Learning Objectives

After completing this chapter;, you will learn the following:

Broad classification of oscillators based on the type of output waveform.
Different constituents of an oscillator circuit.

Barkhausen criterion of oscillations including gain and phase shift conditions.
Different types of oscillator circuits.

RC oscillators including RC phase shift, Wien bridge, Quadrature, Twin-T and Bubba
oscillators.

LC oscillators including Hartley, Colpitt and Clapp oscillators.
Crystal oscillators including Pierce oscillator.
Voltage-controlled oscillators.

Frequency stability considerations.

Discussion on amplifiers is almost invariably followed by the one on oscillators. There are two broad
categories of oscillators, namely, the sinusoidal and the non-sinusoidal oscillators. Sinusoidal oscillators
discussed in this chapter generate sine wave output. Important types in the non-sinusoidal category are the
ones that generate square wave or pulsed outputs. A multivibrator is type of non-sinusoidal oscillator.
Multivibrator circuits are discussed in Chapter 13 on wave-shaping circuits. An amplifier is in fact the
central building block of an oscillator. While the former has a negative feedback to have increased stability
and reduced distortion, the latter is an amplifier with a positive feedback. Major topics discussed in this
chapter include oscillator fundamentals like the Barkhausen criterion for oscillations, popular oscillator
circuit configurations, which include different types of RC, LC and crystal oscillators and oscillator frequency
stability considerations.

12.1 Classification of Oscillators

On the basis of the type of output waveform generated, oscillators are classified as sinusoidal and non-
sinusoidal oscillators. Sinusoidal bscillators produce a sine wave output where as non-sinusoidal oscil-
lators produce square or pulsed output. A multivibrator circuit is a type of non-sinusoidal oscillator.
Different types of multivibrator circuits are discussed in detail in Chapter 13 on wave-shaping circuits for
reasons that would be obvious as we go through the operational basics of the two types of oscilla@«gircuits
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in respective chapters. The only thing common between the two types of oscillator circuits is that both types
have an inherent regenerative feedback.

~ Depending upon the nature of the feedback network used, sinusoidal oscillators are further classified as
RC, LC and crystal oscillators.

12.2 Conditions for Oscillations: Barkhausen Criterion

n oscillartor circuit is essentially an amplifier circuit with a frequency-selective feedback network. The

feedback network feeds a fraction of the amplifier output back to its input in such a way as to satisfy the
two fundamental requirements for occurrence of sustained oscillations. These requirements are commonly
known by the name of Barkhausen criterion.

Barkhausen criterion can be best explained by considering the canonical form of negative and positive
feedback systems as shown in Figures 12.1(a) and (b), respectively. Canonical form is the simplest form of
representation of any class of systems without any loss of generality. The transfer function in the case of
negative feedback system of Figure 12.1(a) can be derived as follows. Remember that in the case of a nega-
tive feedback system, the summing point is a subtractor. That is, the error signal is the sum of input signal
and the phase-inverted feedback signal:

E=‘/in—l3x‘/out (121)
Substituting E =V, /A, we get
V (12.2)
——;Lt‘z V;n - ﬁX Vout
+ E
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Figure 12.1 | Canonical form of feedback systems: (a) Negative feedback system,; (b) positive
feedback system.
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This simplifies to
Ve . A (12.3)

V. 1+pBA

in

In the case of a positive feedback system in which the summing point is an adder, the transfer function is
given by
v A

out __

V. 1-B4

in

(12.4)

If 4 =—1=1£-180° in the case of negative feedback system and 84 = 1 = 1.£0° in the case of positive feed-
back system, the system works like an oscillator. In the case of the former, the conditions specify magnitude of
loop gain as unity and loop phase shift as 180°. In the case of latter, the conditions specify magnitude of loop
gain as unity and loop phase shift as 0° or 360°. The condition for the magnitude of the loop gain is the same
in the two cases. If we carefully examine the two cases, we will find that the loop phase shift condition in both
the cases is also the same as phase inversion implied by the negative sign at the summing point of the negative
feedback system restores the overall phase shift at the amplifier input. Essentially the two conditions mean the
following:

1. 'The magnitude of loop gain is unity, which ensures that the feedback signal has the same magnitude as
that of the input signal.

2. The magnitude of loop phase shift is such that the feedback signal is in-phase with the inpur signal when
it reaches the input of the amplifier.

These two conditions define what is known as Barkhausen criterion of oscillations. Satisfying Barkhausen
criterion ensures that oscillator circuits do not need an external applied input signal. Instead they use frac-
tion of the output signal as the input signal.

In practical oscillator circuits, the summing point is an adder and therefore the Barkhausen criterion of
oscillations is written as follows:

1. |BA|=1. That is, loop gain should be unity.
2. ZBA=0° or integral multiple of 360°. That is, loop phase shift should be zero or integral multiple of 360°.

Initiation of Oscillations

The process of generation of oscillations is initiated due to some inevitable noise present at the amplifier
input. The amplified output due to noise has all frequency components. Since the feedback network is a
frequency selective one and the loop phase shift condition is satisfied only at one frequency, the signal fed
back to the input has a single frequency component at which the loop phase shift condition of the
Barkhausen criterion is satisfied. This leads to the oscillator circuit producing a sinusoidal output.

The essential condition for the magnitude of loop gain for oscillations to occur is that loop gain is
precisely unity. There is every possibility that with change in parameters of the transistor or other active
devices used in the amplifier part of the oscillator due to ageing or replacement, one lands up with loop
gain less than unity. In that case there will be no oscillations. So, in practice, loop gain is kept slightly
greater than unity to ensure that oscillator works even if there is a slight change in the circuit parameters.
Moreover, there is no harm in keeping loop gain slightly greater than unity as the output cannot increase
infinitely as it appears because the output amplitude will be limited due to onset of non-linearity of the
active device used. However, if magnitude of loop gain is much larger than unity, the oscillator output
will have lot of distortion.
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12.3 Types of Oscillators

inusoidal oscillators are classified on the basis of the type of frequency-selective network used in the
feedback loop. Different types include the following.

1. RC oscillators;
2. LC oscillators;
3. Crystal oscillators.

RC Oscillators
In the case of RC oscillators, multiple RC sections are used to provide the required phase shift. Remember that
a single section RC or RL network provides up to a maximum of 90° of phase shift due to existence of a single
pole in its transfer function. A minimum of two sections would therefore be required to provide the required
180° of phase shift. In practice, cascade arrangement of three RC sections is used in practical RC phase shift
oscillators with each section providing 60° of phase shift. This provides a larger value of rate of change of phase
with frequency around the operational frequency (d¢/d®), which gives improved performance in terms of
frequency stability. Frequency stability issues are discussed in detail in the latter part of the chapter. Figure 12.2
shows the plot of phase as a function of frequency in the case of multiple RC sections.

Prominent candidates in the category of RC oscillators include the RC phase shift oscillator, Twin-T oscillator,
Wien bridge oscillator, Bubba oscillator and Quadrature oscillator. -~

LC Oscillators

A single-section LC circuit has two poles and therefore can provide the required 180° of phase shift. Promi-
nent members include Hartley oscillator, Colpitt oscillator and Clapp oscillator. LC oscillators are suitable
for relatively higher operational frequencies due to low-frequency inductors being expensive, bulky and
highly non-ideal. RC oscillators are preferred at lower frequencies.

Crystal Oscillators

In crystal oscillators, crystal resonator provides the electrical equivalent of frequency-selective network.
Crystal oscillators are the most stable of the three types due to their extremely high rate of change of phase
with frequency at the operating frequency (d¢/d@). Crystal oscillators are not practical at lower operating
frequencies due to their size, weight and cost restrictions.
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Figure 12.2 | Phase versus frequency plot of RC sections.
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Oscillators belonging to each one of the three above-mentioned categories are described in the following
sections.

EXAMPLE 12.1 | Determine the gain or phase shift as the case may be for the following oscillator circusts.

Case 1: If the feedback network of a certain oscillator provides 1% positive feedback, what
should be the minimum gain for the amplifier section of the oscillator for sustained oscillations?

Case 2: If in an oscillator, the amplifier portion is a two-stage CE configuration, what
should be the phase shift to be introduced by the feedback network at the oscillation
Jrequency for sustained oscillations?

Case 3: The amplifier gain in an oscillator is 50. What should be the percentage feed-
back for sustained oscillations?

- Solution | Casel

1. A feedback of 1% means §=0.01.

2. Therefore, amplifier’s minimum gain is 1/8= 100.

Case 2

1. A two-stage CE amplifier provides a phase shift of 27 radians.

2. Therefore, the feedback network must not introduce any more phase shift or
introduce phase shift equal to multiples of 27 radians in order to satisfy
Barkhausen criterion for sustained oscillations.

Case 3

1. Amplifier gain = 50.

2. Therefore, feedback factor f=1/50 = 0.02.
3. Percentage feedback = 2%.

12.4 RC Phase Shift Oscillator

e basic RC phase shift oscillator comprises a single-stage amplifier whose output is fed back to its input
through a feedback network. The amplifier portion is usually implemented by either a bipolar junction
transistor-based common-emitter amplifier stage or an operational amplifier wired as an inverting amplifier. The
feedback network comprises a cascade arrangement of three identical sections of either lag- or lead-type RC net-
work. Figure 12.3 shows the circuit schematic of an RC phase shift oscillator using a common-emitter amplifier
stage and a lag-type RC feedback network. This circuit could have been as well implemented using a junction
FET-based common-source amplifier stage in place of bipolar junction transistor-based common-emitter stage.
Figure 12.4 shows another version of RC phase shift oscillator in which the amplifier portion is imple-
mented using an operational amplifier configured as an inverting amplifier. In both cases, the amplifier
provides a phase shift of 180° at the frequency of operation, which means that the feedback network must
also provide an additional phase shift of 180° at the operating frequency to satisfy the loop phase shift con-
dition of the Barkhausen criterion. Also the gain to be provided by the amplifier stage must be at least equal
to the inverse of the attenuation factor of the feedback network. In fact, in the phase shift oscillator, while
the amplifier gain is dictated by the feedback network attenuation factor; the phase shift provided by the
amplifier stage decides the phase shift to be provided by the feedback network.
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Figure 12.4 ‘ RC phase shift oscillator with lag-type feedback network using operational amplifier.

In order to analyze the oscillator circuits of Figures 12.3 and 12.4, we need to analyze the transfer func-
tion of the feedback network. The transfer function will tell us about both the attenuation and the phase
shift provided by this network as a function of frequency.
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The transfer function of a single-stage lag-type RC network is give by

1
1+ RCs

T(s)= (12.5)
where 5= jo.

Assuming that the RC sections in the cascade arrangement are independent of each other, that is, indi-
vidual RC sections do not load each other, then the transfer function of the cascade arrangement of three
RC sections is given by

3
T(G)= 12.6
© [1+ RC:] (12.6)
Now, the single-section RC network provides a phase shift () given by

0=tan"'(- wRC) (12.7)

tan@ = -wRC
w=_2n0 (12.8)

RC

If this single RC section were to provide the desired lagging phase shift of 60° so as to produce a total
lagging phase shift of 180° from the feedback network, then the operational frequency of the oscillator
would be given by

~an(-60°) _ 3 .. 3
®= =2 which =—_ 12.9
RC e hhEve S = ae (12:9)
Attenuation factor provided by single-section RC network is given by
Attenuation factor (single-section RC network) = ! (12.10)
V1+@?R:C?

Substituting the value of (@) from Eq. (12.9), we get
Attenuation factor = 1/4J(1+3) =1/2

The overall attenuation factor () of the feedback network is then given by
B=(1/2)>=1/8 (12.11)

Equation (12.11) implies that the amplifier gain must at least be equal to 8. In practice, it is observed
that the required gain is much higher than 8 and also that the oscillation frequency is also higher than that
computed by using Eq. (12.9). This is due to the loading effect of different RC sections when they are in
cascade arrangement. This is explained in the following paragraphs.

Without going into the mathematics of network analysis, considering the loading effect, it can be proved
that the transfer function of the three-section RC network of the lag type is given by

3 :
T(s)= d/RC) (12.12)

T P +(5/RC)s:+(6/ R*C)s+(1/ R3C?)

Substituting s = jo, we get

_ 1/ RC)?
[(1/RC?) - (5@* | RO))+ jl(6w | R*C?) - ®’]

T(jo)
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Multiplying both numerator and denominator by R2C3, we get

1 o
T(jo) = (12.13)
I s R+ J(60RC -’ R’C?)
If the feedback network were to provide an overall phase shift of 180°, then the imaginary part should
be equal to zero. That is, 6@RC — @’ R*C> =0, which gives

w=+6/RC (12.14)
Substituting the value of @ in Eq. (12.13), we get the expression for the feedback factor as
Feedback factor, B=1/(1 — 30) (12.15)
This gives
1B|=1/29 (12.16)

Equations (12.14) and (12.16) specify the required conditions for loop phase shift and loop gain. The oscilla-
tion frequency is given by Eq. (12.14) and Eq. (12.16) tells that the amplifier gain must at least be equal to 29.
A similar analysis can be done in the case of lead-type RC phase shift network too. The expressions for
the transfer function and the phase shift provided by single-section lead network are given by Eqs. (12.17)
and (12.18), respectively.
RCs

1+ RCs

6=tan"'(1/ WRC)
which gives @ =1/+/3RC for 8= 60°. (12.18)

T(s)=

(12.17)

Considering the loading effect, the transfer function for the cascade arrangement of three-section lead-
type RC network is given by Eq. (12.19). This equation is similar to Eq. (12.13) written for the cascade

arrangement of lag network.
1
T(jo)= (12.19)
7 {1-5/(@*R*C*)} - ji6/ (@RC) -1/ (R’C’w’)}
Again, if the feedback network were to provide an overall phase shift of 180°, then the imaginary part
should be equal to zero. That is,

6/WRC—-1/R3C’0*=0

which gives

®=1/(J6RC) (12.20)

Substituting the value of @ in Eq. (12.19), we get expression for the feedback factor:
Feedback factor, = 1/(1 — 30) (12.21)
This gives, |B|=1/29 (12.22)

Equations (12.20) and (12.22) specify the required conditions for loop phase shift and loop gain for RC
phase shift oscillators employing lead-type RC phase shift network. The oscillation frequency is given by Eq.
(12.20) and Eq. (12.22) tells that the amplifier gain must at least be equal to 29. Figure 12.5 shows circuit
schematic of RC phase shift oscillator using lead-type phase shift network. The circuit uses opamp-based
amplifier stage. The oscillator circuit using transistorized amplifier stage would be similar to the one shown
in Figure 12.3 except for the feedback network.

To summarize, in the case of an RC phase shift oscillator, the frequency of oscillation is given by f=
J6/(27RC) if the feedback network employed lag-type RC sections and f= 1/(226 RC) if the feedback

circuit used lead-type RC sections. Minimum amplifier gain in both cases is 29.
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Figure 12.5 | RC phase shift oscillator with lead-type feedback network using operational amplifier.

RC phase shift oscillator has limitations when it comes to designing a variable frequency oscillator as it
is impractical to simultaneously vary three capacitance values equally. Also, adjustment of resistance values
is not recommended because variation of resistance values will alter the loop gain of the oscillator circuit and
there is likelihood of it not satisfying Barkhausen criterion for sustained oscillations. However, higher d¢/d®
resulting from steep phase versus frequency slope provided by the three-section RC network gives a reason-
ably high frequency stability.

12.5 Buffered RC Phase Shift Oscillator

!, I the buffered RC phase shift oscillator (Figure 12.6) overcomes the loading effect of different RC sections
in the conventional phase shift oscillator. The oscillator performs very nearly at the computed values of
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Figure 12.6 | Buffered RC phase shift oscillator.
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frequency and amplifier gain. The oscillation frequency in this case is given by Eq. (12.23) and the mini-
mum value of the amplifier gain for sustained oscillations is 8.

F=\3/Q2rRC) (12.23)

In the case of lead-type RC network, the oscillation frequency would be given by

EXAMPLE 12.2

Solution

EXAMPLE 12.3

f=1/2r3RC) (12.24)

Refer to the phase shift oscillator of Figure 12.7. Determine the frequency at which this
circuit would oscillate if the loop gain criterion were met. Also determine the maximum
value of resistance (R, ) for sustained oscillations. How would the oscillation frequency
change if the positions of R and C in the feedback network were interchanged?

MMV
R,=22MQ

Ry > Vout

L

10 kQ

10 nF

|
Figure 12.7 I Example 12.2.

1. The oscillation frequency (f) is given by f=+/6/2mRC. Therefore, f=
J6/(6.283 x 10 x 103 x 10 x 10~) = 3.9 kHa.

Minimum gain to be provided by the amplifier = 29.
|Gain| = R/R, = 29.

This gives R, = 2.2 X 106/29 = 75.86 kQ.

R, should therefore be less than 75.86 kQ.

When the positions of R and C are interchanged, the oscillation frequency is
given by f=1/2m/6 RC.

7. Substituting the values of R and C, we get f= 650 Hz.

EANRANE- N ol

If in the RC phase shift oscillator circuit of Example 12.2, the three RC sections were sepa-
rated from each other by opamp buffers. First buffer is connected between the first and
second RC sections; second buffer is connected between second and third RC sections and
the third buffer is connected between the third RC section and the opamp input. Deter-
mine the new values of oscillation frequency and resistor (R, ) for sustained oscillations.
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Solution

EXAMPLE 12.4

Solution

1. The oscillation frequency ( f) in this case is given by f= \3/27RC. Therefore,
F=+/3/(6.283 x 10 X 103 x 10 x 10™) = 2.758 kHz.

2. Minimum gain to be provided by the amplifier in this case is 8.

3. 'Therefore, R, should be less than 2.2 X 10%/8 = 275 k.

Figure 12.8 shows an RC phase shift oscillator using an opamp as the active device. The
oscillator is oscillating at the correct frequency but the output is distorted severely near
the signal peaks. What could be the possible causes?
MAVY
560 kQ

o+V

™~
15 kQ >—<‘—> Vout
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o

-V
0.01puF | 0.01uF | 0.01pF
10 kQ 10kQ 10 kQ

1

Figure 12.8 I Example 12.4.

1. The minimum amplifier gain requirement is 29.

2. In order to ensure that we get sustained oscillations and the device replace-
ment and ageing have no effects, the amplifier gain is chosen to be slightly
more than what is demanded by the Barkhausen criterion.

3. It may exceed the minimum required gain value by 10-15%. Too large a gain
can cause signal clipping near the peaks. ‘

4. 'The gain magnitude in the present case is given by 560 x 10%/15 x 10° = 37.3,
which exceeds the required minimum by approximately 30%. This explains
the distortion observed in the output.

12.6 Bubba Oscillator

ubba oscillator is a slight variation of the buffered RC phase shift oscillator discussed in Section 12.5.
Figure 12.9 shows the circuit schematic of the Bubba oscillator. The difference between the two is that
the Bubba oscillator uses four RC sections in the feedback network with each RC section contributing a



468 Electronic Devices and Circuits

R,

‘ Sine
R output

| |
Il
O

Cosine
output

Figure 12.9 ’ Bubba oscillator.

phase difference of 45°. This offers two distinctive advantages. One, taking outputs from alternate sections
yields low impedance quadrature outputs. Two, use of four RC sections provides higher d¢/dw, which in
turn leads to relatively higher frequency stability. The expression for the transfer function of the feedback
network is given by Eq. (12.25). Remember that different sections in the feedback network are buffered and
therefore there is no loading effect. s

T =[ 1 } (12.25)

1+ RCs

Single RC section provides a phase shift of 45° for @ = 1/RC. Substituting for @ in Eq. (12.25)
we get
Bl=

Equation (12.26) tells that the gain of the amplifier must at least be 4 for oscillations to occur. As
explained earlier, the gain is chosen to be 10~15% higher than this value.

1
a+j)?

(12.26)

1
4

12.7 Quadrature Oscillator

uadrarure oscillator is yet another type of RC phase shift oscillator (Figure 12.10). As is evident from
the circuit schematic of Figure 12.10, the circuit employs three RC sections. The circuit takes advantage
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Figure 12.10 | Quadrature oscillator.

of the fact that double integral of a sine wave is a negative sine wave of the same frequency and phase. This
implies that the original waveform is 180° phase-shifted after double integration. The phase of the output
from second integrator is then inverted to provide positive feedback to induce oscillations.

The transfer function of the feedback network is nothing but a cascade arrangement of a three networks.
The first one comprises R,~C| configured around opamp A4,. The second one comprises R,—C, and the third
one comprises R,—C; configured around opamp 4,. The expression for loop gain is given by

1 1 1+ R.Cys
Loop gain = X X (12.27)
RCs 1+ R,C,s RCys

If R C, = R,C, = R,C, = RC and if we substitute @ = 1/RC, the first network provides a phase shift of
90°, the second and third networks provide phase shift of 45° so as to provide a total phase shift of 180°.
Opamp A, too provides a phase shift of 180°, which leads to loop phase shift of 0°. Also, Eq. (12.27)

reduces to the following equation:

=1£-180° (12.28)

L i !
oop gain =
P8 (RCs)*
The circuit provides sine and cosine outputs (quadrature outputs) because of 90° phase difference
between the two signals present at the outputs of the two opamps.

12.8 Twin-T Oscillator

’I'he Twin-T oscillator employs a twin-T-type of notch filter network as the frequency selective component in the
feedback network. Figure 12.11 shows the basic circuit schematic of a Twin-T oscillator. The circuit employs
both positive as well as negative feedback. The positive feedback necessary to produce oscillations is provided by a
voltage divider network of R, and R,. The negative feedback is through the frequency selective twin-T network.
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The operational principle of Twin-T oscillator can be best understood by analyzing its transfer function and
thereby studying its magnitude and phase response as a function of frequency. In fact, twin-T network is a
parallel connection of a lag-type T-network (lower T-network in Figure 12.11) and a lead-type T-network
(upper T-network in Figure 12.11). The lag-type T-network causes the magnitude of transfer function to fall
and the lagging phase shift angle to increase with increase in frequency. On the other hand, the lead-type
T-network causes the magnitude of transfer function to increase and the leading phase shift angle to decrease
with increase in frequency. At @ = 1/RC, the two T-networks counter-balance each other with the result that
both the magnitude as well as the phase of the transfer function tend to become zero. In fact, at @ = 1/RC,
decreasing amplitude response of the lag network counter-balances the increasing amplitude response of the
lead network. Also, while lagging phase angle tends to become ~90°, the leading phase angle tends to become
+90°. Figure 12.12 shows the amplitude and phase response of the twin-T network as a function of normalized
frequency. @_equals 1/RC.
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Figure 12.11 ’ Twin-T oscillator.
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Figure 12.12 | (a) Magnitude; (b) phase response of twin-T network.
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The same can be explained with the help of expression for transfer function of the twin-T network.
Without going into mathematical details, the transfer function of the twin-T network can be expressed as
1-w*R*C?
T(jw)= —— (12.29)
1-w"R°C* + j4wCR

The magnitude of 7{j®) is
2 p22
7| = -0 R’C (12.30)
J1- 02 R*C?) + (40CR)

The phase angle of 7{j®) is
6 =tan"'[40CR/ (1- @*C*R?)] (12.31)

Substituting @ = 1/RC in Eqs. (12.30) and (12.31), we get the magnitude of transfer function as zero
and the phase angle as either —=90° or +90°. This small computation thus vindicates what was said in the
preceding paragraph.

A zero amplitude for the transfer function implies zero negative feedback at @ = 1/RC. The frequency
corresponding to @ = 1/RC is referred to as notch frequency. At all other frequencies, there will be very high
negative feedback thus allowing the circuit to oscillate only very close to the notch frequency. Resistance R, is a
thermistor with a positive temperature coeflicient. An incandescent lamp may also be used in place of thermisror.
The positive temperature coefficient of resistance of tungsten filament used in incandescent lamp is used for the
purpose. A low value of R, initially produces a large amount of positive feedback to initiate oscillations. Once the
oscillations build up, the current flowing through R, heats it and thus raises its temperature. Increase in temperature
increases the value of R, thus reducing the positive feedback to stabilize the magnitude of oscillations.

Twin-T oscillator produces a low distortion sinusoidal output. This is primarily because of two reasons.
First, harmonics are subjected to a very high level of negative feedback, thus severely attenuating them. Second,
the operating point of the oscillator is very delicately balanced between positive and negative feedback. This
necessitates a very small amount of non-linearity to stabilize the amplitude.

12.9 Wien Bridge Oscillator

he Wien bridge oscillator is the most widely used RC oscillator configuration for low-frequency applica-

tions due to simplicity of the circuit, very good frequency stability and its amenability to variable fre-
quency operation. The only major disadvantage is its relatively higher amplitude distortion unless special
measures are taken to minimize it. Modified Wien bridge oscillator designs that minimize distortion are also
discussed in the subsequent paragraphs in this section. The basic Wien bridge oscillator circuit comprises a
single-stage amplifier whose output is fed back to its input through a feedback network. The amplifier por-
tion is usually implemented by an operational amplifier wired as a pon-inverting amplifier. The feedback
network comprises a cascade arrangement of a series RC and a parallel RC network. Figure 12.13 shows the
circuit schematic of the basic Wien bridge oscillator configured around an operational amplifier.

In order to analyze the oscillator circuit of Figure 12.13, we need to analyze the transfer function of the
feedback network. The transfer function will tell us about both the attenuation and the phase shift provided
by this network as a function of frequency.

The transfer function of the feedback network can be computed as follows:

1. 'The impedance of series RC network = [R, +(1/C;s)].
2. Impedance of parallel RC network = [R, /(1+ R,C,s)].
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Figure 12.13 l Basic Wien bridge oscillator.

‘The transfer function of the feedback network can therefore be written as

R, /(1+ R,C,s)

T(s)=B= (12.32)
== R CH+ R 10+ RC)
Equation (12.32) can be simplified to
RCs
B= > — (12.33)
) RCRC,s" +(RC + R,C, + RC)s +1
Substituting s = j@ in Eq. (12.33), we get
iWR,C,
p=——— T (12.34)
(1- *RC,R,C,) + jo(RC, + R,C, + R,C)
The magnitude and phase responses of f are
®R,C,
Magnitude of B, |B|= 21 (12.35)
JA-0*RCRC,) +0*(RC,+ RC, + RC,)
Phase angle, 8 = 90°— tan'[{@(R,C, + R,C, + R,C))}/ (1- ®*RC,R,C,)] (12.36)

In order that the loop phase shift is zero, the feedback network must provide a phase shift of zero only.
From Eq. (12.36), this implies the following:

1-w*RCR,C,=0

1~17%9
which gives the frequency of oscillation as

1
)= —F—————— (12.37)

VRCIRC,
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Substituting for @ in Eq. (12.35) and simplifying, we get
R,C,

1]= (12.38)
RC, +R,C,+ R,
If in the Wien bridge oscillator, R =R,=Rand C| = C, = C, then
1B]=1/3 (12.39)
This implies that the amplifier gain should at least be equal to 3. Also
1
RC ( )

If we carefully examine the feedback network, we will notice that it is a combination of a lag network
formed by R, and C, and a lead network formed by R, and C,. The operating frequency is the geometric
mean of the two cut-off frequencies given by (1/ 27R,C) and (1/27R,C)).

Distortion in Wien Bridge Oscillator

As outlined earlier, Wien bridge oscillator is associated with relatively higher output distortion unless design
measures are taken to minimize it. High outpur distortion results from the fact that the output amplitude is
at power supply rails. This saturates the outpur transistors inside the opamp and causes clipping of the
output signal at both the supply rails, thus producing several odd and even harmonics.

Distortion can be minimized by applying non-linear feedback. Figure 12.14 shows one such circuir.
Initially, diodes D, and D, are non-conducting. The feedback resistance in that case is sum of R, and R,. For
larger signals, voltage across R, is large enough to make D, and D, conduct, respectively, during positive and
negative half cycles. Conducting diodes (D, or D,) decrease effective R,, thus reducing the gain.

In another configuration, a non-linear component such as an incandescent lamp or a thermistor with positive
temperature coefficient of resistance replaces the gain determining resistance connected from inverting input of
the opamp to ground. Figure 12.15 shows the modified circuit schematic. The nominal value of resistance of the
non-linear component is chosen to be equal to half of the feedback resistance at the current established by the two
resistors. In the absence of any oscillations, the non-linear resistance value will be lower, causing the gain to be

R, Ry A3

Vout

I
:

Figure 12.14 ‘ Wien bridge oscillator with non-linear feedback.
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i
i
9]
D

Figure 12.15 | Wien bridge oscillator with a non-linear resistor.

greater than 3. This initiates oscillations. As the oscillations build up, the current through the non-linear resistance
heats it up and causes its resistance to increase thus lowering the gain and stabilizing the output. The non-linear
relationship between the current and the resistance ensures that a small change in output voltage causes a large
change in the resistance value. This keeps the opamp output away from saturation and hence distortion is mini-
mized. It is observed that the distortion in the circuit of the type shown in Figure 12.15 is more than an order of
magnitude better than that observed in the case of oscillator circuit of Figure 12.13.

Another possible circuit configuration that achieves low level of output distortion is shown in Figure 12.16.
'The circuit employs an N-channel JFET whose drain-to-source ON-resistance R,y is controlled by a

‘}WWVN

Ry D,

> > Vout

Figure 12.16 | Wien bridge oscillator with automatic gain control.
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negative gate voltage. This negative gate voltage is in turn proportional to the peak amplitude of the output
signal. The drain-to-source resistance of the JFET is a part of the gain-determining network as is evident
from the circuit. Any increase in output amplitude causes increased negative voltage at the JFET gate termi-
nal. Increased negative voltage causes drain-to-source resistance to increase and therefore the gain to decrease.
The circuit arrangement therefore provides automatic gain control. Various resistance values are so chosen as
to have an initial gain of greater than 3 to start oscillations. Thereafter, the gain is automatically controlled.

EXAMPLE 12.5 Figure 12.17 shows a buffered RC oscillator circuit. Determine the following:

Solution | 1.

2.

w

(a) Frequency of oscillation.
(6) Possible points in the circuit for quadrarure outputs.
(c) Value of resistance R (choose from 220 kS2, 290 k$2, 300 kS2 and 330 kD).

The circuit shown is that of Bubba oscillator. It employs four RC sections iso-
lated from each other with opamp buffers.

The frequency of oscillation is given by f= 1/27RC as each of the four sections
contributes a phase shift of 45°.

Therefore f=1/(6.283 x 10 X 10°> x 10 x 107%) = 1.592 kHz.

Quadrature outputs may be taken from the outputs of opamps 4, and A,.
Remember outputs of A, and A, will be 90° apart.

Each RC section provides attenuation of (1/+/2) at the operating frequency.
Since RC sections are buffered, attenuation provided by feedback network will
be (1/72)¢ = 1/4. ,

Therefore the gain of the amplifier should be slightly more than 4.

This implies that the input resistance R, should be slightly less than 300 kQ.
That is, 290 kQ is the correct choice.

1.2 MQ

Figure 12.17 l Example 12.5.
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EXAMPLE 12.6

Solution

EXAMPLE 12.7

Solution

Figure 12.18 shows the circuit diagram of a Quadyasure oscillator. Determine the
operating frequency. Also determine the phase difference-between the signals appearing
at the outputs of opamps A, and A,. If the peak amplitude of the signal appearing at
the ouput of A, is 2 V, determine the peak amplitude of the signal at the junction of R,
and C, and also as the output of A,.

6.

10 kQ
Ry

Figure 12.18 I Example 12.6.

The frequency of oscillation is given by f= 1/27RC.

. Substituting the values of Rand C, we get

f=1/(6.283 X 10 X 10> x 4.7 x 107) = 3.386 kHz
‘The transfer function from output of 4, to junction of R,—C, is given by
1/(1+R,Cys). At o= 1/R,C,, it produces a phase shift of —45°.
The transfer function from junction of R,~C, to the output of 4, is given by
1+ R3C35)/R3C3.c. Atw=1/RC, it produces a phase shift of —45°. Since R,C, =
R,C,, the phase shift from output of 4, to the output of A, will be —90°.
It is clear from the transfer functions mentioned above that the two networks
respectively provide attenuation and gain of 1/J2 and V2.
Therefore, peak amplitude of signal at junction of R,~C, is 212 =2 Vand
that at the output of 4, is V2x\2=2V.

Refer to the Twin-T oscillator of Figure 12.19. Determine the frequency of the output

signal. How would the frequency change if all component values in the twin-T network
are doubled?

1.
2.

The operating frequency ( f) is given by f= 1/22RC.

If we compare the given twin-T network with the standard form of twin-T, we
will find that R=2 x 10 x 10> Q =20 kQ and C=0.01 X 10-%/2 = 0.005 uE

Therefore, f=1/(6.283 x 20 x 10% x 0.005 x 1076 = 1.592 kHz.
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Figure 12.19 | Example 12.7.

4. When all component values are doubled, the operating frequency will be reduced
to one-fourth. That is, changed value of frequency = 1.592/4 = 398 Hz.

EXAMPLE 12.8 | Refer 10 the Wien bridge oscillator circuit of Figure 12.20. Determine the oscillator
frequency and the preferred value of R,.

Figure 12.20 l Example 12.8.
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Solution

EXAMPLE 12.9

Solution | 1.
2.

SV AW

7.

Oscillator frequency is given by f= 1/27RC where R=10 k€2 and C=4.7nE
Therefore, f=1/(6.283 X 10 X 103 x 4.7 x 107%) = 3.386 kHz.

Required minimum value of amplifier gain = 3.

Amplifier gain =1 + [(R, + R)/R,].

This gives (R, + R)/R, =2, R, = (22X 10°+ 10X 10)/2=16 X 10° Q=16 kQ.
Since the required gain has to be slightly greater than 3, preferred value of R,
therefore should be slightly less than 16 kQ.

R, may be chosen to be 15 k€.

Refer to the RC oscillator circuit of Figure 12.21. Identify the type of oscillavor. Also,
determine the operating frequency and preferred value of R;.

It is Wien bridge oscillator. :
Operating frequency is given by @ = 1/JJRR,C,C, . Therefore, @ =
1/410° x100x10° x0.1x107° x10 =10 rad/s.
f=ol2n= 10%/6.283 Hz = 1.592 kHz.
Attenuation provided by feedback network is given by

| Bl=R,C/(R,C, +RC,+RC)

| Bl= (100 x 10° x 0.1 X 1076)/(10> X 0.1 X 107 + 100 x 10° X 107 +

100 X 10> x 0.1 X 107)
=1072/(107% + 107 + 107) = 1/1.02

Therefore, minimum value of required gain = 1.02. That is, 1 + (R/R) =1.02,
‘R/R,=0.02.
R,=22x 10°/0.02= 110 kQ.
Since the required gain has to be slightly greater than 1.02, preferred value of
R, therefore should be slightly less than 110 k€.

R, may be chosen to be 100 k€.

Ha R4 =2.2kQ

R1=1kQ

~C,=0.1uF

=
ol
1nF 100 kQ

Figure 12.21 . Example 12.9.
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12.10 LC Oscillators

A‘sioutlined earlier, in essence, every oscillator has three main sections. These are the amplifier, the frequency-
etermining network and the feedback arrangement. The frequency-determining network decides the oper-
ating frequency and the feedback arrangement ensures that part of the output signal fed back to the input has
the correct amplitude and phase at the operating frequency. In fact, the feedback network together with the
amplifier ensures that Barkhausen criterion for sustained oscillations is satisfied at the operating frequency.

In the case of LC oscillators, the operating frequency is determined by an LC tank circuit and is given
by (1/2:r\/E ). The exact frequency of oscillation is determined by (1/2% \/E ) X \/Q2 /(Q*+1). Here
Q is the quality factor of the tank circuit. The amplifier may be configured around a bipolar transistor, a
junction FET, a MOSFET or an operational amplifier.

LC oscillators are usually classified by the name of its inventor. The common ones are Armstrong oscillator,
Hartley oscillator, Colpitt oscillator and Clapp oscillator. They are also classified as series-fed or shunt-fed oscil-
lators depending upon the manner in which DC power is applied to the active device. In the case of series-fed
LC oscillators, DC power is applied to the active device through the tank circuit or a part of the tank circuit.
In shunt-fed LC oscillators, DC power is applied through a separate path that is parallel to the tank circuit.
Each of the LC oscillators mentioned in the preceding paragraph can be constructed either way.

Also, LC oscillators (Armstrong, Hartley, Colpitt and Clapp) are identifiable by the manner in
which feedback signal is coupled to the input. In the case of Armstrong oscillator, the feedback signal is
magnetically coupled [Figure 12.22(a)]. In the case of Hartley oscillator, a tapped o a split coil is used for
the purpose [Figure 12.22(b)]. Split capacitor arrangement is used in the case of Colpitt and Clapp oscilla-
tors [Figure 12.22(c)]. Each of these oscillators is described in the following sections.

11
[
J |
[

(@) (b) ()

Figure 12.22 ’ Feedback coupling arrangement in LC oscillators.

12.11 Armstrong Oscillator

Armstrong oscillator, also known as Meissner oscillator, uses magnetic coupling as means of feeding
part of output signal back to input to provide oscillations. It is also called a Tickler oscillator due to
use of magnetic coupling between the tickler coil and the coupling coil. Tickler coil is the name given to
a small coil connected in series with the plate circuit of a vacuum tube and coupled inductively to the grid
circuit to provide feedback. In the case of a BJT or an FET, the tickler coil is placed in series with the
collector or drain circuit and is inductively coupled to the base or gate circuit. A capacitor is placed across
either the coupling coil or the tickler coil to form a tank circuit that decides the operating frequency.
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Figures 12.23(a) and (b) show the basic circuit arrangements in the two cases with n-channel junction
FET used as the active device. Biasing components are omitted for the sake of simplicity.

The frequency of oscillation is primarily determined by the tank circuit and is given by

f= 1
2rNLC

Here L is the inductance of the coupling coil in the case of circuit shown in Figure 12.23(a) and that of tickler
coil in the case of circuit shown in Figure 12.23(b). In practice, the frequency of oscillations is slightly different
from the one computed by using Eq. (12.41) because of stray capacitances, loading of tank circuit, etc. The
feedback factor in this case is given by ratio of mutual inductance between the two coils to the inductance in
the tank circuit. Minimum gain required to start oscillations is reciprocal of the feedback factor.

Figure 12.24 shows the circuit schematic of an Armstrong oscillator configured around a bipolar junc-
tion transistor. The transistor is wired in common-emitter configuration and thus provides a phase shift of

(12.41)

o+V —0 +V

(a) (b)

Figure 12.23 | Basic Armstrong oscillator conﬁguratibns.

© QOutput

{1

Figure 12.24 ‘ Shunt-fed Armstrong oscillator.
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E Output

MWW 0 +V

S
Rl

Figure 12.25 I Series-fed Armstrong oscillator.

180°. Another 180° phase shift is provided by magnetic coupling as indicated by placement of dots. Operat-
ing frequency is decided by tank circuit comprising capacitor C and inductance L of transformer primary.
Note that Armstrong oscillator of Figure 12.24 is a shunt-fed oscillator. The circuit schematic of a series-fed
Armstrong oscillator would look like the one shown in Figure 12.25.

12.12 Hartley Oscillator

artley oscillator uses a tapped or split coil for the purpose of generating feedback signal. This is where a

Hartley oscillator differs from an Armstrong oscillator, which uses a separate coil called tickler coil. In the
case of Hartley oscillator, current flowing through one section of the tapped coil induces a voltage in the other
section to provide feedback. The feedback signal is 180° out-of-phase with the one that produces it.

Figure 12.26 shows the circuit schematic of Hartley oscillator configured around a bipolar junction
transistor. Incidentally, the circuit shown is that of a series-fed oscillator. Figure 12.27 shows the Hartley
oscillator configured around an opamp.

The attenuation factor and the phase shift provided by the feedback network can be determined from
the transfer function of the feedback network. The feedback network in the present case is a T-network with
capacitive series element and inductive shunt elements. The transfer function is given by

-0’L,C -(1-w’LC)
1-0’LC  @’LC

T(jw)=fB= (12.42)

Negative sign implies phase shift of 180°. Also,

187 = w’L,C y 1-0’LC
| 1-e’LC ®’L,C

_[_LZ_]X 1-0*LC
L) 1-e?L,c




482 Electronic Devices and Circuits

*——‘ ‘—~° Output

L

Figure 12.26 ‘ Hartley oscillator configured around bipolar junction transistor.

Substituting @ =1/ .[(l.1 +L,)C, we get
2
2 L
1B = (f) (12.43)

a

Equations (12.42) and (12.43) imply that the feedback network introduces a phase shift of 180° and
signal attenuation by a factor of (L,/L)) at the operating frequency () provided that 0= UL+ L)C.
This further implies that the amplifier must provide a gain of greater than L,/L, to satisfy the loop gain crite-
rion and a phase shift of 180° to satisfy the loop phase shift criterion.

The advantage of using Hartley oscillator lies in its capability to generate a wide range of frequencies and
its easy tunability.

Figure 12.27 | Hartley oscillator configured around opamp.
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12.13 Colpitt Oscillator

olpitt oscillator uses a pair of capacitors and an inductor in the tank circuit to produce the regenerative-
feedback signal. In fact, the feedback network in this case is an electrical dual of the feedback network of
Hartley oscillator. Figures 12.28 and 12.29 show the Colpitt oscillator circuits configured around bipolar junc-
tion transistor and opamp, respectively. An FET could also be used as the active device instead. As is obvious from
the two circuit schematics, the output signal is developed across C, and the feedback signal is generated across C,.
The attenuation factor and the phase shift provided by the feedback network can be determined from
the transfer function of the feedback network. The feedback network in the present case is 4 T-network with
inductive series element and capacitive shunt elements. The transfer function is given by
-1

—_ (12.44)
°LC, -1

T(jw)=B=—(@’LC,~1)=

Negative sign implies phase shift of 180°. We will subsequently see that for w= 1/\/ LCC,/(C + C)),
both (@?LC, - 1) and (@>LC, — 1) are positive.

o+V

J, i —0 Qutput

p——————o0 Output

Figure 12.29 ‘ Colpitt oscillator configured around opamp.
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Also,

lﬁ|2 _ szCl -1
w’LC, -1
For = 1/,/LC1C2 /(C, +C,), this simplifies to
G
=L 12.45)
Bl==

Equations (12.44) and (12.45) imply that the feedback network introduces a phase shift of 180°
and signal attenuation by a factor of C|/C, at the operating frequency (@) provided that

@=1/JLC,C, /(C,+C,). This further implies that the amplifier must provide a gain of greater than

(G,/C)) to satisty the loop gain criterion and a phase shift of 180° to satisfy the loop phase shift criterion.
In practice, the operating frequency is affected by the junction capacitance whose Miller components
appear across C; and C,. This is overcome in Clapp oscillator configuration.

12.14 Clapp Oscillator

Clapp oscillator circuit is a slight modification of the Colpitt oscillator circuit configuration. The feed-
back circuit in the case of Clapp oscillator uses an extra capacitor (C, in Figure 12.30) in series with the
coil. The function of C; is to minimize the effect of junction capacitance on the operating frequency.

The operating frequency (f) is given by

(e )

If C, is chosen to be much smaller than either C, or C,, then expression for frequency ( f) simplifies to
f=— (12.47)
2m\[LC,

—o +V

RFC

0 Qutput

o

Ce
T e

Figure 12.30 ’ Clapp oscillator.
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Remember that we still need C, and C, to provide the required phase shift for regenerative feedback.
Clapp oscillator is preferred over Colpitt oscillator for designing variable frequency oscillators. The adjust-
ment of tuning element (C; in Clapp oscillator) does not alter the attenuation factor in Clapp oscillator. The
attenuation factor is decided by C, and C,. In the case of Colpitt oscillator, any attempt to vary the frequency
by varying either C, or C, might cause cessation of oscillations over a portion of desired frequency range.

EXAMPLE 12.10 | Refer to the Armstrong oscillator circuit of Figure 12.31. Determine (a) frequency of
oscillations and (b) minimum amplifier gain required to start oscillations. How
would the oscillation frequency change if the loaded Q-factor of the tank circuit were

given to be 5?
0.1 uF
0.1 uF
H )
.
0.1pF=— 3.6 uH
*
— 0.1 uF
R

Figure 12.31 | Example 12.10.

Solution 1. Frequency of oscillations, f= 1/2VLC = 1/(6.283v3.6 X 107 x0.1x 107

=265.3 kHz.

Feedback factor = 0.1 X 107%/3.6 x 107° = 1/36.

Therefore, minimum value of amplifier gain required to start oscillations = 36.
Q-factor of the tank circuit = 5. '

Frequency of oscillation will reduce by a factor equal to {/Q? /(Q* +1).

Therefore, new frequency of oscillations will be 265.3 X 103 x /5> /(5* +1) =
260.1 kHz.

L NEC

EXAMPLE 12.11 Refer to the Colpitt oscillator of Figure 12.32. Determine (a) frequency of oscillations
and (b) minimum gain required to start oscillations.

Solution | 1. Equivalent value of capacitance, C, in the tank circuit
C=0.1x 107 0.01 x 107/(0.1 x 107 + 0.01 x 107) = 0.009 pE
2. Inductance, L =10 pH.
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3. Therefore, frequency of oscillations, f=1/ (ZﬂJIO %107 %0.009%107°) =
530.5 kHz.
4, Feedback factor = 0.01 x 107%/0.1 x 107° = 1/10.

5. Therefore, minimum value of amplifier gain = 10.

* o+V

RFC "
§1om °'1| I”F

|1
H

0.1
uF

%10

H

10 kQ = K §RL
1 .

—AMMA
5

|

|
T O
ma
_‘o

=

£

A

||}-—o—

Figure 12.32 | Example 12.11.

EXAMPLE 12.12 | Refer to the Hartley oscillator of Figure 12.33. Determine (a) operating frequency
and (b) maximum acceptable value of resistance (R) for oscillations to start.

100 kQ
ANV
+V
R
MW -
——o Qutput
L >
-v
0.1 uH 1pH
" (i
L Ly
1nF
|
|

|
|
Cc

Figure 12.33 & Example 12.12.

Solution | 1. Frequency of oscillations is given by f=1/2nLC.
2. L=L +L,=1.0x10°+0.1x10¢=1.1pHand C=1nE




Sinusoidal Oscillators 487

Therefore, f= 1/(6.283 xy1.1x 10 x1x107° ) = 4.799 MHz.
Feedback factor = (0.1x1076)/(1.0 x 107¢) = 0.1.

Therefore, minimum required gain = 10.

Now, |gain| = 100 X 10°/R.

Therefore maximum value of R= 10°/10 = 10* Q = 10 kQ.

NS W

EXAMPLE 12.13 | Refer to the Colpitt oscillator of Figure 12.32. The circuit is slightly modified by con-
necting an additional capacitor of 1.0 nF in series with the inductance (L) as shown
in Figure 12.34. Does the modified oscillator configuration resemble any standard
oscillator configuration? Determine frequency of oscillations in this case.

4 o+V

0.1 uF
T * % } 0 Output

0.1 uF
——0.01pF

—_—1nF

0.1
T o ' %10 pH
L

TOJ uF

Figure 12.34 | Example 12.13.

Solution The modified circuit is the Clapp oscillator configuration.

The frequency of oscillations is given by f=1/27% Jic.

In the present case, C, is given by 1/C= (1/C)) + (1/C) + (1/C)).
Substituting for C, C,and C;, we get 1/C=1/(0.01 x 107%) +
1/(0.1 x 107%) + 1/(1 x 107%),

This gives C= 0.0009 HE

6. Therefore, f= 1/(6.283 x/10x10™ X0.0009 x10™ ) = 1.677 MHz.

Ll

W

EXAMPLE 12.14 | Refer to the oscillator of Figure 12.35. Does the given oscillator circuit resemble
any standard oscillator configuration? If yes, identify the oscillator configuration.

Also, determine its frequency of oscillations and the required minimum value of
amplifier gain.
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Solution 1.

8.

10.
11.

Figure 12.35 ! Example 12.14.

If we carefully examine the given circuit, we find that it follows the Colpitt
oscillator configuration.

The feedback circuit in this case is also a tank circuit comprising a pair of
series connected capacitors C, and C, and an inductor L.

Also, the amplifier has been wired in common-base configuration. Note that
the base terminal is effectively grounded for AC signal through capacitor C,.

The output in this case appears across series combination of C, and C,. It
appeared across C, only in the case of Colpitt oscillator configured around
common-emitter amplifier. The feedback signal appears across C, in both the

cases.
The feedback factor in this case is therefore given by [C X GI(C, + C)IC,
which simplifies to C,/(C, + C).

The required minimum value of amplifier gain is therefore (C,+C)lC,.
Frequency of oscillations can be computed from f = 1127 LC, where
C=C xCIC +C).

Now C=10.01x10°x 0.1 X 1075/(0.01 X 1075 + 0.1 X 107%) = 0.009 ME
Therefore, f = 121010 x0.009x 10~ = 530.5 kHz.

Feedback factor = 0.01 x 1076/(0.01 x 10+ 0.1 X 107%) = 1/11.

Also, required minimum value of amplifier gain = 11.

12.15 Crystal Oscillator

n the case of a crystal oscillator, a quartz crystal with the desired value of resonant frequency forms part of the

frequency-selective feedback network. Crystal oscillator is the natural choice when the accuracy and stability
of oscillation frequency is of paramount importance. In order to understand the operation of crystal oscillators,
it is important that we first study and analyze the AC equivalent circuit of the crystal as a component.
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AC Equivalent Circuit of a Quartz Crystal
Figure 12.36 shows the circuit representation and AC equivalent circuit of the quartz crystal. R, L and C,
respectively, represent the resistance, inductance and capacitance of the piezoelectric crystal element. C,,
represents the mounting capacitance. It is in fact the capacitance due to the parallel-plate capacitor formed
by the connecting electrodes and the piezoelectric element constituting the dielectric. Typically, R is in the
range of few hundreds of ohms to a few kilo-ohms; L is of the order of few tens of ntilli-henries to few hen-
ries, C; is a very small fraction of a pico-farad and C, is few pico-farads. The Q-factor of the crystal is given
by Q= wL/R=1/wCR.

The crystal exhibits two resonant frequencies. One is the series resonant frequency f. It is the frequency
at which the inductive reactance of inductance L equals the capacitive reactance of capacitance Ci. It is
expressed as

1

5 nie,

Figure 12.37 shows the plot of reactance versus frequency for the equivalent circuit of Figure 12.36.
Quite understandably, the impedance is a capacitive reactance below the series resonant frequency and an

(12.48)

[
}
Cw
*—O
[
1]
R L Cs

Figure 12.36 | Circuit representation and AC equivalent circuit of a quartz crystal.

fs

Xc

= _

Figure 12.37 | Reactance versus frequency plot of a quartz crystal.
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inductive reactance above it. The second resonant frequency called the parallel resonant frequency ( £,)
occurs at a value where the inductive reactance equals the capacitive reactance due to equivalent capaci-
tance of the tank circuit. Parallel resonance occurs at a frequency where the circulating loop current is at its
maximum. Since circulating loop current flows through series combination of Cg and C,, therefore the
equivalent capacitance of the parallel tuned circuit is given by

_ Gy xCg

- 12.49
P Cy+Cs ( )

Parallel resonant frequency is given by

fa—t
’ Zn\/—LFP

Since C; is much smaller than C,;, C, is only marginally less than Cg with the result that f; and f; are
very close to each other. The apparent difference between f; and f;, as shown in Figure 12.37 is an exaggerated
one to explain the operation of the crystal.

The two resonant frequencies described in the previous paragraph are the fundamental resonant frequen-
cies. Remember that the specified crystal frequency is between f; and f£;. This area of frequencies berween f;
and f, is known as the area of usual parallel resonance or simply the area of parallel resonance. A crystal can
also resonate at harmonics of the fundamental frequency called overtones. The fundamental resonant
frequency of the crystal is usually limited to less than 30 MHz due to the smallest physical dimension the
crystal can be cut to. Operation in the overtone mode allows stable output at much higher frequencies.

(12.50)

Extremely High Frequency Stability

The extremely high frequency stability of a crystal oscillator comes from its extremely stable values of induc-
tance and capacitance and a very high value of its Q-factor. Remember that the oscillation frequency of an
LC oscillator in addition to the values of L and C also depends upon the Q-factor of the LC circuit. The

generalized expression is given by
f=[1/(2n\/LC)]x,/Q21(Q2+1) (12.51)

A very high value of Q-factor in the case of quartz crystal enisures that the stability of oscillation frequency exclu-
sively depends upon the operational stability of crystal elements. As a component, crystal is extremely stable.

A high value of Q-factor also produces a high value of rate of change of phase with respect to frequency
(d6/dw), where 8 represents phase. It implies that even infinitesimally small change in @ will produce a suf-
ficient change in 6 to restore the frequency to the original value. In general, the frequency-determining
network of an oscillator should be made up of elements with extremely high operational stability and its
Q-factor should be high. On both these accounts, quartz crystal has no competitor. It has Q-factor approach—
ing tens of thousands and as a component, it is extremely stable.

Crystal Oscillator Circuits

As is evident from the impedance versus frequency characteristics of a crystal, depending upon the circuit char-
acteristics, it can act like a capacitor, an inductor, a series-tuned circuit or a parallel-tuned circuit. There are a
large number of crystal oscillator configurations depending upon the mode in which the crystal is used. In one
of the categories of crystal oscillator, crystal is connected in series with the LC tank circuit in the feedback path.
Each of the LC oscillator circuits discussed in Section 12.14 (Armstrong, Hartley, Colpitt and Clapp) can be con-
figured as a crystal-controlled oscillator by connecting a crystal in series with the tank circuit.
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o+V

RFC
Ry

O
Output

1.
EL 4
1

.

B

Crystal
Figure 12.38 ' Crystal-controlled Colpitt oscillator.

Figure 12.38 shows one such oscillator circuit. It is the modified Colpitt oscillator circuit. The circuit
operates as follows. The LC tank circuit is tuned to the series resonant frequency of the crystal. The crystal
offers minimum impedance at the series resonant frequency and thus allows the feedback signal to reach the
input with practically no additional attenuation. A slight variation in frequency introduces very high imped-
ance. The feedback signal is further attenuated to an extent that loop gain criterion is not met and the oscil-
lations stop. Thus the oscillator can oscillate only at the resonant frequency of the crystal, thus significanty
improving the frequency stability of the oscillator. Armstrong, Hartley and Clapp oscillator circuits can
similarly be modified by introducing a quartz crystal in series with the respective tank circuits.

Figure 12.39 shows another variation of crystal-controlled Colpitt oscillator circuit. Here crystal forms
a part of the tank circuit. The crystal acts like an inductor that resonates with capacitors C, and C,. The
resonant frequency is somewhere between the series and parallel resonant frequencies of the quartz crystal.

o °+V_
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Output

Crystal
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Figure 12.39 ‘ Crystal-based Colpitt oscillator with common-emitter ampilifier.
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Figure 12.40 l Crystal-based Colpitt oscillator with common-base amplifier.

Figure 12.40 shows a slightly modified Colpitt oscillator circuit that uses common-base amplifier configu-
ration instead of common-emitter configuration used in the oscillator circuit of Figure 12.39. Common-base
amplifier configuration allows operation at relatively higher oscillation frequencies.

Yet another application of Colpitt oscillator configuration is found in what is popularly known as Pierce
oscillator. Figure 12.41 shows the basic circuit implementation of a Pierce oscillator. An FET (JFET or MOSFET)
is used as the active device and the crystal along with the inter-electrode capacitances C, and C, constitute the
feedback network. Pierce oscillator of Figure 12.41 is redrawn in Figure 12.42 to demonstrate its resemblance to
Colpitr oscillator configuration. The oscillation frequency is the parallel resonant frequency of the crystal and the
inter-electrode capacitances do not play any role in determining oscillation frequency. The feedback factor and
therefore the required amplifier gain are determined by C, and C, . In fac, it is observed that the oscillator stops
oscillating as the oscillation frequency is reduced to below about 2 MHz due to insufficient feedback. In a situ-
ation like this, it becomes imperative to have external capacitors between gate-source and drain-source terminals.
Pierce oscillator works very well in very high frequency (VHF) and ultra high frequency (UHF) frequency
ranges. Purpose of putting radio-frequency choke (RFC) is to prevent the high-frequency output from getting
grounded through drain power supply.

+V
RFC

¥
i
t
I

Figure 12.41 | Basic Pierce oscillator.
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- Figure 12.42 l Basic Pierce oscillator

EXAMPLE 12.15 | A guariz crystal is characterized by L= 2.5 H, R= 1 kS2, C;=0.01 pF and G, =
10 pE Determine the series and parallel resonant frequencies of the crystal.

Solution 1. Series resonant frequency, f; = 1/2n LC =1/(6.283 V2.5%0.01x107"2

=1.006614 MHz.
2. Equivalent capacitance C, for the parallel resonant circuit
CP =0.01 X 1072 x 10 x 10712/(0.01 x 10712 + 10 x 10712) pF =0.00999 pF
Parallel resonant frequency, f, = 1/2n\/LC,.

4. Substituting the values, we get f, = 1/(6.283 \/2.5X0.00999><10_12) =
'1.007117 MHz.

W

12.16 Voltage-Cbntrolled Oscillators

Avoltage-controlled oscillator (VCO) is an oscillator circuit in which the frequency of oscillations can be
varied by an applied DC control voltage. This is achieved by having a voltage-dependent capacitor com-
monly known as varicap or a varactor diode as a part of the frequency-determining tank circuit.

Hartley and Clapp oscillator configurations are particularly suited to building VCOs as in both cases, the
frequency-determining ZC circuit has a single capacitor and tuning can be easily done by replacing this capaci-
tor by a varactor diode. Figure 12.43 shows the basic voltage-controlled Hartley oscillator configured around a
junction FET. A similar circuit could be configured around a bipolar transistor also. In the circuit shown in
Figure 12.43, the amplifier is configured as common-drain amplifier with voltage gain slightly less than unity.
In this case, the feedback factor is greater than one as the output signal appears across portion of the coil
between source terminal and ground and the feedback signal appears across the whole of the coil winding.

Use of a single varactor diode is usually discouraged. This is because of the reason that for small values
of DC control voltages, the varactor diode may start conducting at either of the peaks of the RF signal
depending upon how it is connected in the circuit. Conducting diode reduces the Q-factor of the tank cir-
cuit and deteriorates the phase noise performance. Back-to-back connection of two varactor diodes over-
comes this problem.
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Figure 12.43 | Voltage-controlled Hartley oscillator.

Another application of VCO is in fine tuning of crystal oscillators. The oscillator frequency may be
varied by few tens of parts per million as the high value of Q-factor in the case of crystals allows pulling only
over a small range. Fine tuning of crystal oscillator frequency may be needed to adjust output frequency to
either match or be an exact multiple of some external reference. Voltage-controlled fine tuning of crystal
oscillators may also be employed in temperature-compensated VCOs (TCVCXO) to correct the tempera-
ture dependence of oscillator frequency.

12.17 Frequency Stability

Frequency stability of an oscillator is a measure of its ability to maintain a constant oscillation frequency
for as long a time period as possible. The oscillation frequency depends upon a large number of circuit
features, which include circuit components, stray elements, supply voltages, characteristic parameters of
active devices and so on. While one could pay due attention to choice of circuit components, use of clean
and regulated supply voltages, etc., it may not be practical to identify location and estimation of magnitude
of stray capacitances and inductances. This implies that it would be extremely hard to take remedial mea-
sures to counter the frequency drift caused by these elements. Equally impractical would be neutralizing the
ill effects of instability of characteristic parameters of active devices.

Fortunately though, not all circuit features influence the oscillation frequency to the same extent.
Oscillation frequency is usually far more sensitive to variation in a small number of circuit features than it
is to the large number of remaining circuit features. For example, in the case of RC phase shift and Wien
bridge oscillator circuits, frequency stability is largely dependent upon stability of Rand C. Similarly, in an
LC oscillator, it would mainly depend upon stability of L and C.

Frequency Stability Criterion

According to the frequency stability criterion, if there exists a small set of elements which introduces a large
phase change (d6) for a given change in frequency (dw), then higher the value of d6/dw, more will be the
dependence of @ on this set of elements as compared to its dependence on other circuit features. In the limit
when d6/de approaches infinity; @ becomes independent of all other features and depends only on this
small set of elements.
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It can also be argued that d0/d® is a measure of frequency stability of the oscillator and a higher value of
d6/dw means higher frequency stability. The argument goes as follows. Let us assume that one of the circuit
features other than one of the elements of the small set mentioned above undergoes a variation. As a conse-
quence of this variation, if the loop phase shift criterion were earlier satisfied at the operational frequency, it
would no longer be satisfied after the variation takes place. The operational frequency must therefore shift in
order to restore the loop phase shift back to zero. But if there were a small set of elements which at the nomi-
nal oscillation frequency produced a large change in phase for a given change in frequency, then the required
frequency change to restore the loop phase shift condition would also be very small. This, in other words,
means that the oscillator exhibits a high level of frequency stability.

This concept can be used to explain relatively higher frequency stability of LC oscillators in general,
which improves with increase in the value of the Q-factor of the LC resonant circuit. It can similarly be used
to explain the exceptionally high-frequency stability of crystal oscillators. In the case of LC oscillators, the
reactance changes from capacitive to inductive around the frequency of resonance. Higher the Q-factor of
the LC circuit, more abrupt is this change of phase. This further implies that higher Q-factor leads to a
higher d0/dw and consequently higher frequency stability. The frequency stability can be quantified by
computing the magnitude of d6/d® at the nominal oscillation frequency by differentiating the expression
for the phase angle for the transfer function of the feedback network with respect to @.

EXAMPLE 12.16 | Derive the relevant expression to prove that the Wien bridge oscillator exhibits better
frequency stability at relatively lower oscillation frequencies and thas the frequency
stability deteriorates with increase in oscillation frequency.

Solution | 1. The expression for phase angle (8) as a function of frequency (@) in the case of
Wien bridge oscillator can be written as 8=90° — tan™'[3 @RC/(1 — W*R*CH)].
This equation is obtained by substituting R, = R, = Rand C; = C, = Cin
Eq. (12.36).

The above equation can also be written as 6= tan™'[(1 — @?R2C?)/3wRC].
In general (d/dx) (tan™'%) = [1/(1 + 4?)] X du/dx.
Using this formula, d6/d® = KRC, where K'is a constant.

b o

The above expression implies that product RC needs to have a higher value
in order to have higher d6/dw and therefore higher stability.

6. Higher RC means lower operating frequency.

7. 'This proves that the Wien bridge oscillator exhibits better frequency stability at
lower oscillation frequencies and that the frequency stability deteriorates as the
frequency of oscillation increases.

| KEY TERMS

|
Armstrong oscillator Buffered RC phase shift Colpitt oscillator
Barkhausen criterion oscillator Crystal oscillator
Bubba oscillator Clapp oscillator Frequency stability
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Hartley oscillator RC oscillators Tickler oscillator

LC oscillators RC phase shift oscillator - Twin-T oscillator

Meissner oscillator Series-fed LC oscillator Wien bridge oscillator
Pierce oscillator Shunt-fed LC oscillator Voltage-controlled oscillator
Quadrature oscillator Tickler coil

| OBIECTIVE-TYPE EXERCISES
I
Multiple-Choice Questions

1. According to Barkhausen criterion for sus-
tained oscillations,
a fA<1.
b. BA>1.
c pA=1.
d. BA=0.
2. The condition that decides the oscillator’s
output frequency is
a. loop gain should at least be unity.
b. loop phase shift should be zero or integral
multiple of 27 radians.
c. loop gain should be precisely unity.
d. loop phase shift should be precisely zero
radian.

3. In a conventional transistor RC phase shift
oscillator using lead-type feedback network,
frequency of oscillations is given by

f:

2nRC
1
b f=27t RC
1
“ = dere
1
& SR

4. In a Wien bridge oscillator, frequency of oscil-
lations is given by

C. =

216RC

10.

1
d fz=—
! 2m\3RC

Most popular oscillator configuration for audio
applications is

a. Hartley oscillator.

b. Colpitt oscillator.

c. Wien bridge oscillator.

d. RC phase shift oscillator.

Which of the following oscillator types provides
extremely stable output frequency?

a. Hartley oscillator.

b. Wien bridge oscillator.

c. Crystal oscillator.

d. Clapp oscillator.

Pick the odd-one out.

a. Hartley oscillator.

b. Colpitt oscillator.
Clapp oscillator.

. Wien bridge oscillator.

&0

Of the following, the oscillator with the most
stable oscillation frequency is

a. Clapp oscillator.

b. Colpitt oscillator.

c. Hartley oscillator.

d. Armstrong oscillator.

The series and parallel resonant frequencies of a
quartz crystal are

a. the same.

b. spaced far apart.

c. very close to each other.

d. in the range of tens of MHz.

The feedback network of a conventional RC
phase shift oscillator uses
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a. three lag-type RC sections.

b. three lead-type RC sections.

c. three RC sections of either lead or lag type.
d. win-T notch filter.

11. In the case of a buffered RC phase shift RC
oscillator, the required minimum value of
amplifier gain is
a. 29.

b. 8.

Identify the Oscillator Configuration

c. 3.
d. 1e.
12. According to the frequency stability criterion,

a. higher |d0/dw| means higher frequency
stability.

b. higher |d6/dw| means lower frequency
stability.

c. frequency stability is independent of | dé/dw|.

d. higher value of Q-factor means lower fre-

quency stability.

Identify the oscillator circuits of Figure 12.44. Choose from Hartley oscillator, Colpitt oscillator, Clapp oscil-
lator, Tickler oscillator, Pierce oscillator, Wien bridge oscillator, RC phase shift oscillator, Crystal oscillaror,

Bubba oscillator and Twin-T oscillator.

p—o Output
J—

(@)

+V

% RFC
4# o Qutput

o Output

(©

Figure 12.44 ’ Identify the oscillator configuration.
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Figure 12.44 | Continued.

| REVIEW QUESTIONS

1. How does the circuit configuration of an oscilla-
tor differ from that of an amplifier? What are the

different constituents of an oscillator circuit?

2. What are the necessary conditions of loop gain
and loop phase shift for sustained oscillations

according to Barkhausen criterion? Why is the
loop gain in practical oscillators kept slightly
greater than unity?

3. With the help of relevant circuit diagram, briefly
describe the operation of an RC phase shift
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oscillator configured around an opamp and a
lead-type feedback network. What should be the
minimum value of amplifier gain for sustained
oscillations? What is the phase shift introduced

by each of the three RC sections in the feedback
network at the operating frequency?

Derive the expressions for the phase shift as a
function of frequency for the feedback net-
works of RC phase shift and Wien bridge oscil-
lators to prove that these oscillators exhibit
better frequency stability at relatively lower
operating frequencies.

What are buffered RC phase shift oscillators?
How does the operating frequency in the case
of a buffered oscillator differ from that of con-
ventional non-buffered counterpart?

Briefly describe the operation of Quadrature
oscillator with particular reference to its ability
to produce sine and cosine outputs.

With the help of relevant circuit diagram,
describe the operation of a Wien bridge oscilla-
tor configured around an opamp. What are the

| PROBLEMS

1.

Figure 12.45 shows a possible RC phase shift
oscillator configured around a junction FET
and designed to produce a sinusoidal output at
6.5 kHz. Will this oscillator produce the output

10.

11.

12.

0.01
uF | pF

1kQ

phase shifts introduced by the feedback and
amplifier parts? Derive the relevant expression
to prove that the amplifier should have a gain
of at least 3 for sustained oscillations.

Why are LC oscillators not suitable for rela-
tively lower frequencies? How does the fre-
quency stability of an LC oscillator depend
upon the Q-factor of the LC circuir?

What are crystal oscillators? What makes crys-
tal oscillator exhibit exceptionally high fre-
quency stability?

With the help of basic circuit diagram, briefly
describe the operation of a Pierce oscillator.
How does it differ from a Colpitt oscillator?

What is a voltage-controlled oscillator? Why is
it important to use back-to-back connected
varactor diodes instead of a single diode?

Briefly outline the frequency stability criterion
in the case of oscillators. Which parameter can
be used to quantify the frequency stability and
why?

at the expected frequency? If not, why? Assume
£,,= 5000 pmhos and 7, = 10 k€2 for the junc-
tion FET.

Figure 12.45 I Problem 1.
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2. Refer to the Wien bridge oscillator circuit of
Figure 12.46. Determine different component
values for this oscillator to produce a sine wave
ourput at 10 kHz.

1

Figure 12.46 ‘ Problem 2.

3. Derive an expression to prove that in the case of
a buffered RC phase shift oscillator using a lag-
type feedback network, |d6/dw| equals RC/4.

4. Refer to the Hartley oscillator circuit of Figure
12.47. Determine the oscillation frequency.
Also determine the minimum value of R, for
sustained oscillations.

Rz = 22 kQ
Ry
p——0 Output
=
10 pH
00 L1 h— 4
L oo1pe b
VL
11
(o}

Figure 12.47 | Problem 4.

5. Refer to the Colpitt oscillator circuit of Figure
12.48. Determine the oscillation frequency.
Also determine the minimum value of R, for
sustained oscillations.

8.

$——>0 Output

{ |
[ {F——¢
Cz =680 pF C1 = 220 pF

L=1mH

Figure 12.48 l Problem 5.

An LC oscillator is observed to produce sine
wave output at 10 MHz when the Q-factor of
the LC circuit was 100. How would the operat-
ing frequency change if at all it would with the
Q-factor dropping to 10?

Determine the minimum amplifier gain and

the phase shift required to be introduced by the

amplifier for the following cases.

a. Feedback factor = 2%, oscillator type =
Hartley oscillator

b. Feedback factor = 5%, oscillator type =
Wien bridge oscillator

A conventional RC phase shift oscillator oper-
ates at a frequency of 10 kHz. How would its
operating frequency change if different RC sec-
tions were buffered and the feedback network
used lead-type RC sections?

Refer to the RC oscillator of Figure 12.49.
Determine oscillation frequency.
0.01 yF  0.01pF
+V
p——o
Output
-V

Figure 12.49 l Problem 9.
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10. A quartz crystal is characterized by series resis- parallel resonant frequency of the crystal and
tance, inductance and capacitance of 1000 €, (c) operating frequency of the oscillator using
3 H and 0.05 pF, respectively. The mounting this crystal in Pierce oscillator configuration.

capacitance of the crystal is 10 pE Determine
(a) series resonant frequency of the crystal; (b)

| ANSWERS
I
Multiple-Choice Questions

1. (9 4 () 7. (d) 9. (0 11. (b)
2. (b) 5. () 8 @ 10. (9 12. (a)
3. () 6. (9

Identify the Oscillator Configuration

Figure 12.44(a): Clapp oscillator Figure 12.44(d): Wien bridge oscillator
Figure 12.44(b): Pierce oscillator Figure 12.44(e): Colpitt oscillator
Figure 12.44(c): Tickler oscillator Figure 12.44(f): Hartley oscillator
Problems
1. No, the gain criterion is not satisfied 7. (a) Amplifier gain = 50, phase shift = 180°
2. R=R=159kQ, C,=C,=0.01 uE (b) Amplifier gain = 20, phase shift = 0°
R,=120 kQ, R, =10 kQ 8. 14.14kHz
4. =269 kHz, R, =8.8 kQ 9. 1.592 kHz
5. f=390.4 kHz, R, = 68 kQ 10. (a) 411 kHz; (b) 412 kHz; (c) 412 kHz

6. 9.95 MHz






Learning Objectives

After completing this chapter, you will learn the following:

RC and RL low-pass and high-pass circuits.

RC and RL integrator and differentiator circuits.

Different types of diode-based clipping circuits.

Basic clamping circuit, its limitations and practical clamping circuit.

Bistable, monostable and astable multivibrator circuits configured around discrete semi-
conductor devices.

Schmitt trigger circuit and its applications.
= Multivibrator circuits configured around digital integrated circuits.
®  Multivibrator circuits configured around timer IC 555.

he topics discussed in this chapter include basic linear and non-linear wave shaping circuits like the RC

and RL integrator, RC and RL differentiator, clipping circuits, clamping circuits and multivibrator
circuits. Though a clamping circuit is not a wave-shaping circuit in the true sense, it has been chosen to be
discussed here because the concepts relevant to the operation of clamping circuits are similar to those that
explain the operation of RC wave-shaping and clipping circuits. A clamper circuit acts on an AC waveform,
sinusoidal or non-sinusoidal, and gives it 2 DC level though it does not alter the wave shape. It is an impor-
tant building block of voltage-multiplying circuits. Keeping in view the scope of the present text, a separate
chapter on clamping circuits would not be justified.

13.1 Basic RC Low-Pass Circuit

F igure 13.1 shows the basic RC low-pass circuit comprising a single-section RC circuit with output taken
across the capacitor. The output voltage is given by

X,

Qualitatively, since the output is taken across the capacitor and the reactance of a capacitor is inversely pro- -
portional to the frequency, the output voltage will fall with increase in frequency (Figure 13.2). That is how
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VO
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R 1
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1 l T 0.707

Vi CT Vo

= fe ~f
Figure 13.1 ' RC low-pass circuit. Figure 13.2 | Frequency response of a RC low-pass circuit.

an RC network of the type shown in Figure 13.1 behaves as a low-pass circuit. The upper 3 dB cut-off
frequency is the frequency at which output amplitude is 0.707 times (or 3 dB below) the nominal maxi-
mum amplitude. The nominal maximum output amplitude is same as the input amplitude; therefore, the
ratio (V /V)) equals 0.707 at 3 dB cut-off frequency.

‘The ratio ( V./V)) becomes 0.707 when the resistance (R) equals capacitive reactance (X). Therefore, the
cut-off frequency ( £.) is given by

1
" 27RC

fic (13.2)

We will now study the behavior of this circuit toward step and pulse inputs.

Step Input
For a step input (V) of Figure 13.3(a), the output voltage (V/), which is also voltage across C, rises exponen-
tially towards the final value of V' with a time constant (RC). The output voltage ( V) is given by

V. =V(1-eF) (13.3)

This expression is valid only when the capacitor is initially fully discharged. If the capacitor were initially
charged to a voltage V,, less than V; then the exponential charging equation would be

v, Vhopeend ‘
V- ;‘ """""""""""" H ": Vip
H H
E 5 th(e—(r - rp)/HC)
5 Vo=V(1 - & 1RC) 5 .
: {Vo=V(1 - e?RC) ,
0 t 0 I

(@) (b)

Figure 13.3 | (a) Step response of low-pass circuit; (b) pulse response of low-pass circuit.
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V.=V —(V-V,)e " (13.4)
If this input step occurs at time # = #,, then the following equation represents the charging process:

‘/0 — V[l _ e—(t~tl)/RC] (135)

Pulse Input
For the pulse input of Figure 13.3(b), output (V) during the high time of the pulse is given by

V, =V(1 - - (13.6)
Atr=1¢, the amplitude of the output voltage is given by

V(e=2)=V(1-e )=V, (13.7)

The output (V) during the low time of the pulse is given by

V, =V, (e ) (13.8)

We are often interested in knowing the quality with which the leading and the trailing edges will be passed
through the RC low-pass circuit. Such a situation arises particularly in the analysis of high-frequency ampli-
fiers where the amplifier input has a finite capacitance and this capacitance along with source resistance
constitutes a low-pass RC network. We will see that the capability of the network to pass fast transitions
depends upon the upper 3 dB cut-off frequency of the network.

The quality with which this network reproduces fast transitions is expressed by the magnitude of the rise
time (£) which is the time taken by the output to change from 10% to 90% of the impressed transition or
step. From the exponential charging relationship, it can be verified that

t, =22RC (13.9)

The relationship between the upper 3 dB cut-off frequency ( £, ) and the rise time (z) is given by

_03s
t

r

S (13.10)

where £, is specified in MHz and ¢, is specified in ps. This expression indicates that higher the upper 3 dB
cut-off frequency, smaller is the rise time. Therefore, for faithful reproduction of fast transitions, /. should
be as high as possible.

13.2 RC Low-Pass Circuit as Integrator

If the circuit shown in Figure 13.1 is an integrator circuit, the output voltage V. should be integral of the
input voltage (V)), that is,
V, = K|[Vids

where Kis a constant. In the given RC circuit, if the product RC is much larger than the time period (7) of
the applied input, the capacitor voltage (or the output voltage in the present case) would change by only a
very small amount as the input goes through a complete cycle. In such a case, it is not wrong to assume that
whole of input voltage (V) appears across the resistor (R) only. As a result current (/) can be expressed as
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The output voltage (V) across the capacitor is given by
1 1 ¢V, 1
V ==|Idt=—|-2dt=—|Vds (13.11)
glia=glge=gelv

Therefore, output voltage (V) is integral of input voltage (V)) provided that the time constant is much
larger than the time period of the input signal, that is, RC>>T. In fact, if RC 2 157 integration is near

ideal.

EXAMPLE 13.1 | Refer to Figure 13.4. Determine the amplitude of V. at the time of input pulse going

low and also 1 ms after it has gone low.

Vi(v)
10 10 kQ

v, 0.1 uF

t(ms) ‘l'

Figure 13.4 | Example 13.1.

0 1

I

Solution | 1. 'The time constant=RX C=10%x103%0.1 x 106=102s=1 ms.

Coincidentally, the time constant equals the pulse width. The output V, will
be 63.1% of the final value of 10V, that is, V, = 6.31 V at the time of pulse
going high to low.

3. In general, the charging process is governed by the expression

‘/o - V(l — e-—t/RC)

For ¢= RC, output voltage V, is 63.1% of the final voltage (V).
4. When the input pulse goes low, the capacitor starts discharging as per

Vo — V,(e—(:—tp)/RC)

Here, V' =6.31V and t,= 1 ms. Again V, will be 36.9% of (V') 1 ms
after the capacitor starts discharging as 1 ms happens to be equal to
circuit time constant. Therefore, the output voltage after 1 ms = 0.369 X

6.31V=233V.
5. The output waveform is shown in Figure 13.5.
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EXAMPLE 13.2

Solution

v
vi

10

6.31
Vo
233 !
0 1 2 H(ms)
Figure 13.5 | Solution to Example 13.1.

How will the circuit of Figure 13.6(a) respond to a 10V step input of. Figure 13.6(6)?
In what time will the output rise from 1V to 9 V?

1kQ vi(v)

f l f 10
v, 0.01 pF== V,

(@) (b)

l|}-—<b;—|

4

Figure 13.6 l Example 13.2.

1. Circuit time constant = RC=10% x 0.01 X 10-= 10 ps.
2. 'The response is governed by the equation

V, =10(1 - 1)

=10(1-¢'%%)
3. Forz=10ps, V, =10(1—¢™')=0.631x10=6.31 V.
4. The output voltage (V) is shown in Figure 13.7.

5. The time taken for the output voltage (V) to rise from 1 Vo 9 V is equal to
the rise time (2):
t,=22RC=22x10°x0.01 X 10%=22 s

v
Vi
10
6.31 A
ty ‘ .
—{10 s}

Figure 13.7 , Solution to Example 13.2.
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EXAMPLE 13.3

Solution

EXAMPLE 13.4

Solution

The basic low-pass RC circuit discussed in the previous examples has 3 dB cut-off
frequency of 3.5 kHz. If this circuit were fed at the inpus with a 20 V step, in what
time will the output rise to 12.6'V starting from the time of receiving the step?

L A S

3 dB cut-off = 3.5 kHz.
Rise time = 0.35/f,_=0.35/3.5 x 10°=10"%s.
Therefore, 2.2 RC = 107, which gives RC = 1074/2.2 = 45.5 ps.

The output will rise to 12.6 V (which is 63% of the final value of 20 V) in
45.5 Us (=time constant).

Refer to Figure 13.8. Determine the output waveform (V,) for 10 cycles of input
waveform and comment on the results.

1.

10 kQ
!

oV vff””ﬁ“‘j )
L L g

||"—

Figure 13.8 i Example 13.4.

With the leading edge of the first cycle, the capacitor starts charging and
charging is governed by the following equation, V, =10(1 - PR

The time constant= RC =10 x 10> X 0.1 X 10 =102 s =1 ms.

Since the pulse high time equals the time constant (= 1 ms), the output will
rise to 6.31 V at the end of the first pulse.

The capacitor starts discharging from the time instant of the trailing edge of
the first pulse and the discharge equation is given by

v, =631 717

In this case, the pulse low time also equals the time constant. Therefore, at
t=2ms, V, =0.369%6.31=233V.

With the beginning of the second pulse, the capacitor starts charging again
but this time, it has an initial voltage of 2.33 V and the charging equation

now would be

V, =10~ (10 - 2:33) ¢ X0

For, =3 ms, V, =10-7.67%e ' =7.18 V.

Fort=4ms, V, =7.18x0.369=2.65V.
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9. Similarly, at £=5 ms,
V,=10-(10~2.65)x¢™ =10~ 7.35x ¢ =73V
10. Acr=6ms, V, =7.3x0.369=2.69 V.
11 Atz=7ms, V,=10-(10-2.69)xe™ =10-7.31xe =731 V.
12. Atr=8ms, V, =7.31x0.369=2.70V.
13. Atr=9ms, V,=10-(10-270)x e =10-7.30x ¢ ' =731 V.

o

14. Acr=10ms, V, =7.31x0.369=2.70 V.

15. In the subsequent cycles, the output will swing between 2.70 V and 7.31 V.
It is clear from the above calculations that the steady state is achieved after four
cycles. It can be verified that if the circuit time constant is much smaller than
the input waveform time period, the steady state would be arrived at very
quickly, most likely in the first cycle itself. If the time constant is much larger
than the input waveform period, it would require comparatively larger number
of cycles to reach steady state. Figure 13.9 shows the output waveform.

10V 718] [73 731  [F3 7.31

AN NN

beskes] [70] ko]l 7ol  R7o]  f70] ko

Figure 13.9 , Solution to Example 13.4.

13.3 Basic RC High-Pass Circuit

F igure 13.10 shows the basic RC high-pass circuit. The operation of this circuit can be explained on lines
similar to the description of RC low-pass circuit. The output voltage (V) is given by

Vel R XV, - (13.12)

Since the reactance of a capacitor is inversely proportional to the frequency, it would increase with decrease
in frequency. Consequently, the output voltage falls with decrease in frequency of the input waveform thus
lending the circuit of Figure 13.10 its high-pass characteristics as shown in Figure 13.11. The frequency
where the ratio V/V/ falls to 0.707 of its maximum value is known as the lower 3 dB cut-off frequency.
Expression for lower 3 dB cut-off frequency can be computed as fotlows:

At the lower 3 dB cut-off frequency ),

R o707

YR+ X2

R=X,

o
-

Therefore at f;,
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Vo
—\;i'i
9

I .

il
T ¢ f 0.707
Vi R Yo
S

= fic f
Figure 13.10 ‘ RC high-pass circuit. Figure 13.11 | Frequency response of high-pass circuit.
The lower 3 dB cut-off frequency is given by
fimmm (13.13)
k™ 27RC ’

The lower 3 dB cut-off frequency affects the low-frequency response due to the high-pass nature of the circuit.
Smaller the value of the lower 3 dB cut-off frequency, less severe is its effect on the flatter portions of the
waveform. The effect of different lower 3 dB cut-off frequencies in a high-pass RC circuit for a pulsed wave-
form input is depicted in Figure 13.12.

vi
l—T
\‘\ r
VO
k ¢ RC<«< T
W W (fic very high)
VO
\ \ RC comparable
t toT
/ / (fic intermediate)
VO
[ —— T ——
RC>>T
| _— t ( fic very low)

Figure 13.12 | Effect of lower 3 dB cut-off frequency on pulsed waveform input.
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13.4 RC High-Pass Circuit as Differentiator

A differentiator circuit is the one in which the output response is proportional to the differential of the
input excitation. In other words, the output is proportional to the slope of the input. In the case of the
RC circuit of Figure 13.10 where the output is taken across R, if the time constant (RC) is much smaller
than the input waveform time period, it is safe to assume that whole of input (V) appears across (C) only as
the input goes through one complete cycle. The current (Z) flowing in the circuit is given by

dv,

I =C—

' de

The output voltage (V) is given by
V.=I xR
dv, _d¥ (13.14)
V. =RC—*oc—L ’
° dr dr

This explains why RC high-pass circuit behaves as a differentiator under specified conditions.

EXAMPLE 13.5 | Refer 1o Figure 13.13. Sketch the ousput waveform preferably without doing any
mathematical calculations.

v 0.1 uF
10 vr T
Vi

0 1 2 3 4 5 6 7t(ms _Li

10 kQ Vo

Figure §3.13 | Example 13.5.

Solution | 1. The output waveform is shown Figure 13.14. The waveform is self-explanatory.
The fact that the circuit time constant is 1 ms and so are the high and low
times of the input waveform, all voltage levels can be determined without
doing any calculations.

4

Yi
10 - ;

& 7.67 \ 7.35 E 7.31

3.69 2.83] \2]1 \2.70

o 1] 2 3 G I I

-6.31 -2.33] /=2.65 -2.69] /" -2.69
717 -7.29

-7.30

Figure 13.14 ’ Solution to Example 13.5.
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EXAMPLE 13.6

Solution

" A 100 s pulse is applied to the RC high-pass circuit of Figure 13.15. Sketch the
response waveform. Also calculate the time taken by output pulse to go to near zero

after the input pulse goes low.
v 0.1 uF

oV |

t(us)

0 100

Figure 13.15 l Example 13.6.

1. ‘The output voltage at the time of termination of input pulse, that is, at
¢t= 100 pis can be calculated from

10 —10(1 — 10 RC) = 10,7197 17 =10/ =9 V

2. As the input pulse goes to zero, the output goes to —1 V as the voltage across
" capacitor cannot change instantaneously. The output then gradually rises
towards zero as the capacitor discharges.

3. Since the input and output are isolated by a blocking capacitor, the output
will always have a zero DC or average value. That is, area under the positive
portion must equal area under the negative portion.

4. Assuming the charge and discharge process to be linear which is a valid
assumption when the circuit time constant is much larger than the pulse
width, we can calculate the required time for the output to decay to zero to be

" 1.9 ms. The response waveform is shown in Figure 13.16.

Y
10V s
9V
A _
W’t
v |
\ : |~100 HS>T 1.9ms |

Figure 13.16 ‘ Solution to Examiple 13.6.

13.5 Basic RL Circuit as Integrator

’ F igure 13.17 shows the basic RL integrator circuit. The circuit behaves as an integrator circuit, if the time
constant (L/R) were much larger than the time period of the input waveform. If it were so, it would be
justified to assume that the current (7) is exclusively determined by L as the input goes through one complete

cycle. That is,

Ii=%IKdt
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[ .

31

Figure 13.17 I Basic RL integrator.

As the output voltage (V) is equal to V. = I, X R, therefore

V, o [Vds ‘ (13.15)

13.6 Basic RL Circuit as Differentiator

igure 13.18 shows the basic RL differentiator circuit. If the time constant (L/R) were much smaller than
the input waveform time period, the current () very quickly reaches the steady state and the transient por-
tion takes negligible time. It can thus be assumed that the current () is exclusively determined by R. That is,

V.
I =—
' R
As the output voltage (V) is equal to
v, =12
°T T dr
Therefore V, is given by ~
V= LdV,
°"Rdr
dv,
Voo i (13.16)
° de /

We can see that the results obtained in the case of RL circuits are analogous to those obtained in the case of
RC circuits. In general, for a simple integrator circuit (RL or RC),

Figure 13.18 ’ RL differentiator circuit.
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v, =1jvidr (13.17)
T
* and for differentiator circuit (RL or RC) dv
Vo='°(—df) (13.18)

where 7 is the time constant which is equal to RC (for RC circuit) or L/R (for RL circuit).

13.7 Diode Clipper Circuits

Diode-based clipper circuits can be used for clipping or removing whole or part of positive or negative
portions of bidirectional waveforms. This class of wave-shaping circuits is also called non-linear wave-
shaping circuits as one or more than one element has non-linear current—voltage characteristics. Four basic
diode-based clipper circuits are shown in Figures 13.19(a)~(d). The non-linear element in the circuits of
Figure 13.19 is the diode. In the following paragraphs, we will study the response of each of these circuits to
a sinusoidal input. Diodes are assumed to be ideal. That is, the cut-in voltage of the diodes is zero.

1. The input and output waveforms for the clipping circuit of Figure 13.19(a) are shown in
Figure 13.20(a). The figure is self-explanatory. The circuit configuration is similar to that of a half-wave
rectifter circuit. During the positive and negative half cycles of the input waveform, the diode is respec-
tively forward- and reverse-biased. The positive half cycles therefore appear across the output.

(© o (d) (c) ()

Input and output waveforms for the

Figure 13.19 | Basic clipper circuits. Figure 13.20
clipper circuits of Figure 13.19.




Wave-Shaping Circuits 515

2. Similarly the output waveform for the circuit of Figure 13.19(b) is shown in Figurc: 13.20(b). The
circuit is again a half-wave rectifier circuit that allows negative half cycles to appear across the
output. The diode in this case is forward-biased during negative half cycles of the input wave-
form.

3. For the clipping circuit of Figure 13.19(c), the diode is forward-biased during positive half cycles and
reverse-biased during negative half cycles. The output is therefore clipped to zero during positive half
cycles and the negative half cycles are allowed to appear across the output as the diode is then reverse-
biased.

4. For the circuit of Figure 13.19(d), the negative half cycles would be clipped to zero.

In case the diodes used in the circuits of Figure 13.19 were non-ideal, the output waveforms would be
similar to those shown in Figure 13.20 except that the diode would have a cut-in voltage of 0.7 V for silicon
diodes and 0.3 V for germanium diodes instead of zero as assumed in the case of ideal diodes. The wave-
forms for clipping circuits of Figure 13.19 with silicon diodes are shown in Figure 13.21. The other impor-
tant issue is that of choice of resistance (R). In the case of non-ideal diodes, the forward-biased resistance of
the diode (R,) is not zero and also the reverse-biased resistance of the diode (R) is not infinite. In such a
situation, it is desirable that resistance (R) is so chosen that it satisfies the condition R.<< R<<R. The opti-
mum value of R is given by geometric mean of Rcand R. That is

R=\JR xR (13.19)

v v
)

07V m . :

0.7V

A -V

Vn—-0.7 Vo
t t

(Vi = 0.7\
(a)
(b)
K Vi
) S
0.7V t

) t

0.7V

_Vm

A J’o

‘ m
ooy L

0.7V ]
L] S— - T‘o\7 Vv

(©) (d)

Figure 13.21 | Output waveforms for clipper circuits of Figure 13.19 when the diodes are non-ideal.
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EXAMPLE 13.7

Solution

EXAMPLE 13.8

Sketch the output waveform for the clipping circuits of Figure 13.22. Assume the
diodes to be ideal and the peak amplitude (V_) of the inpus sinusoidal signal to be
greater than the battery voltage (V).

T
| L |

1
L

(a) (b)
Figure 13.22 l Example 13.7.

Ot <

¢ |
:
u}—«—ﬂn—!{—«

1. In the case of the circuit shown in Figure 13.22(a), the diode gets forward-
biased when the input exceeds Vj, and thus the output remains clamped at
Vpp as long as input remains greater than Vg. For V] < Vi, the diode is
reverse-biased and the output is same as the input. The output waveform is
shown in Figure 13.23(a).

2. For the circuit of Figure 13.22(b), the diode is reverse-biased for V less nega-
tive than —V}; and forward-biased for V; more negative than —V;;. The out-
put waveform is shown in Figure 13.23(b).

(a) (b)

Figure 13.23 | Solution to Example 13.7.

Sketch the clipped output waveforms for the circuits of Figure 13.24. Assume the
diodes to be ideal and the peak amplitude (V) of the input sinusoidal signal to be
greater than battery voltage (Vg ).
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Solution

EXAMPLE 13.9

]
X
b

Pt L ——— 0
d>+———o<——~»o
Qe L ——— 0

MWW ——t

Vi %D
f
T

(a)
Figure 13.24 | Example 13.8.

1. For the circuit shown in Figure 13.24(a), the diode is forward-biased for all input
voltages except for the period when V/ is more negative than the battery voltage
(~Vpp) where it is reverse-biased. Figure 13.25(a) shows the output waveform.

2. For the circuit shown in Figure 13.24(b), the diode is forward-biased for V.
less than equal to battery voltage (V) and reverse-biased for V, greater than
Vig- Figure 13.25(b) shows the output waveform.

~Vis

@
Figure 13.25 | Solution to Example 13.8.

Sketch the clipped ousput waveforms for the double-diode circuits of Figures 13.26(a)
and (b). Assume diodes D, and D, to be ideal and the forward-biased voltage drops of

the Zener diodes to be zero.
AV * :
Vn} L Z V24 [
v, _% v,
Vae V > Vo Ver 2, NI Vi J

[
- 1

Vi
V > VY
L BB VBB

-||—«»——|||}—K——<

Figure 13.26 | Example 13.9.
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Solution

EXAMPLE 13.10

Solution

1. For the circuit shown in Figure 13.26(a), during the whole of positive half-
cycle diode D, remains reverse-biased and the diode D, gets forward-biased
for V, greater than V.

2. During the negative half cycle, diode D, remains reverse-biased and diode D,
is forward-biased only for the period where V; is more negative than —V, ;.

3. The output waveform is shown in Figure 13.27(a).

4. For the clipper circuit shown in Figure 13.26(b), Zener diode Z, is forward-
biased during positive half cycle and Zener diode Z, breaks down for V,
greater than V.

5. During the negative half cycle, Zener diode Z, is forward-biased and Zener
diode Z, breaks down for V, more negative than -V,

6. The output waveform is shown in Figure 13.27(b).

Vi Fsoms Ll
m Y

(a) (b)
Figure 13.27 ’ Solution to Example 13.9.

Refer 1o the two diode clipper circuit of Figure 13.28(a). The input to this circuit is a
linear ramp varying from 0 to 100V as shown in Figure 13.28(b). Plot the output
waveform. The diodes can be assumed to be ideal.

100

t(ms
100 (ms)

(b)

(@

Figure 13.28 ] Example 13.10.

1. When the input voltage (V) is less than the potential at node 4, the diode

D, is reverse-biased.
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EXAMPLE 13.11

When diode D, is reverse-biased and the diode D, is forward-biased, poten-
tial at node A is equal to potential at node B. The potential at nodes A and
B is equal to

[75 — {(75 — 25)/(60 x 10% + 40 X 10%)} X 60 x 103} =45V
Therefore, for V] less than 45V, diode D, is reverse-biased and diode D, is
forward-biased with nodes A and B at a potential of 45 V.

As V] exceeds 45V, D, gets forward-biased and from then onwards, potential at
A is same as V. Diode D, remains forward-biased as long as V, does not exceed
75 V. Thus, for V greater than 45 V and less than 75 V, V_ is same as V/,

As V, exceeds 75 V, D, is also reverse-biased. From then onwards, the out-
put is constant at 75 V.

The input and output waveforms are shown in Figure 13.29.

Vi(v)

100
75

45

t(ms)
100
Vo (V)

75

45

t(ms
100 (ms)

Figure 13.29 | Solution to Example 13.10.

Draw the transfer characteristics (i.e., V_ versus V) for the two diode clipper circuit
of Figure 13.30. Assume the diodes to be ideal.

10 kQ

Figure 13.30 I Example 13.11.
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Solution | 1. As V. increases in the positive direction, D, is forward-biased and D, is
reverse-biased. V, in this case is always equal to V}/2.

2. For negative values of V,, diode D, is forward-biased and diode D, is reverse-
biased. Again the output is V/2.

3. 'The transfer characteristics are shown in Figure 13.31.

Vo (V)
1
2
1
R ) T2 s 4 s VY
-1
-2
-3

Figure 13.31 | Solution to Example 13.11.

13.8 Diode Clamper Circuits

lamper circuits are used to clamp either positive or negative extremities of an AC signal to zero. These
are also called DC restorer circuits for obvious reasons. Both positive and negative clamper circuits are
briefly described in the following paragraphs.

Negative Clamper

Figure 13.32(a) shows the negative clamper circuit, which clamps the positive peaks of the AC signal
to zero. Figure 13.32(b) shows the clamped output waveform for a given sinusoidal input. The circuit
functions as follows. As the input V rises towards the positive peak V. from zero in the first quarter of
the cycle, capacitor (C) charges to V. through the forward-biased diode. The overall charging resis-
tance is sum of source resistance (R), not shown in the figure, and the parallel combination of R and -
diode’s forward resistance (Ry). If R is much larger than R, then the capacitor C charges with a time constant
of [(R + R) x C]. Now for given R and R,, C should be such that it charges to V_ in a time which in
no case is greater than one-fourth of the time period of the input waveform. The | total charging time
may be considered to be equal to five times the time constant.

When the input starts decreasing, the diode becomes reverse-biased. The capacitor now tends to dis-
charge through resistor R. If the time constant (RC) is much larger than the time period of the input wave-
form, the discharge of the capacitor is negligible. Therefore, the voltage across the capacitor remains constant
at the maximum value of the input signal. The output at any instant of time is then equal to algebraic sum
of input voltage and voltage across the capacitor. Thus, all positive peaks (V/ ) are clamped to zero and all
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Ot—— < ——0

I

(@) (b)

Figure 13.32 ‘ Negative clamper circuit.

negative peaks (—V, ) go to -2V, . The clamping circuit as can be seen from the clamped output waveform,
does not alter the wave shape, it only changes the DC level.

If the peak amplitude of the input changes, the capacitor must charge or discharge to the new value
depending upon whether input amplitude has increased or decreased. When the peak value of the input
signal increases, the capacitor charges through the forward-biased diode again to the new larger value and
when the peak value of the input signal decreases, it discharges through R to the new lower value.

In the absence of R, the ca capacitor will be forced to discharge through the reverse-biased diode resis-
tance (R) which may be as large as 100 MQ. Therefore, it may even be seconds before the capacitor dis-
charges to new lower value, in case the peak amplitude of the input waveform decreases and the output
again gets clamped to the desired voltage. As R is chosen to be much smaller than R, this problem is not
encountered and the claming is usually restored within a few cycles of the input waveform at the most
even after the input undergoes a step change in peak amplitude. The optimum value of R is given by
geometric mean of R, and R.-That is,

R xR (13.20)

It may be mentioned here that the clamping circuit will function even in the absence of R provided that the
peak input amplitude remains constant. In the event of peak input amplitude decreasing, one has to wait for
a sufficiently long time depending upon R x C time constant before normal clamping operation is
restored.

After having calculated the-value of R for a given diode, C should be so chosen that it does not discharge
appreciably during thcﬂme the diode remains reverse-biased. The time constant when the diode is reverse-

biased is given by
X R
R+ xC 13.21
[ ) R +R ] ( )

The time constant of the discharge circuit should at least be 100 times the reverse-biased time period. It is
more appropriate to choose C to meet extremely slow discharge requirement rather than fast charging
requirement through R,. R is usually so small that C chosen by the discharge criterion almost always satisfies
the charge criterion.
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Positive Clamper

Figure 13.33(a) shows the positive clamper circuit. The input and output waveforms are shown in Figure 13.33(b).
The circuit functions in the same way as the negative clamper circuit except that the capacitor would charge
to —V_ during the first negative half cycle when the diode gets forward-biased. Negative peaks are clamped
to zero as for all negative peaks of the input waveform, the output (V) given by algebraic sum of V and V,

will be zero. R is determined by
R=\R xR (13.22)

and Cis given by

R xR
R +———|xC2100T (13.23)
* R+R
where T'is the time period of the input waveform.
Vi
+Val-
+ t

(@) (b)

Figure 13.33 I Positive clamper circuit.

EXAMPLE 13.12 | For the clamping circuit of Figure 13.34(a) and the input waveform of
Figure 13.34(b), plot the output waveform for the first five cycles. Comment on the
results obtained. (Assume the diodes to be ideal,)

R, L )
100Q 1 ,F R=100Q
R,=100 MQ

100kQ 2R D Yo

1oV
TI.T
l W f=25kHz

I

T

(@) ()
\ Figure 13.34 | Example 13.12.

1

0 t
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Solution

10.

11.
12.

13.

As the input goes from 0 to +10V, the diode gets forward-biased. As the
voltage across the capacitor cannot change instantaneously, the output
voltage (V) abruptly rises to only +5 V due to the potential divider
arrangement of R (=100 Q) and R, (= 100 Q).

The capacitor then starts charging towards +10 V with a time constant
(R+R)xC.

The time constant = (100 + 100) x 1076 = 200 ps.

The time period of input waveform = 400 ps (for f= 2.5 kHz).

Therefore, during the first cycle, when the diode is forward-biased the;
capacitor would exponentially charge as per the following equation:

V. =101 - e-—tl(200x10"))
c
For, t=200 s, V. =10(1—¢7')=6.3 V.
'This gives, V. = (10-6.3)/2=1.85V.
When the input drops to zero, the diode gets reverse-biased and the output
drops to —6.3 V (= capacitor voltage) as the value of R is much larger than R.
For the second half of the first cycle, when the input is zero, the output remains
equal to the capacitor voltage of —6.3 V. Here, it is assumed that the capacitor
does not discharge through R during this time which is quite valid as the time
constant (RC) equal to 100 ms is 500 times the half cycle time of 200 ps.
The output returns to +1.85 V as the input goes to +10 V again with the
beginning of the second cycle. The capacitor will start charging exponen-
tially. At the end of the HIGH time of the second cycle, the capacitor
voltage V_ =10 - (10 - 6.3)e! =8.64 V.
This gives, V_ = (10 — 8.64)/2=0.68 V.
When the input drops to zero, the output drops to —8.64 V. The outpur,
waveform progresses in the same fashion for the subsequent cycles.

As shown in Figure 13.35, the output is nearly clamped in the fifth cycle.
From then onwards, the output has the positive extremities of the input
waveform clamped to zero.

N
~

+10, Y%

==
[+ 4]
(&)
n
o
o
o

1.85 p~__10.68 1 0.68:0.25 i 0.25:0.09 10.09

9.5 -95 _982-9.82 -10 -10 —10

Figure 13.35 | Solution to Example 13.12.
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EXAMPLE 13.13 | Sketch the steady-state clamped output waveforms for the circuits shown in
Figures 13.36(a)—(c). Assume a zero forward-biased voltage drop for diodes.

L Jpmm—
4
o
°

+

| | °
o | |
c
+5V R
D R 5V D
Vi O‘H:," Vo Vi 0%‘ A
5V - -5V
T = 2V

I
(o —J—._ © (,' lz-

(@) (b)

Il .
'y i 3
c
5V R D
viof Yo
-5V
2V
y
O

Figure 13.36 | Example 13.13.

Solution | 1. Refer to Figure 13.36(a): In the absence of the 2 V battery, the negative
extremities of the input waveform would be clamped to zero. In the presence
of the battery the waveform will be clamped to 2 V. Figure 13.37(a) shows
the clamped waveform.

2. Refer to Figure 13.36(b): In this case, the positive peaks instead of being
clamped to zero are clamped to +2 V. Figure 13.37(b) shows the clamped

waveform.

A Yo

I VANIVA
0 t

-2V — -8V

(@) (b)
Figure 13.37 | Solution to Example 13.13.
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EXAMPLE 13.14

Solution

+12V

+2V

()
Figure 13.37 | Continued.

3. Refer to Figure 13.36(c): The circuit is similar to the one shown in Figure
13.36(a) except that the polarity of battery has been reversed. As a result, the
negative peak is clamped to +2 V. Figure 13.37(c) shows the waveform.’

Refer to the clamping circuit of Figure 13.38(a). The input waveform to this circuit
is shown in Figure 13.38(b) for the forst six cycles. Sketch the clamped output wave-
Jorm for the first six cycles.

]

TWF R 100 Mo
100 kQ2 D v

L

(@)

[+

10V

6V

—+15 msj+

O <10 ms—l~10ms -

(b)
Figure 13.38 | Example 13.14.

1. With C=1pF and R;=100 €, the capacitor (C) would charge to 10 V in
about half a millisecond (100 us being the charging time constant) during
the 5 ms high time of the first cycle.
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10.

11.

12.

13.

14.

15.
16.
17.

As the input drops to zero, the output too drops by 10 V and the output
is at—10 V. The capacitor starts discharging the moment input goes low in
the second cycle through the resistor R with a time constant of 100 ms.

The discharge equation is given by
s -3 -3
V. =10e (¢ —5%10°)/(100x107%)

At £ = 10 ms, the new capacitor voltage will be
V. =10¢ X100 10,7120 2 9 57 v

The output voltage at #= 10 ms is —=9.52 V.

With the beginning of the second cycle, the peak amplitude of the input

decreases by 4 V as compared to the first cycle and as a result, the output

can go up to —3.52 V and is not zero.

'The capacitor starts discharging to 6 V with the equation
V.=6+(9.52—-06)¢

At £= 15 ms, the capacitor voltage will be 9.35 V and the output voltage

will be —3.35 V.

As the input goes low, the output voltage goes to ~9.35 V. The capacitor

starts discharging to 0 V the moment input goes low in the second cycle
with a time constant of 100 ms. The discharge equation is given by

—(¢ —10x107)/(100 x107)

—(t -15%107)/(100x107)

V. =9.35¢
At ¢ = 20 ms, the new capacitor voltage will be
V, =9.35¢ X 10010 - g 35,7120 — g 89 V

The output voltage is —8.89 V.

With the beginning of the third cycle, the output will be —8.89 +
6=-2.89V.

With the beginning of the third cycle, the capacitor starts discharging to
6 V with the equation

V =6+(8.89— 6)e—(t—20xlo")i(100xl0")

At £=25 ms, the capacitor voltage will be 8.75 V and the output voltage
will be —2.75 V.

As the input goes low, the output goes to —8.75 V. The capacitor starts
discharging to 0 V the moment input goes low in the third cycle with a
time constant of 100 ms. The discharge equation is given by

—(z — -3 -3
V. =8.75€ (¢ —25x107)/(100x107)

At ¢ = 30 ms, the new capacitor voltage will be

V.= 8.756’—(5xlO")i(lOOxlO"’) =875 =832V

The output voltage is —8.32 V.
Similar calculations can be done for the fourth, fifth and sixth cycles.
The output waveform is plotted in Figure 13.39.
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Vi
0oV
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Figure 13.39 | Solution to Example 13.14.

13.9 Multivibrators

multivibraror like the familiar sinusoidal oscillator is a circuit with regenerative feedback with the dif-
ference that it produces a pulsed output. There are three basic types of multivibrator circuits. These
include bistable multivibrator, monostable multivibrator and astable multivibrator.

Bistable Multivibrator

A bistable multivibrator circuit is the one in which both LOW and HIGH output states are stable. Irrespec-
tive of the logic status of the output, LOW or HIGH, it stays in that state unless a change is induced by
applying an appropriate trigger pulse. As we will see subsequently, the operation of a bistable multivibrator
is identical to that of a flip-flop. Figure 13.40(a) shows the basic bistable multivibrator circuit. This is the
fixed-bias type of bistable multivibrator. Other configurations are self-bias type and the emitter-coupled
type. However, operational principle of all types is the same. The multivibrator circuit of Figure 13.40(a)
functions as follows.

In the circuit arrangement of Figure 13.40(a), it can be proved that both the transistors (Q, and Q,) cannot
be simultaneously ON or OFE If Q, is ON, the regenerative feedback ensures that Q, is OFF and when Q, is
OFFE the feedback drives transistor Q, to the ON-state. In order to vindicate this statement, let us assume that
both the transistors Q, and Q, are conducting simultaneously. Owing to slight circuit imbalance, which is
always there, collector current in one transistor will always be greater than that in the other. Let us assume that
I, > I,. Lesser I | means a higher V. Since V_, is coupled to Q,-base, rise in V,, leads to increase in Q,-base
voltage. Increase in Q,-base voltage results in increase in 7, and associated reduction in V. Reduction in V.,
leads to reduction of Q,-base voltage and an associated fall in 7, with the result that V,, increases further. Thus
a slight circuit imbalance has initiated a regenerative action which culminates in transistor Q, going to cut-off
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Figure 13.40 | (a) Bistable muitivibrator; (b) timing waveforms for the bistable multivibrator of (a).
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and transistor Q, getting driven to saturation. To sum up, whenever there is a tendency of one of the transistors
to conduct more than the other, it will end up with that transistor going to saturation and driving the other
transistor to cut-off. Now, if we take output from Q, collector, it will be LOW (= Vek ) if @ was initially in
saturation. If we apply a negative going trigger to Q,-base to cause a decrease in its collector current, a regen-
erative action would set in which would drive Q, to saturation and Q, to cut-off. As a result, output goes to
HIGH (=+V,) state. The output will stay HIGH till we apply another appropriate trigger to initiate a transi-
tion. Figure 13.40(b) shows the relevant timing diagrams. Thus both of the output states, when output is
LOW and also when output is HIGH, are stable and undergo a change only when a transition is induced by
means of an appropriate trigger pulse. That is why it is called a bistable multivibrator.

Schmitt Trigger
Schmitr trigger circuit is a slight variation of the bistable multivibrator circuit of Figure 13.40(a). Figure 13.41
shows the basic Schmitt trigger circuit. If we compare the bistable multivibrator circuit of Figure 13.40(a) with
the Schmitt trigger circuit of Figure 13.41, we find that coupling from Q,-collector to Q,-base in the case of
bistable circuit is absent in the case of Schmitt trigger circuit. Instead, resistor R, provides the coupling.
The circuit functions as follows.

When V_ is zero, transistor Q, is in cut-off. Coupling from Q,-collector to Q,-base drives transistor Q, to
saturation with the result that V, is LOW. If we assume that V., (sar) 15 €10, then voltage across Ry, is given by

Voc X Ry (13.24)
R + Re,

This is also the emitter voltage of transistor Q,. In order to make transistor Q, conduct, V, must at least be
equal to 0.7 V more than the voltage across R;. That is,

Voltage across R, =

Yo X B (13.25)
‘ mn RE + RCZZ
When V, exceeds this voltage, Q, starts conducting. The regenerative action again drives Q, to cut-off.
The output goes to the HIGH state. Voltage across R; changes to a new value given by

\ 4 0 VCC

Figure 13.41 | Schmitt trigger.
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Figure 13.42 | Transfer characteristics of the Schmitt trigger circuit.
Ve X R,
Voltage across R, = ——% (13.26)
R + Ry
Q, will continue to conduct as long as V] is equal to or greater than the value given by
Ve X R, :
= E—E 407 (13.27)
Ry + Rg,

If V,, falls below this value, Q, tends to come out of saturation and conduct less heavily. The regenerative
" action does the rest with the process culminating in Q, going to cut-off and Q, to saturation. Thus the state
of output (HIGH or LOW) depends upon input voltage level. The HIGH and LOW states of the output
correspond to two distinct input levels given by Eqs. (13.25) and (13.27) and therefore they depend on the
values of R, Rep Ry and V. Schmite trigger circuit of Figure 13.41 therefore exhibits hysteresis.
Figure 13.42 shows the transfer characteristics of the Schmitt trigger circuit. The lower trip point (Vi) and
upper trip point (V{;;) of these characteristics are, respectively, given by Eqs. (13.28) and (13.29):

L Iy (13.28)
R + R, .

o = VCC X RE +0.7 (13.29)
Ry + R,

Monostable Multivibrator

A monostable multivibrator, also known as monoshot, is the one in which one of the states is stable and the other
is quasi-stable. The circuit is initially in the stable state. It goes to the quasi-stable state when appropriately trig-
gered. It stays in the quasi-stable state for a certain time period, after which it comes back to the stable state.
Figure 13.43 shows the basic monostable multivibrator circuit. The circuit functions as follows. Initially, tran-
sistor Q, is in saturation as it gets its base bias from +V(.. through R Coupling from Q,-collector to Q,-base
ensures that Q, is in cut-off. When a positive trigger pulse of short duration and sufficient magnitude is applied
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Figure 13.43 | Monostable multivibrator.

to the base of transistor Q,, Q, starts conducting. As the voltage across the capacitor C cannot change instantly,
negative voltage is applied to the base of transistor @, and it turns OFE. Therefore, the output goes to the
HIGH state. In other words, since there is no direct coupling from Q,-collector to Q,-base, which is necessary
for a regenerative process to set in, Q, is not necessarily in saturation. However, it conducts some current. The
Q,-collector voltage falls by /| R, and Q,-base voltage falls by the same amount as voltage across a capacitor
(C in this case) can not change instantaneously. To sum up, the moment we applied the trigger, Q, went to
cut-off and Q, started conducting. But now there is a path for capacitor C'to charge from V. through Rand
the conducting transistor. The polarity of voltage across C is such that Q,-base potential rises. The moment
Q,-base voltage exceeds the cut-in voltage, it turns Q, ON, which due to coupling through R, turns Q, OFF.
And we are back to the original state, the stable state. Figure 13.44 shows the relevant timing diagrams. When-
ever, we trigger the circuit into the other state, it does not stay there permanently and returns back after a time
period that depends upon R and C. Larger the time constant (RC), larger is the time for which it stays in the
other state called quasi-stable state. The width of the quasi-stable state is given by

T=0.693xRxC ' (13.30)

Retriggerable Monostable Multivibrator

In a conventional monostable multivibrator, once the output is triggered to the quasi-stable state by applying a suit-
able trigger pulse, the circuit does not respond to subsequent trigger pulses as long as the output is in quasi-stable
stable. After the output returns to its original state, it is ready to respond to the next trigger pulse. There is another
class of monostable multivibrators called retriggerable monostable multivibrasors, which responds to trigger pulses
even when the output is in quasi-stable state. In this class of monostable multivibrators, if 7 trigger pulses with a
time period of 7, are applied to the circuit, the output pulse width, that is, the time period of the quasi-stable state
equals (n— 1) 7, + T, where T'is the output pulse width for the single trigger pulse and 7; < 7. Figure 13.45 shows
output pulse width in the case of a retriggerable monostable multivibrator for repetitive trigger pulses.

Astable Multivibrator
In the case of an astable multivibrator, neither of the two states is stable. Both output states are quasi-stable.
The output switches from one state to the other and the circuit functions like a free-running square wave
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Figure 13.44 | Timing waveforms of monostable multivibrator.

oscillator. Figure 13.46 shows the basic astable multivibrator circuit. Value of resistors R, and R, are typically
10 times the values of R, and R..,, respectively. It can be proved that in this type of circuit, neither of the
output states is stable. Both states, LOW as well as HIGH, are quasi-stable. The time periods for which
the output remains LOW and HIGH depends upon R,C, and R, C, time constants, respectively. For R C, =
R,C, the output is a symmetrical square waveform. The circuit functions as follows. When power is applied,
one transistor will conduct more than the other because of some circuit imbalances. Let us assume that transis-
tor Q, conducts more than transistor Q,. The regenerative action will force transistor Q, to saturation and
transistor Q, to cut-off. Capacitor C, will charge rapidly to V. through resistor R, and the emitter-base
junction of transistor Q,. This results in momentary increase in the base voltage of transistor Q,. Capacitor C,
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trigger pulses.

had previously charged through resistor R, upto V. when transistor Q, was conducting. Now when Q, is
conducting, C, discharges through R, and Q,. The initial pulse of discharge current from C| through R, results
in a negative pulse at the base of transistor Q, as shown in Figure 13.47. This turns transistor Q, OFF and the
output goes to HIGH state. Transistor Q, keeps conducting from V.. through resistor R,. The OFF-time of
transistor Q, depends upon the time constant R, C,. When the base voltage of the transistor reaches the base-
switching voltage, transistor Q, is no longer in cut-off and starts to conduct allowing capacitor C, to be
recharged rapidly through resistor R_.,. This results in momentary increase in positive voltage at the base of the
transistor Q, leading to its fast turning ON. Therefore, the output goes to the LOW state. Now capacitor C,
discharges through transistor Q, and resistor R,. The initial pulse of discharge current from C, through R,
makes the base of transistor Q, very negative. This turns OFF Q,. Q, is held in the OFF-state depending upon
the time constant R,C, after which Q, begins to conduct. This process continues and due to both the couplings
(Q,-collector to Q,-base and Q,-collector to Q,-base) being capacitive, neither of the states is stable. The
rounding off in the rising edge of V, is because of the voltage drop across resistor R, while capacitor C| is
recharging, Similarly the rounding off in the rising edge of V., is because of the voltage drop across resistor R,
while capacitor C, is recharging. Figure 13.47 shows the relevant timing diagrams.

Let us now determine the frequency of the output wave for the astable multivibrator of Figure 13.46.
The base voltage of transistor Q, during discharge of capacitor C, is given by

Vo =Vee = 1Ry (13.31)
Since, the capacitor charges to approximately V., the initial value of current (7)) is
_Yec + Ve _ 2V
R R

cl

The current decays exponentially with a time constant of R, C,. Therefore, the voltage V,, is given by
Viy = Ve = Ve H1RG (13.32)

The base-switching voltage for silicon transistors is 0.7 V and that for germanium transistors is 0.3 V, which is very
small as compared to the V. voltage. Therefore, it can be assumed that the transistor will switch when V,, =0 V.
The time required to switch ON transistor Q,, that is, the OFF time of the transistor Q, (7) is given by

0= VCC - 2VCCe_Tz/R‘C‘
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Figure 13.47 | Timing waveforms of astable multivibrator.

Therefore,
T,=RC In2=0.694RC, (13.33)

T, is also the ON time of transistor Q,. Similarly, the ON time of transistor Q, (7)) which is equal to the
OFF time of transistor Q, is given by

T, = R,C,In2=0.694R,C, (13.34)
The total time period of the wave is T'which is given by
T=T+T,=0.694RC, + RC,) (13.35)

For R, = R, = Rand C, = C, = C, the time period is given by 7 =1.388RC and the frequency (f) is
given by

1
" 1.388RC

f
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13.10 Integrated Circuit (IC) Multivibrators

I n this section, we will discuss monostable and astable multivibrator circuits that can be configured around
some of the popular digital and linear integrated circuits.

Digital IC-Based Monostable Multivibrators
Some of the commonly used digital ICs that can be used as monostable multivibrators include 74121 (single
monostable multivibrator), 74221 (dual monostable multivibrator), 74122 (single retriggerable monostable
multivibrator), 74123 (dual retriggerable monostable multivibrator) — all belonging to TTL family and 4098B
(dual retriggerable monostable multivibrator) belonging to CMOS family. Figure 13.48 shows the use of IC
74121 as a monostable multivibrator along with trigger input. The IC provides features for triggering on
either LOW-to-HIGH or HIGH-to-LOW edges of the trigger pulses. Figure 13.48(a) shows one of possible
application circuits for HIGH-to-LOW edge triggering and Figure 13.48(b) shows one of possible application
circuits for LOW-to-HIGH edge triggering. Output pulse width depends on external R and C. The output
pulse width can be computed from 7= 0.7RC. Recommended ranges of values for R and C, respectively, are
4 k€ to 40 kQ and 10 pF to 1000 pE 74121 IC provides complementary outputs. That is, we have stable
LOW or HIGH state and corresponding quasi-stable HIGH or LOW state available on Q and Q outputs.
Figure 13.49 shows the use of 74123, a dual retriggerable monostable multivibrator. Like 74121, this IC too
provides features for triggering on either LOW-to-HIGH or HIGH-to-LLOW edges of the trigger pulses. Output
pulse width depends on external Rand C. It can be computed from 7'=0.28RC X [1 + (0.7/RC)], where R and
C are, respectively, in kilo-ohms and pico-farads and 7'is in nano-seconds. This formula is valid for C> 1000 pE
Recommended range of values for R is 5-50 kQ. Figures 13.49(a) and (b) give application circuits for HIGH-to-
LOW and LOW-to-HIGH triggering, respectively. It may be mentioned here that, there can be other triggering
circuit options for both HIGH-to-LOW and LOW-to-HIGH edge triggering of the monostable mulitvibrator.

Timer IC-Based Multivibrators

Timer IC 555 is one of the most commonly used general-purpose linear integrated circuits. The simplicity
with which monostable and astable multivibrator circuits can be configured around this IC is one of the
main reasons for its wide use. Figure 13.50 shows the internal schematic of timer IC 555. It comprises two
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B “ a Output Rext/Cexr
A rortber 1. — At 74121 —s
I > I T 74121 - C +
+ A2 CEXT J
Ay Cexr 3
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Figure 13.48 | (a) HIGH-to-LOW edge triggering of 74121; (b) LOW-to-HIGH edge triggering of 74121,
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Figure 13.49 ‘ (a) HIGH-to-LOW edge triggering of 74123; (b) LOW-to-HIGH edge triggering of 74123.
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Figure 13.50 | Internal schematic of timer IC 555.

opamp comparators, a flip-flop, a discharge transistor, a reset transistor, three identical resistors and an
output stage. The resistors set the reference voltage levels at the non-inverting input of the lower comparator
and inverting inputs of the upper comparator at +V,,/3 and +2V./3, respectively. Outputs of two com-
parators feed SET and RESET inputs of the flip-flop and thus decide the logic status of its output and
subsequently the final output. The flip-flop’s complementary outputs feed the output stage and the base of the
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discharge transistor. This ensures that when the output is HIGH, the discharge transistor is OFF and when
the output is LOW, the discharge transistor is ON. Different terminals of the timer 555 are designated as
Ground (Terminal-1), Trigger (Terminal-2), Outpur (Terminal-3), Reset (Terminal-4), Control (Terminal-
5), Threshold (Terminal-G), Discharge (Terminal-7) and +V (Terminal-8). With this background, we will
now describe the astable and monostable multivibator circuits configured around timer IC 555.

Astable Multivibrator Using Timer IC 555

Figure 13.51(a) shows the basic 555 timer-based astable multivibrator circuit. Initially, capacitor C'is fully dis-
charged, which forces output to go to the HIGH-state. An open discharge transistor allows capacitor Cto charge
from +V. through R, and R,. When the voltage across C exceeds +2V,,../3, the output goes to the LOW-state
and the discharge transistor is switched ON at the same time. Capacitor C begins to discharge through R, and
the discharge transistor inside the IC. When the voltage across C falls below +V,. /3, the output goes back to the
HIGH-state. The charge and discharge cycles repeat and the circuit behaves like a free-running multivibrator.
Terminal-4 of the IC is the RESET terminal. Usually, it is connected to +V,,... If the voltage at this terminal is
driven below 0.4 V; the output is forced to the LOW-state overriding command pulses at Terminal-2 of the IC.
HIGH-state and LOW-state time periods are governed by the charge (+V/3 to +2V/3) and discharge
(+2V/3 to +V/3) timings. These are given by Eqgs. (13.36) and (13.37), respectively.

HIGH-state time period, 7}, = 0.69 X (R +R)XC (13.36)
LOW-state time period, 7] oy, =0.69X R, x C (13.37)

'The relevant waveforms are shown in Figure 13.51(b). The time period (7") and frequency ( f) of the output
waveform are, respectively, given by Egs. (13.38) and (13.39), respectively.

Time period, 7 =0.69 X (R +2R,)xC (13.38)

1
F f= (13.39)
RS S = X R+ 2R)XC

Remember that when the astable multivibrator is powered, first cycle HIGH-state time period is about 30%
longer as the capacitor is initially discharged and it charges from 0 (rather than +V,../3) to +2V./3.

In the case of the astable multivibrator circuit of Figure 13.51(a), the HIGH-state time period is always
greater than the LOW-state time period. Figures 13.51(c) and (d) show two modified circuits where HIGH-
state and LOW-state time periods can be chosen independently. For the astable multivibrator circuits of
Figures 13.51(c) and (d), the two time periods are given by Egs. (13.40) and (13.41), respectively.

HIGH-state time period =0.69 X R, X C (13.40)
LOW-state time period =0.69 X R, X C (13.41)
ForR =R, =R T=138xRXC
1
f_1.38><RxC (13.42)

Monostable Multivibrator Using Timer IC 555
Figure 13.52(a) shows the basic monostable multivibrator circuit configured around timer 555. It may be men-
tioned here that monostable multivibrators are also referred to as monoshots. Trigger pulse is applied to Terminal-2
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Figure 13.51 | (a) Astable multivibrator; (b) relevant waveforms for (a); (c) and (d) modified astable

multivibrator circuits.

of the IC, which should initially be kept at +V,,. A HIGH at Terminal-2 forces the output to LOW-state. A
HIGH-to-LOW trigger pulse at Terminal-2 holds the output in the HIGH-state and simulraneously allows the
capacitor to charge from +V/. through R. Remember that LOW-level of the trigger pulse needs to go at least below
+V,,/3. When the capacitor voltage exceeds +2V,,/3, the output goes back to the LOW-state. We will need to
apply another trigger pulse to Terminal-2 to make the output go to the HIGH-state again. Every time the timer is
appropriately triggered, the output goes to the HIGH-state and stays there for a time period taken by capacitor to
charge from 0 to +2V[,/3. This time period, which equals the monoshot output pulse width, is given by

_ T=11xRxC (13.43)
Figure 13.52(b) shows relevant wacefroms for the circuit of figure 13.52(a).
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(a) Monostable multivibrator circuit configured around timer IC 555; (b) relevant wave-
forms for the circuit of (a).

The pulse width of the trigger input should be less than the HIGH-time of the monoshot output. Also, it
is often desirable to trigger a monostable multivibrator either on the trailing (HIGH-to-LOW) or leading
edges (LOW-to-HIGH) of the trigger waveform. In order to achieve that, we will need an external circuit
between the trigger waveform input and Terminal-2 of timer IC 555. The external circuit ensures that Termi-
nal-2 of the IC gets the required trigger pulse corresponding to the desired edge of the trigger waveform. Figure
13.53(a) shows the monoshot configuration that can be triggered on the trailing edges of the trigger waveform.
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(a) Timer IC 555 monoshot configuration triggered on the trailing edges; (b) relevant
waveforms.
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R —C, constitutes a differentiator circuit. One of the terminals of resistor R, is tied to +V,. with the result that
the amplitudes of differentiated pulses are +V, to +2V, and + V. to ground, corresponding to leading and
trailing edges of the trigger waveform, respectively. Diode D clamps the positive-going differentiated pulses to
about +0.7 V. The net result is that the trigger terminal of timer IC 555 gets the required trigger pulses corre-
sponding to HIGH-to-LOW edges of the trigger waveform. Figure 13.53(b) shows relevant waveforms.

Figure 13.54(a) shows the monoshot configuration that can be triggered on the leading edges of the trigger
waveform. R,—C, combination constitutes the differentiator producing positive and negative pulses correspond-
ing to LOW-to-HIGH and HIGH-to-LOW transitions of the trigger waveform. Negative pulses are clamped
by the diode and the positive pulses are applied to the base of a transistor switch. Collector terminal of the tran-
sistor feeds the required trigger pulses to Terminal-2 of the IC. Figure 13.54(b) shows relevant waveforms.

For the circuits shown in Figures 13.53 and 13.54 to function properly, values of R, and C, for the dif-
ferentiator should be chosen carefully. First, differentiator time constant should be much smaller than the
HIGH-time of the trigger waveform for proper differentiation. Second, differentiated pulse width should be
less than the expected HIGH-time of the monoshot output.
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Figure 13.54 | (a) Timer IC 555 monoshot configuration triggered on the leading edges; (b) rel-
evant waveforms.
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EXAMPLE 13.15

Solution

Pulsed waveform of Figure 13.55(b) is applied to the RESET terminal of astable
multivibrator circuit of Figure 13.55(a). Draw the output waveform.
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Figure 13.55 l Example 13.15

The circuit shown in' Figure 13.55(a) is an astable multivibrator with a 500
Hz symmetrical waveform applied to its RESET terminal. The RESET ter-
minal is alternately HIGH and LOW for 1.0 ms.

When the RESET input is LOW, the output is forced to the LOW-state.
When the RESET input is HIGH, astable waveform appears at the output.
HIGH and LOW time periods of the astablé multivibrator are determined
as follows:

HIGH-time = 0.69 X 14.5 X 10°x 0.01 X 107° = 100 ps

LOW-time = 0.69 X 14.5 x 10°x 0.01 X 1076 = 100 ps

Astable output is thus a 5 kHz symmetrical waveform. Every time RESET
terminal goes HIGH for 1.0 ms, five cycles of 5 kHz waveform appear at the
output. Figure 13.56 shows the output waveform appearing at
Terminal-3 of timer IC.
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EXAMPLE 13.16

SOLUTION
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Figure 13.56 ‘ Solution of Example 13.15.

Refer to monostable multivibrator circuit of Figure 13.57. Trigger terminal (pin-2 of
the IC) is driven by a symmetrical pulsed waveform of 10 kHz. Determine the
Jfrequency and duty cycle of the output waveform.
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5
_L 0.01

uF

Figure 13.57 | Example 13.16.

1. Frequency of trigger waveform = 10 kHz.
2. Time period between two successive leading or trailing edges = 100 ps.

3. Expected pulse width of monoshot output = 1.1RC = 1.1 x 104x 1078 =
110 ds.

4. Trigger waveform is a symmetrical one; it has HIGH and LOW time periods
of 50 ps each.

5. Since the LOW-state time period of the trigger waveform is less than the
expected output pulse width, it can successfully trigger the monoshot on its
trailing edges.

6. Since the time period between two successive trailing edges is 100 s and the
expected output pulse width is 110 ps; therefore, only alternate trailing
edges of trigger waveform will trigger the monoshot.

Frequency of output waveform = 10 x 10%/2 = 5 kHz.
8. Time period of output waveform = 1/(5 x 10%) = 200 ps.
9. Therefore, duty cycle of output waveform = 110/200 = 0.55.
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| KEY TERMS

|
Astable multivibrator
Bistable multivibrator
Clamping circuit
Clipping circuit

Multivibrator

| OBIECTIVE-TYPE EXERCISES

1
Multiple-Choice Questions

1.

A low-pass circuit can also possibly be

a. an integrator circuit.

b. a differentiator circuit.

c. either a differentiator or an integrator circuit.
d. none of these.

A high-pass circuit can also possibly be

a. an integrator circuit.

b. a differentiator circuit.

c. cither a differentiator or an integrator circuit.
d. none of these.

A low-pass circuit with a relatively higher upper
3 dB cut-off frequency will

a. have relatively more sluggish step response.
b. have relatively steeper step response.

c. behave more like an integrator.

d. none of these.

A low-pass circuit is fed with a periodic wave-
form of time period 7. For this circuit to func-
tion like an integrator, the necessary condition
to be satisfied is

a. RC=T

b. RC<< T

¢ RC>T

d. none of these.

In the basic clamper circuit, positive or nega-
tive, a resistance R is always connected across
the diode. If the forward-biased and reverse-
biased resistances of the diode were 10 Q and
10 MQ, respectively, the most optimum value
of Rwould then be

a. 10Q

b. 10 MQ

c. 100 kQ

d. 10kQ

Monostable multivibrator

RC high-pass circuit
RC low-pass circuit

9.

Retriggerable monostable
multivibrator

Schmitt trigger

Timer IC 555

An RC integrator circuit with an upper 3 dB
cut-off frequency of 3.5 kHz will respond to a
step input with a rise time of

a. 100 s

b. 10ps

c. 100 ms

d. indeterminate from given data.

An RC differentiator circuit with a lower 3 dB
cut-off frequency of 3.5 kHz will respond to a
step input with a rise time of

a. 100 ps

b. 10 s

c. 100 ms

d. practically nil value.

In the case of an timer IC-based monostable

multivibrator circuit, the requirement for the

trigger pulse appearing at trigger terminal of

IC timer is the following:

a. Trigger pulse width should be equal to the
intended output pulse width.

b. Trigger pulse width should be less than the
intended output pulse width.

c. Trigger pulse width should be greater than
the intended output pulse width.

d. None of these.

A retriggerable monostable multivibrator is

designed for an output pulse width of 400 ps. If

it were fed with 11 trigger pulses with successive

trigger pulses separated by 10 ps, the output

pulse width would be

a. 100 us

b. 400 ps

c. 500 ps

d. 200 s
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10.

A Schmitt trigger circuit is a type of
a. bistable multivibrator circuit.

b. monostable multivibrator circuit.

REVIEW QUESTIONS

Draw the basic single-section RC low-pass cir-
cuit and briefly explain how does this circuit
respond to a step input and a pulse input of
given time duration? Under what conditions
does this circuit behave as an integrator?

Prove that:

a. Low-pass RC circuit responds to a step
input with a rise time of 0.35/f;, where £,
is the upper 3 dB cut-off frequency.

b. Upper 3 dB cut-off frequency in the case of
a single-section low-pass RC circuit is given
by 1/2zRC.

Draw the basic single-section RC high-pass
circuit and briefly explain how does this
circuit respond to a step input and a pulse
input of given time duration? Under what
conditions does this circuit behave as a dif-
ferentiator?

With the help of relevant circuit diagrams,
briefly describe the operation of clipping circuits
that can be used to:

a. Clip portion of positive half cycles of a sinu-
soidal input with amplitude greater than a
certain specified DC voltage Vi, assuming
that the peak amplitude of sinusoidal input
is greater than V.

b. Clip portion of negative half cycles of a sinu-
soidal input with amplitude more negative
than a certain specified DC voltage -V,
assuming that the peak amplitude of sinusoi-
dal input is greater than V.

With the help of circuit diagram, briefly describe
the operation of a positive clamper circuit. What
is role of resistor (R) in the clamping circuit?
How does one choose an optimum value of the
resistance?

8.

c. astable multivibrator circuit.

d. none of these.

Distinguish between bistable, monostable and
astable multivibrators. How does a bistable
multivibrator differ from a Schmitt trigger cir-
cuit from the viewpoint of both the circuit
schematic and function?

How does a retriggerable monostable multivi-
brator differ from a conventional monostable
multivibrator? What determines the output
pulse width in the case of a retriggerable mono-
stable multivibrator?

With the help of circuit diagram, briefly
describe the operation of timer IC-based
astable multivibrator in which output HIGH-
and LOW-state time periods can be set inde-
pendently.

With the help of circuit diagram, briefly

describe the operation of timer IC-based

monostable multivibrator that can be trig-

gered on

a. HIGH-to-LOW transitions of input pulse
train.

b. LOW-to-HIGH transitions of input pulse
train. )

10. Briefly describe reasons for the following:

a. Why are diode-based clipping circuits
also called non-linear wave shaping cir-
cuits?

b. Why should the trigger pulse appearing at
trigger terminal of the IC timer 555 in a
monostable multivibrator configuration be
less than the expected output pulse width
for intended operation?

c. Why does a low-pass RC circuit behave as
an integrator when the RC time constant is
much larger than the time period of the
input waveform?
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| PROBLEMS

1.

A simple low-pass RC network is fed with a
10 V step. If R =10 kQ and C= 0.1 uF
what will be the time period in which the
output will change from 1.0 Vt0 9.0 V?

. The RC network of the type of Problem 1

with different values of R and C gives a rise
time of 100 s to a certain step input. Deter-
mine the 3 dB cut-off frequency of the
network.

. Determine the most optimum value of R in

the clamper circuit of Figure 13.58 given
that forward-biased and reverse-biased resis-
tances of the diode are 10 Q and 10 MQ,

respectively.
%D |
L

Figure 13.58 ‘ Problem 3.

w

v, R

4.

+Vec o——o

5.

Refer to the astable multivibrator circuit of Figure
13.59. It is given that V.. =+ 5V, R = 2R,.
If the LOW-state time period of the output wave-
form were 1 ms, draw the output waveform.

Ay

555

Tc:
L

Figure 13.59 I Problem 4.

The monostable configuration of Figure 13.60
was designed by some one to generate a pulse
(pulse width of course depending upon the
values of R and C) whenever it was triggered
by the available trigger pulse as shown. The cir-
cuit did not seem to work. What would be
wrong with the circuit?

1kQ

——1uF

Figure 13.60 | Problem 5.
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| ANSWERS

|
Multiple-Choice Questions

1. (2 3. (b)
2. (b) 4. (©

Problems

1. 2.2ms
2. 3.5kHz
3. 10kQ
4. Figure 13.61

5. (d)
6. (a)

|

fe—— 3 ms ——»«1 ms»]

Figure 13.61 ‘ Solution to Problem 4.

i

7. (d
8. (b

9. (¢
10. (a)

5. Trigger pulse width appearing at pin-2 of the IC
is greater than the expected output pulse width.
It should be less than the expected output pulse
width.



