Electronics Circuits Lecture Four Lecturer: Ahmed H. Alzaidy

Operational Amplifiers

INTRODUCTION:

An operational amplifier, or op-amp, is a very high gain differential amplifier with high
input impedance and low output impedance. Typical uses of the operational amplifier are
to provide voltage amplitude changes (amplitude and polarity), oscillators, filter circuits,
and many types of instrumentation circuits. An op-amp contains a number of differential
amplifier stages to achieve a very high voltage gain.
Figure 10.1 shows a basic op-amp with two inputs and one output as would result using
a differential amplifier input stage. Each input results in either the same or an opposite
polarity (or phase) output, depending on whether the signal is applied to the plus (+) or the

minus (-) input, respectively.

Inputl ——+
Noninverting input

Output

Input2 — =
Inverting input

FIG. 10.1
Basic op-amp.

Single-Ended Input:
Single-ended input operation results when the input signal is connected to one input with

the other input connected to ground. Figure 10.2 shows the signals connected for this
operation.

In Fig. 10.2 a, the input is applied to the plus input (with minus input at ground),

which results in an output having the same polarity as the applied input signal.
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Figure10.2 b shows an input signal applied to the minus input, the output then being opposite
in phase to the applied signal.
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FIG. 10.2
Single-ended operation.

Double-Ended (Differential) Input:

In addition to using only one input, it is possible to apply signals at each input—this being
a double-ended operation. Figure 10.3 a shows an input, VVd, applied between the two input
terminals (recall that neither input is at ground), with the resulting amplified output in
phase with that applied between the plus and minus inputs. Figure 10.3 b shows the same

action resulting when two separate signals are applied to the inputs, the difference signal

being Vi1 - Vi2.
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FIG. 10.3
Double-ended (differential) operation.
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Double-Ended Output:

Whereas the operation discussed so far has a single output, the op-amp can also be operated
with opposite outputs, as shown in Fig. 10.4 . An input applied to either input will

result in outputs from both output terminals, these outputs always being opposite in polarity.
Figure 10.5 shows a single-ended input with a double-ended output. As shown, the

signal applied to the plus input results in two amplified outputs of opposite polarity. Figure
10.6 shows the same operation with a single output measured between output terminals

(not with respect to ground). This difference output signal is Vo1 - Vo2. The difference
output is also referred to as a floating signal since neither output terminal is the ground
(reference) terminal. The difference output is twice as large as either Vo1 or Vo2 because

they are of opposite polarity and subtracting them results in twice their amplitude.
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FIG. 10.4 FIG. 10.5
Double-ended input with double-ended output. Single-ended input with double-ended output.
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FIG. 10.6 FIG. 10.7
Differential-output. Differential-input, differential-output operation.
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[e.g., 10 V - (-10 V) = 20 V]. Figure 10.7 shows a differential input, differential output

operation. The input is applied between the two input terminals and the output taken from

between the two output terminals. This is fully differential operation.

Common-Mode Operation:
When the same input signals are applied to both inputs, common-mode operation results,
as shown in Fig. 10.8 . Ideally, the two inputs are equally amplified, and since they result in

opposite-polarity signals at the output, these signals cancel, resulting in 0-V output.
Practically, a small output signal will result.

FIG. 10.8
Common-mode operation.

Common-Mode Rejection:

A significant feature of a differential connection is that the signals that are opposite at the
inputs are highly amplified, whereas those that are common to the two inputs are only
slightly amplified—the overall operation being to amplify the difference signal while
rejecting the common signal at the two inputs. Since noise (any unwanted input signal) is
generally common to both inputs, the differential connection tends to provide attenuation
of this unwanted input while providing an amplified output of the difference signal applied

to the inputs. This operating feature is referred to as common-mode rejection .
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DIFFERENTIAL AMPLIFIER CIRCUIT :

The differential amplifier circuit is an extremely popular connection used in IC units. This
connection can be described by considering the basic differential amplifier shown in Fig.
10.9 . Notice that the circuit has two separate inputs and two separate outputs, and that the
emitters are connected together. Whereas many differential amplifier circuits use two separate

voltage supplies, the circuit can also operate using a single supply.
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—Vee

FIG. 10.9
Basic differential amplifier circuit.

A number of input signal combinations are possible:
If an input signal is applied to either input with the other input connected to ground,
the operation is referred to as “single-ended.”
If two opposite-polarity input signals are applied, the operation is referred to as
“double-ended.”
If the same input is applied to both inputs, the operation is called “common-mode.”

In single-ended operation, a single input signal is applied. However, due to the common
emitter connection, the input signal operates both transistors, resulting in output from both

collectors.
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In double-ended operation, two input signals are applied, the difference of the inputs

resulting in outputs from both collectors due to the difference of the signals applied to

both inputs.

In common-mode operation, the common input signal results in opposite signals at each
collector, these signals canceling, so that the resulting output signal is zero. As a practical
matter, the opposite signals do not completely cancel, and a small signal results.

The main feature of the differential amplifier is the very large gain when opposite signals
are applied to the inputs as compared to the very small gain resulting from common inputs.

The ratio of this difference gain to the common gain is called common-mode rejection.
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OP-AMP BASICS:

An operational amplifier is a very high gain amplifier having very high input impedance
(typically a few mega ohms) and low output impedance (less than 100 Q) . The basic circuit
Is made using a difference amplifier having two inputs (plus and minus) and at least one
output. Figure 10.29 shows a basic op-amp unit. As discussed earlier, the plus (+) input
produces an output that is in phase with the signal applied, whereas an input to the minus
(-) input results in an opposite-polarity output. The ac equivalent circuit of the op-amp is
shown in Fig. 10.30 a. As shown, the input signal applied between input terminals sees an
input impedance Ri that is typically very high. The output voltage is shown to be the amplifier
gain times the input signal taken through an output impedance Ro , which is typically
very low. An ideal op-amp circuit, as shown in Fig. 10.30 b, would have infinite input

impedance, zero output impedance, and infinite voltage gain.

Inverting input ——— —
Op-amp — OQOutput

Noninverting input ———— +

FIG. 10.29
Basic op-amp.
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FIG. 10.30
AC equivalent of op-amp circuit: (a) practical; (b) ideal.
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Basic Op-Amp:

The basic circuit connection using an op-amp is shown in Fig. 10.31 . The circuit shown
provides operation as a constant-gain multiplier. An input signal V1 is applied through
resistor R1 to the minus input. The output is then connected back to the same minus input
through resistor Rf . The plus input is connected to ground. Since the signal V1 is essentially
applied to the minus input, the resulting output is opposite in phase to the input signal.

Figure 10.32 a shows the op-amp replaced by its ac equivalent circuit. If we use the ideal op-
amp equivalent circuit, replacing Ri by an infinite resistance and Ro by a zero resistance,

the ac equivalent circuit is that shown in Fig. 10.32 b. The circuit is then redrawn, as
shown in Fig. 10.32 ¢, from which circuit analysis is carried out.

Using superposition, we can solve for the voltage V1 in terms of the components due to

each of the sources. For source V1 only (-AvVi set to zero),

(a}

AN —ANN—T— AN N
Rf Ro =0 ‘RI Rf
g R, i I Yo v ’\J V; ’\] -AV, =V,
V,- Rr =oo ’\I —AUV;
! | ‘
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(b) (c)

FIG. 10.32
Operation of op-amp as constant-gain multiplier: (a) op-amp ac equivalent circuil; (b) ideal op-amp
equivalent circuil; (c) redrawn equivalent circuil.
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oo B
i = 1
R + R

For source —A, V; only (V] set to zero),

Ry
vf*R e AV
The total voltage V; is then
Vi=Vy +V,= Vi —A,V)
! R+ Ry Rl + Rf
which can be solved for V; as
R
v, = L v (10.7)

Re + (1 + ARy
If Ay, >> 1 and A, Ry >> Ry, as is usually true, then
R
Vi= _fVI
ARy

Solving for V,/V;, we get

V; V; V. ARy RV,
so that
V R
e 7 (10.8)
Vi Ry

The result in Eq. (10.8) shows that the ratio of overall output to input voltage is dependent
only on the values of resistors Ry and Re—provided that A, is very large.

Unity Gain

If Rf = Ry, the gain is
Ry
Voltage gain = —— = —1
Ry

so that the circuit provides a unity voltage gain with 180° phase inversion. If Ryis exactly
R, the voltage gain is exactly 1.
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PRACTICAL OP-AMP CIRCUITS :

Inverting Amplifier

The most widely used constant-gain amplifier circuit is the inverting amplifier, as shown
in Fig. 10.34. The output is obtained by multiplying the input by a fixed or constant gain,
set by the input resistor (R;) and feedback resistor (Rp)—this output also being inverted
from the input. Using Eq. (10.8), we can write

Ry
V, = —V
o Rl 1
A Y A
Ry
Vi AN\ N -
R, R
Op-amp —— V,= - T’Z Vi
f +
FIG. 10.34

Inverting constant-gain multiplier.

EXAMPLE 10.5 If the circuit of Fig. 10.34 has Ry = 100k{) and Ry = 500 k{}, what
output voltage results for an input of V| = 2V?

Solution:

Ry 500 k)

Eq. (10.8): V, = —2=Vi = =700

2V)= =10V
R, 2V)

Noninverting Amplifier

The connection of Fig. 10.35a shows an op-amp circuit that works as a noninverting ampli-
fier or constant-gain multiplier. It should be noted that the inverting amplifier connection
is more widely used because it has better frequency stability (discussed later). To deter-
mine the voltage gain of the circuit, we can use the equivalent representation shown in
Fig. 10.35b. Note that the voltage across R is V| since V; = 0 V. This must be equal to
the output voltage, through a voltage divider of R and Ry, so that

v = -y
YUR AR
which results in
v Ry + R R
o 2T 4+1 (10.9)
Vi Ry Ry

10
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Op-amp —— Vo=(l+%‘:)\f’l

(a) (b)

FIG. 10.35
Noninverting constant-gain multiplier.

EXAMPLE 10.6 Calculate the output voltage of a noninverting amplifier (as in Fig. 10.35)
for values of V; = 2V, Ry = 500 k{2, and R; = 100 k(.

Solation:

R,
Eq. (10.9): V, = (1 + R—'l()vl = (1 + %)(zv) =6(2V)= +12V

Unity Follower

The unity-follower circuit, as shown in Fig. 10.36a, provides a gain of unity (1) with no
polarity or phase reversal. From the equivalent circuit (see Fig. 10.36b) it is clear that

Vo = V1 (10.10)

and that the output is the same polarity and magnitude as the input. The circuit operates like
an emitter- or source-follower circuit except that the gain is exactly unity.

L v,
v, l v,
(a) (b)
FIG. 10.36

(a) Unity follower; (b) virtual-ground equivalent circuit.

Summing Amplifier

Probably the most used of the op-amp circuits is the summing amplifier circuit shown in
Fig. 10.37a. The circuit shows a three-input summing amplifier circuit, which provides a
means of algebraically summing (adding) three voltages, each multiplied by a constant-gain

11
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AAA R,
R, R
f ANN—
Vi —AANN—¢ R, Re
Ry
V) —AAAN—p—— = R,
Ry
Vy —AAAN—
3 Op-amp —— V=0 v,

(a) (b)
FIG. 10.37

(a) Summing amplifier; (b) virtual-ground equivalent circuit.

factor. Using the equivalent representation shown in Fig. 10.37b, we can express the out-
put voltage in terms of the inputs as

Vv, = (Rfv+Rfv+Rfv) (10.11)
o Rl 1 R2 2 R3 3 .

In other words, each input adds a voltage to the output multiplied by its separate constant-gain
multiplier. If more inputs are used, they each add an additional component to the output.

EXAMPLE 10.7 Calculate the output voltage of an op-amp summing amplifier for the fol-
lowing sets of voltages and resistors. Use Rf = 1 M{} in all cases.

a. Vi =+1V,Vh =42V, Vs = +3V, R = 500k}, R, = 1M, R; = 1 ML
b. Vi = -2V, Vo =+3V, V3 = +1 VR, = 200k}, R, = 500k}, R; = 1 M.

Solution: Using Eq. (10.11), we obtain

(1000 k€ 1000 k€ 1000 k()
= Vo =" S0k TV Toooka Y Toooka V)
=-RAV)+12V)+ 13V)] = =7V
Ly — | 1000KQ o 1000KQ o 1000KQ o]
e _200kn( ) soom( ) 1000kﬂ( )

~[5(-2V) +23V) + 11 V)] = +3V

12
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S- Subtractor
The function of a subtractor is to provide an output proportional to the difference of two mput
signals. As shown in Fig. 7. The mputs are applying at the mverting and noninverting ternunals.

R, A k
\" et 4 A —

oY
\'2 i::\_, +

Fig. 7

Calculations

Accordmg to Superposition theorem;

vO=v0"+= "

where v’ 15 the output produced by v1 and vO" 15 that produced by v2.
. R : : : :

Now v, = - Rf v, (see mverting amplifier equation)

1
' R,
vy = [“ ] > (see nonmverting amplifier equation)
If Rf>>R1 an% RfR1 == 1. hence
Vy = el (v, —\'])

Further, IfF Rf=R1, then
v0 = (v2 — vl) = difference of the two mput voltages

Example: Find the output voltages of an OP-AMP mverting adder for the following sets of
mput voltages and resistors. In all cases, Rf =1 MQ.
vl==3V,y2==3V,v3==2V:R1=250KQ R2=500KQ R3=1M © (ans. Vo=tv)
Example: Dezign an OP-AMP curcuit that wall produce an output equal to — (4 vl =v2 =0-1v3).
Write an expression for the output and sketch 1ts output waveform when vl =2 smm e, v2 ==5V
de and v3 =-100 Vde.

Solution:

R, R, R
v, = - 71 v, + IT_ v, + RE v, (1)
My = & (4 v, tv,+ 0-1 \'3) ~(2)

Companng equations (1) and (2), we find,

13
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R R R
R A R Y B

R] S RZ‘. R3

Therefore if we assume Rf = 100 K., then R1 =25 K, R2 = 100 X and R3 = 10 K. With there
values of R1, R2 and R3, the OP-AMP circuit 1s as shown 1n Fig. 8 (a).
£
+5V

Vo
_95\.(\(/_\7/\75\/5‘_/__

“100Vf — - — = — = — = — - Vy

ol
+0 &

(a) (b)
Fig. 8

With the given values of vl = 2 sin @f. v2 = + 5V, v3 = — 100 V dc. the output voltage,
v0 = 2sin @+ 5 — 100 = 2 sin @f — 95 V. The waveform of the output voltage 1s sketched as
shown in Fig.8 (b).

6- Integrator

The function of an integrator 1s to provide an output voltage which 1s proportional to the
integral of the input voltage. A simple example of integration 1s shown in Fig. 9, where mnput 1s
dc level and 1ts integral 1s a linearly-increasing ramp output. The actual integration circuit 1s

similar to the inverting circuit except that the feedback component is a capacitor C instead of
a resistor Rf.

R, C
S—Am—3 i
. b 4 ]

Vin jl

O
Vo
'}
Input
" = Intcgrator Output
Fig. 9
Calculations

As before, If the op amp 1s 1deal, point 4 will be treated as virtual ground, and v;, appears across
R.l. Thus

14
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dv, dv,
= —— , —_nr
ar ar (since v=-v,)

But, with negligible current into the op amp. the current through R1 = current flow through C.
Then

Yo _ —cﬂ > dv,= —Lvmdt > V= L [v,-,,dr

R, dt Rc Rc*
It 1s seen from above that output (left-hand side) 1s an integral of the input. with an inversion
and a scale factor of 1/CR;. This ability to integrate a given signal enables an analog computer
solve differential equations and to set up a wide variety of electrical circuit analogs of physical
system operation.
Note: we can integrate more than one input as shown below 1n Fig. 10. With multiple inputs,
the output 1s given by

Vo (1) = —[Kl [w@dr+k, [vy@dr+k [vs @ dr]

where K, = 1 and K= L

CR,

1
— K,
CR’"? CR,

Fig. 10

Example: A 5mV. 1-kHz sinusoidal signal 1s applied to the input of an OP-AMP integrator, for
which R =100 K and C =1 uF. Find the output voltage.

Solution:
| 1
— = =-=10
CR 10°x107°

The equation for the sinusoidal voltage 1s
v, = 5sin2 nft =5 sin 2000 7t
Obviously. 1t has been assumed thatat =0, v, =0
—cos 2000 7z
2000

T

r
Vo) = —10 IOS sin 2000 @ = —50‘

0

= ——1 (cos2000mr—1)
40m

7- Differentiator
Its function 1s to provide an output voltage which 1s proportional to the rate of the change of
the input voltage. It 1s an inverse mathematical operation to that of an integrator. As shown in

15
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Fiz. 11, when we feed a differentiator with linearly-increasing ramp mput, we get a constant de
output.

1 tiator circuit can be obtained by interchanging the resistor and capacitor of the
imntegrator circuit.

C A R
+0—} *—> AN

\'“ v

Y = “a
> —oO-
.* i Vo
o ® + Ougput
[aput
Diffeseatnator
Fig. 11

Calculation:

The expression for the output signal of the mverting differentiator amplifier assunung the op
amp 15 ideal can be denved as follows:

Takmg pomt 4 as virtual ground, consequently. v, appears across capacitor (Vi=v.)

1= cﬂ = Civ‘
dt dr
Taking point A as virtual ground
o d dv
Vo =—iR=—(C- ;;)R=—CR. dtc

Example 68.6. The input 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 voltage is
v, = 5sin2mx 1000 =5 sin 2000 mt mV

1
scale factor CR=10°x10"=01 Vi o— _

vo = 01 % (5 sin 2000 79) = (0-5 x 2000 ) cos 2 %
2000 wtz= 1000 7 cos 2000 r mV Fig. 68.18

As seen, output is a cosinusoidal voltage of frequency 1 kHz
and peak value 1000 T mV.
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