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Feedback Amplifiers

1.1 Introduction

Feedback plays an important role in almost all electronic circuits. It is almost
invariably used in the amplifier to improve its performance and to make it more ideal. In
the process of feedback, a part of output is sampled and fed back to the input of the
amplifier. Therefore, at input we have two signals : Input signal, and part of the output
which is fed back to the input. Both these signals may be in phase or out of phase. When
input signal and part of output signal are in phase, the feedback is called positive
feedback. On the other hand, when they are in out of phase, the feedback is called
negative feedback. Use of positive feedback results in oscillations and hence not used in
amplifiers.

In this chapter, we introduce the concept of feedback and show how to modify the
characteristics of an amplifier by combining a portion or part of the output signal with the
input signal. We also study the analysis of various feedback amplifiers.

1.2 Classification of Amplifiers

Before proceeding with the concepts of feedback, it is useful to understand the
classification of amplifiers based on the magnitudes of the input and output impedances of
an amplifier relative to the source and load impedances, respectively. The amplifiers can
be classified into four broad categories : voltage, current, transconductance and
transresistance amplifiers.

1.2.1 Voltage Amplifier

Fig. 1.1 shows a Thevenin's equivalent circuit of an amplifier.

If the amplifier input resistance R; is large compared with the source resistance R,
then V; = V,. If the external load resistance R, is large compared with the output resistance
R, of the amplifier, then V, = A, V, = A, V,. Such amplifier circuit provides a voltage
output proportional to the voltage input, and the proportionality factor does not depend
on the magnitudes of the source and load resistances. Hence, this amplifier is called
voltage amplifier. An ideal voltage amplifier must have infinite input resistance R; and

-1
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Fig. 1.1 Thevenin's equivalent circuits of a voltage amplifier

zero output resistance R,. For practical voltage amplifier we must have R; >> R, and
Ry >>R, .

1.2.2 Current Amplifier

Fig. 1.2 shows Norton’s equivalent circuit of a current amplifier. If amplifier input
resistance R; — 0, then I, = 1. If amplifier output resistance R, — =, then I, = A;I,. Such
amplifier provides a current output proportional to the signal current, and the
proportionality factor is independent of source and load resistances. This amplifier is called
current amplifier. An ideal current amplifier must have zero input resistance R; and
infinite output resistance R,. For practical current amplifier we must have R; <<R, and

R,>>R, .
L® %Ra
T

R,—wDo-rRi«R, RL<<;i°oar—>m

Fig. 1.2 Norton's equivalent circuits of a current amplifier

1.2.3 Transconductance Amplifier

Fig. 1.3 shows a transconductance amplifier with a Thevenin’s equivalent in its input
circuit and Norton’s equivalent in its output circuit. In this amplifier, an output current is
proportional to the input signal voltage and the proportionality factor is independent of
the magnitudes of the source and load resistances. Ideally, this amplifier must have an
infinite input resistance R; and infinite output resistance R,. For practical transconductance
amplifier we must have R; >> R, and R, >> R,.
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R
Fig. 1.3 Transconductance amplifier

1.2.4 Transresistance Amplifier

Fig. 1.4 shows a transresistance amplifier with a Norton's equivalent in its input circuit
and a Thevenin's equivalent in its output circuit. In this amplifier an output voltage is
proportional to the input signal current and the proportionality factor is independent on
the source and load resistances. Ideally, this amplifier must have zero input resistance R;
and zero output resistance R,. For practical transresistance amplifier we must have
R; <<R, and R,<<R,.

Fig. 1.4

1.3 Block Diagram

In the previous section we have seen four basic amplifier types and their ideal
characteristics. In each one o! these circuits we can sample the output voltage or current
by of a suitabl network and apply this signal to the input through a
feedback two port network, as shown in the Fig. 1.5. At the input the feedback signal is
combined with the input signal through a mixer network and is fed into the amplifier. -

As shown in the Fig. 1.5 feedback connection has three networks :
*  Sampling Network

e Feedback Network

¢ Mixer Network




Analog Electronics 1-4 Feedback Amplifiers

Signal
saurce

Fig. 1.5 Block diagram of amplifier with feedback

1.3.1 Sampling Network

There are two ways to sample the output, according to the sampling parameter, either
voltage or current. The output voltage is sampled by connecting the feedback network in
shunt across the output, as shown in the Fig. 1.6 (a). This type of connection is referred to
as voltage, or node, sampling. The output current is sampled by connecting the feedback
network in series with the output as shown in the Fig. 1.6 (b). This type of connection is
referred to as current, or loop, sampling.

Current (loop)
sampler

Basic
amplifier
A

9 Feedback
natwark

(a) Voltage or node sampling (b) Current or loop sampling

Fig. 1.6

1.3.2 Feedback Network

It may consists of resistors, capacitors, and inductors. Most often it is simply a resistive
configuration. It provides reduced portion of the output as feedback signal to the input
mixer network. It is given as

Vi = BV,
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Where f is a feedback factor or feedback ratio. The symbol j used in feedback circuits
represents feedback factor which always lies between 0 and 1. It is totally different from p
symbol used to represent current gain in common emitter amplifier, which is greater
than 1.

1.3.3 Mixer Network

Like sampling, there are two ways of mixing feedback signal with the input signal.
These are : series input connection and shunt input connection. The Fig. 1.7 (a) and (b)
show the simple and very common series (loop) input and shunt (node) input
connections, respectively.

Source Series mixer Source  Shunt mixer
- . LA g .

Basic Pl Basic
amplifier Iy () amplifier
A A

Feedback
network

(a) Series mixing (b} Shunt mixing

Fig. 1.7

1.3.4 Transfer Ratio or Gain

In Fig. 1.5, the ratio of the output signal to the input signal of the basic amplifier is
represented by the symbol A. The suffix of A given next, represents the different transfer
ratios.

v‘_r = A, = Voltage gain (D)
Tl.“ = A, = Current gain "

vi = G, = Transconductance e (3)
i

y

= R, = Transresistance . (4)
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The four quantities A, A;, G, and R, are referred to as a transfer gain of the basic
amplifier without feedback and use of only symbol A represent any one of these
quantities.

The transfer gain with feedback is represented by the symbol A (. It is defined as the
ratio of the output signal to the input signal of the amplifier configuration shown in
Fig. 1.5. Hence A is used to represent any one of the following four ratios :

_ﬁ:— = Ay, = Voltage gain with feedback e (8)
:_ = A = Current gain with feedback e 6)
%”; = Gy, = Transconductance with feedback e (7
-¥‘l = R, = Transresistance with feedback .. (8)

Fig. 1.8 shows the schematic representation of a feedback connection around a basic
amplifier. Recall that, when part of output signal and input signal are in out of phase the
feedback is called negative feedback. The schematic diagram shown in Fig. 1.B represents
negative feedback because the feedback signal is fed back to the input of the amplifier out
of phase with input signal of the amplifier.

Comparator
or mixe: Difference signal . Oulput signal
Xy =X Basic = A,
- : amplifier -
Xy A
Input -
signal
R
Faedback
circuit =
X = g g

F signal
Fig. 1.8 Schematic representation of negative feedback amplifier
1.4 Advantages and Disadvantages of Negative Feedback

1.4.1 Advantages

It is possible to improve important characteristics of four basic amplifier types
discussed in section 1.2 by the proper use of negative feedback.

- Inc i Input Imp e : Normally high input resistance of a voltage amplifier
can be made higher by a factor (1 + A)

2. Reduced Output Impedance : Normally low output resistance of a voltage
amplifier can be lowered by a factor (1 + Afj)
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3. Gain Stability : The transfer gain A; of the amplifier with feedback can be
stabilized against variations of the h or hybrid-t parameters of the transistor or the
parameters of the other active devices used in the amplifier.

4. Increased Bandwidth : The proper use of negative feedback improves frequency
response of the amplifier by a factor (1 + Afj).

5. Reduced Non-linear Distortion : There is a significant improvement in the
linearity of operation of the feedback amplifier compared with that of the amplifier
without feedback.

6. Reduced Noise : Noise voltage is reduced by factor (1 + Afi}.

1.4.2 Disadvantages

1. All the advantages mentioned above are obtained at the expense of the gain Ay
with feedback, which is lowered in comparison with the transfer gain A of an
amplifier without feedback by a factor (1 + A fj).

2. A negative feedback amplifier designed for a particular frequency range may break
out into oscillation at some high or low frequency.

1.5 The Four Basic Feedback Topologies

The basic amplifier shown in Fig. 1.8 may be a voltage, current, transconductance, or
transresistance amplifier. These can be connected in a feedback configuration as shown in

the Fig. 1.9.
Q * 3, Voltage g R 'E- *
i ifi L o
b _ * amplifier . j_ g

B\'ru_

Fig. 1.9 (a) Voltage amplifier with voltage series feedback

=1
+F | Trans- —
v, [cond R,
= —% | ampifier
+
Plg= Vg B

Fig. 1.9 (b) Transconductance amplifier with current series feedback
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— i L=l

E: C) Sﬂml:;::! Rl.

I= |\|°l

Fig. 1.9 (c) Current amplifier with current-shunt feedback

— Ii
Trans - T+
s () arnpiiﬂer' _ gRL _\;_0_

= nvnl I_

Fig. 1.9 (d) Transresistance amplifier with voltage shunt feedback

1.6 Gain with Feedback

We have seen, the symbol A is used to represent transfer gain of the basic amplifier
without feedback and symbol A, is used to represent transfer gain of the basic amplifier
with feedback. These are given as

- xU - xd
A = x—l and A P = —-x—s-
Where X, = Output voltage or output current

X; = Input voltage or input current
X, = Source voltage or source current

As it is a negative feedback the relation between X, and X, is given as

X, = X +(X,)

Where X; = Feedback voltage or feedback current
\ - Xl X
o7 X TR X,




Analog Electronics 1-9 Feedback Amplifiers

Dividing by X, to numerator and denominator we get,
X,/ X, A

-

A X +X /X, 15X, 7%, TAsx
A
T X XX, /X))
_ A po Xy
Ac = px vBeg ()

Where [ is a feedback factor.

Looking at equation we can say that ghin without feedback (A) is always greater than
gain with feedback (A/(1 + # A) ) and it decreases with increase in f} ie. increase in
feedback factor.

For voltage amplifier, gain with negative feedback is given as

Ay = A
AT TEALP A TTRR - @
Where A = A, = Open loop gain i.e. gain without feedback

B Feedback factor

If |A¢] < |A], the feedback is negative, or degenerative. If [A;] > |A|, the feedback
is termed positive or regenerative.

1.6.1 Loop Gain

The difference signal, X in Fig. 1.8 is multiplied by A in passing through the
amplifier, is multiplied by B in transmission through the feedback network, and is
multiplied by - 1 in the mixing or difference network. A path of a signal from input
terminals through basic amplifier, through the feedback network and back to the input
terminals forms a loop. The gain of this loop is the product ~Af This gain is known as
loop gain or return ratio.

The difference between unity and the loop gain is called return difference D = 1 + Afl.
The amount of feedback introduced into an amplifier can be expressed in decibels. It is
given by

_ _ 1Al 1
N = dBoffmdback—ZDlog'T'— 20 log TTAR

For negative feedback, N will be negative,

1.6.2 Desensitivity of Gain

The transfer gain of the amplifier is not constant as it depends on the factors such as
operating point, perature, etc. This lack of stability in amplifiers can be reduced by

troducing negative feedback.
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We know that,
_ A
f 7 T+pA
Differentiating both sides with respect to A we get,
dA, _ (+BA)YI-PA

A

dA (1+pAy?
R B
(1+BA)
da, = Lz
1+pA)
Dividing both sides by A ; we get,
dA, o da 1
A (1+pay  Aq
_ dA (1 +BA) . _ A
dA | ‘dﬁ‘ 1
kel & S i d S— von {3
[l = (Rl o
Where
dA , . PR -
il Fractional change in amplification with feedback
i)
A

= = Fractional change in amplification without feedback

Looking at equation (3) we can say that change in the gain with feedback is less than
the change in gain without feedback by factor (1+[JA). The fractional change in
amplification with feedback divided by the fractional change without feedback is called the

sensitivity of the transfer gain. Hence the sensitivity is The reciprocal of the

1
{(1+pAY
sensitivity is called the desensitivity D. It is given as

D =1+pA
Therefore, stability of the amplifier increases with increase in desensitivity.

Iff A >> 1, then
A A 1
M TIFATPACP - )

and the gain is dependent only on the feedback network.
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Since A represents either A, Gy, A; or R, and A, represents the corresponding
transfer gains with feedback either A , G, A or R, the equation signifies that :

=  For voltage series feedback

Ay = Bl Voltage gain is stabilized .. (5

*  For current series feedback

Gy = % Transconductance gain is stabilized ... (6)

*  For voltage shunt feedback
Ry = % Transresistance gain is stabilized - (D)
»  For current shunt feedback
1

Ay = B Current gain is stabilized o (8)
1.7 Cut-off Frequencies with Feedback
We know that,
A A
f 1+PA
Using this equation we can write,
A
Ay = T ’Xim (1)
= Alw
At = TTPAL @
AHE“
and Afjign = ﬁm e (3)

Now we analyse the effect of negative feedback on lower cut-off and upper cut-off
frequency of the amplifier.

Lower cut-off frequency

We know that, the relation between gain at low frequency and gain at mid frequency,
is given as,

A .
Ao o1 A o A @

SEEURE
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Substituting value of A in

equation (1) we get,
A

- &

DR

Dividing numerator and denominator by (1+A ., B) we get,

A mig
Al’lnw _1%
Y A
7
= md -.-A,nﬁdzﬁ!
1= 1+;LL,,M|S
f
At o - 1
Afrnia 1_{_‘1{_]
where

)]

Lower cut-off frequency with feedback = f}, =

fi
1+ A

-|l||'.l 13 o (6)

From equation (6), we can say that lower cut-off frequency with feedback is less than
lower cut-off frequency without feedback by factor (1+ A, P). Therefore, by introducing
negative feedback low frequency response of the amplifier is improved.
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Upper Cut-off Frequency

We know that, the relation between gain at high frequency and gain at mid frequency
is given as,

Substituting value of Ah@‘ in equation (11} we get,

Afhigh - Amid = An\ld

1+ R—M
Hw)
fy
Dividing numerator and denominator by (1+A ., B} we get,

A mig
1+A 4B
g s —

j,(l*‘Amﬁirl

A fmia A g
At igh T i ] “ Armid S TiA B
NG+A Py

A i
A
1-j
(w)
Where upper cut-off frequency with feedback is given as
| fur = 1+ A B) g | .. (8)

From equation (8), we can say that upper cut-off frequency with feedback is greater
than upper cut-off frequency without feedback by factor (1+A , f). Therefore, by
introducing negative feedback high frequency response of the amplifier is improved.

-

I

-
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Bandwidth
The bandwidth of the amplifier is given as
BW = Upper cut-off frequency — Lower cut-off frequency
. Bandwidth of the amplifier with feedback is given as

f,

L
A .0

BW, = [y ~fe=0+A Py

It is very clear that (f,, - f) > (f; ~f ) and hence bandwidth of amplifier with
feedback is greater than bandwidth of amplifier without feedback, as shown in Fig. 1.10.

Gain

Amig
0.707 Ay

0?0?2*,:::

Fig. 1.10 Effect of negative feedback on gain and bandwidth

Key Point : Since bandwidth with negative feedback increases by factor {1 + AR amd gain
decreases by same factor, the gain bandwidth product of an amplifier does not altered, when
negative feedback is introduced.

1.8 Distortion with Feedback

1.8.1 Frequency Distortion

From equation (8) of previous section 1.7 we can say that if the feedback network does
not contain reactive elements, the overall gain is not a function of frequency. Under such
conditions frequency and phase distortion is substantially reduced.

If is made up of reactive components, the reactances of these components will change
with frequency, changing the i As a result, gain will also change with frequency. This fact
is used in tuned amplifiers. In tuned amplifiers, feedback network is designed such that at
tuned frequency § — 0 and at other frequencies B — =. As a result, amplifier provides high
gain for signal at tuned frequency and relatively reject all other frequencies.
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1.8.2 Noise and Nonlinear Distortion

Signal feedback reduces the amount of noise signal and nonlinear distortion. The factor
(1+BA) reduces both input noise and resulting nonlinear distortion for considerable
improvement. Thus, noise and nonlinear distortion also reduced by same factor as the
gain.

1.9 Input and Output Resistances

1.9.1 Input Resistance

| If the feedback signal is added
i % to the input in series with the
Amplifier snznl:ftl;rnhg R applied \l?altage (regardless  of
whether the feedback is obtained
} by sampling the output current or
voltage), it increases the input

B resistance. Since the feedback
voltage V, opposes V,, the input
Fig. 1.1 current I; is less than it would be if
V, were absent, as shown in the

Fig. 1.11.

l_.-

o
©
-

1 ) Hence, the input resistance
. | Amplifier | [ S2mpling R v,
! network L with feedback R, = —* is greater

1
| than the input resistance without
feedback, for the circuit shown in

B Fig. 1.1L
On the other hand, if the
Fig. 1.12 feedback signal is added to the

input in shunt with the applied
voltage (regardless of whether the feedback is obtained by sampling the output voltage or
current), it decreases the input resistance. Since I, =1, +1,, the current I, drawn from the
signal source is increased over what it would be if there were no feedback current, as
shown in the Fig. 1.12,

A\
Hence, the input resistance with feedback R = [—' is decreased for the circuit shown

in Fig. 1.12. Now we see the effect of negative feedback on input resistance in different
topologies (ways) of introducing negative feedback and obtain R, quantitatively.

Voltage series feedback

The voltage series feedback topology shown in Fig. 1.13 with amplifier is replaced by
Thevenin’s model. Here, A, represents the open circuit voltage gain taking R, into
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account. since throughout the discussion of feedback amplifiers we will consider R, to be
part of the amplifier and we will drop the subscript on the transfer gain and input
resistance (A, instead of A, and R, instead of R, ).

Fig. 1.13
Look at Fig. 1.13 the input resistance with feedback is given as

Ry = =L ()

Applying KVL to the input side we get,
V,-LR -V, =0
V, = LR +V,
= I, R, 4V, - (2)
The output voltage V, is given as

= A, LR, = Ay Y, e (3)

<

Where Ay = -v-“-
L)

AR,
R,+R

Key Point : A, represents the open circuit voltage gain without feedback and A, is the
voltage gain without feedback taking the load R into account.

Substituting value of V, from equation (3) in equation (2) we get,
= LR +BA, L R,

R, +BA, R,

e
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Current series feadback

The current series feedback topology is shown in Fig. 1.14 with amplifier input circuit
is represented by Thevenin's equivalent circuit and output circuit by Norton’s equivalent
circuit.

Fig. 1.14

Looking at Fig. 1.14 the input resistance with feedback is given as
V;
Ry = T
Applying KVL to the input side we get,
V,-L R -V, = 0

Vg = LR +V,

= LR 4B, e (5)
The output current I, is given as
GIH \I:RD
= omlite _g. v e (6)
L R, +R_ G Vi
Where
GmRu
Cu = R,+R,

Key Point : G,, represents the open circuit transconductance without feedback and Gy is
the transconductance without feedback taking the load R into account.

Substituting value of I, from equation (6) into equation (5) we get,
Vo = [R+BGy Y,
= LR +BG, LR, = Vi=LR
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V.
l_i‘ = R (1+BGy)
Ve
R‘if=_.=ki (1+BG,,) (7

Current shunt feedback

JOXO

-

5
Ry=—t

w

Fig. 1.15

The curredt shunt feedback topology is shown in Fig. 1.15 with amplifier input and
output circuit replaced by Norton’s equivalent circuit

Applying KCL to the input node we get

=L+
= I, +B1, . (8)
The output current I, is given as
A LR,
b= R7R,
= AL .9
AR,
Where A, = R.,E+R|

Key Point : A, represents the open circuit current gain without feedback and A, is the
current gain without feedback taking the load R, into account.

Substituting value of I, from equation (9) into equation (8) we get,
I, = L+BAL

I (14BA,)

The input resistance with feedback is given as

v, v,
l"'*.'r=1_
5

i
ST a+pA)
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= Ri .. =
«=wepAy TN

R ... (10)

Voltage shunt feedback

The voltage shunt feedback topology is shown in Fig. 1.16 with amplifier input circuit
is represented by Norton's equivalent circuit and output circuit represented by Thevenin’s
equivalent.

Fig. 1.16

Applying KCL at input node we get,

ls = Ii-l-lf

= L +BV, - (10)
The output voltage V,, is given as
R, LR
Yo ¥ Rr+IR:
= R, |, e (12)
Where Ru = TR,

Key Point : R, represents the open circuit transresistance without feedback and Ry is the
transresistance without feedback taking the load R into account

Substituting value of V, from equation (12) into equation (11) we get,

= L+PRy, L
= I (1+B R,)
The input resistance with feedback R;; is given as
v v

Re® T T PR,
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. - . (1)

Re= R, v Ri=

1.9.2 Output Resistance

The negative feedback which samples the output voltage, regardless of how this
output signal is returned to the input, tends to decrease the output resistance, as shown in
the Fig. 1.17.

=L
Mixer | | ) s 1
network Amplifier E:RL_\;_U—
i Ryt <R,
B
Fig. 1.17

On the other hand, the negative feedback which samples the output current, regardless
of how this output signal is returned to the input, tends to increase the output resistance,
as shown in the Fig. 1.18.

oo [ o] 2T
xer i
@ e Amplifier R, _\*’_"

Fig. 1.18

Now, we see the effect of negative feedback on output resistance in different
topologies (ways) of introducing negative feedback and obtain R , quantitatively.

Voltage series feedback

In this topology, the output resistance can be measured by shorting the input source
Vy = 0 and looking into the output terminals with R, disconnected, as shown in the
Fig. 1.19.
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o 1

AN I’ R
Ret=T Rt
Fig. 1.19
Applying KVL to the output side we get,
AV +IR -V =0
Lo VoA
= &
The input voltage is given as
Vo= —\f!.=—|3\-" W, =0

Substituting the V; from equation (32) in equation (31) we get,
\-’+Av|3v_ Vil+ p A
R - R

o @

Rnf=—\:

Ro
Rt = 03B AL)

Key Point : Here A is the open loop voltage gain without taking R in account,

R
o ® R
RufoI. [l+ A"] -
Ry lIR, = =

R, +R,

'
R

R, +R
a+pA )" "t
- RURL - RDRL
T R,+R_ (I+BA) ~ R, +R_ +PA R,

Dividing numerator and denominator by (R, + R, ) we get

RDRL
R’ - R‘o+RL
of T EAVRl
1+ :
R, +R,
. _ Ry oo RRy AR,
Ro = T3pa, “Ro=RoFR; M AT R IR]

Key Point : Here A, is the open loop voltage gain taking Ry into account.

.. (14)

.. (15)

... (16)

- (17)
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Voltage shunt feedback
In this topology, the output r e can be r ed by shorting the input source

V, = 0 and looking into the output
Fig. 1.20.

terminals with R disconnected, as shown in the

o — | N “—I +
o @ v 3R Rl v R
L=V l l .|
Rat Rt
Fig. 1.20
Applying KVL to the output side we get,
R L+IR, -V =0
. V ) RII\II
“ L= = ... (18)
The input current is given as
I = I, =-BV. ... (19)
Substituting [; from equation (19) in equation (18) we get,
_ V+R BV V(I+R_ [
N RIJ N Rll
v
Ry = 1
R
R, =2 .. [20 @)]
| T 1+R B
Key Point : Here, R, is the open loop transresistance without taking R, in account.
U Ry %Ry
Ry = RlIR = K, R,
R xR,
I+ R:n B_ _ Rn RL
R, R,+R, (+R_P)
I+R_ p %
Dividing numerator and denominator by R+ R we get,
R, R,
R,+R
R - @ L
T T PRLK,

R +R,
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. K

Ror |+i§‘£{...

... (38)

Key Point: Here, R is the open loop transresistance taking R, in account.

Current shunt feedback

In this topology, the output resistance can be measured by open

circuiting the input

source [, = 0 and looking into the output terminals, with R, disconnected, as shown in the

Fig. 121.

I
10 C)mo v, R; AL
|

LY
Fig. 1.21
Applying the KCL to the output node we get,
1= 1—{\': SALL
The input current is given as
L= -1, =41, +1,=0

= pI w1=-

o
Substituting value of 1, from equation (22} in equation (21) we get,

v
1= 7 -ABI

a

I
[A+A, B = KL

(]

v
Ry =7 =R, (1+PA))

R

of

... (21}

.. (22)

e (23)

Key Point : Here, A, is the open loop current gain without taking R in account.

R, =Ry

Ry = R, IR, TR IR,
o L.

R, (1+BA IR, R R, (1+BA;)

T R, (I+BA)*R, R,

+R, +BA R,
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Dividing numerator and denominator by R + R, we get,

R, R, (1+BA;)
R,+R,

BAi RU

R, +R,

R;r =
1+

g o R (14BA)
of T TIHPA)

. RDRL AiRD
SRR M™MATR R,

. (24)

Key Point: Here, A is the open loop current gain taking R, in account.

Current series feedback

In this topology the output resistance can be measured by shorting the input source
V, = 0 and looking into the output terminals with R, disconnected, as shown in the
Fig. 1.22.

— + —
ARNOSE L R
Ry=y  Ru
Fig. 1.22
Applying KCL to the output node we get,
Vv
=g -GaV ... (25)
The input voltage is given as Vo= -V, =-fI,
= Bl vl =1 ... (26)

Substituting value of V. from equation (26) in equation (25) we get,
v
I = g =GBl

1(1+G,B) = o

]

v
Ry =7=R, (1+G,p) (27
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Key Point : Here, G, is the open loop transconductance without taking R in account.

Dividing numerator and denominator by R, + R

.
Ru! =

RellR =

Rn[ X RL
Rni + R'I..

R, 1+fG, IR,

R, R, (1+BG)

R, R, (1+BG,)

Ro (1+BGM)+RI, - Rn + R‘I."’ﬁﬁm Ro

R, +R
We get Ry = —0o L
o T T PGLE,
R,+R
. R (I-i-ﬁG ] . R, R‘l G, R
- o m e = L = ] [} e
R = 736, | "Nt wer, MO crw, @
Key Point : Note that here, G, is the open loop current gain taking R, in account.
1.10 Summary of Effect of Negative Feedback on Amplifier
Table 1.1 summarizes the effect of negative feedback on amplifier.
Parameter Voltage series Current series Current shunt Voltage shunt
. A, _ G oA _ R
foodback AR | G TTIFG | AR | M TR
decreases decreases o
Stability Improves Improves Improves Improves
Frequency Improves p P Improves
response
Frequency Reduces Reduces Reduces Reduces
distortion
Noise and Non Reduces Reduces Reduces Reduces
linear distortion
input resistance | Re = Ri(14PAy) | Re=RABGY) | g o Fu -
- ! increases ‘ increases " R‘f. 1+P A, R". T+BR,
R Ry = RU+BGy) | Ry = R(1+PA) _ﬁj_"
Output resistance R of i of R
o« SRR inl:reams hcmoues I o« ST,
decreases decreases

Table 1.1
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1.11 Method of Identifying Feedback Topology and Analysis of a
Feedback Amplifier

To analyse the feedback amplifier it is necessary to go through the following steps.
Step 1 : Identify Topology (Type of feedback )

a) To find the type of sampling network

1. By shorting the output ie. V,, = 0, if feedback signal (x,) becomes zero then we can
say that it is “Voltage Sampling”.

2. By opening the oufput loop ie. I, = 0, if feedback signal (x;) becomes zero then we
can say that it is “Current Sampling"”.

b) To find the type of mixing network

1. If the feedback signal is subtracted from the externally applied signal as a voltage
in the input loop, we can say that it is “series mixing”.

2. If the feedback signal is subtracted from the externally applied signal as a current
in the input loop, we can say that it is “shunt mixing”.

Thus by determining type of sampling network and mixing network, type of feedback
amplifier can be determine. For example, if amplifier uses a voltage sampling and series
mixing then we can say that it is a voltage series amplifier.

Step 2 :  Find the input circuit

1. For voltage sampling make V, = 0 by shorting the output

2. For current sampling make I, = 0 by opening the output loop.
Step 3 : Find the output circuit.

1. For series mixing make I; = 0 by opening the input loop.

2. For shunt mixing make V; = 0 by shorting the input

Step 2 and step 3 ensure that the feedback is reduced to zero without altering the
loading on the basic amplifier.

Step 4 : Optional. Replace cach active device by its h-parameter model at low frequency.
Step 5 : Find the open loop gain (gain without feedback), A of the amplifier.
Step 6 : Indicate X; and X on the circuit and evaluate = X; X

Step 7: From A and i find D, A, Ry, Ry, and R,
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Characteristics Topology
Voltage series | Current series | Current shunt Voltage shunt
Sampling signal X, Voltage Voltage Current Current
Mixing signal Voltage Current Current Voltage
To find input Vo=0 lg=0 ly=0 Vo =0
loop, sel
To find output =0 =0 Vi=0 V=0
loop, sel
Single source Thevenin Thevenin Norton Norton
B=X /X, Ve /Y v /1, /1, /Y,
A=X, /X, A=/ | Gy=i/Y, ML/ | Ry v
D=1+BA 1+pA, 1+3Gy T+BA 1+PRy
A AL ID G, /D A D R,,/O
K, ®,D R,D R /D R /D
R |+R-\‘ Ro(1+BGp) | Ro(T1+BA) mﬁgﬁ:
R, R, (1+BG,) R, (1PA,) R,
T+ PA, 1+ BG,, T+ A, T+BR,
Table 1.2

1.12 Analysis of Feedback Amplifiers

1.12.1 Voltage Series Feedback

In this section, we will see two examples of the voltage series amplifier, First we will
analyse transistor emitter follower circuit and then source follower using FET.

1.12.1.1 Transistor Emitter Follower

Fig. 1.23 shows the transistor emitter follower circuit. Here feedback voltage is the
voltage across R, and sampled signal is V, across R_.
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Analysis
Step 1: Identify Topology

By shorting output voltage (V, =0),
feedback signal becomes zero and hence it
is voltage sampling. Looking at Fig. 1.23 we
can see that feedback signal V, is subtracted
from the externally applied signal V, and
hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
series feedback amplifier.

Fig. 1.23
Step 2 and Step 3 : Find input and output circuit

To find the input circuit, set V, = 0,
and hence V, in series with R_ appears
between B and E. To find the output circuit,
set I, = I, =0, and hence R, appears only
in the output loop. With these connections
we obtain the circuit as shown in the

Fig. 1.24.

Fig. 1.24
Step 4 : Replace transistor by its h-parameter equivalent circuit
Rg
- B c
=l
=
R:2
-2
Mg hra'bd) -4
T R, 2
>

E R

© v T
[ | B

Fig. 1.25 Transistor replaced by its approximate h-parameter equivalent circuit

Step 5 : Find open loop voltage gain
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Applying KVL to input loop we get

Vo= I, R, +h,)
Substituting value of V, we get

he R,  50x100

Av = gom, CTR+1IR - 28
Step 6 : Indicate V, and V, and calculate
Vl
We have B = v 1 ~* both vollage present across R,
Step 7: Calculate D, A, R, , R and R,
D = 1+48A,

= 1+1x238

Mve = TEpAY T D T 33
= 07
R, = R+ hy
= 1K+11K=21K
R, = R, D
= 21 Kx3.38
= 7.098 K
R, = =
of ==
R, = R—L; Where R, = R_
= 295802

1.12.1.2 FET Source Follower

Fig. 1.26 shows the FET source follower circuit. Here feedback voltage is the voltage
across R, and sampled signal is V,, across R,.
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Fig. 1.26

Analysis :
Step 1 : Identify Topology

By shorting output voltage V, = 0,
feedback signal becomes zero and hence it is
voltage sampling. Looking at Fig. 1.26 we
can see that feedback signal V; is subtracted
from the externally applied signal V, and
hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
series feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

Fig. 1.27

To find the input circuit, set V, = 0, and
hence V, appears between G and S. To find
the output circuit, set I, = I; = 0, and hence
R, appears in the output loop. With these
connections we obtain the circuit as shown
in the Fig. 1.27.

Step 4 : Replace FET by its equivalent circuit

G

o

¢

) vags

Tas

Step 5 : Find open loop voltage gain

Fig. 1.28

A = yi_gm\",,fdk‘
v V., R}V,
_ EBaly R,
,+ R,

I
e
L}

-

=V, (D)

R,
AR HEEa @
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40x5K
= WKesk -+

Step 6 : Indicate V, and V, and calculate p

B =

=1  both voltages present across Ry

<=

Step 7: Calculate D, A R, R and R,
D= 1+pA, =1+ 1x4.44

= 544 e (3)

A, A,
A = 1+fA, D

4.44

c W = 0.816
R, = =and hence Ry =R, D= == ()
R, = 1, =40 kQ ... (5)
R
Ry = o= al-735K (6
. R,
Ry = o
Where R, = R,lir,
. Ry _SK40K
T R,+r, 5K R - MK
R, = LHEs620 .

1.12.1.3 Voltage Series Feedback Pair

Fig. 1.25 shuws two cascaded stages. The oulput of second stage is connected through
feedback network to the input of first stage in opposition to the input signal V,.

I o .

v,
- R, &(rwn

Fig. 1.29 Voltage series feedback pair
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Analysis :
Step 1 : Identify topology

By shorting output voltage V, = 0, feedback signal becomes zero and hence it is
voltage sampling. Looking at Fig. 1.29 we can see that feedback signal V, is subtracted
from the externally applied signal V, and hence it is a series mixing. Combining two
conclusions we can say that it is a voltage series feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set
V, = 0, and hence R,
appears in parallel with R,
at first emitter. To find the
output circuit, set 1. = 0
and hence R, appears in
series with R, across output.
The resulting circuit is

Fig. 1.30 shown in Fig. 1.30.
For this circuit, feedback factor i can be calculated as
/.
B_VB_R,J-R! - @

nmp Example 1.1 : Transistors in the feedback amplifier shown in Fig. 1.31 are identical and
their “h' parameters are hy, = 1100 Q, h, = 100, h = h, = 0 Neglect capacitances of all
capacitors.
i) State topology with justification.
ii) Caleulate B, A, Ayp, Ry, Ry and Ry
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Solution : Step 1 : Identify topology

The feedback voltage is applied across the resistance R, and it is in series with input
signal. Hence feedback is voltage series feedback.
Step 2 and Step 3 : Find input and output circuit

To find input circuit, set V, = 0 (connecting C; to ground), which gives parallel
combination of R, with R at E,. To find output circuit, set I; = 0 (opening the input node

E, at emitter of QQ;), which gives series combination of R, and R,, across the output. The
resultant circuit is shown in Fig. 1.32.

o 3R
L Ya
3 Rer
’I_.' -.-i | --i
T Ry Ro Ry
Fig. 1.32
Step 4 : Find open loop voltage gain (A )
R, = 47 K[ (100 +10K)
= 321 kK2
Ay, = -h,=-100
R, = h_ =11000
A o ARy _-100x3.21K
w2 R, 110002
= -291.82
Ay = -h, =-100
R, = Ry IR IR IR, = 22K 220K || 22 K || 1100
= 9950
Ry, = h +(1+h )R,
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1100 + (1 + 100) (100 2 || 10 K)

= 11.099 k2
A = AuRy _ -100x9%5
o R, 11.099x 10°
= - 896

The overall gain without feedback is given as
A, = r\\_IKA\,‘,_ = -291.82x-8.94
= 2614.7

The overall gain taking R, in account is given as

A o Nl ARy 2614.7%11.099>10°
YV, RyHR, 11L.099% 107 +100
= 259135
Step 5 : Calculate j§
Looking at Fig. 1.33
B o= o 10
A Vo 100+10% 103
10K = 0.0099
D = 1+BA, = 1+0.0099% 2591.35
v, 3oee = 2665
J’- = ) A o Ay 299135
- i D 76.65
Fig. 1.33
= 97.23

R, = Ry D=11099%x10" x 26.65

= 295.788 k(}
R, = R, R, IR, = 295788 K | 220 K | 2 K
= 18.73 kQ
R‘! - = -
Re = p=p=
. R, .
. R, = is) where R|, = R,
3
: R, = 225100 aeasa
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1.12.2 Current Series Feedback

In this section, we will see two examples of the current series feedback amplifier. First
we will analyse transistor common emitter circuit with unbypassed emitter resistance and
then common source with unbypassed source resistance.

1.12.2.1 Common Emitter Configuration with Unbypassed R

Fig. 1.34 shows the common emitter
circuit with unbypassed R,. The common
emitter circuit with unbypassed R, is an
example of current series feedback. In this
configuration resistor R, is common to
base to emitter input circuit as well as
collector to emitter output circuit and
input current I, as well as output current
I, both flow through it. The voltage drop
across Ry Vy = (I + 1) =R, = L R,
= = I, R,. This voltage drop shows that
the output current I, is being sampled
and it is converted to voltage by feedback
network. At input side voltage V; is
subtracted from V, to produce V.
Therefore, the feedback applied in series.

177+

Analysis
Step 1 : Identify topology

By opening the output loop, (output current, 1, = 0), feedback signal becomes zero and
hence it is current sampling. Looking at Fig. 134 we can see that feedback signal V, is
subtracted from the externally applied signal V, and hence it is a series mixing. Combining

two conclusions we can say that it is a current series feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

To find input circuit set I, = 0, then R,
appears at the input side. To find output
circuit set I; = 0, then R, appears in the
output circuit. The resulting circuit is
shown in the Fig. 1.35.

A
VWY
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Step 4 :  Replace transistor with its approximate h-parameter equivalent circuit

Fig. 1.36 shows the approximate h-parameter equivalent circuit

=
&
=
5
o
o/
i
-
AR
VWY
n<

R

1)
WA
"'+"Vl'|"‘1..

R

Fig. 1.36 Approximate h-parameter equivalent circuit

Step 5 : Find open loop transier gain

GM

Step 6 : Indicate I and V

t

p

Step 7: Calculate D, G, , Ay, , R, R

D

Mif

and calculate

I, "hr':lh

=g e
v v,
= _Thely
(R, +h +R,)
= _h fe L i}
R +h, +R, 1TK+1L1K+12K
= -0.015
vV, IR
PR O b 3 .(10)
a a
-1
= le_i=_]1= I, =~1,
™
= -12K
and R|
= 1+BGy, = 1+(-1.2Kx{-0.05) ... (11)
= 19,18
G -0.015
= Mo
=D T8 12

-0.782%x107°
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The voltage gain A, is given as

J"‘\tl‘ =

Looking at Fig. 1.36 R;

Looking at Fig. 1.36 R

vV IR )

T: = "q‘l' =Gy Ry
-0.782x10" % 2,2K
-172

can be given as

R, = R,+h, +R,

G

b

= 1K+11K+12K=33K

R, = R, D=3.3Kx19.18

= 63.294 K
is given as
R, = =
R; = R, D=w
Ry = R, IR,
= RL
= 22K

1.42.2.2 Common Source Configuration with R ; Unbypassed

S

}

(13)

... (14)

- (15)

.. (16)
. (17
.. (18)

Fig. 1.37 shows the common source circuit with unbypassed R,. Here, the feedback
signal is a voltage across R, and the sampled signal is the load current 1.

Analysis

topology used s
feedback.

Fig. 1.37

does mnot become
feedback does not become zero. Hence
this is not voltage sampling. On the
other hand, by setting I, = 0, we have
V; =0. Hence this is current sampling.
The feedback voltage V; is mixed in
series with the input source. Hence the
a current series

Step 1 :  Identify topology

Zero

By setting V, = 0, drain current

therefore
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Step 2 and step 3 : Find input and output circuit

To find input circuit set [, = 0, then R,
appears at the input side. To find output
circuit set I, = 0, then R, appears in the
output circuit. The resulting circuit is
shown in the Fig. 1.38.

Fig. 1.38
Step 4 :  Replace FET with its equivalent circuit
Fig. 1.39 shows the equivalent circuit

Fig. 1.39 FET replaced by its equivalent circuit
Step 5 : Find the open loop transconductance
6, = lo o ZBnVul
M v, r+R +R,
v
"By
= — V=V ... (19)
r,+ R +R, o
- “H =
= 7R, K, ST ... (20)
= . - 50 _ -3
® DRra7ReIR- 010
Step 6 : Calculate p
v, -
B =t = '; R, - (21)
o o
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Step 7: Calculate D, G, , A, , R, , R, and R,
D = 1+p Gy . (22)
= 1+ (-1K)(-1.09x107)
= 209
= -0.5215x107°
Ay = %’ lu\]zi'
= Gy R, Gy= - (24)
A
= (-0.5215x10%)x(4.7 K)
= -245
Looking at Fig. 1.39 R, can be given as
Rj = = - (25)
Rf = RyD=w - (26)
Looking at Fig. 1.39 R | can be given as
R, = r,+R, =40K+1K=41K . (27)
R, = R (1+BG,) where G,, = ™, Gy .. (28)
1+pG, = +r§|++:l]k,
ry+(1+p)R
R, = (r,+R ) x4 f:*':: 2
=+ (l+p) Ry .. {29)
= VK+(1+50)x1K=91K
R, = R_ IR, .. (30)

47K | 91K = 447 K

We have seen that the R is most easily calculated as R, || R ,. The same result may

be obtained from the expression in Table 1.2 with R] =R

.

of

o |l RL' Thus

, 14BG,,
fo o
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where R, = R, IR,
(ry +RR
= (R ROIR, = op=rp-
d s L
and D = 1+BGM
= Ry P
= 1+( R')l‘d +Ry +R,
- _u—R’
"1 +R, R,

_ ry R+ DR,
T ry+R, +R,
Substituting the values of R, and D we have

R = (rg +B)R, ry+u+1R, r;+R; +R,
of T, +R,+R,  rg+R, ry+R +(n+DR,

Ry lry +{u+1R,]
ry+ R+ +1)R,

4.7 K [40 K+(1+50)x1 K]
H0K+4.7 K+(1+30)x1 K

= 447K

1.12.3 Current Shunt Feedback

Fig. 1.40 shows bwo transistors in cascade connection with feedback from second
emitter to first base through resistor R’. Here, the feedback network formed by R’ and Ry
divides the current I.. Since I, = - [, the feedback network gives current feedback. At
input side, we see that I = I, - I, i.e. I; is shunt subtracted from I to get I, Therefore, this
configuration is a current shunt feedback.

=3
h>y

Fig. 1.40
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Step 1 : Identify topology

By shorting output voltage (V, = 0), feedback signal does not become zero and hence it
is not voltage sampling. By opening the output loop (I, = 0), feedback signal becomes zero
and hence it is a current feedback. The feedback signal appears in shunt with input
(I; =1, =1} hence the topology is current shunt feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

The input circuit of the amplifier without feedback is obtained by opening the output
loop at the emitter of Q, (I, = 0). This places R in series with R, from base to emitter of
Q. The output circuit is found by shorting the input node (the base of Q,), i.e. making
V; = 0. This places R’ in parallel with R,. The resultant equivalent circuit is shown in
Fig. 141,

Fig. 1.41
Step 4 : Find open circuit transfer gain
-1, =1,1.1,1
Ay = = o g b2 il (bl (31
! I Ly T Ly L en
We know that,
-1
—= = Ap=-hg ==-50and o (32)

la _ g ... (33)
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Looking at Fig. 1.41 we can wrile
Iz — _Rcl
T, = R +R; - 34)
Where Riz = hig+ {1+ hg) (R, || R)
(50x 1.2KY
= 11+ 6D 55777k |
= 355K
I, -3K
I, - 3K+3mR- 04

Looking at Fig. 1.41 we can write
Ty R

I, - R+h,

el

12Kx1.25K

Where R = R || (R'+RJ = 53755 %

Ty 0.612K

T, ~ 0612+ L1K

5

=0.612 K

= .358

... (35)

Substituting the numerial values obtained from equations (32), (33}, (34) and (35) in

equation (31) we get,

Step 5 : Calculate §
Looking at Fig. 1.41 we can write,

A

If

= (~50)x(~0.457)=(30) = (0. 358)
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Step 6 : Calculate D, Ry, Ry, Ay, Ay Ry, Ry
D = 1+fA;=1+(0.04)x406

Ay = SLa 22

ﬂ=_-—
A =y =

la
- 7K S, A

£l s

(23.6) (500)
12K

= 9.83

0.612Kx 1.1K
Ry = Rllhe = g RT 11K

= 0394 K

R; 03%K
Re = 5="12

=230
Ry = = vhy=0-
Rof = RyD ==
R, = Ry[|Rg == | 500 = 500 Q
mecalculaljonforA,wenote&\atA[wmdependmtofﬂwload Ry, = R, Hence
A= Rﬁ_;umm[

¢ _ 1+BA| L
Rul - R°1+Bﬁ| 'Ru‘Rﬂ

= 500 Q
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1.12.4 Voitage Shunt Feedback
Fig. 142 shows a common emitter amplifier with a resistor R’ connected from the
output to the input.

Ve
Rg=4K
R'= 40K
A MM A
AW =
4 -
T ) h,=11K
Vit : * M
RN
= Ry
Fig. 1.42

Step 1 : Identify topology
The feedback current I; is given as

o= But V, > BV,

_\':;
R

By shurting output voltage (V, =0), feedback reduces to zero and hence it is a voltage
sampling. As I; =1_ -1, the mixing is shunt type and topology is voltage shunt feedback
amplifier.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set
V, = 0, this places R’ between
base and ground. To find
output circuit, set ¥, = 0, this
places R between collector and
ground.

The resultant circuit is
shown in Fig. 1.43.
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The feedback signal is the current I, in the resistor R’ which is in the output circuit as

shown in the Fig. 1.43.
We have seen that

and

Iy

I

—

b
[l

R
R+h,,

8K
8K+1.1K

0.879

Substituting values of equation (37) and (38) in equation (36) we have

Ry

-1, R‘c I L *
I, Iy KXRC

= (- 50) x (0.879) x 3.636 K
= -150.8 K

V-V, Y,
o= St v, >V,
I, -1
v o Pew
Ry 1
Rywe = 755 R, P w PRy >>1
= -R'
A — “Fﬂ__ v‘!
o $ IHRS
. IE—R'
PR, ",
vn ]oR:: _IcR’c
Ry = rx T, = T ... (36)
R, = R R =4K| 40K
= 3636 K
e _ -Ir I'h
& lb ll
”I_b<= A;=-hg, =~ 50 and . (37
Where R=Rg[R'=10K||40K=8K
.. (38)
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Step 5: Calculate p
-1_ -1
P=x-mx
= -2.5x10°%

Step 6 : Calculate D, Ryyp, Ay Rip Ryg and R,

Looking at Fig. 1.43 we can write

D

Avp

]

ole

1+ PRy

1+ (-2.5%107°) (-159.8x10%)
4.995

Ry _-159.8K

D 4.995

Rh,
RUMe = gom,

e

BKx11K

FK+1.1R - 097K

R, _0.967K

D 4,995
193.59 2

8

I
g

Ry I R, = == | 3.636 K

3.636 K
R, 3.636K
D 195

728 Q

why =0
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1.13 Nyquist Criterion for Stability of Feedback Amplifiers

A negative feedback amplifier designed for a particular frequency range may break out
into oscillation at some high or low frequency. This stability problem arises in feedback
amplifiers when the loop gain has more than two real poles. The existence of pole with a
positive real part result in a disturbance increasing exponentially with time. When such
transient disturbance persists indefinitely or increases, the system becomes unstable.

Hence, the condition which must be satisfied, if a system is to be stable, is that the
poles of the transfer function must all lie in the left-hand half of the complex-frequency
plane. If the system without feedback is stable, the poles of A do lie in the left-hand half
plane. Therefore, from equation A; = A/1 + AP we can say that the stability condition
requires that the zeroes of 1 + Af all lie in the left-hand half of the complex-frequency
plane.

The Nyquist criterion forms
the basis of a steady-state method
of determining whether or not an
; : . amplifier is stable. The Nyquist
fofqs Ap = f‘“ criteria  express condition for

; Negativefeedback  stability in terms of the

Im(AR)

steady-state, or frequency response,

= 1. +i0 = RAD characteristics. Let us see the
fPGSEII\"B- Nyquist criterion.

{ Since the product AP is a

f 3‘/ complex number, it may be

Ine g freq Y rep ted as a point in the

complex plane where the real

Fig. 1.44 Locus of |1 + Afj = 1 component being plotted along the

X axis and the j component along

the Y axis. We know that, the AP is a function of frequency. Consequently, points in the

complex plane are obtained for the values of AP corresponding to all values of f from — e

to + eo. The locus of all these points forms a closed curve. The criterion of Nyquist is that

the amplifier is unstable if this curve encloses the point — 1 + j0, and the amplifier is
stable if the curve does not enclose this point. (See Fig. 1.44).
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The Fig. 1.4 shows the locus of |1 + AP| = 1. It is a circle of unit radius, with its
center at — 1 + j0. If for any frequency, AP extends outside this circle, the feedback is
negative since |1 + AR} > 1. If, however, Ap lies within this circle, then |1 + AB| < 1, and
the feedback is positive.

An example of the Nyquist criterion is illustrated in Fig. 1.45. The locus in Fig. 1.45 (a)
is stable since it does not enclose the = 1 + j0 point, whereas the locus shown in
Fig. 145 (b) is unstable since the curve does enclose the - 1 + j0 point.

Increasing f

Increasing f

=1+j0 ~1+400

(a) Stable (b) Unstable

Fig. 1.45 Stability condition using Nyquist criterion
Examples with Solutions

imsp Example 1.2 1 A feedback amplifier has an open loop gain of 600 and feedback factor
= 0.01. Find the closed loop gain with negative feedback.

Solution :
- A 600
Avi = T3AR T T3600%0.01
= 85714

i Example 1.3 : The distortion in an amplifier is found to be 3 %, when the feedback ratio
of negative feedback amplifier is 0.04. When the feedback is removed, the distortion becomes
15 %. Find the open and closed loop gain.

Solution : Given : [} = 0.04 Distortion with feedback = 3 9%, Distortion without
feedback = 15 %

15

D= 3=5 WhereD=1+AB=5
5 = 1+Af=1+A =004
A = 100
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tmp Example 1.4 1 An amplifier has mid-band voltage gain (A ., ) of 1000 withf, =50 Hz
and f; = 50 kHz, if 5 % feedback is applied then calculate gain f,, and £, with feedback.

Solution : Given i = %ﬁ =005 f, =50,f, =50 kHz and A, =1000

a) Gain with feedback

A _ Avmﬂi _ 1000
vmidi T O EPA L e 1+0.05x1000
= 19.6
B £, _ 50
b) fif = T+PA, .,  1+0.05x1000
= 0.96 Hz
0 Ly = Lyx(1+BA_ ) =50><10-‘x(1+0.05:<10l10)
= 2.55 MHz

sy Example 1.5 : An amplifier with open loop voltage gain of 1000 delivers 10 W of power
output at 10 % second harmonic distortion when ifp is 10 mV. If 40 dB negative feedback is
applied and output power is to remain at 10 W, determine required input signal V, and
second harmonic distortion with feedback.

Solution : Given A, = 1000, Output power = 10 W,

1
8)B< -40 = 20105[‘1—1_-{5—;\—-]
1+BA = 100
pPA = 9
99
B = o505 = 009
Gain of the amplifier with feedback is given as
A _ looo
A = Tapa, 00 <

b) To maintain output power 10 W, we should maintain output voltage constant and
to maintain output voltage constant with feedback gain required V, is

V, = V,x 100 =10mVx 100

=1V
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¢) Second harmonic distortion is reduced by factor 1+ A.
D, 0.1

Pu = T5BA “T+PA
S0
~m-0,001
= 01%

sy Example 1.6 :  An amplifier with open loop gain of A = 2000 + 150 is aoailable. It is
necessary to have the amplifier whose voltage gain varies by not more than + 0.2 %.
Calculate p and Ag

Solution : a) We know that

dA, 1 dA
A:  1+pA A
02 _ 1150
100 - 1+pA " 2000
1+BA = 375
BA =365
_ 365 _
B = g5 = 001825
= 1.825 %
b) Ay :
AL = A 2000
P =

T+BA ~ T+001825% 2000
= 5333

sy Example 1.7 :  If an amplifier has a bandwidth of 300 kHz and voltage gain of 100, what
will be the new bandwidth and gain if 10 % negative feed back is introduced? What will be
the gain bandwidth product before and after feed back? What should be the amount of
feedback if the bandwidth is fo be limited to 800 kHz. )

Solution : The voltage gain of the amplifier with feedback is given as
Ay = ﬁ Where $=01 and A =100

100

Avt = Tiigox01

9.09
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The bandwidth of an amplifier with feedback is given as
rL
Byr = (+Ayg B fy - TALD
Assuming fyy >> f; we have
B, = fy and B ;= (1 + Apq @ By,

By = (1+100x01)x 300 kHz
= 3300 kHz

The gain bandwidth product before feedback can be given as
Gain bandwidth product = A, B,

= 100x 300 kHz = 30x10°
Gain bandwidth product after feedback

= A xB,,

9.09x 3300 kHz

u

30x10°

If bandwidth is to be limited to 800 kHz we have fyy; = 800 kHz assuming f >>f ¢
We know that
Byr = (+A 5 By
800K = (1+100f) 300K

mmp Example 1.8 : For the feedback amplifier whose block diagram is shown in Fig. 1.46
compute the changes in AA, when
i) A; changes by an amount AA, and
i) Ay changes by an amount AA,

Fig. 1.46
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Solution : For above circuit voltage gain with feedback is given as

C oA,
Al 1+A, B:]
A —
A
AR BZ]B,
A A
- T A =AA x| —2—
) A, [ A 1+AZB,] 1A -8 A [HA, B,
i = S ]
Ai A]
A e :[B, 1A, -aai|x[_—]“2 5 ]Bl‘
roA [A, —AA,|
A 2 A 2 2
i) A, = | T+A, BJ 1[1+|.a2 —AA,|XB, ]
A, |A, —AA,
A TR, B ]B' H"’[lﬂA;-lexBl 1

vmp Example 1.9 :  An amplifier has a voltage gain of 4000. It's input impedance is 2 K and
output impedance is 60 K. Calculate the voltage gain, input and output impedance of the
circuit is 5 % of the feedback is fed in the form of series negative voltage feedback.

Solution : The voltage gain with feedback can be given as

A, 4000

A = TR T T a000%005

= 19.9

In a voltage series feedback input resistance with feedback is given as
Ry = R (14 A, )

= 2 K(1+0.05x4000)

= 402 ki
In a voltage series feedback output resistance with feedback is given as

R 60K

- L] . —
Ror = T+PA,  1+0.05x4000

= 2985 Q

mp Example 1.10 :  An amplifier without feedback gives a fundamental output of 36 V with
7 % second harmonic distortion when the input is 0.028 V.
i) If 1.2 percent of the output is fedback into the input in a negative voltage series feedback
circuit, what is the output voltage
ii) If the fundamental output is maintained at 36 V but the second harmonic distortion is
reduced to 1 percent what is the input voltage?
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Solutlon : The voltage gain of amplifier can be given as
W,

Av=._“.

<

36
0028

= 12857
i) B = 0012
» The gain of the amplifier with feedback is given as
Ay
A= TR

_ 12857
T T+12857% 0012

= 78.26
The output voltage with feedback is given as
V, = Ap Vi, =78.26 % 0.028
=219V
ii) If the output remains constant at 36 V, then the distortion produced within the
active devices of the amplifier is unchanged. However, since the distortion at the output is
less than in part i) by a factor of 7, it follows that the feedback now increased by 7 and
hence, the voltage gain decreased by 7. Thus, the input signal required to produce the
same output (as in part i) without feedback must be:
Vin = 7 (0028 V)

019 V

iy Example 1.11 : An amplifier having a voltage gain of 60 dB uses Y,™ of it output in
negative feedback. Calculate the gain with feedback, the percentage change in gain without
and with feedback consequent on 50 % change in g,,,.

Solution : i) The gain of the amplifier is given as

60dB = 20log &
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~The gain of amplifier with feedback is
A,
Ay = 1+BA,
_ 1000
~ 1+0.05%1000

19.6

ii) The gain of the amplifier is directly proportional to the g,,. Therefore, the gain of
the amplifier without feedback changes as same amount as g, changes
A, = Ay 05A,
= 1000 + 500

The gain of the amplifier with feedback is now given as

1000 £500 1000£500

At = 1700510002500 -1+ (0L )

= 19.23 or 19.73

hmp Example 1.12 : A single stage RC coupled amplifier has a midband gain of 1000 is made
into a negative feedback amplifier by feeding 10 % of the output veltage in series with input
opposing.
i) What is the ratio of half power frequencies with feedback to those without feedback?
i) If fy = 20 Hz and fy = 50 kHz for the amplifier without feedback. Find the corresponding
values after feedback is incorporated.

Solution : A, =1000 and =01

i) W 1epa,
= 1+ 0.1x1000
= 10
and l;.—': = ﬁ:m
= L
101
= 0.0099
if) With f; = 20 Hz and fy = 50 kHz
fiy = 20x00099

= 0.198 Hz and fyy; = 50 KHz x 101
= 505 MHz
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mmp Example 1.13 :  An amplifier without feedback gives an output of 50 V into 6 % second
harmonic distortion when the input is 0.2 V. If the negative feedback is applied to amplifier
so that the second harmonic distortion is reduced to 1 %. What value of feedback ratio must
be used? What input voltage will be required to produce the same output voltage of 50 V?

Solution : The voltage gain of the amplifier is given as

A, =

8 Rl e

We know that,
B,

By = 1A, B

0.06
0.01 = 55

006
. 001
Feedback ratio, j = =5

= 0.02
- A\.r
ii) R

250

T+750%002 - 4166

To produce output voltage of 50 V V;, must be

50 50
Vih = —=573—==12V
in = AT 166
mp Example 1.14 :  An amplifier with negative feedback has a voltage gain of 120. It is
found that without feedback an input signal of 60 mV is required to produce a particular
output, whereas with feedback the input signal must be 0.5 V to get the same output. Find

A, and B of the amplifier.

Solution : Given A = 120

and A
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= 0.5x120 =60 V
with V, = 60 V we have,
60
Av = Gomv = 1000
We know that,
Ay
A = AP
_ 1000
120 = 1+1000p
B = 0.00733

mmp Example 1.15 :  Identify topology, with justification for the circuit shown in Fig. 147
Transistors used are identical and have parameters by, = 2 K, hﬁ = 50 and h, = h,, = 0.
Determine A,

‘VGC

Fig. 1.47
Solution : Step 1 : Identify topology

By shorting output voltage (V, = 0) feedback voltage V; becomes zero, hence it is a
voltage sampling. Since feedback is mixed in series with input the topology is voltage
series feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

To find input circuit set V,, = 0. This places the parallel combination of 3.3 K and 33 K
at first emitter. To find output circuit set I = 0. This places resistors 33 K and 33K in
series across the output. The resultant circuit is shown in Fig. 1.48.




Analog Electronics 1-57 Feedback Amplifiers

Fig. 1.48

Step 4 : Replace transistors with their h-parameter equivalent circuits

Cz
33K
)“fe'hz Vo
33K
2
Fig. 1.49 h-parameter equivalent circuit
Step 5 : Find open loop transfer gain
The voltage gain without feedback
Vis  V,
= =t W
&' Avl Aﬂ V“ Vi!
_ Vo iR
TV TRy
Where Ru=3-3K+3,3K=ﬁ.SK
and R12 = hie =2K
A = Yo o -50%6.6x10°
2TV, T T man?
= =165
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Vo _ “heRu

Vi Ry
Where Ry = 51K||Ry=51K| 2K
= 192 k2
and Ry = h,+(1+hy) 33K|[33K)
= 2x10° + (1 + 50) (1.65 x 10%)
= 8615 kQ
Ay = Va_ -50%1.92%10? - 1114

Vi 86.15x10°
Ay = - 165% = 1,114 = 183.86
Step 6 : Calculate p

v, 3.3K
B = V. = 33K+3.3K " *°
We know that, D =1+pA,
Ay _ 183.86

A = D =550
= 1978

mmp Example 1.16 :  For the circuit shown in Fig. 1.50. Calculate Age Ry and Ry
Transistors are identical and their parameters are hj, = 1.1 K, hg, = 50. Neglect I, and h,,.

o +Vep




Analog Electronics 1-59 Feedback Amplifiers

Solution : Step 1 : Identify topology

By shorting output voltage (V, = 0), feedback voltage V¢ becomes zero. The feedback
voltage is mixed in series feedback.
Step 2 and Step 3 : Find input and output circuit

To find input circuit, set V, = 0. This places the parallel combination of resistors 10 K
and 1 K at the first emitter. To find output circuit, set I; = 0. This places resistors 10 K and
1 K is series across the output. The resultant circuit is shown in the Fig. 1.51.

Vee

82K

Fig. 1.51

Step 4 : Replace transistors with h-parameter equivalent circuits.

?1 Cy B2 92
Mie ()hu'n 10K
-
® 3w« m;K Vg Zhe OEL N v,
[~ F’ |
R, & R, E2 R
1 i2 of

Fig. 1.52 h-parameter equivalent circuit
Step 5: Find open loop transfer gain

Ay = Ay Ay

Vg V,

o

= —Lx_2

Vil Vil



Analog Electronics 1-60 Feedback Amplifiers

Yo o “heRo
Vﬂ Rﬂ
Where Rz = 51K| (10K + 1K)
= 3484 kKO
and Rp = hy=11K
Vo _ -50x3.481x10°
Vo 1.1x10°?
= - 15836
Vo _ -heRu
Vll Ril
Where Ry = Rpll1K=11K||1K
= 523.8 kQ
and R = 82K| [hy + (1 +hg) (1 K [10K)]
= B2ZK| [1.1 K+ (1 + 50) (0.909 K)]
= 30 k2
Vi -50%x523.8
- = =-0.888
Vi 30=107

Step 6 : Calculate p

Step 7: Calculate Ay, Ry and R’ o

= 15.062
A A 140.62
Vi T BT 15.082
= 9336

Ry = R;xD = 30x10°x 15062
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= 451.86 kQ
R, = Ry, =3484 kQ
r. - Ro_ 3.484x10°
o T D T 15.062
= 231.31Q

Imp Example 1.17 :  The two stage feedback shown in Fig. 1.53 uses FET. The parameters are
1y =10 Kand p = 40.

i) Identify the topology of feedback
i) Calculate D, Ayy, Rig Ryeand Ry

Fig. 1.53

Solution : Step 1 : Identify topology

By shorting output voltage (V, = 0), feedback voltage V; becomes zero and hence it is
voltage sampling. The feedback voltage is applied in series with the input voltage hence
the topology is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0. This places the parallel combination of resistors 10 K
and 200 £ at first source. To find output circuit, set I; = 0. This places the resistors 10 K
and 200 Q in series across the output. The resultant circuit is shown in Fig. 1.54.
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VD
10K
o & 4T K
47 K§ 3 1M0
1 MO 2000
20002 210K
Fig. 1.54
Step 4 :  Replace FET with its equivalent circuit
Gy O Gy 0z

O tu, D bt & ]

5 52 R R

Fig. 1.55

Step 5: Find open loop transfer gain
a
Ay = —‘;’=Av15vz

~U Ry
Rya+ry

Agy =

Where R, = (10K +2000) 47K
= 838K

-40%8.38x10°

A, = —_xG-T0RA0
vz 8.38x10% +10x10°
= -18.237

- K Rpey
Aa = g+ Rpyg + 1+ R,

Where Rpet = RpllRgy =47 K| 1 MQ
= 4489 k0D
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_ —40x 44 98x 10°
An = 3 3
10% 107 + 44 . 89x 107 +(1+ 40) (10K || 200)

= -28.59
A, = ~28.59x-18.237
= 52139
Step 6 : Calculate
b = Ve _ 200
Vo 10x10%
= 002

Step 7 : Calculate D, Ay Ry, R,
D =1+pA, =1+002x521.39

= 114278
Ay 52139
Avi = B = q1aa = 1562
R; = Rg=1MQ
Ry = RyxD=1x10°x11.4278
= 114278 MQ
Ry =14
= 10K
R, _10x10*
Ret = B = 110278 = 5759

R, = rg|R;=10K || 838K
= 4559 kO

r R, _ 4.559x10*

o T DT TI1.4278

=390

mmp Example 1.18 :  The circuit shows three stage FET amplifier.
The identical FETs have following parameters
rd=8kn.gm=5mA/L’,Rx=Im
Ry =Ry +Ry Ry = 500, Ry = 40k Q2
Calculate voltage gain including feedback.
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Fig. 1.56

Solution : Here, output voltage is sampled and fed in series with the input signal. Hence
the topology is voltage series feedback.
The open loop voltage gain for one stage is given as

Ay = - gmRyg
Where R‘q=rdllellfRi1+R7)=BK||40K||(ll\im)
= 6,62 ki)

A, = -5x10° x 6.62 % 10°
= =331
Overall voltage gain = |A, nal® = |-3311)°
= - 36306
. -
R +R,  1x10%
= 5%107
D =1+p|A,] =1+ (5x107) x (36306)
= 2.8153
A
1+]A,|B

_ 36306
2.8153

[ Ayl

=12.895 x 10°

Ays = - 12895 x 10°
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iy Example 1.19 : In the Ex. 1.18, if output is taken between point B and ground, calculate

Aoy
Solution : We know that
Ay = -3311
vV, V, V., V
Here = b =Ly t0,C
ﬂ Vli vo X VC X VB
Where Vg and V¢ are voltages at point B and C, respectively
v, v, v,
= L - == _E_‘=
B Vuwa X Ay e Awandva Ay
B = 5x107x(-33.11)x (- 33.11)
= 0.0548
o Aw 33.11 _
| Avd = 1+BjA,| 1+0.0588x33.11 1176
Ay = - 1176
mmp Example 1.20 :  For the circuit shown in Fig. 1.57.
I»Vcc
R3S gRe
b3
R,
—Aw—] |
+ < Vo
® 8 L
Fig. 1.57

i) Ientify topology used in feedback amplifier
ii) Show that voltage gain with feedback

Ay =<2
VTV, TRk, +0+hg R,
Where R, =R, || Ry || R,
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Solution : Step 1 : Identify topology

By shorting output (V, = 0), feedback voltage does not become zero. By opening the
output loop feedback becomes zero and hence it is current sampling. The feedback is
applied in series with the input signal, hence topology used is current series feedback.
Step 2 and Step 3 : Find input and output circuit

To find input circuit, set I, = 0. This places R, in series with input. To find output
circuit I; = 0. This places R, in the output side. The resultant circuit is shown in Fig. 1.58.

Fig. 1.58

Step 4 : Replace transistor with its h-parameter equivalent
Ry

ViRy IRy gEh-o ()hfo]b

f——

"‘Fvi:‘v —"\43\'-"\4—
Fig. 1.59
Step 5: Find open loop transfer gain

From equation (13) of section 1.12 we have
IR
Ay = =Gy Ry
)

N Ry
R, +h; +(1+h )R,

Here R, = RIIR IRy
= RyIIRy Ry =Ry [| Ry
Ve = vn Vi
v, TV,
Where V! = Rb
Ts B R.li"'Rl.a
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Vo -h Ry « R,
V, T R +h +(1+h R, R +R,
Di\riding both n w and denomi by Rs + Rb we get
R,
v MeRrpy
Ayf = v = 2 Ry =R,
V, TR ¥h +(I+h )R,
|
-h h-RC[ 3
]+E-

R, +h, +(1+h )R,

nmp Example 1.21 @ Identify the lopology of feedback in the circuit of Fig. 1.60 giving
justification. Two transistors are identical with hy, = 2 K and hy, = 100, Calculate

i) Ry i) Ay iii) Ay

Fig. 1.60

Solution : Step 1 : ldentify topology

Making output voltage zero (V, = 0); feedack does not become zero and hence it is not
voltage sampling. By opening the output loop feedback becomes zero and hence it is a
current sampling. As I; = I, - I, the feedback current appears in shunt with the input
signal and hence the topology is current shunt feedback.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set I, = 0. This gives series combination of resistors 20 K and 1 K
across of the input of the first transistor. To find output circuit, set V; = 0. This gives
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parallel combination of resistors 20 K and 1 K at emitter of the second transistor. The
resultant circuit is shown in Fig. 1.61.

I+Vcc

§ S12K 1K S20K

-—
AN
RS 20K lp2
I;C) R,E:TK 4K::+ 1
1K ’a::'ﬂ r’
- . 3
| L
R =
R;
Fig. 1.61
Step 4 : Find open circuit current gain
I -1 -I I 1 I
A o= o= ta . lagim ta b
! ]s ]:: II\! ]cl ]h'l [(
-]C
I—’ = -hj, =-100
b2
T | _—Ra
Ia Ry +R;
Where Ry = hy+(1+hg) Ro=2x10° + (1 +100) (1 K || 20 K)
= 9819 K
. Lz _ -12K -
- L, ~ 2Kis K- 1%
fa o =100
[ e
b1
Iy _ _IKIQOKHIK) oo

1, ~ h,+1K[[(20K+1K
Ap = (-100) % (- 0.109) x (100) x (0.323)

= 352
Step 5 : Calculate f
B = I—f = ‘---------.—l‘{"z = -—‘iK
I, Rp+R  4K+2K
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= 0.1667
D = 1+BA; =1+ (0.1667)x 352
= 59.67
Al

A = _ fLL _ 382
¥ = 13pA, D 59.67

= 590

R = 1K|(1K+20K)| Ry
= 1K|21K{|2K ~Ry=h,=2K
= 6460

R, R _ o4
Ry = 1+BA, ~ D 59.67

= 10820
R, = = s Ry=w  why=0
R, = RylRy==[4K=4K
, L (L+BAY)
Ry = "(TIETI)=R0:4K
A - AR 5.9x4K
vi T TR, TIK

= 236

iy Example 1.22 :  For the circuit shown in Fig. 1.62. Calculate Ayg Rigand R, Transistor
parameters are hy, = 1 K, hy, =100, by, = 0.

*Vee

AANA
VW

Fig. 1.62
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Solution : Step 1 : Identify topology

Vy = 0, does not make feedback zero, but I, = 0 makes feedback to become zero and
hence it is current sampling. The feedback is fed in shunt with the input signal, hence
topology is current shunt feedback.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set I, = 0. This gives series combination of R, and 10 K across
the input. To find output circuit, set V; = 0. This gives parallel combination of Ry and
10 K at E;. The resultant circuit is shown in Fig. 1.63.

+Vee

Fig. 1.63
Step 4 : Replace transistor with its h-parameter equivalent

IM._"" T2 —» —0-'0
1K hy, C)“nluz
g = >
G 2k She (Dhelen S22k 2263 v,
10K 1K 10K J-
Sl W O Rl
R; Ris Rz

Fig. 1.64 h-parameter equivalent circuit
Step 5: Find open loop current gain
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1
=% = _hy =-100
lyz
Iy xlﬁ -hvacl . Iﬁ - Ry
bl Ry +R; "Iy T Ra+Ry
Where R hye + (1 + hg) (1 K {10 K)
IK+(1+1000(1 K[ 10K)
92.818 K
Iy ~100%2.2x107
Iy~ 92.818x10° +2.2x10°
-2315
I, 1K ||(1 K+10K)
1, T W +IK|(0K+1K)
0478
Ap = (-100) x (- 2.315) x 0.478
110.7
Step 6 : Calculate
Rog __IK _
P= R e~ ek =0
Step 7 : Calculate D, Ay, Ry, Rypand A
D = 1+BA;=1+(0.09 (110.7)
11.063
A Ay A, 1107
U = T+pA, T D~ 11.063
10
R = 1K|(10K+1K || Ry
1K1K 1K ~Ry=h,=1K
478 2
R 478
Re = B = i = 9200
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Ry = RyD=o “hy=0

R, = 22kQ

.o HPAY)

Re = Rofgapay = Ro
= 22kQ

1wy Example 1.23 :  For the circuit shown in Fig. 1.65 has following parameters : hy, = 100
hy, = 1.1 K, and h,, and h,, = 0. Determine

v
1) Ry, =—I—°. i) Ay = t;“
iii) Ry and i) R:,‘,

Fig. 1.65

Solution : Step 1: Identify topology

Here output voltage is sampled and fed in shunt with the input signal, such that,
I;= I = I; hence topology is voltage shunt feedback.
Step 2 :  Find input and output circuit

To find input circuit, set V;, = 0. This places resistor R across the input. To find output
circuit, set V; = 0. This places resistor R across the output. The resultant circuit is shown in
Fig. 1.66.
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11
LA
k() R=1K
| .
Ry R
Fig. 1.66 h-parameter equivalent circuit
Step 4 : Replace transistor with its h-parameter equivalent circuit

Step 5 :

Where

oy c

B
11K ()hinlb
- -
<R, R R <
® 3-1k S=82kK =82K 2EE$QKV°
B20 2
.f' - uE ]
R, R, E Ro Ro
Fig. 1.67
Find the open circuit transresistance

_ Vu _RCID__R(II

A e N

=11

= —<c b
Rty

I :.11_"_5 _ -100x82x107

I R+R, ~ 82107 +12x107
= - 87.23

.I..t.‘. = R"”R

I, RJIR+R,

Ry = R+ (1 +hy) R,

= 1.1x10° + (101) 820
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Step 6 :

Step 7 :

o

—

Caleulate p

p

Calculate D, Ry Ay, Rypand R

D

Ay

83N K
(1x10%)||(82x10%)

T (1x10%)]|(82x107) +83.92x10°

0.0116

v,
I—" =12x10°x (- 87.23) x 0.0116
s

-12142 K

1+ (-1.22x107% (- 12142 % 10%
1,148
_-12.142K _

T8 - 10.57 K

_ -10.57x10° R ;
R Tixwd CMT

-

- 10.57
RIRIIRy =1K|B2K| 892K
0.976 K

o "'Ro{‘-’5=°°"'huc=o
R=|IR=12K||32K

Feedback Amplifiers
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= 10468 K
oo Ko 10.468x10%
o T DT 1148

= 9118 K

mmp Example 1.24 :  The two stage amplifier shown in the Fig. 1.68 has identical transistors
with parameters hy, = 2 K, hy, = 100, and h,, = 0. Calculate a) Aypb) Ry ¢ R:g

Fig. 1.68

Solution : Step 1 : Identify topology

Here output voltage is sampled and fed in shunt with the input signal such that,
L - I; = I, hence topology is voitage shunt feedback.

Step 2 and Step 3 : Find input and output circuit
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To find input circuit, set V,, = 0. This places resistor R across the input. To find output
circuit, set V; = 0. This places resistor R across input. The resultant circuit is as shown in
the Fig. 1.69. The circuit shows voltage source replaced by current source.

Step 4 : Replace transistors with their h-parameter equivalent circuits.

h,

«®

B, et Ol Loy <o b, A
LY v Pyglyz i T
= R= = h= R= > =
';R’K 22K C?“ F11.'1'|< 2K C) 22K ;::ﬁzx Vo
'l 1
C - S ]
R Riy Ry Ra

Fig. 1.70 h-parameter equivalent circuit

Step 5: Find open loop transfer gain

Iy
I el

x

Ry

IC

&

(i}
[hl

e

-h R -100x2.2x10"
R+R, — 2.2x10% +5.1x10°

- 30.137

(1+h )R, _ 101x1.1x10°
R, +h, ~ 1.1x107+2x10°

35.84
RJIR

(R,[|IR)+R

by + (1 + hy) R,

2x10° + (101) x 1.1 x 10°

1131 kQ
1x107%)j2.2x10°
1x10%)]2.2x10* +113.1x10°

6,04 x 107
5.1 % 10° x (~ 30.137) x 35.84 x 6.04 x 107

-3359 K
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Step 6 : Calculate

I, V-V
- - 13 o
b= I, VR
-1
= ® Vo=V,
N
2.2x10°
= -4545x 107
Step 7 : Calculate D, RMI’ A\rf; R-',( and R:J
D = 1+BRy
= 1+ (- 4545 x 107" (- 33539 x 10°)
= 16.245
_ Ry _ -33.539x10°
Rwi = 5 = 15355
= -2065 K
= Vﬂ_ vo
Avi = VTR
_ Ry _ -2.065x10°
R, 1x10%
= - 2.065
R = RIIR|R;=1K|22K[1131K
= 63802
R, _ 683
Ri = 5 =165
= 4242
R, = o ,'.Rof=ﬁ=oo
R, = R|Ry=22x10" 5110
= 1537 k2
R = R, _1.537x10°

of D 16.245
= 94,61 Q
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ey Example 1.25 :  In the FET amplifier shown in Fig. 1.71 has the following paramelers
ra= 40 kQ, g, = 2.5 mA/V. Assume all capacitors to be arbitrarily large. Caleulate D.
Rygp Ayp Rig Ry and R,

*Voo

R 10K

AAAA

Fig. 1.71

Solution : Step 1 : Identify topology

By making V, = 0, feedback current becomes zero. Hence it is a voltage sampling, The
feedback is fed in shunt with the input signal and thus the topology is voltage shunt
feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V,, = 0. This places resistor R across the input. To find output
circuit, set V, = 0. This places resistor R across output. The resultant circuit is shown in
Fig. 1.72.

R =10K
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Step 4 : Replace FET with its equivalent circuit

G Dl
GmVgs I
<R = ": ":Ru < = <SRp=
10, 20k M 2200k 3" 200K ﬁ;?ﬁ’,{ In
s
Fig. 1.73

Step 5: Find open loop transresistance

M =T I

Where Ryt

g RIR;=40K|[200K | 10K
7.69 k2

and Vg = LR =LxR | IM|R
= L,x 10K 1M || 200 K
= 9.43x10° I,
-8 %9.43x10°1 x7.69x10°
Ry = I
= = 25% 107 % 9.43 x 10° x 7.69 x 10°
= - 18129 K
Step 6 : Calculate
I, Vv,-v,
b= =g
-1
=% v (Vo> V)
= -—1 _o_s5x10°
200x10%
Step 7 : Calculate D, Ry, Ay Ryp and R
D = 1+BRy

1+(-5x10% (- 181.29 x 10°)
19
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R - Ehl_ - -181.29 K
Mf D 1.9

= - 95415 K
Ay = %=%=R_Rm_f_= -9::{,]4152103
s LR, 5 x10
= - 9.5415
Ry = Ry IM|R=10K[j1M 200K
= 943x10°
R, _ 9.43x10°

Re = §=—73395 —
= 4963 Q

R, = Ry=r4liRIiRp
= 40K|200K[[10K
= 7.69 k2

R,  769x10°
for = 5= 719

= 4kQ

mmp Example 1.26 :  For the feedback amplifier shown in Fig. 1.74, calculale Ay Ry Rop
Assume by, = 50 and h, = 1.2 K.

0V

Fig. 1.74



Analog Electronics 1-81 Feedback Amplifiers

Solution : Step 1 : Identify topology
The feedback voltage is applied across the resistance R, and it is in series with input
signal. Hence feedback is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set V, = 0, which gives parallel combination of R, with R at E,
as shown in the Fig. 1.75. To find output circuit, set I, = 0 opening the input node E; at
emitter of Q,, which gives series combination of R, and R, across the output. The
resultant circuit is shown in Fig. 1.75.

Cy ", ‘
=5
1 Q]
=l >
02M E, 3 Vo
vi Rey = 1.6K

2 R 2 Ry=
r a0 mr:» 15K 2 51K
| |

R

R Ry

Fig. 1.75
Step 4 : Find open loop voltage gain (A )

Ry =Ro Il Re+Ry) =22 K| (51 K + 1.5 K)

= 211K

A, = -h, =-50

R, = h,=12k2

A - AR, =-5l]><2,1ll(

w R, 1.2K

= - §791

R, = R IR;=01M|12K
= 1185 K

Ay = -h,_ =-50
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Ry, = h +{l+h IR,
= 12K+ (1+50) (15K 51K)

= 7551 K
A . ARy S0x1I85K
v R, 75.51K
= -0.784
The overall gain without feedback is given is
A, = A XA, = (-0.784)x(-87.91)
= 6892
v, Step 5 : Calculate p
v, 1.5K
51K Bo= V, T SIK+15K
= 0.0285
Y 15K Step 6: Calculate D, A, Ry and Ry
D = 14BA,
Fig. 1‘775 = 14+(0.0285)x 68.92
= 2964
= 2325

R, = R, [IR=7551 K| (0.2 M + (270 || 330))
= 7551 K || 200.1485 K
= 5482K

R, = RyxD=>5482 Kx 2964

= 16248 K

R, = = w hoe =0

R, = Ry lIRy |l R+ Ryy) = Ry i Ry,
= | 211K

= 211 K
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R, 211K
D 2964

Imep Example 1.27 :  For the circuit shown in Fig. 1.77.

a. Identify the topology of feedback with proper reasoning

b. Find Ap Ay Ryﬁ Ry Ap
The transistor Q and Q, have the following h-parameters : I, = 1.5 K and hy, = 50.
Assume C to be large enough to act as short at operating frequency.

° +Veg

Fig. 1.77

Solution : Step 1 : Identify topology

The feedback is given from emitter of Q, to the base of Q, If I, = 0 then feedback
current through 5 K register is zero, hence it is current sampling. As feedback signal is
mixed in shunt with input, the amplifier is current shunt feedback amplifier.

Step 2 and Step 3 : Find input and output circuit

The input circuit of the amplifier without feedback is obtained by opening the output
lpopnllheemjﬂaronz([u-G).ThhphcmR'ﬁK]i.nseriwilhR‘&ombuetu
emitter of Q;. The output circuit is found by shorting the input node, i.e. making V, =0.
This places R’ (5K) in parallel with R, The resultant equivalent circuit is shown in
Fig. 1.78.
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C;
i
IU
<R..=
1, E:uﬂ Vo
]
II
®
>5 K
Ry Ry
Fig. 1.78
Step 4 :  Find open circuit transfer gain
[ -
Ay = R
3 L)
- e lulaln
ol e b
-1
We know that it = Ay =-h =-50and
n2
Ta A, =-h =50
= M fe =
bl
I
=L = 50
Ly
Looking at Fig. 1.77 we can wrile
Ly - Ry
Ly R, +R,
Where Ry = b+ (1+hy) Ry [R')
= 15K+ (1 +50) (600 5K
= 28.82 K
| -2K

2K+26.82 K
- 0.0649
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Looking at Fig. 1.78 we can write

Iy _ R
I, = R+R,
. 1Kx56K
Where R=R3||(R+Rt)=m
= 8480
and Riy = by + (1 +hg) Ry
= 15K + (1 + 50) x 400 = 21.9 K
Ty _ 848
I, ~ 848+21.9K
= 0.0372

Substituting the numerical values obtained in equations of A; we get,

Ay = (~50)x (- 0.0649) x (50) x (0.0372)
=6
Step5: Calculate
B = l[ = Rcl - 600
T 1, TR,+R  600+5K
= 0107

Step 6 : Calculate D, Ay, A R, R

D = 1+BA; =1+ (0.107) x6

= 1.642
A 6
Au = D= Tom
= 3.654
-, R
A = 0 €2 2
ALEREE R B
AyRe _ (3.654)(12K)
Rg 1K
= 43,848

el
n

R|IR, = 848 219K
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= §1638Q
R, = Ri_816.38
i D~ 1.642
= 49720Q
Ry = = hoe = 0
Ry = RyD=w
R, = R,IRy==}12K
= 12K
Ry R'msk'=h-nk
°1+PA,; o

mmp Example 1.28 : For feedback amplifier shown in Fig. 1.79, identify the feedback topology
with proper justification.
The transistors used are identical with the following parameters :
M = 200, by, = 2 K, by = 107 % h,, = 107 ¢ AV
Calculate
i) Ay i) Ry iii) Ry

Fig. 1.79

Solution : Step 1 : Identify topology

The feedback voltage is applied across R,; = 1.5 K, which is in series with input signal,
Hence feedback is voltage series feedback.
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Step 2 and Step 3 :  Find input and output circuit

To find input circuit, set V,, = 0, which gives parallel combination of R,; with R; at E,
as shown in the Fig. 1.80. To find output circuit, set I; = 0 by opening the input node, E;
at emitter of Q,, which gives the series combination of Ry and R; across the output. The
resultant circuit is shawn in Fig. 1.80.

Re
L 56 K
2Rep= A
F22K
Rer=
15K
Fig. 1.80
Step 4 : Find the open loop voltage gain (Ay)
Rz = Rey | Ry + Ryy)
= 22K|| (56 =+ 15K)
= 2119K

Since hye Ry, = 107 €% 2.119 K = 0.002119 is less than 0.1 we use approximate analysis

Ap = ~hy=-200
Ry = b =210
_ ARy, _ -200x2.119K
A = g =73k
= =2119
Ry = BRI Rp=120K| 2K
= 1967 K
Since hoe Ry; = 107 % x 1.967 = 0.001967 is less than 0.1 we use approximate analysis
Ay = —hg=-200

Ry = he + (1 +he) R,
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= 2K+ (1 +200) (15K || 56 K)

= 29563 K
AuRy,  -200x1.967K
A = R, 295 63K
= -133

The overall gain without feedback is
A, = Ay xAy = (133)x (- 2119)

= 28182
v, Step 5: Calculate B
1 v
::SGK p = vﬂ—
1 . _ 15K
Vi S15K 56K+1 5K
"‘
L = 0.026
= Step 6 : Calculate D, A, R, R,
Fig. 1.81
D = 1+fA,
= 1+ (0.026) x 281.82 = 8327
Ay o Ay _ 28182
vi T "D T 8327
= 3384
R, = Ry || R=29563 K| 150 K
= 995 K
Ry = R xD=995x8327
= 82853 K
11
I T
= 1MQ

:

o = RoliRg [ (Re+Ry) =Ry | Ryy
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1M 2119 K

21145 K

R = R, 2.1145K
o T DT 8.3Z7

= 2540

mmp Example 1.29 :  For the circuit shown in Fig. 1.82, calculate : i) A i) R, i) R'sf
where these parameters have their usual ing. The tr meters are :

] F

he=1K h, =0, hy =100 and h, = 0.

a-\fcc

R
RL ‘v‘v‘l"v
10K

Fig. 1.82

Solution : This is a current shunt feedback amplifier open circuit transfer gain.

o +Vee

Fig. 1.83
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Calculation of f :

100

hi+(1+h )(R, || R) = TK+(101)(0.1K || 10K)

nkK
Ry

Ry +(Ry +Ry;)

-22K
22K+(11K+1K)

- 0.155

R

R+h;,

R, || (R"+R,)=1K || (10K+0.1K)
9099 Q

909.9
9099+1K

0.476
(~100)%(0155)3(100)x(0476) =737.8

- In Rd = — I: Re?
R,+R ™ R,+R
Iu Re!

R, +R

I, R, _ 100

I, R +R 100+10K
14BA | =14+(9.9%107)x737.8
8.3
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W = V. TTTIR, R,
_ $8.89x22K
1K
A, = 195558
R, = R h, =909.9 | 1000 = 476
Ry = R—d=%=smsn

R, = Ry=22kQ

mmp Example 1.30 : In a negative feedback amplifier A = 100, p = 0.02 and input signal
volatge is 40 mV. Determine : '
i) Voltage gain with feedback
#i) Feedback voltage
tit) Output voltage
Solution : Given :
A=100,p=002 V,=40 x 10°V

i) Voltage gain with feedback Ap = AD"
Where, D=1+pA, =1+002=x100=3
Ay = % = 3333
i) Feedback voltage Vi = BV, =BxAyxV;
= 0.02 x 33.33 x 40 x 10
= 26.66 mV
iii) Qutput voltage V, = Ay; x V; = 3333 x 40 x 107

= 1333V
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nmp Example 1.31 :  Determine the voltage gain, input and output fmpedance with feedback
for voltage series feedback having A = - 100, R; = 10 k , R, = 20 k Q for feedback of
{a) f=—- 0.1 and (b) p= - 0.5.

Solution : Forf=-01,D=1+BAv =1+ (-0.1) (-100) = 11

i} Voltage gain Ay = A_E;'.
Ay = %(l)_o =-9.09

i) Input impedance Ry = RD=10x11 =110 k2
iii) Output impedance Ry = -%‘_ = _Z%%S

= 181 k@
Forf=-05D=1+BA,=1+(-05) (-100) = 51
i) Voltage gain = %—;- = ;;_?_E

= -19
i) Input impedance Ry = RD =10 x 51 = 510 k2
iii) Ouput impedance Ry = % =2 = 0m ke

jmp Example 1.32 :  Which is the most commonly used feedback arrangement in cascaded
amplifiers and why ?

Solution . Voltage series feedback is the most commonly used feedback arrangement in
cascaded amplifiers. Voltage series feedback increases input resistance and decreases
output resistance. Increase in input resistance reduces the loading effect of previous stage
and the decrease in output resistance reduces the loading effect of amplifier itself for
driving the next stage.

nmp Example 1.33 :  Voltage gain of an amplifier without feedback is 60 dB. It decreases to
40 dB with feedback. Calculate the feeback factor.

Solution : Given A, =60dB and A ,;=40dB
We know that,

A = TipA,

Ay +PA Ay = A,
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p o AvcAy_ 60-©
A A, 60xd0

833 x 107

imp Example 1.34 :  An R-C coupled amplifier has a mid frequency gain of 400 and lower
and upper 3 dB frequencies of 100 Hz and 15 kHz. A negative feedback with p = 0.01 is
incorporated into amplifier circuit. Calculate :

(i) Gain with feedback (if) New bandwidth
Solution : Given : A, = 400, Fy, = 100 Hz, fy; = 15 kHz
p = 001
. A, 400 -
D Avi = T3BK, = Troorxao) - 2
. 100 -
i fu = 1357 = Trgoonxaon - 2 B
iii) fur = fg % (1+PA,)
= 15 x 10° x [1+(0.01x400)]
= 75 kHz

iv) New Bandwidth = fy - fi; = 75 kHz - 20 Hz
= 74.980 kHz

Review Questions

1. What do you mean by voltage amplifier and current amplifier ? Give their equivalent circuil.

2. Draw the equivalent circuit of a transconductance amplifier.

3. Explain the sampling and mixing nefworks.

4. Define the feedback factor p.

5. Define negative and positive feedback.

6. Give topology for various types of feedback amplifiers.

7. Using a block diagram, derive the closed loop form transfer ratio of a feedback system in terms of
the open gain.

8. Using a block diagram, derive the expression of closed loop forward transfer ratio with positive and

gative feedbacks introduced in an amplifier.
9. Draw the block schematic of amplifier with negative feedback.
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10.

11.
i
13.
14,

15.
16,
17
18.
19.
20.
21

22

23.
24,
25,
26.
27
28.

24,

31

“The gain bandwidth product of an amplifier is not altered, when negative feedback introduced”,
Justify the statement.

What are the effects of negative feedback on distortion and gain of an amplifier ?

What are the advantages of negative feedback in amplifiers ?

Explain the 7 of introducing negative feedback in small signal amplifier.

Define desensitivity D ? For large values of D what is As ? What is the significance of this
result ?

Diseuss the effects of negative feedback on the frequency response of an amplifier.

Define 'Desensitivity’ of transfer gain.

Compare the frequency response characteristics of an amplifier with and without negative feedback,
What are the steps to be carried out for the compl lysis of a feedback amplifier 7

With typical example compare current series and voltage shunt feedback amplifiers.

Draw the equivalent circuit of a voltage amplifier.

A feedback amplifier has an open loop gain of 600 and feedback factor B = 0.01, Find the clased
loop gain with negative feedback.

The gain and distortion of an amplifier are 100 and 4% respectively. If a negative feedback with
B=0.2 is applied, find the new distortion in the system.

List out the steps that are carried out in obtaining the complet lysis of a feedback amplifier.
Wirite a note on vollage series feedback circuits,

Write a note on current series feedback circuits.

Write a note on current shunt feedback circuits.

Write a note on vollage shunt feedback circuits,

The distortion in an amplifier is found to be 3%, when the feedback ratio of negative feedback
amplifier is 0.04. When the feedback is removed, the distortion becomes 15%. Find the open loop
and closed loop gain.

Derive using a block diagram the closed loop forward transfer ratio A¢ of a feedback system.

. Derive the input impedance Rjc of a voltage series and current shunt feedback amplifiers.

For the amplifier circuit given in Fig. 1.84 with ’5& =50, by, = 1.1 KIY, by, = by = 0.

i} Identify the type of negative feedback present.

i) Obtain the basic amplifier circuit.

iii} Calculate the voltage gain, input resistance and output resistance of the given amplifier.
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"'VDC
4k0
Re
v v
R
10k
Rg v,
Vi

1

Fig. 1.84

32. The circuit given in Fig. 1.85 has the following parameers Ro = 4 k€, Rg = 10 kQ hy, = L1 K,

)%-Samk”-h“-ﬂ.ﬂhddwkifmkq

1

Fig. 1.85
33. What is Nyquist criterion for stability of feedback amplifier 7
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Exercise Problems on Feedback Amplifiers
1. Determine Ay, for a feedback amplifier shown i Fig. 1.86 in which transistors used are identical
and b, = 2 K, hy, = 50, h_ and h_ negligible.

Vee

Fig. 1.86
(Ans. : A, =1977)

2. Caleulate B, Ay | Ayp . Ry, Ry, Ry for the feedback amplifier shown in Fig. 1.87.
Given : h,= 11009, hy = 50, h, =25x10%, h, = 25x10% A/V.

Vee

AAAA

VWA
-
e
=

Fig. 1.87
(Ans.: i) P = 0.0099, ii) A, =1177, i) A, = 93.04,
iv) R, =778 K, V) R ==, vi) R, =2530)
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3. For the feedback amplifier shown in Fig. 1.88, R, = 0, hy = 50, h, = 1.1 K. h_=h_ = 0 and
transistors are identical, Caleulate A, R, R

Fig. 1.88
(Ans. 1 §) Ay, = 47.5, i) R,, = 244 Q, i) R, = 106 K)

4. Determine A, . R, and R}, for the circuit shown in Fig. 1.89.

ol

Given :hy, =1 K, h, =50, h, and h_ negligible,

T""cc

Fig. 1.89

{Ans.: i) Ay, =99, i) R, = 294 K, iii) R,, = 374 Q)
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5. For the circuit shown in Fig. 190 R, = 3 K R, = 5004, R, =504 R =R, = 1.2K,
B =50, hy, = LT K and 1/, = 40 K. Calculate
i) AL =N,y /N H) Ry i) Resistance seen by the source iv) Ay,
V,
cc

Fig. 1.90

(Ans.: ) A, =-525 )R, =220
iti) Resistance seen by the source = 1.22 K, iv) A, = 9.3)

6. The feedback amplifier is shown in Fig. 1.81 The transislors are identical and hy, = 100,
h, = 15K h, and h,, are negligible, reactances of all capacitors are negligible. Calculale :
i) Ay @) Ry, i) Ry, o) Ry

}"'_°Ve
Vio—i{ |——
k3 s
150 < 15K mng,

Fig. 1.91
(Ans. : ) Ay, = 30.14 i) R, = 34543 K
iii) Ry = = iv) R} = 456 Q2.)
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7. For the voltage shunt negative feedback circuit, R_= 4 K, Ry = 40K, R, =10K h, =11 K
hy =50, 1M = 40 K.

Calculate, i) Ay, §i) Ry, iii) Resistance seen by V,, i) Ay,
(Ans. : i) A =-166 ii) R =200 Q
iii) Resistance seen by V,, iv) A, = - 3.26)
8. For the circuit shown in Fig. 1.92, A = A, == 1000, B = ¥, /V, = /100, R = R_=R, =1k,
h=1kek hy =100 and h_, h_ are negligible.
Find 1) ¥, as a function of \, and V, (Assume that the inverting amplifier input resistance is
infnite. ),

B} Ay = V,JV, = A V)V,

Inverting
amplifier I v,

Fig. 1.92
(Ans. : i) V, = =50 (V, = V), ii} Ay, = 100)

9. The two-stage amplifier using JFET is shown in Fig. 1.93 Given : ry = 10 K, p =30. Ay, Ry
and R,

10K

>
=50 K
>

AAAA
VW
AAAA

glMﬂ

300Q

Fig. 1.93

(Ans. : i Ay, = 3065, ii) R, =1MQ iii) R, = 498 Q)
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10. For the current series feedback amplifier an overall transconductance gain of ~1 mA/V, a voltage
gain of -4 (a} desensitivity of 50, R, = 1 K, hy, = 150. Find R, R and Ry.
(Ans.: ) R, = 1K, il) R, = K, iii) R, = 150 K)
11. For the two stage amplifier circuit shown in Fig. 1.94, the transistors are identical,
hg =50, hy, =2 K, h, and h,, negligible,
Find Ay =171, R, = V/1,,
Ajr =11, and Ay = /Y,

-
o
./

ANAA

Fig. 1.94

(Ans. : Ap = 155, B = 0.4, Ag = %15, R; = 650 ©, Ry; = 9027 Q, A, = 21.5)
12. For the circuit shown in Fig. 195 hy, = 50, h, = 1.1 K, h, and h,, are negligible. Find Ay, A,

Rig, Ry and Ry,
V,
cc
3K 500
Vo
12K
Vi o—AMN—
== 50Q
12K —
AAAA -
LA AL
Fig. 1.95

(Ans. : ) Ay =979, i) Ay =235 iil) R, = 226 Q,
iv) Ry = = v} R; = 500 0}
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13. For the two stage amplifier circuit shoton in Fig. 1.96.

AAAA
VY

Fig. 1.96
h, =50,h,=2K h_andh_ are negligible and transistors are identical
Find
DA = @R, A, = R
o, 4 Yy, o (Ans.: ) A, = 8.69, i) R, = 8020

iii) Ay = 869, iv) R, = 10 K}

14, For the voltage shunt feedback amplifier circuit shown in Fig. 1.97.
h, =100, h, =1K and b, h, negligible.

Calculate : i) Ry =2 i) Ayy = %n i) R,y and iv) R
L]

{I
Vee
10K
100K v
o
laC) %m R
r
Ry L
Fig. 1.97

(Ans. i) Ry, =-BL9B K il) Ay =-82
iii) Ry, =90 0 iv) R'“. = 1.63 K)
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15. For the current shunt feedback amplifier shoun in Fig. 1.98,
hy, =1K hy =100, b and b negligible. Calculate Ay, , R and Ry,

Vee

Fig. 1.98

(Ans. : ) A ; = 3414 i) R;; = 33.28 Q iii) Ry = =)

16. For the CE amplifier shown in Fig. 1.99 , R, =10 MQ R, =16 M, R, =8 K,
Vec =20 V and h, = 100. Calculate R,

Fig. 1.99

(Ans. : Ry, = - 733,19 K)
17. For the circuit shown in Fig. 1100 transistors are identical with h,, = 100, h, =2 K, h,, and h,,
negligible. Calculate A, , Ry , R}
{Ans.: i) Ay, =-229 i) Ry =2335Q i) R, =483Q2)
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"VCC
5K 6K
vﬂ
— ]
v
4K
=
Fig. 1.100
18. For the circuit shown in Fig. 1.101
Calculate Ryyp = Vofl, , Ay, = VJV,, Ry and R,
Given : hy =100, h = 1K h,_ and h_ negligible.
Vee
10K
K
00 v,
I
[ 7
< Ror
® i
> 1K
I
Ry
Fig. 1.101
{Ans. : i) Ry, = - 8.031 K i) Ay, =-8.08
i) R, =90159 iv) R, =836 K}

Qaa



Oscillators

2.1 Introduction

The operation of the feedback amplifiers in which the negative feedback is used, has
been discussed earlier. In this chapter, a device which works on the principle of positive
feedback is discussed. The device is called an Oscillator.

Key Point : An oscillator is a circuit which basically acts as a generator, generating the

output signal which oscillates with constant amplitude and constant desired frequency

An oscillator does not require any input signal. An electrical device, alternator
generates a sinusoidal voltage at a desired frequency of 50 Hz in our nation but electronic
oscillator can generate a voltage of any desired waveform at any frequency. An oscillator
can generate the output waveform of high frequency upto gigahertz.

In short, an oscillator is an amplifier, which uses a positive feedback and without any
external input signal, generates an output waveform at a desired frequency. This chapter
explains the various types of oscillator circuits.

2.2 Basic Theory of Oscillators

The feedback is a property which allows to feedback the part of the output, to the
same circuit as its input. Such a feedback is said to be positive whenever the part of the

E== 0° phase shift

Output signal

te——- Feedback
signal

Fig. 2.1 Concept of positive feedback
@2-1)
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output that is fed back to the amplifier as its input, is in phase with the original input
signal applied to the amplifier. Consider a non-inverting amplifier with the voltage gain A
as shown in the Fig. 2.1.

Assume that a sinusoidal input signal (voltage) V, is applied to the circuit. As
amplifier is non-inverting, the output voltage V,, is in phase with the input signal V,. The
part of the output is fed back to the input with the help of a feedback network. How
much part of the output is to be fed back, gets decided by the feedback network gain B.
No phase change is introduced by the feedback network. Hence the feedback voltage V; is
in phase with the input signal V.

Key Point: As the phase of the feedback signal is same as that of the input applied, the

feedback is called positive feedback.

2.2.1 Expression for Gain with Feedback
The amplifier gain is A i.e. it amplifies its input V|, A times to produce output V,,.

A=

=<

This is called open loop gain of the amplifier.

For the overall circuit, the input is supply voltage V, and net output is V. The ratio of
output V to input V, considering effect of feedback is called closed loop gain of the
circuit or gain with feedback denoted as A

=%
A=y

The feedback is positive and voltage V; is added to V, to generate input of amplifier
V;. So referring Fig. 2.1 we can write,

The feedback voltage V; depends on the feedback element gain 3. So we can write,

Substituting equation (2) in equation (1),

VI = Vs + B Vn
V, = Vi-BV, e (3)
Substituting in expression for Ay,

v,

= 3N
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Dividing both numerator and denominator by V;,

M, / V)
A= TSRV
A

AT TTAB

oas A=

.§| <

Now consider the various values of B and the corresponding values of A; for constant

amplifier gain of A = 20.

A B A

20 0.005 2222

20 0.04 100

20 0.045 200

20 0.05 -
Table 2.1

Conclusions :

The above result shows that the gain with feedback increases as the amount of positive
feedback increases. In the limiting case, the gain becomes infinite. This indicates that circuit
can produce output without external input (V = 0), just by feeding the part of the output
as its own input. Similarly, output cannot be infinite but gets driven into the oscillations.
In other words, the circuit stops amplifying and starts oscillating.

Key Point : Thus without an input, the output will continue to oscillate whose frequency

depends upon the feedback network or the amplifier or both. Such a circuit is called as an

oscillator.

It must be noted that [} the feedback network gain is always a fraction and hence i < 1.
So the feedback network is an attenuation network. To start with the oscillations AP > 1
but the circuit adjusts itself to get A = 1, when it produces sinusoidal oscillations while

warking as an oscillator.

2.3 Barkhausen Criterion

180° Phasa shift

Vi e / Amﬂiﬁer £

V= AV,

Fig. 2.2 Inverting amplifier

Consider a basic inverting
amplifier with an open loop gain A.
The feedback network attenuation
factor [} is less than unity. As basic
amplifier is inverting, it produces a
phase shift of 180° between input and
output as shown in the Fig. 2.2.
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Now the input V; applied to the amplifier is to be derived from its output V, using
feedback network.

But the feedback must be positive ie. the voltage derived from output using feedback
network must be in phase with V;. Thus the feedback network must introduce a phase
shift of 180" while feeding back the voltage from output to input. This ensures positive
feedback.

The arrangement is shown in the Fig. 2.3,

180° Phase shift

Feedback
acts as input

'%150 ase s W&'
LNI’[

Fig. 2.3 Basic block diagram of oscillator circuit
Consider a fictitious voltage V; applied at the input of the amplifier. Hence we get,

=
]

-
-

A (1)
The feedback factor [} decides the feedback to be given to input,

Substituting equation (1) into equation (2) we get,

o

Vi=ABY; 3

For the oscillator, we want that feedback should drive the amplifier and hence V; must
act as V;. From equation (3) we can write that, V; is sufficient to act as V; when,

lAB[ =1 ()
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And the phase of V; is same as V, ie. feedback network should introduce 180° phase
shift in addition to 180° phase shift introduced by inverting amplifier. This ensures positive
feedback. So total phase shift around a loop is 360°.

In this condition, V; drives the circuit and without external input circuit works as an
oscillator.

The two conditions di d above, ired to work the circuit as an oscillator are

|

called Barkhausen Criterion for oscillation.

The Barkhausen Criterion states that :

1. The total phase shift around a loop, as the signal proceeds from input
through amplifier, feedback network back to input again, completing a
loop, is precisely 0° or 360°.

2. The magnitude of the product of the open loop gain of the amplifier (A)
and the magnitude of the feedback factor B is unity ie. | AP | =1.

Satisfying these conditions, the circuit works as an oscillator producing sustained
oscillations of constant frequency and amplitude.

In reality, no input signal is needed to start the oscillations. In practice, Ap is made
greater than 1 to start the oscillations and then circuit adjusts itself to get AP =1, finally
resulting into self sustained oscillations. Let us see the effect of the magnitude of the
product AP on the nature of the oscillations.

234 |AB|>1

When the total phase shift around a loop is 0° or 360° and | AP | > 1, then the output
oscillates but the oscillations are of growing type. The amplitude of oscillations goes on
increasing as shown in the Fig. 2.4.

Fig. 2.4 Growing type oscillations
232 |ABl=1
As stated by Barkhausen criterion, when total phase shift around a loop is 0° or 360°
ensuring positive feedback and | AP | = 1 then the oscillations are with constant
frequency and amplitude called sustained oscillations.
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Such oscillations are shown in the Fig. 2.5.

N Aawauwal
VAAVARY,

Fig. 2.5 Sustained oscillations

233 |AB| <1

When total phase shift around a
loop is 0° or 360° but |A fi] <1 then
the oscillations are of decaying type
ie. such oscillaion amplitude
decreases exponentially and the
oscillations finally cease. Thus circuit
works as an amplifier without
oscillations. The decaying oscillations
are shown in the Fig. 2.6

So to start the oscillations

Fig. 2.6 Exponentially decaying oscillations ~ Without input, |AB| is kept higher

than unity and then circuit adjusts

itself to get | AP | =1 to result sustained oscillations.

2.3.4 Starting Voltage

It is mentioned that no external input is required in case of oscillators. In the earlier
analysis also, the input V; is assumed as fictitious input and practically no such input is
required. The oscillator output supplies its own input under proper conditions. The
obvious question is if no input is required, how cscillator starts ? And where does the
starting voltage come from ?

Every resistance has some free electrons. Under the influence of normal room
temperature, these free electrons move randomly in various directions. Such a movement
of the free electrons generate a voltage called noise voltage, across the resistance. Such
noise voltages present across the resistances are amplified. Hence to amplify such small
noise voltages and to start the oscillations, | A P | is kept greater than unity at start. Such
amplified voltage appears at the output terminals. The part of this output is sufficient to
drive the input of amplifier circuit. Then circuit adjusts itself to get | Aﬁ | =1 and with
phase shift of 360° we get sustained oscillations.
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- L}
wp Example 2.1 1 Iy g certain oscillator circuit, the gain of the amplifier is [—l—%lo—} and
107
[2x10° +jw]?
Sor the sustained oscillations. Also find the frequency at which circuit will oscillate.

the feedback factor of the feedback network is Verify the Barkhausen Criterion

Solution : From the given information we can write,

_1640°  4pe 107

A = =
jo 2x10° +jo]?

To verify the Barkhausen condition means to verify whether | Af | = 1 at a frequency
for which £ AR = 0° Let us express, Al in its rectangular form.
16x10° x10° 16x10°

T T +Ax10% o+ (jo) ]

16x10° s o1
jo[4x10° +jmdx10% ~of | =

16x10°
4x10° jo+j*e’ 4x10° -jo’

16x10?
jo{4x10° —w?]-[w® x4x107]

Rationalising the denominator function we get,

16%10% [-4x10* @* ~ja{ 4%10% - w?)]
{(-4x10° o) +jw(4 x10® —w*) H{~(4x10° o) -jo(4x10° —o)}
Using (a + b) (a - b) = a* - b? in the denominator,

+16x10° [4x10° 0 +jo{ 4x10° —@?)]
(=4x10° @?)? ~[jodx 10® —?)]?

Af = -

AB =

_ 16x107[4x107 & +jo( 4x10° -w')]
T 16%10° o +0? (4x10° —?)?

Now to have £ AP = 0°, the imaginary part of A} must be zero. This is possible when,

0
0 or 4x10° - = 0
o = 4x10° Neglecting zero value of frequency

w(4x10° —o?)

w
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® = 2x10° rad/sec

At this frequency | AP | can be obtained as,

16x10° [4x10° w?)
= t w=2x10?
P& = s airar(axior - 2©
- 16x10° [4x103 % 4x10°]
16%10°x16 x10" +4x10° [4x10® -4x10°]?
N 2.56x10% _
T 2.56x1004+0

~ At @= 2x10* rad/sec, £ AP = 0° as imaginary part is zero while | Af | = 1. Thus
Barkhausen Criterion is satisfied.

The frequency at which circuit will oscillate is the value of @ for which | AB | =1 and
£ AB = 0° at the same time
2x 10 rad/sec.

ie © =
But o= 2nf
2%10°
= 2;‘:"=2—“=3mmuz

2.4 Classification of Oscillators

The oscillators are classified based on the nature of the output waveform, the
parameters used, the range of frequency etc. The various ways in which oscillators are
classified as : .

2.4.1 Based on the Output Waveform

Under this, the oscillators are classified as sinusoidal and nonsinusoidal oscillators. The
sinusoidal oscillators generate purely sinusoidal waveform at the output. While
nonsinusoidal oscillators generate an output waveform as triangular, square, sawtooth etc.
In this chapter, we are going to discuss only sinusoidal oscillators.

2.4.2 Based on the Circuit Components

The oscillators using the components resistance (R) and capacitor (C), are called RC
oscillators. While the oscillators using the components inductance (L) and capacitor (C), are
called LC oscillators. In some oscillators, crystal is used, which are called crystal oscillators.

2.4.3 Based on the Range of Operating Frequency

If the oscillators are used to generate the oscillations at audio frequency range which is
20 Hz to 100 - 200 kHz, then the oscillators are classified as low frequency (L.F.) or audio
frequency (A.F.) oscillators. While the oscillators used at the frequency range more than
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200 - 300 kHz upto gigahertz (GHz) are classified as high frequency (H.F) or radio
frequency (R.F.) oscillators. The RC oscillators are used at low frequency range while the
LC oscillators are used at high frequency range.

2.4.4 Based on : Whether Feedback is Used or Not 7

The oscillators in which the feedback is used, which satisfies the required conditions,
are classified as feedback type of oscillators. The oscillators in which the feedback is not
used to generate the oscillations, are classified as nonfeedback oscillators. The nonfeedback
oscillators use the negative resistance region of the characteristics of the device used. The
le of the feedback type of oscillator is the UJT relaxation oscillator.

Ly

2.5 R-C Phase Shift Osclllator

RC phase shift oscillator basically consists of an amplifier and a feedback network
consisting of resistors and capacitors arranged in ladder fashion. Hence such an oscillator
is also called ladder type RC phase shift oscillator.

To understand the operation of this oscillator let us study RC circuit first, which is
used in the feedback network of this oscillator. The Fig. 2.7 shows the basic RC circuit.

i Vg=V,
f 1 '
I; 'T> R lﬂ Vy Vg=V, v Ve = Xg

(a) Circuit Fig. 2.7 {b) Phasor diagram

The capacitor C and resistance R are in series. Now X is the capacitive reactance in
ohms given by,

The total impedance of the circuit is,

: . 1
Z=R-jXc = R-—][m] Q= |Z| £-¢°Q

The r.m.s. value of the input voltage applied is say V; volts. Hence the current is given
by,
VL0 VL

= “5—=m=
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\‘r'l +
I = 5 Z+0 A
where |Z| = ,{Rzuxc)z
and o = tan'l[zl{—:-]

From expression of current it can be seen that current I leads input voltage V; by
angle ¢.
The output voltage V, is the drop across resistance R given by,

Vo=Vg=IR
The voltage across the capacitor is,
Ve=1Xc

The drop Vi is in phase with current I while the drop V¢ lags current I by 90°i.e.
[leads Vi by 90°. The phasor diagram is shown in the Fig. 2.7 (b). \

By using proper values of R and C, the angle ¢ is adjusted in practice
lequal to 60° as required for RC phase shift oscillator.

2.5.1 RC Feedback Network

As stated earlier, RC network is used in feedback path. In oscillator, feedback network
must introduce a phase shift of 180° to obtain total phase shift around a loop as 360°. Thus
if one RC network produces phase shift of ¢ = 60° then to produce phase shift of 180° such
three RC networks must be connected in cascade. Hence in RC phase shift oscillator, the
feedback network consists of three RC sections each producing a phase shift of 607, thus
total phase shift due to feedback is 180° (3x 60°). Such a feedback network is shown in the
Fig. 28.

Output of feedback network

=———— Three R-C cirtuils ————=
c :¢c .cC

Input to feedback.

Fig. 2.8 Feedback network in RC phase shift oscillator
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The network is also called the ladder network. All the resistance values and all the
capacitance values are same, so that for a particular frequency, each section of R and C
produces a phase shift of 60°.

2.5.2 Phase Shift Oscillator using Transistor

In a practical RC phase shift oscillator, a common emitter (CE) single stage amplifier is
used as a basic amplifier. This produces 180° phase shift. The feedback network consists of
3 RC sections each producing 60° phase shift. Such a RC phase shift oscillator using BJT
amplifier is shown in the Fig. 2.9.

oo
180° Phase
Ce shift due to amplifier
it o
v Ampiilier gain
A=Y,
VO
e ¥
c c c
it {——}
< < < H
SR ER FR 180° Phase
b 3 3 ; C=== shitt due lo feedback
= = RC Phase shift

[ | network

Fig. 2.9 Transistorised RC phase shift oscillator
The output of amplifier is given to feedback network. The output of feedback network
drives the amplifier. The total phase shift around a loop is 180° of amplifier and 180° due
to 3 RC section, thus 360° This satisfies the required condition for positive feedback and
circuit works as an oscillator.
The frequency of sustained oscillations generated depends on the values of R and C
and is given by,

1
T nJe6RC

The frequency is measured in Hz.
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Actually to satisfy the Barkhausen condition, the expression for the frequency of
oscillations is given by,

Eﬂ
R

where K =

As practically Re/R is small, K is neglected,
The condition of hy, for the transistor to obtain the oscillations is given by,

he > K+2+ %

And value of K for minimum hy, is 2.7 hence minimum h;, = 44.5. So transistor with
hy, less than 44.5 cannot be used in phase shift oscillator.

But for most of practical circuits, the expression for the frequency is considered as,

2.5.3 Derivation for the Frequency of Oscillations

Replacing the transistor by its approximate h-parameter model, we get the equivalent
oscillator circuit as shown in the Fig. 2.10.

©

3]
3]

> R R

Vv

N OLTRA

ASMAA
VY
AAAA

® L L

Fig. 2.10 Equivalent circuit using h-parameter modei
Practically Ry is used such that hy, of transistor alongwith Ry completes the need of R.

R = hy + Ry
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Note : If the resistances R; and R, are not neglected then the input impedance of the
amplifier stage becomes as,

R} =Ry || Ry || by, e ()

In such a case, the value of Ry must be so selected that

e

Similarly we can replace, the current source hg, T, by its equivalent voltage source,
And assume the ratio of the resistance R¢ to R be K.

Re
KH—R—‘

The modified equivalent circuit is shown in the Fig. 2.11.

=KR c C C
R?... 1L I It
W 17 1 H
=
—_ helpRe R RZ R
Veltage " <
source 1 Iy Iy

Fig. 2.11 Modified equivalent circuit

Applying KVL for the various loops in the modified equivalent circuit we get,
For Loop 1,

-1, Rc-iu%l,—ll R+I, R-h I, Rc = 0
Replacing R by KR and juby s we get,
+1, [(K+])R+%]-[2R = —h, I, KR .. )
For Loop 2,
“ijc I, ~,R-I,R+LR+I,R = 0
-I,R+12[2R+%]—13:{ =0 . @
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For Loop 3,
1
—Iam—lsR—13R+IzR =0
1
-12R+[3|:2R+;E} =0 . (5)
Using Cramer’s Rule to solve for I
1
(K+ 1}R+E —Rl 0
D = -R 2R+E —R1
0 -R 2R+

t

1 177 . 1 2 1
[{K+ l)R+E][2R+E] -R [ma,z]-a [{mnmz]

_ [sRC(K+ 1)+ 1] [25CR+ 1]* R? (2sCR+1) R*[(K+1)sRC+1]
B st C? sC N sC

First term can be written as,

[SKRC + sRC + 1] [4 82 C* R? 4 4 sRC + 1]/s° C°
_4sTKRYC 4+ 45 RV C?+ 457 CPR? + 45" kR? C2+ 457 R? C? + 4sRC+ sKRC+ sRC + 1

sJ cJ
Second and the Third term can be combined to get,
~R*[KsRC +sRC+ 1] =R*[1+2sRC]
= sC
_ -[2R? + 3sR*C+ KsR? ()
- sC

Combining the two terms and taking LCM as S we get,

D < 82 C R [4K+ 4]+ 57 C7 R? [4K+8]+ sRC[5+ K+ 1 -[2R?+ 3s R*C+Ks R® €] s C

s*C?
53 C* R? [3K+1]+s? C? R? [4K+ 6]+ sRC[5+K]+1
- Rre . (6)
Now
1
(K+ )R+ —Rl -h, 1, KR
Dy = -R W+ 0

0 -R 0
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= - K (y, J KR)
= -KRhy 1, - @
D
13 = 3‘
_ -KR®h Iy s C? ®
TS CPR? [BK+1]+s° C? R? [4K+ 6]+ sRC 5K+ 1]+1
Now I3 = Output current of the feedback circuit
= Input current of the amplifier
I pu p!
I. = hg I, = Input current of the feedback circuit
B = Output of feedback circuit _ 1,
Input to feedback circuit ~— h I
_ Output of amplifier circuit _ 1,
And A= Input to amplifiercircuit 1, P
= 13 1
i e - ®
Using equation (9) we get,
-KR?h,s*C?
= (10
M=o [3K+ 1]+ s? C? R? [4K+ 6] + sRC [5K+ 1]+ 1 10
SI.1.l'.lsI'.'it|.n:i.1'lgeﬂ-jn‘.r.'u_.av"-jzllrl2 =- o, s“x]'s{o’ = - jo® in the equation (10) we get,
AB= —jo’ KR* C*hy,
-jo? C* R? [3K+ 1]-w® C? R? [4K+ 6]+ joRC [5+ K]+1
Separating the real and imaginary parts in the denominator we get,
Ap= -jo’ KR®* C%h,,
T [1-4Ke? CT R?- 60 C? R¥]-jw[3K o R® C*+@’ R° C° -5RC - KRC]
Dividing numerator and denominator by jo® R* C?,
AB= Kh,,
" [(1-4Ka? C* R - 647 C? R?) _ jo[3K @® R® C*+w? R? C*-5RC -KRC]
_ima R3C3 _ima R 3

Replacing -1/j = j,
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Kh,,

. 1 4K 6 5 K
]{ o' R*C* WRC mRC}*{SK“'—m: RECZ 'm}

Replacing ET;’:E = o for simiplicity

- Khg
[3K+1-5a° -Ka?]+jle® -4 Ka-6a]

Ab .. (11)

As per the Barkhausen Criterion, £ Af = 0°. Now the angle of numerator term khy, of
the equation (11) is 0° hence to have angle of the Af term as 0°, the imaginary part of the
denominator term must be 0.

o?-4Ka-6a = 0
a(a?-4K-6) = 0

a@? = 4K + 6 neglecting zero value
o = .,||'4K+6
1
SRC = VIK¥6
o = 1
RC/1K+6
F = __.___.l.___._ (12
2xRCJ4K+ 6 ~(12)
This is the frequency at which £ AP = 0° At the same frequency, | AB | = 1.
Substituting & = ,[4K+6 in the equation (11) we get,
AB = Kh,, . Khy,
3K+1-(K+6)}[5+ K] 3K+ 1-20K-30-4K? -6K
_ Khy,
T -4K?-23K-29
Now |AB| = 1.
Kh,, .
—4K? -23K-29
Khy, = 4K?+23K+29
by =4K+13+2—}2 -..(13)

This must be the value of hg, for the oscillations.
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2.5.4 Minimum Value of h;, for the Oscillations
To get minimum value of hy,

dh!e =
— =0
d 29
aE |:4 k+ 23+T] =0
[ oo
k..
29
kz = T
k = 26925 for minimum hy, .. (14)
Substituting in the equation (13),
29
(hiemin = 4 (2.6925) + 23 + (eWI5)

o

Key Point : Thus for the circuit to oscillate, we must select the transistor whose t’kﬁ,} min
should be greater than 44.54.

By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections must be changed simultaneously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes.
hmp Example 2.2: Find the capacitor C and hy for the transistor to provide a resonating

frequney of 10 kHz of a transistorised phase shift oscillator. Assume R; = 25 kQ,
Ry=57k&, R = 20 kS, R = 7.1 kQ and h;, = 1.8 k£
Solution : Referring to equation (1),

R, = Ry Ry |l b =25kQ|57kQ |18k
1 . 1,1.1
AR

- R, = 1631kQ

Now R{+R; = R

Ry = R-R| =71-1631
= 547 kQ
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k = £ =-2=2816
1
N fo———
o 27RC6+ 4K
10x10° = !
27x7.1x10% xCx [6+4x2.816
C = 539.45 pF
he 2 4k+23+ 2_: Refer equation (13)
29
hee 2 4x2.816423+550
he 2 44.562

2,5.5 Advantages
The advantages of RC phase shift oscillator are,
1. The circuit is simple to design.
2. Can produce output over audio frequency range.
3. Produces sinusoidal output waveform.
4. It is a fixed frequency oscillator.

2.5.6 Disadvantages
By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections must be changed simultaneously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes. _
And the frequency stability is poor due to the changes in the values of various
components, due to effect of temperature, aging etc.

mmp Example 2.3 : In a RC phase shift oscillator, the phase shift network uses the resistances
each of 4.7 k2 and the capacitors each of 0.47 uF. Find the frequency of oscillations.
Solution : The given values are, R=47kQ and C=047 pF
1 1

f = = = 290413 Hz
2nJ6RC  2m/6x4.7%10%x0.47x10°¢

mmp Example 2.4 : Estimate the values of R and C for an output frequency of 1 kHz in a RC
phase shift oscillator.
Solution : f = 1 kHz

Ni f = ———
o 2n46RC
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Choose C = 01pF
1
1%10% = o
2r6Rx0,1x107*
-~ R = 649.747 Q
Choose R = 6800 standard value

2.5.7 Phase Shift Oscillator using Op-amp

The phase shift oscillator circuit can be realised by using operational amplifier instead
of transistorised amplifier. The operational amplifier is available in integrated circuit
version (IC). It provides a stabilised gain setting. The feedback circuit used is same as used
in the transistorised phase shift oscillator. The op-amp is used in inverting mode to
provide 180° phase shift. The output of op-amp is fed to three section R network which
provides the needed 180° phase shift. The gain of the op-amp is adjusted with the help of
the resistances R; and R;, shown in the Fig. 2.12. The gain is so adjusted that the product
of gain of op-amp (A) and the feedback network gain () is slightly greater than one, to get
the required oscillations. The basic circuit of the phase shift escillator using op-amp, is
shown in the Fig. 2.12.

Op-amp used as an
inverting amplifier
which introduces 180°
phase shift

Vg

Feedback -
voltage =

Fig. 2.12 Phase shift oscillator using op-amp
Let us find the transfer function of the RC feedback network.

c c c

I | 1l
ir 1 1 1
- L + -
- +

.
Iy Iy 15

—— ey
el
+ ]
P By
AAAA
VitV
&
e —
=
"
=

Fig. 2.13
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Applying KVL to various loops we get,

1
I [mﬁt']' LR =V . (15)
1
-LR+ 12[2R+jw—c)— LR =0 .. (16)
1
0-12R+13[2R+jm—c] =0 . {17)
Replacitig joby s and writing the equations in the matrix form,
1
R+z -Rl 0 1, v,
-R 2R+ ~R1 I12 = g .. (18)
_ N ]
0 R Wt
Using the Cramer's rule to obtain I5,
1+:C}'{C _R 0
D = 1+2sRC -R
1+2sRC
0 -R <
_ (1+sRC)(1+2sRC)* R? (1+2sRC) R*(1+sRC)
- PENeE TTTsC sC
_ {(1+sRC) (1+4sRC+4s? C? R?)-R? 2 C? [1+2sRC+1 +sRC]
- s3C?
1+5sRC +8s? C* R* +4s°C* R* - 3s® RC* -2R%s2C?
= S" C3
1+5sRC + 632 C* R?* +s°C*R? .
= e (19)
1+sRC R v,
1+ 2sRC
Dy =| - =
0 -R 0
2
= VR o (20)
L = Da_ V, R¥%s* C?
3 7 D T 1+3sRC+6s: CERZ+5°C' R?
\Y R! 3 3
Now Vo = V=R iR C o (21)

~ 1+5sRC +682 C2R2+5°CO RY
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R C?
- - (22
1+5sCR + 63> C* R* +5 *C* R? @)

vﬂ
B -

Replacing s by jo, s* by - 7, s° by - jo?
- -jo"RC?
1+5joCR -6 0*C* R? =ju’C* R?

Dividing numerator and denominator by ~jw*R*C” and replacing E'E}zf by « we get,

1
1+6jo-50° —jau?

B =

1

(1-5a)+jal{6-a’) - (23)

To have phase shift of 180°, the imaginary part in the denominator must be zero.
a{6-u’) = 0

neglecting zero value

1
wRC v
-
RCY6
fo L
TRCTE - e
This is the frequency with which circuit oscillates.
At this frequency,
[ .
1-5x(¥6)" ¥
Negative sign indicates phase shift of 180"
1
Bl = 55 .. (25)

Now to have the oscillations, |AB| 21
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AL 1Bl > 1

1,1

I8 %]

Key Point : For the oscillations lo occur, the gain of the op-amp must be equal to or greater
than 29, which can be adjusted using the resist Reand R;.

IA] 2

2.5.8 FET Phase Shift Oscillator
The practical circuit of FET phase shift oscillator is shown in the Fig. 2.14.

Output

RC
fesdback
network

| G e

Fig. 2.14 FET phase shift ascillator

For the amplifier stage FET is used. It is self biased with a capacitor bypassed source
resistance Rg and a drain bias resistance Rp. The important parameters of FET are g, and
rg. From FET amplifier theory we can write,
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Where Ry is the parallel equivalent of R, and ry.

Rpry

Re Rp+ry

.. {28)

Key Point : The input impedance of the FET amplifier stage can be conveniently assumed as
infinite, as long as the operating frequency is low enough to neglect the capacitive impedances.

The feedback network is again three stage Rc network having gain,

1
|B|=ﬁ

Al 229 e (29)

Hence the condition on gain of the amplifier is same as in case of op-amp, the

frequency of the oscillator is given by,

1
2xRCV6 - (G0

iy Example 2.5 : A phase shift oscillator is to be designed with FET having g,= 5000 uS,
rg = 4kQ while the resistance in the feedback circuit is 9.7 k€L Select the proper value of C
and Rp to have the frequency of oscillations as 5 kHz.

Solution : Using the expression for the frequency
1
2nRCV6

1

5%10% & — —
x 2nx9.7x10° xCx /6

C = 134 nF
Now using the equation (27),
Al = gm Ry
|Al 2 29
En Py 2 29

. B 29

2 =2 T 258kQ
8m ~ 5000x10
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With value of By = 6.8 k1,

_ Rpry

Ry = Rp+r1y
6.8x10% = Rpx 40x10°
Rp + 40 x10°

Rp+40x10° = 58823 Ry,
48823 Rp = 40x10°

Rp = 812kQ
While for minimum value of Ry =58 kQ
Rp = 678kQ

2.6 Wien Bridge Oscillator

Generally in an oscillator, amplifier stage introduces 180° phase shift and feedback
network introduces additional 180° phase shift, to obtain a phase shift of 360° (2r radians)
around a loop. This is required condition for any oscillator. But Wien bridge oscillator uses
a noninverting amplifier and hence does not provide any phase shift during amplifier
stage. As total phase shift required is 0° or 2 nr radians, in Wien bridge type no phase
shift is necessary through feedback. Thus the total phase shift around a loop is 0% Let us
study the basic version of the Wien bridge oscillator and its analysis.

A basic Wien bridge used
in this oscillator and an
amplifier stage is shown in
the Fig. 2.15.

The output of the
amplifier is applied between
the terminals 1 and 3, which
is the input to the feedback
network. While the amplifier
input is supplied from the

Fig. 2.15 Basic circuit of Wien bridge oscillator ~ dizgonal terminals 2 and 4,

which is the output from the
feedback network. Thus amplifier supplied its own input through the Wien bridge as a
feedback network.
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=,

v

Fig. 2.16 Feedback network of Wien bridge oscillator

The two arms of the
bridge, namely R;, C; in
series and R,, C; in parallel
are called frequency sensitive
arms. This is because the
components of these two arms
decide the frequency of the
oscillator. Let us find out the
gain of the feedback network.
As seen earlier input Vi, to
the feedback network is
between is 1 and 3 while
output V; of the feedback
network is between 2 and 4.
This is shown in the Fig. 2.16.
Such a feedback network is

called lead-lag network. This is because at very low frequencies it acts like a lead while at

very high frequencies it acts like lag network.

2.6.1 Derivation for Frequency of Oscillations

Now from the Fig. 2.16, as shown,

Z

Z
Replacing jo = s,

Z
and Z

1
Ry + Toc;

1

_1+joR, G
T TjeG

o1
2 eC,

Ryl = = ————
21],03(:2 o

Ry

T+joR, C;

"

T Jjec,

()
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(2)

Substituting the values of Z; and Z,,
R,
B = 1+3R,C,
R C LRy
sC 1+sR,C,
§ = sC R,
(l+sR, C M1+sR, Cy)+sC R,
= sG Ry
1+5(R, C, +R, C,)+5 R, R, G, C, +5 G, R,
- sC Ry
143(R, C, +R, C, +C,R, )+5? R R,C,C,

Replacing s by jo, = -df

B joC, Ry

T (-@*R, R, G Cy)+j0R, C, +R, C, +C,R,)

(3
Rationalising the expression,
_ J9GR, [(I—WZR-:chlcz)—im(Rlcl +RC, +C1Rz)]
(1R R,G,C, ) + @ (R,C, +R,C, +CR, )
_ o C Ry (R, C, +R,C, +C\R, )+ joC R, (1- R,R,C,C,)
B (1-6* R,R,C,C, )" +0* (R,C; +R,C, +C,R,)

p
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To have zero phase shift of the feedback network, its imaginary part must be zero.
o(1-d RRCC) = 0

1 N
Cl? = m neglectmg zero value.

} YRR, GG

1

T RR,G,C, (5)

This is the frequency of the oscillator and it shows that the components of the
frequency sensitive arms are the deciding factors, for the frequency.

In practice, Ry = B; = R and C; = C; = C are selected.

1
2n/R2C?

1
* ZmRC ~46)
AtRy =R; =Rand G = C; = C, the gain of the feedback netwark becomes,
o’RCERCO)+joRC (1-0’R*C?)

(1-o'R? c=)+m= (3rR0)

f =

N 1
Substituting f = Zn:RClB‘ w= RC'

we get the magnitude of the feedback network at the resonating frequency of the

oscillator as,
p= —a>— =3
- 1 2 9
0+ =37 (3RC)

B= )

] =

The positive sign of B indicates that the phase shift by the feedback network is 0°. Now
to satisfy the Barkhausen criterion for the sustained oscillations, we can write,

a8 = 1

1

=2t

8]

u].—lln—n
f—
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Substituting in the equation {4) we get,

This is the required gain of the amplifier stage, without any phase shift.
If Ry # Ry and C; # C, then

| . —
27 R R,G,Cy

1

= WG +R,C, +GR,)

CiR,

|AB| 2

1

Az

R,C, +R,C, +C,R,

2

- (8)

Key Point : Another important admn!agz of the Wien bridge oscillator is that by varying the

two capacitor values

frequency ranges can be provided.
Let us see the transistorised version of the Wien bridge oscillator.

,.

by

2.6.2 Transistorised Wien Bridge Oscillator
In this circuit, two stage common emitter transistor amplifier is used. Each stage
contributes 180° phase shift hence the total phase shift due to the amplifier stage becomes
360° i.e. 0° which is necessary as per the oscillator conditions.
The practical, transistorised Wien bridge oscillator circuit is shown in the Fig. 2.18.

EEEISEET)> Forward path includes two stages

' Hee
i 3
R L |
3R, 3R 30! Zre
< b= -
c ! —
Feed }_I: Ce
back L o a :
g b
network N/
H
R [ < < <
Rg 2 Rag i“m:: Ce2
= < P
gt 1
4 T
L Suage 1 | Sage2 L

Fig. 2.18 Transistorised Wien bridge oscillator

g them on the common shaft, different
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The bridge consists of R and C in series, R and C in parallel, Ry and Ry. The feedback
is applied from the collector of Q, through the coupling capacitor, to the bridge circuit.
The resistance Ry serves the dual purpose of emitter resi e of the transistor Q; and
also the element of the Wien bridge.

The two stage amplifier provides a gain much more than 3 and it is necessary to
reduce it. To reduce the gain, the negative feedback is used without bypassing the
resistance R,. The negative feedback can accomplish the gain stability and can control the
output magnitude. The negative feedback also reduces the distortion and therefore output
obtained is a pure sinusoidal in nature. The amplitude stability can be improved using a
nonlinear resistor for Ry. Due to this, the loop gain depends on the amplitude of the
oscillations. Increase in the amplitude of the oscillations, increases the current through
nonlinear resi e, which Its into an increase in the value of nonlinear resistance R;.
When this value increases, a greater amount of negative feedback is applied. This reduces
the loop gain. And hence signal amplitude gets reduced and controlled.

2.6.3 Wien Bridge Oscillator using Op-amp

If the amplifier circuit using transistors is replaced by the amplifier circuit using
op-amp, with basic feedback network remains as the Wien bridge circuit, the oscillator is
called Wien bridge oscillator using op-amp. The Fig. 2.19 shows the Wien bridge circuit
using op-amp.

=T Feedback path

Fig. 2,19 Wien bridge oscillator using op-amp
The resistance R and capacitor C are the components of frequency sensitive arms of
the bridge. The resistance Ry and R form the part of the feedback path. The op-amp
output is connected to bridge input points a and ¢ while bridge output points b and d are
connected to the op-amp input. The gain of the op-amp can be adjusted by using the
resistances Ry and R,. The gain of the op-amp is given by,
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A =1+ e (9)

According to the oscillating conditions, A z 3.

1+§—1 z3

R 22 - (10)

Thus the ratio of Ry and R, greater than or equal to two, will provide sufficient loop
gain for the circuit to oscillate at the frequency calculated as,

Key Point : The op-amp is used in the non-inverting amplifier configuration to ensure the
zero phase shift.

mmp Example 2.6 : Determine whether the circuit shown in the Fig. 2.20, will work as an
oscillator or not. If yes, determine the frequency of the oscillator.

Ry
W
Ry
| ——o v,
= + =c
R
R =51k
C =0.001pF
Ry =6k
R c Ry=2ka
Fig. 2.20
Solution : The circuit is Wien bridge oscillator using op-amp. The gain of the op-amp is
- Ry 1,8
A=1+ E.- =1+ 3= 4
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This satisfies the required oscillating condition. The feedback is given to non-inverting
terminal ensuring the zero phase shift. Hence the circuit will work as the oscillator.
1 1
2rRC  2mx5.1%10%%0.001x107%

f =

31.2068 kHz
This will be the frequency of oscillations.

2.6.4 Wien Bridge Oscillator using FET

As a single stage FET amplifier gives a phase shift of 180° and it is required to have
360° phase shift from amplifier stage, the two stages of FET amplifier is the feature of the
Wien bridge oscillator using FET.

The basic feedback network of Wien bridge remains same. Hence the condition of the
oscillations, remains same.

The practical circuit of Wien bridge oscillator using two stage FET amplifier is shown
in the Fig. 2.21.

Forward path [Includes two stages]

Wi

a
AAAA
vV

Fig. 2.21 FET Wien bridge oscillator

The RC series and parallel combination forms the frequency sensitive arms of the Wien
bridge. The resistances Ry and Ry form the part of the feedback path. The unbypassed
source resistance R, provides the negative feedback required for gain stabilization. The
amplifier gain is the product of the gains of the two stages. The operation of the circuit is
similar to the Wien bridge oscillator circuit with op-amp.

Key Point : ANl the conditions derived earlier for the oscillating conditions are equally

applicable to this circuit.
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mmp Example 2.7 : The frequency sensitive arms of the Wien bridge oscillator uses
Cy=Cy=0.001uF and Ry = 10 kS while R, is kept variable. The frequency is to be varied
from 10 kHz to 50 kHz, by varying Ry. Find the minimum and maximum values of Ry,

Solution : The frequency of the oscillator is given by,
1

f = —
2nJRR,C,C;

For f = 10 kHz,
10x10% = ! .
20 (10x107 xR, x(0.001x10%)
R, = 2533kQ
For f = 50 kHz
50 x10° = !

2m,/(10x107 %R, x(0.001x10% )

- R, = L013kQ
So minimum value of R; is 1.013 kQ while the maximum value of R, is 2533 kQ.

2.7 Comparison of RC Phase Shift and Wien Bridge Oscillators

The similarities and the differences between the two oscillators are given in the
Table 2.2.

RC Phase Shift Oscillator Wien Bridge Oscillator
T ltisa phase shift oscillator used for low | It is also a phase shift oscillator used for low
frequency range. q range.
2. The is RC with | The feedback network is lead-lag network which
three RC i is called Wien bridge circuit.
3. | The feedbach twork  introd 180° | The feedback network does not introduce any
phase shift. phase shift.
4. Amplifier circuit introduces 1807 phase shift. Amplifier circuit does not introduce any phase
shift.
5. | The frequency of oscillations is, The frequency of oscillations is,
1 1
f f
* ZeRcYs ® ZRC
6. | The amplifier gain condition is, The amplifier gain condition is,
JAf =29 Al 23
7. The fraquency variation is difficult. Mounting the two capacitors on common shaft
and varying their values, frequency can be
varied.

Table 2.2
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2.8 Tuned Oscillator Circuits

The oscillators which use the elements L and C to produce the oscillations are called
LC oscillator or tuned oscillators. The circuit using elements L and C is called tank circuit
or oscillatory circuit, which is an important part of LC oscillators. This circuit is also
referred as resonating circuit, or tuned circuit. These oscillators are used for high frequency
range from 200 kHz upto few GHz. Due to high frequency range, these oscillators are
often used for sources of RF (radio frequency) energy. Let us study the basic action of LC
tank circuit first.

2.8.1 Operation of LC Tank Circuit

The LC tank circuit consists of elements L and C connected in parallel as shown in the
Fig. 222,

Charging Let capacitor is initially
""'—_I_‘ current charged from a d.c. source
¢ L vt retles with the polarities as shown
Souce, =T in the Fig. 2.23.
" When the capacitor gets
Fig. 2.22 LC tank circuit Fig. 2.23 Initial chargIng charged, the energy gets

stored in a capacitor called
electrostatic energy. When such a charged capacitor is connected across inductor L in a
tank circuit, the capacitor starts discharging through L, as shown in the Fig. 224. The
arrow indicates direction of flow of conventional current. Due to such current flow, the
magnetic field gets set up around the inductor L. Thus inductor starts storing the energy.
When capacitor is fully discharged, maximum current flows through the circuit. At this
instant all the electrostatic energy get stored as a magnetic energy in the inductor L. This
is shown in the Fig. 2.25.

field

Capacitor
starls

discharging

2 buit
around L

c L

Fig. 2.24 Fig. 2.25
Now the magnetic field around L starts collapsing. As per Lenz's law, this starts
charging the capacitor with opposite polarity making lower plate positive and upper plate
negative, as shown in the Fig. 2.26.
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After some time, capacitor gets fully charged with opposite pelarities, as compared to
its initial polarities. This is shown in the Fig. 227. The entire magnetic energy gets

converted back to electrostatic energy in capacitor.
Cgets
oppositaty
charged

Fig. 2.26 Fig. 2.27
Canac Now capacitor again starts discharging through
Starts inductor L. But the direction of current through
discharging circuit is now opposite to the direction of current
o= earlier in the circuit. This is shown in the Fig. 2.28.
Ex

Again electrostatic energy is converted to magnetic
energy. When capacitor is fully discharged, the
magnetic field starts collapsing, charging the
Fig. 2.28 capacitor again in opposite direction.

Key Point: Thus capacitor charges with alternate polarities and discharges producing
alternating current in the tank circuit.

This is nothing but oscillatory current. But every time when energy is transferred from
Cto L and L to C, the losses occur due to which amplitude of oscillating current keeps on
decreasing everytime when energy transfer takes place. Hence actually we get
exponentially decaying oscillations called damped oscillations. These are shown in the
Fig. 2.29. Such oscillations stop after sometime.

....... /.
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Key Point : In LC oscillator, the transistor amplifier supplies this loss of energy at the

proper times.

The care of proper polarity is taken by the feedback network. Thus LC tank circuit
alongwith transistor amplifier can be used to obtain oscillators called LC oscillators. Due to
supply of energy which is lost, the oscillations get maintained hence called sustained
oscillations or undamped oscillations.

The frequency of oscillations generated by LC tank circuit depends on the values L
and C and is given by,

i 1
2 n/LC

where L is in henries and C is in farads.

2.8.2 Basic Form of LC Oscillator Circuit

As stated earlier, LC tuned circuit forms the feedback network while an op-amp, FET
or bipolar junction transistor can be active device in the amplifier stage. The Fig. 2.30 (a)
shows the basic form of LC oscillator circuit with gain of the amplifier as A,. The
amplifier output feeds the network consisting of impedances Z;, Z, and Z;. Assume an
active device with infinite input impedance such as FET or op-amp. Then the basic circuit
can be replaced by its linear equivalent circuit as shown in the Fig. 2.30 (b).

Amplifier stage

+

alifrmp—

1=0
Feedback Vi ||
voltage A

Fig. 2.30 (a) Basic form of LC oscillators
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a —oV,
O 5
— 7
=0
v | &
b :

Fig. 2.30 (b) Equivalent circuit

Amplifier provides a phase shift of 180° while the feedback network provides an
additional phase shift of 180, to satisfy the required condition.

i} Analysis of the amplifier stage

As input impedance of the amplifier is
infinite, there is no current flowing towards the
input terminals. Let R, be the output
impedance of the amplifier stage.

As I = 0, Z;, Z; appears in series and the
combination in parallel with Z,. The equivalent
be Z; ie load impedance. So circuit can be

Fig. 2.31 reduced, as shown in the Fig. 2.31.
o TAVY

L= 225t )

While vV, = 1Z e
_ AV 2,
Yo T Rz
vo 'sz!,

v, "A Rz, - @

where A is the gain of the amplifier stage.
ii) Analysis of the feedback stage

For the feedback factor (B) calculation, consider only the feedback circuit as shown in
the Fig. 2.32.
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——04 From the voltage division in parallel circuit,
we can write,

23 z
Vi=V, | e (4
= [ = o753 @

Vi 4 Y = Z,
l, l fgheBe gy .. (5)
= But as the phase shift of the feedback

Fig. 2.32 network is 180°,
___ 4

B = 7375 - (6)

Obtain an expression for — Af as basic Barkhausen condition is — Af = 1.
Refer equation (4) of the (section 2.3).

=AvZiZy

N mEaE I -0
This is the required loop gain. Now Z, can be written as (Z, +Z,) | Z, ie.
_ Zy(2,+2Zy)
% = Z +Z,+2, - ®)
_ Z,(Z,+Z,)
AP = - szl[zl"'zz“‘zs}
- Z,(Z,+Z,) ]
[Ro+m](z1 +Zy)
. : (Z, +24)
Dividing numerator and denominator by Z+Z,+Z7
- 'A\r Z] Zz
TR Z +Z,+Zy)
[an (Z,+2,)
~Ay 4, Zy g
R, (2, # 2y + 23 )% 25 (2, + 23 ) - )

As Z, 7, and Z, are the pure reactive elements,
Zy = %, Zy=j% andZz=jX;
where X = wL for an inductive reactance

-1
and X = e for a capacitive reactance.




Analog Electronics 2-38 Oscillators

_ap = -Ay (X,) GX,)
R, (X, +]X, +1X;)+JX,; (X; +iX;)
_ AvX, X, _
A X TOR, (KL %) ... (10)

To have 180° phase shift, the imaginary part of the denominator must be zero.

X1+ X+ Xy =0 - (17)

Substituting in the equation (10),
_ap = AKX,
AB = XX, +X,)
But from the equation (11), X; + X3 = - X,

—A X X
~AB = f;gl -”w[ﬁ] (12)

According to the Barkhausen criterion, — Af must be positive and must be greater than
or equal to unity. As Ay is positive, the = Ap will be positive only when X; and X; will
have same sign. This indicates that X; and X; must be of same type of reactances either
both inductive or capacitive.

While from the equation (11), we can say that X3=-(X; + X;) must be inductive if
X;. X, are capacitive while X, must be capacitive if X;, X, are inductive.

Table 2.3 shows the various types of the LC oscillators depending on the design of the
reactances X;, X; and X;.

Oscillator type Reactance elements in the tank circuit
X4 X X3
Hartley oscillator L L c
Colpitts oscillator c c L
Table 2.3

2.9 Hartley Oscillator
As seen earlier, a LC oscillator which uses two inductive reactances and one
capacitive reactance in its feedback network is called Hartley Oscillator.

2.9.1 Transistorised Hartley Oscillator

The amplifier stage uses an active device as a ftransistor in common emitter
configuration. The practical circuit is shown in the Fig. 2.33.
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Amplifier produces
> g0 phase shift
+Vee

Tank circuit

| Tank circuit
= adds further
180° phase shift

Fig. 2.33 Transistorised Hartley oscillator

The resistances R; and R; are the biasing resistances. The REC is the radio frequency
choke. Its reactance value is very high for high frequencies, hence it can be treated as open
circuit. While for d.c. conditions, the reactance is zero hence causes no problem for d.c.
capacitors.

Hence due to RFC, the isolation between a.c. and d.c. operation is achieved. Rg is also
a biasing circuit resistance and C is the emitter bypass capacitor. Ccq and Cp, are the
coupling capacitor.

The common emitter amplifier provides a phase shift of 180°. As emitter is grounded,
the base and the collector voltages are out of phase by 180° As the centre of L, and L, is
grounded, when upper end becomes positive, the lower becomes negative and viceversa.
So the LC feedback network gives an additional phase shift of 180° necessary to satisfy
oscillation conditions.

2.9.2 Derivation of Frequency of Oscillations

The output current which is the collector current is hgl, where I, is the base current.
Assuming coupling condensers are short, the capacitor C is between base and collector.
The inductance L; is
fxdw © “ + @ - L':ﬁ'ﬂ;m, between base and emitter
N c _"11’ - while the inductance L,
I L z is between collector and
h"bc) N ! 3 emitter. The equivalent
circuit of the feedback
_L ® network is shown in the
= Fig. 2.34.

Fig. 2.34 Equivalent circuit
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As hy, is the input impedance of the transistor. The output of the feedback is the
current I, which is the input current of the transistor. While input to the feedback network
is the output of the transistor which is I, = hgl,, converting current source into voltage

source we get,
i (% T T
Vo L hg Vi
| !

Fig. 2.35 Simplified equivalent circuit
| Vo = heely Xpp = hely joo Ly l @
Now L, and hy, are in parallel, so the total current I drawn from the supply is,
-V,
1= =
[Xp +Xcl+ [ X T h] @
Key Point : Negative sign, as current direction shown in opposite to the polarities of V.
1
Now Xz +Xe = joly + jac
_ _ioL by
and Xpy Il by, GoL, +hy)

Substituting in the equation (2) we get,

~h, I, joL '

I = fe b I90%2
joL . +—ij'h" ©
IO TT6C | T (f oL, +h,)

Replacing joby s,
—sh 1L,

1 sLih,
[’Ll +3€] G hy)

-shelyL,
[1+s’L, €] sL;h,,

sC TGL+h)
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—sh I,L,(sC)(sL, +h )
(14s’L, C)[sL, +h, ] +(sC) (sL,h;,)

-s? hI,L,C(sL, +h;,)
$’L,L,C+sL, +h,, +s?L,Ch;, +s’L,Ch,,

-s? h I, L,C(sL, +h,)
$3L,L,C+s?C hy (L, +L,)+sL, +h,

According to current division in parallel circuit,

= xLl
b= Ixgrh
~ joL,
= X GoL, +5)
sI‘l
L = Ix[——(sh“i‘)] o ()

Substituting value of 1 from equation (3) in equation (4),

L = -s'h . 1,L,C(L, +h,.) o Sk
{s*(L,L,C) +52C h (L, +L,)+sL, +h, ] (5L, +hy)
- -s*h . 1,CL,L,
s*(L,L,C)+s2Ch, (L, +L,)+sL;h,
1= -s*h,CL,L, 6

s* (L, L,C)+5Ch (L, +L, )+sL, +h,,
Substituting s njm,szrn -, 8= - jo® we get

jo'hCL L,
-0’ L, L,C-0*Chy (L, +L, )+ jal, +h,

jo'h,CL,L,

" e -@*Ch_(L, +L,)]+joL, (I-0'L,C) -6

Rationalising the R.H.S of the above equation,

_ i@hCL Ly, ~0*Chy (L, +1,)-joL, (1-0’L,C)]
[h, -0°Ch (L, +L,)]* +@* [} (1-wL,C)?

o' h, L} L, C(1-0* L, O + jw’h, L, L,C [y —w?Ch (L, +L,)

[he ~@*Ch (L, +Ly)P +a? L (1 -7 13 L,Q7 - @
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To satisfy this equation, imaginary part of R. H. S. must be zero.
I @’hy, LiL,C [hy, - 0 hC(Ly + L] =0

Lo he hLLC-0>C@+ Ly = 0
1-0°CL+Ly) = 0

ﬂ!z = ——-1
T L +Ly)
0=t
JCL, +Ly)
e 1
2 (C(L, +Lp) - (8)

This is the frequency of the oscillations. At this frequency, the restriction of the value
of hy, can be obtained, by equating the magnitudes of the both sides of the equation (7).

o' h, 3L, C(l-o? L0 o= 1
0+@ B(1-o L, C)? N i )

h, L 1
1 = fe 2 =
M-l 0 O JC, +Ly)
1 = h[e"‘?- _hirLZ
TL_LC ] L
C(L, +L,)
L.
h;e=ﬁ .. (9a)

This is the value of hg, required to satisfy the oscillating conditions.
For a mutual inductance of M,

L, +M
Pee = T p )

Now L, + L is the equivalent inductance of the two inductances L; and L,, connected
in series denoted as
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Hence the frequency of oscillations is given by,

1

f= Injci, o (11)

So if the capacitor C is kept variable, frequency can be varied over a large range as
per the requirement.

In practice, Ly and L, may be wound on a single core so that there exists a mutual
inductance between them denoted as M.

In such a case, the mutual inductance is considered while determining the equivalent
inductance L. Hence,

[ch=L1+[,2+2M . (12)

If L, and L, are assisting cach other then sign of 2M is positive while if L; and L, are
in series opposition then sign of 2M is negative.

The expression for the frequency of the oscillations remain same as given by (11).

A practical circuit where the mutual inductance exists between L, and L, of
transistorised Hartley oscillator is shown in the Fig. 2.36.

-0-\||'cc

Tank circuit

Fig. 2.36 Another form of transistorised Hartley oscillator

mep Example 2.8 ;: In a transistorised Hartley oscillator the two inductances are 2 mH and

20uH while the frequency is to be changed from 950 kHz to 2050 kHz. Calculate the range
over which the capacitor is to be varied.

- Solutlon : The frequency is given by,
1

2O
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Where Leg = Ly +1g=2x107 +20x107¢
= 0.00202 kHz
For f = fmax =1050 kHz
2050%10% = ek
21, /Cx0.00202
C = 298 pF
For f = foyn = 950 kHz
1
950%10% = —————___ C=13.89 pF
X 27.,/C = 0.00202 P

Hence C must be varied from 298 pF to 13.89 pF, to get the required frequency
variation.

2.9.3 FET Hartley Oscillator

If FET is used as an active device in an amplifier stage, then the circuit is called FET
Hartley oscillator. The practical circuit is shown in the Fig. 2.37.

Vo
———7—=_Tankcircuit
el L2
T M1
Ly =

Fig. 2.37 FET Hartley oscillator
The resistances R), R, bias the FET along with Rg. The Cg in the source bypass
capacitor. To maintain Q point stable, coupling capacitors Cgy, C; are used. These have
very large values compared to capacitor C. The tank circuit is shown in a box.
We know,

X;+ X+ X3 = 0
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1

And X = joly X = joly and X = o
Solving for w, we get the same expression for the frequency as derived earlier.
f=—1
2n,fCL,,
where ILeqalq+lqorL]+LQ+2M ]l

This is dependent on whether L;, L, are wound on the same core or not.
If L, = L; = L, then the frequency of oscillations is given by,

1
EEZEJER ... (13)

The condition for p of FET for the oscillations is given by,

_I"I
ne L

While if mutual inductance M exists then,

o L+M
BEL, M

2.9.4 Hartley Oscillator using Op-amp

If operational amplifier circuit is used in an amplifier stage, then the circuit is called
Hartley oscillator using op-amp. The practical circuit is shown in the Fig. 2.38(a).

The operation of the circuit is similar to the transistorised Hartley oscillator. The
frequency of the oscillations is also given by the same expression derived earlier.

1

= [cL,,

where | Lg=Li+hiol+L+2M
Tank circuit in which L; and L; are wound on same core, is shown in the Fig. 2.38 (b).
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Analog Electronics
m Forward path
RZ
AW
Ry +Vee
OP-AMP Ve
+
~Vee
Ry
= L Ll
- II - =
¢ Inductor mounted n
Same Corg.
Ly L2
Tank
circuit

w Feedbackpath =
(a) Oscillator circuit (b) Tank circuit Ly, Ly on same core
Fig. 2.38 Hartley oscillator using op-amp

For the oscillations, the amplifier gain must be selected greater than or at least equal to
the ratio of the two inductances.

L,
Av=1t e (14)
If the mutual inductance exists between Ly and L, then
L +M
A= Tw .. (15)

This is similar to the result obtained in the equation (4) of section 2.9.2.

sy Example 2.9 : Calculate the frequency of oscillations of a Hartley oscillator having
Ly=0.5 mH, Ly =1mH and C = 0.2 uF.
Solution : The given values are,

L 05mH, L;=1mH, C=02uF
Now f= L
C

2m, (L,
and LEq

L +L,=05+1=15mH
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f = ! = 9.19 kHz

27J1.5x107%0.2x10*

iy Example 2.10 : In a Hartley oscillator L, =20uH, L, = 2 mH and C is variable. Find the
range of C if frequency is to be varied from 1 MHz te 2.5 MHz. Neglect mutual inductance.

Solution: L, =20pH, L,=2mH

Ly = Ly +L, =20x10"%+2x10"7 =2.002x10"* H

©q
For f = f,,, =25MHz
1

f = —
2x [Cx L“‘
25%10% = %
2 v Cx2.002x107°
C = 20244 pF

For f=f_, =1MHz
1

n JCx2.002x10° 3

C = 126525 pF

1x10° =

Thus C must be varied from 2.0244 pF to 12,6525 pF.

2.10 Colpitts Oscillator

An LC oscillater which uses two capacitive reactances and one inductive reactance in
the feedback network i.e. tank circuit, is called Colpitts oscillator.

2.10.1 Transistorised Colpitts Oscillator

The amplifier stage uses an active device as a transistor in common emitter
configuration. The practical circuit is shown in the Fig. 2.39.

The basic circuit is same as transistorised Hartley oscillator, except the tank circuit. The
common emitter amplifier causes a phase shift of 180°, while the tank circuit adds further
180° phase shift, to satisfy the oscillating conditions.
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Amplifier produces
>0 phase shift

Tank circuit

Tank circuit
provides further
180° phase shiff

Fig. 2.39 Transistorised Colpitts oscillator
2.10.2 Derivation of frequency of Oscillations

@ @ As seen earlier, the output current

gl an| I, which is hy, I, acts as input to the
> feedback network. While the base
hin() =€ =C tha current I, acts as the output current
of the tank circuit, flowing through
the input impedance of the amplifier
1 ® hy,. The equivalent circuit of the tank
- circuit is shown in the Fig. 2.40.

Converting the current source
into the voltage source. We get the
equivalent circuit as shown in the
Fig. 2.41.

Fig. 2.41 Simplified equivalent circuit

1
Vo=hp Iy X =hg Iy joc, ()
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The total current I, drawn from the supply is,
-V,

I = -—————------------------[)[ir:2 TX %G T e (2)

Key Paint : The negative sign is because the current direction is assumed in the opposite
direction to thal, would be due to the polarities of V.

Now Xep + X = _0]%- jal
1
—x
| 1@ C ®
and Xop I by = 25t
[J“'Cl +h":|
Substituting in the equation (2),
{1
~hy [bl joC, ]
I = _h e (3)
+jwl |+ joG
wC b+ 1
R L1
Replacing joby s,
i hY
“he | oo
I = h
1 iC
[~——-+ sL]+ !
sC, 1
- {hk +t

1
~h I“[s_C—l]

(+s*LC) [ hy
sC, 1+sC h,,

i}

1
_h,elb{al(scz)uﬂc, hy)

1]

(1452 LC)(1+sC, h)+sC, h,,

~hg I, (1+sC, hy)
$PLC Coh, +8* LG, 48C by, #1+4sC, by,
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—hg, 1, (1+sC h,)

= — : . @
$'LC Cyh, +s7LC, +sh, (C, +Cy)+1
According to the current division in the parallel circuit,
1
I
L = Ix Xe - JoC,
(Xgy +hy) b4t
ie jwci
L =
D = {I+sh, C;) ... (5)
Substituting value of I from the equation (4) in equation (5) we get,
I = “hp B, (+sC ) y 1
sLC Cyh,+s?LC, +sh, (C, +C,)+1 (1+sCihy)
= —hely
s*LC Cyh, +87 LG, #5h, (C #C, )+
1 = _h" 6
LG Ch, +s2LC,+sh, (G, +Cy)*1 e (6)
. . 2 2 3. -3
Replacing s by jo, and s° by - ®° and s” by - jo
1 = =hg
-jo* LC, Cyhy - LC, +joh (C, +C,)+1
-h
= f - @

(1-0 LCy)+joh, [C, +C, -0 LC, G,
There is no need to rationalise this as there are no j terms in the numerator, as in the
equation (6) of section 2.9.2.

It can be seen that, to satisfy the equation, the imaginary part of the denominator of
the right hand side must be zero.

oh [C +C -0 LC Cl= 0 |

C +C -0’ LCC, = 0 ... Neglecting zero value of @
2 _ (GG 1

W =
LC G, L[ C G }

(€, +C,)
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ccC " . .
Now ¢ '+(3, is nothing but the equivalent of two capacitors C; and C, in series.
(I
G
Cea = GG
o = 1
- LC, .. (8
S
(o e (9)

This is the frequency of the oscillations in the Colpitts oscillator.

Substituting this frequency in the equation (7) and equating the magnitudes of the both
sides, the restriction on the value of hy, can be obtained as,

S

he = , .. (10)

Key Point : Thus the behaviour of Colpitts oscillator is similar to the Hartley oscillator, as
basic LC oscillator circuit is same, except the tank circuit.

Let us see the FET and op-amp versions of the Colpitts oscillator.

2.10.3 Colpitts Oscillator using Op-amp

If in the basic circuit of Colpilts oscillator, the op-amp is used for an amplifier stage,
the circuit is caused as Colpitts oscillator using op-amp. The tank circuit remains same as
before. The practical circuit of Colpitts oscillator using op-amp is shown in the Fig. 2.42.

The oscillator frequency is given by the equation (9).

1

2nfLC,

[N
G -G

where ch =

Key Point : The condition on the transistor amplifier gain is now applicable for the op-amp
gain.
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m Forward path

AAAA
VWV

R
vy
OP-AMP oV,

Rs

Tenk !
circuit
== Feedback path

Fig. 2.42 Colpitts oscillator using op-amp

But in practice the gain is required to be designed much higher than given by the
equation (10). This is mainly because of neglected inductor resistance and effect of the
stray capacitance which is dominant at high frequencies.

2.10.4 Colpitts Oscillator using FET

If in the basic circuit of Colpitts oscillator, the FET is used as an active device in the
amplifier stage, the circuit is called as FET Colpitts oscillator. The tank circuit remains
same as before. The working of the circuit and oscillating fequency also remains the same.

The practical circuit of FET Colpitts oscillator is shown in the Fig. 2.43.
The condition for u of FET for the oscillations is given by,

= CZ
g
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W
AAMA
\—

Fig. 2.43 FET Colpitts oscillator

mwp Example 2.11 : Find the frequency of the oscillations of a transistorised Colpitts oscillator
having Cy = 150 pF, C; = 1.5 nF and L = 50 pH
C, ¢,  150x107x1.5%107"

Solution : = =
Ca™ o 7G, [150x10"2 +1.5x10~]

1l

136.363 pF
1

Now f = 1__,_ =
2nfLCq 21 50x107¢ x136.363x 10"

1.927 MHz

sy Example 212 :  In a Colpitts oscillator, C; = Cy = C and L = 100 pH. The frequency of
oscillations is 500 kHz. Determine value of C.

Solution : The given values are,
L = 100}1H,C1 =C2=C and f =500 kHz
1

Now fo
2x Jic,

500x10° = — 1

2 xJ100x10-°xC,,
(500x10%)? = :

47t x100%10 % C,,
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C, = L0132x107 F
= Cl Cz — =
but Cy = YA and C;=C=C
c o e _c
@ T C+C 2
10132x10% = §
C = 2.026x10° F = 2.026 nF

iy Example 2.13 : Design the value of an inductor to be used in Colpitls oscillator to
generate a frequency of 10 MHz. The circuit is used a value of C; = 100 pF and C; = 50 pF.

Given, C; = 100 pF, C; = 50 pF, f = 10 MHz, L = 7
C,C, _ 5000x107" x107*

- 12
soxig = Ceq = BB x 10712 F

2n,/133.33x10°2

4n® L33.33x1071

Solution :
Coa = g4,
f= 1
m JLC,
10 x 10° = 1
(10 x 109% = 1
L =

1 =76x10°%H

4r*(10x10%)% (33.33x107'%)

= 7.6 pH

2.11 Clapp Oscillator

To achieve the frequency stability, Colpitts oscillator circuit is slightly modified in

ca—[: ]— Gy

Fig. 2.44 Modified tank circuit

practice, called Clapp oscillator. The basic tank
circuit with two capacitive reactances and one
inductive reactance remains same. But the
modification in the tank circuit is that one more
capacitor C; is introduced in series with the
inductance as shown in the Fig. 2.44.
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Key Point : The value of C3 is much smaller than the values of C; and C,.

Now the equivalent capacitance becomes,

g _i,1.1
c. GGG - 1)

oy

While the oscillator frequency is given by the same expression as,

1

I “' Cﬂ. . (2)

Suppose C; = C; = 0.001 pF, L = 15 pH and the new capacitor C; = 50 pF

f =

so. g _ 1,1, 1
" o, T otate
_ -n
Coq = 4.545%10
f=— L - ! = 6.09 MHz

2fLCy  2m15x 104 x4 .545x 50x 1071

If C; and C; are neglected then C; = C3
f=—L - ! _ - 582 MHz

2mfLC 2nf15%10% % 50x 1077

The frequencies are almost same, hence in practice the C;, C; values are neglected and
Cj; is assumed to be ch. Hence the frequency is given by,

1

f= = e . (3)

Now across C,, there is no transistor parameter and hence the frequency of the Clapp
oscillator is stable and accurate.

Ry

*Vec  Capacior Cy The transistor and stray

‘E Rg ¢ d,f:::n:;e capacitances have no effect on

Rz s | v C; hence good frequency
Ce N i @ stability is achieved in Clapp
— oscillator. Hence practically
é C2 Clapp oscillator is preferred

s over Colpitts oscillator. The
transistorised Clapp oscillator

T_I_T ’ is shown in the Fig. 2.45.

Fig. 2.45 Transistorised Clapp oscillator
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Another advantage of C, is that it can be kept variable. As frequency is dependent on
C3, the frequency can be varied in the desired range.

2.11.1 Derivation of Frequency of Oscillations

The derivation is similar to the Colpitt’s oscillator with C; in series with L in the

equivalent circuit of transistorised Clapp oscillator. The equivalent circuit is shown in the
Fig. 2.46.

©

L G
l wwr—i|

-l» c, =
- -l_ @
Flg. 2.46

Converting current source to voltage source we get the equivalent circuit as shown in
the Fig. 2.47.

.

hels (D

“Q f

Fig. 2.47
Vo = hp Iy X
1
Vo = hit-lb'j_mc_: .. (4)
-V,
L= [Xe + Xy # X 1+ Xyl hi] - ®

The negative sign as the direction of I is assumed opposite to that which voltage
source will force the current 1 through the circuit.

1

1 .
Koo+ Xey + Xp = E+m+}ui
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Xey by

Replacing joby s,

I,

Iy

=hg I

sCyhy,

G2
I+E;+s LC3+(.H_S_..:1 )

—h, 1,-C,

Cy+Cy+5 LG, Cat

“hy 1, Cy (145G hy)

sCy G hg,
(145G hy)

...(6)

- A7)

... Multiplying by sC,

to denominator

C3+5C Cyhye+ Cu+5C G hye+8* LG G

+s*LC G Cyh,,+sC, Ca hy,
~h, 1, Cq (145C, hy)

SLC C,Cyh, +5 LG, C,

+5h, [CCy+CCy +CCa]+Cy+Cy

1

[ pmem
Ix Xa  _ jwC, _

o
Sy

Xep + Iy, 1 1
joC, *hie sC,

N

(1+sC; hy,)

.. (8)

.9
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Substituting I,

L = =hg Iy €3 (1+sC hy) " 1
b T VLG CCsh,+8° LG, C, I+5C hy)
+s5h [CCi+ G C+C G+ G+ Gy
- _hkc3

© S'LC CCyh+s2 LG, Cy
+5h, [C C+Cy C34+Cy GI+Cy +C,y

Substituting s = jo, s = ’o? = - &, §° = - jo
_ "haeca
" <jo’ LG, C;Ca hy~ @ LC,C,
+joh,, [C,Cy +C3C4 + C3C 1+ Cy + Cy

-h[ec3

1= ... (10
C, +C; - LC,C, +jwh, {[C; C3+Cs Cy + C3 Gy 1= LG, C, Ca} (10)

As there is no imaginary part in numerator, to satisfy Barkhausen criterion, imaginary
part in the denominator must be zero. But wand hy, are not zero hence,

RN X AP oX MY o HPRT . B o oA S
s G CHC GGy G

o= [C GG,
1,1, 1
g .o T G
N L L
1
o = LC,,
@ = —m
LC“' (11)
f = "_1__.-— 12
2nfLCyq .. (12)
Lo, 1.1
where Cqa G GG

But as C3 << Cyand Gy, Coy = G5
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1

ZrLJL_C: e (13)

This is the required frequency of oscillations for the Clapp oscillator.

f =

2.11.2 Advantages
1. The frequency is stable and accurate.
2. The good frequency stability.
3. The stray capacitances have no effect on C3 which decides the frequency.
4. Keeping C, variable, frequency can be varied in the desired range.

2.12 Tuned Collector Oscillator

Another type of LC osdillator is called tuned collector oscillator. A tank dircuit is
connected in the collector of the transistor, in which the primary of a transformer acts as
an inductor L. While the voltage across the secondary of the transformer is used as a
feedback voltage. The Fig. 248 shows the circuit of a tuned collector oscillator.

+ VCC
Secondary of
Tank circuit ’,M\ transformer
[ 3 ]
g i
Ry b3 ' Primary of transformer
3 H acts as an inductor L
Ry of a tank circuit
A'A'A'A' t -
L Transformer
<
Ry S
3 C Feedback .
E
L path

Fig. 2.48 Tuned collector oscillator

The collector of the transistor Q drives the LC resonating circuit with primary of
transformer acting as L. The secondary winding is small and the feedback signal is taken
from this winding, given to the base of transistor Q. The mutual inductance M exists
between primary and secondary of the transformer. As indicated by the dots, transformer
introduces a phase shift of 180° while 180° phase shift is introduced by the common
emitter transistor Q. Thus the overall phase shift around a loop is 360°. This satisfies the
Barkhausen criterion.



Analog Electronics 2-60 Oscillators

Ignoring the loading effect of base, the feedback fraction can be written as,

= Feedback fraction = >

For the oscillations to start, the voltage gain must be greater than the reciprocal of the
feedback fraction (1/[5).

A > %)—NI-'-II
L
Armn=_ﬁ
The frequency of the sustained oscillations is given by,
Ta—
* oo fIC

This is decided by the primary winding inductance L and a capacitor C across it.

Key Point : As transformer increases the size and cost and it also makes the circuit bulky

hence this oscillator is rarely used in practice compared to Hartley, Colpitt and Clapp

oscillatars.

By keeping tuning capaciior C variable, the frequency can be varied and also can be
adjusted as per the requirement.

iy Example 2.14 : A radio receiver uses a tuned collector oscillator with a fixed inductance
of 30 uH while the frequency is to be varied from 300 kHz to 1.5 MHz. Find the range of
tuning capacitor C over which it is lo be varied.

Solution : For a tuned collector oscillator,

—

NI T
where L = 30pH and f to be varied 300 kHz to 1.5 MHz
300 x 10° = ! and 15 x 10° = 1

2!:,)'30>-:10"‘><C, 2n,/30x107% % C,

C, = 93816 nF and C, = 375.263 pF

Hence C must be varied over 375.263 pF to 9.3816 nF, to achieve required frequency
varialions.
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2.13 Frequency Stability of Oscillator

For an oscillator, the frequency of the oscillations must remain constant. The analysis
of the dependence of the oscillating frequency on the various factors like stray capacitance,
temperature etc. is called as the frequency stability analysis.

The measure of ability of an oscillator to maintain the desired frequency as precisely as
possible for as long a time as possible is called frequency stability of an oscillator.

In a transistorised Colpitts oscillator or Hartley oscillator, the base-collector junction is
reverse biased and there exists an internal capacitance which is dominant at high
frequencies. This capacitance affects the value of capacitance in the tank circuit and hence
the oscillating frequency.

Similarly the transistor parameters are temperature sensitive. Herice as temperature
changes, the oscillating frequency also changes and no longer remains stable. Hence
practically the circuits cannot provide stable frequency.

2.13.1 Factors Affecting the Frequency Stability
In general following are the factors which affect the frequency stability of an oscillator :

1. Due to the changes in t ature, the values of the components of tank circuit
get affected. So changes m the values of inductors and capacitors due to the
changes in the temperature is the main cause due to which frequency does not
remain stable.

2. Due to the changes in temperature, the parameters of the active device used like
BJT, FET get affected which inturn affect the frequency.

3. The variation in the power supply is another factor affecting the frequency.

4. The changes in the atmospheric conditions, aging and unstable transistor
parameters affect the frequency.

5. The changes in the load connected, affect the effective resistance of the tank circuit.

6. The capacitive effect in transistor and stray capacitances, affect the capacitance of
the tank circuit and hence the frequency.

The variation of frequency with temperature is given by the factor denoted as 5.

A/ o,
ST = AT/T. Pars per million per "C (D)
where ®, = Desired frequency

T, = Operating temperature

Ao = Change in frequency

AT = Change in temperature
The frequency stability is defined as,
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do
S, = i e (2)

where d#8 = Phase shift introduced for a small frequency change in desired frequency

Key Point : Larger the value of d&/dw, mare stable is the oscillator.

The frequency stability can be improved by the following modifications :
1. Enclosing the circuit in a constant temperature chamber.
2. Maintaining constant voltage by using the zener diodes.

3. The load effect is reduced by coupling the oscillator to the load loosely or with the
help of a circuit having high input impedance and low output impedance.

2.14 Crystal Oscillators

The crystals are either naturally occurring or synthetically manufactured, exhibiting the
piezoelectric effect. The piezoelectric effect means under the influence of the mechanical
pressure, the voltage gets generated across the opposite faces of the crystal If the
mechanical force is applied in such a way to force the crystal to vibrate, the a.c. voltage
gets generated across it. Conversely, if the crystal is subjected to ac. voltage, it vibrates
causing mechanical distortion in the crystal shape. Every crystal has its own resonating
frequency depending on its cut. So under the influence of the mechanical vibrations, the
crystal generates an electrical signal of very constant frequency. The crystal has a greater
stability in holding the constant frequency. A crystal oscillator is basically a tuned-circuit
oscillator using a piezoelectric crystal as its resonant tank circuit. The crystal oscillators are
preferred when greater frequency stability is required. Hence the crystals are used in
watches, communicalion transmilters and receivers efc.

The main substances exhibiting the piezoelectric effect are quartz, Rochelle salt and
tourmaline. Rochelle salts have the greatest piezoelectric activity. For a given a.c. voltage,
they vibrate more than quartz or tourmaline. Hence these are preferred in making
microphones associated with portable tape recorders, headsets, loudspeakers etc. Rochelle
salt is mechanically weakest of the three and break very easily. Tourmaline shows least
piezoelectric effect but mechanically strongest. The tourmaline is most expensive and hence
its use is rare in practice Quartz is a compromise between the piezoelectric activity of
Rochelle salts and the strength of the tourmaline. Quartz is inexpensive and easily
available in nature and hence very commonly used in the crystal oscillators.

Key Point : Quartz is widely used for RF oscillators and the filters.
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2.14.1 Constructional Details
The natural shape of a quartz

[ crystal is a hexagonal prism. But
Holding plate for its practical use, it is cut to the
Crystal slab rectangular slab. This slab is then
mounted between the two metal

plates.

The symbolic representation of
such a practical crystal is shown
in the Fig. 2.49. The metal plates are called holding plates, as they hold the crystal slab in
between them.

Fig. 2.49 Symbolic representation of a crystal

2.14.2 A.C. Equivalent Circuit

When the crystal is not vibrating, it is equivalent
to a capacitance due to the mechanical mounting of
the crystal. Such a capacitance existing due to the
two metal plates separated by a dielectric like crystal

R slab, is called mounting capacitance denoted as Cyy
or C.

L T Cu When it is vibrating, there are internal frictional

losses which are denoted by a resistance R. While

c the mass of the crystal, which is indication of its

inertia is represented by an inductance L. In

l vibrating condition, it is having some stiffness, which

is represented by a capacitor C. The mounting
Fig. 2.50 A.C. equivalent circuit capacitance is a shunt capacitance. And hence the
of a crystal overall equivalent circuit of a crystal can be shown

as in the Fig. 2.50.

RLC forms a resonating circuit. The expression for the resonating frequency f _ is,

1 Q’
f, =
T 2 JLC Y1+ QP (1)
Where
Q = quality factor of crystal
wl
Q = R (2)
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TheQfacborofthet:rysta.lisvzryhigh,typica]lyzﬂ,mﬂ.\faiuconuptnméa]mcan
I

be achieved. Hence -12- factor approaches to Unity and we get the resonating

+Q?
frequency as,

[
Fo2rfLC ..(3)

The crystal frequency is infact inversely proportional to the thickness of the crystal.

fe-:;l where t = Thickness

So to have very high frequencies, thickness of the crystal should be very small. But it
makes the crystal mechanically weak and hence it may get damaged, under the vibrations.
Hence practically crystal oscillators are used upto 200 or 300 kHz only.

The crystal has two resonating frequencies, series resonant frequency and parallel
resonant frequency.

2.14.3 Series and Parallel Resonance

One resonant condition occurs when the reactances of series RLC leg are equal ie.
X[, = Xc. This is nothing but the series resonance. The impedance offered by this branch,
under resonant condition is minimum which is resistance R. The series resonance
frequency is same as the resonating frequency given by the equation (3).

1
fs = Zngic (8

The other resonant condition occurs when the reactances of series resonant leg equals
the reactance of the mounting capacitor Cy,. This is parallel resonance or antiresonance
condition. )

Under this condition the impedance offered by the crystal to the external circuit is
maximum.

Under parallel resonance, the equivalent capacitance is,

. CuC
Ceq = C_“ +C .. (5)

Hence the parallel resonating frequency is given by,

£ = Yo e (6)
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12l When the crystal capacitance

C is much smaller than Cy, then

the Fig. 251(a) shows the

behaviour of crystal impedance
versus frequency.

Generally values of f; and fp

1 are very close to each other and

practically it can be said that

Fig. 2.51 (a) Crystal impedance versus frequency there exists only one resonating

frequency for a crystal.
The higher value of Q is the main advantage of crystal. Due to high Q of a resonant
circuit, it provides very good frequency stability.
If we neglect the resistance R, the impedance of the crystal is a reactance jX which

depends on the frequency as,

X = -2 o
oCy, wz_mi
where ©, = Series resonant frequency

@, = Parallel resonant frequency
The sketch of reactance against frequency is shown in the Fig. 2.51 (b).

Reactance
(Inductive)

o

Fig. 2.51 (b) The reactance versus frequency
The oscillating frequency lies between w, and o,
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2.14.4 Crystal Stability

The frequency of the crystal tends to change slightly with time due to temperature,
aging etc.

i) Temperature stability : It is defined as the change in the frequency per degree
change in the temperature. This is Hz/MHz/°C. For 1°C change in the temperature, the
frequency changes by 10 to 12 Hz in MHz. This is negligibly small. So for all practical
purposes it is treated to be constant. But if this much change is also not acceptable then
the crystal is kept in box where temperature is maintained constant, called constant
temperature oven or constant temperature box.

ii) Long term stability : It is basically due to aging of the crystal material. Aging rates
are 2x 107 per year, for a quarlz crystal. This is also negligibly small

iii) Short term stability : In a quartz crystal, the frequency drift with time is, typically
less than 1 part in 10° i.e. 0.0001 % per day. This is also very small.

Key Point : Overall crystal has good frequency stability. Hence it is used in computers,
counters, basic timing devices in electronic wrist watches, elc.

2.14.5 Pierce Crystal Oscillator

The Colpitts oscillator can be modified by using the crystal to behave as an inductor.
The circuit is called Pierce crystal oscillator. The crystal behaves as an inductor for a
frequency slightly higher than the series resonance frequency f;. The two capacitors Cy, C;
required in the tank circuit along with an inductor are used, as they are used in Colpitts
oscillator circuit. As only inductor gets replaced by the crystal, which behaves as an
inductor, the basic working principle of Pierce Crystal Oscillator is same as that of Colpitts
oscillator. The practical transistorised pierce crystal oscillator circuit is shown in the
Fig. 2.52.

+Vee

RFC (Radio Freguency Choke}

: c
CC?
c C;
c c

i
A
VWA

rystal
. h

E ] =

Fig. 2.52 Pierce crystal oscillator
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The resistances R;, R, Rg provide d.c. bias while the capacitor Cg is emitter bypass
capacitor. RFC (Radio Frequency Choke) provides isolation between a.c. and d.c. operation.
Cq and C, are coupling capacitors.

The resulting circuit frequency is set by the series resonant frequency of the crystal,
change in the supply voltages, temperature, transistor parameters have no effect on the
circuit operating conditions and hence good frequency stability is obtained.

The oscillator circuit can be modified by using the internal capacitors of the transistor
used instead of C; and C,. The separate capacitors C,, C, are not required in such circuit.
Such circuits using FET and transistor are shown in the Fig. 2.53 (a) and (b).

*Voo

(a) Using FET {b) Using transistor

Fig. 2.53 Plerce crystal oscillator
2.14.6 Miller Crystal Oscillator

Similar to the modifications in
Colpitts  oscillator, the Hartley
oscillator circuit can be modified,
to get Miller crystal oscillator, In
Hartley oscillator circuit, two
inductors and one capacitor is
required in the tank circuit. One
inductor is replaced by the crystal
which acts as an inductor for the
frequencies slightly greater than
the series resonant frequency. The
transistorised Miller crystal
oscillator circuit is shown in the

Fig. 2.54 Miller crystal oscillator Fig. 254,
The tuned circuit of L; and C is offtuned to behave as an inductor ie. L;. The crystal
behaves as other inductance L, between base and ground. The internal capacitance of the
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transistor acts as a capacitor required to fulfill the elements of the tank circuit. The crystal
decides the operating frequency of the oscillator.
b Example 215 : A crystal L = 0.4 H, C = 0.085 pF and Cpy = 1 pF with R = 5 kQ.
Find
1) Series resonant frequency
i) Parallel resonant frequency
iii) By what percent does the parallel resonant frequency exceed the series resonant
frequency ?
iv) Find the Q factor of the crystal.

Solution : f, = | 1
2rJLC  2r,f04x0085x10 7
= 0.856 MHz
_CCy _ 0085x1
i) Ceq = g, ~oosse1 - OBPF
f = ! = 1
P2 ey 2x,04x0078x1072
= 0.899 MHz
i) % increase = &:;ﬂxlm = 5.023%
iv) Q=% L 2nf L 2mnx0856x10°x04
v R = R = 5)(1[)3
= 430272
= Example 216 : A crystal has L = 2 H, C = 0.01 pF and R = 2 kQ. Its mounting
capacitance is 2 pF. Calculate it series and parallel r ting frequency
Solution : Cy = 2 pF
1 1
Now f, = =
* 2mflC axopixio?

= 1.125 MHz

CyC  2x10712x0.01x10712

= M =995x107"F
Cea = T, +€~ 210 +001x10° " .
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1 1
f 2rfLC,y  [2x995x10°%
= 1128 MHz
So f; and fp values are almost same.

215 Amplitude Stabilization

The oscillator output amplitude if not stabilized, attains the extreme levels of
saturation ie. £ V. But this can cause the distortion in the output waveform. Hence it is
necessary to minimize the distortion and reduce the output amplitude within the
acceptable range. The circuit used in the oscillator for this purpose is called oscillator
amplitude stabilization circuit. It makes the oscillations damped and ensures that are not
sustained if amplitude increases beyond a particular value.

The amplitude stabilization circuit used for the phase shift oscillator is shown in the
Fig. 255(a).

Ry
A
5
AW AN
Ry Ry
Amplitude 1 1
stabilization Dy D,
circuit e}
D Dy
Ry tlz o
WY v,
| g g
i
< <
RS R RS
< <

Fig. 2.55 (a) Amplitude stabilization of phase shift oscillator
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Flg. 2.55 (b) Use of adjustable resistors

When  output  amplitude
exceeds some acceptable level, it
makes the diodes D3 and D,
forward biased. Thus resistance
Rj gets shorted. Thus the gain of
the inverting amplifier becomes
A = - %‘t. The R, is so
designed that this gain is not
enough to sustain the oscillations
of high amplitude.

The resistance R, can be made
up of one fixed resistance Rg and
other variable resistance R; for
variable adjustment of Ry to

overcome distortion. This is
shown in the Fig. 2.55 (b).

The output of the oscillator can also be controlled as per the requirement, by
connecting back to back zener diodes of appropriate ratings at the output.

Examples with Solutions

1 Example 2.17 : For phase shift oscillator, the feedback network uses R = 6 kQ and
C =1500 pF. The transistorised amplifier used, has a collector resistance of 18 k€. Calculat
the frequency of oscillations and minimum value of hy, of the transistor.

Solution : R = 6 kQ, C = 1500 pF, R = 18 kQ
Be B8,

Now K = R =% 3
£ - 1 _ 1
2rRCf6+4K  2rx6x10°x1500x107 6 +12
= 4168 kHz
(Mie)min = 4K+23+2—: =4 ><:-!.-¢-2:<)-e-?‘—‘,;j

= 44.67

imp Example 2,18 :  Find the resistance R and hg, for the transistor to provide a raomﬁrltg
frequency of 5 kHz of a transistorised phase shift oscillator. The biasing resistance are
25kQ and 47 k. The load resistance is 10 k<L The capacitor in the tank circuit is

1000 pF while h,, of the transistor is 2 kQ.
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Solution : Referring to equation (1 of section 2.5.3), the input impedance is given by,

Rl = Ri{IRy| by,

Now R, = 25kQ, R, = 47 kQ, and h;, = 2kQ
. 1
R, = 1 1 1

+
%107  47x10° | 2x10°

= 17816 kQ
- R(
K=%x
Now Re = 10k
1
N =1
o 27RC6 4K
5x10° = 1

2nRx 1000 1072 x /6 + 4K
R6+4K = 31830.989

_ R¢ _10x10°
Now K=%="%x
3
R ﬁ+i’ﬂ}:‘l = 31830.989

3
R [e+%) = (31830989)

3
R [6R+4{R)x10 1 - (31830.989)1

6R? + 40 x 10°R - (31830.989)> = 0

. —40x107 £.,J{40x10%)? +4x 6x(31830,989)°
= %6

1674 kQ Neglecting negative value

Rl:_ 10 _
K= R=157°0%7

he > K+23+%

29

05973 270

2 4x05973 +23 +
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nmp Example 219 : A quartz  crystal has  the following  constants, L=50mH,
C;=0.02pF,R= 500 Q and C, = 12 pF. Find the values of f, and f, If the external
capacitance across the crystal changes from 5 pF to 6 pF, find the change in frequency of
oscillations.
Solution : L = 50 mH, C, = 0.02 pF, R = 500 Q, C, = 12 pF
. GG _ 0.02x12x107x10°%
Ca = 676G~ poeizeao™®

0.01996 pF
* o 2nfLC 2x,50x107%0.02x10°

= 5.0329 MHz
and fp = ZEJtC ) 2uJ50x10'3x1() 01996x10~2
- .
T = 5.0379 MHz
Let C, = 5 pF connected across the crystal.
R Cy = G+C,
L C0= =G, - 1245
C,T = 17 pF
1 Ca = Cc,l+cé'2
Fig. 2.56 - 0019976 pF

1
= 5.03588 MHz
New C, = 6 pF is connected then,
Cy = C+C,=12+6

= 18 pF
- 6G
Cy = ces 0.0199778 pF

- - 1 5035716 MHz

= 2m JLCY,
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]

Change = f, - I} = (5.03588-5.035716)x10°

= 164 Hz

sy Example 2.20 : Find C and Iy, of a transistor to provide f, of 50 kHz of a RC transistorised
phase shift oscillator. Given : Ry = 22 kQ, R; = 68 k€, Rc =20k, R = 6.8 kQ

Solution :

R, = R IRy by =2KkQ[ 68kQ[ 2k =1843kQ
* Now Ri+Ry = R

Ry = R-R| =6.8-1.8243 = 49757 kQ

|3

K =R

R o8 = 2.9411
[ = 1
ZnRC,j'G-t- 4K
50 x 10° = !

2nx 6.8x 107 xCx [ 6+ 4% 2.9411

C = 111.062 pF

29 29
= —
And hy 2 4I(+23+K24><2.9411+?3+2.9411

hfe = 44.6246

lump Example 2.21 : The frequency sensitive arms of the Wien bridge oscillator uses
Cy= C,=0.001 pF and Ry = 10 kQ while R, is kept variable. The frequency is to be varied
from 20 kHz to 70 kHz by varying R,. Find the minimum and maximum values of R
Solution : The frequency of the oscillator is given by,
1

For f = 20 kHz,
20x10° = !
2m,{10x10* X R, x(0.001x10°)2
R, = 633kQ
For f = 70 kHz
70 x 10° = !

2n,{10x10° x R, X (0.001x10%)?
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R; = 6516 kil
So minimum value of R, is 0.516 k2 while the maximum value of R; is 6.33 kQ.

timp Example 2.22 : In a Hartley oscillator, Ly = 15 mH and C = 50 pF. Calculate L, for a
frequency of 168 kHz. The mutual inductance between L, and L, is 5 pH. Also find the
required gain of the transistor to be used for the oscillations.

Solution : For a Hartley oscillator,

1

f = —— where L, = Ly + Ly + 2M
2n JL,, C wg=litls
168x10% = — L
21fL,, x50x107
Leg = 1795 mH

17.95%107% = 15% 107 + L, + 5% 10°®

L, = 2945 mH
L +M
Now hg = LTM

15%107* +5x107°
2945x 1077 +5x107°

= 5.08
iy Example 2.23 : A two stage FET oscillator uses the phase shifting network shown in the
Fig. 2.57.
R o
Yo———ARY il +

<
5
(e]
11
O
a
AAAA
VW
<

Fig. 2.57

Show that the frequency of oscillations is f = ﬁ and the gain of the amplifier stage

must exceed 3.
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Solution : Let the two loop currents be I, and I,. Applying KVL to the two loops, we get,

1 1 .
Vin = IIR+I1xR—[2xj—-— e (i)
0:121(+],2)<I [x -o-I.KL (i)
e~ X geet kXae
Replacing jo = s and writing in the matrix form,

" 0[]

sC
Using Cramer's rule, to solve for I,

R+ - 1 2 1
= sC sC | = - Bl S,
(R (e
sC s
(1+sRC)(2+sRC) 1
- sict s3C?
_ 2+3sRC+s?R?C? -1 _ 1+3sRC+s’R*C?
B siC? - siC?
R+— Vi, Vi,
D=1 1 I7*%c
sC
I, = &n Vi"szcz = VJ'"SC
2 D sC[1+3sRC+8*R2C?] 1+ 3sRC+s?R3C?
Now _ V, = LR= _&
1+3sRC+s*R2C?
ﬁ = V" =___£_
Vin ~ 1+3sRC+s?R3C?

Replacing s by jo, s* by -
ﬁ = _L
1-w*R*C? + 3joRC
Retionalising the expression for 3,

8 joRC[(1-*R*C?)-3jwRC]
(1-0?R2C?)2 + 9 ? R2C?
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_ 30’R’C* +joRC{1-o R’C?)
(1-o'RCY)* +90' RIC?
As amplifier is two stage, it gives 360° phase shift hence phase shift of f = ° hence the
imaginary part of B must be 0.
QRC (1-£ R2CY

1-#RC = 0 neglecting zero value

"
[=]

1
¢ = va
0=
RC
1
f= Zre
Now at this frequency, the magnitude of i,
I xRIC?
B = R’C
0+9x R:Cz xR*C?
_3_1
T 373

Now let A be the effecitve gain of the amplifier stage
1AB] 2 1

1
Al 2 —2
1AL 2

|A] 23

So gain must exceed 3, for the oscillations.

=] =

iy Example 2.24 : A FET Hartley oscillator circuit uses coupled coils in the tank circuit,
each with inductance of 0.1 mH and mutual inductance of 0.025 mH. The circuit uses a
Sfixed capacitor of 100 pF in series with a variable capacitor of 100 pF (frimmer) :

(i) Calculate % change in frequency when direction of coupling belween coils 15
reversed, trimmer capacitance set to zero.

(i) Repeat calculations in part (i) when trimmer capacitance is changed from 0 to
100 pF, assume any one direction of coupling.
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Solution : L; = 0.1 mH, L, = 0.1 mH, M = 0.025 mH, C = 100 pF
(i) Assume one particular coupling direction for which,
Lyg = Ly+ 1Ly +2M =025 mH
1

|
f = — =
2n Ly € 2my0.25%10x100x10°F

= 1.00658 MHz
Let the direction of coupling is reversed,
Lyg = Ly #1;-2M = 015 mH

! 1
= = = 1.2994 MHz
2nfly € 2140.15%103%100x10°7
_f-f o 1.2994-1.00658_
% change = —x100= meo = 29.09%

(i) Let us assume direction of coupling such that,
Leg = Ly + Ly +2M =025 mH
C; = Trim capacitor = 100 pF

CxC,
Caq = TC,

= 50 pF

1 1
2l Cq  2myf0.25%10 x50x 10712

1.4235 MHz
If now direction of coupling is reversed,

Lyg = Ly +Lp~2M =015 mH
1 1

f o= =
27 Loy Cop  2m,0.15%1072 x50x 10712
= 1.83776 MHz
- 1.83776-1.4235
% change = .f—ffx 100 = —E‘S—IWXIU{)

= 29.101 %
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inmp  Example 2.25 : Design a RC phase shift oscillator to generate 5 kHz sine wave with 20 V

peak to peak amplitude. Draw the designed circuit. Assume hy, = 150. (May-2006)
Solution : For RC phase shift oscillator,
hya =4K+23+2—12- ... given hg, = 150
29
150 = 4K + 23 + €

L AKP 127K +29 = 0

K = 3152, 023
i
fo — >l ... given f = 5 kHz
2ERCY67 4K given
~.Choose C = 1000 pF
5x10° = 1

2nRx1000x107? x f6+ 4% 0.23
R = 121kQ=12kQ

Re .
K = =& ieRc=KR=27kQ

Neglecting effect of biasing resistances assuming them to be large and selecting
transistor with hy, = 2 k2,

R{ = h=2kQ
. Last resistance in phase shift network
Ry = R-R =12-2=10kQ

Using the back to back connected zener diodes of 9.3 V (Vz) each at the output of
:mitter follower and using this at the output of the oscillator, the output amplitude can be
ontrolled to 10 V i.e. 20 V peak to peak.

Key Point : The zener diode 9.3 V and forward biased diode of 0.7 V' gives total 10 V.
The designed circuit is as shown in the Fig. 2.58.
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Forward
path g 2 %RC v,
12
Q
9
& AN R rRZ |
Reg = Backto 9 R 2 &
3 Re Ce back 3
T zoner 3
L L <=

Feedback
path

Ry= 10k2, Rg=27k
R=12k, C=1000pF

Fig. 2.58 Transistorised RC phase shift oscillator
iy Example 2.26 : In a Colpitts oscillator, the values of the inductors and capacitors in the
tank circuit are L = 40 mH, C; = 100 pF and C, = 500 pF.
1) Find the frequency of oscillation.
2) If the output voltage is 10 V, find the feedback voltage.
3) Find the minimum gain, if the frequency is changed by changing ‘L’ alone.
4) Find the value of C, for a gain of 10.
5) Also, find the new frequency of oscillation.

Solution :
1
1] f = ——e
2nICy,
C,C,  100<107? x500x107* N
Where Cpy = =12 = =83333x10° ¥ F
TG +C 100%1072 45001071
f= ! = 87.1727 kHz

2y 40% 107 % 83.333x 10712

2) The input voltage is not required for the oscillator. The feedback voltage, which is
the part of the output voltage is enough to drive the oscillator.

V, = 10V

o
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For Colpitt's oscillator, gain = %

. 500
Gain = m:-S
. Feedback voltage = S;—°m=15—°=zv
3) Minimum gain = %—zs
1
C
hlu:[min} = C_?"s
4 Gain = m=%
10 - 200F
1
C, = 50 pF

5) For C, =50 pF and C; = 500 pF

50x 1072 %500 1012

Cog = ———— = 454545 pF

“ 50%1071? +500x 1071 P
1

1
mfLCy  2m/40x107 x45.4545x 1077

= 118.032 kHz ...New frequency
mmp Example 2.27 : Design the Colpitis oscillator to get the frequency of 1 MHz with FET
having p = 20.
Solution : The frequency required is, f=1MHz and for FET, n = 20
Now H o= % for oscillations
1
.G
20 = "C'T
C = 20¢ (1)
Let C, = 0.01pF hence C;=02pF
c . &S

&g C +C,



Analog Electronics 2-81 Oscillators

_001x107°x02x10"*
(0.01x107% +02x107%)

= 95238 x10°° F
1
Now f= ——
2x [‘LCq
1x10% = S S
2nLx9.5238x10"°
L = 266uH

The biasing resistances can be selected as,

Ry = 12MQ and R,=8MQ
These resistances must be large.
The designed circuit is shown in the Fig. 2.59.

+Wpp =24V

0.5 mH
RFC

<
Ry S12M0
‘i

v-\:
€1==0.01 uF
L
i

Fig. 2.59

mmp Example 228 : A Hartley oscillator having the following parameters, L; = 500 uH,
Ly =5000 pH, M = 300 pH, C = 150 pF. Find the frequency of oscillations.  (R.U. : 2006)
Snluﬁon:L,_.q=L1+L,+2M=[500+5000+2x300]u1-l=61mllﬂ :
1

1
f = =
20 fCLy  2rv150x107¥ x6100x107°

166.3832 kHz
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mp Example 2.29 : The parameters of a crystal oscillator equivalent circuit are L, = 0.8 H,
Cs = 0.08 pF, Ry = 5 k Q2 and Cpq = 1 pF. Determine the resonating frequencies f; and f,.
(R.U. : 2005}
Solution : L, =08 H, C,=008pF, R =5k) Cy=1pF
1 1

£ = - = 629.1151 kHz
/LG 21/ 08x0.08x107

-2 12
. = CyC, - 1x10 xﬂ,ﬂ&xl[j = 74074 x 101 F
i Cu +C, (1+0.08)x107"

1 1

f = —= = £53.7956 kHz
P fLC, 21/ 08x7.4074x107
mmp Example 2.30 : Prove that the ratio of the parallel to series r t frequencies of crystal
is approximately given by,
fo _ C _ ) )
1+——=— | where Cy; = Mounting capacitance.
f s 2Cy (R.U. : 2004)
Solution : For a crystal,
]
f = while f = _
s 21w' P
fp _ 1 21‘!-\} CCy
7 mJic, oot Ceg = C1Ch
oo [T [CCG . [T (1.2
f CCyy CCyy Cy Cy
+lm
(1+x)" = 1onx+ .. ...Mathematical series
i_P 1+ %xtc_ (Neglecting higher order terms) ... Proved
s M

mmp Example 2.31 : If C = 0.04 pF and Cyg = 2 pF then by what percent does the parallel
resonant frequency exceed the series resonant frequency ? (R.U. : 2003)
Solution : The series and parallel resonating frequencies are,

1 i 1

f, = ——— and =
P fIC, * mdiC
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1 < _ CCy
= EET_.]J:-—_:‘I—KZI\{E— -C: whereceq_c_‘_cM

T C{C+CM]*J1+_£:_
T V€ VT

S
|

ST

C+Cy

1+“_‘;"; = 1.00995

£, = 100995 f;

p
% increase = %xlﬂﬂ=ﬂ.§95%

omp Example 2,32 : Calculate the operating frequency and the feedback fraction for the
oscillator as shown in the Fig. 2.60 and the mutual inductance of the coils is 20 uH.

+Vee

RFC C,

i
L

-3

1 I—ooq

1000 uH

Il
L]
a

— 20 pF
= 100 pH

Fig. 2.60
Also mention the name of the oscillator.
Solution : C = 20 pF, L, =1000 uH, L, =100 uH, M =20 pH
LquLl+Lz+2M-[100+1000+2x20]=1140pH

1 1
= = = 1.054 MHz
fLeC  2n/1140x10° % 20x1072

The feedback fraction B is given by,
s
Xy . L _ 100x10 - 00905

VE A
LI A S el S e {100+1000)< 10—

It is a Hartley oscillator.
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mp Example 2.33 : It is desired to design phase shift oscillator using FET having
8m =5000 S, ry = 40 kQ and feedback circuit value of R = 10 k<. Select the value of C

and Rp, to have the frequency of operation as 1 kHz and A > 29. (R.U.:1995)
Solution : Using the expression of the frequency,
1 1
f=oo— ie 1%x10° = e
wmRCE 2mx10x10° x Cx /6
C = 64974 nF
For FET phase shift oscillator,
" |A] = goR. and [A|229
. 29
ngI. 2 29 Le. RLZW 258kQ

Rpr, Rpx40x103
With R, =58 k =—Dd e 58x100=—R"""__
R @ Re=goi be 88x Rp+40x10°

Rp + 40 x 10° = 6.8965 Ry, i.c. 5.8965 Rp = 40 x 10°
Rp = 6.7836 kQ

b Example 2.34 : What is name of following oscillator, explain i!s working and calculate
the value of inductance (L) offered by the crystal at oscillation frequency f, = 1 MHz.

+Vpp
RZ
Le
! €, = 1000 pF
R 3 G o= C, =100 pF
+
Fig. 2.61

If crystal has bulk resistance Ry = 700 Q then draw its electrical equivalent circuit with
component values. (R.U. : May - 2008)
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Solution : The name of the oscillator is Pierce oscillator

0
I

1000 pF, C, =100 pF, f =1MHz

C,C, _ 1000x100x10-

- = =90909 x 100 * F
€4 T G +Cy [1000+100]x10772 X

At resonance, X; = Xc,_,q ie. 2nfl = mlc—
g

1 1

L = =
(2nH*Cy  (2mx1x10°)%x90.909x1071
= 027863 mH = 279 pH
The Fig. 2.61(a) shows the
Bulk resistance electrical equivalent of the crystal.
7000 R,
== Cyy [Mounting capacitor] At series resonance,
279 uH L
at 1 MHz Xy = X for crystal
90.900 pF ». € =90.909 pF for crystal
The mounting capacitance is
about 1 to 2 pF.

Fig. 2.61(a)

mmp Example 2.35 : The oscillator circuit is shoun in the Fig. 2.62.

Fig. 2.62

a) If the inductance coll Ly has the internal resistance ry and is taken into account, show
that the frequency of oscillations is given by,

2 _ 11 1 r
[ 'I:[a+fz-[1+!{_,,]:|
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b) If '}?— << 1, show that the minimum amplifier gain required for the oscillations is,
€, Cy+GC

——+———=13R

G L (R.U.:1998)
Solution : a) The equivalent circuit from the basic form of Le oscillator circuit is shown in
the Fig. 2.62 (a).

Ay =

vy Zi=-iXey Z=-jXey

Zy =13+ X3
. 0 Ay [ 2] [ 2] R, is the output impedance of
]’ the amplifier.
= 7, ] The input impedance of the
-— amplifier is assumed infinite hence
1=0 there is no input current to the
amplifier stage.

As I = 0 to the amplifier, Z;
and Z; appear in series and the
combination is in parallel with Z,.

The circoit is reduced to as
shown in the Fig. 2.62 (b).

n1=AvYi
R, +Z,
While V, =12,
Fig. 2.62(b)
AWV e |V A Z
VoS Rz Y| VTATRAZ )
where A = Gain of the amplifier stage

Z,(Z, +Z
and 7 = 2,012 +zg=-2% 2
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Fig. 2.62 (c)

- 2
B Zy+Zs
_‘I\VZL ZI

-ﬁ;+ZL XZ.1+Z,

a | Z2EHZs)
A\'[21 +Z5+24 :|Zl

where Z; = -

For calculating the feedback
fraction [i consider the feedback aircuit
as shown in the Fig. 2.62 (c).

From the voltage division rule,

_ VeZy
f Ly +2is

gV %
v V, Z+Z,

(3

But as the phase shift of the
feedback network is 180°,

(@)
Zy(Zy +Z3)

Zy+Zy+Z,

“AvZiZ,

i Zo(Zy +Z3)
[R" * Y AR A YA

:|(21 +Z3)

-Ay

SR T2, V)T 25y ¥ )

Ay . {5)

RZ +2;+2y) Zy(Z+25)
2,7, T,

Now = Y;=joC;, 5 =Y;=joC,
1

‘“A\u'

11 Z, Z,
Rz mg [

Zy=ry+jol,

_A\."

R [j0C; +joC, +(r; +jol;) (jol;) (joCy)+1+(r; +jol;) ( oC;)

R [i6XC; +Cy) ~(ra +jooly e Cy Co)l+1+(r3 +joL 3 )(jwCy )
_A“'

... (6)

JO[RY(C, +Cy) =P LyR G, C; +15C; [-R, 1,07 C,C, #1-0PL,C,

For — AB to be real, imaginary part of denominator must be zero.

o Ry (Cy + Cp) = 0F Ly Ry GGy + 13C; = 0
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R, (C, +Cy)+13C

LR, GC, = R,(C, +Cy) + r3C ie. 0 =
sRG G o (G +GCy) + 1y L,R.C,C,
, _ 171 1 1 1 1
o = L,[C,+C2+RC2] L,[C, G [1+Ro]] ...Proved
b) Equating imaginary part to zero, in the equation (6),
-AB = —Ay = Ay
1-R ry@?CCy —?LyCp  ~1+a?[R,r;CCy +L,C]
But for the oscillations, Av z1
-1+ 0*[R,rsC,C, +LC;]
(Amin = =1+ 0 [RryGC +L1,Gp) A7)
s 11,1 n 5
But, W = L_‘[C1+C,:| R, << 1 hencel-rRa..

Using in equation (7),

171
(Aydmin = -1+ |:C o }[RUT3C1C2+L3C,]

1 C,+C 1 C
= -1+ t;(c,+(:2)R‘,r,J__‘_C_z..al =1+ -(C r R +14gE
- C_I G +G
o [ T, 3R, -..Proved
iy Example 2.36 : Design a phase shift oscillator using FET or op-amp., to work with 2 kHz
frequency. A that input resist without feedback is very high.  (R.U.: May-2008)
Solution : f=2kHz
1
f=-— ...For phase shift oscillat
IRCTE or p! oscillator
Choose C = 1nF
2x10° = 1

2aRx1%107% %46
R = 32487 kQ
Select FET with g = 5000 pS and ry = 50 kQ

For phase shift oscillator, |A] 229 and |A| = g, Ry,

L]
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Em By 2 29
ie. R, 2 2> B __ssska
Bm  5000x10°*
Select R, = 68kQD
5 3

But Ry = B je 68 x 10° = RRXX0X10

-~ Rp+rg Ry, +50x10°
Rp = 787 kQ

1.

10.

11

13.
14
15.

17.

Review Questions

What is the Barkhausen criterion for the feedback oscillators?

2. Explain the classification of the feedback oscillators.
. Classify various oscillators based on output waveforms circuit components, operating frequencies

Draw a neat circuit diagram of a phase shift oscillator using BJT. Derive an expression for its
frequency of oscillations. Determing the minimum ”ﬁ for the transistor.

. Draw the Wien bridge oscillator using BJT. Show that the gain of the amplifier must be at least 3

for the oscillations to oceur,

. Why the negative feedback is incorporated in the Wien bridge oscillator circuit ?
. Show that the gain of Wien bridge oscillator using BJT amplifier must be atleast 3 for the

oscillations to occur.

. What is the type of feedback incorporated in the Wien bridge oscillator circuit 7 Explain its

working.

. Discuss and explain the basic circuit of an LC oscillator and derive the condition for the

oscillations.

Discuss and explain the basic circuit of an LC oscillator and derive the condition for the
oscillations.

Wiy the LC oscillators are not suitable for low frequency applications. ? Explain the principle of
working of basic LC oscillators.

. Write the short notes on :
a. LC oscillators b. RC oscillators
¢. Colpitts oscillator d. Hartley oscillator.

Explain the working of Hartley oscillator. Derive the formula for the frequency.
Derive an expression for frequency of oscillation of Hartley oscillator using BJT.
Derive an expression for frequency of oscillation of Hartley oscillator using transistor.

. Explain the working of Colpitts oscillator, State the formula for the frequency.

Derive an expression for frequency of oscillation of transistorized Colpitts oscillator.
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1.
19,
20.
1.
22,
23,
24,

25,
26,

27
28.

29.

3L

. In a Colpitts oscillator Cp = 0.00 uF and Cy = 0.01 uF and L = 5 pH

. What type of feedback is employed in oscillalors ? And what are its advantages ? Discuss the

Wity are RC oscillators preferred for the generation of low frequencies 7
Derive an expression for the freq of oscillations of RC-phase shift oscillators using BJT.
Explain the working of Clapp oscillator.
What is Piezoelectric effect ? Draw and explain a.c. equivalent circuit of a crystal.
What is Piezoelectric effect 7 Explain the working of Crystal oscillator.
Hotw frequency stability can be improved in the oscillators 7
What are the factors that affect the frequency stability of an oscillator. How frequency stability can
be improved in oscillators.
Explain the working of Pierce crystal oscillator.
Explain the working of Miller crystal oscillator,
Where does the starting voltage for an oscillator come from ?
Find C and kf, of a transistor lo provide a resonating frequency of 10 kHz of a transistor phase
shift oscillator. Ry = 24 k€2, Ry = 68 k2, R = 18k, R = 68 k2 and hjp= 2 k2.

(Ans. : 575 pF, 244.543)
A crystal has L = 0.1 H, C = 0.01 pF, R = 10 k€2 and Cpy = 1 pF. Find .
a. Series resonance frequency b, Q factor. (Ans. : 5.03 MHz, 5.05 MHz, 316.04)

a. Calculate frequency of oscillations. b, If L is doubled, find the new frequency.

c. Find L, to double the frequency in (a). {Ans. : .36 MHz, 1.67 MHz, 1.25 pH)
A crystal oscillator has L = 0.4 H, C = (.085 pF and Mounting capacitance Cpy = 1 pF with
R =5k<d Find series and parallel resonant frequencies. By what percent does the parallel resonant
frequencies ? By what percent does the parallel resonant frequency exceed the series resonant
frequency 7 Also find the Q-factor of the crystal.

conditions for sustaining oscillations,

Find the capacitor C and hg, Sor the transistor to provide a resonating frequency of 10 kHz of
transistorized phase-shift oscillator. Assume Ry = 25 kil Ry = 60 kil R = 40 k), R=71k0
and ’!{s = 1.8 ka2

QQa



Multivibrators and Blocking
Ofcillators

3.1 Introduction
The different types of sinusoidal as well as nonsinusoidal waveforms are used in
variety of electronic applications. The nonsinusoidal waveforms include the waveforms

such as square wave, rectangular wave, triangular wave, sawtooth, ramp etc. There are
certain electronic circuits which are in use to generate such nonsinusoidal waveforms.

Key Point : The electronic circuits which are used to generate nonsinusoidal waveforms are

called multivibrators.

The multivibrator is nothing but a two stage amplifier, operating in two modes. The
modes are called states of the multivibrator. The output of the first stage is fed to the
input of the second stage while the output of the second stage is fed back to the input of
the first stage. These input signals drive the active device of one stage to saturation while
the other to cut-off. The new set of signals, generating exactly opposite effects, then
follows. Thus the cut-off stage now saturates while the saturated stage becomes cut-off.

Koy Point : The overall operation of the multivibrator is based on the fact that no two

active devices have exactly identical characteristics.

This chapter provides the detail analysis of different types of multivibrator circuits.

3.2 Types of Multivibrators
There are three types of multivibrator circuits in use, namely,
a) Bistable multivibrator
b) Monostable multivibrator
¢) Astable multivibrator
Let us see the basic concept behind the operation of these three types of
multivibrators.

@-1)
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3.2.1 Bistable Multivibrator .

As the name suggests, the bistable multivibrator has two stable states. The
multivibrator can exist indefinitely in either of the two stable states. It requires an external
trigger pulse to change from one stable state to another. The circuit remains in one stable
state unless an external trigger pulse is applied.

Key Point : The bistable multivibrator is also known by variely of other names as

Eccles-Jordan circuit, trigger circuit, scale-of-2 toggle circuit, flip-flop and binary.

The bistable multivibrator is used for the performance of many digital operations such
as counting and storing of the binary information. This multivibrator crcuit also finds an
application in the generation and processing of pulse-type waveforms.

3.2.2 Monostable Multivibrator

The monostable multivibrator has only one stable state. The other state is unstable
referred as quasi-stable state. When an external trigger pulse is applied to the circuit, the
circuit goes into the quasi-stable state from its normal stable state. After sometime interval,
the circuit automatically returns to its stable state. The circuit does not require any external
pulse to change from quasi-stable to stable state. The time interval for which the circuit
remains in the quasi-stable state is determined by the circuit components and can be
designed as per the requirement.

Koy Point : The monostable multivibrator is also known by variety of other names such as

one-shot, single-shot, a single cycle, a single swing, a single step multivibrator or a

univibrator. It is also called gating circuit or delay circuit.

The circuit is used to generate the rectangular waveform and hence can be used to
gate other circuits hence called gating circuit. The time between the transition from
quasi-stable state to stable state can be predetermined and hence it can be used to
introduce time delays with the help of fast transition. Due to this application, it is also
called delay circuit.

3.2.3 Astable Multivibrator
The astable multivibrator has both the states as quasi-stable states. None of the states
is stable state. Due to this, the multivibrator automatically makes the successive transitions
from one quasi-stable state to other, without any external triggering pulse. The rate of
transition from one quasi-stable state to other is determined by the circuit components.
Key Point : As this multivibrator. does not require any external pulse for the transition, is
called free running multivibrator.
The astable multivibrator is nothing but an oscillator. It is used as the generator of
square waves. As il requires no triggering it is used as a basic source of fast waveforms.
Both monostable and astable multivibrators find extensive application in pulse
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3.3 Bistable Multivibrator
The general form of bistable multivibrator circuit is shown in the Fig. 3.1.

+Vee

% Xz
Y, Y,
R, S
Z 23 Re Z A, +A,
_Vm

Fig. 3.1 General form of bistable multivibrator circuit

The Ay and A, are the active devices which are transistors. X, ¥ and Z are the three
terminals of transistor. The supply polarities are as shown in the Fig. 3.1 for npn
transistors and must be reversed for pnp transistors. The output of each transistor
amplifier stage is directly coupled to the input of the other stage.

Let I and I, be the quiescent currents of the two stages. From the symmetry of the
circuit, it is expected that both the currents must be same. These will be same if both the
devices are operated in cut-off region or in saturation region. But practically this has no
significance.

Let us assume that both the devices are in active region and carry equal currents I;
and I. These currents can be obtained using the Kirchhoff's laws and such a state of the
circuit is called equilibrium state. But this state is not stable though equilibrium. Let us
see why this state is unstable. =~ .

Assume that the current I; increases under this condition of equilibrium. Due to this,
voltage at Y; will decrease. This will further decrease the voltage at X;. This change in
voltage at X; will be amplified and inverted by A, and the output voltage at Y, will
increase. Thus input voltage at X; will increase.- This will decrease the voltage at Y,
further, by further increase in current I;. The cycle will repeat. The I; will keep on
increasing and I, will keep on decreasing and this drives circuit away from equilibrium.
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This happens due to regenerative feedback used and will occur only when the loop gain of
circuit is more than unity.
Key Point : Thus the stable state of bistable multivibrator is one in which the currents and

voltages satisfy Kirchhoff's laws and are consistent with the device characteristics and it
satisfies the condition that its loop gain is less than unity.

This is possible only when either of the two transistors is below cut-off or either of the
two is in saturation.

Key Point : Thus in a stable state of bistable multivibrator, one of the transistors is OFF or

one of the transistors is ON.

Practically the bistable multivibrator is designed with one of the transistors is OFF and
other is ON ic. one is below cut-off and other is in saturation. Both the transistors are
never ON or OFF simultaneously.

There are two types of transistor bistable multivibrator circuits in use, which are :
a) Fixed bias transistor circuit

b) Self biased transistor circuit

Let us discuss these circuits in detail.

3.3.1 Fixed Bias Transistor Bistable Multivibrator

A fixed bias bistable multivibrator circuit using npn transistors is shown in the
Fig.32.

*Vee

Pulse © Reset

Fig. 3.2 Fixed bias bistable multivibrator
The circuit uses two npn transistors Q; and Q. The collector of Q, is coupled to the
base of Q; through resistance R, while the collector of Q, is connected to the base of Q,
through another resistance Ry.
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The characteristics of both the transistors are never identical hence after giving supply
one of the transistors start conducting ahead of the other.

To understand the operation of the circuit, let us assume that Q, starts conducting
ahead of Q; and hence current drawn by Q, is more than the current drawn by Q. As
explained earlier, due to regenerative feedback, current drawn by Q, keeps on increasing
and that drawn by Q; keeps on decreasing. Finally this cumulative process drives the
transistor Q, to saturation and Q; to cut-off. This is a stable state of the multivibrator. The
circuit remains in this state till an external trigger pulse is applied at the set or reset
terminal.

If a positive going pulse is applied at the set or reset terminal, it will drive the
transistor Q; to saturation and the transistor Q, to cut-off. This is nothing but the second
stable state of the multivibrator. The circuit remains in this stable state though the applied
pulse is removed.

Key Point : It will remain in this state till another pulse is applied to reset terminal.
Thus the two stable states of the bistable multivibrator are :
1) Q; OFF (cut-off) and Q, ON (saturation)
2) Q, OFF (cut-off ) and Q; ON (saturation)

The change of states is totally dependent on the applied pulse at the proper terminal
ie. set or reset terminal. The spacing of the triggering pulses finally decides the shape of
the output waveform.

Under saturation condition, collector current I is maximum. Hence the resistance Re
must be chosen in such a way that the value of current I will not exceed the maximum
permissible value of the collector current for the transistor. So R- must be chosen such
that I = Vo/R is less than the maximum permissible current.

Theva]uesole,RgmdVnsmustbechnsenlnsuchawaythatinonesutethebase
current is large enough to drive the transi into tion while in other state the
emitter junction is well below cut-off.

The change in the collector voltages resulting due to the transition from one state to

other is called output voltage swing denoted as V,,.

The waveforms at the two collectors are complement of each other and are shown in
the Fig. 3.3. For the cut-off transistor, the collector voltage is nothing but V¢, neglecting
loading of Ry.
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Ver
v Q, OFF ___ Q,; ON
B o Q, OFF
== Vee [EEU I [ppmpan
UiV Q, ON !
Vcc‘“:'-"b- OFF —f— Q,'url—
1
Q; ON
VEE (sat) I
L}
0 Input
Set
# pulse
t
Input
Resel
< pulse
T
]

Fig. 3.3 Output waveforms of bistable multivibrator

The detail analysis of fixed bias multivibrator circuit will be clear from the example 3.1.
The solution sh how to calculate steady state currents and voltages for the circuit.

nmp Example 3.1 : The fixed bias bistable multivibrator uses following parameters :

Vee=+12V, Vgg=-8V, Ry = 10kQ, R, = 50 kQ, Re = 22 kQ

The transislors are silicon transistors with a minimum value of hy, as 30. Calculate the
stable state currents and voltages when

i) All junction voltages are neglected i) Assuming Vep (sat) = 02 V and
Vge(sat) =0.7 V.
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Solution : The circuit is similar to the circuit shown in the Fig. 3.2. Assume that Q, is OFF

and Q, is ON.
Case i : Junction voltages of ON transistor are neglected.
ie. Vepz = 0Vand Vg =0V e )

As emitter is grounded we can say,
Ve = 0Vand Vg = 0 )
Now draw the equivalent circuit in a part from base of Q to the collector of Q, as
shown in Fig. 3.4 (a).

Veg=+12V

Vgg =8V
Fig. 3.4 (a)
R
Now Vg = -vsn[m} . (3)

10
= _B[T[H—SU]-_I'SSV

As Vgy < Vg (cut-off) ie. 0.7 V, it ensures that Q; is OFF. To verify whether Q, is ON
or not, calculate Iy

_ Y 12

I = €= .4
17 Re  22x10° @
= 545 mA
Vs 8
I, = RAR ~ (0450 0.133 mA --.(5)
I; = I -1, = 5316 mA e (6)
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(Tpdemins = mlf)é_ﬁ =238 0177 ma @)

Now to calculate actual Iy, and verify that Ig; > (Igg)pn let us draw part of circuit
showing collector of Q; to base of Q,.

Veg =+12V

Vag =-8V
Fig. 3.4 (b)
Now I; = Current through R and Ry, as Iy = 0
W
13 = ﬁ as\fm:DV e (8)
12
= m-ossasm
_ Ve~ Vg _ 0-(=8) _
and Iy = =g - 06mA (9)
Ipp = =1 ... (10)
= 0.8236 mA
As Iy > (Igg)mine the transistor Q; is indeed in saturation.
Vey = Vee-L Re =12 -0.98396 x 2.2 . (11)
= 9836 V .

Hence the stable state current and voltages are :

Ie;=0A  15=5316mA Ip=0A  Ig=0836mA
Vo =9836V Ve =0V Vg =-133V Vg =0V
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Qutput swing = Vg - Vy = 9836 -0
V, = 9836V
Case ii : Vcg(sat) = 02 Vand  Vpgfsat) = 0.7 V
For the transistor y, as emitter is grounded, from these voltages we can write,
Vop = 02Vand Vg =07V 1)

Referring to Fig. 3.4 {a), we can write the equations to obtain the stable state currents
and voltages.

Now Vg will be due to Vgg and V-, hence using superposition principle, considering
effect of each independently we can write,

R R
V, = =V, 1 +V, —1 .
M “[RT +Ry ] V=0 Q(R' +R, ]ng:o @
10
N 8[1[1+50] (© )(IO-FSB)
= -116V
Key Point : As Vi, is less than Vg (cut-off) hence Q, is indeed OFF.
_ VeV _12-02
I R 73 5.36 mA e (3)

Vit Vg 0248

I, = IR - = qo+sm - 0136 mA - @)
I = L, -1, =536-0136 . ()
= 5223 mA
_ e 5
(edmin = G557 730 - (6)
= 0174 mA

To calculate Iy, refer Fig. 3.4 (b), with Vg = 0.7 V
= VeV _ 12-07

b = RoTR, ~ @zeig) 09 mA @
Vip ~Ven _ 07-(~8)
and o= Ve 2700 6170 ma
4 R-z 50 {8)
= 0174 mA

Im = 13-I‘=D.752mA
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Key Point : As Igy > (o), the transistor Q is indeed ON.
Vo = Veo-1 Re=12-0926x22 o (10)
= 9.9628 V

Hence the stable state currents and voltages are :

Iep=0mA Ip=5223mA Ig =0mA Ig; = 0752 mA

Ve =99628V V=02V Vg =-116V Vgp=07V

Vy = Vo-Ve o (1)
= 9.7628 V

3.3.2 Loading Considerations

The bistable multivibrator is used to drive other circuits and hence most of the times,
there are shunting load resistances connected to both the collectors of the transistors. Such
loads reduce the magnitude of the collector voltages V(oq and V-, of the OFF transistors, in
the respective alternate stable states. This reduces the output voltage swing. And if Vo,
decreases, Ig, also decreases and hence transistor Q, cannot be ensured to be in saturation.
Hence the loading effect must be considered while designing. And the components of the
multivibrator must be designed so that under the heaviest load also, one transistor remains
in saturation and other in cut-off.

Calculation of heaviest load current

To calculate heaviest load current, consider the load resistance connected to transistor
Q; as shown in the Fig. 3.5.

Fig. 3.5 Loading effect
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Now Vg, and (Ipp),, required to keep Q, in saturation is known. The current I; can
be calculated.

I = @ ()

Now L = I+ (g)min )
Vo -V

L = _GR, B - (3)

From equation (3), Vo; can be determined.

Vc]. = ch—llgc (4)
Hence current I; can be obtained.
and L = I+ .(5)

Thus the load current I can be obtained. As to obtain this I}, (Igp)mn is consider, this
is the heaviest load which circuit can drive, maintaining Q, in saturation. The

corresponding Ry, d

im can be obtai as,

<

1
L

Ry, = - (6)

|

Key Point : Since the resistance Ry also loads the OFF transistor, the value of Ry must be

large compared with R~

To ensure a loop gain in excess of unity during the transition between the states it is
necessary to satisfy inequality,

3.3.2.1 Design of Fixed Blas Bistable Multivibrator

For the design purpose assume that the values of Ve, Vpg, (hyg)my, and I (sat) values

are known. Now use the following hints to get the design :

1) Assume Q;, Q; to be npn transistors and assume suitable junction voltages
depending on whether transistors are silicon or germanium.

2) The base current of the ON transistor is taken as 1.5 times the minimum value.

= 15 (pin

3) The current through R, of the ON transistor is taken as one tenth of its collector
current.

4) The current through R; towards ON transistor can be neglected and hence
current d from supply by ON transistor can be assumed equal to the
collector current of ON transistor so in Fig. 34, I; = I, can be assumed ignoring
L.
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The unknown resistances can be obtained as below :
Assume Q, ON and Q; OFF, Consider the equivalent circuit shown in the Fig. 3.6 (a)

Fig. 3.6 (a)
VQ = VC'E(““

L= BB g neglecting,

Re = ‘Lﬁ'ﬁ and Iy = Ig(sat) known.

2

So B¢ can be determined.
Refer to another equivalent circuit shown in the Fig. 3.6 (b).

*VL'-C

~Ves

Fig. 3.6 (b)
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Now I = I]% ‘‘‘‘‘ as per hint (3)
And I, = Va2 'F(:VnBJ
Vas + Vap
R =T,

Thus R; is known.
Now current through R, is I5.

And L = L[ +]1p
In = LS(IB,}W ...... known
-~ Iy is known.
= V=V
New BT RoRe
Vo =
Ry = HQP_I_!_\_’E_RC

So R, is also known,

Thus the final design can be obtained.

Key Point : For the pnp transistors the supply polarities must be reversed and accordingly
the changes must be made while using the above mentioned equations, to calculate the
unknown resistances.

3.3.3 Self Biased Transistor Bistable Multivibrator

The need for the negative power supply in fixed bias bistable multivibrator can be
eliminated by using a c emitter resistance Rgp. This resistance provides the necessary
bias to keep one transistor ON and other OFF, in the stable state. Such type of biasing is
called self biasing and the circuit is called self biased bistable multivibrator circuit. The
resistance Rg is connected between a common emitter terminal of both the transistors and
the ground. The circuit of self biased bistable multivibrator is shown in the Fig. 3.7.

The circuit uses two npn transistors Q; and Q,. For pnp transistors the polarity of Ve
must be reversed.

Key Point : In the fixed bias, ~Vpg provides the necessary biasing voltage to ensure one

transistor OFF. In this circuit, this required biasing voltage is provided by the IgRp drop.
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Fig. 3.7 Self biased bistable multivibrator

Except this fact that the external supply at Vgg terminal is not required, the working of
this circuit is similar to that of fixed bias circuit. The voltage waveforms available at the
two collectors are complement of each other and are same as shown in the Fig. 3.3.

The calculations of stable state currents and voltages are in principle, the same as
shown for fixed bias and are illustrated in the following example.

mmp Example 3.2 : Calculate the stable state currents and voltages for the self biased bistable
multivibrator which uses n-p-n silicon transistors. The various parameters for the circuit
are:
Vee=12V, Ry =30kQ, Rc =4 kQ, R, = 10 kQ and R = 500 Q
Also find the minimum value of he, which will keep the ON transistor in saturation.
Solution : Assume that the transistor Q, is cut-off and the transistor Q, is in saturation.
Let us draw again the equivalent circuit from the base of Q, to the collector of Q,.
This is shown in the Fig. 3.8.
Another equivalent circuit from collector of Q; to base of Q; is shown in the Fig. 39.
To calculate the various voltages, it is necessary to calculate the current Iy, Ip; as Q,
is ON. The currents I~ = Iy; = 0 as  is OFF.

Now it is not very easy to calculate these currents by writing the equations from the
equivalent circuits shown in the Fig. 3.8 and 3.9. So to calculate the currents let us obtain
Thevenin’s equivalent circuit once across collector and ground while another across base
and ground for the same transistor Q; assuming it as the load.
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Fig. 3.9 Equivalent circuit
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To replace collector circuit of Q, by Thevenin’s equivalent, consider Q, as open shown
in the Fig. 3.10.

Ve =12V

Fig. 3.10
Referring to Fig. 3.10,

Voc = IR + Ry = ﬁc—}(& +Ry)

12x 40

= m- 109V

d
3

(Ry + Ry) [Re  with V=N short
40x 4
40+4

= 3.363 kK

To replace base circuit of Q, by Thevenin’s equivalent, consider Q, open and draw
circuit as shown in the Fig. 3.11.
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e %
Yoo = TR moam, vy
12x10
= @v3a0 - BV
and Ry = RY| (R; +Rg)
10x 34
= M:?.mkn

Thus the equivalent circuit for Q, ON, using Thevenin's result calculated above, is as
shown in the Fig. 3.12.

- 108V
+
213V
Fig. 3.12
For silicon transistors,
Vgglsat) = 08 V and Vg(sat) = 04 V

Applying KVL to base-emitter loop,
- 7727 Ygy - Vg — (Ip + Igy) 05+ 273 =0
With Vg, = 08V, I, + 0.06075 I, = 0.2345 (D)

Applying KVL to collector-emitter loop,
-3.636 Iy - Ve ~ (Ieg + Igg) 05+ 109 =0
With Vg, = 04 V, 414 g + 05 Iy = 105 )
Solving equations (1) and (2) simultaneously we get,
I; = 2526mA  and Iy = 0.0847 mA
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“ 2526
(hl‘e)min = ‘;:_;z' = v

4

(hiedmin = 29.815
The various voltages can be obtained now by referring Fig. 3.8 and Fig.3.9.
Ven = (Igz + ) Rg = 1305V
Venz = Vepe + Veny =04 + 1305 = 1.705 V
Veng = Ve + Vpy =08+ 1305 = 2105V

R, 10
Vent = Vo R +'R2 = 1705 x [J_ﬁ]= 04262 V

Vpgy = Vgni — Ven = 04262 - 1.305 = - 0.8788 V
As Vg < Vpg(sat) which is about 0.8 V, the transistor Q, is indeed OFF.
VR Vi B,
v = =l 4 BNL_C ysing Superposition princi
N = RAR) T Re+R, § Superp principle
12% 30 2105%4
= = + e 10.8358 V

Thus the stable state voltages and currents are :

I, =0mA Iy =256 mA Iy = 0 mA I, = 0.0847 mA
Vet = 10835V Ve, = 1705V Vgyy = 04262V Vg = 2105 V

and Vi = + 1305V

The voltage Vgy provides the required self bias.
Function of Cg :

The drop across the resistance Ry is normally same in both the stable states. But
during the transition from one state to another, the emitter current I varies by small
amount say by Al Hence to keep the voltage Vi constant which provides the required
self bias, during the transition period, a capacitor Ci; is generally used across the resistance
Rg.

Key Point : The stable states are not affected by Cp but voltage Vg gets maintained constant

between transition of states which helps the multivibrator to settle down to its new skate

quickly.

3.3.3.1 Design of Seif Biased Bistable Multivibrator

Similar to the design of fixed bias bistable multivibrator assume that Vi, {hfejmln'
I(sat) for ON transistor and all junction voltages are known.
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The following are the additional hints for the design :
1) Ig(sat) is assumed as twice the minimum value.
Ig(sat) = 2 (Iglnin
2) Assume Ry = R;

3) The current through R; which is connected between collector of ON transistor
and base of OFF transistor, can be neglected.

Hence the unknown resi es can be obtained in the order Rg, Re and thenR, =R,.

3.3.4 Speed-up Capacitors or Commutating Capacitors

The bistable multivit ins in the stable state till the triggering pulse is applied
to set or reset terminal. In some applications, it is necessary that the transition from one
state to other should occur instantancously, when abruptly changing pulse is applied to
the circuit. This means transition time of the circuit should be as small as possible.

Key Point : The transition time is defined as the time interval during which conduction

transfers from one transistor to other.

In practice, the swiltching characteristics can be improved by passing the high
frequency components of the pulses. For this purpose, small capacitances are used in shunt
with the coupling resistors R;. Due to this, the transition time reduces considerably
without affecting the stable states. These capacitors allow fast rise and fall times. Thus it
avoids any distortion in the output waveform. As these capacitors help the multivibrator

+\||'cc

I

Cy a— Speed-up —__ C,
capacitors

<
=4

Set O—r Re Ce ]-—G Reseat

Fig. 3.13 Practical self biased bistable multivibrator
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in making instantaneous transitions between the states, they are known as commutating
capacitors, speed-up capacitors or transpose capacitors.

A self biased bistable multivibrator, using npn transistors and the speed-up capacitors
is shown in the Fig. 3.13. See Fig. 3.13 on previous page.

The values of commutating capacitors lie in the range of tens to some hundreds of
picofarads.

The smallest allowable interval between triggers is called resolving time of the binary.
This means, the resolving time should be sufficient so that all the transients die out
completely and hence the flip-flop can be triggered reliably.

Key Point : Thus, resolving time decides the maximum frequency of triggering to which

binary can respond.

1
fmax = Resalving time

The sufficient resolving time ensures that succeeding trigger can reliably cause the
change of state.

The £, s given by the expression,

f _ i - (R| "R1)
max 2C, (R IRy} 2GR R,

This expression helps us to find value of C; = C; for the maximum frequency.

3.3.5 Applications
The various applications of bistable multivibrator are :

1) Used for the performance of many digital operations like counting and storing of
digital information.

2) Used as memory element in shift registers, counters etc.
3) Used in processing of pulse type waveforms.

4) Used to generate the symmetrical square wave. This is possible by using triggering
pulses of equal interval, corresponding to the frequency required.

5) Can be used as a frequency divider.
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3.4 Collector Coupled Monostable Multivibrator

As mentioned earlier, the monostable multivibrator has one stable state. When an
external trigger is applied, the circuit changes its state from stable to quasi-stable state.
And then aut tically, after sometime interval T, the circuit returns back to the original
normal stable state. The time T is dependent on the circuit components.

The Fig. 3.14 shows the collector coupled monostable multivibrator circuit, which uses
npn transistors. This circuit is also called collector to base coupled monostable
multivibrator or one shot multivibrator.

*Vee

Wy OFF 00N
Fiormial Stable state.

Input ~Vgg
Ingger
pulse

Fig. 3.14 Collector coupled monostable multivibratcr

The y and Q; are identical npn transistors. The two collector resistances are equal to
Re. The output of Q, ie. collector of Q; is coupled to the base of Q, through a resistance
R;, which is shunted by a small capacitor C,. The capacitor C; is a speed-up capacitor
required to make the transition fast and reduce the transition time. The collector of Q is
coupled to the base of Q, through a capacitor C. Thus a d.c. coupling in bistable
multivibrator is replaced by a capacitive coupling. The resistance R at the input of Q, is
returned to the supply voltage V.

The value of R, and ~Vgg are chosen such that the transistor Q, is OFF, by reverse
biasing it. The transistor Q, is ON i.e. in saturation. This is possible by forward biasing Q,
with the help of V¢ and resistance R. Thus Q; ON and Q; OFF is the normal stable state
of the circuit. The positive triggering pulse is to be applied to the base of Q; through
capacitor C,. It must be noted that the triggering is unsymmetrical and is to be applied to
one transistor only and not to both simultaneously.

When a positive trigger of sufficient magnitude and duration is applied to the base of
Q,, the transistor Q, starts conducting. Due to this, voltage at its collector V; decreases.
This is coupled to base of Q, through C. But voltage across capacitor cannot change
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instantaneously. Hence decrease in Vi directly cause a decrease in the base voltage of Q,
ie. Vgy. The drop in voitage is about I; Re. This decreases the forward bias of Q, and
hence collector current [ decreases. Thus the collector voltage of Q, increases which is
applied to the base of Qy, through Ry. This further increases the base potential of Q; and
Q; is quickly driven in saturation and at the same time, the transistor Q, gets driven to
cut-off. This is quasi-stable state of the circuit.

The circuit will remain in this quasi-stable state for only a finite time T. In the
quasi-stable state, the capacitor C starts charging through the path Vee, R and ON
transistor Q;. As it starts charging towards Ve, the base of O, experiences rise in voltage.
When this voltage becomes more than cut in voltage V, of Q,, then Q, starts conducting.
And due to the regenerative action, Q; is turned OFF. Thus the circuit returns back to its
stable state.

Key Point : The circuit remains in the stable state till next triggering pulse occurs.

3.4.1 Pulse Width of Collector Coupled Monostable Multivibrator

The pulse width is the time for which the circuit remains in the quasi-stable state. It is
also called gate width and denoted as T.

Derivation of Pulse Width

To derive its expression, consider the voltage variation at base of Q..

Initially Q, is in saturation
and hence Vg = Vygglsat) = W
which is about 0.8 V for silicon
transistor. When the pulse is

Va2

Saturation K applied at t = 0, then at t = 07,
Cutin Vy f---t-f---#---- A as capacitor voltage cannot

ov g T change  instantaneously,  the

I;Re 1= 0 atwhich voltage Vg, de{_‘_reases by L;Re.

pulse Is applied Then capacitor charges

exponentially hence Vg, also

—L increases exponentially, whose
final value at t — o= is V. But
Fig. 3.15 Vi, Vs t graph when Vy, becomes equal to V,
then Q, starts conducting and circuit comes back to stable state. This is the time T at
which transition occurs. The graph of Vg, against time is shown in the Fig. 3.15.
To write equation for exponential charging of capacitor we can write,
t=0% V, = V,-I; Re

t = Vi = Ve

hA 17 Ve = Vi=(V;=Vpe e ... {Basic equation)
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where Tt = Time constant
Ve = Veo = (Vee - Vo + L1Re) e VF ()
Att= T, Vi = Y e (2)

Substituting equation (2) into equation (1) and solving for T we get,

T = ﬁ,,["g"_‘&'_"«]

\{T_' — vT - (3)
where V, = 0.3V for germanium
= 0.8 V for silicon
When Q, is in saturation under quasi-stable state we can write,
Ve = Veglsat) (@)
I; Re = Ve = Veglsat) e (3)
Substituting in equation (3),
Vee + Vep = Vo (sat) = Vi (sa)
T = | Sttt . (6
[ %oV, ©
This is because, V, = Vpg(sat)
_ 2V = Vo (521) =V (sat)
T = ‘:.*u[—u——_——-——-—‘&_vy ] e @
: (sat)+ Vy; (sat
2[\-& _[\('r. 5 e ( ))]
T = tind- = (8)
v _[ Vg (S04 Vg {sat]]
A s L e
T = tin(2)+tin \Et“jy ...(9)
At room temperature,
Veg(sat) + Vpg(sat) = 2V, --- (10)
Substituting in equation (9),

T=ahm(2)+1in(l)
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The time constant T for the charging path of capacitor C is RC.
T = RC . (12)

T = 0.69 RC . (13)

Thus the gate width is dependent on transistor characteristics, supply voltages and
resistance values. It is dependent on temperature, as Vpg(sat), Vg(sat) and V, depend on
the temperature.

Key Point : The gate width T decreases as the temperature increases. Larger the value of

Voo smaller is this effect.

One remedy for this temperature effect is to connect R not to Ve but to source V
whose value decreases as the temperature decr , thus compensating the effect of
temperature.

3.4.2 Waveforms of Monostable Multivibrator

To obtain the waveforms, let us assume that the external pulse is applied at t = 0 and
reverse transition from quasi-stable to stable state occurs at t = T.

The stable state : The transistor Q, is OFF and Q; is ON in the stable state. The stable
state currents and voltages can be obtained as shown earlier for bistable multivibrator
circuit. The Q is in saturation hence for Q,,

Vgy = Vgglsat) = V, ..(14)

and Ver = Ve ...(15)

The Q, is OFF hence as current is zero we can write,

The base voltage of Q; can be obtained by using Superposition principle as shown by
equation (2) in case (ii) of example 3.1.

Vg = = Van Ry + Ve Ry
R, +R, |vc2-o R, +R,

To have Q; OFF, |Vg| <0 for silicon while |Vg| 0.1 V for germanium transistor.

The quasi-stable state : When pulse is applied at t = 0, Q; becomes OFF and Q
becomes ON.

The voltages at V¢ and Vp, drop instantaneously by the amount ;Rc where I, is
current drawn by Q; when it starts conducting. Then Q, gets driven into saturation hence,

= Vg . (17)

Vpp=0




Analog Electronics . 3-25 Multivibrators and Blocking Oscillators

Vg =V, ..(18)
Vo = Veglsat) -.(19)
and LRe = Vge- Veglsat) (20)

To calculate Vg,, consider the equivalent circuit for 0 < t < T as shown in the Fig. 3.16.

+Vee

Fig. 3.16 Equivalent circuit in quasi-stable state
By using the superposition principle we can write,

_ VR Vo Re
O e = = - @

As capacitor starts charging, the voltage at base of Q, rises exponentially as discussed
earlier, towards V.. This continues till Vg, becomes equal to cut in voltage V, att=T.

Waveforms for t > T : At t = T, reverse transition occurs. Thus Q, is cut-off and Q,
starts conducting at t = T*. Thus V(, drops instantly to Vg(sat) and Vp, returns to Vg
The voltage Vi rises abruptly as Q; becomes OFF. This rise is such that Vio; becomes
almost equal to V.

Now this sudden increase in Vi, is applied to base of Q; and Q, suddenly gets driven
into saturation, Hence at t = T* an overshoot occurs at base of Q,, in Vg,. This overshoot
decreases exponentially as the capacitor C recharges because of base current.
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Re R>>Rg
+
Vee =0 B
- 1l 2
= I
p
I' D * “ VBE
B
T Va
S
Fig. 3.17
Vae = Thoy + VY,
Ver = Veo - IiRe

Thus the overshoot at t = T* in the voltage Vg, is

given by,

8 = Vy =V, = Overshoot

8= Tyl +Vy-V,

Magnitude of the overshoot
in Vg, : The equivalent circuit
at t = T  is shown in the
Fig. 317. In this circuit, the
input circuit of Q, is replaced
by base spreading resistance ry,
in series with the base
saturation voltage V,.

The base current at t = T is
denoted as Ijy while current
through R is neglected as
R >> Re. From Fig. 3.17.

- (22)
.. (23)
now can be denoted as § and is

e (24)

While the overshoot in the collector voltage of Q, ie. in V¢, is denoted as & and

given by,

& = V¢ - Veglsat)

& = Ve =T, Re = Vglsat)

But the voltage V- is applied to base of Q.

Key Point : Hence the overshoots 6 and 8 must be same.

Fauating (24) and (25) we get,
lprg + Vo=V, = Vee

By (e + ) =

- IyRe - Veglsat
Ve - Veglsat) - Vg + V,

_ Voo = Veg (sa) = Vg + V)

T —_—
’ Revrm

.. (25)

- (26)

After t = T', the Vg, decreases exponentially to its steady state value V,. The time
constant with which it decays is given by,

.27
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Note that if V¢ is large compared with the junction voltages, then

I, = %‘E if Ve is large. ... (28)

Similar to overshoot in Vi and Vp,, there exists an undershoot in Vi and Vg, at
t=T" but these undershoots are very small and hence usually neglected and not shown in
the waveforms.

The complete waveforms considering above discussion are shown in the Fig. 3.18.

Stable ___Quasi-stable . Stable

Q, OFF Q,0N | Q,OFF
Q, 0N Q,OFF | Q,ON
t=0 =T .
Voo Ve Pore | el
\ 54 1 Yo\
ov 11}
T
s t
Ved-Veg (dal) ~i=RC
Lt ¥V
Ve
Vee \
N
Vegilsat) ! =5
5 +
Ve
Vg (sat) Vg [sat)
i
0
Bl
oV .
Ve Ve

Fig. 3.18 Waveforms of collector coupled monostable multivibrator
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The typical npn transistor junction voltages at 25 °C are given in Table 3.1. The table
may be referred if the voltages are not given in the problem. All the voltages are in volts.

Vg (sal) | Vgg (sal) =V, | Vgg (active) | Vg feutim) =V, |  Vpg (cutof)

Si 0.3 0.7 0.6 0.5 0.0
Ge 0.1 03 0.2 0.1 - 01
Table 3.1

immp Example 3.3 : Calculate the component values of a monostable multivibrator using silicon
npn transistors, developing an output pulse of 120 psec duration. Assume (Mg, = 20,
Ifsat) = 6 mA, Voo = 6 Vand Vg = = 1.5 V. If vy, = 150 £, calculate the magnitude of
the overshoot.

Solution : Assume Q, ON and Q, in OFF condition.
Ie; = Ic(sat) = 6 mA

Now Ie; = M (1)
R¢
For the silicon npn transistors,
Veglsat) = 03V, Vgg(sat) = V; = 07 V
Vpgleut-in) = V, =05V
6-0.3

6=R

¢
Re = 095k =95010

_ le(say 6
(pz)sat = (g )pe 20
= 03 mA

(Igy)sat = 03 mA
_ Vg = Vg (5at)
6-0 ?R
03 = =}~
o R = 1767 kQ
In quasi-stable state, Q, is ON and Q, is OFF.

T = 069 RC
12010 = 0.69x17.67x10* C
C = 984 nF
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Voo =6V

Vgg=-15V

Fig. 3.19
Consider the equivalent circuit in quasi-stable state (See Fig. 3.19).

As Q, is OFF, Vg <Vce

1, = | =R—1'=R'—I - (2)
and L = f%.:ﬁ_‘.ﬂ}(:_lslzl% e
Assume I; = (Ig)sat = 03 mA ()]

R, = 22733k
and Iy = [ +I5 =03 +03=06mA

R, = 22 . ga3k0

The speed-up capacitor C can be chosen such that R; C; = 1 psec hence

1=10°°
C, = ————— = 11321 pF
17 gg3xi0° P
-\ )=V, +V —03-
Now r = decVe®0 %otV 6-03-07405

Reary 950+ 150
8 = Overshoot = Iy, + V, =V,

= 5% 107 x 150+ 0.7-0.5

= 095V
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3.4.3 Applications

The applications of monostable multivibrator are :
1) Used to produce rectangular waveform and hence can be used as gating circuit.
2) Used to introduce time delays as gate width is adjustable.

3) Used to generate uniform width pulses from a variable width input pulse train.

3.5 Emitter Coupled Monostable Multivibrator
The Fig. 3.20 shows emitter coupled monostable multivibrator.

Ir\l'cc

& = <
Re Sl 2R Reag
Ry é S Ja == z l':
c, “ E? ----------- 9+
c c %
— i) O
- *
'.. 1’
[| Ry =
* h:' + €
Vena
= Vianz
= < - Ven ::R'
fRET 1
- L
. -

Fig. 3.20 Emitter coupled monostable multivibrator
The emitter terminals of both the transistors are coupled together hence called emitter
coupled. The connection from collector C, to the base B, is absent. The feedback is
provided through a common emitter resistance R,. A negative supply is not required.

Key Point : As collector C, is not involved in the regenerative loop, it is ideal to take
output voltage from this terminal.

The input trigger is connected to terminal B,, which is also not connected to any other
point. Thus trigger input source cannot load the circuit.

In collector coupled monoshot, 1, controls the gate width T but it is not possible to
maintain I, stable. But in the emitter coupled monoshot, I; can be stabilized with emitter
resistance R,. Hence perfect control of T with [; can be achieved. This is possible because
when Q; goes OFF, Q; goes ON and operates with sufficient emitter resistance.
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The I; inturn can be controlled by biasing voltage V and it is observed that T varies
linearily with V.

Key Point : Thus emitter coupled monoshot is used as a perfect gate wave generator whose

gate width can be controlled easily and linearily with the help of an electric signal.

3.5.1 Waveforms

The waveform at the emitters is more important in this monoshot. Consider the mode
of operation with Q, cut-off and Q, in saturation in the stable state.

In the stable state Q, is OFF and Q. is ON. The Q, is in saturation. It derives base
drive from V¢ and resistance R. Due to its emitter current, it produces a voltage Vg
across the resistance R,. This voltage is more than the base potential of Q; which ensures
that Q, remains OFF.

When the positive trigger is applied to the base of Q,, then V), becomes more than
Vira which drives Q, into conduction. Due to this, the collector voltage of Q, drops by
I; R¢;. This negative step is applied to the base of Q, which makes Q, OFF. The
capacitor C now charges through R from V- through ON transistor Q;. The ON Q,
developes potential drop of Vg, across R,. This is the quasi-stable state with Q; ON and
Q, OFF.

As the capacitor charges, the base B, of Q, becomes more positive. When the potential
Vpny becomes more than Vi, +V, then the transistor Q, starts conducting. Due to the
regenerative feedback, Q, goes into saturation while Q, is cut-off. Thus the stable state
with Q; OFF and Q, ON is achieved.

The waveforms are as shown in the Fig. 3.21.

Refer Fig. 3.21 on next page.

3.5.2 Extreme Limits of V

In stable state Q; must be OFF. Hence there is a limit V_,, for bias voltage V to be
applied to base of Q,.

While when Q, is ON, then 1;-; R drop must be large so as to cut-off Q. This puts
a minimum limit V. for bias voltage V.

Key Paint : The bias voltage V must be between V., and V., for proper operation of the

circuif.

For Q, OFF in stable state, Viyy, > V.

Vo = Vea+Vy (1)
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Fig. 3.21 Waveforms of emitter coupled monostable muitivibrator
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While for having minimum I; to cut-off Q, in quasi-stable state, V,,;, is given by,

Vinin = (Veni ) win + Virs e (2)
This equation (2), further can be rearranged as,
Vinz (07) = V2 +(Rea / R)(Vee -Viz)

1+[E[‘i—l]+[%’- ][hn,.- /(1+hg)] )

Vin = Veg +

min

3.5.3 Gate Width of Emitter Coupled Monoshot
The expression of gate width can be derived using the basic relation,

Vo = Vi+(Vi-Vy)e - ()
The voltage Vi, just after trigger is applied is given by, .
Ve (0*) = Voo (0- )“!l Req - (2)

If Q, did not conduct, Vigy would approach V..
vy = Instantaneous voltage at B,

vie = Vee-[Vee—Vane (07)+1, Rey e -3
where T = C(R+R¢,)
At t = T", just before pulse ends,

Ve = Vea+Vp e (8)
Equating equations (3) and (4),
Vi # V2 = Voo [ Vee Vi (07)+1; Rey ] o7t wt=T

Solving for T, the gate width is obtained as,

T o op ] Yee Ve (0)+1 Rey
Voo =V =V

. )

Key Point : This time T varies linearily with the bias veltage V. Due fo this feature, it can
be used as voltage to time converter.



Analog Electronics 3-34 Muitivibrators and Blocking Oscillators

3.6 Triggering of Monostable Multivibrator

The collector coupled monostable is triggered with the pulses of such polarity that the
nonconducting transistor is brought out of cut-off But as mentioned earlier in the
triggering of bistable, this method has certain disadvantages. Hence in practice the pulses
are selected of that polarity which turns the ON transistor OFF.

Key Point : Thus for npn transistor circuit, negative pulses are selected while for pnp

transistor circuit, positive pulses are selected.

The triggering arrangement for collector coupled npn monostable multivibrator is
shown in the Fig. 3.22.

Vee

1

Ry 3
[~
T —
u P
= R,
~Ves

Fig. 3.22 Triggering of monostable multivibrator

The negative pulse is applied through input capacitor C; and the diode D. It is known
that the sensitivity of the npn circuit is more to the negative pulses, so as to make the ON
transistor OFF. The normal stable state is Q; ON and Q, OFF.

The diode D is at zero bias as Qy is OFF and the points P and Q are equipotential.
When negative pulse is applied, the diode D conducts and acts as short circuit. This passes
the negative pulse to the base of Q, which is ON. This decreases Q, current and due to
regenerative action Q, gets driven to saturation and Q, becomes OFF. This is quasi-stable
state. The advantage of the circuit is that during quasi-stable state, due to drop across R,
the diode D is maintained reverse biased and multivibrator cannot respond to any
triggering signal until quasi-stable state is completed. During this state, C; charges through
R and Q,, towards Ve, This rises the base voltage of Q, At one instant, this voltage
becomes more than cut-in voltage of Q, and its starts conducting. Hence due to the
regenerative action automatically Q, becomes OFF and Q, ON. Thus circuit returns back to
its normal stable state.

Key Point : The circuit is very effective when trigger input is a continuous waveform such

as a sine wave instead of short trigger.
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3.7 Collector Coupled Astable Multivibrator

As mentioned earlier, the astable multivibrator has two states, both are quasi-stable.
None of the states is stable. And without external trigger, multivibrator keeps on
alternating the states. It cannot remain indefinitely in any of these two states.

The Fig. 3.23 shows the collector coupled astable multivibrator circuit.

*Vee

¢L } ﬂ» l
Rci: 1 Ry R|:: Rg

< c, > c, 1

11 M
Ver™ i >< 1 Vg

o] i } Q.
Y 5, 5 2

Fig. 3.23 Collector coupled astable multivibrator

The Q; and Q, are identical npn transistors. The two collector resistances are equal to
Re. The collector Q; is coupled to the base of Q, through capacitor C; while the collector
of Q, is coupled to the base of Q; through capacitor C;. The capacitive coupling is used
between the stages, due to which neither transistor can remain permanently cut-off.

Key Point : The circuit has two quasi-stable states and it makes periodic switching between

these states, without any exlernal trigger signal.

At start, to understand the working, assume that the state is Q, ON and Q; OFF. The
capacitor C, starts charging towards Vo through path Re, C; and ON Q,. Thus finally
voltage across C; becomes equal to V- with proper polarity.

At the same time capacitor C; which is charged to Vg in the earlier state, starts
discharging through path Q;, Vo, Ry, C,. The paths for charging of C; and discharging of
C; are shown in the Fig. 3.24 (a) and (b).

The base of Q is at V¢ at the beginning. But as C; starts discharging, it becomes
less and less negative i.e. becomes more positive. Finally it becomes equal to V,, the cut<in
voltage of transistor Q;. When it becomes just greater than V|, the transistor Q, starts
conducting. So Q; becomes ON and at the same time Q, becomes OFF. The negative
potential applied at B,, due to charged C, ensures that Q, becomes indeed OFF.
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Vee

% L
¢, [ERE

C;

Fig. 3.24 (a) Fig. 3.24 (b)

When this happens, the capacitor C; starts charging again through R, C; and ON
transistor Q. While C, starts discharging, through the path V¢, Ry, C; and ON transistor
Q. Both the paths are shown in the Fig. 3.25 (a) and (b).

Vee Vee
Ry
Rg Vee
c, hd —
Q, ON ?—‘ B2
Fig. 3.25 (a) Fig. 3.25 (b)

As G, discharges, B, potential becomes less negative i.e. it increases towards positive.
When Vy; becomes just greater than cut-in voltage V, of Q,, the Q, starts conducting.
Thus now Q, becomes ON and Q, OFF. Thus the changes in the two states is automatic
and without any external triggering signal.

3.7.1 Waveforms of Astable Multivibrator

Let us see the waveforms at the collectors of Q; and Q,. When Q, is OFF and Q, is
ON, the C; discharges and voltage at B, i.e. Vy, increases. This increases exponentially
with the time constant R;C;. This voltage was initially at ~ Vcc. When this voltage
increases beyond cut-in voltage of Qy, Q; starts conducting. When Q is in saturation,
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Vg = Vgglsat)

Va = Veglsat)

and Vo = Ve
! I I
Q, ON aON | Q0N
J @y OFF | a, OFF T, OFF
B2 g
Vo i N | %
[ oV 3
L~
£
c,i
F-Vec 2= RyCo
T, | T,
Ve v ]
cc T Square
P wave
Vg (sal) E[
0 V- — t
- Va1 v, R -
v, 4 o —
[}
C, h
“Vee 7y =RyCy Square
£ wave
Vea aad
Vegl{sat) :E

Fig. 3.26 Waveforms of collector coupled astable multivibrator
When Q, is ON and Q, is OFF, the C; discharges and voltage at B, i.e. V; increases.
This increases exponentially with the time constant R,C,. This voltage was initially at -V
in the previous state. When this voltage increases beyond cut-in voltage of Qy, Q, conducts
and goes in saturation.
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Vi Vpglsat), Vg = Vglsat)

and Ver = Vee

The waveforms are shown in the Fig. 3.26. See Fig. 3.26 on previous page.

The analytical expression for § is same as derived earlier for monostable multivit
given by equation (24). While the base current I, at the overshoot is given by
equation (26).

Key Point : For pnp transistors, polarity of Vo gets reversed and all the waveforms are

inverted compared to those shown in the Fig. 3.26.

3.7.2 Expression for Time Period T

For deriving the expression for time period T which is T, + T,, consider the waveform
at the base of any transistor as shown in the Fig. 3.27.

Va2 Vee
Vig (sat) =V, vy, 4 Vycutin
ov t
C, discharge /
LY R
e T, Ty
T
i
Fig. 3.27

The capacitor C, discharges exponentially and the voltage Vg, increases exponentially.
V; = Initial value of Vgy = - V¢ e (1)
V¢ = Final value of Vg =+ Ve . (2)

Though it stops increasing beyond V, (cut-in) voltage, its rise is towards +Vge, which is
its final steady state value, with the time constant 1, = R,C,.

For the capacitor we can write the basic equation as,

Vo = Vi=(Vg=V)e '/t ... (Basic equation)
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Here V, means the base voltage,

Vi, = Ve = (Vee = (- Vo)) 71052 . (3)
VBZ = VCC -2 VCC e t/RLy
Vi = Vee (1 -2¢77M) (8

We know that at switching time,

Substituting in equation (4),
V, = Vee (1-2¢7 278 .. (6)
The best approximation to obtain T, is, \, =0 V
0 = Ve (1-2e /MG
1-2e 202 =

e~2/RX2 = o5
(e 2RE2y = In (0.5)
_‘['2
Ry G

T, =069 R, C, A7)

Similarly we can write the equation at t = T; and find out the expression for T; which

same as for T,.
T, = 0.69 R,C; {8

= = 0.69

T=T+T,

T = 069 (R,Cy + RyCy) e (9)
i Ry = Ry=Rand C| = C, = C then

T = 069 (2 RC) = 1.38 RC .(10)

Key Point : For this case, we get the square wave at the output which is symmetrical.
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3.7.3 Distortion and its Elimination

It can be seen that, in the collector waveforms shown in the Fig. 3.28, there is certain
distortion present. Instead of exact square wave, we are getting the vertical rising edges
little bit rounded. This is called rounding. For square wave output such a rounding is
undesirable and must be eliminated.

Ve

MewVeal
M Rounding

t

Fig. 3.28 Rounding in collector waveforms

Such a rounding can be eliminated to obtain the vertical edges square wave by adding
two collector diodes and two resistors. The collector coupled astable multivibrator with
collector diodes and auxiliary resistors is shown in the Fig. 3.29.

*Vee

I

Fig. 3.29 Elimination of distortion

If Q, is OFF, then its collector voltage increases suddenly to Vo thus making D,
reverse biased. Thus the charging of C, now takes place through R rather than Re. As
current does not flow through R, the collector voltage can rise suddenly to Ve and the
rounding at the collector completely gets eliminated. This is shown in the Fig. 3.30.
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Rounding eliminated

Ve (sat)

Fig. 3.30 Elimination of rounding

mmp Example 3.4 : If an astable multivibrator is used to generate square wave using the
component values as C; = Cp = 100 pF and Ry = R, = 10 kQ, calculate the pulse width,
period and frequency of oufput.
Solution : The components are,
C; = C;=C=100pF
Ry = Ry=10kQ
T; = T, =069 RC = 069x10x10°x100x1071

= 0.69 psec
Period = T =T+ T, =2x069
= 1.38 psec

f=i-1
T T138

= (.7246 MHz

3.7.4 Applications
The various applications of astable multivibrator are :
1) Used as a square wave generator, voltage to frequency converter etc.
2) Used as a clock for binary logic signals.
3) Used in the digital voltmeter and switched mode power supplies.
4) As an oscillator to generator wide range of audio and radio frequencies.

3.8 Emitter Coupled Astable Multivibrator

The Fig. 3.31 shows the emitter coupled astable multivibrator circuit, using n-p-n
transistors.

It uses both n-p-n transistors, shown as Q, and Q,. For the simplification of analysis,
three different power supplies Vpg, Viee; and Vi; are shown in the circuit. The collector of
Q, is connected to the base of Q,. The capacitive coupling is used to connect emitters of
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Fig. 3.31 Emitter coupled astable multivibrator

Q, and Q,. Additional resistances R,, and R_, are used in the emitter leg of Q, and Q,
respectively. The circuit has two quasi-stable states and it makes periodic switching
between these states, without any external signal.

3.8.1 Operation and Mathematical Analysis
To understand the working, assume that the Q, switches between cut-off and
saturation while Q, switches between cut-off and active region.

Assume that initially Q; is ON and Q, is OFF and the transition of states is going to

occur at t=t,.

So at t=t; ie. just before the time of transition we can write,

ch(t;) =
Vi (87) =

where Vo =

Ve (6) =

Using equation (2} in equation (3), Ve (11 ) = Vg — Vg + Vg (sat)

Veer as Q, OFF

Vg =V (sat) as Q, saturation
Vi Vg

Base saturation voltage

Virz (l{) as C; and B, are joined

Viny + Vg (sat)

- (1)

(@)

)
(@)
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During the interval before t =t;, the capacitor C charges from a fixed voltage of E; ie.
Vi =V, through resistor R, as shown in the Fig. 3.32.

\'rBB

Veer

Fig. 3.32 Capacitor charging before t=t,

As capacitor charges, all the voltages except Vi, remain constant. Because as capacitor
charges, the capacitor current decreases and Vy,, falls.

So finally at t=t; when Vg, falls by cut-in voltage of Q. we get,

Ve (t7) =
where v, =
Vea () =
Ve (t7) =

Ve

Vina =V,

.. (5)

Cut-in voltage (Vy; cut-in) of the transistor

Ve =Vy a8 Vg = Ve
Vigs = Vg + Vg (sat) -V, e (6)

Fig. 3.33

Thus at t=t,, the transition takes place
and Q, starts conducting due to reduced
voltage of E, with respect to B,, because of
which base-emitter junction of Q, becomes
forward biased. Hence current through R,
increases hence Vi, increases.

Now the capacitor voltage cannot
change instantaneously. So at t=t,, it can
be replaced by a vollage source as shown
in the Fig. 3.33.
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Thus as Vi, increases, the capacitor voltage gets added to Vg, and hence Vi, also
increases. This reduces the forward biasing of B-E junction of Q; and Q; comes out of
saturation.

When Q, comes out of saturation, collector current decreases and hence Vi
increases. But Vg, =V, hence Vg, increases. This further strengthens the forward
biasing of B-E junction of Q, hence current in O, increases. The design of the circuit is
such that, this action is regenerative which drives Q; OFF and Q, into active region. Q,
does not get driven to saturation.

Let V2 = Base emitter voltage of Q, in active region
I = Base current of Q, in active region
I = Collector current of Q, in active region

Hence just after transition i.e. at t=t; we can write,
Vene (H) = Ve -l Rez v (7)
Ve (1) = Vi (1) =Vee -1 Ry - (8)
This is because the base current of Q, is suppiied by the collector of Q.
Venz (‘f) = Vnm(ff)'vnu(t{')
Ven: (1) = Vea ~Ie Rer = Ve = Vi (1) e (9)
So at transition t=t,, there is abrupt change in Vg, of Vg say. The same is the
instantaneous change in Vg, because capacitor voltage cannot change instantancously.
These characteristics are indicated in the waveforms shown in the Fig. 3.34. See Fig. 3.34
on next page.
From the waveforms,
Vo Vet (tf)'vm1 (tl_)*\"rm (tf)—\"m (t;) - (10}
Vi (6) = Vina ()= Vina (8 )+ Vi (1) - (11)
Using equations (9), (6) and (2) we get,
Vizt () = Veer ~Tie Rei —Vigiz = Vi + Vo = Vep (sat)+Vy + Vg =V,

I Ve () = Veer ~Tiz Rey —Viz —Veg (sat)+Vy = ¥ | . (12)

This is assumed to be say V,.
As Q, is in the active region we can write,

Im = hg I .. (13)
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Fig. 3.34 Waveforms of emitter coupled astable multivibrator
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To obtain I,

To obtain the expression for 1, neglect all the saturation voltages and all transistor
junction voltages. Also neglect the drop Iy Ry as Iy is very very small as compared to

Veer-
Vi (tf) = Veo (‘f) = Vear
Thus at t=t;, the current through R, is

L2 Yea (W) | Ve
o Rel B Rel

And the current in R, is,

Vira (t) _Vear
Rc! Rﬂ

o =

e (14)

. (15)

.. (16)

The capacitor voltage cannot change instantaneously so at t=t; it acts as a short
circuit. Q, is OFF and hence both I, and I,, are supplied by Q, only as shown in the

Fig. 3.35.
Veer Veez
R!:‘I Res l lea
I
a, . I_az
OFF |
1
Catt=t] &

|

":‘ :: le2
R 2y Rd::
Fig. 3.35

It can be seen that at t=t] effectively both R,, and R, appear in parallel hence we

can write,

1
I = Ig=lg+la=Ven [R_|+R_
L

1 - VCCI
Lo B R,

1
€2

where R, =R, || Ra

- (17
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V,
Iy = ﬁ .. (18)

3.8.2 Expression for Time Period

As shown in the waveforms, the period T, ends at t=t,. So at t=1t,, Q, will be ON
and Q, will be OFF. This happens when B-E junction of Q, becomes forward biased, So
emitter voltage of Q; must reduce by cut-in voltage with respect to base voltage of Q,, to
turn it ON.

Ve (t7) = V=V, .. (19)

And as Q, goes into saturation, the Vi, voltage goes on decreasing as base voltage of
Q, is fixed. This drop in Vg, at t=t, is equal to & as shown in the waveforms. Similar
drop will be therein Vg, at t=t,, because emitters are capacitively connected and
capacitor voltage cannot change instantaneously.

After t=t, ie. in the interval T,, the conditions of the transistors and voltages is same
as it was for t < t;. Thus the cycle repeats and the circuit acts as an astable multivibrator.

It can be seen from the waveform that at t=t,, there is rise in Vp,, and then Vg,
decreases as capacitor discharges from V, towards zero exponentially through R,. So
discharge time constant is R,y C The voltage attained by the capacitor is Vi, ~V, at which
Q, is ON again ie. at Tj.

" From the basic capacitor equation,

Ve = Vp=(Vi=Vy) eVT
Here Ve = V-V, t=T,, V=0, v, =V,

Vg =V, = 0-(0-V,) e"Ti/Raa €

e RaC o Ves—Vy
Vi
L. In Yoa =Yy
"RgaC A
T v, . R
R,: =n [vw ‘l‘v'r] ... Absorbing negative sign
= Vi
T = R,lcm[vm_“] - (20)

Assuming that supply voltages are large pared to junction voltages and neglecting
Iy Rey a8 Iy; Ry <<V we can obtain,
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v,
T, = Ry Clnf £
1 1 [ Ven ) o (21)
Similarly T, can be obtained with same approximations as,
V,
T, = R, CInt<
2 2 Voo - (22)
T = T+, =(R, +R,) cm[v—“l @)
- Vm e
1 1
f = 7 =—V
and (Rep +R) Clnf £CL - 24)
e L VBB

Key Point : It can be observed that the frequency is not dependent on transistor parameters.

And if Vi, and Vi, are selected such that they are proportional to each other then the
frequency can be made insensitive to supply voltages.

3.8.3 Practical Emitter Coupled Astable Multivibrator

Practically instead of using three supply voltages, only single supply voltage Vi is
used. The circuit is modified using additional resistances as shown in the Fig. 3.36.

Vee

Ry

AAAA
VW
Y

C
b 1L
1]
> v,
R c B2 S
2§ i £Rer SRe
- I

Fig. 3.36 Practical emitter coupled astable muitivibrator
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The voltage Vi is obtained using potential divider of Ry and R,. So neglecting base
current of ; we can write,

- Ve
Vg = R +K; R, e (25)

The capacitor C’ is bypass capacitor and used to keep Vyy constant hence C will not
appear any where in the mathematical analysis.

Using Thevenin's theorem it can be shown that the earlier circuit and modified circuit
are electrically equivalent to each other with the relations,

and

Vea = Ve e (26)
R
Rey = Rk e (27)

Ve R | Vi R
Vo = cC B
R S e (28)

Using the relations (8), (9) and (10) practical emitter coupled astable multivibrator can
be designed.

384

Advantages of Emitter Coupled Astable Multivibrator

The advantages of emitter coupled astable multivibrator over collector coupled are,

1.
2.

3.85

No external triggering signal is required. [t is self starting.

The output is taken at the collector of transistor Q,. But collector of Q; is not
connected to any other part of the circuit and hence it is not taking any part in the
regenerative action of the circuit. Thus the collector of Q, can be used to drive
heavy loads, without affecting the circuit performance.

. The distortion in the output waveform due to transients is absent.
. The input terminal is the base of transistor Q, which is isolated hence it is easy

from synchronization point of view.

. A single capacitor C controls the frequency hence it is easy to change the

frequency by varying C. In collector coupled, it is necessary to change both
C,; and C; to change frequency without changing the relative values of T; and T,.

Disadvantages of Emitter Coupled Astable Multivibrator

The disadvantages of emitter coupled astable multivibrators are,

1.

2.

The number of components required are more compared to the collector coupled
circuit.

The design is complicated because quiescent points of Q; and Q, are required to
be designed such that Q, switches between cut-off and saturation while Q,
switches between cut-off and active region.
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3. Emitter resistances R, and R,; cannot differ much hence with single capacitor C,
widely different T, and T, cannot be obtained.

4. As design is complicated and more components are required, it is costlier.

mmp Example 3.5 : [n a practical emitter coupled astable multivibrato

paramelers are,

Vee =30V, R,=2R;<<R", C=01pF
Ry =022kQ2, R'=R"=11k0Q, R, =R,, =33k

Calculate a) The various voltage levels b) Frequency of oscillations.

A

/£ silicon tr

with hge =30

Solution : a) For a silicon transistor,

the varfous circuit

V., = 05V, Vyn =06V, V,=07V, V(sat)=03V

This is a practical circuit.

Ve

VBIH

and Veor

Rtll

Vee =30V
Ry Voo _ 2 -
R, TR. _§x30~20\f

- R 1 1
R Vo tRrR YTy X 0
BV

R'R”

= =550 0
R'+R

Assume that Q saturates and Q, is in active region.

Im RCI

- 1.65%10°

and Iz RCI =

The highest level of Vi, is V, given by,

Vi

J o
= \EA and R,=R, || R, =165 ki

o

B 1515mA

0.505x0.55 =0.277 V
1515%022=3.33 V

Veer ~tae R = Ve = Ve (sat)+Vy
25-0.277 -0.6-03+05
24323V
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The lowest level of Vyy, is,

Vea (t,‘) =
Vou () =
ch(t?)
Vesp =
Vi () =
Vo (t) =
Vp =

Vi = Vg =20-07 =193 V
Vg = Vg + Vg (sat) = 20-07 +03 =196 V
Veey -l Rey = 25-0.277 = 24723V

Vise

Viez (b7 )=V, =19.6-05=19.1V

Veer =l Rey =V =25-0277 -06=24123 V

Vi (1)~ Vina (1) = 5.023 V

b) The frequency of oscillations,

f =

T, =

and T, =

1.1
T T +T

Vi 3 > 24.323
R, Cln Verow, = ax10%x01x10 e
7293 psec

T! a3 er =Rt'2
27T, = 0.1458 ms

1
-,[-.—6.35561(Hz

3.9 Schmitt Trigger Circuit

The Fig. 337 shows

an important bistable circuit. It looks like basic bistable

configuration but it differs by the fact that the coupling from collector of the transistor
Q, to the input of the first stage is missing in this circuit.

The emitter of the two transistors are connected to each other and grounded through

the resistance Rg.

The feedback is obtained through the resistance Rg. This circuit is called Schmitt
trigger circuit. There exists two stable states of the output of this circuit.

Key Point : The resistance R, is kept enough smaller than R, so that regeneration cannot
take place. So circuit can be used as an amplifier rather than as a binary.
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Fig. 3.37 Schmitt trigger circuit
3.9.1 Operation of the Circuit

Assume that a sinusoidal input voltage V; is applied to the circuit. Let transistor Q, is
conducting and is saturated. And as V; =0 at start, Q, is cut-off.

When Q, is OFF, it can be treated as open circuit thus circuit reduces as shown in the
Fig. 3.38.
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Now Vpz = Drop across Ry
This can be obtained by potential divider formed by Rc, R, and R, across V.
Vea = LR,

Thus current I~ flows through Q, hence

V, = Ve -laR, ()

Key Point : The drop Ig; R raises emitter voltage of Q; and reverse biases the transisior Q.

Now when V; is increasing and to make Q; ON, it must increase to the level equal to
cut-in voltage Vg, of Q; plus the amount by which emitter voltage is raised ie. V. So
when V; reaches to Vg + Vg, the Q gels driven to active region. This input voltage level
is called upper threshold point (UTP) of the Schmitt trigger. It is also called input turn-on
threshold level.

As Q, is ON, ic, start flowing. Due to drop across R;, the base voltage of Q,
reduces. This cumulatively reduces Vi which help Q, to conduct heavily and finally Q,
gets driven into saturation. And simultaneously Q, is cut-off. At this point the output
voltage is approximately V. The cumulative action is very fast and switch over of output
from its initial level of Vo —i Res to Ve is almost instantaneous. So we get fast rising
output pulse when V; reaches to UTP level. Then input looses the control over output and
output remains in the stable state of V. This level will not change automatically.

Key Point : As Q; is ON, rapidly Vg, reduces. This is called regeneration and this causes

very rapid switchover from Q, ON to Qy ON and (Q, OFF.

When Q; is ON, Q, is OFF and acts as open circuit. This condition is shown in the
Fig. 3.39.

+Vee

Viz

<
P
m
&
-
]
'|'—M—\J—7T I
:
<
Q

[

Fig. 3.39 D.C. conditions when Q, is ON
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Now Ve = Vi=-Vpg
Vi V-V,
e = ~E_ Yi~Vem
B < R, Ry @

Key Point : Thus the reduction is V,, reduces Iy and as Iy = Igy, Ic; also reduces.
The drop across Re; is Ie;Rey neglecting I, Hence the collector voltage of Q is,

Va = Vee-laRa -3

Thus Ic; reduces then Vi, increases, this directly controls Vg, of Q, which also

increases. Thus when V; starts decreasing and becomes equal to Vg, then Q, again

becomes ON. The level of V; at which Q, again becomes ON is called lower threshold
point (LTP) of the Schmitt trigger.

This is another stable state of the output and input looses control on output. The
switchaver from Ve to Ve =i Re; is again instantaneous at LTP. So output remains at
lower level, till V, reaches to the UTP.

Key Point : Thus as long as V; reaches to either of the threshold level, there is no change in
the output.

The output has two stable states. So the circuit can be used as a voltage comparator
to provide a change in output whenever the input exceeds a particular desired value.

The Fig. 3.40 shows the waveforms of the Schmitt trigger circuit.
v, (Input)

UTP =mmmpgfme e A m e e e N e Veer + Ve
LTP ==== i ik Siieieieieetelel A Veer* Ve
\/ ‘

\.I"° (Output)}
|/ R . G SR ——— ————

Vee=icaRez - - et - - - -
0 1 ' '

Fig. 3.40 Schmitt trigger waveforms
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3.9.2 Hysteresis

The graph of output voltage against input voltage is called transfer characteristics of
the Schmitt trigger. This is shown in the Fig. 3.41.

-

Hysteresis loop

Vee - leaRez -

Fig. 3.41

It can be observed that once output changes its state, it remains there indefinitely until
the input voltage crosses any of the threshold levels. So when output changes its state
from low to high at UTP, it remains there till input crosses LTP and vice versa. This
characteristics of Schmitt trigger is called hysteresis. [t is also called dead band or dead
zone as there is no change in output in this zone, though input changes. The loop of this
characteristics is called hysteresis loop. The difference between UTP and LTP is called the
width of hysteresis.

W = Width of hysteresis = UTP - LTP

The amount of hysteresis can be changed by changing the values of R¢y and Rey.
While the UTP can be increased by increasing the value of Rp.

3.9.3 Applications

An important application of the Schmitt trigger is its use as an amplitude comparator.
It identifies the moment at which any arbitrary waveform attains a particular reference
level.

It can be used as a squaring circuit. Any arbitrary input can be converted to a square
wave, using Schmitt trigger, by applied as arbitrary waveform to its input, such a square
wave has an amplitude which is independent of the amplitude of the input waveform.
And such an output has much faster leading and trailing edges than the input. Such an
application is shown in the Fig. 3.42.



Analog Electronics 3-56 Multivibrators and Blocking Oscillators

Arbitrary
input

R e S
N

—— Squared waveform

Fig. 3.42 Response of squaring circuit
The Schmitt trigger can be triggered between its two stable states by alternate positive
and negative pulses. With this technique, Schmitt trigger can be used as flip-flop, which is
its another application.

3.9.4 Function of C,

The capacitor C; is a speedup capacitor. It improves the switching speed of the circuit.
It can be observed that during switching, the change in collector voltage of Q, i.e. V¢, gets
divided across R; and R; before it gets applied to the base of Q,. The capacitor C;
eliminates the potential division thus by whatever amount V¢, changes, by the same
amount Vi, changes because of C;. This increases the switching speed and thus C; acts as
a speed-up capacitor.

3.9.5 Designing the Schmitt Trigger
The specified UTP must be equal to Vg, when Q; is ON.

Vg = Vi=Vgg = Vg - Ve

Iz = Iga (om)
Vi
Ry = —E

Now when Qz is ON, VCE (sat) = 02V,
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Ica Rez = Vee - Vi~ Ver s
vct —VE - VC'EZ {sat)
R = ————— .. (6)
C2 {on}

Now R; and R, must be smaller but must be larger than Rey. For this,
Iis

)
R, = l;:—“- e (D)
Now Iy = & lm_ hence calculate Iy, + .
fie (min}
o - Y
Rey + Ry = —“—\;2‘;?;"1 . ®

As V; decreases towards LTP, Q, is still ON and Q, OFF till V| reaches Vg,. The
circuit is as shown in the Fig. 3.43. As V, decreases, Vi, decreases and Vp, increases. The
change of state occurs when,

V, = LTP = Vy, )

+Vee

Fig. 3.43 For LTP, V, = Vg, = Vg,
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L = l;{ﬁ
I = I =20t I;:m
- Vee = Rl + 1)+ Ry + Ry) (10)
Using equation (8) in equation (10),
R = ~cifftRa +Rl _[I[RIICTRG +Ral . (1)
Ry = By + Rgy) - (Rey) .. (12)

This completes the design.

3.10 Intreduction to Blocking Oscillators

A special type of wave generator which is used to produce a single narrow pulse or
train of pulses is called a blocking oscillator.

The two important elements of a blocking oscillator are, 1. An active device like
transistor 2. A pulse transformer.

A pulse transformer is used to couple output of the transistor back to the input. The
nature of such feedback through pulse transformer is controlled by relative winding
polarities of a pulse transformer.

Key Poaint : The properly controlled winding polarities produce a regenerative feedback.

The circuit with such a regenerative feedback produces a single pulse or pulse train
and called a blocking oscillator. If it is used to produce a single pulse, then it is called
monostable operation of a blocking oscillator and if used to produce pulse train then it is
czlled astable operation of a blocking osciilator.

Such a transformer coupled configuration of a blocking oscillator is important in many
practical applications. These are concerned with the timing of some other circuits. These
circuits are used in frequency dividers, c circuits and for switching the other circuits
on and off at the specific times.

Before discussing the blocking oscillator circuits let us study briefly the characteristics
of a pulse transformer.

3.11 Pulse Transformer
A pulse transformer is basically a transformer which couples a source of pulses of
electrical energy to the load; keeping the shape and other properties of pulses unchanged.
Key Point : The voltage level of the pulse can be raised or lowered by designing the proper
turns ratio for the pulse transformer.
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The characteristics of pulse transformers are,

1. Generally iron cored and small in size.

2. The leakage inductance is minimum.

3. The interwinding capacitance is low.

4. The cores have high permeability.

5. They have high magnetizing inductance

The pulse transformers are designed to handle fast waveforms like train of pulses and
hence iron cored pulse transformers can be approximated to be ideal transformers, from
analysis point of view.

The ideal pulse transformer model is shown in the Fig. 3.44.

N'D\ ,' NF

M

“© j)\a E/C\ N

Fig. 3.44 Ideal pulse transformer model

As transformer is assumed to be an ideal, the primary, secondary and source
resistances are neglected. All capacitances are also neglected. The core losses and
nonlinearities in the magnetic circuit are also neglected.

Let = Primary inductance
Secondary inductance
Mutual inductance
Source and V, = Output response
Load resistance
= Primary tumns
Secondary turns
= Primary current
= Secondary current

The coefficient of coupling between primary and secondary is K. Its relation with
transformer inductances is given by,

A e I ol
It

M
T L, e (1)
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Key Point : For an ideal transformer K = 1.

Let n = —g—’- = Transformation ratio
P

Then for an ideal transformer, various ratios can be obtained as,

Vn _ i?__ — o= |8
\,-—_‘ K“N—“““ L e (2)

Key Point : The valtage and current ratios are inversely proportional to each other.

3.11.1 Practical Equivalent Circuit

Adding the cffects of various resistances and capacitances to an ideal transformer, a
practical equivalent circuit of a pulse transformer can be obtained.

In the equivalent circuit, transformer windings are removed and various values and
parameters on secondary side are reflected to the primary side.

So reflected output voltage on primary side is V,/n where n is the transformafion
ratio, as given by equation (2). If Ry is the load resistance and R} is secondary winding
resistance then the total resistance R,, reflected to primary side can be written as,

_Ry+R;
ST

The total effective shunt capacitance reflected on primary side is denoted as C. This
capacitor C includes the transformer capacitance along with the reflected external shunt
loading capacitance, which is dominant on the output side. The total leakage inductance is
denoted as series inductance ¢ while the magnetizing inductance is denoted as shunt
inductance L.

The resistance R, is the combined effect of primary winding resistance and the source
impedance which is assumed to be resistive. Such an equivalent circuit of a pulse
transformer, including resistances, inductances and total shunt capacitance is shown in the
Fig. 3.45. All values are reflected on the primary side.

Fig. 3.45 Equivalent circuit of pulse transformer
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Key Point : Actually transformer capacitance is distributed capacitance but can  be
approximated as a single lumped capacitance, as indicated in an equivalent circuil.

3.11.2 Pulse Response Characteristics

It is important that the transformer reproduces the shape of the input pulse as
accurately as possible, at its secondary. The ideal input rectangular pulse cannot be
obtained in practice. Due to the various inductances and capacitance, the pulse transformer
output response is distorted. The output response can be obtained by solving the
differential equations associated with an equivalent circuit of the pulse \ransformer. The
transformers are designed such that the output response is of the type of damped
oscillations. The rise time of such an output response sets the limit on the maximum pulse
repetition rate, which can be handled by the pulse transformer. The rise time adds an
error, distorting the output response. Hence rise time is kept as small as possible. The
leakage inductance is kept to a minimum value. The distorted output response of a pulse
transformer is shown in the Fig. 3.46.

x = Leading edge response
¥ = Flat lop respornse
Cutput z = Trailing edge response

[ R O T EECRE ST, X PR
x ¥ z
Ful
amplituse
Vi |
)
LR e H
A Vi i
: i
} ] {\
ol i —
i i
i i Rise 1 A
™ tme H Back swing
E ! ;.._ Fall

time

P
1

To rise output
from 10% to 80% of V,,,
Fig. 3.46 Pulse transformer response
The total pulse characteristics can be divided into three sections :
i) Leading edge response : At start there is an overshoot and then the pulse settles
down. The response till it settles down after the overshoot is called leading edge response
denoted as x in the Fig. 3.46.
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The rise time is an important parameter related to this part of the response. It is
defined by the time required by the pulse to rise from 10 % of its amplitude to 90 % of its
amplitude.

The other important parameter is an overshoot, which is the amount by which the
output exceeds its amplitude, during first attempt.

ii) Trailing edge response : The response generally extends below the zero amplitude
after the end of pulse width is called back swing. The portion of response from back wing
till it settles down is trailing edge response denoted as z in the Fig. 3.46. This gives fall
time characteristics.

iii) Flat top response : The portion of the response between the trailing edge and the
leading edge is called flat top response.

The displacement of the pulse amplitude during its flat response is called droop or a
tilt.

How to reduce pulse distortion :

The pulse distortion can be avoided by designing the pulse transformer with infinite

magnetizing inductance L and zero ¢ and C values. This is possible by using high

permeability material for the core. Hence primary turns are kept very small. Generally
ferrite cores are used for the pulse transformers.

3.11.3 Applications of Pulse Transformer

The common use of iron cored pulse transformers is in the transmission and shaping
of pulses which are having pulse width ranging between a fraction of a nanosecond to
25 psec. The various applications of a pulse transformer are,

1. Commonly used in pulse generating circuits like blocking oscillators, which are
discussed in this chapter.

In such circuits it acts as a coupling element.

To change the amplitude and impedance level of a pulse,

For fast pulse signal transmission required in transmission lines.
To invert the polarity of the pulse.

To provide equal positive and negative pulses simultaneously, using centre-tapped
winding.

“ok woN

6. To provide d.c. isolation between source and a load.

7. To differentiate a pulse.

8. For coupling the stages of pulse amplifiers.

9. Also used in digital signal transmission.

Let us study the use of pulse transformer in blocking oscillators.
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3.12 Monostable Blocking Oscillator using Base Timing

A monostable blocking oscillator using base timing is also called a triggered transistor
blocking oscillator.

The Fig. 3.47 shows the circuit diagram of a monostable blocking oscillator using base
timing.

AAAA

-=— Active davice
transistar

~Vgg =0

E

Fig. 3.47 Monostable blocking oscillator

One winding of the pulse transformer is in the collector circuit while the other is in
the base circuit. The number of turns of transformer winding in base circuit is n times the
number of turns of transformer winding in the collector circuit.

Key Point : A pulse transformer core is made up of iron or ferrites but to avoid complexity of

diagram, core is not indicated in the circuit diagram.

A pulse transformer is basically a transformer which accepts the pulse at one winding
and tries to produce a similar pulse at the other winding. It can produce inverted pulse, of
that applied to one winding, if winding polarities are properly designed.

Key Point : In a blocking oscillator, a pulse transformer is used to provide polarity inversion.

The polarity inversion is indicated by the dots on the windings.

A resistance R is used in series with the base of transistor, which controls the timing
ie. pulse duration. Hence the circuit is called base timing blocking oscillator. The pulse
width can be varied in the range from nanoseconds to microseconds. The pulse width
depends on resistance R, other pulse transformer parameters and the circuit parameters. To
operate the circuit, a triggering signal is required to the collector, momentarily.

In the quiescent state, the transistor is off. The cut-in base-emitter voltage at room
temperature for a germanium transistor is 0.1 V while for a silicon transistor it is 0.5 V.
Thus if a small voltage pulse gets applied to the collector, then as the turns ratio of the
pulse transform is n : 1, it can produce a large signal which is enough to start the
operation of crcuit. Such a small voltage pulse may be noise voltage or noise pulse. Thus
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unintentionally, circuit may get triggered. In order to avoid such false triggering at
increased temperatures, Vgy is applied to the base, keeping base-emitter junction reverse
biased. But the magnitude of Vyy is of the order of few tenths of a volt and hence
IVesl < [Vecl-
Key Point : Thus though Vg is applied, there is no change in the circuit operation hence
while discussing the operation of the circuit, Vgg can be neglected and resistance other end is
assumed to be connected to ground.

3.12.1 Operation and Mathematical Analysis of the Circuit

Let a triggering signal is applied momentarily to the collector of transistor Q, such that
collector voltage level reduces suddenly. The pulse transformer winding polarities are
designed such that the voltage applied at the primary (collector) produces inverted signal
at the secondary (base). The phasing dots on the transformer indicate such a voltage
inversion.

Key Point : Thus base potential increases as collector potential decreases.

When this voltage is more than the cut-in voltage of the transistor, it starts conducting
drawing current from the supply. This increases the collector current. Due to this, drop
across transformer winding in collector increases. This further lowers collector potential
and increases base potential. This draws more collector current resulting further decrease
in collector potential.

Key Point : So if a.c. loop gain is greater than unity, regenerative action takes place and

transistor gets driven into saturation from its off state.

This cumulative action happens very quickly and time required for the transistor to
enter saturation from its off state, can be ignored.

To obtain the equation of pulse
width, consider the equivalent
circuit of the pulse transformer

;. : neglecting resistances and shunt

i [N capacitance. The only important
49 B

)

)

ideal pulse Semﬂfdary Primary
i /

/

|
—

o Y Yie parameter is the shunt magnetizing

- + inductance L. The transformer is

lyic m-VeC  ideal. The leakage inductance o of
the winding also can be neglected.
Similarly for the transistor, the
saturation voltage levels Vpg(sat)
— and Vcg(sat) are very small
compared to Ve and hence can be

Fig. 3.48 Equivalent circuit neglected. The equivalent circuit is
shown in the Fig. 3.48.

Key Point : For an ideal transformer sum of the ampere turns is a constant.
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All the ratios interms of transformation ratio n are valid for an ideal transformer.
Thus,

V:_p b
v i . ()

where V, = Secondary voltage ie. across winding in base circuit
V; = Primary voltage i.e. across winding in collector circuit
From the current ratio we can write,

i=nig . @)

As transistor is in saturation region, the voltage across primary collector winding of
transformer is V; = V = V. This is because transistor saturation voltage is neglected.

According to transformation ratio,

V2=nV1=.-nV=nVcc] e ()

Key Point : The polarities of V and nV are opposite to each other due to polarity inversion
produced by pulse transformer.

Applying KVL to the base circuit,

. nV  nV.¢
ip = | = R‘-‘ ... (6)

Substituting in equation (2),

.
nVee  n-Vee

R R e @)

i = nx

The voltage V across collector winding of transformer is also a voltage across
magnetizing inductance L of transformer.

di,

V=1 :
. A\
dlm = -Edl
vt

Idlm = fjdl
o
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t=% . (8)

<

im=

From the equivalent circuit we can write,

e = i+iy =

n?Vee | Vet
D Bl (9

Soatt=0"ie. just after the transistor enters into saturation the currents iz and i¢ are,

2y,
ip = “RCandic= < att=0*

This operating point can be shown on the collector characteristics of the transistor as
shown in the Fig. 3.49. It is denoted as point P.

e
Saturation line Ig remains constant
but i, increases as
{increases.
nv,
ip = lg = —%
Plt=t)

]

nvm ' +
iP(t=0)
1}

i -

Veer Veez

Fig. 3.49 Collector characteristics
Kay Polnt : For t > 0, it can be observed that iy remains constant at n\;cc while collector
Veel

ctirrent increases from its value at t = 0" due to the term —

Thus on the collector characteristics, the point P moves along the constant iy
characteristics to I as shown in the Fig. 3.49. So operating point moves up the curve from
P to P’. It can be noticed that the corresponding change in Vg is from Vg, to Vegy Due
to increased Vg, the transformer primary voltage drop reduces. Due to transformer action,
the base voltage level also reduces. This reduces the base current. So transistor enters into
active region from saturation region. This can be observed from the characteristics also that
the point P is almost at knee point of the curve and after which the transistor active
region starts. As base current reduces, the collector current reduces which further reduces
transformer primary voltage level and again base current further reduces. As the loop gain
exceeds unity in the active region, this action is regenerative and finally drives transistor
into cut-off state from saturation. The time required for transistor to enter into cut-off from



Analog Electronics 3.67 Multivibrators and Blocking Oscillators

point I is very small and the action is almost instantaneous. And hence at ¥, collector
current as well as base current reduces instantaneously to zero. And the pulse ends at P,
when the transistor comes out of saturation. The collector and base current waveforms are
shown in the Fig. 3.50 (a) and (b).

ic

Aft= 1o transistor
enters into culoff
reqien, instantaneousty

—=

)
<
2
=
m
&

_Mee Undershool dus to
R mingnty camer slorage
} t

0 120 t=Ga.o_ 7
oty =]
Pulse width
(b)
Fig. 3.50 Current waveforms
Key Point : The collector current waveform is trapezoidal in nature while the base current
waveform is constant.

The time between t = 0 to t = t, is pulse width t,. At t = to, as transistor enters into
cut-off, base current reduces to zero.

Key Point : But due to minority carrier storage, iy shows a small undershoot at ¢ = lp before
it becomes zero as shown in the Fig. 3.50 (b).

3.12.2 Expression for Pulse Width
At point P" where pulse terminates we can write,
ic = hggip woe (10)
Using equations {6) and (9) and using t = t,,

n?Vee | Vet Ve
—R e = hﬂ‘% (1)
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Vecty  hgnVee n?Vee
L R R
Veet A\
—'"QE E = “I'{:c (hgg - n)
nL nlhg
tp =} he-n) = —= (12

The value of n can be neglected compared to hgg. Thus pulse width is linear function
of hgz which is temperature dependent. Also its values changes from transistor to
transistor and hence pulse width gets affected due to transistor replacement. This is the
biggest disadvantage of the circuit and hence base timing circuit is not used if stable pulse
width is required. The circuit which makes pulse width insensitive to hgg is emitter timing
circuit, which is discussed in next section.

If output is required across a resistance R; then Ry can be connected using three
winding pulse transformer as shown in the Fig. 3.51. The Ry is connected across the third
winding of the transformer which has n; number of turns.

Three winding
transformer

Vg~ 0

Fig. 3.51 Base timing circuit with R,
3.13 Monostable Blocking Oscillator using Emitter Timing

This circuit is also called triggered transistor blocking oscillator using emitter timing.
This uses a resistance in the emitter circuit which controls the pulse width. The pulse
transformer used is a three winding transformer. One winding is in the collector circuit
which is primary winding. The second winding is in the base circuit which has n times as
many tums as the collector winding. A load resistance R| is connected across third
winding which has n; times as many turns as the collector winding. The resistance Ry acts
as load and also helps in improving damping. The base and collector windings must
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produce polarity inversion as indicated by dots while relative direction of third winding
can be arbitrary. The circuit diagram of emitter timing circuit is shown in the Fig. 3.52.

Three winding
Ppulse transformer

LT,

~Vgg=0

Fig. 3.52 Monostable blocking oscillator with emitter timing
The basic operation of the circuit is same as that of base timing circuit.

3.13.1 Mathematical Analysis

Assuming ideal transformer, neglecting leakage inductance, capacitance and winding
resistances and neglecting transistor saturation voltages, the equivalent circuit can be
shown as in the Fig. 3.53.

Three winding ideal
jmTTmss s s s o= =— pulse transformer Polariles of nv
T are opposils to V.

= n:iiny 14
e L S R
¢ R i Ve

B

L
U

Fig. 3.53 Equivalent circuit of emitter timing monostable blocking oscillator
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For simplicity of analysis, assume number of tums of primary of transformer which is
in collector circuit be 1. Proportionally the number of tumns of winding in base circuit is n
and that of winding used to connect R; is n;.

Now V be the vollage across the primary collector wiuding, when transistor is in
saturation. The corresponding voltage across secondary winding in base circuit is nV. And
due to phase inversion, polarities of V and nV are opposite. The voltage across the
resistance R; is n;V and the polarity is same as that of V.

Applying KVL to the outermost loop, including base and collector loops together we
can write,

—Vcc+l'l.v+v =0

= VCC
V-n+1 - ()

Applying KVL to the base circuit
+nV-(ig+ic)R = 0

nV = (i + i) R ()
. .o_ . _nV _ nVee
ic*tip = = T = mvDR -G

The current iy is the emitter current, coming out of the active device. It can be
observed from equation (3) that the emitter current is constant.

It is known that sum of the ampere turns in an ideal transformer is always zero.
Ampere turns of primary = ix1=1i
Ampere turns of secondary = igxn=nig
Ampere turns of tertiary = i) x ny = nyiy

Key Point : The signs of primary and tertiary are same while sign of secondary ampere turns
is opposite to primary and tertinry ampere turns.

1 i-nig+n;ip=0 v ()

From the load circuit loop,
VL = nlv = - il RL (5)

Negative sign is due to assumption of opposite polarity of n;V.

. n, v
h == R, ... (6)
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Substituting in equation (4),
2
1-nin-%=o )

Applying KCL at the collector node,

i+iy = ic andim=%asderivedeaﬂier

P Vit
i=ic-4 . (8)
Substituting in equation (7),
v
k*%—“irn—ﬁ[—= 0 e (9)

Solving equations (3) and (9) simultaneously, we get the individual expressions for ic
and ig. Subtract equation (9) from equation (3), we get,

n,z\-" _ nV
R, (m+DR

iﬂ+%+ni5+
nVee Vit niV

m+Dip = DR T "R, - (10)

Substituting equation (1) in equation (10),

nVee Veet  ni Ve

(n+1)i = E+DR (+DL (n+DR
. Vee Imot nf
IB_W[R_I_W ' - A1)

Substituting iy in equation (9) or equation (3), ic can be obtained as,

. Veo n? t n,z
lc-(‘r‘l':ﬁ'f T*’t"‘R_L‘ ... (12)

It can be observed that due to presence of t in both the expressions for iy and ic, the
i and i¢ current waveforms are trapezoidal.

Key Point : The slope of ig is negative while slope of i is positive. The current ig is constant

during the pulse.

These waveforms are shown in the Fig. 3.54. The voltage waveforms are also included
in the Fig. 3.54.
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Fig. 3.54

3.13.2 Expression for Pulse Width

At t = 0%, the current i- is small and ic < hgg ig. As time passes, the current ic
increases and the operating point P starts moving up on the saturation line of the collector
characteristics. At the same time current ip starts decreasing. Finally the point P gets
settled at point P’ when iy = Ig. At this point F, the pulse ends. So time corresponding to
this point P is t = to and ic = hgg Ip. The movement of an operating point on the collector
characteristics is already shown in the Fig. 3.49. The point P’ is at the knee point of the
collector characteristics and at t = t; the transistor comes out of saturation and enters into
active region. Due to increased Vg, the voltage across primary decreases. This reduces the
voltage across secondary winding by n times. Hence base current decreases. This further
decreases ic and so on. This regencrative action takes place very quickly at t = t, and
transistor quickly becomes OFF from saturation. Hence the pulse ends at t = ¢,

Soatt=t,  ic = hgig o (13)
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Substituting equation (11) and equation (12) into equation (13) and t = tor

Vee |n? b nf Vee |n e nf
—_— e b = === | hgg
m+1*| R L R, (n+1)? [R L Ry

Y hel _ny n? nf,  nf
L L R " R R, "™ R
(I+hg)t n n?
"*--—L——P- = -ﬁ(hm—“)—-ﬁ:"(hm*‘l)
_ nLthg-n) nflL
% = RfmsD Ry - (1)

This is the required pulse width expression.
Now usually n << 1 and hgg >> n hence

hg-n 1
hg +1
nL nf L By
" ® R e (15)

It can be observed from this equation that the pulse width ty is not dependent on the
parameter hgy and depends on the passive parameters like n, L, R and Ry.

Key Point : Thus monostable blocking oscillator with emitter timing gives a stablé pulse
width. [

3.13.3 Limiting Value of R

niL nL
RL R "
becomes negative. The negative time is not possible in practice. Hence for positive t,, and
regenerative action to take place in the circuit, R must satisfy certain condition.

Looking at equation (15) it can be seen that if

is greater than

the value of t

From equation (14}
nilL
Ry

nL (hg-n)
R

<R i+ D

niR hg+1

Ry > n hg-n - (16)

This inequality assures that the loop gain exceeds unity which is necessary condition
for regeneration to take place. And hence t, cannot be negative.
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3.13.4 Effect of Saturation Voltages on t,

While deriving equation (14), it is assumed that the transistor saturation vollages are
very small compared to Ve and can be neglected. But the transistor saturation voltages
Veglsat) and Vyg(sat) affect the pulse width ty. The effect of these voltages is to multiply
first term of the equation (14) by the factor F given by,

Vie(sat)
Vo = Vo (s [)._[_E.E___j|
Fa. .t cels? n .. (17)

Ve = Veplsat) + Vi (sat)

But if Ve >> Veg(sat) + [Vgg(sat)/n] then equation (14) gets reduced to equation (15)
and t becomes independent of supply voltage and hgg.

Similarly, in the derivation of t, the effect of base spreading resistance ry, is also
neglected. If its effect is to be considered then in the resistance R, the small resistance

{Trli}:—) must be added. But if R is large, more than 100 Q then effect of the term
B

tiw/ (1 + hyg) is negligibly small and hence can be neglected.

3.13.5 Recovery Considerations

The recovery considerations are to be obtained by examining the various waveforms
after t = t,. At t = t, the transistor currents become zero but magnetizing current i,
flowing through shunt inductance cannot be zero. This is because the current through an
inductor cannot change instantancously. So current iy, must continue to flow for t > t. As
transistor is OFF, the only path for this current is through shunt capacitance C of the
transformer, which we have neglected. The capacitor C is very small and current i, decays
very fast. Due to high rate of decay of i, a back em.f. is induced across L which inturn
produces overshoots at collector, base and the load. Such overshoots are not desirable.
These overshoots should not exceed the breakdown voltages of transistor. The overshoots
at the collector, base and load are shown in the Fig. 3.54 (d), (e) and (f).

3.13.5.1 Necessity of Damping
Consider the waveform of base voltage

o Vgn as shown in the Fig. 3.54 (). Ideally the
waveform should not exceed the zero value
Inadequate after t > tP This is shown by the solid curve in
damping the Fig. 3.55. Such a waveform is possible only

[ if the damping is sufficient.
lr" 5 ! But if the damping is not adequate then
\ﬁ(\“" waveform shows a tendency to produce a
Proper backswing oscillation which exceeds zero base
damping voltage level, at point X as shown in the

Fig. 3.55.

Fig. 3.55 Effect of damping
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Due to the proper damping, the back swing dies out in half a cycle. But if damping is
insufficient, the base voltage level becomes positive at point X. This positive voltage level
at the base, may drive the transistor into active region and due to regenerative action, the
transistor may get driven into saturation. This starts the next pulse.

Key Point : Thus the monostable circuit becomes astable or free running circuit, if damping is

insufficient.

In such a case, it produces train of pulses but shape of pulses is very much distorted.
As the pulse transformer uses ferrite core, the core losses are low and if Ry is unable to
provide proper damping then an external resistor must be shunted across the transformer
in order to maintain monostable operation.

Vo Thus it is necessary to add an
external circuit which can provide
sufficient damping, without loading the
blocking oscillator during the pulse
internal. A circuit using a resistance R’
and a series diode D is used to provide
adequate damping. This circuit is
connected across the primary winding of
To provide the pulse transformer. With an n-p-n
damping transistor, the anode of the diode is
connected towards collector side and
Q cathode towards the supply side, with a
resistance R’ in series with it. This
'VBB:'O R direction of diode ensures that it does
not conduct during the pulse interval
and avoid loading the blocking oscillator
= during the pulse interval.

Fig. 3.56 Blocking oscillator with damping The external damping circuit is

circuit : shown in the Fig. 3.56.

At the end of the pulse, the diode becomes forward biased due to the overshoot and
hence energy stored in the magnetizing inductance L gets dissipated in resistance R'. The
time constant with which energy gets dissipated is L/R’. Hence the sufficient damping is
provided to suppress the transformer oscillations. The design of R’ is such that its value is
smaller than the critical damping resistance. The time equal to four times the time constant
is allowed to establish the quiescent condition so that next triggering can be applied to the
oscillator. Hence the maximum frequency with which the circuit can be triggered is given
by, .

s 4T L 4 ... (18)
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| =

where T = 1 time constant = —; ... (19}

=

3.13.6 Loading Considerations

From the equation derived for the pulse width of the circuit, it can be observed that
the pulse width depends on the load resistance Ry which is connected across the tertiary
winding. Instead of using Ry in tertiary winding, resistance R in emitter circuit may be
used as load but the pulse width depends on resistance R.

Key Point : Thus in either of the cases, the pulse width is load dependent.

There are certain applications

TVCC of blocking, oscillator in which load

is variable. Example of such load is

ferrite core memory where load

depends on the number of cores to

be excited. Hence load dependent

pulse width is not desirable. Thus

in practice a method is used to

obtain pulse width which is load
independent.

In such a method a load
resistance Ry is connected using
- another transistor Q,. The load
‘a2 =gt resistance R; is connected in the
= collector circuit of Q, as shown in

the Fig. 3.57.

Fig. 3.57 Making pulse width load independent

The base current of Q, is the collector current of Q;.
The load Ry is switched ON and OFF through the transistor Q,.

Applying KVL to collector of Qy, loop through base emitter of Q,, we get voltage
across primary collector winding as,

V = Vee - Vpgalsat) = Vee . (20)

Similarly the load current can be obtained as,

_ Vec—Vem(sat) Ve
I = R, R, . (21)

The load current flows fort=0tot=1t, = ERL and it is zero outside this interval.
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3.13.7 Triggering Circuit for Monostable Blocking Oscillator

The Fig. 3.58 shows a popular triggering circuit which is used to trigger a blocking
oscillator.

AAAA
VW

Q
L J-L Positive
RS = pulse
< -]_

Flg. 3.58 Triggering circuit using transistor
It is necessary to lower the collector voltage of Q; momentarily by the triggering
circuit. Hence momentarily a positive going pulse is applied to the base of Q. This drives
Q, into saturation. The drop across Q, is zero when it is in saturation.
Key Point : S50 (Q, provides a short across the collector of ;.

This monentarily brings the collector voltage of Q; to zero. Due to phase inversion,
such a voltage gets induced in the secondary which makes the base of Q, positive, in such
a way to bring it out of cut-off state. And thereafter normal working of monostable
blocking oscillator starts. When pulse is removed from Q,, Q, becomes off and acts as an
open circuit. Thus normally it remains out of the circuit. So this triggering circuit is
advantageous as there is no interaction of blocking oscillator with the triggering source.

Key Point : The applied triggering pulse must have enough steep leading edge to ensure that

the induced transformer voltage will bring ) out of cut-off region.

The resistance R” is kept very large compared to R. Hence under quiescent conditions,
the drop across R is maintained at about 0.5 V. This avoids the false triggering due to
noise voltages and need of Vyy also gets avoided. A small capacitor C connected across R
improves the rise time of the pulse, which is very important in monostable blocking
oscillators.

Alternative method of triggering the blocking oscillator is to apply positive going pulse
to the base of Q, through a diode or a negative going pulse to the collector of Q; through
a diode. This is shown in the Fig. 3.59. The pulse is applied momentarily which makes
diode forward biased. This lowers the collector voltage of Q; momentarily which inturn
brings Q; out of the cut-off state. When circuit works, during the pulse formation, the
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Now ¢ = BA
Vee _ dB
T = NAg
(n+1)NA
dt = TdB

Integrating between the limits 0 to t, we get

(n+1)NAB,
= T ..o (24)

Key Point : Thus the pulse duration now depends on the supply voltage and characteristics of
the core and not on the transistor parameters. This is advantage of this method.

One important property of the core

2
B, Wb/m along with the saturation is the hysteresis.
The B-H loop for the core, showing the
*B hysteresis is shown in the Fig. 3.63. At t = 0,
§ / when there is no current in the winding, the
e core flux density is at - B. When the

0 / e HAM  yiocking oscillator is triggered H increases

and when it reaches to + Hg, the core

-8 saturates with flux density as + B, So net

change in flux density is 2 B, Hence t, can

Fig. 3.63 Hysteresis loop of the core be obtained from the equation (24) by
substituting By, = 2 B,.

Once the core saturates, the dB/dt becomes zero and hence blocking oscillator cannot
be triggered again. So to trigger the oscillator again, once the pulse ends, it is necessary to
reset the flux density level back to — B,. Otherwise retriggering of oscillator is impossible.

Key Point : So after every pulse, the level of flux density must be resetfed to - B,

This is possible by using a reset circuit.
In this circuit an additional auxiliary wmdmg
in series with a resi e R, is ¢ d
across the supply as shown in the Fig. 3.64.

When the transistor is in cut-off region
then the current through the auxiliary reset
winding is Vee/R, This supplies the
necessary opposite ampere turns H so that it
becomes more negative than - Hc. At
H=-H, the flux density becomes — B, and
the oscillator can be once again triggered to
obtain the pulse.

e

winding

Fig. 3.64 Reset of flux density
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. . Vi
ic = nig+ -~
Applying KVL to outer loop,
Vee-V-nV = 0

Vee
n+1

Applying KVL to the base emitter loop,

. . nv
ic+ip =
. nVee
ie. ic*+ly =GR

Solving equations (4) and (6) simultaneously,

o Ve [ni,t
e = (n+1)’[R+L]

. V, n t
and = «_ [__._]

! (n+1)* [R L
Hence during the pulse,

. w [ 2 t
b = ¥
) AP IOTC FESTE 3x104}
J . ic = (0.002962 + 37037 1) A
and ig = (0.00148 - 370371 A

a) During the pulse, the amplitude at collector is

(8

- (5)

.. (8)

= Vee =V ... Neglecting saturation voltages

VCC n
= Voo a1 T ey Ve =67V

d) Using i = hggip at t = &, the equation for t, is,
_ nLhg-n_ 2><3x10“’x|:50—2]

" R hp+1 15x10° |50+1

= 3.764 usec

If saturation voltages are considered this t; gets multiplied by the factor F given by,

Ve = Veglsat) —[w]

F= Ve = Veglsat)+ Vgg(sat)
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Soimatlzlp:anbeubhinedas,

Veet
= (n‘i-_lﬁ.. =1, e (1)

Let this current is denoted as I,

= nL ... Derived earlier with R = =
=R

Substituting in equation (1),

n Ve

L= ™ @)

Key Point : Thus pesk magnetizing current is not dependent on the magnetizing
inductance L.

At the end of the pulse, transistor Q is again cutoff and hence the current I, must flow
through the diode D.

Key Point : Note that in this analysis, the shunt capacitance C of the pulse transformer plays

an important role and cannot be neglected.

Thus iy, = 1, not only flows through D' but also through the shunt capacitance C. The
equivalent circuit is shown in the Fig. 3.69 (a). In this circuit diode network D is replaced
by its model with a battery of V, in series with the forward resistance R; which is almost
zero.

Veg

(b}

Fig. 3.69

Key Point : Due to battery of V,, the collector voltage Vo increases by V, above V..
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T = Time period =t + t; + ¢, I - (6)

At t = t,, the current i, achieves some negative value denoted as I, as shown in the
Fig. 3.70.

So at t = T, iy, = I}, we can analyse LC circuit at the end of one quarter of a cycle.
At this time the capacitor electrostatic energy gets transformed into inductive
electromagnetic energy. The inductor current is Iy, now while initial capacitor voltage is
V,. So equating two energies at t = t,.

i o1 2
LGS = 3CIV)

Solving 1 =VTEatt=ta e (D

This is magnetizing current at the end
of one cycle of the output. So i, is not zero
when next cycle starts, this may cause some
change in the expressions of t; and t; but as

N\

jlhoi ‘Pi ("*.a‘l) E this error is practically very small, i;, can be
s E E E I: assumed to be zero at the start of the next
| pulse.
\i Rt . ;

t may also be noted that t; is the time
of o | i after t, and t, is time after t hence
T i T=ty+ti+t,

1 Key Point : The collector and base voltages are
nearly rectangular and do not show any
o o Y t . as in case of monostable operation.
" T |

. The transistor current waveforms are
Fig. 3.71 Transistor current waveforms ., = o g 371.

The transistor waveforms are same as that of monostable circuit for t = 0 to t = ty
while all the currents are zero for t, to t; + t, and then the cycle repeats.

3.15.3 Mark-Space Ratio and Duty Cycle
The ratio of time for which Q is ON to time for which Q is OFF is called mark-space
ratio. If this is unity, then the output is almost symmetrical square wave,

The duty cycle is defined as the ratio of the ON time t, to the time period T.
Mathematically it is given by,

D = .. (8)

"']l -
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If lower duty cycle is required then t; must be increased with respect to t,. This gives
a pulse rather than a square wave. From the expressions for t; and t; we get,

t__ (L/R) _(@+DV,
t n_ L Ve Vee . 9)
n+l1 R V,

Fig. 3.72 High duty cycle astable
blocking oscillator

For minimum duty cycle, V, should be
minimum which is possible by using a single diode
in a diode network D with V, = 0.1 V. Thus for a
Vee =25 V and n = 1 we can get duty cycle of
about [(2) (0.1)/25] = [1/125] which is very low.
But such a low duty cycle operation is not stable
because V, is temperature dependent. It changes at
a rate - 25 mV/ °C and may cause error in very
low duty cycle operation.

Key Point : But high duty cycle operation can be
obtained by using temperature compensated zener diode,
which is very stable.

Another way of obtaining high duty cycle
stable operation is to place a germanium diode in
series with a tertiary winding across the supply
voltage. This is shown in the Fig. 3.72.

The important advantage of the astable blocking oscillator is that for high duty cycle

operation also, the power dissipati

of the transistor is very low. This is because when

transistor is in saturation though current is high, saturation voltages are almost zero. While
when output voltage is high the transistor currents are very low.

mmp Example 3.7 : A diode controlled

L =5 mH, C = 90 pF, Ve = 10

astable blocking oscillator has the following parameters :

VVR=420Q, V,=6V,n=1and Vgg=05V.

Calculate : a) The period and duty cycle of the free oscillations.

b) The peak voltages and currents.
c) The current in magnetizing ind

uctance at the end of one cycle.

Neglect saturation junction voltages.

a) T = tp+t; +t,

Now t, = = =" =10.6383 psec
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_ n LVee 1 5x10° 10 _
RHI RV, “2¢ @ X - 8865 usec

Duty cycle = T = 3035564 = 0.5175

So duty cycle is 51.75 % which is very close to 50 % giving an indication that Q ON

and OFF times are equal and the output is almost sy trical sq wave.
b) The collector voltage varies from Ve -V to Ve +V,.
_ Ve _10_
Now vV = ic 2-5\?

- Vg varies from 10-5ie. + 5 Vto 10+6 =16 V.
The base voltage varies from nV to -nV, ie. +5Vio -6 V.
The emitter current is constant given by,

nV _ 1x5

ig = ?_—470-—-10.&33@
f, = _vec [E_i]
BT TR L
. . 10x1
So i = ig|,_,=———=531mA
B max BI|_0 {2):)(4?0

%
i (t=t,) 10 [1 10.63x10

T @) [T ka0

o } =4.148 pA = 0A

p Vee n? l]
= —_—
<7 ! ot

ic(t=t,) = % [L+_t?—] = 10.638 mA

(2)* [0 5x107°
s nVee
I; = Peak magnetizing current = +DR
= 10 10638 mA

2x 470
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o) I;, which is the magnetizing current at the end of one cycle is given by

. [c {90:«10-3
I, = V. J= =6 = 0.804 mA
YL 5%1072
immp Example 3.8 : Design a free running blocking oscillator using diode control with,

Vee =30V, Viy =1V, f = 20 kHz, duty cycle = 15

The peak of the pulse at the collector is 10 V and the peak emitter current is 5 mA. Find the
values of n, V., R and L. Make reasonable assumptions.

Solution :
f = 20kHz hence T=7=50x10"%sec
Now T = tp+tp+t, st 4t ... Neglecting t,
50107 = t,+t,
tp 1
Now Dutycycle = T=ﬁ
- T - -6
tp = E-Sx 107 sec
t; = 50%107% -5x10° =45x10"° sec
. nVvV
lgmay = |
“_: = 5x10~3 (1)
nL
tp = 3
nL %
| = 5x10 - (2)
Dividing equations (1) and (2), V = 1000 L - (3
_ N _ 30
And Ve Lo (4

The collector voltage pulse extends from Ve ~V to Ve + V.
+. Peak of the pulse = [V +V,] - [Vec-V]= V+V,
V+V, = 10 (Given) . (8)



Analog Electronics 3-94 Multivibrators and Blocking Oscillators

nL Ve 1

— = 45x10"¢
R (1) v, - 9X10

5x10-6x—Y = 45x10-°
V}

10-V.
Using equation (5), 5:<1n]"’=><(—-$,_-"2 = 45x10~°
T

10-V,

L]

9V,

vV, =1V

V =10-V,=9V
Using equation (4), n = 23333
Using equation {(3), L = 9mH
Using equation (2), R = 42kQ

The designed circuit can be shown as in the Fig. 3.73.

Vee=30V

AMAA
VY

o
I
B
A
W

Fig. 3.73

Neglecting base current,

_ Ve Ry

Ve = R, +R,
12 HOR;
T R, +R,

R, = 29 R,
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So let R; = 1k
R, = 29k
This is required potential divider components.

3.16 RC Controlled Transistorized Astable Blocking Oscillator

A diode network can be replaced by RC network to obtain RC controlled astable
blocking oscillator. Such RC network can be added in the emitter circuit of a monostable
blocking oscillator or in the base circuit of a monostable blocking oscillator. The
Fig. 3.74 (a) shows R; C, section added in emitter circuit while the Fig. 3.74 (b) shows
R; C, section added in base circuit of a basic monostable oscillator circuit, to get astable
blocking oscillator.

Vee

AAAA
A

(a) RyC; in emitter {b) R4C, in base
Fig. 3.74 RC controlled astable blocking oscillator

Key Point : In this circuit, another change is the polarity of Vgg, which is reversed as
compared to one which is used in monostable circuit.

3.16.1 Operation of Circuit with R,C; in Emitter

To understand the operation, let us assume that the capacitor C; is initially charged to
v, with the polarities as shown in the Fig. 3.74 (a).

Let V, = Cut-in voltage of B-E junction of Q
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As Vyy is positive, it can be seen that for transistor
to be ON Vg ~-V, > v;. But assume that initially
(\ * vy >Vyy ~V,, hence B-E junction of a is reverse biased and
Ry Ci v transistor is cut-off.

) 1 Now the capacitor C; discharges through resistance R,
Initial as shown in the Fig. 3.75. Thus v, starts decreasing.
= nnv:;t:fsmr When v; becomes less than Vg; -V, B-E junction: of
Fig. 3.75 I transistor Q becomes forward biased and the transistor Q

gets driven into active region. This starts the regenerative
action, same as in the monostable circuit and transistor Q gets driven immediately into the
saturation region.

When Q is in saturation, pulse formation starts. During this time, capacitor C; staris
charging again.

Key Point : At the end of the pulse, the capacitor gets charged to V, which is greater than

initial voltage v,.

The transistor is now off and capacitor starts discharging through R,. Thus transistor
Q remains OFF till the voltage of C, attains a value just less than Vg, =V, where Q enters
again into active region. The time required by capacitor C; to discharge from V| to
Vi =V, is off time of transistor Q and denoted as t,.

The discharge equation of a capacitor is,

Ve = V; g~ H/RC

where Ve = Capacitor voltage while discharging
V; = Initial voltage from which discharge starts
Thus for our circuit, Vo =V —V,, V; =V, and t=t;

= =t /Ry G
\-’m—\’.!-\u'le Lkt e

e W/RQ - Ves =Vy
V]
Vi = V.
~t /R G = in[__'i'lv__l]
1

-V
tp = Ry G In [——-‘\?]-.—-1]

Absorbing negative sign inside logarithmic term,

V,
ty = R CIn|—
f 1“1 [Vss _VT] A1)
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Thus the period of the RC controlled astable blocking oscillator is given by,

The value of t,, can be obtained from an equivalent circuit as shown in the Fig. 3.76.

-l T+
R nV=v

Ves_—

AAMA
v
o
o

N

Fig. 3.76 Equivalent circuit of RC controlled astable blocking oscillator

The circuit is similar to the equivalent circuit of monostable blocking oscillator with
Ve, R; and C; as additional parameters.

Applying KVL to various loops and assuming hp >>1, Ry >>R and neglecting
saturation voltages we get,

-

2
PRtk
T R¢ R, -3)

The equation is to be solved for tpr but it consists of the terms of t, as well as
exponential terms with t,,. Such an equation is called transcendental equation in t, which
can not be solved analytically.

Key Point : The equation is to be solved graphically to obtain t .

But equation can be used for designing the value of L, if required, t, is specified and
other parameters are known.

The exponential term can be expressed in power series form as,

e = 1-x ifx<<l
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It can be observed that initial capacitor voltage level is less than the level V; attained
at t=t,. And t; is the time taken by the capacitor voltage to discharge to the level
Vpg =V, The total time period T=t_ +t,.

Key Point : The astable blocking oscillator with RC circuit in base behaves similarly but the

expression for t, and Vy are very difficult to deal with, as compared to the RC circuit in

emitter.

3.16.2 Limitations of Low Duty Cycle
If RC controlled astable blocking

Ve}  Oscillations oscillator is adjusted to give low duty
l cycle, it suffers from certain limitations.

Al ) In low duty cycle operation, the

v | l " voltage v, across the capacitor discharges

very slowly. Due to this, pulse at the

collector has distorted waveform. There
are certain oscillations created just before
the pulse starts, as shown in the Fig. 3.78.

The reason for these oscillations is slow rate at which capacitor voltage discharges.
Due to this slow rale, initially transistor comes out of off state gradually. During this, the
loop gain increases from zero. This increase in gain is due to the transistor characteristics.
When it becomes greater than unity, the circuit begins to oscillate. But oscillations do not
grow in amplitude due to nonlinearity of the transistor near cut-off region.

In active region, the loop gain further increases, increasing the amplitude of
oscillations. The voltage v, keeps on decreasing. This drives the transistor to the saturation
region. In the saturation region the gain suddenly reduces, limiting the oscillations and the
pulse starts. But due to this, the pulse waveform is distorted, with oscillations just before
the starting of the pulse.

Key Polnt : Such a distortion is absent if capacitor voltage v, falls very rapidly. This does

not give transistor any time to change its again and the oscillations get suppressed.

The range of duty cycle for which such oscillations appear is corresponding to the
ratio t; / t, greater than about 200.

Similarly such low duty cycle operation also suffered from the problem of instability,

due to fluctuations in t,. This is due to the fact that after every cycle, the loop gain does
not change by the same amount. And thus small change in v, causes a large change in t;.

Fig. 3.78 Oscillations due to low duty cycle

3.16.3 Comparison of Astable Blocking Oscillator Circuits

_ The diode controlled and RC controlled astable blocking oscillators can be compared
from their advantages and limitations. The diode controlled circuit has following
characteristics including advantages and limitations.
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This negative Vg; ensures that the transistor Q, is indeed OFF.

L o= Y 5
1o R 1
= 5mA
L = - Vi _ (D)
R, +R; 5+25
= 0.167 mA
Iy = Ij-1,=5-0167
= 4833 mA
o 4833

(] B2 )min = {h ie),m'" 20

0.2416 mA
To calculate actual Iy,, consider the equivalent circuit as shown in the Fig. 3.79(b).

Veg =45V

“Vgg=-5V

Fig. 3.79(b)

I

(2]
3
[or

g
5
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Thevenin’s equivalent is shown in the Fig. 3.79(d).
For Q, OFF, which is npn silicon transistor

Vg SOV
For am)ﬂl.lx, VBE(CI.“'OH) = VBI =0V

(Ico)max = o= You
RT!!
0-(-0.833)

4.838x10° Fig. 3.79(d)
01722 mA
~Iepo maximum is 172.21 pA, upto which circuit will function satisfactorily.

iy Example 3.10 : The self biased bistable multivibrator uses n-p-n silicon transistors having
worst case (maximum) values of Vcglsat) = 0.4 V, Vpglsat) = 0.8 V, and zero base to
emitter voltage for cut-off. The circuit parameters are Ve = 20 V, Re = 4.7 K,
R; =309, R, = 15 K2 ane Ry = 390
a) Find the stable state currents and voltages.
b) Find the minimum value of hg, required to give the values in part (a).

c) As the temperature is increased, what is the maximum value to which Icgo can
increase before the condition is reached when neither transistor is OFF.

Solution : The circuit of self biased binary is shown in the Fig. 3.80.

Wep=20V
Rc% 3Re
4Tk R, R, 247k
30 k2 30 k2
o‘( Q!} - { )a,
SR Ry
S5k 15 kG2
ReZ0.09
P!
N

Fig. 3.80
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Assume Q, is OFF and Q; is ON. As Q, is in saturation,
Veglsat) = Vep, =04V
VBE{sat) = Vnm =08V

a) Calculation for the stable state currents and voltages

Draw equivalent circuit from base of Q; to collector of Q..
Another equivalent circuit from collector of Q) to base of Q, is shown in the Fig. 3.81.

Veg=+20V

QOFF L
(Vg =0V) T ¥ ¥
given Vegp =04V
#r" Vena
3‘, 039ka Ven J
EN _ -
5 ARSI AN SRR [P S A

Fig. 3.81

Veg=+12V
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15% 34.7
RIF(Rir RY) = ey

[}

And Ry

10473 kQ
Hence Thevenin’s equivalent of ON Q, is,

+
= 18108V

Applying KVL to base-emitter loop,
— Ig; (10.473) - 0.8 — 039 (I + Icy) + 6.036 = 0
0863 Ig; + 039 I, = 5236 _
gy +0.0359 I, = 0482 Now multiply by 0.39,
0.39 Ig; + 0014 [ = 0.1879 (1)
Applying KVL to collector emitter loop,
- Iep (4.255) - 0.4 - 0.39 (I + Ip) + 18108 = 0
~039 Iy, - 4645 I, = - 17.708 @
Adding equations (1) and (2) we get,
- 46311, = -17.5201
Ie; = 3783 mA
and Iy = 0346 mA
From this, the various voltages can be obtained as,
Veny = (g + I)Rg = 161V
Vor = Vem +Viy =04 + 161 =201 V
Ve = Ve + Vg = 08 + 161 =241V
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- Ry . 15 _
VBNI. = szXRI+R2 —201)(35—06?“

Vg = Vpni - Vin =067 - 161 =-094V

For cut-off, Vgg, required is 0 V given, but actually it is still less ie. - 0.94 V. This
ensures Q, is indeed OFF.

S S L i ;
Ven ®e R + ®<R,) ...Using Superposition

20x30 241x47

= m-rm =17617 V

Thus the stable state result is,
Ic; = 0mA I;=3783mA Ig=0mA Ig =036mA
Vo1 = 17617V Vo =201V Vg =067V Vg =241V and Vi = 1.61 V]
b) To find (hyg)min
For the ON transistor Q,,
Iep = 3783 mA, Ig, = 0.346 mA

_ lo _ 3783
Bedmin = T ~ 0346

= 10933 =11
c) Calculation of (Iggg)max
To calculate (Icpo)max consider the circuit shown in the Fig. 2.85.

V=20V

Re =47k

Fig. 3.85
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Obtain the Thevenin's equivalent across terminal A and ground. The Thevenin's
voltage is V, = Vg, with respect to ground which is calculated earlier.

Vig = Vp =067V
Looking into terminals A and ground,

34,7x15
Ry = R +RJ|Ry= 34N [15= 15—
= 10472 kQ
Hence Thevenin's equivalent is :
\_ lcso
Va4 To find (Icpg)max,
S - Vpglcut-off) = 0 V
I 1047210 and  Vgy=161V
Vgy =181V )
& l Re Viy =067V Calculated earlier
As Vg = 0, base must be also at
= = same potential as emitter with respect
Fig. 3.88 to ground.
vBl = Vm =161V for uaolmax'
(cpo)mas Vo —Vry _ 161-067
Ron 10472x 103
= 89.76 uA
This is the maximum Ipo.
mmp Example 3.11 : A collector coupled tble multivibrator using  mpn silicon

transistors has the following parameters :
Vee=12V, Vg=3V, Re=2kK), Rj=R;=R=20k2
he =30, ry, =200Q and C = 1000 pF. Neglect Icpo
i) Calculate and plot to the scale the waveshapes at each base and collector.
ii) Find the width of the output pulse.
Solution : For the npn silicon transistors,
Veglsat) = 03 V and Vigg(sat) = 07 V=V,
While Vgglcut-in) = 05V =1V, ...Referring Table 3.1

e o Yoo~V (a)-Vo+V, 12-03-07+05
B Ro+ T = T 2000+200




Analog Electronics 3-110

Multivibrators and Blocking Oscillators

= 5227 mA
Hence the overshoot in base voltage of Q, is :

5 = Iy + Vo=V,
= 5227 x 107 *x 200+ 0.7-05
= 12454 V
Ver = Voo -TpRe=12-5227x2
= 1546 V
These are the values of various voltages just after circuit returns back to stable state i.e
att=T.
Stable Quasi-stable  Stable
Q,0FF | Q;ON | Q,OFF
Q, ON Q, OFF | Q, 0N
130 T Tgrpy= 1.045V
W B oo™ 1
21 vy=07v 4 AT oy
=125V #Pf °
\ — i
ov T 7
Vy=05V
VeV (sat) t=RC =20 usec
=TV
Ve T =1.38 psec
Vee=12V
Vee (sat) IgRc = 10,454 V
0.3V ™ 1.545V §=1245V
ol'l ?
Vea 10.972 V
Ve (sa) 0.3 V] Veg (sat) 03V
u\r E—
t=0 =T
VB|
V=07V
0\'J
Vp 135V Ty 135V

Fig. 3.87
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Consider the circuit shwwn in the Fig. 3.88,

Vee
Re S Re
-
 Viog = Veelsal) = 0V
lez
[ Q
OFF i Veelsat) 17 on
Vee R, =ov B
(cut - off)
~Vas
Fig. 3.88
Now Ve = Vee-h Re
s MV U VeV
Re = L L+l

Neglecting I and Vp = Veglsat) = 0 V

6-0 6
R P
=3k
aBZ)Nn:'{'E::F)““."
2
= Euo.lmﬁ

Iy = 15%0.1 =015 mA
Current through R is nothing but Ig,.

o o Yoo Vo (sa0)
B2 = 7 "®

6
0.15 = R

R = 40k
Now T = 0.69 RC
3000 x10™% = 0.69 x40x10° C
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C = 0108 uF
AsQ,is OFF, Iy = DA
~. Current through Ry, Ry = I

I

Also I
Voo

R +K;

wren, e

Vis

Vo -(-Viy) _ Vi
R, +R, R, +R,

Vg Vg (cut-off) _ 0—(-1)
Rl h RI

2
R,
L
R,

v

Under quasi-stable state, Q, is ON and Q, is OFF. The circuit becomes,

Iy =

Ve =6V

Re =3k

Vgelsat)
=0V

llc2=0asQZOFF

Fig. 3.89
0.15 mA in saturation
Vec~Ves(sat) 6

R +Rc R +3

Vpg(sat) =(=Vgg)
R]
0-(-2 _ 2.
R, R

. (D)

- @

. B)

o8

(5
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I =h-1
.6 _2
TR IR
But R, = Ry=R’
.6 2
5= 7Rw

R(3+R)015 = 6R'-2(3+R)
045R +015R? = 6R'-6-2R’
015 R*-355R +6 = 0

3.55%4J(3.55) 4% 0156

R = 75015

= 2183, 1.831

..(6)

To keep I small so that assumption that I, is small in stable state is valid, R should

be large.
R] = RZ = 21.83 Kk}
Thus all the resistances are known.

hmp Example 3.13 : A collect led b

the Fig. 3.90, at the collector of IQ;, The base-spreading resistance of the
transistors used is 200 Q. Draw the waveform at the base of Q, and calculate R

v 3V

—06V

01V

Fig. 3.90
Solution : Assume Q, is normally OFF and Q, is ON.
The given waveform is at collector of Q; i.e. V.
Veglsat) = 01V and Ve =3V
The overshoot in V-, = & = 0.6 -01
= 05V
§= §=05V

form shown in
npn germanium
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For germanium, Vgg(sat) = V, =03V
Vggleut-in) = V, =01V

e = 200Q

Now 8 = Ty + Vo=V,
05 = 2007} + 03 - 01
I, = 15mA

While § = Vee - TR - Veglsat)
05 = 3-15¢10"3x Re-01
NP

The waveform at base of Q, is shown in the Fig. 3.91.

Stable E Quasi-stable E
1=0 t=T

Vo2 i
V, =03V a=o.5v# £Va=°-3\"
_r t

Vy=0av

Vee - Vee (sat)
=29V

|
|

Fig. 3.91

mmp Example 3.14 : Design an astable multivibrator to meet the following specifications :

Vee=10V, Ic=2mA, he=30
The output should be a square wave of 1 kHz with 60 % duty cycle.
Solution : The duty cycle is given as 60 % i.e. 0.6.
T
TL+T,

Duty cycle =

T

% =TT

06T +Ty) = T,
T, = 066T,

(1)
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a o 10-03
2107 = Re
Re = 485k
Now Igz = 1.5 (Ig2)min
Iz -
15 ——— =15%x—
= [hfc}mn o 30
= 0.1 mA
Ve = Vo
Now Iy = ——8
10-07
_a =
0.1x10 I
R; = 93k

Now assume C; = G =C
T; = 069 RC; and T, = 0.69 R,C,
T, = 0.69R, C
0.6x107° = 0.69x93x10° C

C = 939 nF

T, = 069R, C
04x10 = 069 Ry x9.35%x10~°

R, = 62k

hmd Example 3.15 : Design a Schmitt trigger circuit to have Ve = 12 V, UTP = 5 V,
LTP=3 V and Ic=2mA using two silicon NPN transistors with hpp (min = 100 and
fz= 0.1 n'g.

Solution : UTP =5V, LTP=3V, Vec=12V
V; = Vg =UTP =5V when Q, is ON.
Vg = Vi~V =Vp -V =5-07 =43V

Let I = Igp=1mA ... In ON state
Vi 4.3
Ry = L= =43 ki
F Ip  1x109
Now Iz R = Ve =Vi =Vepl(sat) ... Let Veg(saty =02 V

1x10%R, = 12-43-02
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RCZ = 7.5 kK2
Now I, = 011 = E):1><10“‘ =1x10" A
Vo __ 5
R, = =—2 _ =50k
2T T T 1x10”
_ Ic; lxll]
I = hlefm} 00 T 10uA
= Vee-Vm
| P 3 R, 7R,
12-5 N
Ry #Ry = ———— = 63.6363 x10° (1
a*®™ = 0= +10x10 ®
Now Vg = Vi =LTP =3V and Q,is ON.
V, 3
I, = 2ae— _ =60
! R; 50x10° pA
Vg =Vem _ 3-07
and Iy = Iy = —BL_"BEL - =727 _5348x10™ A
a - Ry 43x10°
Vee = Relley +1,141(Ry +R,) l(2)

Using equation (1) in equation (2),

Voo =
12 =
Rg =
R, =
Thus when Q, is ON,
Vo =
And when Q, is OFF,
v, =

o

IRy +11 (R + R+ LRy

5.348x10* Ry +60% 10~ x 63.6363x 10 +60 x 107 x50x10*
9,6892 ki

63.6363x10% -9.6892x10% = 53.947 kQ

Vee ~lesonRea = 12-1x107%x7.5%10* = 45 V

Vee =12V
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_ Ie 53501
Ugadmin = {_._.__h[r)““ =5 = 0.2675 mA

Now find actual Iy, and verify Igy > (Ipg)min-

Consider the equivalent circuit from collector of Q; to base of Q,, as shown in the
Fig. 3.94 (b).

Veg =+ 12V

Vgg=- 12V

Fig. 3.94 (b)
Vee 12

I, = =
3 7 Re+R, ~ (22+15)x10°
= 06976 mA Vg =0V
Lo V-V _ 0-(12)
4 R 100x 107
= 012 mA

Ig; = I3=1; = 05776 mA
As Ipy > (Tpa)ypine the transistor Q is ON and is in saturation,
Ver = Vee =3 Re =12 - 0.6976 x 107 3 x 22 % 10° = 104652 V

Hence the stable state currents and voltages are,

Iy =0A Igg = 53501 A lgg =0 A Ig; = 0.5776 mA

Vgy = 10.4652 V Ve =0V Vg = - 15652 V Vga =0V
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Case ii) Vp(sat) = 015 V, Vg (sat) = 07 V

For the transistor Q, as emitter is ground, Vs = 0.15 V and Vg, =07 V.

Referring to the Fig. 3.94 (a), we write equations to obtain stable state currents and
voltages.

Now Vg, is due to Vgg and Vi~ hence using Superposition principle,

R
Vg = —VBE{R‘TIRZJ

R
+V, [_z ]
2
Vea=0v Ry +R, Vpp= 0V

15 100
= =12 [m]+0'15['i§1-1__—_00 ==14348 V

As Vp, is less than Vi (cut-off), the transistor Q is indeed OFF.
Vee-Ver _ 12-015

L = = 53863 mA
! R. 22x10°
Ve =V, 0.15-(-12)
L = 2B, = 0.1056 mA
2 R, +R;  (15+100)x103
I, = I - I = 52806 mA
Tea 5.2806
Ug2)min = Ec'_._ =5 = 0.264 mA
.
To calculate Iy, consider the Fig. 3.94 (b).
Vee -V 12-07
I = - = 0.6569 mA
3 7 "R¢+R;  22+15)x10°
Vg 07—(-12
I = V=V 0712 000 A
R, 100x10°

Iy = I;—1, =053 mA
As lg; > (Igg)pine the transistor Q; is ON.
Vep = Veo- I3 Re = 12— 0.6569 x 107 % x 22 x 10° = 105548 V

Hence the stable state currents and voltages are,

Iy =0A Igp = 5.2806 mA lgg = 0A 1go = 0.53 mA

Vgq = 105548 V Vgp =02V Vgy = - 14348 V Vga =0TV
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27.

28,

29.

31
32

FHrE

37.

base and collector. (b) Repeat part, (a) taking junction voltages into account, and assume

e = 100 L2 (Ans. : Ry =304}, Re = 5404, R = Ry = Ry =531 k)
Design a collector coupled astable multivibrator for the following specifications :

Cutput voltage 10 V peak; Ic (o) = 1 mA; Bpp iy = 100; Icgo = 0 owdput to be a positive
pulse, the duration, of which is 20 psec, the time between pulses to be 10 psec.

Find the pulse width period and frequency of output of a astable multivibrator given Ry = Ry and
100 J2 and Cy = C3 = 0.1 uF. (Ans. : Pulse width = 6.9 ms, T = 13.8 ms, f = 72,4638 Hz)
Calculate the stable state currents and voltages for the bistable multivibrator having
Vee=12V, Vyg==12V, Rey=Rey =22K) Ry=Ry=15KL Ry = Ry = 100 k).
Assume that a istor having @ mini hﬁ of 20,

Design a fixed bias binary, given the following specifications.

Vee = Vg = 12V, hglmin) = 20 and Iclsat) = & mA.

Assume n-p-n silicon transistors.

Draw and explain the operation of emitter coupled astable multivibrator circuit.

Draw and explain the waveforms of emitter coupled astable multivibrator circuit.

Derive the expression for the frequency of the emitter coupled astable multivibrator circuit.

Draw and explain the operation of Schmitt trigger circuil.

Draw the transfer characteristics of Schmitt trigger and explain what is hysteresis.

State the applications of Schmitt trigger circuit.

With circuit diagram and waveforms explain the operation of Schumitt trigger using two transisiors
Jfor a sinusodial inpul.

Design a Schmitt trigger circuit for Voe = 10 V; UTP = 5 V; LTP = 3 V.

Assume hpp i = 100 and lp o = T mA.
Sketch the output waveform of a Schmilt trigger circuit for sine wave input of 12 V peak-to-peak if
UTr =5 Vand LTP =3 V.

What is blocking oscillator ? What are its applications ?

What is pulse transformer ? Explamn ils equivalent circuit.

. Write @ note on pulse transformer.

Draw an output pulse response of a transformer and explain its characteristics.
State the applications of pulse transformer.
Draw and explain the operation of base timing blocking oscillator.

. What are the applicatons of blocking oscillators ?
. Obtain the pulse width expression for the base timing blocking oscillator.

Draw the circuit diagram of a free running blocking escillator.

. What are disadoantages of base timing monostable blocking oscillator?

Draw and explain the operation of emitter timing monostable blocking oscillator. Draw neat
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High Frequency Amplifiers

4.1 Introduction

At low frequencies we have assumed that the response of transistor to changes of
input voltage or current is instantaneous and hence we have neglected the effect of shunt
capacitances in the transistor. But this is not in case of high frequencies.

At low frequencies we analyze transistor using h-parameters. But for high frequency
analysis the h-parameter model is not suitable for following reasons.

s The values of h-parameters are not constant at high frequencies. Therefore, it is
necessary to analyze transistor at each and every frequency, which is
impracticable.

* At high frequency h-parameters become complex in nature.

Due to above reasons hybrid n model is used for high frequency analysis of the
transistor. This model gives a resonable compromise between accuracy and simplicity to
do high frequency analysis of the transistor.

4.2 Hybrid - 1 Common Emitter Transconductance Model

We know that, common emitter
circuit is most important practical
N configuration and hence we have
chosen this circuit for the analysis
o0 3 ‘l"n'q c gm\,“() .: - OF transistor using hybrid-r model.
s T 3 Fig. 41 (a) shows the hybrid-n
. ¥ = model for a transistor in the CE
Fig. 4.1 (a) Hybrid-n model for a transistors in the <Ofiguration. For this model, all
CE configuration I (r es and
capacitances) in the model are
1 to be independent of frequency. But they may vary with the quiescent operating

point.

(4-1)
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4.2,1 Elements in the Hybrid - 1 Model

Cy and C,, : We know that, forward biased PN junction exhibits a capacitive effect
called the diffusion capacitance. This capacitive effect of normally forward biased
base-emitter junction of the transistor is represented by C,. or C, in the hybrid-x model
Thus the diffusion capacitance C, connected between B' and E represents the excess
minority carrier storage in the base.

The reverse bias PN junction exhibils a capacitive effect called the transition
capacitance. This capacitive effect of normally reverse biased collector base junction of the
transistor is represented by Cy,. or C. in the hybrid-n model.

ryye ¢ The internal node b’ is physically not accessible bulk node B represents external
base terminal. The bulk resistance between external base terminal and internal node B' is
represented as ry, as shown in the Fig. 4.1 (b). This resistance is called as base spreading
resistance.

Tt Tog 1y * The resistance r,, is that portion of

® ©  the base emitter which may be thought of as

being “in series with" the collector junction.

ve This establishes a virtual base B’ for the

junction capacitances to be connected to

: instead of b. This is illustrated in Fig. 4.1 (b).

Fig. 4.1 (b) Virtual base fye + We know that, due to Early effect,

the varying voltages across the collector to

emitter junction results in base-width modulation. A change in the effective base width

causes the emitter current to change. This feedback effect between output and input is
taken into account by connecting g, or r,, between b' and <.

8 ¢ Due to the small changes in voltage V|, across the emitter junction, there is
excess-minority carrier concentration injected into the base which is proportional to the
Vy,.- Therefore, resulting small signal collector current, with collector shorted to the emitter
is also proportional to the V.. This effect accounts for the current generator g, Vi, in
Fig. 4.1 (a).

¢, is called transconductance and it is given as

Al
Bm = AV at a constant Vi

r.e : The r, is the output resistance. It is also the result of the early effect.
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4.2.2 Hybrid - = Parameter Values

Table 4.1 shows the typical values for hybrid-r parameters at room temperature and
for I, = 1.3 mA. -

Parameter Meaning Value
B Mutual cond: of i 50 maV
Tidy Base spreading resistance 100 22
Ty, OF Resistance between B' and E 1kQ
Bwe Cond k B and E 1 m mho
Fye OF Resistance of reverse biased P-N | 4 MQ
junction b base and coll
Eve Conductance of reverse biased P-N | 0.25x 107 mho
junction bt base and coll
T OF Output resistance between C and E BO k2
Bee Conductance between C and E 12.5 x 10°* mha
C. Juncti ipaci b B and E 100 pF
Ce it bety base and | 3 pF
collector
Table 4.1

4.3 Determination of Hybrid-t Conductances

Let us see how we can obtain all the resistive components in the hybrid-n model from
the h-parameters in the CE configuration.

4.3.1 Transistor Transconductance g,,
Let us consider, a p-n-p transistor in the CE configuration with Vg bias in the
collector circuit as shown Fig. 4.2.

= Vee

Fig. 4.2 Pertaining to the derivation of g,
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The transconductance is nothing but the ratio of change in the collector current due to
small changes in the voltage Vyg across the emitter junction. It is given as

al
g = a‘,—‘ )
BE Vee

We know that, the collector current in active region is given as
I, = Ig-alg
and therefore
al, = wdl, = Iy = Constant

Substituting value of ¢ I in equation (1) we get,

dalg dalg
B = aav“ Iaﬁ-z— " Vg = Vg o (2)
The emitter diode resistance, r, is given as
f = 9V
e T 518
1 9V
Y. alg

Substituting r, in place of 1, /0 V; we get,
o

Te

-G

Em =

The emitter diode is a forward biased diode and its dynamic resistance is given as
ne @
E
where V; is the “volt equivalent of temperature”, defined by
kT
q

where k is the Boltzmann constant in joules per degree kelvin (1.38x1072*]/°K) is the
electronic charge (1.6x107"7 C),

Vi =

[ Substituting value of r, in equation (3) we get,

g, = L& _leole
L]

VT -'—v:r w i¢=Im' IIIE
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For pnp transistor I, is negative. For an npn transistor 1, is positive, but the foregoing
analysis (with Vg = +Vg ) leads to g, = (I, - [) /V7.
Hence, for either type of transistor, g,, is positive.
- lc - [(‘0 .

o = <y T B B e (5)
Substituting value of Vy in equation (5) we get

g = led_ Lexiéx 10"

" kT 138x10°B T

116001,
= 23 e (6)

From equation (6) we can say that transconductance g, is directly proportional to
collector current and inversely proportional to temperature.

At room temperature, 300 K

el I,
En = 7300 T 26x107
_ I imA) .

For [, = 1.3 mA, g, = 0.05 mho or 50 mA/V. For I, = 78 mA, g, = 03 mho or
300 mA/V. These values are much larger than the transconductances obtained with FETs.

4.3.2 The Input Conductance g,,

Fig. 4.3 (a) and (b) shows the hybrid-n model and the h-parameter model for CE
configuration at low frequency, respectively. At low frequency, all capacitors are negligible
and hence not drawn in Fig. 4.3 (a).

-
a
g

> o

>

o™ _ANAA A
e ViV vy

<
<

-

> ‘i
E’nb C)gmvb'e :E ce

L —r
-4
o
AMAA

[

&
m

Fig. 4.3 (a) Hybrid-n model for CE cenfiguration at low frequency
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Fig. 4.3 (b) h-parameter model for CE configuration at low frequency

First consider the h-parameter model for CE configuration (Fig. 4.3 (b)). Applying KCL
to the oufput circuit we get,
del, = hgly+h,V,
Making V., = 0, ie. output short circuit, the short circuit current gain hg, is defined as
IC
hi: - ‘I-- . (3)
b
Now, consider the hybrid-n model for CE configuration. Looking at Table 4.1 we
have r,. = 4 MQ >> r,.. Hence [, flows into r,,, and V.. =1, 1. Similarly, as r,, is very
la.rge ]: = gmvb'e'

lﬁ

n
o
L]
£

= B b e ¥ Ve =1 fipee

—

L

[0 = Em Toe v (9)
b

Substituting value of 1./1;, in equation (8) we get
hp = 8o Tye

or

3 gﬂ'\
fye = —= oOr Y = .. (10
w . Bve =g (10)
From equation (5) we know that g, =1_ /Vy
S heVr
o
or By = yp by - (11)

Looking at equation (11), we can say that, over the range of currents for Whiﬂ‘h hg
remains fairly constant, r,, is directly proportional to temperat and sely
proportional to collector current.
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4.3.3 The Feedback Conductance gy,
Let us consider h-parameter model for CE configuration with input open circuit
(I, = 0), V; given as
V, = h.V, - (12)

Now consider the hybrid-t model for CE configuration as shown in Fig. 4.4.

LS n n
Be AA“:‘ 3 1.&.‘- - c
T W\ T WW—— ¥
T =0 Iy
< <
Vi rb‘n:E b (ngvb'h :E Tea Veo
l < E:
E&= = =% E

Fig. 4.4
With I, =0, V, can be given as
Ve = Ij(tpe+rye)

- vl:!
R e (13)

The voltage between B' and E, V},, can be given as

Vie = kg

v,

v, = —_— v

e Tire Tye + Tyre (14}
With I, = 0
Vi = Vi

= rh‘evre
Ty + Tyg

Substituting value of V; in equation (12) we get,
= rb'evce
h" vu - Toe ¥ Th'e
Tye
Tpe + Tive

h, =

Tpe = hu Tye + hn: The

(1- h,.) 1y

hn Thye
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= T’:—‘ wl=h, =1 ... (15)
"
h
Bre = ﬁ“hn-gb'c
be

Substituting the value of r,, from equation (11) we get,

= el e ... (16)

4.3.4 The Base Spreading Resistance ry,,

Let us consider h-parameter model for CE configuration. The input resistance with
output shorted (V. = 0) is h,. With hybrid-n model input resistance with output shorted
IS Ty + Ty,

hi: = My + Ty,
fy = hy =y . {17)

Substituting value of r,, from equation (11) we get,

v
fy = h*—ﬂlt—T .. (18)

4.3.5 The Output Resistance g,
Using h-parameters the output conductance is given as

hy, = - ... (19)

Now, consider hybrid-n model for CE configuration, shown in Fig. 44. Applying KCL
to the output circuit we get
I,

€

= &" &m vh‘c +It
rce

Substituting value of 1; from equation (13) we get,

v,

V,
I = =+ Bm Ve + £
Tee T + Ty
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Substituting value of V.. from equation (14) we get,

Dividing both sides by V, we get

1

[ T

+

+

Bm e . 1

Tye + Tiye Tpe + T
he , 1
Tyt Ty oot lpe
(hy +1)
e + Mo
h fe
T + Mg

"‘hl'e = Em Tye {NI' 10)

o hy > 1

Substituting value of :,—‘ in equation (19) we get

b = L

oe Teo

1

Tee

+

—

hy,
Tye + Mg
by
Twe

S Ty 3 Ty

hu = B +sh'chl'=

4.3.6 Summary

— = B =hy ~pyhe

The Table 4.2 summarizes the relation between hybrid-n and h-parameters

Sr, No.

Parameter relation

1.

A

= D
Bm

The

T = hy =1y,

o i

Sc.'"t::"'a’ln":-

Table 4.2 Relation between hybrid-t and h-parameters

.. (20)

.. (21)

- (22)

. (23

. (249)
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4.4 Hybrid-n Capacitances

We have seen that the hybrid-n model for transistor includes two capacitances :
Transition capacitance and diffusion capacitance, The transiion capacitance C, = Cy is
measured as a CB output capacitance with input open (Ig = 0), and is usually specified by
manufacturers as C,. The diffusion capacitance is represented by C,;, or C, in the hybrid-
n model. It is the summation of the emitter diffusion capacitance Cp, and the emitter
junction capacitance Cr,. For a forward biased emitter junction, Cp, is usually much larger
than Cr, and hence

C, = Cpe + Cq, =Cp,
Let us see how Cp, is proportional to
Emiter Collector the emitter bias Dectmmt I and
independent of temperature.

The Fig. 4.5 shows the minority carrier
charge distribution in the base region. It
gives the injected hole concentration vs
distance in the base region of a p-n-p
transistor.

The base width W is assumed to be
small compared with the diffusion length

Fig. 4.5 Lz of the minority carriers. Since the

collector junction is reversed-biased, the

injected charge concentration p’ at the collector junction is zero. If W << Lg, the p’ varies

almost linearly from the value p’(0) at the emitter to icero at the collector, as shown in the
Fig. 45. The stored base charge Qg can be given as

Qs = % P0)AWq (1)

where .li p’(0) is the average concentration

A is the base cross-sectional area
WA is the volume of the base and
q is the electronic charge

The diffusion current is given by

.

d
‘Aun‘a]';‘

Aq Dy % @

"
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Combining equations (1) and (2) we get
= ~(3)
% = 75,
The static emitter diffusion capacitance Cp, is defined as the rate of change of Qg with
respect to emitter voltage V. Therefore,
G = 9Qs _ W2 dI
De = gV~ 2Dy dV
w? 1
= 5. . (4)
where r,=dV/dl = V/Ig is the emitter junction incremental resistance.
Wil
Cpe = 2D V7

w2 .
B 3D, . (B)

The above equation indicates that the diffusion capacitance is proportional to the
emitter bias current Ip.

Experimentally, C, is determined from a measurement of fy, the frequency at which
H'mCEshoﬂ-ﬂrnutcunuﬂgamdmpsmwuty It is given as

C = 5—"'“ ]

nfy

4.5 Validity of Hybrid-nx Model

Assuming that Vg changes so slowly with time that the minority-carrier charge
distribution in the base region is always triangular, as shown in the Fig. 4.5.

In such case, the slope of minority carrier charge distribution curve at x = 0 is the
same as at x = W and hence collector current remains equal to the emitter current. Hence
the hybrid-r model is valid under dynamic condition only when the rate of change of Vgg
is so small that the base increment current I, is small in comparison with the collector
incremental current I. It is proved that the clements of Fig. 4.1 (a) are frequency
indepmdmtpmvided&lat

2 nf

6 Dn << 1 (1)

From equation (5) of section 4.4 we have,
w? C,

6Dy 3gm
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and from equation (6) of section 4.4 we have,
L N |
6Dy 3, onk
Thus equation (1) becomes
1
2nfx s << 1
f<<3fy ()

The equation (2) shows that the hybrid-m model is valid for frequencies upto

approximately fr/3.

4.6 Variation of Hybrid Parameters with | I, |, | V;g | and Temperature

In previous two sections we have derived expressions for the hybrid-n conductances
and capacitances interms of the low-frequency h-parameters and other (transistor
parameters, such as base width or the diffusion constant for minority carriers in the base.

The hybrid parameters are dependent on the magnitudes of I, and Vpyp and the
temperature. The Table 4.3 summarizes the dependence of hybrid parameters such as g,
Tir Tyer Cor € Ny and hy, on the collector current magnitude |1, |, the coliector to emitter

voltage magnitude | Vg |, and the temperature.

Parameter Variation with increasing
1] | Vee T
Im I Independent Decreases - Inversely
to |1, preportional fo T e,
T
Ty Decreases - due to increases - dus 18
conductivity modulation decrease in conductivity
of the base as a resuit of decrease
in the maobility of
majority and minarity
camaears.
. D -i ly Increases
proportional te |1, |
ie /|
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Ce Increases - propertional | Decreases
to |l |
C. Independent Decreases Independent
hye Increases for smaller Increases - due to the Increases
values of |1, |and increase of transistor o
decreases with higher as a resuit of decrease
values of |1, | of the base width and
the reduction in
recombination
hijg Decreases - inversely Increases Increases
proportional to |1 |ie.
111

Table 4.3 Dependence of hybrid par ters upon current voltage and temperature
Note : No entry in Table 43 means that the parameter varies with |L.|, |Vcg|, or
temperature in a complicated fashion.

4.7 High Frequency Analysis of CE Amplifier

4.7.1 CE Short-Circuit Current Gain
Consider a single stage CE transistor amplifier with load resistor R, as shown in the
Fig. 4.6.

i .
VY B T

IR
rhe‘: gmvhc( :roc :’RL I’u

- TC. be >
E . =

Fig. 4.6 The hybrid-n circuit for a single transistor with a resistive load R

c

A
AAAA

E

For the analysis of short circuit current gain we have to assume R; = 0. With R, =0,

. : i.e. output short circuited r,

by L. ¢ becomes zero, 1y, C. and Cyc
appear in parallel.

)g Vi, When Cc (Cy.) appears between

moee base and emitter, it is known as Miller

capacitance (Cy). Its admittance

Eo : N
. 4 g is pvenias
joCy = *—"”\,-b: joCy, (1 + gy Ry)

=cetcc (b

F4

Fig. 4.7 Simplified hybrid-t model for short circuit
CE transistor
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Hence, the Miller capacitance is Cpy = Cyr (1 + g, By)

Here, Rp =0

3 Cu = G (G

As 1y, >> Iy, Ty is neglected. With these approximation we get simplified hybrid-r
model for short circuit CE transistor, as shown in the Fig. 4.7,

Parallel combination of r, . and (C, + C) is given as

1

e XTI

o o e X To(C, + Co)
1

e * BT, + Ca

Tive
T o, (€, 7CO) - @
This simplifies hybrid-t model as shown in the Fig. 4.8.

Fig. 4.8 Further simplified hybrid-t model
Look at Fig. 4.8 we can write

Vye = 1, 2

Z = ";"be e @
The current gain for the circuit shown in Fig. 4.8 can be given as

Ay = %“-‘E‘?‘;‘h vl =g Vi

Substituting value of Vy, /1, from equation (2) we get,

Ai = ~Bm z
= — Bmfye
= 17 0m. €, 7 CO - @)
From equation (10) of section 43 we know that hy, = g, r..

-h
AT TR G C - )
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fy = . (12)

_ Bm
2n (C.+Co)
Since C, >> C,. we can write

- glll
fr = pia- . (13)

mmp Example 4.1 : Atl. =1 mA and Vo = 10 V, a certain transistor data shows
Ce = Cy, = 3 pF, hy, =200 and vy = - 500 M rad/sec. Calculate g,,, ry, C, = Cyy, and
oy

Solution : i =

B h, 200
& W T m 3846x10°
= 520k
3
i) (c‘+cc)=3_'='='5_'“=m
(C.+Ce) = 7692 pF
Cye = C, = 7692 pF - 3 pF = 73.92 pF

iv) We know that,
fr = hyfp
2nfy = hy2nfy
O = he oy
_ o _ 500%10°
@ RS TI0
= 25 M rad/sec

i Example 4.2 : Short circuit CE current gain of transistor is 25 at a frequency of 2 MHz
if fy=200 kHz calculate i) fr i} hy, i) Find |A| at frequency of 10 MHz and

100 MHz.
Solution : i) fr = JA;|x[=25x2x10°
= 50 MHz
fy _ 50MH=z

1.1) h& =E=m=?50kl-lz
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i) 1A4]

:

At f
250

10x10°
14| ——
200x10°

At f = 100 MHz

Al = —2% ___ -05

[mﬂxm*5 ]’
1+

n
[}
w

1A

200x10°

4.7.2 Current Gain with Resistive Load

Consider a single stage CE transistor amplifier with load resistance R, as shown in
the Fig. 4.10.

73 C
L]
:El'u :ERL Veo
< < J

=0 E

Fig. 4.10 The hybrid-m model for a single transistor with resistive load
In the output circuit r,, is in parallel with R, . For high frequency amplifiers R, is
small as compared to r,, and hence we can neglect r.,. Using Miller's theorem, we can split
ry. and C¢ to simplify the analysis.
Fig. 4.11 shows the simplified hybrid-t model for a single transistor with resistive
load.

Tob'
o—AAAA,
VWWA—

VW
VWV

1K
ImVp

ok L5 i fol E'“(#-%J'cc(i'—%)i& "

|
I
X

Fig. 4.11 Simplified hybrid-n model for a single transistor with resistive load
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Further simplification of input circuit

Amplifier gain K is given as

V,
K= %
Vb'c
where Vo = —Em Vire Ry,
K= -g,Re
Assuming Ry = 2Kand g, = 50 mA/V
we get K = -100
and
The _ 4MQ .,
T-K = T-(100) (Referring Table 4.1)
= 40 K

The value ry, /(1 = K) >> ry, (1 K) and hence 1;./(1 = K) which is in parallel with r,
can be neglected.
Ce also resolved by Miller’s theorem.
1

jaCe 1
T-K 7 joCc (T+gn K1)
C
T _CK = C=Cc(l+g,Ry) e (14)

As C, and C are in parallel, the total equivalent capacitance is given as

Co = C.+Cc(l+gy Ry) .. (15)

rbb' B

From equation (15) we can say that input
capacitance is increased. Cc(l1+g,R,) is
==C+Ccl1+g,R,) called Miller capacitance (C\). With these
approximations input circuit becomes, as
shown in Fig. 4.12.

Fig. 4.12
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Further simplification for output circuit
At output circuit value of C. can be calculated as
1 1
: - — = K=-100
joCc joCe
K-1
K

K
Ce [’m] = Ce
Looking at Fig. 411 we can see that there are two independent time constants, one
associated with the input circuit and one associated with the output circuit. As input
capacitance {C, + C¢ (1 +g,, Ry )] is very high in comparison with output capacitance [C¢].

As a results, output time constant is negligible in comparison with the input time constant
and may be ignored.

K
e [-—K_—I] = Ty K=-100

~ 4 MQ
This value of r;, is very high in comparison with load resistance R; which 1s parallel
with r;.. Hence r,,. can be ignored.

Fig. 4.13 shows the further simplified hybrid-n model of single transistor in CE
configuration with load resistance.

rbﬂ:' . C
Bo—AMA
i et
; b L
=
weS ==Cu= ()am\fm Ry Vee
b CetCol1+a,R)
e -

Fig. 4.13 Further simplified hybrid-xt model for CE with R,

Parallel combination of r,. and C, is given as
1
rb'? Koo
joC,,
1
ot o=
e |L|JC“‘

Z =

= o e
1+ jwor,., Cgy - (16)
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lb Rs
where I " Ron iz
- ZR
A = BmZRs (22

- R+t + £

= Tbe
where zZ-= T+jon, Cy

At low frequency we can neglect the capacitance and hence Z is given as
Z = The

<R
Then A, at low frequency = Ti‘ﬁ{%

-

“h, R
PR i B = . L i 3
Alowy = R ingrn - he = gty (Refer eq. 10 of section 4.3.2) (23)
-h, R
= gt wh = ny +ny, (Refer eq. 17 of section 434) ... (24)

It is important to note that the A i (15, independent of R;.

4.7.4 Voltage Gain Including Source Resistance
Fig. 4.17 shows the equivalent circuit with source resistance, assuming voltage source.

Fig. 4.17 Equivalent circuit assuming voltage source

Vo _IL Ry Em ZR, XRL

V., 1R, R +rp+Z R,

Avs =

&
H
Il-
wl_,
w"

At low frequency
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_ he Ry
o ... (26)

It is important to note that the A y,,, increases linearly with R;.

4.7.5 The Cut-off Frequency Including Source Resistance

ﬁisl\i;.h
Ashigh = — ¢
A
s high
Avsrigh = — i
1+][-f—-]
H
where, fyy = 1 (27
’ H " ZxRqgCy
where, Reg = twe ll (re + Ry)
and Cl.ane+Cc[l+ngL]

It is important to note that fy increases as the load resistance is decreased because C is
a linear function of R;. At Ry = 0, the 3 dB frequency is finite. It is given as

ForR =0:

P 1
H = IxR({C,+Co)

- L o 8m -

. 5 fr = TR, +C) {Refer eq. 12 of section 4.7.1.3)
hef

= gtn“ 2 fr=hy fy (Refer eq. 11 of section 4.7.13)

=R ¢ Bwes ﬁ—‘:‘ (Refer eq. 10 of section 4.3.2)

4.8 Gain Bandwidth Product

4.8.1 Gain Bandwidth Product for Voltage
The gain bandwidth product for voltage gain is given as

_hlﬂ RI, 1

A s low f}tl = A, f" |= R, +h,, xzr:R,q Cua
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-'hfeRlx !

e | Foe (ry * Ry)
Lo e TR

1

s +h Ty (T + R,
2 [W

“he Ry
ZRC, tpr (e + R,)

“ 2w e Ry

2 nct_q Tye (M + R,) Vb =B e

~EBm R|
T e (1
Zan (g + R) 1

This equation can be further simplified as follows.

Ay | =

- C o

[A Xty | =

Bm % Ry
2n[C, + Cell+g R 1] Ry gy

CerCelltenRy)
Bm R

x—* vogn R >>1

2R[C, +C g R, ] Ry try  EmUL

R 2nf, C,
Ry#ry 2n[C, +Ce (2nfy C)R, ]
2nf; C,

R, 2rC, f;
Rytry 2rC [1+2r8 G Ry ]

R, f;

R, ¥y 1T 2RI Co Ry

R, f

-
Rs"'"bb'xhznr‘rcckl. - @
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4.8.2 Gain Bandwidth Product for Current
The gain bandwidth product for current gain is given as
= P hg Ry 1
1Aigion X fig | = A % Ty |= R +h, (IR, Co
By similar analysis with replacement of = h, R, instead of - h;  R; we get,

Em RI f‘I' Rs

Mo |l = S3E R 4 T) ~ 17276, G R, R, + oy - G

The quantities f,;, A, and A, which characterize the transistor stage, depend on
both R; and R,. The dependence between R, and R; with quantities fi;, A, and A, is
shown in Fig. 4.18.

. MHzZ
16 \
[Aveo il MHZ \
300 12—
i
I\ | oot ]
swod s \\\\ J~TR=500
NS Ao
100 4 NN 508 T~ 200
A oo 853
L1 _[2500 ] 74.1
od o

—] 0
0 500 1000 1500 2000 R0
Fig. 4.18

Here fy is plotted as a function of R upto R, = 2000 £, for several values of R,. The
curve R, = 0, corresponds to ideal voltage source drive. The voltage gain ranges from zero
at Ry = 0 to 909 at R, = 2000 £2 The bottom curve with R, = = corresponds to ideal
current source drive. Looking at the same curve we can say that voltage gain is zero for
all Ry if R, = s« For any R; the bandwidth is highest for lowest R,. The voltage galn
bandwidth product increases with increasing R; and decreases with increasing R
Therefore, we can say that the gain bandwidth product is not constant, but it depends on
values of Ry and R,.
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1
£ =
H 2&[rye || (ro + ROTCe + Ccl

= I Ax[TK][(1007 TR)][100pF + 3pF] ~ 2% MHz
We have
= “'hl‘r RI.
Aviw = T4k,
=0 . RL=0
We have,
A _ ~Bmfe R -30%x107° x1x10%x1x10% 2338
Bl T R hw FTye  1x10° +100+1x10° N
il) For R_=1K
We have,
1
fu = InR, C,
where Reg = e lilry + R,
And ceq = C G lvenR]

Typical values : r,,, = 1K, 1, =100Q, C, = 100 pF,
Cec = 3pF, g, =50 mA/V

1
fyy = - —
H 2rn, ([ (e +ROITC.+ Ce (T+ g, Ry )]

1
2% mx [1K [[(100+ 1K)][100 pF + 3 pF (1+ 50% 10~ x 1x 10° )]

= 1.2 MHz
We have,

~Bm e Rs

A =
s o
™ R, + fy + Ty

-50% 103 x1x10% x1x 103
1x10% +100+1x10°

= —-23.8
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We know that, the low frequency gain of an emitter follower is close to unity : K =1
and hence 1 - K = 0. Looking at Fig. 420 with 1 - K = 0, we have the input time constant
1; = (R, +1) Cc and the output time constant is proportional to C;. Since we have
assumed that the load is highly capacitive, T, >> 1; and hence we can determine the
upper 3 dB frequency considering only output circuit. .

WithK =1,
- B Vive = EmRe (Vi -V,)
Ve = I7R, +joC; = 14j0C R, )
SMRLvI( ngLvr

T I+j@C.R.  1+jeC.R;
v [(1+imCLRL)+gMRL ] gmRLVi

T+joCL Ry, = T+joC.R,
= v{- - ngl 1_ Ko
K= V] T+guRy 14176 1+f/H, )
R
where [(°=.lf_§—l‘iL=1 B RL>> 1 ... (5)
m
1+g.R g £ C
and m*L - m o Twe
b= CR, “InC, TG - (6)
where fr = z% (from equation 13 of section 4.7.1.3)
Since fy = 'ian and 1, = Cy /gy, the condition
1, >>1; requires
Cr >> gm B + 1) Cc -7
IR, =509, ry =100Q, Cc=3pFand g, =50 mA/V
We have,

Cp >> 50 x 1073 (50 + 100) x 3 x 107 2 = 23 pF

Since the input impedance between terminals B’ and C is very large compared with
R, + Iy, the overall voltage gain A, =V, / V, =K
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Bettor Approximation for f,

The circuit shown in the Fig. 4.19 (b) is redrawn as shown in the Fig. 4.21. The circuit
connections are shown to make them suitable for the derivation of fy.

Ry Vi ™ Vi B {cc c
\

_(‘D "o —r—T G @ onve

1
T

-

D
=
A
VW

[y
o
rq———;(———-w

4 C

Fig. 4.21 Equivalent circuit of the emitter follower
Looking at Fig. 4.21 we have
1 1R
1/RL+joC, ~ " 1+juC, R,

V, = 1Z =

e

" " . R
[gm(Vi = Vo) +(V] =V )gp. + Imce)].l—_q;él—ki—

= (V] =V)+(gm +8pe +0OC,)]

=
I

1+;01C|_R|

i —V){g+1m011+lmc R’y Wher® 8= Bm *Bue
. R,  xpre s Ry
Ve |:1 +{g+jwC.) W] = Vi{g+jwC,) m

R
v, (Briecd TeC R
Vi : Ry
1+(g+joC,) T+joC, Ry

al
I
1_

(g +joC)R,,
1+ jwC Ry, +(g+joCIR,
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Solution : From the equivalent circuit shown in Fig. 4.23 drawn from, hybrid-x model of

transistor fj; is given by

. S
2xRC.,

eg e

)

)Gm\"n Ry

==C,*
Cel1+0mRy)

where Req
and C
The

Tty + Thye

q

449.59

449.59 R, + 944139

Fig. 4.23

(Rs + rbh') The
R, +rpy +
C.+Cc[1+gy Ryl

hg 100
FA Ty WA

10002 +2K=21K

1
I7R,C,,

= Co+ Cell + gy Ryl

C, + Ce [1 + 50 x 10”2 x 600]
C, + 62 pF

Bm _ _ 50x107°

2nfy  2m(300 MHz)

26.5 pF

26.5 pF + 62 pF = 885 pF

1 1
Znh,C,, ~ (6.28)%4 MHzX 88 5pF

449.59 Q

(R, +0.1K) (2K)
R, +2.1K

2000 R, + 200000
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1
fyy = se———e =4 MHz
H ™ InR, C, 4

1 1

Rea = 276, Coy ™ Tmndn10° X116 32510

= 34153 Q

Req = (Ry+ nyp) Il 1ir,

(R + oy d e _ 4150
R+ Iy + Tiye )

2x 10°

B e G & '
R, + 100+ 2x 10°

(R + 100)

2x 10°R, + 200% 107 = 3415 R, + 717.15x10*

R, = 3118Q
. _ ~hy xRy
1) Ay = R, + M + Ty
_ ~100%600
T 3184100+ 2000
= -~ 24.88
e Example 4.10 : The hybrid-n. parameters of the transistor used in the circuit of Fig. 4.24

are g, =50 mAV, r,;, = 1K . = 4 MQ, r,, = 80 K, Cp = 3 pF, C, =100 pF and
Fiye = 100 €1 Find

—_

) Upper 3 dB frequency of current gain A; = IL

b) The magnitude of voltage gain at Ay = % at frequency of part (a).

Fia. 4.24
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Ry

1818

~ 199980 + 181.8 R,

R,

mmp Example 4.12 : For
below. What value of R will give 3 dB frequency £, which is twice the value obtained with
Ry = =a (ideal current source). Hybrid-n parameters : g, = 50 mA/V, ry. = 100 €2,
fye = 1 K, Ce=3pF, C, = 100 pF.

five || o + R,

e [ T + Ry = 2770 Ty +R
ve .

1000 (100+ R,)
1000+ 100+ R,

1x 10° + 1000 R,
TI00+ R,

1x10° +1000R,
12220

a single stage CE amplifier whose hybrid-r parameters are given

1
Solution : fy = s——r
H = 7nR,, C,
and f“v = 'ZfH
- 2
2rR . Cyg 2nRy Cpy
R,
-
R = &
Reg = fwell (rw + Ry
= Ty, || r
= ry = 10000
Ry = 5000Q
500 = Ty (T + R,)
Tye + e + R,
_ 1000 (100+R,)
= 1000+ 100+ R,
= 1x10° +1000 R,
R, = 90002

‘ ~ 5.5x10% +500 R,
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= Bm Ry, -
= IWC,+CEn R K, 4y “Bm Ry 21
- R 2nfr C,
" R, +ny IN[C.+Cc @Rk CIRL]
Bm = 2nfr C,
- Ry % 2nC, fr
R+ 2nC, [1+2nf Ce Ry ]
Ry fr

R, +ny 1427k Ce Ry -~ proved

inmp Example 4.15 : Using hybrid-n equivalent circuit show that short circuit current gain as
a function of frequency for a common collector transistor is given by

=

G

Neglect 1o Ty, Ce
Solution : Hybrid-n model of CE configuration

Fig. 4.25
Making collector common and R = 0 we get,
Tbe

Mo E

° L b

bz Doaee

Fig. 4.26
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Parallel combination of ry, and C, can be given as

1
Tie X j_wf. Ty
Z = =
B 4 1 1+jwor,C,
be jmce

Simplified equivalent circuit can be given as shown in the Fig. 4.27.

Ty
B o— A —o— A —1—o
— "
I Ve e

Osne

Fig. 4.27
Looking at Fig. 4.27 we have,

_ _ Trely
Ve = b 2= Tan.c

Applying KCL at node 1 we get,

I = b+ gm Vie
Substituting value of Vy;, we get,

- Bm Th'e lb - Bm Tve
b et e[l e
= 1_I=__ Bm Tie - hfe h[e
A = b “1+1+jmr,,-e C, -1+1+jmr.,-e C. =1+1+521:fr,,:e C,
hy,
We know that = TFjantn.C.
foo= — L
b 27 rye (C. +Cc)
Neglecting C- we get,
£ = 1
P = zaneEa

'f'l’ = 2nry, C,
B
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a - hie
o = 1+hﬁ.
h
l-g, = 1-5 5
1 1
1=, is h_ ‘-H
1
=, = hg
1]
T~a, |
A = It
1+il¥]
iy Example 4.16 : The amplifier shown in Fig. 4.28 uses a transistor with the following

parameters.
& = 0.2 AV, rye = 100 olm, 1y, =1 K
C.=200pF, Co=4pF, r,=80K

Assume coupling and bypass capacitors to be perfect short at mid and high frequencies.
Draw hybrid-n equavalent circuit of the amplifier and calculate :

i} Mid frequency voltage gain V, /V,

it 5y i fy
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Solution : Hybrid-nm Equivalent

.lRlsﬁ B “r:":. B. (I:llc C
VAN WA i
900 02 100 2 4pF
* e
Vg ’u§1m ==200 pF 1K§ Vo
ImVo'e
.
E
Fig. 4.29
i) Mid frequency voltage gain :
Vo _ _hk Ry
Ve R, +h,
R = Mg + My
= 100 + 1000 =1100 Q2 =11 K
hfe = Bm X iy
= 02A/Vx1K=200
V, _ -200x1 _ -200
Y, T 09¥1 1770
= - 100
1
i) fp fil E —-——-——-~—-2Krbr=(c=+c‘:)
_ 1
T Zax1Kx (200pF+ 4 pF)
= 780.17 kHz
fy = 780 kHz
jil) fr = hy fy
= 200x780

= 156 MHz
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wmp Example 4.17 : A single stage CE amplifier is measured to have a voltage gain bandwidih
fir of 5 MHz with Ry = 500 Q. Assume hg = 100, g, = 100 mA/V, ry =100 Q,
Ce=1pF, and fr = 400 MHz.
i) Find the value of source resistance that will give the reguired banduidih.
i) With the value of R, found in (i), find the midband voltage gan V, /V..
Solution : i) We know that,
fy = =
H = 27Rq Cyq

(R, + 1) 1y,

where Ry = R
and Coq = Co+ Cc[1+ gy Ryl
hy, 100
Tye = £=W
= 1K
Ceq = Ce+ Cell + g Rl =C, + Co [ 1+100x107x 500]
= C,+ 51 pF

8w 100x10°°

C. = E e———
¢ Ink o 2m(400%10%)
= 39?9 PF
Ceq = 39.79 + 51 = 90.79 pF
= 1 = 1
Req 2xiyCy  2me5% 109 % 90.79% 1072
= 3506 Q
(R, +100)(1000)
3506 = TR, #1100
330.6 R + 38566 x10° = 1000 R, + 100000
6494 R, = 285.66 x10°
R, = 43988 Q
ii) The mid band voltage gain V,/V; is given as
Vo = “hy Ry
v, R, +h;,

L;_ _




Analog Electronics 4-47 High Frequency Amplifiers

where hy = nge + Ny = 100 + 1000
= 11K
v, ~100x500

- e 2
A 439 88+1100 3247

mp Example 4.18 : For the circuit shown in Fig. 4.30, determine A, = ? as a function of

frequency. The transistor Q has the following parameters :

Iy =90, 7, =100, g, =1mAV

Ty = 2600 Q, C, = 200 pF

Ty, =0, Cp = 3 pF

Assume that the output time-constant is negligible as compared to the input time
constant.

All coupling and bypass capacitors may be treated as short for frequencies of operation
of the circuit.

Fig. 4.30

Solution : When the output time constant is negligible as compared to the input time
constant

V, -8mRLG,
PR RS - 1 B Vit
Avs V, G,+gy.+sC

. 1 1
here G, = =
v * 7 R, IRp+rny 50]|(82 K|[59 K +50

1 -3
= ‘g-ﬁ =10.01x10
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1 (1+hy)
hoe = Bee # (1 +h‘fz)gb'z'_'r_+r—‘
-3 b'e
o1, 0+77.239
T 8K IMD
= 51.619x10°*%

mp Example 4.20 : Caiculate the voltage gain -gi’- for the circuit shoum in Fig. 431.

Transistor parameters are given as under :
I.=1mA, fyy = 100Q,  r, = 8010
8n =S50 mANV, 1, =1k, Cc=3pF
Ty = 4 MQ, C, = 100 pF
You may use the following conversion formulae :
Tbe

Tye + Tpre

1

1
M =8m Toer o= ;;*E:*Sm h,

By = Ty + Tyye M =

Make suitable approximations to simplify your circuit.

+Veg(+12V)

....
=2

Fig. 4.31

Solution : Assume that the output time-constant is negligible as compared to the input
time consedtant. When this is the case
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1 1
R, TRy + 1y~ S0]I(100K[[I20K)+100

where G, =
= 6.66x107

_ 1 _1 -3

v = 1 =1R 1x10

R, = R JRc=1K|05K

= 333330
sC = admittance of C
where C = Co+Cc(1+gyRy)
= 100 pF + 3 pF (1 +50x10x 333.33)
= 153 pF
At 10 kHz,
sC = 2nfC = 2nx10%10°x153 pF
= 9.613x107®
.~ At 10 kHz signal frequency
Ve
Ay = V_,
-50x10~* x 333.33% 6.66x 103
6.66%107° +1x10™ +9.613x107°
= - 14.47
mmp Example 4.21 : Given the followi i ts made at I. = 5 mA,
V& =10 Vandatmomtempmlmrehﬁ—.lm h, = 600Q, A, = 10 at 10 MHz,
= 3 pF.
Find fy, fr, Cyo Ty and Ty (R.U. : 1995, 2005)
Solution : From equation (5) of section 4.7.1 we have,
hl‘r

[A

2
fp



Tuned Amplifier

5.1 Band Pass Amplifiers

To amplify the selective range of frequencies, the resistive load, R¢ is replaced by a
tuned circuil. The tuned circuit is capable of amplifying a signal over a narrow band of
frequencies centered at f.. The amplifiers with such a tuned circuit as a load are known as
tuned amplifier. Since tuned amplifiers amplify narrow band of frequencies they are also
known as band amplifiers. In the tuned RF amplifiers the center frequency may
range from 1 to many megahertz and side frequencies extend to 5 or 10 kHz for amplitude
modulated voice or music and to several hundred kilohertz for other amplifications.

The tuned circuits resonate at a particular frequency. The response of tuned amplifiers
is maximum at resonant frequency and it falls sharply for frequencies below and above the
resonant frequency, as shown in the Fig.5.1.

Voltage
gain

—= Frequency

0 f,

Fig. 5.1

At resonance, inductive and capacitive effects of tuned circuit cancel each other. As a
result, circuit is like resistive and cos ¢ = 1 i.e. voltage and current are in phase. For
frequencies above resonance circuit is like capacitive and for frequencies below resonance
it is like inductive. Since tuned circuit is purely resistive at resonance it can be used as a
load for amplifier.

We need tuned amplifiers to select or to amplify particular band of frequencies in a
radio receiver or TV receiver. All frequencies in the desired band would be amplified
(-1
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equally, and all frequencies outside the desired band would produce zero response. A
measure of relative selectivity is sometimes defined as the ratio of the frequency width of
the response curve at 60 dB down from the center frequency response to the bandwidth at
which a signal only 6 dB down.

5.2 Parallel Resonant Circuit
The Fig. 5.2 shows the tuned parallel LC circuit which resonates at a particular

frequency.
The total admittance of the parallel tuned circuit is given by

® v

g

A'n'.l-.lv
&
il
Al
a

Fig. 5.2 Parallel resonant LC circuit

1 1 1
Yr = W],'+1_ﬁ?nf+ﬁf
1. 1
= R_P”(‘“C'H) (1)
At resonance imaginary part is zero, thus equating it to zero we get,
1 e -
wy C = oL sopLC=1 . (2)
£ = 1
’ ZKJI:E - )

Q factor

Quality factor (Q) is important characteristics of an inductor. The Q is the ratio of
reactance to resi and therefore it is unit less. It is the measure of how 'pure’ or "real'
an inductor is (i.e. the inductor contains only reactance). The higher the Q of an inductor
the fewer losses there are in the inductor. The Q factor also can be defined as the measure
of efficiency with which inductor can store the energy.

Maximum energy stored per cycle

Q= 2x Energy dissipated per cycle

.4
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Analeg Electronics
The voltage V is common to the three circuit elements, and we can write the
maximum energy of the circuit in terms of the capacitance as CV2/2. The energy loss per
. (9)

R C
= =F = =
-COUCRP— T RP"L

cycle is (V3 /2R,) / £. Then Q is
_ 2RVEC/2
V2 /2R f

Once the resonant condition is determined by w} L C = 1, the value of Q of a resonant

circuit is determined by R, , or by the ratio of C to L.
At resonance, reactive term is equal to zero, therefore,
. (6)

~Impedance at resonance, Z; = RP
Using equation (6) and (5) we can write
- __Q
Zy = QL= e . (7
The impedance of the resonant circuit is required in determining arcuit gain. The gain

of the circuit shown in Fig. 53 is
+*
L \]ﬂ

- oIl
Fig. 5.3 LC resonant circuit
Ay = ~gmR =-gn Qo L e (8)

5.3 Series Resonant Circuit
The Fig. 54 (a) shows the series
resonant circuit. Here, the loss element
R, is in series with L. The admittance of

the R L series branch is
R,=joL
Il e ()

1
h Rs +ij N RE +(02_F

o
A
\l
[A|
(o]
”:0

Fig. 5.4 (a) R in serles
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Usually at high Q conditions,
w@* I* >>R? . Therefore, we can drop term
R? in the denominator tc get

IC) gRI Lg Y= R, e 1

1 1
. = e ves (2
o l? jol R * joL @

\|
A
(o]

This equation gives us the paraliel
arrangement as shown in Fig. 54 (b).

Fig. 5.4 (b) R in parallel Where R’ is given by

R = ‘°:': .3
2
R = &F o

The equations (3) and (4) represent transformations for passing from the series form of
circuit to the parallel form, or vice versa. The inductance L does not change in the
‘transformations but a small series R transforms to a large R’ in parallel with L.

In the previous section we have seen that for parallel circuit Q is
Q= o CRy
Here, R, is represented by R’

y 5
Q = r.moCR==(|:',_}Cm§‘z .. (5)
Since W@ LC =1  Wehave
L
Q= 3= o (6)

sy Example 5.1 : An inductor of 250 pH has Q = 300 at 1 MHz. Determine R, and R,, of

inductor.
Solution :
R, = @y L Q = 2mx1 MHzx 2501076 x 300
= 471.24 kQ
_ oy L 2xmx10°x250x107°
Ry = =g —— =550

" 5.4 Bandwidth of Parallel Resonant Circuit

Let us define a frequency variation parameter as §. It indicates the frequency deviation
from resonance frequency and it defined as.




Analog Electronics 5-5 Tuned Amplifier

_ o-ey _ [-f
R R ()

At resonance § = 0 and the voltage of parallel resonant circuit is

The impedance expression for parallel resonant circuit is given by,

Ry

Z='l_-ﬁm . (3)

At a half-power bandwidth limit the real and reactive terms of the circuit impedance
are equal and we get,

At a half power we also have,
IR

v,
Vy = % = &
NI
At the below resonance band limit we have f; < f, and equation (1) gives,
£y —F '
5 = _ﬂf L=1-1/f A5)

0

Substituting value of §; from equation (5) in equation (4) we get,

1 =20 [1-;—‘) ..{6)

0
At above resonance band limit we have,

f; > f; and equation (1) gives,

£~
5 = . L= fffg-1 (7

Substituting value of 8, from equation (6) in equation (4) we get,
1 =20 [’_1_1) (8
fa

Adding the relations we get from equations (6) and (8), we have,

fi‘._fl

2 =12Q %
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fz-fl = %
The bandwidth for the resonant circuit is f, - f; and hence it is given by
f;
BW = f,-q:bﬁ (9)

The equation (9) shows that the bandwidth of the parallel resonant circuit is inversely
proportional to the circuit Q.
The Fig. 5.5 shows the impedance and phase angle for parallel resonant circuit. It

shows that the phase angle of the circuit impedance changes in an almost linear manner
from + 45 © to - 45 °. The average rate of change of phase angle is,

de @€ _ Q
w0y a0
1.0 0
8 N T B
AY
L
0.8
VAR
" L .
] 06 ‘.‘ Decibels below
\ peak response
Phase \
angle@®  0° |ﬁ;| A
\
0.4 3 -8
VAN
\n
- 40° 7 N Y
0.2 / \; \ ~15
s L hRt T~
/ ~~..,_\
- 80° ~zi -2
o
0.86 0.98 1.0 1.02 1.04

-—h
Fig. 5.5 Impedance and phase angle for paraliel resonant circuit for Q = 100

The equation (10) shows that the higher the value of Q greater is the rate of phase
angle change. This is the important advantage of a high Q circuit in constant frequency
oscillator circuits.
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The impedance of a parallel 1ant circuit shown in Fig. 5.2 is given by
S S
1
R—+] [wC-(1/al)]
i

N
]

RP
1+joCR,[1-(1/0’ LC)]
_ Rp .. _1 _
" Tt ¢ 0 =z and @CR, =Q  ..(11)

Substituting the value of Q from equation (5) of section 5.2 in equation (11) we can
write the equality of real and reactive terms at f; as

C| 1
1= n,ﬁ[%m-m]

f,
- b (12
Q[—fu— rz] 2
Similarly, at f; with f5]f; > 1 we have,
fo ki
1= _——— (13
o(-¢) (13

Equating equations (12) and eliminating Q we have

h b (h 4
R \h h

-2 g-
02 10

-1 f-f
2 b

L -3 = B6H-£F
£ -8) = b -f)
f = Ji& ..(14)

The equation (14) gives the exact result. However, we can calculate f; approximately
by expression :

g = A3k (15)
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5.5 Analysis of Single Tuned Amplifier

A common emitter amplifier can be converted into a single tuned amplifier by
including a parallel tuned circuit as shown in Fig. 5.6. The biasing components are not
shown for simplicity.

[
e L

Fig. 5.6 Single tuned amplifier
Before going to study the analysis of this amplifier we see the several practical
assumptions to simplify the analysis.
Assumptions :
1. Ry << Rg
g =0

With these assumptions, the simplified equivalent circuit for a single tuned amplifier is
as shown in Fig. 5.7.

l K
< L ¢
® o R, §L c=< Vi-. Ste () 9mVio 2

Fig. 5.7 Equivalent circuit of single tuned amplifier
where Ceq = €'+ Cye + (1 +gn Rp) Cic

..,v
]

C : External capacitance used to tune the circuit
(1 + g, Ry) Gy : The Miller capacitance
1, : Represents the losses in coil
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where o = %
We define the Q of the tuned circuit at the resonant frequency j to be
R
Qi = ?ﬂ;f, =ty RC ..{5)
- -8xR
A= el o - a7

At @ = oy, gain is maximum and it is given as

-

The Fig. 5.9 shows the gain versus .frequmcy plot for single tuned amplifier. It shows
the variation of the magnitude of the gain as a function of frequency.

1Al

Aymax | = gmR

Fig. 5.9 Gain versus frequency for single-tuned amplifier
At 3 dB frequency,

- BaR
Al = ()
~.At 3 dB frequency
1+jQ(o/y ~oy/w) = V2
o o}
1+02[7.-£—-76] =2 -(®)

This equation is quadratic in @’ and has two positive solutions, wy and wp. After
solving equation (8) we get 3 dB bandwidth as given below.
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BW = fy-f =S -f 1 9)
H™IL = 3G Q ZaRC -t

BW =

\mp Example 5.2 : Design a single tuned amplifier for following specifications :

1. Center frequency = 500 kHz
2. Bandwidth = 10 kHz

Assume transistor paramelers : gy, = 0.04 5, he = 100, Cy, = 1000 pF and
Cy =100 pF. The bias network and the input resistance are adjusted so that r; = 4 kK

and Ry =510 Q2.
Solution : From equation (9) we have
1
BW = sre
1 1
RC = Z5W = Saxionio”
= 15912 x 107 ¢

From equation (3) we have

R = 5IR; | ny,
where T 4 K1
_ hy 100
e = 2= gop = 2500Q
_ -9
R'p = QcmDL' %C
= QC
R = 4x10° 12500 | o
c =1
2nx10x10° xR
C - !

2nx10x10° x[4x103||2500|1 ——u-&—,—]
2ax500% 107 % C

The typical range for Q_ is 10 to 150. However, we have to assume Q such that value
of Cp should be positive. Let us assume Q = 100.
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Solving for C we get
C =

We have
C =

C =

We have,

1

1

1

md—ZII:XWOOXC

2mx10x103

0.02 pF

C'+Cy, + (1 + g Ry Cye
C~[Che + (1 + g Ry ]
0.02 x 107 % - [1000 x 10”12

+ (1 +0.04 x 510) x 100 x 10”1}

5 pH

From equation {2} we have,

R, =

mLQ:anS@xlOSxleﬂ'sxlm
1570 Q

5 Il Ry 1ty = 4 x 10° || 1570 || 2500
777 Q

We have mid frequency gain as

Ay max =

- gm R=(-0.04) (777} = = 31
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5.6 Primary Tuned Amplifier with BJT

An inductively coupled circuit as shown in the Fig. 5.10 is frequently employed as a
coupling element between successive amplifier stages at the higher frequencies. Such
circuits are mainly used to obtain impedance matching for maximum power transfer
between successive amplifier stages.

Fig. 5.10 Inductive coupled circuit
Here, M is the mutual inductance and it determines a coefficient of coupling K. It is
given by,
M

JLiL,

The Fig. 5.10 shows the inductive coupled parallel resonant circuit with BJT used as an
amplifier. The component Ry;, C; and L; in collector circuit of first stage forms the
resonant circuit. At w§ L; C; = 0, the circuit impedance is resistive at 1, 1 and by selection
of an optimum value of mutual reactance, ® M, we can then match the load Ry, to the
first-stage.

Tuned primary circuit M
o )

EmVMICD Viez
2 AT
. o ——— = —
R | f nd
Qutput (collector) circuit of 1 slage Input (base) circuitof 2 stage

Fig. 5.10 (a) Inductive coupled parallel resonant circuit
The Fig. 5.10(b) shows the equivalent circuit of the inductive coupled parallel resonant
circuit shown in the Fig. 5.10(a). Here, the inductive coupled circuit is replaced by its
equivalent T network and the current source is replaced by voltage source.
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Fig. 5.10(b) Equivalent circuit

Looking at Fig. 5.10(b), we have
Vi = jelih-joM +joM(§ - 1)

= joL L -joMI, (1)
0 = joM (I -L)-jolyh+joMIL, -Ry I,
= joMl - (jol; + Ryp) I .(2)
L = [ﬁ%ﬁ]l' 3
we have,
VI

Mu
1I

Zy

Substituting value of I; in terms of I; in equation (1} we have,

- —joM[ oM __
Vip = jel I ]mM[ijz+Rn][‘

=

o M?
B T P
I, - Mt R R,

Z = @

The untuned secondary will have a low reactance such that wl, <<R,, and therefore
we have,

w* M?
Zy = joly+ - ..(5)
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M2
The equation (5) represents series circuit of L, and R, where R, = 2'%_. This is
n

illustrated in Fig. 5.10(c).

< i
v :E Ry ;é c, 'L L Vie2
s 1
z R, )
Fig. 5.10(c)
From equation (3} of section 5.3, we can find the equivalent parallel resistance at 1, 1 as
o 1§ o L} L Ryl
R’ 2 — = = ‘..(6]
R,  o*M?*/Ry M*/Ry M
We have,
Z = RjlIRy
Ryl
_ _R.Ry _ M Ria
T R,*R; R.,LZ
3 ;:" +Ry,
Ry
Z =R =——11
P Ry M2
1+
RnL}
Looking at Fig. 5.10(c) the voltage V is
V = 1Z=(oL +R)L
= jol by »> Ry
Vb2 = Rnl
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of the coupled circuit is tuned to resonance, as shown in the Fig. 5.11(a). The Fig. 5.11(b)
shows the equivalent circuit for Fig. 5.11(a).

Let us derive the optimum value for M. Looking at Fig. 5.11 (b) we have,
Vi = jol -joMl +joM 0 - 1)
= jolih - joMh (1)

0 = oM (L) +jol, L -joML + Ry I, - mc,

= —joMI; +jol, L + Ry I - mC

. . 1
= —j oM, +[|(mL1—— C1‘+R2:| I
L - ]ml\-':ll
L, ~ R
l[ 2 m}‘ 2
At resonance in the secondary, oL, = ——— and we have,
1 = ML
2 R,
We have,
v,
Zy =
1

Substituting value of I, in terms of I; in equation (1) we have,
joM I,
R;

Vi1 = joLyly —]mM[

Vi _. g M?
Zy = -[1—-1le+ "

Looking at Fig. 5.11(b) we have,
Ity

L = g +Zy

[rd

ry +jol; + &
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L

By ()

AN/

&
e
(=]
£

=

- Ly %

it

1

Ay
-— n{ —_—

WA
o

—— —ww—mm T ~AMN +
l c, Ffn Li—-M L-M R,
+

g|¥
2
A
D000
=
SN
Ky
3
!
o{

(e)
Fig. 5.13 Equivalent circuits for double tuned amplifier
The Fig. 513 (c) shows the simplified equivalent circuit for the Fig. 513 (b). In

simplified equivalent circuit the series and parallel resistances are combined
elements. Referring equation (9) we have

into series

o2 o lf

R Le. "

P
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where R represents series resistance and R, represents parallel resistance.
Therefore we can write,

Ry =

L!
ms'{n' +R,

of L3
Ry = K, +R,

In the simplified circuit the current source is replaced by voltage source, which is now
in series with C,. It also shows the effect of mutual inductance on primary and secondary
sides.

We know that, Q = o),TL

Therefore, the Q factors of the individual tank circuits are

_ ol _ol,
Q = 'ﬁm%-ﬁ (1)
Usually, the Q factors for both circuits are kept same. Therefore, Q; = Q; = Q and the
resonant frequency of = 1/L; C; = 1/L,C,.
Looking at Fig. 5.13 (c), the output voltage can be given as
i

Vo = —arech: e (2)

To calculate V;/V, it is necessary to represent I in terms of V. For this we have to
find the transfer admittance Y. Let us consider the circuit shown in Fig. 5.14. For this
dircuit, the transfer admittance can be given as

-2 -4 5
1 ANV AN ——O-
* —1, -l
.h <
vy EE 4 Va E:ZL
e 2
Fig. 5.14
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By doing similar analysis as for Z; we can write

Z,+27 = "’Q:“Z +(142Q8)

Then
Y, = Z - 1
T 7, 27 %% 2t
Yr = _ 1 . _
m,qu (1+i2Qa{°" 2 (1+jzoa}
joy, koL, Ly —= J
i jo, kyL; L
Kt 2

Yr = Q e 3)

o, T L; [4Q8-j(1+ K'Q* -4 Q% 8]

Substituting value of I, i.e. V; x Y we get

v = 13...\’,-[ kQ? }

¢ m,C~ @G o L L [4Q8-j(1+k2Q? -4 Q% 89)]
,.,v =]Sm vl
Ve kQ?

A Vi ,,mequ{w JL L, [4Q6-j 1+ K*Q - 40131)]]

- 1
“ac ok
- Bm @ /T, Ly kQ? @

4Q8-j(1+K*Q*-4Q% 8) "

Taking the magnitude of equation (4) we have

kQ
= gt J, L (B
14,1 B @ /Ly =QJ1+k2Q=-4Q261+16Q252 (5)

The Fig. 5.15 shows the universal response curve for double tuned amplifier plotted
with kQ as a parameter.
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Fig. 5.15

The frequency deviation & at which the gain peaks occur can be found by maximising
equation (4), i.e.
4Q8-j (1+k*Q*-4Q%%) = 0 .. (6)

As shown in the Fig. 516, two gain peaks in the frequency response of the double
tuned amplifier can be given at frequencies :

Fig. 5.16
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1 2
fy = fr[“i'ﬁ k-Q=—1] e (7}

AtKPQP =1, ie k = é, fy = f, = f. This condition is known as critical coupling. For

values of k < 1/Q, the peak gain is less than maximum gain and the coupling is poor.

At k > 1/Q, the circuit is overcoupled and the response shows the double peak. Such
double peak response is useful when more bandwidth is required.

The gain magnitude at peak is given as

JL Lok
|Apl = Em®a 12 1 - ®
and gain at the dip at §= 0 is given as
_ 2kQ
1A4] = |Ap[m e (9)

The ratio of peak gain and dip gain is denoted as y and it rep its the magnitude of
the ripple in the gain curve.

Ap
Ay -

1+ KQF
2KQ

... (10)

Using quadratic simplification and choosing positive sign we get

KQ = T+1h"2 -1 . {11)

The bandwidth between the frequencies at which the gain is [Ay| is the useful
bandwidth of the double tuned amplifier. It is given as

BW = 28 =v2(f,-f) . (12)
At 3 dB bandwidth,
T =42
KQ = y4y7 +1 = 2+y¥2° +1 = 2414
3dBBW = 28 =42 (f,-f)

- 1 a7 1 L _1 pEaTC
= Ji[f,[um k*Q 1] f,[l 70 k*Q 1}]
- )

JE[EQ‘-—J{Z.‘;:H): -1} =3 é fe
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We know that, the 3 dB bandwidth for single tuned amplifier is 2 f./Q. Therefore, the
3 dB bandwidth provided by double tuned amplifier (3.1f,/Q) is substantially greater than
the 3 dB bandwidth of single tuned amplifier.
Compared with a single tuned amplifier, the double tuned amplifier
1. Possesses a flatter response having steeper sides.
2. Provides larger 3 dB bandwidth.
3. Provides large gain-bandwidth product.

5.9 Stagger Tuned Amplifier

We have seen that double tuned amplifier gives greater 3 dB bandwidth having
steeper sides and flat top. But alignment of double tuned amplifier is difficult. To
overcome this problem two single tuned cascaded amplifiers having certain bandwidth are
taken and their resonant frequencies are so adjusted that they are separated by an amount
equal to the bandwidth of each stage. Since the resonant frequencies are displaced or
staggered, they are known as stagger tuned amplifiers. The advantage of staggered tuned
amplifier is to have a better flat, wideband characteristics in contrast with a very sharp,
rejective, narrow band characteristic of synchronously tuned circuits (tuned to same-
resonant frequencies). Fig. 5.17 shows the relation of amplification characteristics of
individual stages in a staggered pair to the overall amplification of the two stages.

j b
® . 10/ :
i :
2 o go_fw SR S e
i :
€ &
ANy
7 2
{a) Responsae of individual stages (b) Overall response of staggered pair
Fig. .17

The overall response of the two stage stagger-tuned pair is compared in Fig. 5.18 with
the corresponding individual single tuned stages having same resonant circuits. Looking at
Fig.5.18, it can be seen that staggering reduces the total amplification of the center
frequency to 0.5 of the peak amplification of the individual stage, and at the centre
frequency each stage has an amplification that is 0.707 of the peak amplification of the
individual stage. Thus the equivalent voltage amplification per stage of the staggered pair
is 0.707 times as great as when the same two stages are used without staggering. However,
the half power (3 dB) bandwidth of the staggered pair is 2 times as great as the half
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The bandwidth of n stage identical amplifier is given as
BW, = h-f=(-f)+(-f)

= _&_JE*-Z“% 1}2%—1
eff

204

= BW, \12% -1 - (13)

where BW, is the bandwidth of single stage and BW,, is the bandwidth of n stages.

mwp Example 5.3 : The bandwidth for single tuned amplifier is 20 kHz. Calculate the
bandwidth if such three stages are cascaded. Also calculate the bandwidth for four stages.

Solution : i) We know that,

] 1
BW, = BW, V27 -1= mx103x1!2'5 -1

10.196 kHz

n

1
ii) BW, = quﬁxdzi -1 =87 kHz

The above example shows that bandwidth decreases as number of stages increase.

5.11 Effect of Cascading Double Tuned Amplifiers on Bandwidth

When a number of identical double tuned amplifier stages are connected in cascade,
the overall bandwidth of the system is thereby narrowed, and the steepness of the sides of
the response is increased, just as when single tuned stages are cascaded. The quantitative
relation between the 3 dB bandwidth of n identical double tuned critically coupled stages
compared with the bandwidth A; of such a system can be shown to be 3 dB bandwidth
for .

1
n identical stages double tuned amplifiers = A, x [ZF - l]x e (D)
where A, = 3 dB bandwidth of signal stage double tuned amplifier
Key Point : The equation (1) that the bandwidth &, is small compared with the

resonant frequency.
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Disadvantages :
1) Since they use inductors and capacitors as tuning elements, the circuit is bulky and
2) If the band of frequency is increased, design becomes complex.
3) They are not suitable to amplify audio frequencies.

5.13 Applications of Tuned Amplifiers
The important applications of Tuned Amplifiers are as follows :

1. Tuned amplifiers are used in radio receivers to amplify a particular band of
frequencies for which the radio receiver is tuned.

2. Tuned class B and class C amplifiers are used as an output RF amplifiers in radio
transmitters to increase the output efficiency and to reduce the harmonics.

3. Tuned amplifiers are used in active filters such as low pass, high pass and band
pass to allow amplification of signal only in the desired narrow-band.

5.14 Comparison between Tuned Circuits

Sr. |Parameter| Single Tuned Circuit Double Tuned Circuit | Stragger Tuned Circuit
No.
1. | Number of One Two Mora than two
tuned
circuits
2. Q factor High High Moderate low
3. | Selectivity Very High Moderate Low
4. | Bandwidth Small Moderate High
5. | Frequency | Gain Gain Gain
Ve gain [\/\ /\f\/\
I F I F | F
6. |Application | RF amplifier stage in radio | If amplifier stage in radio Band-pass filter
receivers receiver
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5.15 Pulse Response of Tuned Amplifiers

The rectangular pulse is the basic waveform of radar and of digital systems. The
Fig. 5.19 shows the ideal form of rectangular pulse. It consists of a positive step function at
t = 0 and a negative step function to end the pulse.

3

100 %

Pulse
amplitude

Pulse |
duration or
pulse width
Fig. 5.19 Ideal rectangular pulse
Eventhough, if we apply ideal rectangular pulse at the input of an amplifier we will

not get the ideal pulse at the output of amplifier. However, we get the distorted pulse at
the output as shown in the Fig. 5.20.

QOver
shoot \

Pulse
amplitude
i 05V,

l 01V, |

x = Leading edge response
y = Flat top response
0.1V, 2z = Trailing edge response

u
]
]
]
]
1
P

L}

H

[IH . 1

! r ——————Pulse width !

Ty -i- Tw H

H 1 1
— RisemeT, —=i 1}

Fig. 5.20 Distorted pulse shape of pulse transformer output
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As shown in the Fig. 520, there are various parameters which define the limits of
permissible pulse distortion. Let us define these parameters.

a) Pulse amplitude (V) : It is the maximum absolute peak value of the pulse excluding
the unwanted spikes.

b) Rise time (T,) : It is time taken by the output pulse to rise from 10 % of peak pulse
amplitude to 90 % of peak pulse amplitude, during its first attempt. Sometimes it may be
defined as the time taken by the output pulse response to rise from 0 to pulse amplitude,
for the first time.

c) Delay time (Ty) : The delay time is arbitrarily defined as the time for the pulse to
reach 50 % of its final value, starting from t = 0.

d) Overshoot : The amount by which the output pulse exceeds its peak amplitude is
called overshoot. Overshoot is caused by inclusion of inductive circuit elements, producing
a second-order response with conjugate poles.

e) Pulse width (T, ) : The time interval between the first and last instants at which the
instantaneous amplitude reaches 50 % of the peak amplitude. This is also called pulse
duration,

f) Droop : 1t is the displacement of the pulse amplitude during its flat response. It is also
called tilt.

g) Fall Time (Ty) : It is the time taken by the output pulse to decrease from 90% of its
peak amplitude to 10% of its peak amplitude, during trailing edge response. It is also
called decay time.

h) Backswing : The portion of the trailing edge which extends below the zero amplitude
level, is called backswing.

5.16 Bandwidth Requirements for Pulse Amplification

In general, amplification of pulse signal requires wide bandwidth. Such a wide band
response is observed in the video amplifier. Such amplifiers are designed to provide a
continuous frequency response starting from a frequency very close to zero to the upper
limit of frequency closer to 10 MHz to 20 MHz. When such a video amplifier is used for
pulse amplification, the lowest frequency is the frequency of repetition of the signal. For
different applications, the lowest frequency is also different. For example the lowest
frequency encountered for television signal communication is 30 Hz which is the picture
rate. While for some other type of pulse communication is 6 to 8 kHz. Obviously the pass
band should enclose all the important signals in the frequency band.

When the input applied to circuit is non-sinusoidal ie. a pulse, then the response of
the circuit to such input is transient response. Consider a pulse train as shown in the
Fig. 5.21.
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Fig. 5.21 Puise train

Let wg be the angular repetition frequency. Hence the repetition frequency f; is
given by

2n

fn = A
R = o n
Hence the time required for repeating cycles is given by,
Ty = i:.z_n )
R =T

The pulse train can be mathematically analyzed using Fourier series. Given pulse train
can be represented using Fourier series as follows,

f(it)y = an+i(a“cosnmnt+bn sin neog t)
n=1
ie fity = ao-i-ia.,.ccsnmxti-i by, sin nwgt A3)
n=l n=1

By definition, a constant term or d.c. component or average term is given by,

L
R J dt
lﬂ':t

Similarly by definition, the Fourier coefficients are given by,

2 %
a, = T, J;f(t)-cosnmntdt, and

]
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kd

Y
b, = = [|f{t)sinnw,tdt
n Ih L R
x
Now from Fig. 5.21 we can define a pulse mathematically as,

fity = V,, ~8/2<t<d/2
o m_ 8 8w o4
=0, K-:tc 5+ 3t<
From the pulse waveform, it is clear that it is having even symmetry. So by the
concepts of waveform symmetry, the Fourier coefficient b, = 0. And the series will consists
only cosine terms. Let us calculate remaining constants.

The d.c. component is given by,
/o, &8/2
1 R g U
ag = = [fOdt==R [ Vv.dt
T—a.‘!.q; n -i"i
v
ay = B[,
= (S ly .
% = [ZIJV"‘ 8

The Fourier coefficient a, is given by,

4!{!»" g +6/2
3 =% If{t)-cosnmntdt = 2[_2_11.] j\-’m cos n gt dt
nfuR -8/2
+8/2
a, = 2V, JcosZm'nntdt
-bs2
. +6/2
a = 2V, Gy sin 2mfynt
2rfun | 4.
[sMﬂfgn[g]—sMnlk n(—§2)
4 = "'rmfR{ R
_ sin mfy nd—[-sinmfyn §
% = "’m‘a{‘“—mn—

...['w sin (- §) = - sin @]
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_ Vafg[2sin nfgnf]

n - nign
. sin (nx fr 8
B = 2V f 8 . (6)
) L (smx}
Above equation (6} is in the form where x = nrfy 5 and is as shown in the
Fig. 5.22.
sinx
X
1.0 -
0.6 -
0.6 -
0.4 -
0.2 =t

0
o it N2

-0.4 =

mlui

Fig. 5.22 Plot of harmonic amplitudes of pulse train
Thus from equation(6) we can find amplitudes of each harmonic for a pulse train with
duration 8§ and frequency of repetition with peak value V.

The frequency at which function crosses zero is called crossover frequency. The
crossover frequencies can be obtained by making value of function —— (sm x

as zero. Hence

we get, the condition for crossover frequencies as,

sin(nfy 8§ 0
nrigd
ie. nefg 8 = sin” ' (0) = m=
nfy = L“o, A7)

where m is an integer with values 1, 2, 3, ....

nmﬂteummof&wﬁmhmmmat&equmﬁes}sé,g% . (where m = 1,
2, 3, 4, ...). 50 it can be noticed that width of frequencies between two crossovers forming
loops becomes narrower for largerpulsemdthﬂntheouwhmdformmwzr pulses,
the width of loops between any two i For example, if the
pulse width is of 10 ps, then ﬁutmssover&equencyocmrsatﬂl MHz while second
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crossover frequency occurs at 0.2 MHz. But now if the pulse width is reduced to 1 ps, then
first crossover frequency occurs at 1 MHz while second crossover frequency occurs at
2 MHz. From the equations obtained we can also calculate the number of harmonics
present in each loop. It is given by,

1
n= s -(8)

As the number of harmonics is inversly proportional to the repetition frequency fg,
more number of harmonics appear in each loop with repefition frequency goes on
reducing. Thus within a limit only a single pulse is transmitled, we get continuous
spectrum of frequencies as shown in the Fig. 5.22.

By using concept of Fourier integral, the envelope of continuous spectrum of
frequencies can be obtained as

Fjw) = If(t) e dt

Hence for a single pulse considered in the begining, we can write,
5/2

. v
F(jo) = _[Vme"'m'dt=_T:‘n[c"‘“]‘f‘s§1
-d/2
. _ Vil s ok
Fljo) = :ﬁ[e"!' —c‘T]
A g
F(jo) = \%“ ch s
i
T T
2V, |e T —e
F(jo) = '_m"[ i
. 2V [, wd
Fljw) = o [smT]
SIny T
Fjo) = 8Vn| o (9
7
(sin x)

As above function is also of the form

o the amplitudes of the harmonics for a

single pulse lic with the envelope only shown in the Fig. 5.22.

The pulse amplification fidelity mainly depends on the number of harmonic
frequencies included in the passband of amplifier. It is observed that when only first zero
is included in the envelope, then the pulse reproduction is resonably accurate. But when
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the envelope includes fourth zero, then the pulse reproduction is excellent. Thus for better
pulse reproduction, the bandwidth requirement of the amplifier is considered to be
1

Sl-lz.

5.17 Shunt Peaking Circuits for Increased Bandwidth

The video amplifier, for pulse amplification requires very large bandwidth in the range
of few Megahertz. In such amplifiers, at frequencies above certain range, the gain will fall
due to the Miller effect capacitance of the transistor, reducing the bandwidth. One way to
increase bandwidth is to decrease the load resistance, thus trading gain for bandwidth. We
can solve this problem and extend f; values with higher loads by using an inductance in
the load. The inductance in the load results a resonance with the input capacitance and
raises the load impedance at those frequencies where the reactance of the shunting
capacitance falls with frequency.

The Fig. 5.23 (a) shows the circuit with inductance in the load. Such circuit is called a
shuntpeaked circuit, since L is in shunt with Cy.

Cc
e .-

SmVoat () L hie

1
)
2]
a
<
g
)

Fig. 5.23(a) Shunt peaked circuit

The Fig. 523 (b) shows the equivalent circuit of shunt peaked circuit. Here, h,, is
reflected as a scites resistance with L. The total resistance in series with L is the equivalent
input resistance plus the other resistance required to produce a given midfrequency gain.
At high frequencies capacitor C is shorted and can be neglected.

L sL
(OLN ®
R R
(b) Equivalent circuit of shunt peaking circuit (c) Laplace domain network

Fig. 5.23
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Substituting value of @, from equation (1) we have
1 L L

~ RC, RTRIG,
L .. _RICy
gy oy S
Using q and 5§ = jo for the steady state, the gain magnitude is
1+ g’ (wfm,)?* 2
[ Ayul " 3 ‘! = 5 3
1+ (1-2q) (0/w,)” + q~(ofo;)

The above equation has the form
1+ 2,00 + 2,0 +....
Ho) = ———— e
(@) 1+ byo? + byw+..

and we can get the flattest monotonic response by equating coefficients of equivalent
powers of the variable such that a; = by, a; = by and so0 on.

Thus, equating coefficients of (m,."mz)z we have,

Q= 1-2q
¢¢+29-1 =0
) -bif dac _ -2 +2Faxaxol
Using q = T
= —11-.5

g = 0414 or- 2414
Since negative value of q has no physical meaning we have,

q = 0414 (4
We have,

_ L
9= 31,
L =4Lq

= 4Ly x 0414 q = 0414
‘L = 1656 L,

R2C, R*C

= 1656 —7 Ly =

L = 0414 R*Cy (5)

The equation (5) gives the condition for maximally flat gain. The Fig. 5.24 shows
response of the shunt-peaked amplifier for different values of q. The curve with g = 0 is
the curve for the uncompensated amplifier. With q = 0414, the bandwidth of the
compensated amplifier is given by f; = 1.72 f,.
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The phase angle of the slunt-peaked circuit is given by
2
0= —tan ! Pl1-q+q? E]
o 1 q[m:

Taking the derivative d8/dw, it is found that for constant time delay q = 0.32. We
obtain flat gain with q = 0.414 and constant time delay with q = 0.32. Thus, it is necessary
to compromise the value of q. The q = 0.35 is the best compromise.

vump Example 5.6 : For a shunt peaked FET amplifier with g, = 5 mA/V, Ay, = - 15,
Cgs = 1 pF and Cgq = 3 pF, find :
a. The value of R
b. Miller effect capacitance
¢. The limit frequency of the uncompensated amplifier
d. The value of L
e. The possible extension of frequency range.
Solution : a) We have,
Avmig = ~BmR=-15

-15
~5x10-*

R = =3 K

b) The Miller effect capacitance is given by
Cy = Cpu+(1+g,R)Cyd
= 1x1002+(1+15)x3x107 12

= 49 pF
¢) The limit freq y of the uncomp d amplifier is
fl“znélfz 9 L: 3
4 ¢ 49%107" % 3% 10
= 1.08 MHz
d) L = qR*Cy=0414 x (3 x 10%% x 49 x 10" 12

182.574 pH
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<) The bandwidth is givei as

£ 3
_ & _225x10
BW = g, " T
= 15.904 kHz

inmp Example 5.8 : The transistor shown in Fig. 5.25 has hy, = 50 and input resistance of

2004,
The coil used has Q factor = 30

Calculate : i) Resonant frequency of the tuned circuit

if) Impedance of the tuned circuit.
iti) Voltage gain of the stage.

c &
Vi 500 pF 20 uH 3 '1?; ‘
1.
+\.Fcc
Fig. 5.25

Solution : i) Resonant frequency :

f, !

1

= e =0.159x%107 Hz

2nx107

= 159 MHz.

ii) We know that
R
-
Q = oL

~Impedance of tuned circuit Rp

2nVIC. 27/20%10°° x500x 1077

= Q, o, L =30 x2rx1.59x10%%20x10*
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= 5994 Q
iii) Voltage gain of stage A,

ARy

A, = T
v Ri

=hi Ry [l Ry)  -50(5994 |15 K)
R - 200

= - 300

sy Example 5.9 : A tuned amplifier should have a gain of 50 for a centre frequency of
10.7 MHz and bandwidth of 200 kHz. A FET with g,, = 5 mA/V and r, = 100 K is fo be
used, Calculate the tank circuit parameters.

Solution :
D
G . :
Y |
A ()Qm\ﬁ rg c
| [ ¥
56 ' -
W“"
z,
Fig. 5.26
1
f, = = 10.7 MHz G
2n/LC @
£, _107MHz _
Q = 3dB (BW) 200 kHz =585
@ L
835 = — e (2
A, = =50=-g,R
50
R = ——
L = 5x107
= 10k
where Ry, = 19 IIRP
1 1.1

TS
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Solution : i) f, = Resonant frequency
1 1
28JLC  2n.f400 uHx 2500 pF

= 0.159 MHz

ii) Tuned circuit dynamic resistance = R, = &

400pH  _ 10° %80
2500 pFx50 2500

0.032 x10° = 32 k2

A, =-g, R =—ngP
= 6mA/V=x3I2k =-192

H

iii) Gain at resonance

iv) The signal bandwidth = BW = far
Q - L 2rx0.159x10° % 400x10°*
- R 50
= 79.92
_ & 0.159 MHz
BW = 5 = mwm
= 1.98 kH=z.

mmp Example 5.11 : An RF amplifier of Fig. 5.27 uses FET having ry = 500 k& and
8m = 5 mA/V. The drain tuned circuit consists of a coil of 200 pH and Q = 50 and parallel
capacitance tuned to f, = 1.59 MHz, find gain at,

i) The 1 t frequency w, i) A frequency 10 kHz higher than w_.
o+
o, I
& =Cos % R, W
- l
s
~Voo =

Fig. 5.27
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Solution : i) Ry =14 || R,
R, = Tank circuit impedance at monmoe:&
1
f, = ——
2n/LC
1
f}
v T L
1
C =& —
4m? €2 LC
- 1
2r? (1.59%x10%)% x 200 % 10+¢
= 50x10°F = 50 pF
_ w L _2mf L
Q= T-"%
2nf, L
R= —x—
_ 27x (1.59%10%) x 200 % 10¢ 400
50
L 200x10°°
R, = === =100K
' CR  50%10™2 x40
s R
R, = ——F.
- ra+R,
00x10% x100x10°
o 300107 X100x107 _ 0y 33108

(500 +100) x 103
A, = -g, R =5x10"x8333%10°
A, = 416.67 at resonance frequency o,
i) At f = f, +10kHz = 1.6 MHz
| A, 1

"‘!1 resenance) | 2
= T
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hl = IA.mm:m: I_ na,f; _
J“-[Tr-], Jl+[-f3§]
= 2037

mmp Example 5.12 : A single tuned amplifier using FET has tank circuit components
L=100 pH, R = 5 Q and C = 1000 pF. The FET wused has ry = 500 I and g, =5 mA/V
find i) Resonant frequency i) Tank circuit impedance at resonance

iii) Voltage gain at resonance and  iv) Bandwidth

x l 1
. B + fr v f = =
Solution : i) U 2 JTC T 2n JI0DHHX1000 pF

= 503.29 kHz

ii) Tank circuit impedance at resonance can be given as

_ L __100uH
R, = CR ~ 1000 pFx5

= 20K
i) A, = = 8n Ry =g (tg | R) == 5mA/V (500 K| 20K)
= - 9615
f
I BW = L
v) o]
R o L
:B—'-E ..Q:-«-R—»
- R _ 5 -
= ZnL = Fmcioopn - 0% KHz

iy Example §.13 : A tuned amplifier is required to have a voltage gain of 30 at 10.7 MHz
with 200 kHz BW. An FET with g, = 5 mA/V and 1, = 100 kQ is available. Calculate
values of tank circuit elements.

Solution : Given:|A,|=30, f, = 10.7 MHz
BW = 200 kHz, g,, = 5 mA/V and r, = 100 kQ

BW=6
_ f 107 MHz
Q = 3w = ok -
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L_.Q _ 55
R ~ 2nf,  2nx107 MHz
= 795%107°
IA\"| = SNRL :30
30
RL = (l‘d"Rp}=m=6K
00K|[R, = 6K
R, = 63830
We know that,
R, = %:%x?‘.ﬁmﬂ'q
C = 795%10°° _ 795%10~°
R, 6383
= 1245 pF
We know that
¢ = 1
' 2rn JLC
10.7 & !
. 7%10% =
2n [Lx1245 pF
L = 1777 pH
We have
' L
Ry = )
R = L . L777pH
CR, ~ 1245 pFx 6383
= 22362

. Therefore, elements of tank circuits are :
L=1777uyH C=1245pFand R = 2236 Q
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© RN B M AWM

10.
11.
12,
13.
14.
15
16.
17.
18.
19.

21.
22,

Review Questions
. What do you mean by tuned amplifiers 7

. Draw the typical graph of gain versus frequency for single tuned amplifier.
. With circuit diagram, a.c. equivalen! circuit and frequency response characleristics, explain the

Define Q.

What is bandpass amplifier ?

Wirite a note on paraliel resonant circuit.

Write a note on resonant circuit with series resistance.

Derive the expression for bandwidth of parallel resonant circuit.
Derive an expression for bandwidth of a single stage tuned amplifier.

operation of a single tuned amplifier.

Draw the primary tuned amplifier with B]T and derive the expression for bandwidth.
Draw the secondary tuned amplifier with FET and derive the bandwidth expression for.
Draw and explain the circuit of double tuned amplifier with the help of frequency response.
What is stagger tuning ?

Explain the frequency response of stagger tuned pair.

Derive the expression for bandwidth of a two stage synchronously tuned amplifier.

What s the effect of cascading single tuned amplifiers on bandwidth ? Derive the expression for it.
What is the effect of cascading double tuned amplifiers on bandwidth 7

Discuss advantages and disadvantages of tuned amplifiers.

What are the applications of tuned amplifier 7

Write a note on pulse response of tuned amplifiers.

What is the necessity of shunt peaking circuit 7

Derive the expressions for Ly and extended f, for amplifier with shunt peaking circuit.

Qaaa
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6.2 Features of Power Amplifiers

The various features of power amplifiers are,

1. A power amplifier is the last stage of multistage amplifier. The previous stages
develop sufficient gain and the input signal level or amplitude of a power
amplifier is large of the order of few volts.

2. The output of power amplifier has large current and wvoltage swings. As it
handles large signals called power amplifiers.

3. The h-parameter analysis is applicable to the small signal amplificrs and hence
cannot be used for the analysis of power amplifiers. The analysis of power
amplifiers is carried out graphically by drawing a load line on the output
characteristics of the transistors used in it.

4. The power amplifiers i.e large signal amplifiers are used to feed the loads like
loudspeakers having low impedance. So for maximum power transfer the
impedance matching is important. Hence the power amplifiers must have low
output impedance. Hence common collecter or emitter follower circuit is very
common in power amplifiers. The common emitter circuit with a step down
transformer for impedance matching is also commonly used in power amplifiers.

5. The power amplifiers develop an a.c. power of the order of few watts. Similarly
large power gets dissipated in the form of heat, at the junctions of the transistors
used in the power amplifiers. Hence the transistors used in the power amplifiers
are of large size, having large power dissipation rating, called power transistors.
Such transistors have heat sinks. A heat sink is a metal cap having bigger surface
area, press fit on the body of a transistor, to get more surface area, in order to
dissipate the heat to the surroundings. In general, the power amplifiers have bulky
components.

6. A faithful reproduction of the signal, after the conversior, 15 important. Due to
noniinear nature of the transistor characteristics, there exists a harmonic distortion
in the signal. Ideally signal should not be distorted. Hence the analysis of signal
distortion in case of the power amplifiers is important.

7 Many a times, the power amplifiers are used in public address systems and many
audio circuits to supply large power to the loudspeakers. Hence power amplifiers
are also called audio amplifiers or audio frequency (A.F.) power amplifiers.

6.3 Classification of Large Signal Amplifiers

For an amplifier, a quiescent operating point (Q point) is fixed by selecling the proper
d.c. biasing to the transistors used. The quiescent operating point is s on the load
line, which is plotted on the output characteristics of the transistor. The position of the
quiescent point on the load line decides the class of operation of the power amplifier. The
various classes of the power amplifiers are :

i) Class A ii) Class B iii) Class C and iv) Class AB.
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Such a load line is shown in the Fig. 6.3.

le
v, Load line, slope =~ =
Voo
Ro Re 15 = 50 uA
Ig =40 pA
Q point I = 30 pA (lgg)

foa - \ Ig=20 pA
\ Ig=10pA

Vee

Fig. 6.3 Output characteristics with a load line

The characteristic curves are plotted for various values of I;. The intersection of the
output characteristic curve and a load line is the operating point. This point is fixed for a
transistor called quiescent point or Q point as shown in the Fig. 6.3.

The values of collector current and the collector to emitter voltage, corresponding to
the Q point are I, and V., respectively. Hence the co-ordinates of the Q point are
(Vg +Jeg)- The corresponding value of the base current is denoted as Ing

On this d.c. quiescent operating point, if an ac. signal is superimposed, by the
application of a.c. sinusoidal voltage at the input, the base current varies sinusoidally
about its quiescent value Iy, as shown in the Fig. 6.4 (a). Since the transistor is biased to
operate in the active region, the output is linearly proportional to the input. The output i.e.
the collector current is B times larger than the input base current in the common emitter
configuration. Hence the collector current also varies sinusoidally about its quiescent value
Iy The output voltage also varies sinusoidally about its quiescent value Vig,. The
sinusoidal variations in I and V.; are shown in the Fig. 6.4 (b) and (c) respectively.

lg Ic

(a) (b) (c}

Flig. 6.4 Variations in I, Iz and Vg due to the sinusoidal input
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These variations in I. and V;, due to the change in I, can be shown graphically with
the help of a load line as shown in the Fig. 6.5.

. [

e 15=50 pA
f‘\ 1""'29"_. Ig= 40 uA
e I =30 pA (lag)
I = 20 pA
i \ I3=10pA
Veea \(Load line

0 R Vee

Fig. 6.5 Graphical representation of I, I; and V¢ swings
The collector current varies above and below its quiescent value, in phase with the
base current. The collector-to-emitter voltage varies above and below its quiescent value,
180° out of phase with the base current, as shown in the Fig. 6.5.

Now let us define the various classes of the power amplifiers, depending on the
position of the Q point, on a load line.

6.3.1 Class A Amplifiers
) The power amplifier is said to be class A amplifier if the Q point and the input signal
are selected such that the output signal is obtained for a full input cycle.

Key Point : For this class, position of the Q point is approximately at the midpoint of the

load line.

For all values of input signal, the transistor remains in the active region and never
enters into cut-off or saturation region. When an a.c. input signal is applied, the collector
voltage varies sinusoidally hence the collector current also varies sinusoidally. The collector
current flows for 360° (full cycle) of the input signal. In other words, the angle of the
collector current flow is 360° i.e. one full cycle.

The current and voltage waveforms for a class A operation are shown with the help of
output characteristics and the load line, in the Fig. 6.6.

As shown in the Fig. 6.6, for full input cycle, a full output cycle is obtained. Here
signal is faithfully reproduced, at the output, without any distortion. This is an important
feature of a class A operation. The efficiency of class A operation is very saall.
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Fig. 6.6 Waveforms representing class A operation

6.3.2 Class B Amplifiers

The power amplifier is said to be class B amplifier if the Q point and the input signal
are selected, such that the output signal is obtained only for one half cycle for a full input
cycle.

Key Point : For this operation, the Q point is shifted on X-axis i.e. fransistor is biased to

cut-gff.

Due to the selection of Q point on the X-axis, the transistor remains, in the active
region, only for positive half cycle of the input signal. Hence this half cycle is reproduced
at the output. But in a negative half cycle of the input signal, the transistor enters into a
cut-off region and no signal is produced at the output. The collector current flows only for
1807 (half cycle) of the input signal. In other words, the angle of the collector current flow
is 180° i.e. one half cycle.

The current and voltage waveforms for a class B operation are shown in the Fig. 6.7.

As only a half cycle is obtained at the output, for full input cycle, the output signal is
distorted in this mode of operation. To eliminate this distortion, practically two transistors
are used in the alternate half cycles of the input signal. Thus overall a full cycle of output
signal is obtained across the load. Each transistor conducts only for a half cycle of the
input signal.

The efficiency of class B operation is much higher than the class A operation.
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Fig. 6.7 Waveforms representing class B operation
6.3.3 Class C Amplifiers .

The power amplifiers is said to be class C amplifier, if the Q point and the input
signal are selected such that the output signal is obtained for less than a half cycle, for a
full input cycle.

Key Point : For this operation, the Q point is to be shifted below X-axis.

Due to such a selection of the Q point, transistor remains active, for less than a half
cycle. Hence only that much part is reproduced at the output. For remaining cycle of the
input cycle, the transistor remains cut-off and no signal is produced at the output. The
angle of the collector current flow is less than 180"

The current and voltage waveforms for a class C amplifier operation are shown in the
Fig. 6.8.

1 eycle 360°
t
Less than
180"
@\ ,m:
~_~
rd -~
g
Less than
1807

Fig. 6.8 Waveform representing class C operation
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Key Point : In class T operation, the transistor is biased well beyond cut-off. As the collector
current flows for less than 180°, the output is much more distorted and hence the class C mode

is never used for A.F. power amplifiers.

But the efficiency of this class of operation is much higher and can reach very clase to
100 %.

Applications : The class C operation is not suitable for audio frequency power
amplifiers. The class C amplifiers are used in tuned circuits used in communication areas
and in radio frequency (RF) circuits with tuned RLC loads. As used in tuned circuits, class
C amplifiers are called tuned amplifiers. These are also used in mixer or converter circuits
used in radio receivers and wireless communication systems.

The Fig. 6.9 shows the calss C tuned amplifier.

The LC parallel circuit is a

Ve parallel resonant circuit. This

circuit acts as a load

impedance. Due to class C

L operation, the collector current

Ce consists of a series of pulses

containing  harmonics  ie.

many other frequency

components along with . the

Ry v fundamental frequency

component of input. The

parallel  tuned  circuit is

L designed to be tuned to the

~Vea fundamental input frequency.

Hence it eliminates the

Fig. 6.9 Class C tuned amplifier harmonics and produce a sine

wave of fundamental

component of input signal. As the transistor and coil losses are small, the most of the d.c.
input power is converted to a.c. load power. Hence efficiency of class C is very high.

Parallel
resonant c
circuit

6.3.4 Class AB Amplifiers

The power amplifier is said to be class AB amplifier, if the Q point and the input
signal are selected such that the output signal is obtained for more than 180° but less than
3607, for a full input cycle.

Key Point : The Q point position is above X-axis but below the midpoint of a load line.

The current and voltage waveforms for a class AB operation, are shown in the
Fig. 6.10.
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Fig. 6.10 Waveforms representing class AB operation

The output signal is distorted in class AB operation. The efficiency is more than class
A but less than class B operation. The class AB operation is important to eliminate
cross-over distortion.

In general as the Q point moves away from the centre of the load line below towards
the X-axis, the efficiency of class of operation increases.

6.4 Class D Amplifiers

The Fig. 6.11 shows the basic concept of class D amplifier. The amplifier consists of
two complementary symmetry transistors driving a load R, . This means one transistor is
p-n-p and other is n-p-n.

suppiy

Q

Vin
Input
control | l
signal =

Fig. 6.11 Concept of class D amplifier
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The transistors are biased in such a way that they behave as ideal switches, When
transistor is ON, it is biased to saturation so that voltage across it is zero while current is
high. When transistor is OFF, it is biased to cul-off so that current through it is zero while
voltage is high. Thus when input goes positive Q, conducts heavily acting as closed switch
while Q, is OFF. While when input goes negative, Q, conducts heavily acting as closed
switch while Q, is OFF. Thus the load voltage V, across R, has one of two possible
values which are V,,.,. or 0V. This is a type of digital output having two levels high and
low.

The transistors dissipate almost zero power as in any of the states, either voltage is
zero or current is zero for the transistors. Thus entire power input is available to the load.
Hence efficiency of class D amplifiers is almost 100 %. The figure of merit which is the
ratio of the maximum power dissipated in transistor to that delivered to the load, is zero.
These facts make the class D amplifier as an ideal amplifier.

Practically class D amplifiers are designed to operate with digital or pulse type of
signals. The basic block diagram of unit used along with class D amplifier in the
application circuits is shown in the Fig. 6.12.

Pulse
5V = waveaform
0
Sawtooth
genarator
Ciass D
ampiifigr
ransisiors Low pass fifter = Vs
ON or OFF

Feedback network ——

Fig. 6.12 Block diagram of class D amplifier

The op-amp comparator is used for which one input is sawtooth type while other is
sinusoidal. The comparator converts sinusoidal signal to digital pulse type signal with the
help of sawtooth waveform. This is called chopping of sinusoidal signal to produce digital
signal. This signal drives the class D smplifier. When pulse signal is high the transistors
are ON and when it is low, the transistors are OFF. Thus most of the power supplied is
delivered to the load by producing high power output signal. The digital signal is
converted back to the original sinusoidal signal using low pass filter. Using feedback
network, it is fed back to the comparator. Practically instead of power BJT, power
MOSFET devices are used as driver devices for class D amplifier,

The class D amplifiers are mainly used in the pulse and digital circuits.
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6.5 Comparison of Amplifier Classes

The comparison of various amplifier classes is summarized in Table 6.1.

Class A B c AB
Operating 380° 180° Less than 180°| 1gg° to 360°
cycle
Position of Q| Centre of load line On X-axis Below X-axis | Above X-axis but
point below the centre of
load line
Efficiency Poor, 25 % to 50 % Better, 78.5 % High Higher than A bul
less than B 50 % to
78.5 %
Distortion Absent Present Highest Prasent
No distortion More than class A
Table 6.1

Key Point : [t is important to note that class C operation is never used for audio frequency
amplifiers.

The class C is used in special areas of tuned circuits, such as radio or communications.

6.6 Analysis of Class A Amplifiers
The class A amplifiers are further classified as directly coupled and transf

coupled amplifiers. In directly coupled type, the load is directly connected in the collector
circuit. While in the transformer coupled type, the load is coupled to the collector using a
transformer called an output transformer. Let us study in detail the various aspects of the

two types of class A amplifiers.

6.7 Series Fed, Directly Coupled Class A Amplifier

A simple fixed-bias circuit can be used
as a large signal class A amplifier as shown
in the Fig. 6.13.

The difference between small signal
version of this circuit is that the signals
handled by this large signal circuit are of
the order of few volts. Similarly the
transistor used, is a power transistor. The
value of Ry is selected in such a way that
the Q point lies at the centre of the d.c. load
line.

The circuit represents the directly
coupled class A amplifier as the load resistance is directly connected in the collector

*Veo

Fig. 6.13 Large signal class A amplifier
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circuit. Most of the times the load is a loudspeaker, the impedance of which varies from 3
to 4 ohms to 16 ohms. The beta of the transistor used is less than 100.

Key Paint : This is called directly coupled, as the load R; is directly connecled in the
collector circuit of power transistor.

The overall circuit handles large power, in the range of a few to tens of watts without
providing much voltage gain.

The graphical representation of a class A amplifier is shown in the Fig. 6.14.

Fig. 6.14 Graphical representation of class A amplifier

Applying Kirchhoff's voltage law to the circuit shown in the Fig. 6.13, we get

Vo = LRy Vg
LRy = =VerVe
e = [‘ﬁ“] Ve + (D

The equation is similar to equation (1) of section 6.3 and thus the slope of the load line
is - -1 while the Y-intercept is ~CC .

Ry Ry

The change is because the collector resistance R is named as load resistance R; in

this circuit. The Q point is adjusted approximately at the centre of the load line.

6.7.1 D.C. Operation

The collector supply voltage V. and resistance Ry decides the d.c. base-bias current
Ijg- The expression is obtained applying KVL to the B-E loop and with Vgg = 0.7 V.



Analog Electronics 6-13 Power Amplifiers [Large Signal Amplifiers]

B S TR, - (2)

The corresponding collector current is then,

From the equation (1), the corresponding collector to emitter voltage is,

.o

Hence the Q point can be defined as Q (\Qm, Ieg )

6.7.2 D.C. Power Input

The d.c. power input is provided by the supply. With no ac input signal, the d.c.
current drawn is the collector bias current I, . Hence d.c. power input is,

It is important to note that even if a.c. input signal is applied, the average current
drawn from the d.c. supply remains same. Hence equation (5) represents d.c. power input
to the class A series fed amplifier.

6.7.3 A.C. Operation
When an input a.c. signal is applied, the base current varies sinusoidally.

Assuming that the nonlinear distortion is absent, the nature of the collector current
and collector to emitter voltage also vary sinusoidally as shown graphically in the
Fig. 5.14.

The output current i.e. collector current varies around its quiescent value while the
output voltage ie collector to emitter voltage varies around its quiescent value. The
varying output voltage and output current deliver an a.c. power to the load. Let us find
the expressions for the a.c. power delivered to the load.

6.7.4 A.C. Power Output

For an alternating output voltage and output current swings, shown in the Fig. 6.14,
we can write,

Vo = Minimum instantaneous value of the collector (output) voltage
Vipar = Maxi instantaneous value of the collector (output) voltage

and V,, = Peak to peak value of a.c. output voltage across the load.
5V = Vow = Vi o (6)
Now V,, = Amplitude (peak) of a.c. output voltage as shown in the Fig. 6.14.
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Vi ~ Vll\iﬂ
5 - (7}

v, = _.2';1 =

Similarly we can write for the output current as,
Lnin = Mini 1 inst wous value of the collector {output) current
Iy = Maximum instantaneous vadue of the collector (output) current
and [, = Peak to peak value of a.c. output (load) current.
; Lo = Lyax Lo

Now I, = Amplitude (peak) of a.c. output (load) current as shown in the Fig. 6.14

- (8

|
= PP Tmax " imin " (9)

I 7

2

Hence the r.m.s. values of alternating output voltage and current can be obtained as,

v
v - m . (10
e Na (10)
I,
Low = _§ B 4)]
Hence we can write,
Vi = Ime Ry . (12)
ie. V, = I, R, . (13)

The a.c. power delivered by the amplifier to the load can be expressed by using r.m.s
values, maximum ie. peak values and peak to peak values of output voltage and current.

i) Using r.m.s values

P = Vi Do . (14)
or P, = L. Ry - (15)
‘,rl
or P, = 4 ... {16)
ac RL (

1
P = Vnns [ s J';, X \J_'%
V.
P, = Ynln . (17)
2
IR
or P, = "‘2 L ... (18)
- Va
or B, = m e (19)
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ili) Using peak to peak values

Vie Y pp
o Val, 2T
fa = =5 2
v 1
P, = waw ... (20)
R
or P, = WTL - (21)
Vin
or P, = —- . (22)
x B8R,

But as V,, = Vo, =V, and I = I, -1, from equation (20), the a.c. power can
be expressed as below, for graphical calculations.

(Vnm - Vm)am “Imm)
8

P = - (23

6.7.5 Efficiency

The efficiency of an amplifier represents the amount of a.c. power delivered or
transferred to the load, from the d.c. source ie. accepting the d.c. power input. The
generalised expression for an efficiency of an amplifier is,

% = ﬁixlm v (24)
e
Now for class A operation, we have derived the expressions for P,, and P, hence

using equations (5) and (23), we can write

(Vm:l - Vm’n)(lmx "[min)
8Veclcg

%M = x100 - (25)

The efficiency is also called conversion efficiency of an amplifier.

6.7.6 Maximum Efficiency

For maximum efficiency calculation, assume maximum swings of both the output
voltage and the output current. The maximum swings are shown in the Fig. 6.15.

From the Fig. 6.15, we can see that the minimum voltage possible is zero and
maximum voltage possible is V.., for a maximum swing. Similarly the minimum current is
-zero and the maximum current possible is 2 I, for 2 maximum swing. /
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.2 (Veeq, Ica)

Fig. 6.15 Maximum voltage and current swings

Vs = Ve and Vi, =0

I =21cq and Tpyy =0} for maximum swing

Using equation (25) we can write,
(Vee -00(21eg -0) 2V leq
100 = x 100
8Veeleg 8%c Ieq
25 %

Key Point : Thus the maximum efficiency possible in case of directly coupled series fed
class A amplifier is just 25 %.

This maximum efficiency is an ideal value. For a practical circuit, it is much less than
25 %, of the order of 10 to 15 %.

Key Point : Very low efficiency is the biggest disadvantage of class A amplifier.

Yo Nyue =

n

6.7.7 Power Dissipation

As stated earlier, power dissipation in large signal amplifier is also large. The amount
of power that must be dissipated by the istor is the difference between the d.c. power
input P, and the a.c. power delivered to the load P,..




Analog Electronics 6-17 Power Amplifiers [Large Signal Ampiifiers]

P; = Power dissipation

The maximum power dissipation occurs when there is zero a.c. input signal. When a.c.
input is zero, the a.c. power output is also zero. But transistor operates at quiescent

condition, drawing d.c. input power from the supply equal to V. I,. This entire power
gets dissipated in the form of heat. Thus d.c. power input without a.c. input signal is the
maximum power dissipation.

@)

Key Point : Thus value of maximum power dissipation decides the maximum power
dissipation rating of the transistor to be selected for the amplifier.
6.7.8 Advantages and Disadvantages
The advantages of directly coupled class A amplifier can be stated as,
1. The circuit is simple to design and to implement.
2. The load is connected directly in the collector circuit hence the output transformer
is not necessary. This makes the circuit cheaper.
3. Less number of components required as load is directly coupled.
The disadvantages are,
1. The load resistance is directly connected in collector and carries the quiescent
collector current. This causes considerable wastage of power.

2. Power dissipation is more. Hence power dissipation arrangements like heat sink
are essential.

3. The output impedance is high hence circuit cannot be used for low impedance
loads, such as loudspeakers.
4. The efficlency is very poor, due to large power dissipation.
mp Example 6.1 : A series fed class A amplifier shown in Fig. 6.16, operates from d.c.

source and applied sinusoidal input signal generates peak base current 9 mA. Calculate :
i) Quiescent current Iy
ii) Quiescent voltage Vg
ifi) D.C. input power Ppc
iv) A.C. output power P,.

v) Efficiency.
Assume B = 50 and Vg = 0.7 V.
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20V
& 160
15kQ%S
> Vo
o—“— Q
Vin Cc
Fig. 6.16
Solution :
. _ Vec-Ves _ 20-07 _
i) lcg g = —Sg—% = oy = 1287 mA
Ig = B Teg =50%12.87 = 643.50 mA
ii) Vepg Vee = lcoRe +Verg
Verg = Vee TRy = 20-643.50%10 %16 = 9.70 volts
iii) P Ppe = Veexlgg = 20x643.5%107 = 12.87 watt

iv) P, Peak current iy = 9 mA
i, = Piy =50%9 = 450 mA (peak)

. Iopeals 450
= =—=31819 mA =1
Yejrms) ‘;E -U"E s
P, = I3 Ry =(31819x107%)?x16 = 1.619 watt
P. 1.619

x100 = 12.58 %

n

v) Cificiency n T,ixm(] =155

6.8 Transformer Coupled Class A Amplifier

As stated earlier, for imum power t fer to the load, the impedance matching is
necessary. For loads like loudspeaker, having low impedance values, impedance matching
is difficult using directly coupled amplifier circuit. This is because loudspeaker resistance is
in the range of 3 to 4 ohms to 16 ohms while the output impedance of series fed directly
coupled class A amplifier is very much high. This problem can be eliminated by using a
transformer to deliver power to the load.
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Key Point : The transformer is called an output transformer and the amplifier is called
transformer coupled class A amplifier.

Before studying the operation of the amplifier, let us revise few concepts regarding the
transformer. .

6.8.1 Properties of Transformer

Consider a transformer as shown
in the Fig. 6.17 which is connected to a
load of resistance R, .
:RL‘ Load While analysing the transformer, it
> L osistance is assumed that the transformer is ideal
and there are no Josses in the
transformer. Similarly the winding
resistances are assumed to be zero.

I /RL I,
L

I +
Yy N, Ny I‘rz

J

—AAAN

Fig. 6.17 Transformer with load

Let N; = Number of turns on primary
N; = Number of turns on secondary
V) = Vaoltage applied to primary
V, = Voltage on secondary
l, = Primary current

i) Turns Ratio : The ratio of number of turns on secondary to the number of tumns on
primary is called turns ratio of the transformer denoted by n.

N
= i = 2
n = Turns ratio = N_J w (1)

Sometimesitisspociﬁcdasﬁ: 1 orl:l,
N, N,
i) Voltage Transformation : The transformer transforms the voltage applied on one side
to other side proportional to the turns ratio. The transformer can be step up or step down
transformer,
Vi o N
YU n e (2)
In the amplifier analysis, the load impedance is going to be small. And the transformer
is to be used for impedance matching. Hence it has to be a step down transformer. Hence
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iy Example 6.2 : The load of 4 Q is connected fo the secondary of a transformer having
primary turns of 200 and the secondary turns of 20. Calculate the reflected load impedance

on primary.
Solution : Ry = 4Q,N, =200, N, =20
N, 20 _
l'l—-ﬁl-—m—o‘l
. R 4
Ry = —L=——=4000
R EINTRTE

As N, < N, the transformer is step down and hence Ry > R, as the primary winding

is high voltage winding.
mmp Example 6.3 : For a transformer, the load connected to the secondary has an i ce
of 8 €1 Its reflected impedance on primary is observed to be 648 Q. Calculate the turns ratio,

Solution: R, = 8, R, =6480

. R
Now Ry = —%
n
2 RL 8
n? = k=" - 001234
R, 648
n = 0.1111 = Turns ratio
N
But n = 2=01111
NI
NI
N - °

Generally the tumns ratio is specified as g'— : 1ie. for this transformer itis 9: 1.
2

Key Point : For all the calculations, we will use the turns ratio as n = N,/N,. Only for
specifying the turns ratio, the method of specification is used as (N, / Nq) : 1. eg. if the
transformer turns ratio is given as 10 : 1 then for the calculation purpose we will consider the
turns ratio as,

N

n ===

1

=01

el-

6.8.2 Circuit Diagram of Transformer Coupled Amplifier

The basic circuit of a transformer coupled amplifier is shown in the Fig. 6.18. The
loudspeaker connected to the secondary acts as a load having impedance of R; ohms.
The transformer used is a step down transformer with the tumns ratio as
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Loud speaker

AAAA
VY

1

Fig. 6.18 Transformer coupled class A amplifier

6.8.3 D.C. Operation

It is assumed that the winding resistances are zero ochms. Hence for d.c. purposes, the
resistance is 0 . There is no d.c. voltage drop across the primary winding of the
transformer. The slope of the d.c. load line is reciprocal of the d.c. resistance in the
collector circuit, which is zero in this case. Hence slope of the d.c. load line is ideally
infinite. This tells that the d.c. load line in the ideal condition is a vertically straight line.

Applying Kirchhoff's voltage law to the collector circuit we get,
Ve =Vee = 0
ie Ve = Vg ... Drop across winding is zero

This is the d.c. bias voltage Vi, for the transistor.

.. (5)

Hence the d.c. load line is a vertical straight line passing through a voltage point on
the X-axis which is Vg = Vi

The intersection of d.c. load line and the base current set by the circuit is the quiescent
operating point of the circuit. The corresponding collector current is Io,.

The d.c. load line is shown in the Fig. 6.19.

6.8.4 D.C Power Input

The d.c. power input is provided by the supply voltage with no signal input, the d.c.
current drawn is the collector bias current Ic,,.
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Hence the d.c. power input is given by,

The expression is same as derived earlier for series fed directly coupled class
A amplifier.

6.8.5 A.C. Operation

For the ac. analysis, it is necessary to draw an ac. load line on the output
characteristics.

For a.c. purposes, the load on the secondary is the load impedance R, ohms. And the
reflected load on the primary ie. Ry can be calculated using the equation (4). The load

line drawn with a slope of [R—]]md passing through the operating point i.e. quiescent
L

point Q is called a.c. load line. The d.c. and a.c. load lines are shown in the Fig. 6.19.

[+—D.C. load line

X %—- las
av ,'.c_q‘ lgz=lag

Fig. 6.19 Load lines for transformer coupled class A amplifier

The output current i.e. collector current varies around its quiescent value I, when a.c.
input signal ie applied to the amplifier. The corresponding output voltage also varies
sinusoidally around its quiescent value Vi, which is V. in this case.

6.8.6 A.C. Output Power

The a.c. power developed is on the primary side of the transformer. While calculating
this power, the primary values of voltage and current and reflected load R must be
considered. The ac. power delivered to the load is on the secondary side of the
transformer. While calculating load voltage, load current, load power the secondary
voltage, current and the load R, must be considered.



Analog Electronics 6-25 Power Amplifiers [Large Signal Amplifiers]

The slope of the a.c. load line can be expressed interms of the primary current and
the primary voltage.
The slope of the a.c. load line is,

- 1 - !lm
TRV -
The generalised expression for a.c. power output represented by the equation (24) in
section (6.7), can be used as it is for transformer coupled amplifier. The expression is
mentioned again for the convenience of the reader.

an = Vinin ) Lmax ~ Linin
P, = % - (16)

Key Point : The a.c. power calculated is the power developed across the primary winding of
the output transformer. Assuming ideal transformer, the power delivered to the load on
secondary, is same as that developed across the primary. If the transformer efficiency is known,
the power delivered to the load must be calculated from the power developed on the primary,
considering the efficiency of the transformer.

6.8.7 Efficiency
The general expression for the efficiency remains same as that given by equations (24)
and (25) in section 6.7.

(Vinax = Vinin U imax = Inin )

P,
%N = —=x100=
R T P

%100

6.8.8 Maximum Efficiency

Assume maximum swings of both the output voltage and output current, to calculate
maximum efficiency, as shown in the Fig. 6.20.

4— D.C. load line

8.0 (Vec, lca)

Fig. 6.20 Maximum voltage and current swings
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6.8.9 Power Dissipation
The power dissipation by the transistor is the difference between the a.c. power output
and the d.c. power input. The power dissipated by the transformer is very small due to
negligible (d.c.) winding resistances and can be neglected.
Py = Py -P, - (18)

When the input signal is larger, more power is delivered to the load and less is the
power dissipation. But when there is no input signal, the entire d.c. input power gels
dissipated in the form of heat, which is the maximum power dissipation.

Py ) = Mee kg . (19)

Thus the class A amplifier dissipates less power when delivers maximum power to the
load. While it dissipates maximum power while delivering zero power to the load ie.
when load is removed and there is no a.c. input signal. The maximum power dissipation
decides the maximum power dissipation rating for the power transistor to be selected for
an amplifier.

6.8.10 Advantages and Disadvantages
The advantages of transformer coupled class A amplifier circuit are,
1. The efficiency of the operation is higher than directly coupled amplifier.
2. The d.c. bias current that flows through the load in case of directly coupled
amplifier is stopped in case of transformer coupled.
3. The impedance matching required for maximum power transfer is possible.
The disadvantages are,
1. Due to the transformer, the circuit becomes bulkier, heavier and costlier compared
to directly coupled circuit.
2. The circuit is complicated to design and implement compared to directly coupled
circuit.
3. The frequency response of the circuit is poor.
i Example 6.4 : The loudspeaker of 8 Q is connected to the secondary of the output
transformer of a class A amplifier circuit. The quiescent collector current is 140 mA. The

turns ratio of the transformer is 3:1. The collector supply voltage is 10 V. If a.c. power
delivered to the loudspeaker is 0.48 W, assuming ideal transformer, calculate :

1. A.C. power developed across primary
2, RM.S. value of load voltage

3. RM.S. value of primary voltage
4. RM.S. value of load current
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3. The r.m.s value of the primary voltage is (V| ), as calculated above.
(V,)oms = 58787V

4. The power delivered to the load = B, x Ry ..+ Refer equation 13.
048 = I %8
B = 0.06
L = 02449 A

This is the r.m.s value of the load current as the resistance value used is R, and not
Ry.
5. The r.m.s values of primary and secondary are related through the transformation
ratio.

O doms _ No _
7 I 3 =n = 0333

U)o = (3)ymeX 1 = 0.2449%0.333 = 0.0816A = 81.64 mA.
6. The d.c. power input is,
Ppe = Vop lgg = 10x140x10~ = 14 W

P, 048
7. % = P 100 = rx100 = 3428%
8. P, = Ppe-P, =14-048=092W

This is the power dissipation.

6.9 Distortion in Amplifiers

The input signal applied to the amplifiers is alternating in nature. The basic features of
any alternating signal are amplitude, frequency and phase. The amplifier output should be
reproduced faithfully ie. there should not be the change or distortion in the amplitude,
frequency and phase of the signal. Hence the possible distortions in any amplifier are
amplitude distortion, phase distortions and frequency distortion. But the phase distortions
are not detectable by human ears as human ears are insensitive to the phase changes.
While the change in gain of the amplifier with respect to the frequency is called
frequency distortion.

Koy Point : The frequency distortion is not significant in A.F. power amplifiers.

In the earlier discussion, it is assumed that the transistor is perfectly linear device.
That is the dynamic characteristics of a transistor is a straight line over the operating range
[i. =Ki,]. But in practical circuits, the dynamic characteristics is not perfectly linear. Due
to such non-linearity in the dynamic characteristics, the waveform of the output voltage
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differs from that of the input signal. Such a distortion is called nonlinear distortion or
amplitude distortion or harmonic distortion.

Key Point : The harmonic distortion plays an important role in the analysis of AF. power

amplifiers.

Let us see, what is the exact meaning of harmonic distortion and how it affects the
waveform of the output signal.

6.9.1 Harmonic Distortion

The harmonic distortion means the presence of the frequency components in the
output waveform, which are not present in the input signal. The component with
frequency same as the input signal is called fundamental frequency component The
additional frequency components present in the output signal are having frequency
components which are integer multiples of fundamental frequency component. These
components are called harmonic components or harmonics. For example if the
fund tal f y is f Hz, then the output signal contains fundamental frequency
component at f Hz and additional frequency components at 2f Hz, 3f Hz, 4f Hz and so on,
The 2f component is called second harmonic, the 3f component is called third harmonic
and so on. The fundamental frequency component is not considered as a harmonic. Out of
all the harmonic components, the second harmonic has the largest amplitude.

Key Point : As the order of the harmonic increases, its amplitude decreases.

As the second harmonic amplitude is largest, the second harmonic distortion is more
important in the analysis of A.F. power amplifiers. The Fig. 621 shows the various
harmonic components.

It can be seen from the Fig. 6.21 that the distorted waveform can be obtained by
adding the fundamental and the harmonic components. The percentage harmonic
distortion due to each order (2™, 3 and so on) can be calculated by comparing the
amplitude of each order of harmonic with the amplitude of the fundamental frequency
component.

sin at sin 2wt
AR a
nd rd
(a) Fundamental (b}2 Harmonic {c)3 Harmonic (d) Distorted waveform

Fig. 6.21 Distortion due to harmonic components
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If the fundamental frequency component has an amplitude of B, and the n™ harmonic
component has an amplitude of B, then the percentage harmonic distortion due to n™
harmonic component is expressed as,

%n“harmurdcdjstarﬁm:%nn=|l-g—'!l—|><lm (1)
1

B B
So %D, = I",%Dazu and so on.

[B] B

6.9.2 Total Harmonic Distortion

When the output signal gets distorted due to various harmonic distortion components,
the total harmonic distortion, which is the effective distortion due to all the individual

components is given by
% D=, D}+D}+D}+..x100 (2

where D = Total harmonic distortion

As stated earlier, the most important component in the distortion is the second
harmonic distortion. Let us discuss the graphical method of calculating second harmonic
distortion.

6.9.3 Second Harmonic Distortion (Three Point Method)

To investigate the second harmonic distortion,
assume that the <ynamic transfer characteristics of
the transistor is parabolic (nonlinear) in nature
rather than a straight line (linear) as shown in the
Fig. 6.22.

As discussed earlier such type of nonlinearity
introduces harmonic distortion, in which second
r harmonic distortion is the most dominant.

0 Ig Let an ac. input signal, causes the base
current swing which is cosine in nature

Fig. 6.22 Nonlinear dynamic -
enemte o

Due to this, collector current swings around its quiescent value but the relation
between i, and i, is nonlinear as shown in the Fig. 6.22.
Mathematically this can be expressed as,

e

i, = G iy+ Gyij

= G Iy, cos at + G, I}, cos” an (@)
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14 cos 2 mt

But st ol =
14} cOs 3

Substituting in equation (4),
2

y 1+cos 2ot
i, = Gy Iy, cos et + G, [;,m[ 7]

. .G
i. = G Iy, cos u)t+%03 lﬁm+_21 I3, cos 2 ot

i, = B, +B, cos ot + B, cos2at | v (3)

The last term represents the second harmonic component. Thus the equation shows
that, there is second harmonic component present.

Hence the total collector current waveform can be shown as in the Fig. 6.23, which is
swinging about its quiescent value I

lm(.-,i \ /-\
3 D.C. bias
i \/ value

Fig. 6.23 Output current waveform

Hence the total collector current can be expressed in terms of its d.c. bias value, d.c.
signal component, fundamental frequency and second harmonic component as,

e

i. = lgg + By + B, cos wt+ B, cos 2mt I .. (6)

where (I, + By) = The d.c. component, independent of time.
B; = Amplitude of the fundamental frequency.
B, = Amplitude of the second harmonic component.

It can be seen that due to the presence of harmonics, the d.c. current increases.
Practically the presence of harmonics can be detected by connecting milliammeter in
the collector circuit. The readings can be observed without an a.c. input signal and
with a.c. input signal. If the two readings are almost same there are no harmonics
present. But if milliammeter shows an increase in the current, when an a.c. input is
applied, then the harmonics can be concluded to be present in the output signal.
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Let us find out the value of the total collector current at the various instants 1, 2 and
3, shown in the Fig. 6.23.

At point 1, ot = 0, substituting in equction (6) we get,
i, = Igg +By+B +B, : (D

Atpoint2, ot=1,

i, = Iy + By -B, ... (8)
At point 3, ot = &,
ic = lgg + By ~B+B, . . . (9
But at ot = 0, iy =T
At ™
At ot = x,i, =Ty
Hence the equations get modified as,
I = Iog #By+B, +B, we (10)
lg = log + B, ~B, - (11)
la = log + By ~B, +B, . (12)
From equation (11),
Now I, =l = 2B;
B, =L£—;—l'—“’-"~ oo (14)

Lnx + I = 20gg + 2By + 2B,

= 2 + 2B, +28B, ... AsBy =8,
= 2ICO+4B’-
Lo # 1 =2

B,:TI‘:O ... (15)

As the amplitudes of the fundamental and second harmonic are known, the second
harmonic distortion can be calculated as,

%D, = 1Bl s 100 ... (16)

By
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As the method uses three points on the collector current waveform to obtain the
amplitudes of the harmonics, the method is called “Three Point Method’ of determining
the second harmonic distortion.

6.9.4 Power OQutput Due to Distortion
When the distortion is negligible, the power delivered to the load is given by,
h Ry

P, = ek ... Refer equation (18) in section 6.7
But I, = Peak value of the output current
I L = i
= -%'; = ﬂ’fz—““" ... Refer equation (9) in section 6.7
|
But B, = Lz_ﬂf_"_

1, = B, = Fundamental frequency component
P = 3 BIR . (17)
With distortion, the power delivered to the load increases proportional to the
amplitude of the harmonic component.
(P)py = A.C. power output with harmonic distortion

=3 B} Rp+3 B} Ry+3 BI R+
1o, Bl B!
(Pl)p = = B Ry | 1+ 414
Do 2 1 L[ Blz B[g
(Pe)p = %Bf Ry (1+D3 4D} 4}
(Polp = Pe[1+DY] | <. D* = D} 4 D% 4.0 ... (18)

This is the power delivered to the load due to the harmonic distortion.

6.9.5 Higher Order Harmonic Distortion (Five Point Method)
As the nonlinearity present in dynamic characteristics increases, the order of the
harmonic distortion also increases.
Let the mathematical expression for the collector current due to higher order
harmonics be,
ip = G i, +G,it+G, il +G, i} ... (19)
Substituting the input signal i, = I cos mt we get,
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i, = Gy Iy, cos @t+ G, Iy cos® ot+ G, Iy, cos® @i+ G, Iy, cos” ot
Substituting cos* ot, cos® wt and cos* wt and doing trigonometric op=tons, we get,
i = B, + B, cos wt+ B, cos 2mt+ B; cos 3w+ B, cos 4t .. (20)

The equation shows that there are harmonics upto 4™ order. The collector current
waveform and the various instants to be considered for higher order harmonic distortion
calculation, are shown in the Fig, 6.24.

t:m...% .\ /\
1/2---4----R 2
: 3 D.C. bias
: \/ value

En 28 g o
32 3
Fig. 6.24 Output current waveform
The total collector current including d.c. bias can be written as,
iy = lgg + By + By cos at+ B, cos 2mt+ B, cos Jut+ B, cos 4wt - (21)

where (ic0 + By ) is the d.c. component.

By, B; , B; and B, are the amplitudes of the fundamental component, second, third
and fourth harmonic components respectively.

Consider the five instants as shown in the Fig. 6.24 .

Atpoint 1, ot = 0, i, = [y,

Imax = g + By + By + By + By +By e (22)
Atpoint2, ot=n /3, i, =1,
Iy = lgg + By + 05B; — 058, -B, - 058, e ()
At point 3, ot = g i =l
lg = lg + By =B, + B, e (24)
25

Atpointd, ot="7, i =1,
l_% = lgg + By — 0.5B; - 058, + B; - 0.5B, .o (25)
Atpoint5, wt=m,1 =1,

Iy = log + By =B, + By - By + B, - (26)

min
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Solving the above five equations from (21) to (26) simultaneously, for the values of
By, B, B,,B; and B; we get,

B, = %[IM+II}£+ZI_}5 +1] . (27
R A e
B, = %[Im-z I, - (29)
By = gllme-2 1420 ~lyl - (30)
B, = 11—2{1,_,—4 Iy + 6l =41y + L] -G

Hence the harmonic distortion coefficients can be obtained as,

B
D, = !I?"I. ... Refer equation (1)
|

As the method uses five points on the output waveform to obtain the amplitudes of
the various orders of harmonics, the method is called *Five Point Method’ of deter
the higher order harmonic distortion.

6.9.6 Power Output Due to Distortion
Now P, = % B! R, ...Refer equation (17)
Hence the output power with harmonic distortion is,

1 1 1 1
(Pe)p = 5 Bi Rp+5 BIR +5 B R +...45 B R,

I B} B} B}
= = Ry | H—=+—+..+
2 B'l L[ B]}

BB B
(P)y = P [1+D+D]++D3] - (32)
But D* = D}+Dj+.+D} ... Refer equation (2)
where D = Total harmonic distortion
(Pelp = P (14D ...(33)

If the total harmonic distortion is 15 % i.e. D = 0.15
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Then (Po)p = B [1+ (0157 ]=10225P,
5o there is 2.25 % increase in the power given to the load.

mmp Example 6.5 : Prove that in class A amplifier if distortion is 10 percent power given fo
the load is increnses by 1 percent.
Solution : The power given to the load without distortion is ,
1 -
P = 3BiR,
While power given to the load with distortion is

1a2 1o 1a2 L
(P)p = 5BIR, +5BIR, + 5BIR, +.45BIR,
Where B, = Amplitude of n&‘harmm\iccnmponmt
I B2 B}, .B:

(P)o = 3BiR, 1+ B =2 4. 52 =P, [1+D}+D3+..4D2]
Where D, = n'h order harmonic distartion
But D? = D}+D%+..4D? = Total Harmonic Distortion

(Podp = Py [1+D7
Now D = 10 % ie 0.1 as given

(Po)p = Py [1+(01)°]= 101 P,

This shows that power given to the load is increased from 1 to 1.01 ie increased by
1%.

iy Example 6.6 : A transistor supplies 0.85 W to a 4 kQ load. The zero signal D.C.
collector current is 31 mA and the D.C. collector current with signal is 3¢ mA, Determine
the second harmonic distortion.

Solution : R, =4k, (P,.), =085 W
The current without signal is I = 31 mA
The current with signal is Icq +By = 34 mA
The increase is due to harmonic content in the signal.
By = 34-31=3mA
But B, = By=3mA
Now (Pe)p = P [1+D3] ... Assuming only second harmonic
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B3
B R, |1+=2
' [ B.’}

(Pac)]) =

ST

B} R, +1 BIR,

(Padp = 3

[T ST

085 = 3 BFx4x10% +3x(3x10) xax10°

B, = 20.39 mA

-3
B2l 100=_3%10

= 100 = 14.708 %
[By| 20396x107

D, =
Ans. : second harmonic distortion = 14.708 %.

6.10 Analysis of Class B Amplifiers

As stated earlier, for class B operation, the quiescent operating point is located on the
X-axis itself. Due to this collector current flows only for a half cycle for a full cyclé of the
input signal. Hence the output signal is distorted. To get a full cycle across the load, a pair
of transistors is used in class B operation. The two transistors conduct in alternate half
cycles of the input signal and a full cyele across the load is obtained. The two transistors
are identical in characteristics and called matched transistors.

Depending upon the types of the two transistors whether p-n-p or n-p-n, the two
circuit configurations of class B amplifier are possible. These are,

1. When both the transistors are of same type ie. either n-p-n or p-n-p then the
circuit is called push pull class B A.F. power amplifier circuit.

2. When the two transistors form a complementary pair i.e. one n-p-n and other
p-n-p then the circuit is called complementary symmetry class B A.F. power
amplifier circuit. Let us analyse these two circuits of class B amplifiers in detail.

6.11 Push Pull Class B Amplifier

The push pull circuit requires two transformers, one as input transformer called driver
transformer and the other to connect the load called output transformer. The input signal
is applied to the primary of the driver transformer. Both the transformers are centre
tapped transformers. The push pull class B amplifier circuit is shown in the Fig. 6.25.

In the circuit, both Q; and Q, transistors are of n-p-n type. The circuit can use both Q,
and Q; of p-n-p type. In such a case, the only change is that the supply voltage must be
=V.cr the basic circuit remains the same. Generally the circuit using n-p-n transistors is
used. Both the transistors are in common emitter configuration.
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The driver transformer drives the circuit. The input signal is applied to the primary of
the driver transformer. The centre tap on the secondary of the driver transformer is
grounded. The centre tap on the primary of the output transformer is connected to the
supply voltage + Vec.

o +Vee

Fig. 6.25 Push pull class B amplifier

With respect to the centre tap, for a positive half cycle of input signal, the point A
shown on the secondary of the driver transformer will be positive. While the point B will
be negative. Thus the voltages in the two halves of the secondary of the driver transformer
will be equal but with opposite polarity. Hence the input signals applied to the base of the
transistors Q; and Q, will be 180° out of phase.

The transistor Q; conducts for the positive half cycle of the input producing positive
half cycle across the load. While the transistor Q, conducts for the negative half cycle of
the input producing negative half cycle across the load. Thus across the load, we get a full
cycle for a full input cycle. The basic push pull operation is shown in the Fig. 6.26.

When point A is positive, the
transistor Q; gets driven into an active
region while the transistor Q, is in
cut-off region. While when point A is
negative, the point B is positive, hence
the transistor Q, gets driven into an
active region while the transistor Q, is
in cut-off region.

Fig. 6.26 Basic push pull operation
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The waveforms of the input current, base currents, collector currents and the load

current are shown in the Fig. 6.27.
/\ )
I \/ \/

g

Fig. 6.27 Waveforms for push pull class B amplifier

Key Point : For the output transformer, the number of the turns of each half of the primary
is Ny while the number of the turns on the secondary is N,. Hence the total number of
primary turns is 2N;. So turns ratio of the output transformer is specified as 2N;. So turns
ratio of the output transformer is specified as 2N, : N,.

6.11.1 D.C. Operation
The d.c. biasing point i.e. Q point is adjusted on the X-axis such that V.., = V. and

Iegq is zero. Hence the co-ordinates of the Q point are (V, 0). There is no d.c. base bias
voltage.

6.11.2 D.C. Power Input
Each transistor output is in the form of half rectified waveform. Hence if I is the
peak value of the output current of each transistor, the d.c. or average value is IT"‘, due to

half rectified waveform. The two currents, drawn by the two transistors, form the dec.
supply are in the same direction. Hence the total d.c. or average current drawn from the
supply is the algebraic sum of the individual average current drawn by each transistor.
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1 = I_m-l-l;":ﬁ
e 3 3 3

(1)
The total d.c. power input is given by,

Ppe = Veex Iy

21
Poc = (T'"}"cc

6.11.3 A.C. Operation

(2

When the a.c. signal is applied to the driver transformer, for positive half cycle Q,
conducts. The path of the current drawn by the Q; is shown in the Fig. 6.28.

For the negative half cycle Q; conducts. The path of the current drawn by the Q; is
shown in the Fig. 6.28 (b).

(a)Q, MM:IG‘I!BH

{b) @, conduction

Fig. 6.28

It can be seen that when Q, conducts, lower half of the primary of the output
transformer does not carry any current. Hence only N, number of turns carry the current.
While when Q; conducts, upper half of the primary does not carry any current. Hence
again only N; number of tums carry the current. Hence the reflected load on the primary
can be written as,

)]
where N,

It is important to note that the step down turns ratio is 2N; : N; but while calculating

the reflected load, the ratio n becomes N;/N;. So each transistor shares equal load which
is the reflected load R} given by the equation (3).
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The slope of the a.c. load line is -1/R| while the d.c. load line is the vertical line
passing through the operating point Q on the X-axis. The load lines are shown in the
Fig. 6.29.

Ie

1 AC. load ling D.C. load line
slope —=1/RL’ /

Q(Vee.0)
Igea=0 Vee

Fig. 6.29 Load lines for push pull class B amplifier

The slope of the a.c. load line {magnitude of slope) can be represented interms of V,,
and I, as,

_— =

Rp W
. Vi
R - e )
where I, = Peak value of the collector current

6.11.4 A.C. Power Output

As I, and V, are the peak values of the output current and the output voltage
respectively, then

v
Ve = 3
md I - {lll
-~ =%

Hence the a.c. power output is expressed as,

Lo, ,
R_'L e (0)
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V’
P, = = e (8)
s \& m,_
Let us find out the condition for maximum power dissipation. In case of class A
amplifier, it is maximum when no input signal is there. But in class B operation, when the
input signal is zero, V,, = 0 hence the power dissipation is zero and not the maximum.

power dissipation : The condition for maximum power dissipation can be
obtained by differentiating the equation (8) with respect to V_, and equating it to zero.
a2 Ve 2V

Sd oo fXe Simoog
v, ~ ®R, R,

2% _ Vn
T Ry R
2
Vin = % Ve ... Por maximum power dissipation (9

This is the condition for maximum power dissipation. Hence the maximum power
dissipation is,

2y 2% _ 4 %
P = = wo L€ T
{d)mn n\fx: an nz ZR'L
A M 2 Y%
n* Ry a? Ry
B = 2 10
d Jmax 2 R‘L - (10)

Key Point : For maximum efficiency, V,, = Vi hence the power dissipation is not maximum
when the efficiency is maximum. And when power dissipation is maximum, efficiency is not

maximum. So maximum efficiency and i power dissipation do not occur
simultaneously, in case of class B amplifiers.
v
N =
ow P, TR
and Vi = Ve is the maximum condition.
2
Hence B ) = ;ETC'L .. (10)
2V 4 (V2
Now Pyl = —% = — L5
o Jrme Ry (2R}

4
P = —
Py ) imax = [ . (12)
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This much power is dissipated by both the transistors hence the maximum power
dissipation per transistor is (P, )y /2 -

Pac) max

Y
(Pd)m perl:mnsinlnr--—T—

(Py Yy per tramsistor = 7 () . 13

This is the maximum power dissipation rating of each transistor. For example, if 10 W
maximum power is to be supplied to the load, then power dissipation rating of each

transistor should be —-x 10 i.e. 202 W.
b

mmp Example 6.7 : Prove that in case of push pull class B amplifier, the efficiency at the time
of maximum power dissipation is just 50 %.

Solution : The maximum power dissipation occurs when the value of V,, is
v, = ,—2,‘& ... Refer equation (9)
Now p = Yala

So at the time of maximum power dissipation, it is

p, = 2Meclm | Vel
= n 2 n
2
Now Ppe Bi\eclm
%C:II
Py n
Hence %n = ==x100 = %100
Ppe 3‘&[
l.: m
= 50 %

Thus efficiency is just 50 % when the power dissipation is maximum. While the
maximum efficiency of the class B operation is 78.5 %.

6.11.8 Harmonic Distortion
Let the base input currents are sinusoidal in nature and given by,
iy = Ign c0s otand iy, =~ Iy, cos ot

The negative sign indicates that both are 180° out of phase.
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5. Ripples present in supply voltage also get eliminated.

6. Due to the transformer, impedance matching is possible.
The disadvantages of the circuit are :

1. Two center tap transformers are necessary.

2. The transformers, make the circuit bulky and hence costlier.

3. Frequency response is poor.

mmp Example 6.8 : A class B push pull amplifier supplies power to a resistive load of 12 Q1
The output transformer has a turns ratio of 3 : 1 and efficiency of 78.5 %.

Obtain :

i) Maximum power output

it} Maximum power dissipation in each br

i

iti) Maximum base and collector current for each transistor.
Assume hg, = 25 and Vee = 20 V.

Solution : R, =12Q n= :_: = % = 0.333, Myun= 785 %
., R
RE= —";= 108 Q
(n)
i) For Py, Vi = Ve
1(Vee)* _1 (2002
P = Zalcel o el o
(Pac I max 2R, 35 ~jpg = 18518 W
But Ny = 785 %
l:'L = nlnnsx (FAL)IMl

0.785x 1.8518 = 1.4537 W

i) Condition for { Py) pay i Vi = %\J’(-L‘ =127323 V

(P dmae = —1_2—2—\];—‘} = ;‘%‘—?g—;z = 07505 W
{Fy Jmas per transistor = 0'72505 = 0.3752 W
i) (P e Vs = 212 = Il and v = v
18518 = 202[ u
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m

and

(in) max

mmp Example 6.9 : A

0.1851 A = (i}

(i) _ 01851
25

0 = 7.407 mA
fe

class B, push pull amplifier drives a load of 16 Q0 , connected to the

secondary of the ideal transformer. The supply voltage is 25 V. If the number of turns on
the primary is 200 and the number of turns on the secondary is 50, calculate maximum
power output, d.c. power input, efficiency and maximum power dissipation per transistor.

Solution : Ry =160, Voo =25V
Now 2ZN; = 200, N =50
N, = 100
N, 50
n = N—I=i—ﬁ—]=ﬂ,5
. R 16
Rl = —L=_—2_
Lo (05)?
= 6402
For power put, Vi, = Ve
_1VE 1 (297
) P = 35 =75
= 48828 W
. 2
l.'l) Pd.c = EVCCIm
Now :’f = R';_
and Vo = Vo . Refer equation (4)
Vee 25 _
I, = TRT. §—0~3906A
Poe = 2x25x0.3906
= 62169 W
. Pa 109 48828
id) %N = E;x 100 6_2169><1l3(}



Analog Electronics 6-50 Power Amplifiers [Large Signal Amplifiers]

In addition, voltage feedback can be used to reduce the output impedance for
matching.

The basic circuit of
complementary  symmetry
class B amplifier is shown in
the Fig. 6.32.

The circuit is driven from
a dual supply of £V... The
transistor ), is n-p-n while
Q; is of p-n-p type.

In the positive half cycle
of the input signal, the
transistor Q; gets driven into
active region and starts
conducting. The same signal
gets applied to the base of
the , but as it is of
complementary type, remains in off condition, during positive half cycle. This results into
positive half cycle across the load R . This is shown in the Fig. 6.33.

Fig. 6.32 Complementary symmetry class B amplifier

Q, Conducts
Positive
half cycle
. A
Vin 13™% Tond
voltage
Q, off Ve

Fig. 6.33 Positive half cycle operation
During the negative half cycle of the signal, the transistor Q, being p-n-p gets biased
into conduction. While the transistor Q; gets driven into cut-off region. Hence only Q,
conducts during negative half cycle of the input, producing negative half cycle across the
load Ry, as shown in the Fig. 6.34 (a).
Thus for a complete cycle of input, a complete cycle of output signal is developed
across the load as shown in the Fig. 6.34 (b).
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This is the total collector dissipation under maximum power condition.
i) %N = g—“-xlm
&

28.125

%‘mx1m= 78.5 %

The efficiency is maximum possible for class B, due to the fact that the power
developed is at its maximum.

iv) For maximum power dissipation,

2
Vm = R‘&:
2
= 2x15 =952V
V, 95192
In = g2 =2t =207 A
2
Pd: = E\&Im
- %xlsxzssn-zzmw
. 1Vy 10954927
While Pe = FRE=F g = 1LBW

® o = Poc = Pu
= 2797-1139%8 = 1129 W
®)mx = 52 = 5699 W per transistor
Alternatively we can directly use the result,
(Bdms = 25 (Pudpus per transistor

2
= x—zxzs.uszs.mwwmm

v) Efficiency under (P, ), condition,

Pyc under (B Juws 100 o 11398

P under (P, e m:,x‘lﬂﬂ:w%

%q:

This shows that when efficiency is maximum, power dissipation is not maximum. And
when power dissipation is maximum, efficiency is not maximum.
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mp Example 6.12 1 A complementary push pull amplifier has capacitive coupled Iload
R, =8 £}, supply voltage +12 V, calculate :

1) P, max
2) Py, of each transistor and
3) Efficiency.
Solution : R, = 81, V¢ = £12V hence dual supply version
1VE 1 (12)?
{ = =t o 2 =
1) A P.IE }IIIM 2 RI‘ 2 x B 9 w
2) Ppe = Vee Ipe but Ipe az%
- vaf2lz)
Now R, = &'- iel = YE and V, = Ve
Im RL
_ Vee 1 (12)%x2
Ppe = Ve x 2><-R—L~>(:‘-t = Exm
= 114591 W
Total Py = Py P, = 114591 - 9 = 24591 W
Pp, per transistor = 2'42:‘91 =12295 W
3 % = T2 X100 = X100 = 785 %
N =P BTV

mad Example 6.13 : A complementary symmeiry push pull amplifier is operated using
Vee =210 V and delivers power to a load Ry =5 Q.
Calculate :
(i) Maximum output power
(if) Power rating of transistors
(it} D.C. input power.
Solution : Ve =210V, R =50

1V& _ (10

i) (Pac Jonae = 3R, 2x5 =10 W

ii) To decide Power rating of transistors means to find ( Pp) ...
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For (P Jmans Vin = 2Vec = 63662V
And Ry, =V_m, ‘-_]m=h=@=l‘m2)§
m R[_ 5
= - Ay = An
Poc = Ve Ipe = Veex = e Ipe = =
. w’a"l:lmns.mssw
and P, - V"iim . 6.3-662;1.2?32 A0 W
(P dmax = Poc—Py = 4.0528 W
Pbmmfmeadl&mismr=%“ﬂ=mw
iii) For ( Py )yrax + Vin = Ve =10V
_ Ve _10_
In = g2=5=2A
P = vctxﬂ_;' =w=12,7323w

This is Ppc, when output power is maximum.

6.13 Comparison of Push Pull and Complementary Symmetry Circuits

Sr. Push Pull Class B c tary Sy try Class B

No.

1. Bath the transistors are similar sither p-n-p Ti are F Y type ie. one

' of n-p-n. n-p-n other p-n-p.

"2, The i is used to the load The clrcuit is transformeriess.
as well as input

3. The hing is p due 1o The imped; hing is possible due to
the output transformer. common collector circuit.

4. Frequency response is poor. Fi p Is improved

5. Due to transformers, the circuit is bulky, costly | As transformerless, the circuit is not bulky and
and heavier, costly.

6. Dual power supply is not required. Dual power supply is required.

7. | Efficiency is higher than class A. The efficiency is higher than the push pull,

Table 6.2
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than the cut-in voltage of the base emitter junction, the collector current remain zero and
transistor remains in cut-off region.

Hence there is a period between the crossing of the half cycles of the input signal, for
which none of the transistors is active and the output is zero. Hence the nature of the
output signal gets distorted and no longer remains same as that of input. Such a distorted
output wave form due to cut-in voltage is shown in the Fig. 6.37.

Such a distortion in the output signal is called a cross-over distortion. Due to

~ cross-over distortion each transistor conducts for less than a half cycle rather than the
complete half cycle. The part of the input cycles for which the two transistors conduct
alternately is shown shaded in the Fig. 6.37. The cross-over distortion is common in both
the types of class B amplifiers.

Input
signal

7 .
R

Output
Signal

FAVARVARVE

Fig. 6.37 Cross-over distortion

6.16 Elimination of Cross-Over Distortion

To eliminate the cross-over distortion some modifications are necessary, in the basic
circuits of the class B amplifiers. The basic reason for the cross over distortion is the cut-in
voltage of the transistor junction. To overcome this cut-in voltage, a small forward biased
is applied to the transistors. Let us see the practical circuits used to apply such forward
biased, in the two types of class B amplifiers.

6.16.1 Push Pull Class B Amplifier

The forward biased across the base-emitter junction of each transistor is provided by
using a diode as shown in the Fig. 6.38.
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+Vee

R,

Fig. 6.38 Use of Diode

The drop across the diode 12 is equal to the cut-in voltage of the base-emitter junction
of the transistor. Hence both the transistors conduct for full half cycle, eliminating the
cross-over distortion.

Stight shift
in Q point v
o] ce

Fig. 6.39

Due to the forward biased provided to eliminate the cross-over distortion, the Q point
shifts upwards on the load line as shown in the Fig. 6.39. Hence the operation of the
amplifier no longer remains class B but becomes class AB operation.

But as the amplifier handles the large signals in the range of volts, mmpmd to these
signals the shift in Q point is negligibly small

Key Point : For all the practical purposes, the operation is treated as class B opermn and

all the expression derived are applicable to these modified circuits.
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6.16.2 Complementary Symmetry Class B Amplifier

In push pull, transformer coupled type, the drop across forwardbiased one diode is
sufficient, to provide necessary cut-in voltage. But in case of compl
circuit, base emitter junctions of both Q, andQ,,a.remqw:edtopwwdeaﬁxsdbm
Hence for silicon transistors a fixed bias of 0.7 + 0.7 = 1.4 V is required. This can be

achieved by using a potential divider arrangement as shown in the Fig. 6.40.

Fig. 6.40 Use of potential divider

But in this circuit, the fixed bias provided is fixed equal to say 14 V. While the
junction cut-in voltage changes with respect to the temperature. Hence there is still
possibility of a distortion when there is temperature change. Hence instead of R, the two
diodes can be used to provide the required fixed bias. As the temperature changes, along
with the junction characteristics, the diode characteristics get changed and maintain the
necessary biasing required to overcome the cross-over distortion when there is temperature
change. The arrangement of the circuit with the two diodes is shown in the Fig. 641.

Fig. 6.41 Use of pair of diodes
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6.17 Complementary Symmetry Single Supply Version

The main disadvantage as seen earlier of complementary amplifier is the use of dual
supply. But in practice the circuit can be modified by grounding — Ve terminal. The
resulting circuit is called single supply version of complementary symmetry class B
amplifier as shown in the Fig. 6.42.

Vee

—

Fig. 6.42 Single supply version of complementary symmetry class B amplifier

Key Point : All the expression derived for dual supply version are still applicable to single
supply version. Only change required is that the value of Vo must be taken as Vo2,
while calculating the various parameters of the circuit.

P Example 6.14 :  The circuit shown in Fig. 6.43 operates with sinusoidal input. Calculate :
i) Maximum A.C. power output

if} Power dissipation in each transistor

iii) Conversion efficiency at maximum power output.

Ve =20V

Fig. 6.43
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*Vee
Load
Loud
speaker
Driver stage Comp! hary e
symmatry
class B arnplrrm

Fig. 6.44
6.19 Quasi - Complementary Push Pull Amplifier

Practically in the power ampl:ﬁcr circuits it is preferred to have both n-p-n transistors
to supply to load. But compl ry sy try circuit
transistor for its operation.

one n-p-n and other p-n-p

1

In practice, the complementary symmetry circuit is modified in such a way that
matched n-p-n transistors can supply the load though the operation is complementary.
Such a modified circuit is called quasi-complementary push pull amplifier. This is shown
in the Fig. 6.45.

The Q, and Q, are complementary transistors as Q, is n-p-n and Q; is p-n-p. The
complementary operation is possible because of Q; and Q,. The Q; and Q; form a
Darlington pair while Q, and Q, form a Feedback pair. The collector of O, is connected
to the base of Q,. The diodes Q, and Q, are used to overcome cross-over distortion.
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4\f°c

=

Fig. 6.45 Quasi-complementary power amplifier
6.19.1 Operation

For positive half cycle of input, the base of n-p-n Q, goes positive and Q; conducts,
due to which Q; conducts. While at the same time base of p-n-p Q, goes positive hence
Q, remains cut-off. Thus the Q,, Q, Darlington pair drives the load providing positive
half cycle to the load with a low impedance. For negative half cycle of input, the base of
np-n Q; goes negative and hence it remains cut-off. While at the same time base of p-n-p
Q, goes negative hence Q, conducts. This drives Q, to conduct providing negative half
cycle to the load with a low impedance. Thus for common input signal applied to the
circuit, a full cycle is available across the load.

Key Point : Practically the quasi-complementary push pull power amplifier circuit is most

widely used power amplifier circuit.



Analog Electronics 6-64 Power Amplifiers [Large Signal Amplifiers]

Examples with Solutions

mp  Example 6.15 : How much power is dissipated in the individual transistors of a class B
push pull power amplifier ? If Ve = 20 Vand Ry =4 (L
Solution : V=20V, R =40

For (Ps)ps Ve = % Vee = 127324 V
v

Ro= 1)

Iy = ﬁ =3183 A

e = 2 I,=20254 A

oo = E m = =

C1vE1(127m)t

e = 3Rt =3 - RBRW

and Pye = Ve Ipe=20x2.0254 = 40.508 W
Total (Py)max = P, —P, =40.508-20.2542 = 20.2538 W

- (P4 ) max per transistor = 20'22533 = 101269 W

inmp Example 6.16 : A single ended class A transformer coupled amplifier employs a transistor
with 1, =1 A, P; =10 Wand Vg = 40V, feeds a 2.5 Q load. Calculate the maximum
power output that can be delivered to the load. Determine the turns ratio of the owtput

transformer.
Solution : For a given transistor,
Maximum collector current = I =1A
Maximum power dissipaton = Py =10 W
Maximum Ve = 40V

For maximum output power,

Im = 2]CQ
L _1_
Ig = T_E-—B.SA
and Veeo = 2Vec
V 40
V. = —CE0 _ 2 _oqvVy
cC 2 2
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For the full wave rectified waveform,
=0.4031 A

n

2A, _2x06333
T T

Inc

Poe = VeexIpe = 24x 04031

= 96765 W
P, 71428

%n = SXx100= %100 = 73.81 %
Poc 96765

This is the conversion efficiency of the amplifier.

iy Example 6.19 : Calculate the input power, output power and the efficiency of class A
amplifier shown in the Fig. 6.47. The input voltage causes a base current 5 mA rms.

o Ve =18V

i3
& 2 R=160
v,

o

{(—- Q.p=40

Fig. 6.47
Solution :  Using equation (2) from section 6.7, we can determine Ipq.
Vee 0.7 _ 18-0.7

= TR T ka0
= 14.4167 mA
Now log = Blpg = 40x14.4167 = 576.67 mA
And Vepg = Voo ~log Ry = 18 - 576.67x107 x 16 = 87733 V
So Pyge = Vo lgg = 18%576.67 = 10.38 W
This is the input power.

Now input a.c. voltage causes a base current of 5 mA r.m.s.
(Iy)rms = 5 mA
(ijrms = B (i,)rms = 40x5 = 200 mA
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This is nothing but the output collector current, rms. value [ ..
Lys = 200 mA
Using equation (13) from section 6.8, we can wrile,
P 2 Ry = (200x107%)x16
= 640 mW
This is the power delivered to the load.
Hence the cfficiency of the amplifier is,

. 64010
%n = ]':_:xlm- —-—]-5-3%——):100

= 6.165 %
iy Example 6.20 : A transistor connected in class A power amplifier circuit has [§ = 40.

i) Caleulate the base current required to set the operating point that will permit
maximum possible peak to peak output voltage.
ii) What is the power delivered to the load ?
ifi) Verify that the efficiency of the operation is 50 %.
Assume supply voltage of 20 V, the load resistance of 20 § and the stepdown turns
ratio of 1.58 : 1.
Solution : Ve = 20 V, Ry = 20 £, tumns ratio 1.58 :1
1

n = g5 = 06329
. R 20

Rj, = —=———— =499280Q
LT hT T (0.6329)°

i) For maximum possible peak lo peak output voltage, the power output is also
maximum possible. For this condition the slope of the a.c. load line can be expresed as

49.928 -%
Ig = 04A
_log _04
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This is the required value of the base current.
i) P = LR}

Bulformuxhtmmpowuoutpmomdiﬁm

Lims = 1'4'1'—1}'9 7 0B A

P, = (0.2828)x49.928 = 3.9942 W =4 W
i) %n = P%-C.xm
Now Ppc = Veclog =20 x04=8 W

%N = %xlﬂl}:ﬂ)%

sy Example 6.21 : A push pull class B AF. power amplifier uses the ideal transformer
having a total of 160 turns on the primary and 40 turns on the secondary. It must be
capable of delivering 40 W power to the 8 Q speaker, under maximum condition. How much
should be the value of Vo ?

Solution : Ry =80, Pyymay =40 W
le = 160,N2=40
N{ = B0

N, 4
n = N—lnﬁnﬂj

. R 8
R, = =L - —_
AL ()

Under maximum condition, Ve =

5 =320
Vi
P = l&
acimax) = 7R
1 VUC
2 32
Vic = 40x2x32 =2560
Vcc = 50.60 V
'l‘hisi.stherequi.redva]ueof\?oc
mmp Example 6.22 : For a class B amplifier using conumon collector configuration, the supply
voltage is 25 V while the load resistance is 16 Q. If the input a.c. signal of 20 V peak is
supplied, determine the input power, output power and the efficiency.

40 =
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Solution : For a ¢

in{peak) Vuul[peak] =20V
ie Vin 20V
Now Vi Ry,
]l'l
Vi 20
m =R "
while Vee BV
2 2
Now Ppe E\-'(rlm = Ex2.5x1,25 = 19.8943 W
Vol 20x1.25
P, _'52_'“. = = 125 W
. Par
Yon ?;wxlﬂi]:—xlm= 62.832 %
S

collector config

the voltage gain is 1.

b Example 6.23 : The collector characteristics of a certain transistor is given as,

Vee ic A For
Ilg = 5 mA Ig = 15 mA Ig = 25 mA
1 0.32 0.88 1.55
5 0.38 1.04 1.85
10 0.40 1.12 1.8
15 0.42 1.20 -
20 0.48 -

The above fransistor is to be used as a single ended transformer coupled class A
amplifier with the operating point as Vegg = 7.5 V and I = 1.1 A. The reflected load
across the primary of the transformer is 10 Q and the input sinusoidal current is
10 mA. Plot the characteristics, draw the loadline and hence calculate the second
harmenic distortion.
Solution : For a given power amplifier, Vopg = 7.5 V and Ign = 1.1 A. The reflected load
L =100
From given data, draw the characteristics to the scale on the graph paper.
Now slope of the load line is -1/R) = -1/10=~-0.1
dI

Slope of load line = Ve 0.1
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Solution : The given circuit is the single supply version of class B, complementary

symmetry amplifier.
For this case, all the expressions derived for double supply version are applicable but
the value of V- must be used as V. / 2. Hence for this circuit,

Voo = Z=6V

2
1 Vi
IR

Padmax =

Note that, in the circuit given there is additional resistance Ry inserted in the emitter

of each transistor. Hence the effective resistance to be considered while calculating the
current is Ry + Rg.

- Vﬂl
Now = ®R
V.l
®0 = 3=
and Voo = LRy

LR, . Vi Ry

Py = 7 &, +RE)2' 2

For Padmaxy Vi = Vec
Vi R, _ (67

- Re x8 =
Fudoax = Roarp? 2 “enp 2 W

ii) The maximum power dissipation of each transistor is,
P = —:?x (P for €ach transistor

= 2177 =036W

’.FZ
v2 Ry, 2
or (Padmax = Wx‘f"mvm'gvcc
- (2 vé Ry _
Podoae = ['—‘]’xmxT 02 W
. 0.72
Hence per transistor Padmax = T=0.36‘W.

While the voltage rating per transistor is 2Vec ie. 2x6 =12V
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b Example 6.26 : A single transistor amplifier with transformer coupled load produces
harmonic amplitudes in the output as

B(I

B,
By, = 10mA  By=1mA

L}

15mA  By=4mA

120 mA By =2mA

i) Determine the percentage tolal harmonic distortion.

i) Assume a second identical transistor is used along with a suitable transformer to
provide push pull operation. Use the above harmonic amplitudes to determine the new
total harmonic distortion.

Solution : i) As single transistor is used, even harmonic components will not get
eliminated.

D, = % =% = 00833 ie 833 %
D, = %" =1—;ﬁ = 00333 e 333 %
D; = ::—:ll:% = 0.01667 ie. 1.667 %
D, = % =ﬁ = 0.00833 ic. 0833 %

The total harmonic distortion is,
%D = JD2+DI+DI+D? x 100

J(o,us33_1: +(0.0333)* «(0.01667)* +(0.00833)* x100

i

9.1624 %

ii) When identical second transistor is used, then all even har ics get eliminated
So only D; and Dy will be present.

% D = D} +DI %100 =/(0.033)? +(0.00833)" x100

= 3.4326 %
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vy Example 6.27 : The circuit shown in the Fig. 650 uses two identical and ideal
transistors.
i} Calculate the maximum a.c. power that can be delivered to the load.

ii) If it is desired to increase the power delivered to the load by 36 %, by what percent
must the supply voltage be increased ? What should be the minimum breakdown voltage
of the transistor used when the supply voltage is increased ?

+20V

e < _L
T

Fig. 6.50
Solution : From the Fig. 6.50 we can write,
Vee = 20Vand Ry =120
i) The maximum a.c. power that can be delivered to the load is,

C1VE 107

(Fac)ma‘ = E-RT =35 = 16.67 W

ii) Let new power delivered to the load be (P, )"

The corresponding new supply voltage be V(.

(P = 136 (Poax ... 36 % more
= 136 x16.67 = 2267 W
. _ 1(Vee)?
A]'ld (plc) - ‘ET
1 (Vee)?
2267 = ix 1

(Vee)? = 544.1088
(Voe) = 23326V
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ii) A.C. power output
1 Vcc
Podmax = 7% 'm = Yoc for maximum
_ 1 (307
= Exv—8 = 5625 W
iii} Efficiency
P, _ 8
%n = rxxwﬂ -ﬁxlm
= 29.62 %

iv) Power dissipation by both the transistors
Py = Ppc-P,.=27-8
= 19W
Hence power dissipation per transistor is
19

2
= 95W
1y Example 6.30 : For a class A amplifier shown in the Fig. 6.51 transformer turns ratio
8:1. The transformer has an efficiency of 90 % and d.c resistance of 10 £ for the primary.
Transistor has B = 20 and Vg = 0.5 V. Defermine :
i) Maximum power delivered to the load ii) Circuit efficiency

25\"

o gi“%_}(]
h* s

| T

AW

1un‘ 100 uF

vv-v

l 1OCIQ¢

Fig. 6.51
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Solution : The circuit used for providing proper biasing is self bias, for which the various
currents can be shown as in the Fig. 6.52.

Vgg=25V

Fig. 6.52
Applying KVL to base-emitter loop,
-Vgg-lgRg+IR, = 0
Ix100-(1+PIgx10 = Vg
1001-21015 = 05 (1)
Applying KVL through R; and R,,
=R (I+Ig-Ryl+Vee = 0
-1000 (1 +Ig) 1001 = - Ve
11001+ 10001 = 25 @)
Multiplying equation (1) by (11) and subtracting from equation (2) we get,
331005 = 195
Iy = 0.00589 A
Ic = Blg=11782 mA = Ieq
Now n = T]j'f"’e‘l;
R, = 2. 5 _mo0
n

i) For maximum power delivered to load,
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ii) Power delivered to load under maxinum signal conditions. .

iii) Conversion efficiency under maximum signal.

iv) Approximate value of C, if the circuit is used at signal frequency down to 30 Hz.
Solution : Apply KVL to Ve to ground loop through 1 k) resistances and diodes.

~1 (1) ~ 14— 1 (1K) +20 = 0
2k = 186
I = 93mA

Thus the voltages of bases of Q; and Q, can be calculated as,
i) Baseof Q) =-20-Ix1k2=20-93=107V
Base of Q, = Ix1k2=93%10"*x1x10°=93V

ii) This is single supply version hence while considering supply voltage Vi for the
amplifier calculations it should be considered as Vor/2 ie. 10 V and not 20 V.

Hence under maximum signal condition,

V,
Vo = —§€=1nv

1V 10102
Codmax = 3 R, 2 10
= 5W
A,
iii} Ppe = Ve ICQ where [CQ=]dc=T
V v, Ve
d = —m =om o O
o fu= g ohenceln =10 = %,
_ 2 Ve | 2VE
Poc = Veo T R, 3R,
_2x10%
= 10 = 63661 W
%N = 100 = —2 %100 = 78,58 %
Prc 6.3661 B
iv) The signal frequency f = 30 Hz
1
Now f-z—“R—C-dezRL=1l]ﬂ
C = ot - 530516 uF

2mx 30%10
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1swp  Example 6.33 : For a given input current iy, = 50 x 107 sin 2008, the output current
given by a class A amplifier is
i =2x107 +50x102 sin 200 +10™ sin 400t + 3x 10 cos 600t
Determine the distortion factor for it. (R.U. : May-2008)
Solution : B, =50 x 1072 B, =10"% By =3 x 107°
These are the amplitudes of various freugency components.

| Byl 10 -4
= = =2 x 1'}
D, By ~ 50x102
[Bsl _ 3x107® _

= = =6x1078
D3 = 8] " sw107 -
%D = JD3+D3 x 100 =/ (2x1074)% +(6x107°)* 100

= 0.02 %
s Example 6.34 : A power transistor working in class A opertion is supplied from a 12 V
battery. If the maximum collector current change is 100 mA, find the power transferred to a
5 0 loudspeaker if it is,
i) Directly connected in the collector

ii) Transformer coupled for maximum power transfer.
Find the turns ratio of the transformer in case (ii). (R.U. : 2003)

Solution : Ve =12V, Ipp=100mA, R =50

I, = 1%?-:50111.}\

2 50x10%)?
i) P, = M,f":%:szsxw"w
. \f
i (Padmax = 22"—?'_(;' D)
But Py = E—’“;ﬂ and V_ = Vee for maximum power
-3
P = 12><502)<1|J ~03W
1 (12?
03 =3 R}
o Ry = 2400
. R, . 5
But R = = ie280=—
n- n
n® = 0.02083 ie n=01m=%
1
N C o6928:1
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mp Example 6.35 : For class A CE transistor amplifier, the operating point is located at
Io=250 mA and Vg = 8 V. Due to the input signal, the output collector current goes in
. between 450 mA and 40 mA while the Vo swing between 15 V to 1 V. Find :

i) The output power delivered ii) The input power
iii) The collector efficiency iv) The power dissipated by transistor.
(R.U. : 2002)
Solution : Tcg=250mA, Vepg=8V
Viax = 15V, Vo =1V, I, =450 mA, I, =40 mA
Tpp = Lpay — Lun = 450 - 40 = 410 mA
Vop = Voax = Vein =15-1=14V
V, 1
\i’m=~—-2?1'-=?’\|F and lm=—;f-=2l]5rm‘\
-3
i) P, = V";',_["‘ = w = 07175 W ...Output power
ii) Poc = log Vepg=250x 103 x8=2W ...Input power
i) % = Toe % 100 = 07175 % 100 = 35.875 % -..Efficiency
Poc 2
iv) Py = Ppo=Ppe=2-07175=12825 W ... Power dissipation

Imp Example 6.36 : The signal power is to be delivered to a loudspeaker having a reistance of
4 Q. The output transformer used in the power amplifier has a turns ratio of 20 : 1. The
primary winding of transformer gets a.c. signal from a transistor which can be represented
by a current source of 5 mA and shunt resistance of 8 k Q. Calculate the power delivered io
the loudspeaker when it is connected to the secondary of the transformer. (R.U. : 1998)

Solution : The circuit diagram is shown in the Fig. 6.54.

wn=M 1

I SN D
pmmm— e ———— - -3 . _ Ry
1 < [ ~Ry = —
isma (D R1£;am§ ” :I]:I R =40 n?
L . . s

'_l_ 2

20:1 20

g
=]

Fig. 6.54 =
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11
12

13.
14.

15.

24.

26.
27.
28.

24,

Explain with neat circuit diagram, the working of a transformer coupled class A power amplifier.
What is impedance transformation in case of a transformer ? Explain the pmedure of calculating a
reflected load on primary, for a step down transformer.

Prove that the maximum efficiency of a transformer coupled class A amplifier is 50 %.

Explain the advantages and disadvantages of directly coupled and transformer coupled class A

amplifiers.

A power istor operated in class A of delivers a i of 6 W to a 8 Q load with
the supply voltage of 25 V. The  point is adfusted for a symmetrical swing. Calculate,

a. Step dount turns ratio b, Peak collector current ¢. Efficiency (Ans. : 2.55:1, 0.48 A, 50%)

What is harmonic distortion ? How the output signal gets distorfed due fo the harmonic
distortion ?

. What is the meaning of % harmonic distortion 7 How the total harmonic distortion is caleulated 7
. Explain the three point method of calculating the second harmonic distortion.

What are the different possible distortions in an AF. power amplifier ? Whick is the most
significant 7 Why 7

. A transistor used in AF. power amplifier, working in class A operation supplies 0.8 W to 4 kQ

load. The zero signal d.c. collector current is 31 mA and the d.c. collector current with signal is
36 mA. Determine the % second harmonic distortion. (Ans. : 16,01 %)

. Draw a neat circuit diagram of push pull class B amplifier. Explain its working.

Draw the circuit diagram of class B push pull amplifier and discuss

a. [ts merits b, Cross-over distortion.

Prove that the ; power dissipation is approxi) "J%tkof}kzmrﬁﬂﬂma.c.mtpm

power, for & class B amplifier.
Show that the even harmonics are cancelled at the output of a push pull elass B ideal amplifier.

. A certain B amplifier delivers 10 W to the load. The output transformer efficiency is 85 %. A

CRO connected across the load of 0.5 (2 in series with positive lead of the 24 V power supply
shows a peak voltage of 500 mV. Determine the efficiency. (Ans. : 77 %}
Eaplain the working of complementary symmetry class B amplifier. What are its advantages?

Prove that the maximum efficiency of a class B amplifier is 78.5 %.

Derive the condition for maximum power dissipation for a class B amplifier. State the expression
for maximum power dissipation.

A complementary symmetry class B amplifier supplied output to a load of 3 €2 from the supply
voltage of 20 V. Calculate maximum power oulpui, power owlput, power dissipation rating of each
transistor. (Ans. :16.67 W, 3.38 W)

. Compare complementary symmetry and push pull class B circuits.
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What is cross-over distoriion? Explain.

How the cross-over distortion in an A.F. power amplifier is eliminated ?

Draw and explain single supply version of complementary symmetry class B amplifier circuit
Draw and explain the complementary symmetry class B amplifier with a driver stage.

Draw and explain the operation of quasi-compl 'y push pull power amplifier.

Write a note on safe operating area for a transisor.
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Schmitt Trigger using Op-amp

A.1 Op-amp in Switching Circuits

The op-amp is basically a high gain differential amplifier. In open loop configuration,
it has very high gain, of the order of 10°. But op-amp has a saturable property, that it can
produce maximum output equal to its supply voltages. Thus if supply voltages used for
the op-amp, are + Ve and - Vg, then practically the output votlage saturates at the
voltages + V,, and - V,, given by,

+Vg = +Vee-1V and Vg == Vg +1V (1)
Key Point : Due to very high open loop gain, for very small change in input vollage, the
op-amp output switches from + Vo to = V, or viceversa.

Due to this property, the op-amp in open loop mode can be used as a basic
comparator. When two inputs are applied to the open loop op-amp then it compares the
two inputs. Depending on the comparison, it produces output voltage which is either
+ Vg or = Vg,

A.2 Basic Comparator using Op-amp
There are two types of op-amp comparator circuits namely,
1. Non-inverting comparator and 2. Inverting comparator

A.2.1 Basic Non-inverting Comparator

In this comparator, the input voltage is applied to the non-inverting terminal and no
reference voltage is applied to other terminal. So inverting terminal is grounded. The input
voltage is denoted as V;, while the voltage applied to other terminal with which Vi, is
compared is denoted as V. In the basic comparator, V,; = 0 V. The basic non-inverting
comparator is shown in the Fig. A.l.

In the non-inverting comparator, if V;, is greater than V , then output is + V,,, ie.
almost equal to + V. While if Vi is less than V¢ then output is - V, i.e. almost equal
to - V.

(A-1)
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=0 Ve

I_: Op-amp v,

- —

f—L “Vee

Fig. A.1 Basic non-inverting comparator

lji—o

Thus for Fig. A.l, as V,; = 0 V when V;, is positive then V, = + Vg, = + Ve while
when Vi is negative then V = - V_, = - V. This is because, as open loop gain op-amp
(Agy) is very very high even for very small V; the op-amp outpul saturates.

Thus the two possible output levels of the comparator are + Vg, and - V_,, indicating
whether the input voltage is greater than or less than
the reference voltage. Such type of the comparator, in Ve
which the operation is al saturation level is known as
saturating type of comparator. Assuming symmetrical
conditions, the two possible output levels of the t \_
saturating type comparator are + Vg, and - V. v,

Note that no feedback is applied to the op-amp Veu Voo
and it is operated in open loop conditions, because of
which the op-amp is operating in saturating
conditions. P

The input and output waveforms for a basic
non-inverting comparator, for sinusoidal input are Fig. A.2 Waveforms of a basic
shown in the Fig, A2. non-inverting comparator

A.2.2 Basic Inverting Comparator

The Fig. A.3 shows the basic inverting comparator in which the input is applied to the
inverting terminal while the reference voltage which is zero is applied to the non-inverting
terminal. Thus if V, is greater than V , then the output is =V, while if V;; is less than
Vyer then the output +V,_,, due to inverting action.

Voo

“Vee

'l

Fig. A.3 Inverting comparator



Analog Electronics A-3 Appendix - A

The Fig. A4 shows the

Vi waveforms of an  inverting
comparator.
Vit 20V t In both the types of comparator,
: . the output can be controlled as per
' ‘ the requirement by setting V., other
v, than zero, by using a battery and
potential divider circuit.
* Ve —1.
~Veat

Fig. A.4 Waveforms of inverting comparator

A.2.3 Limitations of Op-amp Comparator

In comparators, the op-amp is used in open loop mode. As open loop gain of op-amp
is large, very small noise voltages also can cause triggering of the comparator, to change
its state. Such a false triggering may cause lot of problems in the applications of
comparator as zero crossing detector. This may give a wrong indication of zero crossing
due to zero crossing of noise voltage rather than zero crossing of input wanted signal.
Such unwanted noise causes the output to jump between high and low states. The
comparator circuit used to avoid such unwanted triggering is called regenerative
comparator or Schmitt trigger, which basically uses a positive feedback.

A.3 Inverting Schmitt Trigger

The Fig. A.5 shows the basic schmitt
trigger circuit. As the input is applied to
the inverting terminal, it is also called
inverting schmitt trigger circuit. The
inverting mode produces opposite
polarity output. This is fedback to the
non-inverting input which is of same
polarity as that of output This ensures
positive feedback.

When V,, is slightly positive than
V..o the output gets driven into negative

Fig. A.5 Inverting schmitt trigger saturation at — V,,, level.
When V,, becomes more negative
than - V_;, then output gets driven into positive saturation at + V,,, level.
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Thus cutput voltage is always at + V,, or -

V,, but the voltage at which it changes

its state now can be controlled by the resistance R; and R,. Thus V_, can be obtained as

per the requirement.

Now R, and R; forms a potential divider and we can write,

. Vv, + \'" - .

+ Vo = oS ol R, = R+ E2 % R, ... positive saturation
v, = Vo . ;

ot = RT:_RT X Ry = T{;:‘ﬁ—'z % R, ... negative saturation

+V,; is for positive saturation when V, =+V,
denoted as V. =V, is for negative saturation when V, = -

and is called upper threshold voltage
' and is called lower

sat

threshold voltage denoted as V,;. The values of these threshold voltage levels can be
determined and adjusted by selecting proper values of R} and R;.

Vo = + vul R2

Thus TR +Ry)
-V R

and Vit = st 22
TRy +Ry)

The output voltage remains in a given state until the input voltage exceeds the

threshold voltage level either positive or negative.

The Fig. A.6 shows the graph of output voltage against input voltage. This is called

transfer characteristics of schmitt trigger.

*Vaat

“Vret

Fig. A.6 Hysteresis
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A.4 Non-inverting Schmitt Trigger

R The Fig. A9 shows the

ARAA ) non-inverting  schmitt  trigger

) circuit. The input is applied to

V. Ry the non-inverting input terminal

0 AR
_'.\:\r; - of the op-amp.

Fig. A.9 Non-inverting schmitt trigger

To understand the working
of the circuit, let us assume that
the output is positively saturated
ie at +V_,. This is fedback to
the non-inverting input through
R,. This is a positive feedback.

Now though V;, is decreased, the output continues its positive saturation level unless
and until the input becomes more negative than Vi;. At lower threshold, the output
changes its state from positive saturation + V_,, to negative saturation - V,,,. It remains in
negative saturation till V,, increases beyond its upper threshold level V. The transfer

characteristics is shown in the Fig. A.10.

Veat

“Vaat

Vur

Fig. A.10 Hysteresis

Now Vi

Voltage at point A =1, R; = Vi;r

As op-amp input current is zero, I, entirely passes through R,.

1 - vo X Viat
" CTRTE
R R
Vuor = Iin Rzzn—f("' Vi) = Ve R_:
- R - R,
and Vir = R, (- Vet )= = Viat R
Ry
and H = Vyr-Vir=2 Vo 5=

Ry
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+ Vi Ry _ 135x120

V, 22 - 0.03169 V
Ur = TR +R;  51x10°+120
-V, R, ~-135x120
V, a2 o T TS o 003169 V
% TR +R,  5Ix10°4120

H = Vyr—-Vyr = 003169 - (- 0.03169)
= 0.06338 V= 6338 mV

nmp Example A3 : For a non-inverting regenerative comparator shown in the Fxg Al3,
lculate tripping vollages. Assume V., =+135 V.

AAAA
YWy

1k

Fig. A.13

Solution : As input is applied to the non-inverting terminal, the circuit is non-inverting
schmitt trigger.

R, = 100kQ, R,=1ka

Vygr = +vm-§—_135x-1-:ﬁ_0135v
R, _ - 135x1

Vi = -V gt = S =- 0138 v

A.5 Schmitt Trigger Applications

We have already seen one important application of Schmitt trigger as sine to square
wave converter. It can be used to eliminate comparator chatter in signal shaping and in
ON/OFF control. It is a building block of relaxation oscillators.

A.5.1 Schmitt Triggers for Eliminating Comparator Chatter

Chattering can be defined as production of multiple output transition as the input
signal swings through the threshold region of a comparator. This happens due to the fact
that a.c. noise is present in the practical circuits. Fig. A.14 shows input signal with a.c.
noise and how comparator output chatters. Even if noise is very less, it takes a very small
noise spike to cause chatter due to high comparator gains.
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Vs

Vo OV t

|[[—¢I|

Fig. A.14

This problem can be solved by using schmitt trigger circuits. This is because they
exhibit hysteresis. In case of hysteresis, as soon as the input signal crosses the present
threshold level once, the output changes its state and activates the other threshold level, so
that the input signal must swing back to the new threshold in order to make the output of
the circuit to change its state again. Refer Fig. A.15. By making hysteresis width greater
than the maximum peak amplitude of noise, a dead zone is created such that noise within
this zone no longer causes multiple outpul transitions.

uc
v /
Vs
p—=0 + \‘r'nuc - -/:J R vt B R T EEE TR ‘\: -

& VY oV N f\v/ 1
RE LT ~

S Vi B~ - 2
Ry E: -

Fig. A15

A.5.2 Schmitt Triggers in ON/OFF Controllers

In ON/OFF controller, such as lemperature controller, when temperature is below
setpoint heater is made ON and when it is above setpoint heater is made OFF. Now
consider that temperature is just below the setpoint, and heater is ON. As soon as the
temperature reaches the setpoint, the comparator which is controlling the heater makes it
OFF. The smallest temperature drop following the heater OFF will make comparator to go
in its activate state and switch on the heater. As a result, the heater will be cycled ON and
OFF by the comparator at a rapid pace. This is not desirable.
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two different values of V, can be obtained. Thus the circuit acts as a Schmitt trigger with
different UTP and LTP levels. For designing such circuit, apply KVL to the output circuit,
neglecting op-amp input current.

—mz "IRI —X+VD =0

V,=x
1= R, 7R, w (1)
And Vy = IR +x o (2)
_ (Vo-x)R,
vi = et w (3)
For Vi = Vi, Vo= +V,,
_ (Ve xRy
Yo T TR “ 8
For Vl = VLT' Vn = _Vul
-V, L —)l:) Rl
Vir = W+x e (5)

Subtracting equation (5) from (4),

2V Ry
RIRs . (6)

Vur=Viz) =

This gives the relation between R, and R,. Substituting (R, +R;) interms of R, in
equation (4), the value of x can be obtained. Then by choosing R;, the value of R, can be
obtained.

Finally Reemp = RilIR;

If value of 'x' is negative, it should be connected with opposite polarity in the circuit,
compared to what is shown in the Fig. A.16.
iy Example A.4 : Design an op-amp Schmitt trigger with the following specifications :

UTP =2V, LTP = — 4 V and the oulput swings between + 10 V.
If input is 5 sin wt, plot the waveforms of input and output.
Solution : For the Schmitt trigger

Vir =2V, Vir=-4V, 2V, =210V

For unequal UTP and LTP values, a modified circuit is required as shown in the
Fig. A.17.

The voltage V, decides the UTP and LTP levels. Applying KVL to the output circuit
and neglecting op-amp input current we can write,
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HR; -IR; -x+V; = 0

Vi =x
[ =2~
H5V R, +R; @
And V, = IR, +x . (8)
Vi —x
Vy =L Ry +x . (9)
Reomp R, +R;
For +V, =10V,
v,
n V, = Vir = 2V,
= V=10V
10-x
2= Rl+R2‘R,+x . (10)
For -V, =-10V,

Vy = Vip = -4V,
Vo=-10V

. 4= 210X
Fig. A17 - 4= R Rt ()

Subtracting equation (11) and (10),

2 ) =

R;-[lﬂ—x+10+x!
R, +R,
R;+R; = 3333R, . (12)
R, = 2333 R, . (13)
Substituting equation (13) in (10),

R
2%3333 = 10-x+3333x
2333 x = -33334

x = -14286

So actually polarity of the voltage source 'x' must be opposite to what is assumed
earlier as shown in the Fig. A.17,
Choose R; = 1kQ hence R, = 2333 k2

Reamp = Ry|R, = 0.7 k2

comp
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When the output is positive, D; gets forward biased and Vi is the drop across R,.
When the output is negative, D, is reverse biased and only op-amp input current flows
through R,. Hence V| is almost zero.

The diode D; must be selected to have reverse breakdown voltage more than the
supply voltage. Its reverse recovery time must be smaller than the minimum pulse width
of the input signal.

t(for diode) < f'i?l‘?‘l!"___‘;;“i"f width . (19)

Using two diodes and two resistors as shown in the Fig. A.19 (b) different UTP and

LTP levels can be selected. When the output is positive D, is forward biased while when
the output is negative D, is forward biased.

_UVil=Vel x Ry

UTP = Vi R .. (15)
And LTP = Vi 2 UVl - Vil x Ry . (16)

Ry +R;

Where Vj is the forward voltage drop of D;.

Review Questions

In what mode op-amp is used as comparator 7 Why ?

Explain the operation of inverting comparator using op-amp.

Explain the operation of non-inverting comparator using ap-amp.

What is the need of op-amp Schmitt trigger circuit over comparator ?

Compare Schmitt trigger circuit with comparator,

Draw and explain the operation of op-amp inverting Schmité trigger circuit.

Draw and explain the operation of op-amp non-inverting Schmitt trigger circuit.

Design an inverting Schmitt trigger to have trigger vollages £ 3 V. Use op-amp 741 with + 12 V
supply. .

Explain the Schmitt trigger n'pp!}c.ah‘ans,

10. Draw and explain the operation of op-amp Schmitt trigger with different UTP and LTP levels.

L

o

aao
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@ Feedback Ampliﬁers

a1 Draw the equivalent circuit of the following amplifier and show that the output resistance
with load resistance, R; with feedback is :

o= Rpfrg +(u+DR]
oF " g +R W+ DR ) N —

Ans. : Refer section 1.12.2.
Q2 Define the following :
i) Amount of feedback (in dB) ii) Desensitivity iii) Loop gain. (2007)

Ans. : Refer section 1.6.
Q3 The circuit of given Fig. 2 has the following parameters

R.=4K h,=11K R =40K, hﬁ_.=50

R,=10K h,=h,=0

Find : a) AV,’ b) Rg ) R:,Jr (2007)

(P-2)
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A8

o
tn

:

Q7

Qs

Vee

-

L &
= of
Fig. 2

Refer section 1.12.4.
Write short note on topologies of negative feedback amplifier. (2002, 2003, 2007)
Refer section 1.5. )
Calculate the input resistance and output resistance for a curreni-shunt feedback
amplifier. (2006)
Refer section 1.9.

List major advantages of negative feedback. What are the four possible topologies of a

Jeedback amplifier 7 Identify the output signal X, and feedback signal X, for each
topology (either as current or voltage). Also give dimensions of transfer given for each

topology. ) (2006)
Refer sections 1.4 and 1.5

An amplifier with an open loop voltage gain of 1,000 delivers 10 W of output power at
10 percent harmonic distortion when the input signal is 10 mV. If 40 dB negative
voltage series feedback is applied and the output power is to remain at 10 W. Determine
required input signal. {2006)
Refer example 1.5.

The transistor in the feedback amplifiers are identical and their h parameters are assumed
to be standard. Calculate

Rg=V,/l, Ag=1,/1, Ag=V,/V, Ay=V,/V,and Ry (2003)
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Q.11 List the merits and demerits of negative feedback amplifiers. (2004)
Ans. : Refer section 1.4.
Q12  Explain the effect of negative feedback on guin and frequency response of an amplifier
with the help of suitable diagram. (2003)
Ans. : Refer sections 1.6 and 1.7
QA3 An amplifier has a voltage gain of 40. The amplifier is now modified to provide a 10 %
negative feedback in series with the mput. Calculate : i) Voltage gain with feedback
i) Amount of feedback in dB iii) Loop gain. (2003)
Ans.: Given A, =40, f=10% =01
) A, 40 _
) Avi = TTAC T T@oxon - °
. . 1
i) Amount of feedback in dB = 20 log TABI
= 20 lo, 1
8 T @o=0.1)

iii)

Q14

Ans. :

- 13.98 dB
Loop gain = - Al =-40x01=-4

Caleulate the voltage gain with and without feedback for the given circuit with values of
gm=5ms, Rp =51k} Ry=1Kk2and Ry =20 kQ (1995, 2002)

Fig. 5
i)  Voltage gain without feedback = - g,,, Rp
= -5x1073x 51 x 10°

= —255
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ii) Voltage gain with feedback
Step 1: Identify topology

By making V, = 0, feedback current becomes zero. Hence it is a voltage sampling. The
feedback is fed in shunt with the input signal and thus the topology is voltage shunt
feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0. This places resistor F; across the input. To find
output circuit, set V; = 0. This places resistor R; across output. The resultant circuit is
shown in Fig. 6.

Fig. 6

Step 4 : Replace FET with its equivalent circuit

G

D —ly
_ 9mVgs
1® Ry=1K R=20k  ® r Ri=20K SRy=5.1K v,
S
Fig. 7
Step 5 : Find open loop transresistance
Vo - gmvgsRelf
By = = ]
5 5

Ry = rgl|R¢l| Rp assuming ry = 40 K
= K|2WK|51K
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= 3.689 K
vgs:[th = xRy Ry
. = x1K|[20K
= 952381,
-5x107 % 952.38 I, x 3.689x10°
RM = I

5

= -17567 K

Step 6 : Calculate

=
i
1
-

= -——-]:-—--5)(10‘5

20x10°
Step 7 : Calculate D, Ry and Ay
D = 1+PRy
= 1+ (= 5x107) (- 17.567 x 10%)
= 1878

R Ry _ -17567x10°
MET DT T TaTe

= =935 K

Ry _ 9.354x10°

A -
ViET R, T ix10?

= ~9354
QA5 Derive expression for output resistance in voltage series feedback amplifier. (2002)
Ans. : Refer section 1.9.

Q.16 An amplifier has a gain of 60 dB (voltage gain). It has an output impedance of
Z, = 12k€L It is required to modify its output impedance to 600 Q by applying negative
feedback. Calculate the value of feedback factor B Also find the percentage change in
d

A
overall gain -—ffm' 10 % change in the gain of internal amplifier ﬁ
4 A (2002
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Q1

Ans. :

Q2

Ans. :

Q.3

Q.4

Ans. :

Q.5

Draw the circuit diagram of a Colpitt oscillator and obtain the expression for frequency of
oscillation and mini gain of the transistor. (1994)

Refer section 2.10.

It is desired to design phase shift oscillator using FET having g, = 5000 uS, ry = 40 k2
and feedback circuit value of R = 10 k. Select the value of C and Rp to have the
frequency of operation as 1 kHz and A > 29, (1995)

Refer example 2.33.

Draw the circuit and explain the working of series operated crystal oscillator. (1995)
Refer section 2.14.

Draw the circuit equivalent of a crystal and obtain expression for the reactance, prove
that -

S

W, =1+= =
g C,

P =

where o, = Parallel resonant frequency

w, = Series resonant frequency

C, = Series capacitance

Cy = Parallel capacitance (1995, 1997)
Refer example 2.30.

For the FET oscillator shown below, find -

Vv
i) V_f if) The frequency of oscillations
iti) The minimuwm gain of the source follower required for oscillator.
(1997, 2001, 2002)

(P -12)
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Ans. :

Qs

Ans. :

Q.7

Fig. 1
Refer section 2.5.8.
The oscillator circuit is shown in the Fig. 2.

T

Fig. 2

a) If the inductance coil Ly has the internal resistance ry and is taken into account,
show that the frequency of oscillations is given by,

1[1 . 1(,.n
= e T
Ls{cl Cz{ Ro”

b If ;—3 << 1, show that the minimum amplificr gain required for the oscillations is,
o

C, Cy+C
Ay = 9,850 p
VSGTTL (1998)
Refer example 2.35.

Explain a generalised resonant circuit oscillator. How is its resonant frequency controlled
by external circuit element ? Under what conditions is such an oscillator called Colpitts
oscillator 7 (2000}

Refer sections 2.8 and 2.10.
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Qs Explain how amplitude and frequency stability are improved in an oscillator 7 (2001)
Ans. : Refer sections 2.13 and 2.15.
Q9 Give the two Barkhausen conditions required in order for sinusoidal oscillations to be

sustained and stale the frequency stability criterion for a sinusoidal oscillator.

(2001, 2002)

Ans. : Refer sections 2.3 and 2.13.
Q.10  Write short note on RC phase shift oscillator. (2001, 2005)
Ans. Refer section 2.5
Q.11 Draw the circuit BJT Wien-bridge oscillator and explain the working. (2002)
Ans. : Refer section 2.6.2.
Q.12 Write short note on "Crystal oscillators”. (2002, 2007)
Ans, :  Refer section 2.14.
Q13 Calculate the :

i) Operating frequency; and

i) Feedback fraction for the oscillator as shown below and the mutual inductance of

the coils is 20 pH. (2003, 6 Marks)

Also mention the name of oscillator.

*Vee
R 3 % RF Choke _
= o,
1000 4 S L, -l—
C = 20pF
I Ce 0 Fh
Fig. 3

Ans. : Refer example 2.32.
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Q14

Q.15

Q.16

Q.17

Q.18

Q.1e

Q.20

Q.21

Prove that the ratio of the parallel to series resonant frequencies of crystal is
approximately given by,

f; [ C . .
—=| 1+-=— | where Cyy = Mounting capacitance.
ks Ly

Refer example 2.30.

(2004)

If C = 0.04 pF and Cy; = 2 pF then by what percent does the parallel resonant frequency

exceed the series resonant frequency ? (2003)
Refer example 2.31.
Write a short note on Wien bridge oscillator. (2004, 2005)

Refer section 2.6.

Prove that for a Wien bridge oscillator the gain of amplifier should equal to & ie.
deviation where & > 3. Also derive expression for frequency of oscillation with suitable

diagrams. (2005)
Refer section 2.6.1.

A Hartley oscillator having the following parameters, Ly = 500 uH, L, = 5000 pH,

M = 300 uH, C = 150 pF. Find the frequency of oscillations. (2006)
Refer section 2.28.

The parameters of a crystal oscillator equivalent circuit are L, = 0.8 H, C, = 0.08 pF,
R, = 5 K and Cyy = 1 pF. Determine the resonating [, cquencies f; and f,. (2007)
Refer example 2.29.

Design a phase shift oscillator using FET of op-amp., to work with 2 kHz frequency.
Assumte that input resistance without feedback is very high. (May-2008, 8 Marks)

Refer example 2.36.

What is name of following oscillator, explain its working and calculate the value of
inductance (L) offered by the crystal at oscillation frequency f, = 1 MHz.
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Q.22

Ans, :

Q.25

* VDD
Rz
L C, = 1000 pF
R 3 G = C,=100pF
=
Fig. 4
If crystal has bulk resistance R, = 700 € then draw its electrical equivalent circuit
with component values. (May-2008, 8 Marks)

Refer example 2.34.

Explain frequency response of crystal and give formulas for f, and f,
{4003, 2005; 6 Marks)

Refer section 2.14.

Verify the following inequality :

kﬁ>4K+23+29K

where K = Rg/R

Re = Collector resistance

R = Resistance of frequency selective network in a RC phase shift oscillator.

Refer section 2.54.
aQa
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Q.1

Ans. :

Qz2

Ans, :

Q.3

Ans. :

Q.4

Ans. :

Q.5

Ans. :

Q.6

Ans. :

Q7

Ans. :

Discuss the working of a transistorized (BJT) biastable multivibrator. (1999)
Refer section 3.3.
Write short note on Schmitt trigger. {1999, 2002, 2005, 2007)
Refer section 3.9.

Draw the circuit for the astable multivibrator and explain its operation. (2001, 2002)

Refer section 3.7

Write short note on blocking oscillator. (2003, 2006, 2007}

Refer section 3.12.

Explain the working of monostable multivibrator with required waveform, also derive

expression for gate width. (2006)

Refer section 3.4.

Calculate the stable state voltages and currents ey, Iey, Iy gz Vg Vs Ve and

Vey for the following circuit of bistable multivibrator where Vg = 07 V,

Vickrsan =015 V. (2007)
+12v

I

- <
22k0% $ 22kn
< 15 k2 1Bk

OI
[OFF) Qg (ON}
= -12¥
Fig. 1
Refer example 3.16.

Describe the working of a monostable multibrator with the help of suitable circuit
diagram using BJT and also show the waveforms at various points and expression for
time width. {2008)
Refer section 3.5.
aaQ
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@ High Frequency Amplifiers
h

Q1

Q.2

Ans. :

Q3

Ans. :

Q4

Qs

Ans. :

Qs

Ans. :

Q7

Ans. :

i
| m—

Draw the hybrid-n model for a transistor in CE configuration and bricfly describe origin
of components. Comment on the validity of model. (1994, 1995, 1998, 2000, 2003}

Refer sections 4.2 and 4.5.

Given the following transistor measurements made at I. = 5 mA, Vg = 10 V and at
room temperature he, = 100, b, = 600 Q. A;, = 10 at 10 MHz, C, = 3 pF.

Find fl-\ S Con Py and ryge (1995, 2005)
Refer example 4.21,

Draw a small signal high frequency emitter follower model of a transistor and derive an
exprression for its high frequency voltage gain. (1999, 2002, 2005, 2007)

Refer section 4.9.2.

Derive the expressions for hybrid-n paramelers of transistor interms of CE Iv-parmineters.
(2001, 2002)

Refer section 4.3.

Consider of CE stage with a resistive load Ry, using Miller’s theorem, what is the
midband input capacitance and high 3 dB frequency fy; for the current gain.

(2001, 2002)
Reier section 4.7.2.

Given that hy, = 50, by, = 24 pA/V. Find out g, and g, at I = 1.3 mA and room
temperature. (2002}

Refer example 4.22.

Write short note on gain-bandwidth product. (2002)

Refer section 4.8.
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Qs In a hybrid-n model, prove that diffusion capacitance at emitter junction -
wi
Cae = 8m D,
where gm = Transistor transconductance
W = Base width
Dy = Diffusion constant for minorities in base. (2003, 2007)
Ans. : Refer section 4.4.
Q.9 Draw the high frequency equivalent circuit of an emitter follower and derive the
expression of upper cut-off frequency, fi; for the same. (2003, 2006)
Ans. :  Refer section 4.9.
Q.10  Derive the expression for CE short circuit current gain as a function of frequency. Define
fp and fr. Also find refation between f; and fr. (2004)
Ans. :  Refer section 4.7.1.
an Derive the expression of the CE short circuit current gain A; as a function of frequency.
Define fy and fr. What is the relationship between fy and fr ? (2005, 2007)
Ans, : Refer section 4.7.
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@ Power Ampilifiers [Large Signal Amplifiers]

Q1

Qz
Ans.

Q3
Ans.

Q.4

Qs

Ans. :

Q6

Ans.

Q7

Ans.

Find an expression for the second harmonic distribubion factor of the collector current of
a BIT (Bipolar junction transistor) amplifier interms of experimentally measured values
Icmazs Iomin and Igg for an amplifier driven by a base current i = iy, cos ob.  (1994)

Refer section 6.9.
Why is tuned amplifier operated in class C operakion ? (1995)
Refer section 6.3.3.

Discuss the adonatages of a push pull amplifier in class B aperation. {1998)
Refer section 6.11.9.

Signal power is to be delivered to a loudspeaker having a resistance of 4 €1 The output
transformer used in the power amplifier has a turns ratio of 20 : 1. The primary winding
of transformer gets a.c. signal from a transistor which can be represented by a current

source of 5 mA and shunt resistance of 8 k£ Calcualte the power delivered to the
loudspeaker when it is connected to the secondary of the transformer. (1998)

Refer example 6.36.

Give the circuit of a transformer coupled single transistor output stage and explain the
need of malching the impedance. (2000)
Refer section 6.8.

Vhat is meant by cross-over distortion in class B amplifier 7 Explain how it is overcome
in class AB operation ? (2002)

Refer section 6.16.

For class A CE transistor amplifier, the operating point is located at I, = 250 mA and
Vep = 8 V. Due to input signal the output collector current goes in between 450 mA
and 40 mA. The Vg swings between 15 V and 1 V. Find :

i) The output power delivered, ii) The input power, iii) Collector efficiency

iv) Power dissipated by the transistor. (2002)
Refer example 6.35.
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Qs

Ans.

Q9
Ans,

Q.10

Ans.

a.n

Ans.

Q.12

Ans. :

Q.13

Q.14

Q.15

Ans. :

Q.16

Ans. :

Q.17

Ans. :

Draw the diagram of a class A amplifier, find the expression for the power. What is the
cause of harmonic distortion ? (2002)

Refer section 6.7.

Write short note on push pull amplifier, (2002)
Refer section 6.11.

For a series fed class A large signal amplificr. Draw the output characteristics and the
current and votlag cforms. Derive expression for output power. (2002, 2004)
Refer section 6.7.

Define conversion efficiency, compare maxinum efficiency of a series fed and transformer
coupled class A signal transistor power stage. (2002, 2004)

Refer section 6.7.
Explain the operation of a class B push pull power amplifier with a neat circuit diagram

and waveforms. Determine ils collector efficiency. What is cross-over distortion and how
do you eliminate it in the above power amplifier ? (2002, 2005)

Refer section 6.11.

Show that optimum conversion efficiency possible in calss B push pull amplifier is
78.5 % and also explain the main drawback of class B configuration in power amplifier.

(2003)
Refer section 6.11.

A power transistor working in class A opertion is supplied from a 12 V battery. If the
maximum collector current change is 100 mA, find the power transferred to a 5Q
loudspeaker if it is,

i) Directly connected in the collector

ii) Transformer coupled for maximum power transfer.

Find the turns ratio of the transformer in case (ii). (2003)

Refer example 6.34.
List major difference between small signal and large signal amplifiers. (2004)
Refer section 6.2.

Prove that the maximum efficiency of transformer feed class A power amplifier will be
50 %. (2004)

Refer section 6.8.

Draw only circuit diagram of transformer less class B push pull amplifier. (2004)
Refer section 6.12.
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