is applied to horizontal plates. The
result is that the beam is at the extreme left on the screen as shown. When the signal is at the instant
2. its amplitude is maximum. However, the negative voltage on the horizontal plates is decreased.
Therefore. 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 way, we have the exact signal pattern on the screen,

SAWTOOTH
WAVE

Fig. 24.21

24.16 Various Controls of CRO

In order to facilitate the proper functioning of CRQ, various controls are provided on the face of
('RO. A few of them are given below:

(1) Intensity control. The knob of intensity control regulates the bias on the control grid and
affects the electron beam intensity. If the negative bias on the grid is increased, the intensity of elec-
tron beam is decreased, thus reducing the brightness of the spot.

{(ii) 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 betomes quite narrow
and the spot on the screen is a pin-point.

(it1) Horizontal poesition control. The knob of horizontal position control regulates the ampli-
tude of d.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 appiied 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 CRO

The modern cathode ray oscilloscope provides a powerful tool for solving problems in electrical
measurements. Some important applications of CR() arc :

Examination of waveforms

Voltage measurement

ey ) —

Frequency measurement

1. Examination of waveform. One of the important uses of CRO is to observe the wave
shapes of voltages in various types of clectronic 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.

AF.
AMPLIFIER LOAD

Q “- o
AF. _ A
OSCILLATOR @

N

/ dfe—}— 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 fidelity 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 CRO.

(i) Shut off the internal horizontal sweep gencrator.

(i) 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 CR().
(v) Mecasure the length of the vertical line obtained. Let it be / mm.
Then, Unknown voltage =[x Vvolts

3. Frequency measurcment. The unknown frequency can be accurately determined with the
help of a CRO. The steps of the procedure are as under :

(/) A known frequency is applied to horizontal input and unknown frequency to the vertical
input. '

(ii) The various controls are adjusted.
(iif) A pattern with loops is obtained.

(iv) The number of loops cut by the horizontal line gives the frequency on the vertical plates U’) .
and the number of loops cut by the vertical line gives the frequency on the horizontal plates (f;)).

/. No.of loops cut by horizontal line

S 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 frequency 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, '

S, No.of loops cut by horizontal line
_f_”_ No. of loops cut by vertical line
T . 1
2000 2
or S, = 2000 x 1/2 = 1000 Hz
i.e. Unknown frequency is 1000 Hz Fig. 24.23

Example 24.8. n an oscilloscope, 200 V, 50 Hz signal produces a deflection of 2 cm corre-
sponding to a certain setting of vertical gain control. If another voltage produces 3 cm deflection,
what is the value of this voltage ?

Solution. Deflection sensitivity = 200 V/2cm = 100 V/em

Unknown voltage = D. S. x deflection = [00x3 = 300V
Example 24.9. When signals of different frequencies were applied to the vertical input termi-

nals of oscilloscope, the patterns shown in Fig. 24.24 were obtained. If the frequency applied to
horizontal plates in each case is 1000Hz, determine the unknown frequency.

Qoooooooo

(if) (fif)
Fig. 24.24

Solution.

(/) The number of loops cut by horizontal and vertical line is one.
S ol o =g, = 10b0Hz
Jn !
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(if) - The number of loops cut by horizontal line is 2 and the number of loops cut by vertical line

or f,=2x f,=2x1000 = 2000 Hz

(i) The number of loops cut by the horizontal line is 6 and that by veniczﬂ lineis .

= 6/, = 6x 1000 = 6000 Hz

Multiple-Choice Questions

is |
/, 2
e = =
Su
o _ 6
T |
or I
1. An ammeter.is connected in ............... with

the circuit eletent whose current we wish

10 measure.

(i) series

(if) parallel
(i) series or parallel
{/v) none of the above

2. A galvanometer in series with a high resis-
tance isicalled e nnmmssann
(/) anammeter (#f) a voltmeter
(v) none of the above
3. An ammeter should have ............... resis-
tance.
(i) infinite
(ii1) very low

(iif) awattmeter

(ir) very large

(iv) none of the above

4. A voltmeter is connected in ............... with
the circuit component across which poten-
tial difference is to be measured.

(/) parallel
(if) series
(¢if) series or parallel
(iv) none of the above
5. A voltmeter should have .............. resistance.
(1) zero (éi) very high
(év) none of the above
6. The sensitivity of a multimeter is given in

(iii) very low

H Q ‘
(i) kCUvV

(if) amperes
(iv) none of the above

7. If the full-scale deflection current of a mul- |

timeter is 50 pA, its sensitivity is
(1) 10 kSYV
(#r) 50 kEYV

(if) 100 kEU/V
(iv) 20 kQUV

8. 1f a multimeter has a sensitivity of 1000 Q
per volt and reads 50 V full scale, its inter-
nal resistance is..............

(if) 50kQ

(i) 20kQ
(éii) 10kQ (iv) none of the above
9. A VIFFMhas . ccqams input resistance than
that of a multimeter.
(i) more (i1) less
) (iif) same (iv) none of the above

10. The input resistance of a ¥TVM is about

(H 1000 Q2 (i) 10 k&

(iii) 20 kQ2 (iv) 10 MQ
11. If'the negative potential on the control grid
of CRT is increased, the intensity of spot

(/) isincreased

(i) is decreased
(iif) remains the same
(iv) none of the above

12. Fordisplay of signal pattern ............... volt-
age is applied to the horizontal plates of a
CRO.

(i) sinusoidal (if) rectangular
(iv) none of the above
13. Two multimeters A and B have sensitivities

of 10kQYV and 30 k€V'V respectively. Then

(iif) sawtooth

(/) multimeter A is more sensitive
(if) multimeter B is more sensitive
(iif) both are equally sensitive
(iv) none of the above
14. A galvanometer of resistance G is shunted
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by very small resistance S The resistance |
OIRE HEsIETIE SPTELET IS ssmmmmansm
(A

(; + 8

(1) G G %S

(i) G- S

15. A VTV A s never used to measure ...

(1) voltage

|

|

() none of the above ‘
[

(1) current |
[

(11i) resistance (v) none of the above

16, The sensitivity of a voltmeter which uses a
100 A meter movementis ... I
() 1 kEUV (i) 10 kEVV |

(riry 5 kEUV (1v) data insufficient |
What is the total resistance of a voltmeter |
on the 10 V range when the meter move-
ment is rated for 50 pA of full-scale cur-
rent ?

(i) 10kQ
(iiry 200 kQ
18. The material used to coat inside tace ol (/7T

15 oo

17,

(ir) 20 kQ2

(rv) none of the above

(i) carbon (1) sulphur
(iit)

19. When an ammeter is inserted in the circuit,
the circuit current will ...............

(1)

(1) decrease

silicon (iv) phosphor

increase

() remain the same
(n) none of the above
20. A serics ohmmeter circuit uses a3 V battery
and'a | mA meter movement. What is the
half-scale resistance for this movement ?
() 3k (i 1.5kQ
(iif) 4.5 _kQ (iv) 6 kQ
21. The most accurate device for measuring volt-

Tt [ O,
() voltmeter (1) multimeter
(i) CRO (v) ¥TVM
22. The horizontal plates of'a CRO are supplied
with to observe the waveform of a
signal

(i} sinusoidal wave

(1/) cosine wave

Principles of Electronics

(1) sawtooth wave
()

23 A CRO) s used to Measure ...,

none of the above

(1) voltage

(fir) phase

(i7) frequency
(iv) all of above

24. 11 2 % of the main current is to be passed
through a galvanometer of resistance G, then
resistance of the shunt required is .............
(1) G50 (i) G149

(iii) 49 G (iv) 50 G

25. Which of the following is likely to have the

largest resistance ?
()
(£1)
(rir)
(v}

voltmeter of range 10V
moving coil galvanometer
ammeter of range | A
a copper wire of length 1 m and diam-
cter 3 mm
26. Anideal ammeter has .............. resistance.
(i) infinite
(+v) high
27. The resistance of an ideal voltmeteris .........
(N (#7) infinite
(¢i1) zero (iv) high

(1) low
(iir) zero

low

28. To send 10% of the main current through a
moving coil galvanometer of resistance
99 2, the shunt required is ...............
(i 118 (i) 9.9Q
(i) 100Q (iv) 9Q2
29. A voltmeter has a resistance of G ohms and

range V volts. The value of resistance re-
quired in series to convert it into voltmeter

of range nF 15 .ooovvivnieeiens
(H nG (i7) %
iy =" (V) (n-1G

30. Anammeter has a resistance of G ohms and
range of / amperes. The value of resistance
required in parallel to convert it into an am-
meter of range nlis oo
() nG (i n-NG

. G
(iir) (iv) y

n =1
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6.
11.
16.
21.
26.

Answers to Multiple-Choice Questions

(@) 2. (i) 3 (D) 4. () 5. (i)
(i) 7. (iv) 8. (i) 9. (i) 10. (iv)
(i) 12. (iii) 13. (i) 14. (i) 15. (ii)
(i) 17. (iii) _ 18 (iv) 19. (i) 20. (i)
(iii) 22. (iii) 23, (iv) 24. (i) - 25. (D)
(ii) 27. (ii) 28. (i) 29. (iv) 30. (iii)

Chapter Review Topics

What is a multimeter 7*How does it work ?

- What type of measurements can be made with a multimeter ? Explain with suitable diagrams.

Bricfly explain the advantages of 20 kQ/volt multimeter as compared to a 10 k€/volt multimeter.
What are the applications of a multimeter ?

Discuss the advantages and disadvantages of a multimeter.

What is a FTVM ? Explain balanced bridge Type FTVM with a neat circuit diagram,

. What are the applications of FTVM ?

Discuss the advantages and disadvantages of FTVM,
Bricfly explain the differences between a F7FA and a multimeter.
Explain the construction and working ol a cathode ray tube.
How will you make the following measurements with o CRO
(i) voltage (i) frequency ?
Write short notes on the following :
() Limitations of multimeter
(41) Advantages of oscilloscope
(f1r)  Vacuum tube voltmeter

(iv) Oscilloscope controls

Problems

A voltmeter is used to measure voltage across 20 k€Q resistor as shown in FFig. 24.25. What will be the
voltage value if (i) voltmeter has infinite resistance (i) voltmeter has a sensitivity of 1000 €2 per volt
and reads 100 V full scale ? () 50V (i) 45 V|

{9

R Ry Ry

¢ + v IS5V 50V
Fig. 24.25 Fig. 24.26

- The three range voltmeter is arranged as shown in Fig. 24.26. The rangesare 0t0 3 V, 010 15 V and

0to 50 V as marked. If the full scalc deflection current is 10 mA, what should be the values of R\, R,
and R, 7 The resistance,of the meter is 5 Q. [305 ©, 1505 2, 5005 Q|
If the sensitivity of voltmeter in Fig. 24.25 is 500 (Yvolt (Full-scale reading being 100 V), what will
be the reading of the voltmeter ? ' [41.7V]
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What is the Towest full-scale voltage that could be displayed with a 100 pA meter movement with
aninternal resistance of 15002 7 What would he the sensitivity of this meter in ohms per volt ?

115 mV, 10,000 /Y]

110 20,000 €2V meter with § k€2 internal resistance is used in an ohmmeter with a 3-V-battery, what

internal resistance is required in the meter to produce proper zeroing? 60 k22|

Discussion Questions

Why is sensitivity of best multimeter not more than 26 kQ per volt ?

Why do we generally prefer ¥THM to multimeter for measurements in electronic circuits ?
Why does oscilloscope give more accurate measurements than a VTVM ?

Whal is the basic difference between vacuum tubes and cathode ray tube ?

Ilow can a multimeter be used for continuity checking ?

Which would usually have more lincar scales, dc or ac meters ?

Which is more sensitive, a0 — 59 pA ora0— | mA meter ?

On a multirange ohmmeter, where is 0 2 mark ?

What component prevents meter damage in a VTVM?

Could a 0 — 1 mA-movement 100 — V voltmeter and a 0 - 50 pA — movement 100 - V voltmeter be
used in series across 125V 7
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Integrated Circuits

Introduction

The circuits discussed so far in the text consisted of separately manufactured components (.. resis-
tors, capacitors, diodes, transistors efc.) joined by wirces or plated conductors on printed boards. Such
circuits are kngwn as discrete circuits 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 be 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
reliability, engineers started a drive 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 a miniature assembly of electronic components. One type of such circuit is
the integrated circuit, gencrally abbreviated as /C. An integrated circuit has various components
such as resistors, capacitors, diodes, transistors ctc. fabricated on a small semiconductor chip. How
circuits containing hundreds of components are fabricated on a small semiconductor chip to produce
an IC is a fascinating feat of micro-electronics. 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 integratéd circuits,

25.1 Integrated Circuit

An integrated circuit is one in which circuit components such as transistors, diodes, resistors, ca-

acitorsiaﬂ? automatically part of a small semiconduc- je—— 0.2 mm ——f

tor chip.

An integrated circuit consists of a number of circuit com-
ponents (e.g. transistors, diodes, resistors etc.) and their inter &E
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 :

0.001 mm

(i) Inan IC, the various components are automatically B
part of a small semi-conductor chip and the individual com-
ponents cannot be removed or replaced. This 15 in contrast to " Fig. 25.1 ™

_’{
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discrete assembly in which individual components can be removed or replaced if necessary.

(i) The size of an */C is extremely small. In fact, 1Cs are so small that you normally need a
microscope 1o see the connections between the components. Fig. 25.1. shows a typical semi-conduc-
tor chip having dimensions 0 2 mm » 0.2 mm < 0.001 mm. It is possible to produce circuits contain-
iy many transistors, diodes, resistors ete on the surface of this small chip

(iiiy Nocompanents of an 7C are seen to project above the surface of the chip. This is because all
the components are formed within the chip.

t\% Advantages and Disadvantages of Integrated Circuits

Integrated circuits free the equipment designer from the need to construct circuits with individual
discrete components such as transistors, diodes, and resistors. With the exception of a few very
simple circuits, the availability of a large number of low-cost integrated circuits have largely rendered
diserete circuitry obsolete. It is, therefore, desirable to mention the significant advantages of inte-
erated circuits over discrete circuits. However, integrated circuits have some disadvantages and
congjnuous efforts are on to overcome them.

Advantages : Integrated circuits possess the following advantages over discrete circuits :
() Increased reliability due to lesser number of connections.
(if) Extremely small size due to the fabrication of various circuit clements in a single chip of
semi-conductor material.
(iif) Lesser weight and **space requirement due to miniaturized circuit.
(v) Low power requirements.
{(v) Greater ability to operate at extreme values of temperature.

(vi} Low cost because of simultaneous production of hundreds of alike circuits on a small semi-
conductor wafer,

{(vii) The circuit lay out is greatly simplified because integrated circuits are constrained to use
minimum numnmber of external connections.
Disadvantages : The disadvantages of integrated circuits are -
(i) 1fany component in an /C goes out of order, the whole /C has to be replaced by the new one.
(ii) InanlC,ilis neither convenient nor economical to fabricgeeTapacitances exceeding 30 pF.
Therefore, I'L:r high values of capacitance, discrete components exterior to /C chip are connected.

(i) Tuis not possible to fabricate inductors and transformers on the surface of semi-conductor
chip. Thercfore, these conponents are connected exterior to the semi-conductor chip.

(iv) Ttis not possible to produce high power [Cs (greater than 10 W),
(v) Thereisalack of flexibility in un IC i.e., it isgenerally not possible to modify the parameters
within which an integrated circuit will operate.
5.3 IC Classifications
~our basic types of constructions are employed in the manufacture of integrated circuits, namely ;
(£) mono-lithic (i) thin-film (i) thick-film (iv) hybrid.
Monolithic /Cs are by far the most common type used in practice. Therefore, in this chapter we
shall confine our attention to the construction of this type of /Cs only//It may be worthwhile to

i Since it combines both active (e.g., transistors, diodes etc) and passive elements (e.g., resistors, capacitors

elc.) in a monolithic structure, the complete unit is called an integrated circuit.

**  Typically, 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 /C 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 ane in which all circuit components and their inter-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 I/Cs, yet it is profit-
able to know something about their fabrication. The basic production processes for the monalithic
[Cy are as follow :

(i) p-Substrate. This is the first step in the making of an /C. A cylindrical p-type *silicon
crystal is grown having typical dimensions 25 cm long and 2.5 cm diameter [See Fig. 25.2 (i)]. 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 um. One side of waferis polished to get rid of surface imperfections. This wafer
is called the substrate. The /Cs are produced on this wafer.

p-TYPE SILICON CRYSTAL
(1) (i)
Fig. 25.2

(i) Epitaxial n 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

SiO, LAYER
n - 2
pm

‘— EPITAXIAL LAYER

I T R A A A

10 pm n 3 n
E
=t
2 p-SUBSTRATE p-SUBSTRATE
(1 (1)
Fig. 25.3

semi-conductor on the heated surface of substrate [See Fig. 25.3 (/) ]. This thin layer is called the
**epitaxial layer and is about 10 pm thick. It is in this layer that the whole integrated circuit is formed.

(iif) Insulating layer. In order to prevent the contamination of the epitaxial layer, a thin $i0,
layer about 1um thick is deposited over the entire surface as shown in Fig.25.3 (ii). Thisis achieved
by passing pure oxygen over the epitaxial layer. The oxygen atoms combine with silicon atoms to

i Since silicon possesses characteristics which are best suited to /C manufacturing processes.

**  The word “epitaxial” is derived from the Greek language and means arranged upon.
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form a layer of silicon dioxide (5:0,).
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(iv)  Producing components. By the process of *diffusion, appropriate materials are added to
the substrate at specific locations to produce dindes, transistors, resistors and capacitors. The produc-

tion of these components on the wafer is discussed in Art 25.5,

(v) Etching. Before any impurity is added to the substrate, the
oxide layer (i.e. Si0, layer) is etched. The process of etching exposes
the epitaxial layer and permits the production of desired components.
The terminals are processed by etching the oxide layer at the desired
locations.

(vi) €hips. In practice the water shown in Fig. 25.4 is divided into
alarge number of arcas. Bach of these areas will be a separate chip. The
manufacturer produces hundreds of alike /Cs on the wafer over each
arca. To separate the individual /Cs, the wafer is divided into small chips
by a process similar to glass cutting. This is illustrated in Fig. 25.4. It
may be scen that hundreds of alike ICs can be produced from a small
wafer. This simultaneous mass production is the reason for the low cost
of integrated circuits.

After the chipis cut, itis bonded to its mounting and connections are
made between the 7€ and external leads. The /C is then encapsulated to
prevent it from becoming contaminated by the surrounding atmosphere.

25.5 Fabrication of Components on Monolithic IC

CHIP

\""-L._L_._-'

The notable feature of an 7C is that it comprises a number of circuit elements inseparably associated
in w single small package to perform a complete electronic function. This differs from discrete as-
sembly where separately manufactured components are joined by wires. We shall now see how
various circuit elements (e.g. diodes, transistors, resistors etc.) can be constructed in an /C form.

EXF’OSED\

p-SUBSTRATE p-SUBSTRATE
() (if)
WINDOW
n
p-SUBSTRATE p-SUBSTRATE
(iv) v)

Fig. 25.5

p-SUBSTRATE

(iid)

LU
]

p-SUBSTRATE

(vi)

(i) Diodes. One or more diodes are formed by diffusing ore or more small n-type deposits at

*

tions of substrate by thermal processes.

In IC construction, diffusion is the process of deliberatcly adding controlled impuritics at specific loca-
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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 /C. Part of 50, layer is etched off, exposing the epitaxial layer as shown in Fig.
25.5 (i). The wafer is then putinto a furnace and trivalent atomns are diffused into the epitaxial layer.
The trivalent atoms change the exposed epitaxial layer from n-type semi-conductor to p-type. Thus
we get an island of n-type material under the Si0, layer as shown in Fig. 25.5 (ii).

Next pure oxygen is passed over the water to form a complete Si0, layer as shown in Fig. 25.5
(iif). A hole is then etched at the centre of this layer ; thus exposing the n-epitaxial layer [See Fig.
25.5 (iv)]. This hole in §i0, layer is called a window. Now we pass trivalent atoms through the
window. The trivalent atoms diffusc into the epitaxial layer to form an island of p-type material as
shown in Fig. 25.5 (v). The 5i0, layer is again formed on the wafer by blowing pure oxygen over the
wafer [See Fig. 25.5 (vi)]. Thus a p-n junction diode 1s formed on the substrate.

12

-

r 1 ' I 2
pP-SUBSTRATE .
6] (ir)
Fig. 25.6

The last step is to attach the terminals. For this purpose, we etch the Si0, 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 /C. For this purpose,
the steps used for fabricating the diode are ¢arried out upto the point where p island has been formed
and sealed off [See Fig. 25.5 (vi) above]. This Fig. is repeated as Fig, 25.7 (i) and shall be taken as the
starting point in order to avoid repetition.

WINDOW
.
p-SUBSTRATE p-SUBSTRATE p-SUBSTRATE
(& (ir) (e80)
EBC

C ]

p-SUBSTRATE p-SUBSTRATE
(iv) )
Fig. 25.7
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A window 1s now formed at the centre of Si€), layer, thus cxposing the p-epitaxial layer as shown
in Fig. 25.7(ii). Then we pass pentavalent atoms through the window. The pentavalent atoms diffuse
into the epitaxial layer to form an island of n-type material as shown in Fig. 25.7 (i), The SiQ, layer
is re-formed over the wafer by passing pure oxygen [See Fig. 25.7 (iv)]. The terminals are processer!
by ciching the Si0, layer at appropriate locations and depositing the metal at these locations as show!
in Fig. 25.7 (v). Inthis way, we get the integrated transistor. Fig. 25.7 (vi) shows the electrical circuit
of a transistor,

(iir) Resistors. Fig. 258 shows how a resistor is formed on a portion of the substrate of a
maonolithic /C. For this purpose, the steps used for fabricating diode are carried out upto the point
where n island has been formed and sealed off [Refer back to Fig. 25,5 (ii0)]. This figure is repeated
as Fig 25.8 (i) and shall be taken as the starting point in order to avoid repetition.

WINDOW

p-SUBSTRATE p-SUBSTRATE  p-SUBSTRATE
'
(1) (i) (iip)

1 ' 2
o A o

p-SUBSTRATE »-SUBSTRATE
(iv) (v) (vi)

Fig. 25.8

A window is now lormed at the centre of Si0, layer, thus exposing the n-epitaxial layer as shown
in Fig. 25.8 (). Then we diffuse a p-type material into the n-type area as shown in Fig. 25.8 (ii7). The
Si0, layer is re-formed over the wafer by passing pure oxygen [See Fig. 25.8 (iv)]. The terminals are
processed by etching Si0, layer at two points above the p island and depositing the metal at these
locations [See Fig. 25.8 (v)]. In this way. we get an integrated resistor. Fig. 25.8 (vi) shows the
electrical circuit of a resistor.

The value of resistor is determined by the material, its length and area of cross-section. The
high-resistance resistors are long and narrow while low-resistance resistors are short and of greater
cross-section.

(iv) Capacitors. Fig. 25.9 shows the process of fabricating a capacitor in the monolithic /C.
The first step is to diffuse an n-type material into the substrate which forms one plate of the capacitor
as shown in Fig. 25.9 (). Then Si0, layer is re-formed over the wafer by passing pure oxygen as
shown n Fig. 25.9 (ii).

The Si0, layer formed acts as the dielectric of the capacitor. The oxide layer is etched and
ierminal 1 is added as shown in Fig. 25.9 (ii/). Nexta large (compared to the electrode at terminal 1)
metallic electrode is deposited on the Si@, layer and forms the second plate of the capacitor. The
oxide layer is etched and terminal 2 is added. This gives an integrated capacitor. The value of
capacitor formed depends upon the dielectric constant of §i0, layer, thickness of §i0, layer and the
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area of corss-section of the smaller of the two electrodes.

1 2
B
n n n
pSUBSTRATE p-SUBSTRATE p-SUBSTRATE
(1) (ir) (¢ii)
ST
(iv)
Fig. 25.9

25.6 Simple Monolithic ICs

[t has been seen above that individual components can be integrated in a monolithic /C. We shall now
see how an electronic circuit comprising different components is produced in an /C form. The key
point to keep in mind is that regardless of the complexity of the circuit, it is mainly a process of
etching windows, forming ;r and n islands, and connecting the integrated components.,

1 3 2 12 314

p-SUBSTRATE p-SUBSTRATE

1 2 1

!

3 2
(1) N (i)

Fig. 25.10
(i) Two-diode IC. Fig. 25.10 (i) shows a two-diode /C with a common anode whereas Fig.

25.10 (if) shows a two-diode IC with individual anode.
Two points are worth noting. Firstly, any circuit [ like the one shown in Fig 25.10 (/) or Fig 25.10
(iD)] is not integrated individually ; rather hundreds of alike circuits are simultancously fabricated on
a wafer. The wafer is then cut into chips so that each chip area represents one circuit. This is the key
factor for low cost of /Cs and is exerting considerable influence on clectronics engineers to switch

over to /C technology. Secondly, /Cs are usually not as simple as shown in Fig. 25.10. In fact, actual
/Cs contain a large number of components.

(if) Another simple IC. Fig.25.11 shows an IC 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
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referring to Fig. 25.11, depletion layers exist between p substrate and the four n islands touching it
As the depletion layers have virtually no current carricrs, therefore, the intcgrated components are
insulated from cach other.

T 2y

p-SUBSTRATE

T T
Fig. 25.11
25.7 IC Packings

In order to protect /Cs from external environment and to provide mechanical protection, various
forms of encapsulation are used for integrated circuits. Just as with semi-conductor devices, /IC

packages are of two types viz. A%

| 9 mm |
i

4.5 mm

4

(i)
Fig. 25.12



Integrated Circuits 541

(/) hermatic (metal or ceramic with glass) -~ (if) non-hermatic (plastics)

Plastics are cheaper than hermatic but are still not regarded as satisfactory in extremes of tem-
perature and humidity. Although /Cs appeared in the market several ycars ago, yet the standardisation
of packages started only in the recent years. The three most popular types of /C packages are shown
in Fig. 25.12.

(i) Fig. 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.

(i1) Fig. 25.12 (ii) shows a flat pack container with 14 leads, seven on each side.

(iii) Fig. 25.12 (iif) shows the dual-in-fine (DIL) pack in 14-lead version. The 14-pin DIL 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 mm 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 /Cs. 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 /Cy are shown below.

v

‘ig. 25.14
Fig. 25.13 shows the symbaol ot an IC r-f amplifier containing 3 transistors, 3 resistors and 8

terminals. Similarly, Fig. 25.14 shows an /C audio amplifier which contain 6 transistors 2 diodes, 17
resistor and has 12 terminals.

~

Scale of Integration

An /C chip may contain as large as 100,000 se.aiconductor 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 1to 20
Medium MSI 20 to 100
Large LSI 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 usc
modified transistor cases.

** S5 stands for small scale integration
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2510 Some Circuits Using 1Cs

Inteprated circuts arz fairly complex because they contain a large number of circuit components
within a small semiconductor chip. While studying circuits using /Cs, we are more concerned with
the external connections to the /C rather than what is actually going on inside.

(/) 1C Fixed 5-volt Voltage Regulator. The /C voltage regulator is a device that is used to
hold the output voltage from a de

power supply constant as the in-
put voltage or load current

LM 309 1 ]

changes. Tor example, LM 309
{hxed postive) provides a + 5 V

d.c. cutput. This regulator is fre-
quently used in digital circuits.
Fig. 25.15 shows the circuit of the = =
\'nﬁagc regulator using LM 309.
It is a three terminal device with
terminals labelled as input. output Fig. 25.15
and ground terminal. It provides

afixed 5V between the output and ground terminals.

The LM 309 has o number of advantages over the zener diode. First, it is much more accurate
than the zener diode. Secondly, there is built-in overload protection. The LM 309 also has overheat-
ing protection, It the internal temperature becomes excessive, it shuts off until the temperature is
reduced, at which point it will start up again.

(i) 1C Adjustable Voltage Regulator. Sometimes, we want a voltage regulator whose-voltage
we can vary. An example of such a voltage regulator is LM 317 whose schematic diagram is shown
in Fip. 25.16. By varying the value of R,, the output voltage of the regulator can be adjusted. The
following equation is used to determine the regulated d.c. output voltage for an LM 317 regulator
cireuit.

(R.,
= 25(7{‘?“}

Example 25.1. /n LM 317 voltage regulator shown in Fig. 25.16, R, is adjusted to 2.4 k2. If the
value of R, is 240 8, determine the regulated d.c. output voltage for the circuit,

[ SRS ——— LM 317 —0
Vs Adj Vnu.l
R

Fig. 25.16
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Multiple-Choice Questions

1. An/Chas ...
(i) very large

S1ZC.

(if) large
(fif)
(iv) none of the above

extremely small

2. ICs are generally madeof .......ccceenn.
(i) silicon (i) germanium
(i) copper (iv) none of the above
. S —— ICy are the most cormmonly used.
(£) thin film
(iii) hybrid
4. The most popular form of [Cpackage is

(ir) monolithic

(iv) none of the above

(i) DIL (i) flatpack
(icr)y TO-5 (iv) none of the above
B v cannot be fabricated on an 1C.

0] transistors
€(;)) diodes
(iif) resistors
(iv) large inductors and transformers
6. Anaudio amplifierisanexampleof ...
(iy digital IC
(i) linear IC
(iif) both digitial and linear IC
(iv) none of the above
7. The active components inan/Care ........
(i) resistors
(if) capacitors
(i) transistors and diodes
(iv) none of the above
................. {Cs in computers.
(1) digital
(if) linear
(iif) both digital and linear

(iv) none of the above
Y. The S/0, layer inan [Cucts as
(1) aresistor
(1) aninsulating layer
(i) mechanical output
(1v) none of the above
10 JEF ine USED T e sz
(i) hnear devices only
(i) digial devices only
(fif)
(iv) none of the above

both linear and digital devices

11. A tEAnSIStor takes woesmnans inductor on a

silicon /C chip.

(i) less space than
(1) maore space than
(i)

(iv) none of the above

same space as

12. The most popular types of ICsare .................
(i) thin-film (i) hybrid
(i) thick-film (iv) monolithic
13. Digital ICs process ..o,
(i) linearsignals only
(ii) digital signals only
(i) both digital and linear signals
(iv) none of the above
14. Operational amplifiers use .................
(i) hnearlCs
(if) digital 1Cy
(ii7y both lincar and digital ICs
(iv) none of the above
15. Which of the tollowing is most difficult to
fabircate inan /77
(i} diode (i{) transistor

(iiry FET (iv) capacitor
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Answers to Multiple-Choice Questions
2. (i) 3. (i) 4. (i)
7. (iii) 8. (i) 9. (i)
12. (iv) 13. (i) 14. (i)

(iif)
(ii)

5. (iv)
10. (idi)
15. (iv)
Chapter Review Topics
What is an integraled circuit ? Discuss the relative advantages and disadvantages of ICs over discrete

assembly.
How will you make a monolithic IC?

. Explain how (i) a diode (i) a transistor () a resistor and (iv) a capacitor can be constructed in a

monolithic integrated circuit.

Explain how electronic circuit consisting of different components can be constructed in a monolithic
Ic:

Write short notes on the following :

(i) Epitaxial layer

(i) 1C packages (ii) IC symbols

Discussion Questions

Why are /Cs so cheap ?

Why do ICs require low power ?

Why cannot we produce /Cs of greater power ?
Why are /Cs more reliable than discrete assembly 7
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 efc. In the text so far,
these characteristics were determined by using *B and circnit 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 be 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 B/,. Similarly, output voltage has an
effect 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 mho, two dimen-
sionless) of a transistor are measured experimentally. These are called hybrid or h parameters of the
transistor. Once these parameters for a transistor are known, formulas can be developed for input
impedance, voltage gain etc.in terms of i parameters. There are two main reasons for using h param-
cter 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. Sccondly, these parameters can be
measured very easily. To begin with, we shall apply A 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 analysed 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 i,. This circuit also has output voltage and current labelled v, and i,. Note that both
input and output currents (i, and i,) are assumed to flow info the box ; input and output voltages (v,
and v, ) are assumed positive from the upper to the lower terminals. These are standard conventions
and do not necessarily correspond to the actual directions and polaritics. When we analyse circuits in

*  Since transistor is geaerally connected in CF arrangement, current amplification factor B is mentioned

here.
A lincar circuit is one in which resistances, inductances and capacitances remain fixed when voltage across
them changes.

545
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which the voltages are of opposite polarity or where the currents flow out of the box, we simply treat
these voltages and currents as negative quantities.

4 . i
e ——

+ o-— ——-———o0 +
. LINEAR

1 Va
CIRCUIT

G | e LI
Fig. 26.1

It can be proved by advanced circuit theory that voltages and currents in Fig. 26.1 can be related
by the following sets of equations ;
= R b (D)
Boy i)+ hyy vy %)

In these equations, the Ais are fixed constants for a given circuit and are called h parameters. Once
these parameters are known, we can use equations (i) and (i) 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 4, is dimensionless.
Sumilarly, from eq. (i), h,, is dimensionless and i, has the dimension of mho. The following points
may be noted about i parameters

i

i

(1) Lvery linear circuit has four i parameters ; one having dimension of ohm, one having dimen-
sion of mho and two dimensionless.

(1) The & parameters of a given circuit are constant. If we change the circuit, 2 parameters would
also change,

(iffry Suppose that i a particular linear circuit, voltages and currents are related as under:
10i, +6v,
.. = 41'1 +3v2

4

1

Y

Here we can say that the circuit has h parameters givenby b = 10Q h, = 61 hy =dand h o,
=305

26.2 Determination of h Parameters
The major reason tor the use of A parameters is the relative ease with which they can be measured.
The /i parameters of a circuit shown in Fig. 26.1 can be found out as under :

(r) If weshort-circuit the output terminals {See Fig. 26.2), we can say that output voltage v, = 0.
Putting vy =10 in equations () and (i1), we get,

vy =Ny i+ hx0
Iy = hy il +hyy @0
i
hy, = 7 forv, = Oie. output shorted
h )
Y
and hy = ; for v, = 0 ie. output shorted

Let us now turn to the physical meaning of h;, and h,, . Since A, is a ratio of voltage and current
(r.e. v /i}}, itis an impedance and is called ** “input impedance with output shorted”. Similarly, hy,

*  The two parts on the R.H.S. of eq. () must have the unit of voltage. Since current (amperes) must be
multiplied by resistance (ohms) to get voltage (volts), h,, should have the dimension of resistance i.e.
ohms.

ok

Note that v, is the input voltage and ¢, is the input current. Hence v /i, is given the name input impedance,
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is the ratio of output and input current (i.e., i5/i,), it will be dimensionless and is called “current gain
with output shorted ™.

4 Iy L

— — + ] 4_.2_
+ ° +
LINEAR
v RUTE - OPENw ,
. GG onT 1| CIRCUIT V2
. S ,
Fig. 26.2 Fig. 26.3

(if) The other two h parameters (viz k), and h,,) can be found by making /) = 0. This can be done
by the arrangement shown in Iig. 26.3. Here, we drive the output terminals with voltage v,, keeping
the input terminals open. With this set up, i, = 0 and the equations become:

vi = hyx0+hyv
iy = hy %0+ hy, vy
i ; oy
hy, = ;; fori; = 0 ie. inputopen
fz . .
and hy, = i fori, = Oie. input open

Since h, is a ratio of input and output voltages (i.e. v,/v.), it is dunensionless and is called

12 ; B8 ML Vbl 1L :
“voltage feedback ratio with input terminals open”. Similarly, b, is a ratio of output current and
output voltage (i.e. i,/v,), it will be admittance and is called output admittance with input terminals open.

Example. 26.1. Find the h parameters of the circuit shown in g 26.4 (i),

1y l

o WA o : i W =
10 Q2 100 '
50 sQs SHORT
o— o o i
(1) . (1)
Fig. 26.4

Solution. The A parameters of the circuit shown in Fig. 26.4 (1) can be found as under

To find A, and h,,, short - circuit the output terminals as shown in Fig. 260.4 (). 1tis clear that
input impedance of the circuit 1s 10 £2 because 5 € resistance 15 shorted out,

s hy, = 1082 .

Now current , flowing into the box will flow through 10 €2 resistor and then through the shorted
path as shown. It may be noted that in our discussion, i, is the output current flowing into the box.
Since output current in Fig. 26.4 (if) is actually flowing out of the box, ¢, 1s negative ie..

b =T
. . o WA ~
iy =i
2 . A 100
by =2 T = 7T =~ OPEN v, 50 !
: h i -
To find h, and h,,, make the arrangement as shown in

Fig. 26.4 (iii). Here we are driving the outpyt terminals with a
voltage v,. This sets up a current i,. Note that input terminals
are open. Under this condition, there will be no current in 10€2 resistor and, therefore, there can be no
voltage drop across it. Consequently, all the voltage appears across input terminals f.e.

Fig. 26.4 (iii)

Vv = vy

)
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Now the output impedance looking into the output terminals with input terminals open is simply 5
Q. Then h, will be the reciprocal of it because h,, is the output admittance with input terminals open.
hyy = 115 =020
The h parameters of the circuit are :
hy = 10 Q; hy = -1
hy, = lihy =020
It may be mentioned here that in practice, dimensions are not written with A parameters. It is
because it is understood that 4, is always in ohms, &, and h,, are dimensionless and h,, is in mhos.

Example 26.2. Find the h parameters of the circuit shown in Fig. 26.5 (i).

i) Q2 -
o ——o o—= 1 A ———
1Q 4Q 40Q 40 .
40 4Q SHORT
o o o-
0] Fig. 26.5 (if)

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 h,.
Obviously, hy, = 4+4l4

4x4

t— = 6.(.1
4 + 2

Now the input current i in Fig. 26.5 (i) will divide equally at the junction of 4 Q resistors so that
output current is (/2 i.e.

iy = —if2 ==0.5i,
e —05
‘il il

hy

In order to find &, and h,,, imagine the arrangement as

shown in Fig. 26.5 (iii). Here we are driving the output termi-
nals with voltage v,, keeping the input terminals open. Un- + 40 4Q 3
der this condition, any voltage v, applied to the output will OPEN v, 40 vy
divide by a factor 2 i.e. s s

v'}

gy & o =S Fig. 26.5 (iii)
hy, = M o0 s
VZ '.’.2

Now the output impedance looking into the output terminals with input terminals open is simply
8 Q. Then h,, will be the reciprocal of this i.e.

= 01250

|
hu:g
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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 parameter cquivalent circuit of
Fig. 26.6 (i). We know that voltages and current of the circuit in Fig. 26.6 (i) can be expressed in
terms of A parameters as under :

vi = hyip+hpv L6
iy = hy iy +hyy vy )
4 i
PP = =
LINEAR
vi CIRCUIT Va
N — -
® ()]

Fig. 26.6

Fig. 26.6 (ii) shows h parameter equivalent circuitof Fig. 26.6 (i) and is derived from equations (1)
and (ii). The input circuit appears as a resistance /i, in series with a voltage generator ;v This
circuit is derived from equation (). The output circuif involves two components ; a current generator
h,, i, and shunt resistance hy, and is derived from equation (ii). The following points are worth
noting about the h parameter equivalent circuit [See Fig. 26.6 (if)] :

(i) This circuitis called hybrid equivalent because its input portion is a Thevenin equivalent, or
voltage generator with series resistance, while output side is Norton equivalent, or current generator
with shunt resistance. Thus it is a mixture or a hybrid. “The symbol ‘A" is simply the abbreviation ol
the word hybrid (hybrid means “mixed"”).

(if) The different hybrid parameters are distinguished by different number subscripts. The nota-
tion shown in Fig. 26.6 (ii) is used in general circuit analysis. The first number designates thewircuit
in which the effect takes place and the second number designates the circuit from which the effrct
comes. For instance, h,, is the “short-circuit forward current gain” or the ratio of the current in t
output (circuit 2) to the current in the input (circuit 1).

(iif) 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 ¢ontrolled
sources. Thus, the effect of output upon input is represented by the equivalent voltage generator
hy,v, and its value depends upon output voltage. Similarly, the effect of input upon output is
represented by current generator hy, i, and its value depends upon input current. Secondly, the i'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 h parameters. We shall
now develop formulas for input impedance, current gain, voltage gain etc.of a linear circuit in terms
of h parameters.

(/) Inputimpedance. Consider a linear circuit with a load resistance r, Across its terminals as
shown in Fig. 26.7. The input impedance Z,, of this circuitis the ratio of input voltage to input current
ie.

Now v, = hy, i, + h, v, in terms of h parameters. Substituting the value of v, in the above
expression, we get,
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hyiy + v,

()]

LINEAR
CIRCUIT

Fig. 26.7
Now, iy = hy, i; + hy, v, in terms of # parameters. Further from Fig. 26.7, it is clear that iy =
= vyfr,. The minus sign is used here because the actual load current is opposite to the direction of i

=y ; o P |
E = hy iy +hyy v, ["2 L= ]
L i
2 Yy 1
or —hy i, = h22v2+ il "2["11“'—]
FL rL
% o D)
h . ‘
b .
Substituting the value of v,li| from exp. (ii) into exp. (i), we get,
h
B =y = —"'—‘—% (i)
hZZ + r—'
L

This is the expression for input impedance of a linear circuit in terms of A parameters and load
connected to the output terminals. If either i 12 0r r, is very small, the second term in exp. (iii) can be
neglected and input impedance becomes :

Zy = hy

mn
(i) Current Gain. Referring to Fig. 26.7, the current gain A, of the circuit is given by :

A= 2
1

Now iy = hy iy +hyvy
and Vo = —iyr,
G iy = hy i =hyiyr,
or iH(l+hyr) = hy,
or 1_1 = _'L

h I+ hy
Butiy/i; = A, the current gain of the circuit.

4 = hy,

F7 lehyr,
Ifhyy rp << 1, then A= hy,.
The expression A, = h,, is often useful. To say that h,, r; << | is the same as saying that
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r; << 1/hy,. This occurs when r; is much smaller than the output resistance (1/h,), shunting hy, 4,
generator. Under such condition, most of the generator current by passes the circuit output resistance
in tavour of r,. This means that i, = by iy or /i) =y,

(iif) Voltage gain. Referring back 1o Fig. 26.7, the voltage gain of the circuit is given by

Y2
Ay, & T
i) l‘l
2 ( 02, (i
= -.. 1Y = . )
il Zm i L )
While developing expression for input impedance, we found that :
Vi _ _;’11
W b, ek
b r

Substituting the value of v,/i| in exp. (iv), we get,
& = —hy,

v
1
Z_ | h,, +—
m[n rL]

Example 26.3. Find the (i) input impedance and (ii) voltage gain for the circuit shown in
Fig. 26.8.

L WAV
10Q2
50 rp=58
o
Zin
Fig. 26.8

Solution. The A parameters of the circuit inside the box are the same as those calculated in
example 26.1. i.e.

hy = 10; hyy==1

hy, =1 and hy, =02
(/) Input impedance is given by;
hl? hlll = 10 - Ix-1
. 5
= 10425 = 125w

By inspection, we can see that input impedance is equal to 10 W plus two 5 W resistances in
parallel i.e. '

by, -
Zfrt = hqz +

Z, = 10+515
Sx5
= 1D = 12.5W
.. Ll 12.5
(if) Voltage gain, A, = i = ! =%

’ I 1
Z, (hn P rJ 12.5 (0.2 + 5)
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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 of 2.5 Q. Therefore, we
have a voltage divider consisting of 10 £ resistor in series with 2.5 Q resistor.

Output voltage = % x Input voltage
Output voltage 25 l
or — = = =2 -
Input voltage 125 5
1
or A, = -

Comments. The reader may note that in a simple circuit like that of Fig. 26.8, it is not advisable to
use 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 parameters.
When this linear circuit is terminated by load r;, 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 4 parameters.
The expressions derived for input impedance, voltage gain etc. in the previous section shall hold
good for transistor amplifier except that here r, 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 are vy, iy, v, and i, shown on the diagram of Fig.
26.9. These voltages and currents can be related by the following sets of equations :

i i

-.—-. h
T TRANSISTOR T
+ +
Y1 V2 R,

Fig. 26.9
Vi = hyip+hpv,
iy = hy iy +hyv,

The following points are worth noting while considering the behaviour of transistor in terms of h
parameters :

() For small a.c. signals, a transistor behaves as a linear circuit. Therefore, its a.c. operation
can be described in terms of h parameters.

(it) The value of h parameters of a transistor will depend upon the transistor connection (i.e. CB,
CE or CC) used. For instance, a transistor used in CB arrangement may have h,,=20Q. If we use the
same transistor in CE arrangement, h,, will have a different value. Same is the case with other h
parameters.,

(iif) The expressions for input impedance, voltage gain etc. derived in Art. 26.4 are also appli-
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cable to transistor amplificr except that r, is the a.c. load seen by the transistor f.¢.
1, = ReIR,
(iv) The values of & parameters depend upon the operating point. If the operating pointis changed,
parameter values are also changed.

(v) The notation v,, i, v, and i, is used for general circuit analysis. Inatransistor amphifier. we
use the notation depending upon the configuration in which transistor is used. Thus for CE arrange-
ment,

V) = Y 5 §=h

Here V, . 1,.V,  and I are the R.M.S. values.

v,=V voa=1

26.6 Nomenclature for Transistor h Parameters

The numerical subscript notation for & parameters (viz. by, by hy,and by,) s used in general circuit
analysis. However, this nomenclature has been modificd for a transistor to indicate the nature of
parameter and the transistor configuration used. The h parameters of 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.

(iif) The second letter in the double subscript notation indicates the circuit arrangement (i.e. CB5,
CE or CC) used.

Table below shows the h parameter nomenclature of a transistor :

S.No. h parameter Notation in CB Notation in CE Notationin CC |
L hll hib hl’e hr’c
2 hiy oy h,. h,.
3. hy, h 1 hf, h s
4. hzz hnh oe hm‘

Note that first letter i, r, f or o indicates the nature of parameter. Thus h,, indicates input
impedance and this parameter is designated by the subscripti. Similarly, letters r, fand o respectively
indicate reverse voltage feedback ratio, forward current transfer ratio and output admittance. The
second letters b, e and ¢ 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 /i parameters derived in Art 26.4 for
general circuit analysis apply equally for transistor analysis. However, itis prolitable to rewrite them
in standard transistor & parameter nomenclature.

() Inputimpedance. The general expression for inputimpedance is

Zr'n = hll_z—ll
hyy + —

T

L

Using standard h parameter nomcnclaturc’for}liransislc)r. its value for CE arrangement will be :
1

= re "'fe

I

L, + —

" .

Similarly, expressions for input impedance in CB and CC arrangements can be written. It may be
noted that r, is the a.c. load seen by the transistor.
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(1) Current gain, The general expression for current gain s

h.l

A, = S

1+ 0y, 1

Ulsing standard transistor i parameter nomenclature, its value for CE arrangement is
£ I

" hh
7 I T—— L

; {590 8

[
The reader can readily write down the expressions for CB and CC arrangements.
(tir) Voltage gain, The general expression for voltage gain is

f, = el

eri h‘l':! * :
L

Using standard transistor h parameter nomenclature, its value for CE arrangement is

-h,
A = if

zZ (!rm, + 4 ]
L5

In the same way, expressions for voltage gain in CB and CC arrangement can be written.

Example 26.4. A transistor used in CE arrangement has the following set of h parameters when
the d.c. operating point is V. = 10voltsand I. = 1 mA :

k., = 2000 Q; h,e =107 mho: h, = 107; h, = 50

Determine (i) input impedance (ii) current gain and (iii) voltage gain. The a.c. load seen by
the transistor is r, = 600 ). What will be upproximate values using reasonable approximations?

Solution. (/) Input impedance is given by;

h, h 107 x 50
AN . W _ 10" x50
in = h, T 2000 ] (0
. ve . 600

2000-28 = 19720

The second term in eq. (i) is quite small as compared to the first.

Z, = h, =2000Q
h
- . Je 50
(i) Current gain, A. = = = 47
" C kb X 1+(600%107
Ifh, rp <<l thenA, = h = 50
- h,, -
(1ir) Voltage gain, A, = L = 50 pp S 14.4
, 1) 972 (10““ + ——)
Z, (hm + o ] 600

The negative sign indicates that there is [80° phase shift between input and output. The magni-
tude of gain is 14.4. In other words, the outpot signal is 14.4 times greater than the input and itis 180°
out of phase with the input.

Example 26.5. A transistor used in CE connection has the following set of h parameters when
the d.c. operating point is V., = Svoltsand 1. =1 mA :

by, = 17009 h, = L3107 by, = 38 h,, = 6% 10°T7

Ifthe a.c. load r, seen by the transistor is 2 kQ, find (i) the input impedance (ii) current gain and
Jilf) voliage gain.

]
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Solution. (i) The input impedance looking into the base of transistor is

b, by, 1.3%10 * %38

L * h, = ra—— = 1700 - ——————— = 1690 ©
h,+— G IO # ==
n 2000
he 3
(ii) Current gain, A, = B = 3i = B 37.6
I+hor 1+6x10°x2000 1012
~ hy, - 38
(ifr) Voltage gain, A = L : = - I =—-444
Z. 1690 (6 x 107 + — --—)
Zin ["w T J 2000

Example 26.6. Fig. 26.10 shows the transistor amplifier in CE arrangement. The h parameters
of transistor are as under :

h, = 1500Q; hy, = 50; h, = 4x107; h,, = 5x 107U
Find (i) a.c. input impedance of the amplifier and (ii) voltage gain.

Solution. The a.c. load r, seen by the transistor is equivalent of the parallel combination of R (=
10kQ)and R, (=30kQ) i.e.

ReR, _ 10x30

r, = = = 75kQ = 7500 Q
L R-+R, 10430
+ Ve =20V
$ 10kQ
3 80kQ
k3 Your
3 l
SIGNAL $a0kn i
Fig. 26.10
(i) The input impedance looking into the base of transistor is given by ;
h_ h B
Z, = hy-—f = 1500-2X10 XD 1300
—_— + el
h, + Py 5x10 7500

This is only the input impedance looking into the base of transistor. The a.c. input impedance of
the entire stage will be Z,, in parallel with bias resistors i.e.
Input impedance of stage = 80x 10°1140x 10’11 1390 = 1320Q
=4 -50
fe

Al 5% 107 + L)
Z [".,, + 7{} 1390( 10"+ 7500
= - 196
The negative sign indicates phase reversal. The magnitude of gain is 196.

(if) Voltage gain, A,
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26.8 Experimental Determination of Transistor h Parameters

The determination of h parameters of a general linear circuit has alrecady 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 :

Ve = h B, +h V., ()
= b d, 1Y, (i)
Ry
o I B
i1
Cl
Fig. 26.11

() Determination of &, and A,,. In order to determine these parameters, the output is a.c.
short circuited as shown in F:g 26.12 (i). This is accomplished by making the capacitance of G,
deliberately large. The result is that changing component of collector current flows through C
instead of R and a.c. voltage developed across C, is zero i.e. *V_ = 0.

+ Ve

IC
<+ F 3
c. L oureur
+ v 2 T~ SHORTED
E, in (Vee=0)
Fig. 26.12 (i)

Substituting V_, =0 in equations (i) and (ii) above, we get,
Vie = h I, + h %0
I, = h I, + h, x0

c

*  Note that setting V_, = 0 does not mean that V. (the d.c. collector-emitter voltage) is zero. Only a.c.
output is short-circuited.
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](
hf, = H for Vv, =0
Yie
and h, = 7 forV, =0
b

Note that / and /,, are the a.c. R M.S. collector and base currents respectively. Also V,, is the a.c.
R.M.S. basc-emitter voltage.

(if) Determination of &, and h,,. In order to determine these two parameters, the input is a.c.
open-circuited, a signal generator is applied across the output and resulting Vper V., and I_are mea-
sured. This is illustrated in Fig 26.12 (ii). A large inductor L is connected in series with Ry Since
the d.c. resistance of inductor is very small, it does not disturb the operating point. Again, a.c. current
cannot flow through R, because of large reactance of inductor. Further, the voltmeter used to mea-
sure V. has a high input impedance and hence there are no paths connected to the base with any
appreciable a.c. current. This means that base is *effectively a.c. open-circuited i.e. I, = 0.

+V,

cC
RB
R s
L (1
" |
2
Cl
1} 9
INPUT OPEN T % +
(Up=0) V., B\
be
v h 4

Fig. 26.12 (ii)
Substituting /, = 0 in equations (i) and (ii), we get,
be = hitxo"'hmvce

I = hfex0+hwvce
V,
h, = 2 forl, =0
" V(‘f
and h, = v—‘ forf, =0

ce
Example 26.7. The following quantities are measured in a CE amplifier circuit :
(a) With output a.c. short-circuited (i.e. V,=0
I, = 10pA;l = ImA;V, = 10mV
(b) With input a.c. open-circuited (i.e. 1,=0)
Ve = 0.65mV; Il = 60pA; V., = 1V
Determine all the four h parameters.

How cffectively the base is a.c. opcn-cucul(cd depends upon the reactance L and the input impedance of
the voltmeter used to measure V,,
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V i
Solution. i, = be — L(!,)ELU,E‘ = 1000 2

I, 0% 10
! <10

B, 2= O 0
L ox10®
v -3

o, = oo WORW o ogesw?
Ve
& 6 x10°

R = i = = 60 j1mho

26.9 Limitations of h Parameters

The h parameter approach provides accurate information 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 h parameters for 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 i parameter values that are correct for the operating point

being considered.

(i) The h 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

1. Hybrid means ...................

(1) mixed (if) single
(iif) unique (iv) none of the above
2. Thereare ........ccoeeeeene h parameters of a tran-
sistor,
(i) two (if) tour

(iif) three (iv) none of the above
3. The h parameter approach gives correct re-
sults for .
() large signals only
(i)
(1ii) both simall and large signals
(iv) none of the above
4. A transistor behaves as a linear device for

small signals only

(1) small signals onlif
(if) large signals only
(iif) both small and large signals
(iv) none of the above .
5. The parameter A, stands for input imped-
| ) (e e
(i) CBarrangement with output shorted

(ify CC arrangement with output shorted
(iif) CE arrangement with output shorted
(iv) none of the above

6. The dimension of i, parameteris..................

(/) mho (ii) ohm
(i) farad (¢v) none of the above
7. The parameter by is called .........c........ in CE

arrangement with output shorted.
(i) voltage gain
(ir)
(iii)
(iv)
8. If the operating point changes, the h param-
eiers of a transistor ...................
(i) alsochange

(ir)

current gain
input impedance
none of the above

do not change
(iif) may or may not change
(iv) none of the above
9. The values of i parameter of a transistor in
CE arrangement are ................... arrange-
ment.
(i) the same as for CB
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(if) the same as for CC
(irf) ditferent from that in CB
(iv) none of the above

10. In order to determine A, and /1, parameters
of a transistor, ................... is a.c. short-cir-
cuited.

(i) input

(if) output
(£ir)
(iv) none of the above

11. If temperature changes, /i parameters of a
transistor ..........o.cc.....

input as well as output

(i) may or may not change
(if) do not change
(if) also change
(iv) none of the above
12. In CE arrangement, the value of input im-
pedance is approximately equal to ...............

559

13. Using standard transistor i parameter no-
menclature, the voltage pamn‘in CF arrange-
T L T —

- h
(’) bt __.'1'.; o
Zy| ot |
L .
- h,.
(i) :
B L)
- h,
(1) I
hw + h“

(iv) none ol the above

14. Z,=h — N

r,
(ii) h,, hy,
(1v) none of the above

= h parameters of a transistor are
dimensionless.

(ii) three

(iv) none of the above

(1) four
(iif) two

Answers to Multiple-Choice Questions

() A, (if) A,

(idd) h,, (iv) none of the above
1. () 2. (i) 3. (i)
6. (i) 7. (i) 8. ()
11. (iii) 12. () 13. ()

4. (i) 5. (iii)
9. (iii) 10. (if)
14. (ii) 15. (iii)

Chapter Review Topics

. What do you understand by hybrid parameters ? What are their dimensions ?

1

2. How will you measure h parameters of a lincar circuit ?
3. Draw the h parameter equivalent circuit of a lincar circuit,
4
5

What is the physical meaning of h parameters

Derive the gencral formula for

(i) input impedance (if) currerit gain and (¢di) voltage gain in tlerms of f parameters and the load.
6. What arc the notations for & parameters of a transistor when used in (i) CEB (if) CI and (i) CC

arrangement ?

7. How are h parameters of a transistor measured ?

8. What arc the drawbacks of i parameter approach in the design of a transistor amplifier ?

Discussion Questions

1. What is the origin of the name hybrid ?

2. How can we obtain an cffective a.c. short-circuit across the output of an amplifier ? Does this affect

d.c. operating conditions ?

3. When A parameters arc specified for a particular transistor, the operating point is usually given. Why

is this neccssary ?

4. How can we obtain an cffective a.c. open circuil at the input to an amplifier 7 Docs this affect d.c.

operating conditions, ?

5. Under what condition is the input impedance of a transistor equal to i, ?
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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 the 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, ‘ransistors 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

(/) 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 [Se¢ Fig. 27.1]. If
such an analog signal is applied to the input of a 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.

(if) Digital signal. A signal (voltage or current) that can have only two discrete values is called
adigital 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 O V and no other value. These values are labelled as High and Low.
The High voltage is + 5V and the Low voltage is 0 V. If proper digital signal is applied to the input
of a transistor, the transistor can be driven between cut off and saturation. In other words, the transis-
ior will have two-state operations i.e., output is either low or high. Since digital operation has only

*  The 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.

" v
A 5y 4
| SO
- | :
5 \/ > 5 >
Fig. 27.1 Fig. 27.2

~

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 (1 or 0). Therefore, a digital circuit is one that expresses the values in digits 1's or 0's. Hence the
name digital. The numbering concept that uses only the two digits 1 and 0 is the binary numbering
system. 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
0,1,2,3,4,5,6,7,8and 9. Thus, the decimal system uses 10 digits for counting the items. A binary
system uses only two digits (O and 1) for counting the items. The reader may wonder how to count the
items in 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
.e 2 10
oee 3 11
ssee 4 100
esece 5 101
evssese 6 110
sssenee o/ 111
ccsencee 8 1000
esssessves \ 9 1001
Fig. 273

(¢) Letus first see how items are counted in decimal system. In this system, the count starts as
0,1,.....9. After9, 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., 1) followed by the first digit (i.e., 0). So after 9, the next number is 10. The count again
continues as 10, 11, 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., 1) followed by two first digits (i.e, two zeros).

(ii) Let us now turn to binary system. Note that 0 and | 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., 1) 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 11 (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
to 4 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 | 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 :

(f) Each binary digit (O or 1) is referred to as a bit. A string of four bits is called as a nibble and
eight bits make a byre. Thus, 1001 is a nibble and 10010110 is a binary byte.

(¢i) The binary number system is the most useful in digital circuits because there are only two
digits (0 and 1).

27.4 Place Value

Consider the decimal number 642. This can be expressed as;
642 = 600 + 40 +2

Note that in a2 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 = 6x10° +4x 10" +2x 10°

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 1o 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 = 1x2'+0x22+0x2' +1x2°=9

For binary numbers, the digit at the extreme right is referred to as least significant bit (LSB). In
the binary number 1001, the 1 at the right is the LSB. The left-most digit is called the most significant

*  Note that the procédure is similar to that which was used to write 100 (hundred) in the decimal system.



Digital Electronics 563

bit (MSB). In the binary number 1001, the | at the lettis the MSE with the value of 8 in decimal terms.
27.5 Decimal to Binary Conversion

There are many methods to perform this conversion. The method described here is called double-
dabble because it requires successive divisions by 2. This method can be summarised as under -

Divide progressively the decimal number by 2 and write down the remainder after each divi-
sion. Continue this process till you get a quotient of 0 and remainder of I, the conversion is now
complete. The remainders, taken in reverse order form the binary number [See Fig. 27.4).

Note that 13 js first divided by 2, giving a quotient of 6 with a remainder of 1. This remainder
becomes the 2" position in the binary number. The 6 is then divided by 2, giving a quotient of 3 with
aremainder ot (). This remainder becomes the 2 position in the binary number,

Continuing this procedure, the equivalent binary number is 1 101,

Decimal number
{
B3]+ 2 =6 with a remainder of ! 2 LSB
— ' .
67+ 2 =_3 with a remainder of 0 !
‘—/ " ;
37+ 2 = | with a remainder of 1 tio
1 "3’5-:'_0 with a remainder of ! g MSB
Fig. 27.4
Example 27.1. Convert the decimal number 37 10 its equivalent binary L_L
number. 2 | 18-1
Solution. Using double-dabble method, we find that the cquivalent binary 2 | 9=0
number is 100101. Itis a usual practice to mention the basc of the number system. %=1
The decimal system has a base of 10 while binary system has a base of 2. 2 12-0
(37),, = (100101), 2 | -0
Note. This notation avoids the confusion that may arise because decimal 0-1

number also involves the digits O and 1. Thus, (101),,denotes the decimal number
hundred one while the binary number (101), 1s equivalent to decimal number 5.

Example 27.2. Convert the decimal number 23 10 its equivalent binary
number.

2 |23
Solution. Using double-dabble method, we find that the equivalent binary 2 [ 11-1
numberis 10111. 2 | 5-1
‘ (23),p = (1011 1), 2 | B
Note that binary number 10111 has five bits. 7 | i=0

27.6 Binary to Decimal Conversion
Binary numbers can be converted to equivalegt decimal numbers quite easily.

Suppose you are given the binary number 110011, Its conversion to equivalent decimal number
involves the following two steps 1 0 0o 1 1

() Place the decimal value of each position of the binary number. 35 o ol S vl
(if) Add all the decimal values to get the decimal number,

0-1

Thus, (10011, = 1x2°+1x2°+0x2 +0x 22+ 1x2" + 1 x2°
= 32+1640+0+2+1=51
(110011), = (51),,

Note. In binary to decimal conversion, all positions containing () can be ignored. Only add the
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decimal values of the pusitious where | appears. Thus, in case of the above binary number.
(1ot = 1x28+1x2 4 1x2' +1%2°
= 32+416+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.

(10001, = 1x2°+1x2%+1x2° 11 00 0 |
= 32+16+1=49 a9 pt ol of
or— (110001), = (49),,

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., either a high voltage (1) 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 *logic gate using switches.

(i) When S, and S, are open, the bulb1s OFF.

(i) When S, is open and 5, closed, the bulb is OFF.

(iii) When S, is open and | closed, the bulb is OFF.

(iv) When both §, and 8, are closed, the bulb is ON.

Note that output (OFF or ON) depends upon the conditions at the input,

The four possible combinations of switches S, and S, are shown in the table below. Itis clear that
when either of the switches (S, or 8,) 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 terns 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.

5 5 Truth Table
[ e 5 . 5 Bulb 5 S, Ovtput
BULB
e | open. | open OFF .0 0 0
=V open | closed OFF 0 1 0
-l- closed | open OFF 1 o | O
closed | closed ON 1 1 1
() ’ Fig. 275 @ (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 be analysed by constructing a truth table. A truth table lists all input possibilities and the

*  Initself, 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, and S, are replaced by diodes or transistors.
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corresponding output for each input. The three basic logic gates that make up all digital circuits are
(i) OR gate (ii) AND gate and (iii) NOT gate. We shall first discuss these three basic logic gates and
then the combination of these gates, ‘The following points may be noted about logic *gates :
(i) A binary O represents 0V and binary | represents + 5V**. Itis common to refer to binary 0
as LOW input or output and binary I as HIGH input or 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 be described cither 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 a/l inputs are LOW. The output ¥ 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 ¥ will he high if either or both inputs arc high. '

OR gate operation. Fig. 27.6 (i) shows one way to build a 2-input OR gate while Fig. 127.6 (if)
shows its simplified schematic diagram. The input voltages are labelled as A and B while the output
voltage is ¥. Note that negative terminal of the battery is grounded and corresponds to 0 state (LOW
level). The positive terminal of the battery (+5 V) corresponds to 1 state (HIGH level). There are
only four input-output possibilities

A D ; ' A
L — —
L ) ) Al B | Y
or— e R A — B Y 0 1 1
== % T=_35¥ Ry
T—_ | 0 1
1 T INRHH
€ 0 (i) | (i)
Fig. 27.6

(/) When both A and B are connccted 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 = 0 as shown in the truth table in Fig. 27.6 (ii().

(ii) When A is connected to ground and B connected to the positive terminal of the battery, diode
D, is forward biased and diode D, is non- -conducting. Therefore, diode D, conducts and the
uulput voltage is ideally 45 V. In lgrmf. of binary, whenA=0and B =1, then Y=1 [Sec Fig.
27.6 (ifi)].

A gate can be regarded as a barrier which when closed prevents the passgae of information but if open

allows the signal/signals to pass through freely.

** ndigital systems, the binary information is represented by two voltage levels, generally +5 V and0 V. So
5V is used to represent binary 1 and 0 V is used to represent binary 0.

t  Asyou 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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(71r)  When A is connected to the positive terminal of the battery and 5 to the ground, diode D, is

onand diode D, is off. Again the output voltage is +5 V. In binary terms, when 4 = | and B
0,then Y = | [See Fig. 27.6 (ii)).

(tv) When both 4 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 4 = | and B
=1,then Y= 1 [See Fig. 27.6 (iii)].

Itis clear from the truth table that for OR gate, the output Is high if any or all of the inputs are
high. The only way to get a low output is by having all inputs

it ) low. Fig. 27.7 shows the logic symbol or OR gate. Note that the
nputs B ¥ Output 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

“+"sign in Boolean algebra refers to the logical OR function. The Boolean expres- A+8 = ¥
e i 0+0 = 0
sion for OR function is
A+B=Y el =
2 1+0 1
1+1 = 1
OR symbol

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 1 equals 1. The OR function can be summed
up as under :

0 ORed with 0 equals 0
0 ORed with 1 equals 1
1 ORed with 1 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 ¥ of AND
gate is HIGH when all inputs are HIGH. However, the output ¥of AND gate is LOW if any or all inputs
are LOW.

Itis 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 a 2-input AND gate while *Fig, 27.8 (i)

shows its simplified schematic diagram. There are only four input-output possibilities.
D
A I

o—ig—— A
]__o i _ / B/ % A B Y
o—jg—— RL ¥ Y 0 0 0
L 7 »p - o| 1| o
=5V =5V
T SV—=- 1 0 0
1 1 1
' |
0 6) (i) (iii)

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 (i/)], AND function is obtained. The output is high if both the switches
are closed. The output will be low if either switch is open.
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(i) When both 4 and B are connected to ground, both the diodes (D, and D,) are forward biased
and hence they conduct current. Consequently, the two dioedes are grounded and output
voltage is zero. Interms of binary, when A = 0 and B -~ 0, then ¥ =0 as shown in truth table
in Fig. 27.8 (i1)).

(1i) When A is connected to the ground and B connected to the positive terminal of the battery,
diode D, is forward biased while diode D, will not conduct. Therefore, diode D, conducts
and is grounded. Again output voltage will be zero. In binary terms, when A =0and 8= 1,
then ¥=0. This fact is shown in the truth table.

(4if) When B is connected to the ground and 4 connected to the positive terminal of the battery,
the roles of diodes are interchanged. Now diode D, will conduct while diode D, does not
conduct. Asaresult, diode D, is grounded and again output voitage is zero. In binary terms,
when 4 =1 and B = 0, then Y =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 R, .

It is clear from the truth table that for 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 1s the symbol you should memorise and use from now on for AND gates.

Boolean expression. The Boolean expression for AND function is

A.B=Y
T
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 1 equals one.>The AND function can be summed up as 4.8 = ¥
under : 0.0 = 0
: A— 0.1 = 0

0 ANDed with 0 equals 0 Inputs B Y Output : ? 5 = n

0 ANDed with 1 equals 0 | i 1 = ]

| ANDed with | equals 1 Fig. 27.9
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

A Y
Output
0 1 Input A Y=4
1 0
() (i0) (iid)
Fig. 27.10

L

*  Note that the multiplication dot is often omitted, so expression may appear as 48 = Y.
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Figure 27.10 (i) shows a *typical inverter circuit. When A is connected to ground, the base of
transistor 0, will become negative. This negative potential causes the transistor to cut off and
collector current is zero and output is + V volts. In binary terms, when A =0, Y= 1. 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=1,Y =0. Fig.
27.10 (if) shows truth table for an inverter. Itis clear from the truth table that whatever the input to the
inverter, the output assumes opposite polarity. If the input is 0, the output will be 1 ; if the inputiis 1,
the output will be 0,

Figure 27.10 (iif) shows the logic symbol for NOT gate or inverter. Note that small bubble on the
inverter symbol represents inversion. The Boolean expression for NOT function is

Y = A
Note that bar above the input A represents inversion.

IfA=0,then Y=0or¥=1
IfA=1,then Y=] or¥=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.

(i) NAND gate. Itis acombination of AND gate and NOT gate. In other words, output of AND
gate is connected to the input of a NOT gate as shown in Fig. 27.11 (i). Clearly, the output of a 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 inverting the outputs of the AND gate.

The Boolean expression for NAND function is

Y = A.B

This Boolean expression can be read as ¥ =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
gate is always | except when all of the inputs are . 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 Inputs Output

4 P veap Ouput [ A] B | AND(Y)] NAND (V)

B_D_D')-Y=A‘B 0o 0 1 A—}Y .
1 0 0 1 B —
g1 4 0 1
1 1 1 0

) ’ (i) (iif)
Fig. 27.11

(1) NOR gate. Itis 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
mverted to form NOR gate. This is illustrated in the truth table for NOT gate. It is clear that truth

o _ bl

*

Note that resistors R and R, form a voltage divider between ground and the negative voltage.
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table for NOR gate is developed by inverting the outputs of the OR gate.

nout Inputs Output

nputs 7

p o B , O:tpu; Al B [ OR(Y) [ NOR(Y)

=A +

) mey o L AT e
110 1 0 B
0|1 1 0

. 1 1 1 0
0] (i) (iid)

Fig. 27.12

The Boolean expression for NOR function is
Y = A+B
This Boolcan 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 output from a NOR gate
is high (1) only when all the inputs are low (0). If any 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 use can produce other logic gates. The table
below shows how NAND gates can be connected to produce inverter (i.e., NOT gate), AND gate and
OR gate.

Logi'c Symbol Circuit using NAND gates only
Function

ol
= A
Inverter A —{>";A
v
Y

- |
AND B i ' B— } ¥

=
OR A:Z>—A +B | —3_ Y
T

-]

Fig. 27.13

* |t may be noted that NOR gate is also a universal gate.
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(1) NOT gate from NAND gate. When two inputs of NAND gate are A B(=A) Y

Principles of Electronics

jomed together so that it has one input, the resulting circuit is NOT gate. 0 0 1
The truth table also shows this fact. 1 1 0

A B vy (if) AND gate from NAND gates. For this

0 10 11 10| purpose, we use two NAND gates in a manner as shown albove. '_I'he outpu.t of

| 0 L lo first NAND gate is given to the second NAND gate acting as inverter (re.,
| 0 | Lo inputs of NAND gate joined). The resulting circuit is the AND gate. The
[ I : o | 1 [©output Y of fi.st NAND gate (AND gate followed by NOT gate) is inverted

output of AND gate. The second NAND gate acting as inverter further inverts

it so that the final output ¥ 1s that of AND gate. The truth table also shows this fact.

(rir) OR gate from NAND gates. For this purpose, we = =
use three NAND gates in a manner as shown above. The| A B y=A Y'= 8B Y
first two NAND gates are operated as NOT gates and their| 0 0 1 ! 0
outputs are fed to the third. The resulting circuit is OR gate. | | 0 0 1 1
This fuct is also indicated by the truth table, 0 1 1 0 1
1 1 0 0 1
27.14 Exclusive OR Gate

The name exclusive OR gate is usually shortened to XOR gate. The XOR gate can be obtained by
using OR, AND and NOT gates as shown in Fig. 27,14 (0),

A

»
Inputs Qutput
Al B OR XOR
Inputs
:D_o oo 0 0 i Oulpu;r
¥ I8 1 1 B !i >
of1 1 1
: 11 1 0
Y
(1) (if) (i)
Fig, 27.14

Fig. 27.14 (i) shows the truth table for XOR gate. The table shows that the output is HIGH (1) if
any but not all of the inputs are HIGH (1). 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
gate truth table. The logic symbol for XOR gate is shown in Fig. 27.14 (iii). Note that the symbol is
similar 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 y B A-B=Y A-B=Y" Y=Y +Y"
0 0 1 I ® 0 0 0
1 0 0 1 0 1 1
0 1 l 0 | 0 £ ]
| 1 0 0 0 0 0

Note that 0 ANDed with 1 is O and | ANDed with | is 1.

Example 27.4. Obtain the truth table for the circuit shown in Fig. 27.15 (i).

Solution. Figure 27.15 (if) shows the truth table for the circuit. The truth table can be obtained
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very easily it the reader remembers the following simple Boolean operations

i A
A Y =A+B | Y=Y.A
D—}’ = (A+B) .4 010 0
A 1|0 1
011 l o
() (i)

Fig. 27.15

(1) O0*ORedwithO=0,;10Redwithl =1.;10Redwith()=1
(i) O **ANDed with 0 =0; 0ANDed with [ = 0; ] ANDed with I = |

Thus, when A =0and 8=0, then A ORed with B=04.¢c., ¥ =0. When ¥ (=0) is ANDed with A
(= 0), the result is 0. Again when A = 1 and B =0, then A ORed with Bis 1 e, ¥ = 1. Now ¥V
= 1) ANDed with A (= 1), the result is 1.

Example 27.5. Obtain the truth table for the circuit shown in Fig. 27.16.

e

B DG B

Fig. 27.16

Solution. The truth table for the circuit is shown below :

A B 2 Y=A-B B Y=Y'+B
0 0 1 0 I I
1 0 Q 0 1 1
0 1 1 1 0 1
1 1 0 0 0 0

(i) WhenA =0 and B=0,then A=1. Now Y isequal to A (= 1) ANDed with B (=0). The
resultis 0. Then ¥ (= 0) ORed with B(=1) is | ie, Y=1. '

(i) WhenA=1and B=0,then A=0. Now Y isequal to A (=0) ANDed with B (= 0) and the
resultis O e, ¥ = 0. Then ¥ (= 0) ORed with B(=1) is L ie., Y= L.

The reader can proceed in a similar way to find the other output values.

*  Note that A + B means A ORed with B.
=*  Nolc that A . B means A ANDed with B.



572 Principles of Electronics

27.15 Encoders and Decoders

A digital circuit can process numbers in binary form. However, most of the information we handle is in
decimal form. Therefore, a digital machine must perform the following functions :
(f) Convert the information from decimal to digital (binary) form.
(i1) Process the digital information.
(iit) Convert the digital output back to decimal form.

The circuit that converts deci r_:_ml form to digital (binary) form is called encoder and the circuit that
converts digital form to deciui iorm s called decoder. Fig. 27. 17 shows encoding and decoding ina
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

QUTPUT

-

BINARY 0101

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 back 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 be classified as cither digital or analog circuits. An increasing majority

of applications in electronics use digital techniques to perform operations that were once performed

using analog methods. Itis worthwhile to give advantages and disadvantages of digital electronics.
Advantages. The chief reasons for the shift to digital technology are :

(1) Digital systems are generally easier to design. It is because the circuits that are used are
switching 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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(i) Digital circuits provide greater accuracy und 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 1s usually limited to three or four digits because the values of voltage and current
are directly dependent on the circuit components.

(ii1) Digital circuity are less affected by noise. Suprious fluctuations in voltage (noise) are not as
critical in digital systems as in analog systems. Itis 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 be 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. (/) 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.

(if) There are situations where using only analog techniques is simpler and more economical.
For cxample, 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 1. There are four connecting symbols used in Boolean algebra viz.

(i) equals sign (=) (ii) plussign(+)

(iir) 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 A = B. Thenif A = I, then
B=1landifA=0, then B=0.

(/1) Plus sign (+). The plus sign in Boolean algebra refers to the logical OR operation. Thus,
when the statement A + B = | appears in Boolean algebra, it means A ORed with B equals 1. Conse-
quently, cither A = | or B = | or both equal 1.

(iti) Multiply sign (-). The multiply sign in Boolean algebra refers to AND operation. Thus,
when the statement A - B = | appears in Boolean algebra, it means A ANDed with B equals 1. Con-
sequently, A = | 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,

*  Forexample, A might represent a certain digital circuit input or output and at any time, we must have either

A=0orA=1.
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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 :

resultis always L. If Aisa O, then 0+0=0+1=1. HAisal,

(i) Single variable theorems.

(ii) Multivariable theorems.

Principles of Electronics

(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 :
Theorem6 .
Theérem 7
Theorem 8 :

Theorem 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.

A=1 Output ——
Here one input to OR gate is always 0 and the other input 4 0

canbe a value 1 or 0. When A is at 1, the output is 1 which is 4=0 Output

equal to A. When A is at 0, the output is 0 which is also equal :D—— Y=0
to A (= 0). Therefore, a variable ORed with 0 is equal to the 0

value of the variable. This is easy to remember since O added Fig. 27.18

to anything does not effect the value of the variable, cither in
regular addition or OR addition,

Theorem 2. (A . 1 =A). This theorem can be verified by ANDing a variable A with a | and is

1

1

Output
l._
0 — Output

Fig. 27.19

illustrated in Fig. 27.19. Here one input to AND gate is always
| and the other can be a value 1 or 0. If A is 1, the output of the
AND gate is | because both the inputs are now 1’s, If A is 0,
the output of the AND gate is a0. Therefore, a variable ANDed
with a | is equal to the value of the variable (A - 1 =A). Thisis
easy to remember because AND operation is just like ordinary
multiplication.

Theorem 3. (A +A=1 ) This theorem can be easily ex-

= 1:DM Y=1
plained. If a variable A and its complement (A) arc ORed, the 4 =0

= t
‘i:DMyﬂ

PN

then | + 1=1+0=1. Fig. 27.20 illustrates this theorem.

Fig. 27.20
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Theorem 4. (A A= O) . This theorem states that if a A: 1 :Dimﬂi— Y=20

variable A is ANDed with its complement, the result is zero. A=0

This is readily apparent because either A or 4 will always be ; = ? _Dﬂ Y=0

0. Therefore, when one of the inputs to an AND gate is 0, the
output is always 0. Fig. 27.21 illustrates this theorem. Fig.27.21

4= IZDﬂmL‘ Y=1 Theorem 5. (A+ A= A). This theorem states that when a
A=1

variable A is ORed with itself, the output is equal to the variable.

A=0 Qutput Thus,ifAisa0,then0+0=0andifAisal,thenl+1=1. Fig.
Y=0 : .
A=0 27.22 illustrates this theorem.

Fig. 27.22

Theorem 6. (A - A =A). This theorem states thatifa 4 = ! ——D&J_tp_ut__ Y=1
variable A is ANDed with itself, the result is equal to the vari- A4 =1 —
able. For example,if A=0,then0-0=0andifA=1,then A =0—- ) Output Y =0
I - 1=1. Foreither case, the output of an AND gateisequalto A4 =0
the value of the input variable A. Fig. 27.23 illustrates this Fig. 27.23

theorem,
=1 Output Theorem 7. (4 + 1 = 1). This theorem states that when a variable
lj_— Y=1 A is ORed with 1, the outuput is always equal to 1. Fig. 27.24
% & § Output illustrates this theorem. One input to an OR gate is always 1 and
} Y =1 the other input A can be either 1 or 0. Now [ on an input to OR
. gate produces 1 on the output regardless of the value of the
variable on the other input.

Theorem 8. (A - 0=0). This theorem states that variable 4 = | —— Output
A ANDed with 0 always produces 0. Recall that any time one 0 D‘_ ¥Y=0
input to an AND gate is 0, the output is 0 regardless of the A=0 Output
value of the vartable A on the other input. This theorem is D— Y=0
illustrated in Fig. 27.25. 0 ‘

Fig. 27.24

- Fig. 27.25
A=1 =
A=0 > >c A=0
_ Theorem 9. (A = A)_ This theorem
A=0 -
A=1 >C >O A=1  states thatif a variable A is complemented
twice, the result is the variable itself. Start-
Fig. 27.26 ing with A and inverting (complementing)

it once gives A. Inverting it once more
gives A —the original value. This theorem is illustrated in Fig. 27.26.

Duality Principle. Before moving to multivariable theorems, this would be the right place to
mention an important property of Boolean algebra called duality principle. It is stated below :

The duality principle states that a Boolean expression remains valid if operators OR and AND
are interchanged and 1's and 0's in the expression are also interchanged.

In order to understand this principle, consider the Boolean Theorem 1 viz.
A+0 = A

According to duality principle, this Boolean expression remains valid if OR function is replaced
by AND function and 0 by 1. In that case, the Boolean expression becomes :
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A-1 = A

Note that this is Boolean Theorem No. 2. Thercfore, Boolean Theorem 2 is dual of Boolean
Theorem | and vice-versa. Applying duality principle, Theorem 4 is dual of Theorem 3 and vice-
versa, Theorem 6 is dual of Theorem 5 and vice-versa, Theorem 8 1s dual of Theorem 7 and vice-versa.
To apply duality principle to a Boolean expression, we simply interchange OR and AND operator and
replace 1's by 0's and 0's by 1's.

(i) 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.

Table 27.2
Theorem 10 A+B=B+A } Bl Law
Theorem 11 A B=B-A
Theorem 12 A+(B+O)=(A+B)+C } Aesheiatrie LW
Theorem 13 A-(B-O)=(A-B)-C
Theorem 14 A-(B+C)=A-B+A-C }

Distributive Law

Theorem 15 :  {(A+B)-(C+Dj=A:C+B-C+A-D+B-D PERREE
Theorem 16 : A+A - B=A
Theorem 17 : (A+B)=A-B ,
Theorem 18 - (=A% 8 De Morgan's Theorems

The following points may be noted about these theorems :

(@) Theorems 10 and 11 obey commutative law. This law states that the order in which the
variables are ORed or ANDed makes no difference.

Fig. 27.27

A—— (——
D = D
B— A

Fig. 27.28

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.

(b) Theorems 12 and 13 obey associative law. This law states that in the ORing or ANDing of
several variables, the result is the same regardless of the grouping of the variables.

A A+B+C’ 4 A+B
B
B e
B+C
c c A+B+C

Fig. 27.29
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A —— A
ABC
- B AB
' BC
” e - 4BC

Fig. 27.30

[
I

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. .

(¢) Theorems 14 and 15 obey distributive law. This law states that a Boolean expression can
be expanded by multiplying term-by-term just the same as in ordinary algebra.

B A
C B
— AB + AC
A—
W o L A
' 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+AB = A-I+A.B ...Theorem 2
=A-(l+8) ...Theorem 14
=A-(B+1 ...Theorem 10
= A-1 ...Theorem 7
= A ...Theorem 2

(e) Theorems 17 and 18 are the two most important theorems of Boolean algebra and were

contributed by the great mathematician named DeMorgan. Therefore, these thecorems are called De
Morgan’s theorems.

27.19 De Morgan’s Theorems

DeMorgan’s theorems are extremely useful in simplitying expressions in which a product or sum of
variables is inverted.

The two theorems are :

0 (A+B)=A-B

(i) (AB)=A+8B

(1) The first De 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-
ally and then ANDing these inverted variables i.e.,

(a4+8) = A-B
In this expression, A and B arc 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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(ir) The second De Morgan’s theorem may be stated as under :
When the AND product of two variables is inverted, this iy equal to inverting cach variable
individually and then ORing them i.e.,
(A-B) = A+B
In this expression, A and B are the two variables. The L.H.S. is the complement of the AND
product of the two variables. The R.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 (i) NOT (i) AND and
(iv) 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
finally the OR. For example, consider the Boolean expression :
A+ B . (C+D)
The sequence of operations will be :
(i) The expression inside the parenthesis (i.e. C+ D) will be evaluated first.

(ir) Then B will be evaluated.

(iif) Then the results of the two (i.e. B and C + D) will be ANDed.

(i) Finally, the result of the product will be ORed with A.

Example 27.6. Using Boolean algebraic techniques, simplify the following expression :
Y = A-B-C-D+A-B-C-D+A-B:C-D+A-B-C-D
Solution. ¥ = A-B-C-D+A-BC . D+A-BC-D+A-B-C-D )
_ Step 1 : Take out the common factors as below :
Y = BCD(A+ AA+BCD(A+A)
Step 2 Apply Theorem 3 (A+ A=1) :

Y = BCD +BCD

Step 3 Again factorize
Y= BD(C+ O)
Step4: Apply Theorem3 (C+ C=1):
Y=B8D-1=BD
This is the simplified form of exp. (1).
Example 27.7. Using Boolean techniques, simplify the following expression :
Y = AB+A(B+C)+B(B+0)
Solution. Y = AB+A(B+OC)+B(B+C) sl
Step 1 Apply Theorem 14 (distributive law) to second and third terms:
Y = AB+AB+AC+ BB+ BC
Step 2. Apply Theorem 6 (B-B=18):
Y = AB+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(1+0)

Step 5 Apply commutative law and Theorem 7(1+C=C+1=1):
Y =AB+AC+8-1

Step 6 . Apply Theorem 2 (B-1=5):
Y = AB+AC+B

Step 7 : Factor B out of first and third terms
Y = B(A+1)+AC

Step 8 Apply Theorem 7(A+1=1):

Y = B-1+AC
Step 9 : Apply Theorem2 (B 1=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

() ¥Y=A+AB (i) Y= AB+ AC + BC
Solution. (i) Y= A+AB
= A+AB+ AB [" A=A +AB from Theorem 16]
=A+ B(A+A) _
= A+8 [ A+ A =1 from Theorem 3
& Y = A+B
(i) Y = AB+AC+8C

1]

AB + AC + BC - (A + A)
AB + AC + ABC + ABC
AB(1+C)+ AC (1+B)
AB+ AC
Y = AB+ AC

Example 27.9. Determine output expression for the circuit shown below and simplify it using De
Morgan’s theorem,

]

I}

A A+B

el T

D Dc —
D

Fig. 27.32
Solution. The output expression for the circuit shown above is :
Y = [(A+B)-C-D]
Using De Morgan's theorem ;
Y = (A+B)+ C+D
Y 2= A+B+ C+D
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Example 27.10. Find the complement of the expressions given below :

]

Iy

ABC + ABC
At (BE' + ECJ
ABC + ABC
(ABC + ABC)

(ABC) - (ABC)

Again applying De Morgan’s theorem to the each expression inside the brackets :

1]

I

(i) Y
(i) Y
Solution. (1) ¥

¥
Applying De Morgan's theorem :

Y

Y
(ii) Y

Y

Applying De Morgan’s theorem :

(;4+ B+C)-(A+B+C)
A (BC + BC)
A (BC + BC)

Y = A+(BC + BC)

Again applying De Morgan's theorem to the expression inside the brackets :

y

A+ (BC) - (BC)

Applying De Morgan's theorem for the third time we get -

Y

or Y

n

A+ (B+C) (B+C)
A+ BC + BC

Example 27.11. Simplify the following Boolean expressions :

(i) Y=(A+B+C):(A+B)
(i) Y=AB+ABC+ ABC
(iii) Y=1+A(B-C+BC+BC)+ABC+AC
(iv) Y=(A+B+C)+(B+C)
Solution. (i) Y = (A+B+C)-(A+B)
= A-A+A-B+B-A+B-B+C-A+C-B
Using A-A = A, weget,
Y = A+AB+AB+B+AC+BC
= A+AB+B+AC + BC - [ AB+AB = AB]
= A+B+AC+BC [""A+AB = A]
= A(1+O)+B(1+0O)
= A 1l+B-1 [-1+C=1]
3 Y = A+B
(if) = AB+ABC + ABC
= AB+AB (C+0)
= AB+AB [-C+C =1]
Y = AB



D-igilai Electronics 581

(iif) Y = 1+A(B - C+BC+BC)+ABC + AC
Using 1+A = I, weget,
Y = 1+ ABC +AC [ 14+ A(BC+BC+BC) =1]
= | +AC
¥ = |

Thus, because of the first term Y reduces to |. Therefore, any Boolean expression ORed with |,
results in 1.

(iv) Y = (A+B+C)+(B+0)
Applying De Morgan’s theorem :
Y= (A+B+C)-(B+C)
Again apfllying De Morgan’s theorem :
Y=(A-B-0)-(B-C) =0 (2 BB =0, €€ = 0]
Example 27.12. Simplify the following Boolean expres.sion g
Y= ABD+ABD
Solution. Y = ABD+ABD

Factor out the common variables A B (using Theorem 14), we get :

Y = AB(D+D)
Using Theorem3, D+ D = 1:
Y= AB-1
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+A-B+B-A+B-B
0. AlsoB.B = B [Theorem 6].

Using Theorem 4, A A

Y = 0+A-B+B-A+B
= A-B+AB+B
Factoring out the variable B [Theorem 14}, we have,
Y = B(A+A+1)
Using Theorem7, A+1 = 1.
Y = B(A+1)

Again using Theorem 7, A + 1

1.

¥ B-1
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Finally, using Theorem 2, we have,
Y =28

Principles of Electronics

Multiple-Choice Questions

1. The binary number 10101 is equivalent to
decimal number ...

(0 19 (i) 12
(ich) 27 (iv) 21
2. The universal gateis ...
(i) NAND gate (if) OR gate
(iif) NOT gate (iv) none of the above
3y The inVerterisi. s
() NOT gate (if) OR gate
(iii) AND gate (iv) none of the above

4. The inputs of a NAND gate are connected
together. The resulting circuitis ............ccc.c...

(/) OR gate (if) AND gate
(iii) NOT gate (iv) none of the above
5. The NOR gate is OR gate followed by ........
(1) AND gate (if) NAND gate
(iify NOT gate (iv) none of the above
6. The NAND gate is AND gate followed by

() NOT gate (i) OR gate
(iii) AND gate (iv) none of the above
7. Digital circuit can be made by the repeated

(/) OR gates (ii) NOT gates
(itf) NAND gates (iv) none of the above
8. The only function of NOT gate is to
(7)) stop a signal
(i) invert input signal

(iif) act as a universal gate
(iv) none of the above

9. When an input signal [ is applied to a NOT
gate, the outputis .......ccccoeeee

0y 0
(iir) eitherOor 1

(i) 1
(iv) none of the above
10. In Boolean algebra, the bar sign (=) indicates

(f) OR operation
(it)y AND operation
(iif)

(iv) none of the above

NOT operation

11. The given Boolean expression is

Y=AB+BA
IfA=1and B=1,then Y=
(1 (ii) 0

(iif) eitherlorQ
12. In Boolean algebra, the plus sign (+) indi-

(iv) none of the above

(i) AND operation
(ii} OR operation
(iify NOT operation
(iv) none of the above

13, (A+B) = oo
() A+B (i) A-B
(ii) A-B (iv) none of the above
e (ABY = ressiprrmsissivisio
() A+B (i) A-B
(iif) A-B (iv) none of the above
15, A+ A“B=reeriisivin
() B (i) A
(i) A+ B (iv) none of the above

Answers to Multiple-Choice Questions

1. (iv) 2 0 3. 3)
6. (i) 7. (i) 8. (ii)
11. (i) 12. (i) 13.

(iii)

4. (iii) 5. (iii)
9. (i) 10. (iii)
14. () 15. (ii)
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Chapter Review Topics

Write a short note on analog and digital signals.
What is adigital circuit ? @

What is binary number system 7

How will you make decimal to binary conversion ?
How will you make binary to decimal conversion ?
What is a logic gate ?

What are the three basic logic gates ?

Describe OR function with a 2-input OR gate.
Explain AND function with a 2-input AND gate.
What is a NAND gate ?

What is a NOR gate ?

How will you obtain NOT gate from NAND gate ?
What is indicatec by plus (+), dot (.) and bar (—) in a Boolean expression ?
State De Morgan’s theorems.

What are encoders and decoders ?

Problems
Convert decimal number 23 into equivalent binary number. [(10111),]
Simplify the expression Y= 4C D+ ABC D, [¥= AC +BD |

Simplify the expression Y= (A + C) (B+ D) to one having only single variables inverted.

[¥Y= AC+BD|

Find the complement function of Y= A BC + ABC. A+ B +O)(A+B+ C)]
Simplify the expression Y=A 8B+ 4" B. [¥Y=A]
Simplify the expression Y=4-B-C+B-C. |[¥=B-C]
Simplify the following Boelean expression to a minimum number of literals :

Y = A(A+B)" |Y=AB]
Simplify the following Boolean function to a minimum number of literals :

Y = ABC+ABC+AB [Y= AC+AB]
Simplify'the expression: V = (A4 + B) (A+C)(B+C) [¥=(A+B) (Ap +0C)]
Find the complement of the function :

¥ = A(BC+BC) [F=A+(B+C)(B+0O))

Discussion Questions
Why is logic circuit name so ?
What is the importance of digital techniques ?
Why is analog system unreliable ?
What is the importance of NAND gate ?
What is Boolean algebra ?

What is the importance of De Morgan’s theorems in Boolean Algebra ?
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What is the meaning of + sign in Boolean expression ?
Give two differences between decimal and binary systems.
What are the disadvantages of digital circuits ?
What are the advantages of Boolean thecorems ?
What is the meaning of sign . in Boolcan expression ?
What is a universal gate 7 Why is it so named?

Most of information we handle is in decimal form. Will a digital circuit process this information as
such?

What role is played by encoder and decoder?



