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Fg 3124 Fig. 31.24
2. There is no need for isolation technique for enhancement MOSFET devices since ez<h
source and drzin region is
isolated from the other by the
P-N juactions formed within
the N-type substrate. This
fact is shown 1n Fig. 31.25
where two P-channel E-
MOSFETs have been fabni-

caied from the same N-Sot
suDsTale. B .
g 31.25

LS

The packing density of
s303 Cs is at least ten
times more than that {or bipoiar ICs. Also, 2 MOS resistor occupies less than | per cent
of the zrea of a convsational diffused resistor. This high packing density makes MOUS
ICs especially suvited for LSI and VLSL

The main disadva:ntagc of MOS ICs is their slower operating speed as compared io bipoiar
ICs. Hence. they do not compete with bipolar ICs in ultrahigh-speed appiications.

Ugwever. due o thair (i) iow cost (if) low power consumption and (i high packing densily,
MOS ICs are widely usad for LSI aad VLSI chips such as calculator chips, memory chips and

microprocessars (UP).
_/A1.13. What is a GP-AMP?
It is a very high-gain, mgh-r, directly-coupled negarive-feedback amplifier which can amplify
signals having fregueacy ranging from @ Hz to a iittle beyond 1 MHz They are made with
different inteal configuratioss in linezr ICs. An OP-AMP is so named because it was originaily
designec 1o periom mathematical operations like summation, subtraction, muliiplication, differ-
entiation and integration etc., in analog COmMPULETs. Preseni dav usage is much wider in scope but
the popular name OP-AMP continues.
Typical eses of OP-AMP are : sczle changing, analog computer operations, in instrumentaion
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\)/3119. OP-AMP Symbol

aus

and control systems and a great variety of phase-shift and oscillator circuits. The OP-AMP is ;
available in three different packages (i) standard dual-in-line package (DIP) (ii) TO-5 case and 4@/
(i) the flat-pack. v

Although an OP-AMP is a complete amplifier, it is so designed that external components

(resistors, capacitors etc.) can be connected to its terminals to change its external characteristics.
Hence, it 1s relatively easy to tailor this amplifier t

o fit a particular application and it is, in fact, _
due to this versatility that OP-AMPs have become so popular in industry. by A
An OP-AMP IC may contain two dozen transistors, a dozen resistors and one or two Capacitors. ~ shigy.
Example of OP-AMPs :
L. HA709—isa high-gain operational amplifier constructed on a single silicon chip using
Planar epitaxial process.

It is intended for use in dc servo systems, high-impedance analog computers and in low-
level instrumentation applications.

It is manufactured by Semiconductors Limited, Pune.

(LM 108 -1M 208}— Manufactured by Semiconductors Ltd., Mumbai.

CA 741 CT and CA 741 T—these are high-gain operational amplifiers which are intended
for use as (i) compar;

ator, (if) integrator, (iii) differentiator, (tv) summer, (v) dc amplifier,
(vi) multivibrator, and (vii) bandpass filter.

Manufactured by Bharat Electronics Ltd. (BEL

w N

Standard triangular symbol for an OP-AMP is shown in Fig. 31.26 (a) though the one shown
in Fig. 31.26 (b) is ako used often. In

Fig. 31.26 (b), the common ground v, & =
line has been omitted. It also does not

o—_

show other necess connections 25
such as for dc power ?d feedback etc. 2 > R

The OP-AMP's input can be sin-
gle-ended or double-ended (or differ- =
ential input) depending on whether 0— —0
input voltage is applied to one input , :
terminal only or to both. Similarly, (a) A (b}
amplifier’s output can also be either

Fig. 31.26
single-ended or double-ended. The most common confi
output.

guration is two input terminals and a single

All OP-AMPs have a minimum of five terminals

l. inverting input terminal, 2. non-inverting input terminal,
3. output terminal, 4. positive bias supply terminal,
5. negative bias supply terminal.

31.20. Polarity Conventions

In Fig. 31.26 (b). the input terminals hav

These are meant to indicate the invertin

e been marked with minus (-) an
g and non-inverting terminals only

G plus (+) signs. F

(Fig. 31.27 (a)). 5 g
it simply means that a signal applied at negative input terminal will appear ampiified but phase- s
inverted at the output terminal as _ i
shown in Fig. 31.27 (b). Similarly, sig- Inverting
nal applied at the positive input termi- v. ] | S
nal wpill appear amplified and in-phase ' - . L E—\\ &
at the output. Obviously, these plus v 2 0 5 ‘l o
and minus polarities indicate phase :°© * S U
reversal only. It does not mean that Nor _
voitage v, and v, in Fig. 31.27 (a) are inverting -
negative and positive respectively. Ad- .
ditionally, it also does not imply that (a) (b)

‘ovalinicu vy vwalliouvaliici



sizive input voltage has to be connected to the plus-nxqued non-inverting tenlr};:zal c?.; aréde
Poative input voltage to the negative-marked inverting terminal 1.. In fact, the amp : llt;; nme
"sed ‘cither way up’ so to speak. It may also be noted that all input and output voltages
sferred to a common reference usually the ground shown in Fig. 31.26 (a).

1.21. ldeal Operational Amplifier | 4 /

When an OP-AMP is operated without connecting any resistor or capacitor from its output
» any one of its inputs (i.e., without feedback), it is said to be in the open-loop condition. The
rord ‘open loop’ means that feedback path or loop is open. The specifications of an OP-AMP
nder such condition are called open-loop specifications.

An ideal OP-AMP (Fig. 31.28) has the following characteristics:

I its open-loop gain A, 1s infinite i.e., A, = — oo;

|
i.e., R; = > ohm;

Its Qutput resistance Rp (seen looking back into output terminals) is zero i.e., Ry =0 Q;
4. it has infinite bandwidsh Le., it has flat frequency response from dc to infinity.

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

Following additional points are worth noting: i
I. Infinite input resistance means that input current i=0asin- fo—a— 1
dicated in Fig. 31.28.

It means that an ideal OP-AMP is a voltage-controlled de- 20— |

3

+
vice.
2. R,=0 means that v, is not dependent on the load resistance oy =88
connected across the output. ' R ==
3. Though for an ideal OP-AMP A, = o, for an actual one, it : ;;
is extremely high i.e., about 108, However, it does not mean i =0
that 1 V signal will be amplified to 105V at the output. Ac- Fig. 31.28

tually, the maximum value of Vo is limited by the bias sup- '
ply voltage, typically + 15 V. With A, = 105 and vy = 15 V, the maximum value of input
voltage is limited to 15/105 = 15 pV. Though 1 V cannot become 1 million volt in the OP-
AMP, 1 uV can certainly become 1 V.

31.22. Virtual Ground and Summing Point <&/

+ In Fig. 31.29 is shown an OP-AMP which

zmploys negative feedback with the help of re- Feedback path
sistor Ry which feeds a portion of the output tothe + R, A R¢
input. Vi O—ww— v, W—
\: ” . l "_.‘ll ] . 12
% Since input and feedback currents are alge-

Qﬁically added at point A, it is called the sum-
ming point. .
> The concept of virtual ground arises from \ -
the fact that input voltage v; at the inverting ter-

minal of the OP-AMP is forced to such a small a
Yalue that, for all practical purposes, it may be o— o
Wsumed to be zero. Hence, point A is essentially ~ = +
#t ground voltage and is referred to as virrual
ground. Obviously, it is not the actual ground,
iwhich, as seen from Fig. 31.29, is situated below.
31.23. Why V; is Reduced to almost Zero ?

% . When v, is applied, point A attains some positive potential and at the same time v, is brought

Jinto existence. Due to negative feedback, some fraction of the output voltage is fed back to point
A antiphase with the voltage already existing there (due to vy).
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The algebraic sum of the two voltages is almost zero so that v, = 0. Obviously, v, will becorgSiils
stactly zero when negative feedback voltage at A is exactly equal to the positive voltas
produced by v, at A. >

Aacther pomt worth considenng is that there exists a virtual short between the two termi
of the OP-AMP becamse », = 0. It is virtual because no current flows (remember i = 0) d
De sxsternce of this short.

3124 OP-AMP Applications

i

"‘L,

We will consider the following applications:

1. as scaler or linear (Le., small-signal) constant-gzin amplifier; both inverting and non-invertng
1 as unity follower, 3. Adder or Summer,

4. Subtacor, 5. Integraior,

& Differsntiator, 7. Comparator.

N

ow, wz will discuss the above circuits one by one assuming an ideal OP-AMP.
3115, Linear Amplifier
We will consider the functioning of . A Ry

n

v

- : ; 1 O—wa— —~tA
an OP-AMP as a constant-gain amplifier s —=i —i,
2erh :m the inverting and non-inverting con-

Bemrancns.

{z) Inverting Ampiifier or Negative i‘
Scale o - . t \ ">/

As shewn m Fig. 3130, non-inverting

termunal has been groumded whereas R,

cannects the input signal v) to the inverting O—

mput. A feecback resisior R, has been con-

aeced from the cutput to the inverting input.

Gain
g:‘ - - . x v' vl
Simce pomt A s at ground potential®, iy = — = L
R, R,
; ~% i 3[:’
R =3 — please note — ve sign =
)3 e
Using KCL (Art 32) for point A,
v v v, V¥ v, R
5 i I o 0 1 0 i
i, -(5) =0 of —+—=—=0 o —-—pgr 2 - __1
I 2
Rl Rf Rf R' vl Rl
Rf
A =-—=o A=-XK Also, v = -Kv ‘
RI v a i =
T = 4 - - - » - ‘7:#4
[ i3 sesn rom above, that closed-locp gain of the iaverting amplifier depends on the ratio -7
of the two external resistors R, and Ry and is independent of the amplifier parameters. e
15 also seen that the OP-AMP works as a negative scaler. It scales the input Le., it multiplies £
the mput by 2 minus ccastant factor K. =
(3) Men-inverting Amplifier or . R 2, B o]
‘ - 1 A ) AL
Positive Scaler C—wn : 1s ) =
> - - - e 1 ~— F:
Thiz cirouit is used when there is need < [ ;
Zor an output which i3 equal to the nput I 1 E
muitiphied by a positive constant. Such a v; S i K
pesitive scaier cocmt which uses negative ¢ | 3» ¥ % =
fieetback but provides an greput that equa’s vio I, Yoo \‘j .
the meue moltplied by a pesitive consiant ,_
¢ siown m Fig 3131 Fig. 31.31 _ &
o Bl ., Vg=—7
*Wosr theni; = ——— and &, =
t" R,
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" c.nce input voltage va is applied to the non-inverting terminal, Uie Citeuit b wees -
e n-inverting amplifier.
Yere, polarity of v, is the same as that of v, i.e, both are positive.
Gain
Because of virtual short between the two OP-AMP terminals, voltage across R, is the input
voltage vo. Also, vy is applied across the series combination of R, and R,

m = Va = iRI.‘ Vg = ‘(R1+Rf)
: ; R
& = _‘l _ l(R‘.+ Rj) or 4 = R] + R[ -1+ e 4

Alternative Derivation

As shown in Fig. 31.32, let the currents through the
two resistors be i} and .

The voltage across R, is v, and that across Ry is (Vo — V-

. v2 # uo - V2
i = = =
' =R, and iy 3
Applying KCL to junction A, we have Fig. 31.32
o -y, 0, %)
(i) +i,=0 or 3 + Rf =0
vn 1 1 R, + R
2 =wulg t x| wRE
f 1 f s
v Rl + Rf Rf
RLR S S | or A = 1+ = —as before
v, R, v R,

Example 31.1. Calculate (i) input impedance and (ii) the voltage gain of the OP-AMP am-

plifier circuit of Fig. 31.33.
Solution. (i) The input impedance of the OP-AMP amplifier is very high and when negative

feedback is used, the impedance is increased even further. 35K 15K

Hence, input impedance of a non-inverting OP-AMP amplifier W
can be thought of as infinite. it

(ii) The voltage gain is given by

R
1L = 15 _
A, 1+RI 1+3-5 53 o

Example 31.2. For the inverting amplifier of Fig. 31.30, o— ]
R, = 1K and R, = IM. Assuming an ideal OP-AMP amplifier, Fig. 31.33
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 rhe circuit and not jor the
OP-AMP proper.
R, _ _1000K

(@ A,=- = —1000.
R, 1K

(b) Because of virtual ground at A, R, = R, -1K.
(c) Output resistance of the circuit equals the output resistance of the OP-AMP i.c.. zere

ohm.
31.26. Unity Follower
It provides a gain of unity without any phase reversal. It is very much similar to the emitier

follower (Art. 21.8) except that its gain is very much closer to being exactly unity.
This circuit (Fig. 31.34) is useful as a buffer or tsolation amplifier because it allows input
voltage v;, to be transferred as output voltage v, while at the same time preventing load resistance
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R, from loading down the input source. It is due to the fact
that its R; = o and R, = 0.

In fact, circuit of Fig. 31.34 can be obtained from that of
Fig. 31.31 by putting :

+
R, = R =0
31.27. Adder or Summer
The adder circuit provides an

1o or equal to the algebraic
each multiplied by a cons

Vin

output voltage proportional - o—
sum of two or more input voltages

tant gain factor. It

1s basically similar
to a scaler (Fig. 31.30) except that it has more than one 1nput. D
Fig. 31.35 shows a three-input inverting_adder circuit. As seen, the output voltage is phase-in=;
verted. % |
Calculations AR
As before, we will treat point-A as virtual ground % 4
’ v Vv s Ris
A s 2 + 1 R, s
i, = R, and i = R, Vi %
N r i R, Ai R i
b=t ad g Y% wsi gy lar & A
. = = . I = —— . TR
Applying KCL to point A, we have ~ ‘3‘
Lt hrih+(-) =0 . 5-.’4?;
v v v -y -9
1 2 3 [ + 2
or BTt —-|—=2|l=0 : a
R, R, R, ( Rf } Yo ia
R R R il
WO e A I & %]
v, R1 ’;1+R_, v2+_R3 VB) 0o— ‘? ~2 %
or v, = Klvl +K2v2+ K3v3) Fig. 31.35 ‘
The overall negative sign is unavoidable because we are using the inverting input terminal 3
If R1=R2=R3=R.then ?
R |
vo——?{(vl +v2+v3)=—K(vl+v2+1'3) i
rience, output voltag}: IS proportional to (not equal 1o) the algebraic sum of the three input
voltages. '
If .Rf = R, then output exactly equals the sum of inputs. However, if R,=R/3,
' R/3 1
then v, = R v, + v, + Vy) = =3 (v, + v, + v,)
Obviously, the output is e

qual 10 the average of the th
31.Z8. Subtractor

The function of a subtractor j

of two input signals. As shown i
to apply the inputs

ree inpuis.

§ 10 provice an output proportional to or equal o the difference
n Fig. 31.36, we have »
at the inverting as well as non-

tn- R, " R;
verting terminals, v, O——.r.w—"‘ 5
Caiculations ‘ ‘
According to Superposition Theorem (Art. 4.2) L™~
= 7 7] | \\ N
vV =y +4+vy —O Y
o 0 0 . ‘ l »
where v, is the output produced by v; and v,” is that V2 o— % '
produced by v,.
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Yy = -R—f Y — Art. 31.25 (a)
R
7&1 Y2 | — Art. 31.26 (b)
R, I
Since R:x Ry _nd !Rl o hilcnric
va = 1_?{- - vi) — K (v —’l
- Further, if R = R,, then
. (‘ —v,) = differeace of the two input voliages.

Obviously, if R; = R;, then a scale factor is introduced.
Example 31.3. Fmd the output voltage of an OP-AMP inverting adder for the following sets

of input voltages and resistors. In all cases, Ry= IM.
v, = =3V, =+3Vyv, =+2V: R—250K R, =500K, Ry =IM

. 1
Solution.v, = — (K, +K v2+K313)

& R

’;. ____L_M= =L'QO.= Kz__l_ﬁi:l
£ K R, 250K 4K = %50 = % 1M

v = {@x=-3)+(2x3)+(1x2)]=+4V

k- Example 31.4. In the subtracior circuit of Fig. 31.36, R, =5 K, Ry=10 K, v = 4 V and
& vy =5 V. Find the value of output voltage.

= -

e R R

%- Solution. v0=,(1 + ﬁf}v‘ - -kilvz [1 + _15(2]4 - 150 x5 =+2V
&= =

= 31.29. Integrator

X

The function of an mtcgrator is to provide an output voltage which is proportional to the
integral of the input voltage.

?

ﬁ A simple example of integration is shown in Fig. 31.37 where input is dc level and its mtegral
iE<C s a linearly-increasing ramp ouiput.
7‘, The actual integrat-

7%."ing circuit is shown in ~ ‘ Yo
~Fig. 31.38. This circuit ]
" is similar to the scaler

in

cept that the feedback

r, tor C instead of a re- Integrator
gieziosistor Ry Tupest ~ Output
=2°:  Calculations : Fig. 3137
As before, point A
(4 [s] o
¥ T = = = —sC
Xc 1/ij 1/sC 5

— Art. 31.20 (@)

i by B S B BT £ AT
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" .
d 2] l & R
: I g —) & A
3 Vin | sCR v, —i
! |

A, = -——

¥ SCR
Now, the expression of Eq. (i) can be written

in fime domain as

y §1) — ] %
i) = -*C—R j ;-"{I) . dr

It is seen from above that output (right-hand g
€Xpressions) is an integral of the input, with
an inversion and a scaje factor of 1/CR.

This ability to integrate a given signal enables an analog computer to soive differential equa-
tions and to set up a wide vari

ety of electrical circuit analogs of physical system operations. For
example, let

side

]

Fig. 31.38

-]

: o
2.

e
oy
T
X _.
tHha s
- s
A
- i,
—

v

“_;7:
[
)
e

R
war
VEN
. -:"5'?"
s
v.‘-{)j..‘

R =1M and C = 1 UF Then &
scale factor = — —— =1 =] ‘ -i
CR 106 x 106 ' B
As shown in Fig. 3139, - 2=
the input is a step voltage R A ' Z
whereas output is a ramp (or "’_I_ v,(0) X f l l oV 5»
I_inearly-changing voitage) 0 l Y
with a scale multiplier of —]. l oy i
However, when R = 100 K, - > = v &
then . = &
>~ va(V) Y %
e rcor - [T R
105 x 106 . + !
s Fig. 31.39

v = -10[v, (). dr
It is also shown in Fig. 31.39. Of course, we can integrate more than one input as shown i
below in Fig. 31.40. With multiple inputs, the output is given by i
v() = -[K, fv,(0)di+ K,[v,(dt+ K. Jvi (1) an ‘
! 1 1
e K, = —0o, = — d = — 2
where K, CR, K, CR, an K, CR, 2

Fig. 31.49 (a) shows a summing inte
three resistors and the capacitor. The ana
only the scale facior for exch input.

R, =I1MK

—— hs
= AN

e Ra=200K (A €
Vie——w, D N

grator as used-in an analog computier. It shows all the
log compuier revresentation of Fig. 31,40 (b) indicates

=

t
H

Ry=1IM ~—i'\_\ | )
,““‘”’V Vg
o @ 2

{a)
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Example 315, A 5 ¥, | kHz sinusoidcl sigial |
imegrator of Fig. 3138 for whick R = 100 K

(i ; ; _4aTD
S applied 10 the input of an OP-AXif

atid C = ] g7 Find the owper voliuge.
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Colttion, Seale tactor ‘

- 1
| S —

e o CR T g = 0

She equation for the sinusoidal voltage i

. v, = SSNAnSr=5gin 200070 ¢
viously, it has beep Assumed that a ¢ = (), v = ()

!

"n“) SR

10§ S sin 2000n = 50

~ cos 2000 e |
2000 |,

o e

40::““'05 W01y
130, Dilferentiater

Its funcuca i w Peonde an
the input voitage. Wt i m: iy

Fio. 31.41 trse mathcnatcal oporaton 1o that of an iegrater. As shown in
1 . - . § s . . —— ‘
g =1, when we feud 5 differemtismor, we get 3 constant de ot

5] ]
“, v&.
Input Differentiator Output
Fig.31.41
" Cirenit
Differentiator circuit can be obtained by interchanging the resistor and capacitor of the
« -integrator circuit of Fig. 31.38.
& Let i = rate of change of charge = %5}
£ , C . R
5 Now, g = Cv. +o—»—1i | —
d C C d"c % Ve
i;; - df( ") - dt
=, Taking point A as virtual ground : g,
“ ‘i‘f d\’c - \\\‘\ »
§\ v =R =-|C.—IR }_’
\q:.' Y d’ + "
}-":.: _ o9
r‘:“x = -CR :{25 = o4
=t of . Fig. 31.42
. As seen. output voltage is proportional to the
% derivate of the input voltage, the constant of proportionality (i.c., scale factor) being (- CR).
a{f ~  Example 31.7. The input to the differentiator circuit of Fig. 31.42 is a sinusoidal volicge of
?“.‘?"lemk value 5 mV and frequency | kHz Find owr the outpur if R = 100 K and C = | T
4 Solution. The equation of the input vollage is

- v, = 3sin 2 x 1600r =5 sin 2000 7t mV
A oscalefactor = CR=106x105=0.1

i vn=0.l-g;(55in2000m) = (0.5 % 2000 ©) cos 2000 7 ¢
: = 1000 ® cos 2000 mr mV

As seen, output is a cosinusoidal voltage of frequency | kHz and peak value 1000 = Y

Quipst voltage which i proportional 1o the rute of change of

-

ot )

i e b S R
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