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68.1 What is an OP-AMP ?

Itisavery high-gain, high-r, directly-coupled negative-feedback amplifier which can amplify
signals having frequency ranging from O Hz to alittlebeyond 1 MHz. They are made with different
internal configurationsinlinear ICs. An OP-AMP isso named because it was originally designed to
perform mathematical operationslike summation, subtraction, multiplication, differentiation and in-
tegration etc. in analog computers. Present day usage is much wider in scope but the popular name
OP-AMP continues.

Typica uses of OP-AMP are : scale changing, analog computer operations, in instrumentation
and control systems and agreat variety of phase-shift and oscillator circuits. The OP-AMP isavail-
able in three different packages (i) standard dual-in-line package (DIL) (ii) TO-5 case and (iii) the
flat-pack.

Although an OP-AMP isacomplete amplifier, it is so designed that external components (resis-
tors, capacitorsetc.) can be connected to itsterminalsto changeits external characteristics. Hence, it
is relatively easy to tailor this amplifier to fit a particular application and it is, in fact, due to this
versatility that OP-AMPs have become so popular in industry.

An OP-AMP IC may contain two dozen transistors, adozen resistors and one or two capacitors.

Example of OP-AMPs

1. pA 709—is a high-gain operational amplifier constructed on a single silicon chip using
planar epitaxial process.

It isintended for use in dc servo systems, high-impedance analog computers and in low-
level instrumentation applications.
It is manufactured by Semiconductors Limited, Pune.

2. [LM 108 - LM 208]— Manufactured by Semiconductors Ltd. Bombay,

3. CAT741CT and CA 741 T—these are high-gain operational amplifiers which are intended
for use as (i) comparator, (ii) integrator, (iii) differentiator, (iv) summer, (v) dc amplifier,
(vi) multivibrator and (vii) bandpassfilter.

Manufactured by Bharat ElectronicsLtd (BEL), Bangalore.

68.2. OP-AMP Symbol

Standard triangular symbol for an 1
OP-AMP is shown in Fig. 68.1 (a)
though the one shownin Fig. 68.1 (b) is 2
also used often. In Fig. 68.1 (b), the
common ground line has been omit-
ted. It also does not show other neces- o o
sary connections such as for dc power (a) (b)
and feedback etc.

The OP-AMP’sinput can besingle-
ended or double-ended (or differential input) depending on whether input voltage is applied to one
input terminal only or to both. Similarly, amplifier’s output can also be either single-ended or double-
ended. The most common configuration is two input terminals and a single output.

All OP-AMPs have aminimum of five terminals:

1. invertinginput terminal, 2. non-inverting input terminal,
3. output terminal, 4. positive bias supply terminal,
5. negativebias supply terminal.

Fig. 68.1
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68.3. Polarity Conventions

In Fig. 68.1 (b), the input terminals have been marked with minus (-)
and plus (+) signs. These are meant to indicate the inverting and non-
inverting terminalsonly [Fig. 68.2]. It smply means that a signal applied
at negative input terminal will appear amplified but phase-inverted at the
output terminal as shown in Fig. 68.2 (b). Similarly, signal applied at the
positiveinput terminal will appear amplified and inphase at the output. Ob-
vioudly, these plus and minus polarities indicate phase reversal only. It
does not mean that voltage v, and v, in Fig. 68.2 (a) are negative and posi-
tive respectively. Additionaly, it also does not imply that a positive input
voltage has to be connected to the plus-marked non-inverting terminal 2
and negative input voltage to the negative-marked inverting terminal 1.
In fact, the amplifier can be used ‘ei- o
ther way up’ sotospeak. Itmay alsobe +o |
noted that all input and output voltages =
arereferred to acommon reference usu-
ally the ground shown in Fig. 68.1 (a).

68.4. Ideal Operational
Amplifier 5
When an OP-AMP is operated Fig. 68.2
without connecting any resistor or ca-
pacitor from its output to any one of itsinputs (i.e., without feedback), it is said to bein the open-loop
condition. The word ‘open loop’ means that feedback path or loop is open. The specifications of
OP-AMP under such condition are called open-loop specifications.

Anideal OP-AMP (Fig. 68.3) hasthe following characteristics:

1. itsopen-loopganA, isinfinitei.e, A, =—o0

2. itsinput resistance R; (measured between inverting and non-inverting terminals) isinfinite
i.e., Rj= coohm

3. itsoutput resistance R, (seen looking back into output terminals) is zeroi.e, R,=0Q

4. it hasinfinite bandwith i.e., it has flat frequency response from dc to infinity.

Though these characteristics cannot be achieved in practice, yet an ideal OP-AMP serves as a
convenient reference against which real OP-AMPs may be eval uated.

Following additional points are worth noting :

1. infinteinput resistance meansthat input current i = 0 asindicated in Fig. 68.3. It meansthat
anideal OP-AMP isavoltage-controlled device.

2. R,=0meansthat v, isnot dependent ontheload resistance L [ |
connected across the output.

3. thoughfor anideal OP-AMP A, = oo, for an actual one, itis C—

n
extremely high i.e., about 10°. However, it does not A =— o
mean that 1V signal will be amplified to 10° V/ at the out- R;=co
put. Actually, the maximum value of v islimited bg the B;Vj(;”
basis supply voltage, typically +15 V. WithA = 10" and o
Vo =15V, the maximum value of input voltageislimited to

15/10° = 15 uV. Though 1 pV in the OP-AMP, can cer- Fig. 68.3

tainly become 1 V.
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68.5. Virtual Ground and Summing Point

InFig. 68.4 is shown an OP-AMP which employs negative feedback with the help of resistor R
which feeds a portion of the output to the in-

Feedback Path

put. o . R, R;

Sinceinput and feedback currentsareal- v, —AAA M\
gebraically added at point A, it is called the L= >k
summing point.

The concept of virtual ground arises v,
from the fact that input voltage v; at the in- - _
verting terminal of the OP-AMP isforced to . °
such asmall value that, for all practical pur- Vo
poses, it may be assumed to be zero. Hence, cz -
point A isessentially at ground voltageandis - +
referred to asvirtual ground. Obvioudly, itis =
not the actual ground, which, as seen from Fig. 68.4

Fig. 68.4, is situated below.

68.6. Why V;is Reduced to Almost Zero ?

Whenv, isapplied, point A attains some positive potential and at the sametimev,, isbrought into
existence. Due to negative feedback, some fraction of the output voltage is fed back to point A
antiphase with the voltage already existing there (duetov,).

The algebraic sum of the two voltages is almost zero so that v; 0. Obviously, v; will become
exactly zero when negative feedback voltage at A is exactly equal to the positive voltage pro-
duced by v, at A.

Another point worth considering isthat there exists avirtual short between the two terminals of
the OP-AMP because v; = 0. It is virtual because no current flows (remember i = 0) despite the
existence of this short.

68.7. OP-AMP Applications

Wewill consider the following applications :
1. asscalar orlinear (i.e., smal-signal) constant-gain amplifier both inverting and non-inverting,

2. asunity follower, 3. Adder or Summer
4.  Subtractor, 5. Integrator
6. Differentiator 7. Comparéator.
Now, we will discuss the above cir- R, R,
cuits one by one assuming an ideal OP- v, o—AA—8 MV
AMP. o) —> 0
68.8. Linear Amplifier
We will consider the functioning of \_/ - B
an OP-AMP as constant-gain amplifier +
both in the inverting and non-inverting Vo }UQ;
configurations. o o+
(@) Inverting Amplifier or Nega- |
tive Scale. = _
Fig. 68.5

As shown in Fig. 68.5, noninverting
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terminal has been grounded, whereas R, connectstheinput signal v, to theinverting input. A feed-
back resistor R; has been connected from the output to the inverting input.

Gain
! . : T VSV
Since point A is at ground potential*, i, = 1t = —=
R R
i, = _R—VO Please note —ve sign
f
Using KCL (Art. 2.2) for point A,
) . vV, V Vv v Y R¢
ii+(-ip) =0 or 2+ 9=0 or 2=-2 o 0=-_
o R R R R vi R
Ry
0 A, = _E or A,=-K Also,v,=-Kv;,

It isseen from above, that closed-1oop gain of the inverting amplifier depends on the ratio of the
two external resistors R; and R; and is independent of the amplifier parameters.

Itisalso seen that the OP-AMP worksasanegative scaler. It scalestheinputi.e., it multipliesthe
input by a minus constant factor K.

(b) Non-inverting Amplifier or Positive Scaler

Thiscircuitisused when thereisneed
for an output which is equal to the input
multiplied by apositive constant. Such a
positive scaler circuit which uses nega-
tive feedback but provides an output that
equals the input multiplied by a positive
constant is shown in Fig. 68.6.

Since input voltage v, is applied to
the non-inverting terminal, the circuitsis
also called non-inverting amplifier.

Here, polarity of v, isthe same asthat v, i.e., both are positive.

Gain

Because of virtual short between the two OP-AMP terminals, voltage across R, is the input
voltagev,. Also, v isapplied across the series combination of R, and R;.

Fig. 68.6

O Vin =V, = iR,vg = i(Ri+R)
i +R +R; O RO
0 A\’ = h:—l (Rl f) or Av: Rl f :U_+_f|]
Vin iR 0O RO

Alternative Derivation

As shown in Fig. 68.7, let the currents through the two
resistors bei, and i,.

The voltage across R, isv, and that across R; is (v, —V,).
. v L _Vy—V
i, = =2 and |2:—°Rf 2

R
Applying KCL tojunction A, we have

O
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(-i)+i, = 0 or Y2, Mo=Va) _

Ry
\V} R1+ Rf
O 0 =V
R; 2 HE RfB Rin
+R R
O Yo o RFR A,=1+—  —ashefore
Vo R R

Example 68.1. For theinverting amplifier of Fig. 68.5, R, = 1Kand R, = 1 M. Assuming an
ideal OP-AMP amplifier, determine the following circuit values:

(a) voltage gain, (b) input resistance, (c) output resistance

Solution. It should be noted that we will be calculating values of the circuit and not for the OP-
AMP proper.

Rf _ 1000K
(@ A, = _EZ_ T -~ 1000

(b) Becauseof virtual groundat A, R, =R; = 1K
(c) Output resistance of the circuit equal the output resis-
tance of the OP-AMP i.e., zero ohm.

68.9. Unity Follower

It provides again of unity without any phasereversal. Itis
very much similar to the emitter follower (Art 68.8) except that (Vin = Vo)
its gain is very much closer to being exactly unity. Fig. 68.8

Thiscircuit (Fig. 68.8) isuseful asabuffer or isolation amplifier becauseit allows, input voltage
v;, to be transferred as output voltage v, while at the same time preventing load resistance R, from
loading down the input source. It is dueto thefact that its R, = « and R, = 0.

In fact, circuit of Fig. 68.8 can be obtained from that of Fig. 68.6 by putting

R, = R=0

68.10. Adder to Summer

The adder circuit provides an output voltage proportional to or equal to the algebraic sum of two
or more input voltages each multiplied by a constant gain factor. Itisbasicaly similar to a scaler
(Fig. 68.5) except that it has more than one in- R,
put. Fig. 68.9 shows a three-input inverting vlo—>—'vv\,—
adder circuit. As seen, the output voltage is
phase-inverted.

Calculations

Asbefore, wewill treat point A as

virtual ground
i, = ‘% and if%
i, = VTRZ and = _%

+0

Applying KCI to point A, we have
iy +i,+ig+(-i)= 0 =
Fig. 68.9
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ViV, (Vy OvoO
or 5t t5 - 0=0

R R R gRp
O V 4= %R—fv+Rfv+RfvE

° OR' R ? R
or \p=— (Kyvy + Ky v, + K v)
The overall negative sign is unavoidable because we are using the inverting input terminal.
If R, = R,=R;=R,then
R
Vg = —Ef(v1+v2+v3):—K(v1+v2+v3)

Hence, output voltage is proportional to (not equal to) the algebraic sum of the three input
voltages.

If R = R, thenouput exactly equalsthe sum of inputs. However, if R; = R/3
then Vo = —%(v1+v2+v3) = —%(v1+v2+v3)

Obviously, the output is equal to the average of the three inputs.

68.11. Subtractor

The function of a subtractor isto provide an output proportional to or equal to the difference of
two input signals. Asshown in Fig. 68.10 we haveto apply theinputsat theinverting aswell asnon-
inverting terminals.

Calculations

According to Superposition Theorem (Art. 2.17) vy = vy + V"

where v’ isthe output produced by v, and v" isthat produced by v.,.
Rf

Now, Vg = E 2V, ..Art 67.37 (a)
D RfD Rl A R
v = d+—=0v, ..Art67.37(b) v,0—wm AV
° 0 RO’ !
O v = Ej_+ Ry %v Ri v
° 0 RO? R T ;
SinceR; » R, and R{/R; » 1, hence v, ’
R _ :
v, O Ef(\,z -v,) =K (v, vy Fig. 68.10

Further, If R, =R,, then
Vo = (v,—V,) = difference of the two input voltages
Obvioudly, if R, #R,, then ascale factor isintroduced.

Example68.2. Find the output voltages of an OP-AMP inverting adder for the following sets of
input voltages and resistors. Inall cases, R = 1 M.

v; = =3V,v,=+3V,v;=+2V;R; =250K, R,=500K,R;=1M
[Electronic Engg. Nagpur Univ. 1991]

Solution. Vo = —(K;v +K,v, +Kgvy)
R _1000K 1000 M
= —=—_—_—" =4 == =2 == =
Ke R 250K K2 =500 =2 Ks Ty
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O Vo = I(@x-3)+(2x3)+(1x2)]=+4V

Example 68.3. Inthe subtractor circuit of Fig. 68.10, R, = 5K, Ry = 10K, v, =4Vand v,=5
V. Find the value of output voltage.

_ 0O RO R ( 10) 10
' = - -—V,=|1+=]4-=x5=+2V
Solution Vo El+ ngvl R v, =11 5 5 *

Example 68.4. Design an OP-AMP circuit that will produce an output equal to — (4 v, + v, +
0-1v;). Write an expression for the output and sketch its output waveformwhen v, = 2sin at, v,=

+ 5Vdcand v;= -100 V dc. [Banglore University 2001]
. R R R O
Solution.

Vg = —G=—V;+ —V, + — V] (1)
° mRY'R?Z2 R
and also Vg = —(4v;+v,+01vy) (2
Comparing equations (1) and (2), we find,
Rf Rf Rf
— =4 — =1, — =01
R R Rs

Thereforeif weassumeR; = 100K, thenR; =25K, R, = 100K and R; = 10K. Withtherevalues
of R;, R, and R;, the OP-AMP circuit isas shown in Fig. 68.11(a)

R
vid : v,
e s
+5V
+ R, Ry ki
V20 MA * M\ +2V
100K 100K AVA i
vy N .
10K B re
O —95V[\v— -—-
Vo
= o ~100VF — = — = — = — = — - A
+
(a) )
Fig. 68.11

With the given valuesof v; = 2sin wt, v, = + 5V, v; = — 100 V dc, the output voltage, v, = 2 sin wt
+5-100=2snwt—95V. Thewaveform of the output voltageis sketched as shownin Fig. 68.11 (b).

68.12. Integrator

Thefunction of an integrator isto provide an output voltage whichis proportional to theintegral
of theinput voltage.

Vo
Vinf—--——— o0
Vo
o— |+

Input Integrator

Output
Fig. 68.12
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A simpleexample of integrationisshownin Fig. 68.12 whereinput isdc level anditsintegral is
a linearly-increasing ramp output. The actua integration circuit is shown in Fig. 68.13. This
circuit is similar to the scaler circuit of Fig. 68.5 except that the feedback component isa capaci-
tor C instead of a resistor R;.

Calculations
Asbefore, point A will betreated as virtua ground.
':ﬁ":—i:— Vo = Vo = -
WER T TX T THjeC T Tse T SCYo
where S = j winthe Laplace notation.
Now i, = i, ...Art. 68.26 (a)
! & a—3 e
. R - S v, — i i
v v 1
O 0 = 0-__= [
Vi, A sCR ®
1 -
O = = _
A sCR . ©
Now, the expression of Eq. (i) can be written Vo
intime domain as o O
1 aF
v (t) = ————(c0s2000 1t 1) =
0 40Tt Fig. 68.13

It is seen from above that output (right-hand
side expression) isan integral of the input, with an inversion and a scale factor of /CR.
This ability to integrate a given signal enables an analog computer solve differential equations
and to set up awide variety of electrical circuit analogs of physical system operation. For example, let
R =1M and C=1pF Then

1 1
scalefactor = —— =- ==
CR  10°x10™
1v . ARM A CH
0= v
oV
ov
——O 1V
Vo () - 10V
O L g O
+
Fig. 68.14

AsshowninFig. 68.14 theinput isastep voltage, whereas output isaramp (or linearly-changing
voltages) with ascale multiplier of —=1. However, when R = 100 K, then

scalefactor = -1 =-10

10°x10°°
O vV () = —10J'v1(t).dt

Itisalso showninFig. 68.14. Of course, we can integrate more than one input as shown below
in Fig. 68.15. With multiple inputs, the output is given by
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Vo) = - 5<1 J'vl () dt + K, Ivz (t) dt +Kkq Ivg () dt%
where K, = %,KZ:% and KS:%

Fig. 68.15 (a) shows a summing integrator as used in an analog computer. It showsall thethree
resistors and the capacitor. The analog computer representation of Fig. 68.15 (b) indicates only the
scale factor for each input.

Example68.5. A 5-mV, 1-kHz sinusoidal signal is applied to the input of an OP-AMP integra-
tor of Fig. 64.37 for whichR= 100K and C= 1 pF. Find the output voltage.

[Electronic & Comm. Engg. Kurukshetra Univ. 1990]

Solution. Scalefactor = - =—_1 =10

CR 10°x10°
The equation for the sinusoidal voltageis
v, = 5sin2mft=5sin2000 it

Obvioudly, it has been assumed that at t = 0, v, =0
t

L _ - cos 2000 1t
0 v o) = 10-[055m2000n __SO‘WO
1
= - 2 -1
40n(cos 000 1t -1)
R, =100 K
VIO—’\/\/\/—
R,=200K| A C
vV, 0—M\——4 1|F_
V3 O—AN—— g Vi 0——10
" Ry=1M
—O V20—5 Vo
Vo
o o Vzo——1

(@) )
Fig. 68.15

68.13. Differentiator

Itsfunction isto provide an output voltage which is proportional to therate of the change of the
input voltage. It is an inverse mathematical operation to that of an integrator. As shown in Fig.
68.16, when wefeed adifferentiator with linearly-increasing ramp input, we get a constant dc output.

Circuit

Differentiator cir- Vo
cuit can be obtained by
interchangingtheresis- vi,
tor and capacitor of the
integrator circuit of
Fig. 68.13. CaE—

Let i =rate ¥———
of change of charge Input

Vo

Differentiator Output

_dq Fig. 68.16
dt
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Now, q = Cyv, i C A R
. d _ dVC V1 Vc
. =g @V =Cx
Taking point A asvirtual ground
o dv.O, dv, -
vo = -iR= - [ GedR=-CR. ¢ "

As seen, output voltage is proportional to the —
derivate of the input voltage, the constant of propor:
tionality (i.e., scale factor) being (—RC). Fig. 68.17

Example 68.6. Theinput to the differentiator cir-
cuit of Fig. 68.17 is a sinusoidal voltage of peak value of 5 mV and frequency 1 kHz. Find out the
output if R= 1000 K and C = 1 uF.

Solution. The equation of the input voltageis

v, = 5sin2mx 1000t =5sin 2000 it mV

O+

scalefactor = CR=10°x10°=0-1 Vi o— -
Vo
vy = 01 % (5 sin 2000 1tt) = (0-5 x 2000 1) cos V2 o——*
2000 1t = 1000 11 cos 2000 Tt mV Fig. 68.18
As seen, output is a cosinusoidal voltage of frequency 1 kHz
and peak value 1000 TtmV.

68.14. Comparator

It isacircuit which compares two signals or voltage levels. The circuit is shown in Fig. 68.18
and (like that of the unity follower) isthe smplest because it needs no additional external components.

If v, and v, are equal, then v, should idealy be zero. Evenif v, differsfrom v, by avery small
amount, v, is large because of amplifier’s high gain. Hence, circuit of Fig. 68.18 can detect very
small changes which is another way of saying that it compares two signals,

68.15. Audio Amplifier

Asamatter of fact, in most communication receivers, the final output stage is the audio ampli-
fier. Theideal audio amplifier will have the following characteristics:

1. Highgain

2. Minimum distortion in the audio frequency range (i.e., 20 Hz to 20 kHz range).

3. Highinput resistance (or impedance).

4. Low output resistance (or impedance) to provide optimum coupling to the speaker.

The use of OP-AMP isan audio amplifier will fullfill the requirementslisted above very nicely.
An OP-AMP audio amplifier is shownin Fig. 68.19.

Note that the OP-AMP is supplied only for +V volt power supply, the -V terminal is grounded.
Because of this, the output will be between the limits of (+ V — 1) volts and +1 volt approximately.
Also notice the use of acoupling capacitor C, between the OP-AMP and speaker. This capacitor is
necessary to reference the speaker signal around ground. The capacitor C, isincludedintheV . line
to prevent any transient current caused by the operation of OP-AMP from being coupled back to Q,
through the power supply. The high gain requirements is accomplished by the combination of two
amplifier stages. ThehighR_/Low R, of the audio amplifier isaccomplished by the OP-AMP itself,
asthelow distortion characteristic.

out
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Speaker

Fig. 68.19

68.16. OP-AMP Based Oscillator Circuits

We have already discussed about sinusoidal oscillators in Chapter 15. There we defined the
oscillator as a circuit that produces an output waveform without any external signal source. The
only input to an oscillator is the dc power supply. As such, the oscillator can be viewed as being a
signal generator. We have also discussed in the same chapter, about the different types of oscillator
circuits (like Wien Bridge oscillator, Col pitts Oscillator and Crystal Oscillator) using bipolar junc-
tion and field-effect transistor. Now we still study these oscillator circuits using OP-AMP.

68.17. OP-AMP Based Wien Bridge Oscillator

Fig. 68.20 shows the basic version of a Wien Bridge oscillator. The circuits uses an OP-AMP
and RC bridge circuit. Note the ba-
sic bridge connection carefully. Re-
sistors R,, R, and capacitors C,and
C, formthefrequency adjustment el-
ements while resistors R; and R,

form part of the feedback path. The —
OP-AMP output is connected asthe Sinuﬂoidal
bridge input as points ‘A’ and ‘C’. Ut signal

The bridge circuit output at points
‘B’ and ‘D’ is the input to the OP-
AMP shows an aternative way of
connecting the RC bridge circuit to Fig. 68.20

the OP-AMP. In a typical Wien

Bridge oscillator, R, =R, = R, and C, = C, = C. This means that the two RC circuits will have the
same cut-off frequency. The cut-off frequency isgiven by (1/2 TRC).

Example 68.7. Fig. 68.21 shows the circuit of a Wien-Bridge Oscillator using OP-AMP as an
amplifier. Noticethe componentsR;, C;, R,, C,, R;and R, are connected in the bridge configuration
in the same way as shown in Fig. 68.22.

Calculate the frequency of the Wien Bridge oscillator.

Solution. The frequency of oscillations,

1 _ 1
2MRC  2m 51K x0001 |F

i

=312 kHz

fo =
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Fig. 68.21 Fig. 68.22

68.18. OP-AMP Based Colpitts Oscillator

An OP-AMP based Colpitts oscillator isas shown in Fig. 68.23. Herethe OP-AMP providesthe
basic amplification needed while a L C feedback network of Col pitts configuration setsthe oscillator

frequency.

R2
100 K
lzl
10K
Vout
Cl — C2 i
o——{—eo—I—o
1)
Fig. 68.23 Fig. 68.24

68.19. OP-AMP Based Crystal Oscillator

An OP-AMP can beused in acrystal oscillator asshownin Fig. 68.24. The crystal is connected
in the series resonant path and operates at the crystal series resonant frequency. The present circuit
has high gain so that an output square-waveresultsare shown in thefigure. A pair of Zener diodesis
shown at the output to provide output amplitude at exactly the Zener voltage (V).

68.20. A Triangular-Wave Oscillator

Fig. 68.25 shows an OP-AMP cir- C ¢
cuit to generate atriangular-wave from
asguare-wave. The circuit makes use
of two OP-AMP : one of them is used
as acomparator and the other as an in-
tegrator. The operation of the circuitis
asgiven below :

To begin with, let us assume that
the output voltage of the comparator is
at itsmaximum negativelevel. Thisout-
put is connected to the inverting input Fig. 68.25

out

Integrator

R,



O,

of the integrator through resistor, R;. This produces a positive-going ramp on the output of the
integrator. When the ramp voltage reachesthe upper trigger point (UTP), the comparator switchesto
its maximum positive level. This positive level causes the integrator ramp to change to a negative
going direction. The ramp continuesin this direction until the lower trigger point (LTP) of the com-
parator isreached. At thispoint, the comparator output switches back to its maximum negative level
and the cyclerepeats. Thisactionisshownin Fig. 68.26.
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¢— Comparator output

Fig. 68.26

Since the comparator produces square-wave output, therefore, circuit shownin Fig. 68.25 can be
used as both a triangular-wave oscillator and a square-wave oscillator. Devices of this type are
commonly known as function generator because they produce more than one output function. The
output amplitude of the square-wave is set by the output swing of the comparator. While the output
amplitude of the triangular-wave is set by the resistors R, and R, by establishing the UTP and LTP
voltages according to the following formulas :

Vure = +Vmax§%§
OR,0

Vit = = Vi B@H

It may be noted that the comparator output levels, + V__ are equal. The frequency of both
waveforms depend onthe R; Ctime constant aswell asthe amplitude-setting resistorsR, and R,. By
varying R,, the frequency of oscillation can be adjusted without changing the output amplitude.

1 OR,O

"7 ZRchRE

68.21. A Voltage-Controlled Sawtooth Oscillator (VCO)

The voltage-controlled oscillator (VCO) is an oscillator whose frequency can be changed by a
variable dc control voltage. The VCOs can be either sinusoidal or nonsinusoidal. Oneway to build
avoltage-controlled sawtooth oscillator is shown in Fig. 68.27 (a). Thiscircuit makes use of an OP-
AMP integrator that uses switching device called programmable unijunction transistor (abbreviated
as PUT) in parallel with the feedback capacitor to terminate each ramp at a prescribed level and
effectively “reset” the circuit.

The programmable unijunction transistor (PUT) isathreeterminal devicei.e, it hasan anode, a
cathode and agateterminal. The gateisalways biased positively with respect to the cathode. When
the anode voltage exceeds the gate voltage by approximately 0-7 V, the PUT turns on and acts as a
forward biased diode. When the anode voltage falls below thislevel, the PUT turns off. Also, the
value of current must be above the holding value to maintain conduction.
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V. _ Vi
—— Vin in —
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Fig. 68.27
The operation of the circuit may be explained as below.
The negative dc input voltage, -V, produces a positive-go- lelw

ing ramp on the output. During the timethat ramp isincreas-
ing the circuit acts as a regular integrator. When the ramp
voltage (i.e., voltage at PUT anode) exceeds the gate voltage
by 0-7 V, the PUT turns on. Thisforces the capacitor to dis-
charge rapidly as shown in Fig. 68.27 (b). However, the ca-
pacitor does not discharge completely to zero because of the
PUT’ sforward voltage, V. Discharging of the capacitor con-
tinues until the current through PUT drops below the holding
value. At thispoint, the PUT turn off and capacitor beginsto =
charge again, thus generating a new output ramp. The cycle Fig. 68.28
repeats and the resulting output is arepetitive sawtooth wave-
form as shown inthefigure. 1t may be noted that the sawtooth amplitude and period can be adjusted
by varying the PUT gate voltage.

The frequency of smooth curveisgiven by the relation :

_ Mnlo o1 g
- RC Ve —Ve O

It is evident from the above equation that the frequency depends upon the time constant “R, C”
of the integrator and the peak voltage set by the PUT. Thetime period of the sawtooth wave isthe
reciprocal of the frequency, i.e.,

f

T2 %V
Vin |[/RC

68.22. A Square-wave Relaxation Oscillator

Fig. 1.28 shows the circuit of abasic relaxation oscillator. 1ts operation depends upon charging
and discharging of acapacitor. Noticethat the OP-AMP’sinverting input isthe capacitor voltage and
the noninverting input is a portion of the output fed-back through resistors R, and R;.

When the circuit is first turned on, the capacitor is uncharged. Because of this, the inverting
inputisat 0 V. This makes the output a positive maximum, and capacitor begins to charge towards
V. through R,. When the capacitor voltage reaches a value equal to the feedback voltage on the
noninverting input, the switchesto the maximum negative stage. At thispoint, the capacitor beginsto
dischargefrom+V, toward — V;. When the capacitor voltage reaches -V, the OP-AMP switchesback
to the maximum positive state. Thisaction continuesto repeat and asquare waveinput isobtained as
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shown in Fig. 68.29.
V] m e — mm o m m mmm iy = — o ——— = = =

Fig. 68.29

68.23. High-impedance Voltmeter

Fig. 68.30 shows the circuit of a high impedance voltmeter. In @A
such acircuit, the closed loop-gain depends on the internal resistance R
of the meter R,,. The input voltage will be amplified and the output A

voltage will cause a proportional current to flow through the meter.
By adding asmall series potentiometer in the feedback loop, the meter
can be calibrated to provide a more accurate reading. 1K b
The high input impedance of the OP-AMP reduces the circuit =
loading that is caused by the use of the meter. Although this type of

V.
circuit would cause some circuit loading, it would be much more " T
accurate than aVOM (Volt-Ohm-Meter) with an input impedance of -
20 K/V. Fig. 68.30

68.24. Active Filters

We have already discussed in Chapter 10, about tuned amplifiers. Such amplifiersare designed
to amplify only those frequenciesthat are within certain range. Aslong astheinput signal iswithin
the specified range, it will beamplified. If it goesoutside of thisfrequency range, amplification will
be drastically reduced. The tuned amplifier circuits using OP-AMP are generally referred to as
active filters. Such circuits do not require the use of inductors. The frequency response of the
circuit is determined by resistor and capacitor values.

A filter circuit can be constructed using passive components like resistors and capacitors. But
an activefilter, in addition to the passive components makes use of an OP-AMP asan amplifier. The
amplifier in the activefilter circuit may provide voltage amplification and signal isolation or buffering.

There are four major types of filters namely, low-pass, filter-high-pass filter, and band-pass
filter and band-stop or notch filter. All these four types of filters are discussed one by one in the
following pages.

68.25. Low-Pass Filter

A filter that provides aconstant output from dc up to acut-off frequency (f ) and then passes no
signal above that frequency is called an ideal low-passfilter. Theideal response of alow-passfilter
is as shown in Fig. 68.31 (a). Notice that the response shows that the filter has a constant output
(indicated by a horizontal line AB) from dc or zero frequency up to acutt-off frequency (f,,). And
beyond f,,, the output is zero asindicated by the vertical line‘BC’ in the figure.
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Voul A B

<

fOH
—>f
(@) (b)

Fig. 68.31

Fig. 68.31 (b) showsthe circuit of alow-pass active filer using asingle resistor and capacitor.
Such aricuit is also referred to as first-order (or single-pole) 4
low-passfilter. Itiscalled first-order becauseit makesuseof a  Vou |A B _ 50 dB/decade
single resistor and a capacitor. The response of such a first- Vi, |
order low pass filter is as shown in Fig. 68.32. Notice that the ! i
response below the cut-off frequency (f,,,) showsaconstant gain M C
(indicated by ahorizontal line*AB’)

However, beyond the cut-off frequency, the gain does not —>f
reduce immediately to zero as expected in Fig. 68.31 (a) but Fig. 68.32
reduces with a slope of 20 dB/decade (means that the output
voltage reduces by afactor of 100 when the fequency increases by afactor of 10). Thevoltagegain
for alow-passfilter below the cut-off frequency (f,) is given by the relation.

A =1+ %
And the cut-off frequency is determined by the relation
_ 1
fOH - 2.,.[ Rl Cl

It is possible to connect two sections of the filter together as shown in Fig. 68.33 (). Such a
circuit is called second-order (or two-pole) low passfilter. Fig. 68.33 configuration of the second-
order low-passfilter.

+
Vin C —O Vin C ——O
I I 1 _ Vv i I u Voul
= — = R;

Fig. 68.33
Each circuit shown in Fig. 68.33 has two RC circuits, R, - C; and R, — C,. As the operating
frequency increases beyond f,, each circuit will be dropping the closed-loop gain by 20 dB, giving a
total roll-off rate of 40 dB/decade when operated above f,. The cut-off frequency for each of the
circuit isgiven by,

L

_ 1

f = =
* 21 yRR,GC,
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68.26. High-pass Filter

Asamatter of afact, thereisvery little difference between the high-passfilter and the low-pass
filter. Fig. 68.34 () showsthe circuit of afirst order (or single-pole) high-passfilter and Fig. 68.34
(b), the circuit of a second-order (or two-pole) high-pass filter. Notice that the only thing that has
changed is the position of the capacitors and resistors. The value of cut-off frequenciesf, and f, is
obtained by using the same equations we used for low-passfilter.

R,

Fig. 68.34 Ideal
Fig. 68.35 showsthe gain versusfrequency response of ahigh- &
pass filter. Notice that the solid line indicates the ideal response T 7
while the dashed line, corresponds to the actual response of the ,’\

filter circuit. Theidea curve indicates that the filter has a zero

output for the frequenciesbelow f, (indicated by theline*AB’). i /)
And beyond f, , it has a constant output. The actual response I B
curve may correspond to the roll-off gain by 20 dB/decade for A for
first order to 40 dB/decade for second-order low-pass filters. —>f
Fig. 68.35

68.27. Band-pass Filters

A band-passfilter isthe onethat isdesigned to passal frequencieswithinitsbandwith. A simple
way to construct a band-pass filter isto cascade alow-pass filters and a high-passfilter as shownin
Fig. 68.36. Thefirst stage of the band-pass filter will pass all frequenciesthat are below its cutt-off
value, f,. All thefrequencies passed by thefirst stagewill head into the second stage. This stage will
pass all frequencies above its value of f,. The result of this circuit action is as shown in Fig. 68.37.
Notethat the only frequenciesthat all will passthrough the amplifier arethosethat fall within the pass
band of bothamplifiers. Thevaluesof f; and f, can be obtained by using therelations, 1/2nR, C, and,
1/2nR, C,. Then bandwith,

BW = f,-f,

Low-pass filter

High-pass filter
(sets f, value) | (sets f; value)

Fig. 68.36
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And the centre frequency, High-pass filter
fO = f1 . f2 response
The Quality-factor (or Q-factor) of theband- ~ Vou
passfilter circuit. Vin Low-pass
_ fO filter response
Q= Bw
. ] f f
68.28. Notch Filter b
The notch filter is designed to block all fre- Fig. 68.37

guenciesthat fall within its bandwith Fig. 68.38
(@) shows a block diagram and 68.38 (b), the gain versus frequency response curve of a multistage
notch filter.

Low-pass filter

7!

Summing amplifier ?
AV 0db |
S O V"“‘ Bdbf---\---———f--
Vin . Voul = Vl 45 V2 in . : : .
High-pass filter O}:lllsrass' | 1% h.:rass

f response : : response

- & v, = I L
f, £,
—»f
(a) ()
Fig. 68.38

The block diagram shows that the circuit is made up of ahigh-passfilter, alow-passfilter and a
summing amplifier. The summing amplifier produces an output that is equal to a sum of the filter
output voltages. Thecircuit isdesigned in such away so that the cut-off frequency, f, (whichisset by
alow-passfilter) islower in value than the cut-off frequency, f, (whichisset by high-passfilter). The
gap between the values of f, and f, is the bandwidth of thefilter.

When the circuit input frequency is lower than f,, the input signal will pass through low-pass
filter to the summing amplifier. Sincetheinput frequency isbelow the cut-off frequency of the high-
passfilter, v, will be zero. Thusthe output from the summing amplifier will equal the output from
the low-pass filter. When the circuit input frequency is higher than f,, the input signal will pass
through the high-passfilter to the summing amplifier. Sincetheinput frequency isabove the cut-off
frequency of the low-pass filter, v, will zero. Now the summing amplifier output will equal the
output from the high-passfilter.

It isevident from the above discussion that frequencies below f, and those abovef.,, have been
passed by the notch filter. But when the circuit frequency betweenf, andf,, neither of thefilterswill
produce an output. Thusv, and v, will be both zero and the output from the summing amplifier will
also be zero.

Thefreguency analysisof the notch filter isidentical to the band-passfilter. Fisrt, determinethe
cut-off frequencies of the low-pass and the high-pass filters. Then using these calculated values,
determine the bandwidth, center frequency and Q values of the circuit.
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Tutorial Problems No. 68
1. Determine the maximum allowable value of v;, for the circuit shownin Fig. 68.39. Assume that the
gain of the amplifier is 200. (40 mV)
100 Q 20K
10K 100 K
i—w L AW
—O+
Vppo——
Fig. 68.39 Fig. 68.40
2. For the non-inverting amplifier shown in Fig. 68.40, find the voltage gain of the circuit. (11)
Determine the value of output voltage for the summing circuit shown in Fig. 68.41. (3:52V)
10K
0.1 Vo—AAM——
10K 22K
LVo—WA MW
10K
Vo
o o+
Fig. 68.41

OBJECTIVETESTS —-68

1. AnOP-AMP can beclassified as............. am- (c) of their extremely small size
plifier. (d) they areavailablein different packages.
(@) linear 4. Since input resistance of an ideal OP-AMP is
() low-r;, infinte
(c) positive feedback (a) itsoutput resistanceis zero
(d) RC-coupled. (b) itsoutput voltage becomesindependent of

2. Anideal OP-AMP has load resistance

(@) infiniteA, (c) itsinput current is zero

(b) infiniteR, (d) it becomes a current-controlled device.
(c) zeroR, 5. Thegain of an actual OP-AMP is around
(d) all theabove. (a) 1,000,000 (b) 1000

3. OP-AMP have become very popular in indus- (c) 100 (d) 10,000
try mainly because 6. When an input voltage of 1V is applied to an

(a) they aredirt cheap
(b) their external characteristics can be
changed to suit any application

OP-AMPhaving A, = 10° and bias supply of +
15V, the output voltage available is

(@) 15x10°V (b) 10°V

(© 15pV (d) 15V.



7.

finity 12.
() common-mode rejection ratio isinfinity
(d) the open-loop gain of the OP-AMP isin-
finity.
9. Theopen-loop gain of an operational amplifier 13.
is10°. Aninput signal of 1 mV is applied to
the inverting input with the non-inverting in-
put connected to the ground. The supply volt-
ages are £10 V. The output of the amplifier
will be
() +100V 14.
(b) -100V
() +10V (approximately)
(d) —10V (approximately)
10. The output voltage of the circuit shownin Fig.
68.42 is
2R
WWA
v ~ 15,
J_:NW oV,
- +
+2V
-1V
16.
R
Fig. 68.42
(@ 10V (b) 15V
(o 20V (d) 25V 17.
11. Inthecircuit shown in Fig. 68.43, the value of
output, v, is
(8 +3V (b) -3V
(o -7V (d +7V
ANSWERS
1@ 2(@d 3(®Mm 4k 5@ 6. 70

Aninverting amplifier hasR; =2 M andR; =2
K, Its scale factor is

(a) 1000 (b) —1000

(© 10° (d) -107

In an inverting amplifier, the two input termi-
nals of an ideal OP-AMP are at the same po-
tential because

(@) thetwoinputterminasaredirectly shorted

internally
(b) theinputimpedance of the OP-AMPIisin-

13.(c) 14.(d) 15.(d) 16.(b) 17.(a)
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W
12 kQ
4%Q
+ 1V o—MWNV—0——
—o V
6 kQ i
+2Vo—MWV—-

Fig. 68.43

When in a negative scaler, both R; and R; are

reduced to zero, the circuit functions as

(a) integrator (b) subtractor

() comparator (d) unity follower.

The two input terminals of an OP-AMP are

known as

(a) positive and negative

(b) differential and non-differential

(¢) inverting and non-inverting

(d) highand low.

The purpose of comparator isto

(a) amplify aninput voltage

(b) detect the occurrence of achanging input
voltage

(c) maintain a constant output when the dc
input voltage changes.

(d) produce a change in input voltage when
an input voltage equalsthereference volt-
age.

The OP-AMP comparator circuit uses

(a) positive feedback

(b) negative beedback

(c) regenerative feedback

(d) no feedback

The feedback path in an OP-AMP integrator

consists of

(a) aresistor

(b) acapacitor

(c) aresistor and a capacitor in series

(d) aresistor and a capacitor in parallel.

Thefeedback pathin an OP-AMP differentiator

consists of

(a) aresistor

(b) acapacitor

(c) aresistor and a capacitor in series

(d) aresistor and a capacitor in parallel.

8.(b) 9.(b) 10.(c) 11 (d) 12 (d)
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