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CHAPTER 5
OPERATIONAL AMPLIFIER
FUNDAMENTALS

INTRODUCTION

* The term operational amplifier, or op-amp, was originally
applied to high-performance DC differential amplifiers that
used vacuum tubes.

* These amplifiers formed the basis of the analog computer,
which was capable of solving differential equations.

* Early operational amplifiers (op-amps) were used primarily to
perform mathematical operations such as addition,
subtraction, integration, and differentiation, hence the term
operational.
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INTRODUCTION

* In the present day the term operational amplifier is used to refer to
very high gain DC coupled differential amplifiers with single-
ended outputs.

» Most of these amplifiers appear in integrated circuit form. Today’s
op-amps are linear integrated circuits that use relatively low supply
voltages.

*» Except for the reduction in size and cost, the function of today’s op-
amp has changed very little from the original version.

* The first series of commercially available op-amps was uA702,
introduced by Fairchild Semiconductor (later bought over by
National Semiconductor) in 1963.

* In 1965, National Semiconductor had introduced the LM101, while
Fairchild unveiled the ever-popular uA741 in 1967.

* The 741 series op-amp remains until today. 3

OP-AMP SYMBOL AND EQUIVALENT

+
CIRCUIT Vee
Inverting _
input
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(a) Basic symbol (b) Symbol with dc supply

Figure: Symbol for op-amp
* The circuit symbol for the op-amp is a triangle with two inputs and
one output.

* The minus (-) and plus (+) at the input specifies the inverting and
non-inverting inputs respectively.

* The former will produce an inverted output, while the Iatter
producing an output of the same polarity as that of the appligd
input.
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OP-AMP SYMBOL AND EQUIVALENT
CIRCUIT

» The op-amp, being an active element, must also be powered by a
voltage supply.

+Vee

"

Ground

T v

Figure: Dual, or split voltage power supply used with op-amps

OP-AMP SYMBOL AND EQUIVALENT

CIRCUIT _
The equivalent circuit of an op-amp: ] 5
Vm Zm Vout
¥

Figure: Approximate equivalent circuit of a non-ideal op-amp

» The op-amp amplifies the voltage difference between non-inverting
and inverting input. It senses the difference between the two inputs,
and produces an output which forms the product of both the
difference vy, and the gain Ag, .

Vo=Ag (V,-V)=Aq Vp [1]
where

Ao, =open-loop voltage gain

Z,, = output impedance

Z,, = input impedance

* A, is called the open-loop voltage gain because it is the gain of the
op-amp without any external feedback from the output to the input.
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IDEAL OPERATIONAL AMPLIFIER

The ideal op-amp would be expected to have the following
important characteristics:

Z
out
Vin Z, @ O Vout

o Infinite open-loop voltage gain, A, — .
o Infinite input impedance, Z,, —» .
o  Zero output impedance, Z, — 0.

o Infinite bandwidth, Ao, remains unchanged from DC to very high frequency.

o Zero offset voltage, zero input (V+=V.) produces zero output.

o Infinite common-mode rejection only amplifies voltage difference between non-
inverting and inverting input. 7

5.1 IDEAL OPERATIONAL
AMPLIFIER

ZDU[
Vin Z, @ o Vou

The ideal characteristics in turn form the basis for two fundamental
rules of an ideal op-amp:

1. no current flows into either of the input terminal
2. there is no voltage difference between the two input terminals

While in practice, no commercial op-amp can meet these 6 ideal
characteristics, it is still possible to achieve high-performance circuits
despite this fact.
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5.2 IDEAL INVERTING
AMPLIFIER

Rr

e Thefeedback
netwaork

il

Figure: Ideal inverting amplifier.

» The schematic of an inverting amplifier using op-amp with negative
feedback is shown in Fig above.

* The feedback network consists of a single resistor Rg while R; is
usually known as the input resistor.

» A small signal at the input will be amplified, and its polarity inverted,
hence the name inverting amplifier. 9

IDEAL INVERTING AMPLIFIER (ANALYSIS)

» Assuming ideal op-amp, the input impedance for inverting input will
be infinite.

* There will be no current flowing into the inverting input (V). Applying
Kirchhoff Current Law (KCL) at the inverting input:

V,-V. V_-V,
== =
R- R,

NN+
Y AAAA l V.
+— —>

I
=0 —

Figure: Current flow convention
10
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IDEAL INVERTING AMPLIFIER (ANALYSIS)
V,-V_ V_-V,

== =
R: R,

Figure: Current flow convention

*Since V, is at ground potential, voltage V. must also be
approximately zero volts. This is what we term as ‘virtual ground’,
which essentially means that the negative terminal is at zero volts,
but it does not provide a current path to ground i.e. it is not directly
connected to ground potential.

11

IDEAL INVERTING AMPLIFIER (ANALYSIS)
V.-V V. -V,
f— =

I, =1
1 F
RF Rl Rr Ir
‘—
Ri
AW v
-« | .
11/ \«"— 1\"'o
=0 —
Since V. = 0 (virtual ground), Figure: Current flow convention
Vo __ Vi
R. R
And we have the closed-loop gain
Y Re
Au=r=mg [2]
Note the negative in Eqn. (2) which account for the reversal of
polarity of the output signal. 12
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IDEAL INVERTING AMPLIFIER (ANALYSIS)
Example

Given the op-amp configuration in Fig. below, determine the value of
R; required to produce a closed loop voltage gain of —100.

R,

Ri
2.2k 0V,
Vin

Solution
Knowing that R, = 2.2kQ and A, =-100

R
Ao =-—" R, =—Ay R, =—(~100)2.2k) = 220k

13

5.3 IDEAL NON-INVERTING AMPLIFIER

* As opposed to the inverting amplifier, the non-inverting amplifier will
amplify a small input signal with no polarity reversal at the output.

Rr

Figure: Ideal non-inverting amplifier
* Again, assuming ideal op-amp, the input impedance for inverting
input will be infinite.
* There will be no current flowing into the inverting input. Using the
current convention and applying KCL at the inverting input:
V,-V. V.

=1 =>-° "=
1 F
R, R, "
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IDEAL NON-INVERTING AMPLIFIER

Rr

Figure: Ideal non-inverting amplifier

SinceV.=V, =V,

V.-V, V,
—_— = Note: with ideal op-amp there is no

RF Rl restriction on the values of R. and R,
because closed loop gain A, is only
dependent on the ratio of R and R;.

And we have .
However there are several practical

vV R considerations that should be kept in
ACL —_0 _| F +1 13] mind when we actually build the circuit
V. R using real op-amps. More will be

! 1 discussed on this later. 15

5.4 IDEAL VOLTAGE FOLLOWER

V.
L
v, |

Figure: Ideal voltage follower

« From Eqgn. (3), when R goes to zero and R, approaches infinity,
the closed loop gain A, becomes one or unity.

* In this case the output voltage actually follows the input voltage,
hence the name voltage follower.

The reader might ask what is the purpose of having an amplifier with
a voltage gain of one?

16
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IDEAL VOLTAGE FOLLOWER

* In many instances, the voltage follower is useful as a buffer.

* The input impedance of the voltage follower is essentially infinite
while the output impedance is zero. As an example, consider the
case below.

Byw 100 kG } :

" | kE2 [_,\ " S ita
] !y ;n ,

Source | r;u’- —l-

(a) (b}

WA~

"N

|

Figure: (a) source with a 100kQ output resistance driving a 1kQ load, and
(b) source with a 100k output resistance, voltage follower, and 1kQ load

17

IDEAL VOLTAGE FOLLOWER

fyw 100 K62 [
l

I—AAA—

(a) (b}

=0.01

* In (a), the ratio of output voltage to input voltage is:

v, R 1

v, R +R; 1+100
There is severe loading effect, whereby the output signal undergoes
high attenuation.
VO
* In (b) however, V— =1
i

due to the presence of the buffer, hence the loading effect is

eliminated. 18



IDEAL SUMMING AMPLIFIER

Rr

WAVAVAVANS

Ry

\SRWAVAVAVAN V.
b \;r

R2 v .
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Figure : Ideal inverting summing amplifier

» The output of the summing amplifier is proportional to the algebraic
sum of its separate inputs.

* It is frequently called a signal mixer as it is used to combine audio
signal from several microphones, guitars, tape recorders, etc., to
provide a single output.

* There are two types of summing amplifiers, the inverting and non-
inverting.

* We will consider the inverting summing amplifier first. 10

5.5 IDEAL SUMMING AMPLIFIER

ANAL

R

ASRWAVAVAVAY V.
— v,

R vy,
v, NWAL_§

Rs -
vi /M

Figure : Ideal inverting summing amplifier
Similar to the analysis of the inverting amplifier, by applying KCL at
the inverting input of the op-amp, we obtain:
V,-V_ V.-V, +V7 -V, +V7 -V,

R, R, R, R, y
Taking V. as virtual ground,
v, :—RF(V1+V2+V3J 5]
Rl RZ R3
In the special case when R, = R, = R; = R,
V,=—(V,+V, +V,)  [6] 20
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Example
Refer to Fig. below. Determine the following:
(a)Vg, and Vg, R,
(b)Current through R; oo
(C)Vout R,
+1V
22k :1>4ovout
R2
+1.8V
22k L
Solution
(@) Vg, =1V Vg, = 1.8V
1 1.8
b) I,=—=455 I, =—— =818
) Te=osp HA oy =2 HA

I, =lo + 1, = 4555 +81.8: =127 uA

(€) V,, =—1R, =—(127 u)(22k) = -2.80Vv

or V. =-V, +V,)=-(1+18)=-2.80v N

* In addition to the inverting summing amplifier, it is possible to have
a non-inverting summing amplifier, as shown by the schematic in
Fig. below.

R, Re
- v
Vi N Vﬁ/—”i Ve
V. VNI
Vi A

Figure: Ideal non-inverting summing amplifier

* Derivation of the expression for the output voltage will be left to the
reader as an exercise. Superposition theorem is needed to find the
total voltage for V,.

* The expression for V, is given as:

V, :%(V1 +V, +A +V, {i—ﬂlj [7]

1 22

11
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5.6 IDEAL DIFFERENCE AMPLIFIER

+ a difference or differential amplifier has input voltages that
eare applied simultaneously to both the inverting and non-
inverting inputs. Its output voltage V, is proportional to the
voltage difference (V, — V;). An ideal difference amplifier
only amplifies the difference between two signals.

Applying KCL at the inverting input:

V,-V. V. -V,
R, R,

V
v =Ry Ry
Rl Rl

R, and R, form a voltage divider at the non-inverting input, therefore:
i
R; +R,

V,=V for an ideal op-amp, and substituting Eqn. we get:

R,(Ri+R,) |, R,

Vv,

i Rl(R3+R4) i R, 1

Vo — &(V2 _Vl) Now if we make R; =R, and R, = R,,

1

Here the ratio R,/R; is referred to as the differential gain. When all
resistors are equal

Vo :Vz _Vl

Such acircuit is called a unity-gain analog subtractor.

24

12
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5.7 IDEAL INTEGRATOR

I

The current across capacitor Cr from Vy to V. is:

dv,-v.)

' B

Applying KCL at the inverting input and using the virtual ground concept:

i=C,

¢ drnv) V.
dt R
| |
V=) h
dt  RC;
-1
or V.()-V(0)= V.(r)dr
RICJ
25
26

13
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5.8 IDEAL DIFFERENTIATOR

B

I !c

Figure " : Ideal differentiator

The current across capacitor Ci from V. to Vj is:
i d7=T)
dt
Applying KCL at the inverting input,
dv_-v,) v, -7

Cl
dt R,
Since V.=0, ¥, = -R,C, % 2
t

Example
A triangular waveform is applied to the input of the circuit in Fig. 18 as shown.

Determine what the output should be and sketch its waveform in relation to the input.

R
WA
10k
]
o—i—
0.001pF OV,
0 10ps
Figure 18
Solution
V,.=—-RC v =—(10k .}(0.001)[1 ) av, = _1x107F dr, v,
) dt ' Codt At o
From time Os to Sps,
3 0
Vol'r :_1X10_: i =-101 v Ons
) Su 2
From time Sps_to 10us, BT
V.. =—1><10'5_—5=10V 0
‘ Su 28
=10V L

14



5.9 IDEAL CURRENT TO VOLTAGE
CONVERTER

From the usual approach of

applying virtual ground and
KCL, it it evident that the

o Y/
output voltage V, is given | ] 0
as: I

V. =-R.| -

0__

29

5.10 IDEAL VOLTAGE TO CURRENT
CONVERTER

« From the usual approach of applying virtual ground and
KCL, it it evident that the load current i, is given as:

R

V. LW

V,

0o

Vs

30
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* Example

» A voltage to current converter can be used as a dc
voltmeter. Fig. 24 shows a dc voltmeter, where a moving
coil meter is conntected as the load. The full scale
current of the moving coil is I, = 200pA. Determine the
value of R, to give a full-scale reading of Vg, = 300V.

Solution Vs
|Ll
1 =Y "
L=
Rl
R _ Vsmay _ 300 ~1.5MQ
Yo, 2004

31

5.11 IDEAL INSTRUMENTATION

AMPLIFIER
1+ R4
V1 ]
- Vo2
R3
R2
Wl N —
R3 +
§ R1 Vo
R2 R4
W §
Vol N

32
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. . . .V, -V,
The current in resistor Ry is given by: 1, = IR 2

1

The output voltages of the first stage op-amps are:

v,=v, +1,R, =[1+RJ \I\-'l R 2
1} Rl

v, =v, R, =[1+RJ }\-‘1 _& v,
Rl} Rl

We have seen previously that the output of a difference amplifier is given as

R, \
Vv, = R (1’91 V)

3

[25]

[26a]

[26b]

(27]

Combining Eqns. (26a). (26b), and (27), the output voltage for the instrumentation

amplifier is found to be:

2 |
v, =& 1+ﬁ‘|l{\.‘1 -V ]
R, 2T

1

28]

From Eqgn. (28), it can be seen that the differential gain is a function of
resistor R;, which can easily be varied by using a potentiometer, thus
providing a variable amplifier gain with the adjustment of only one

resistance.

33

34
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Schmitt Trigger
Circuit

SCHMITT TRIGGER CIRCUIT

# A Schmitt Trigger can be considered as a comparator with variable
threshold or reference voltage.

i

# |tis often known as a squaring circuit. It is used to converta
regular or irregular waveform into a square or pulse waveform.

% |ts input signal is a varying AC voltage.

% |ts output has two opposite stable states i.e. High and Low.

+y
]

/’\ """"" AN
R4 | ——Y input
gta) -
L] e
= —IVI aut OUt Ut
» -
R, xY

Dr. Wael Salah
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SCHMITT TRIGGER CIRCUIT

The input/output waveforms are described as follows:

1) When the input makes a positive-going
transition past a specified voltage, the output of the
Schmitt trigger goes from (-V,, to +V, ;).

The input voltage at which this change occursis © UTP
called the Upper Trigger Point (UTP). LTP

2) When the input makes a negative-going
transition past a specified voltage, the output of
the Schmitt trigger goes from (+V,; to -V )

The input voltage at which this change occurs is +V
called the Lower Trigger Point (LTP).

37

Dr. Wael Salah

Input voltage levels that fall between these two trigger points
do not affect the output of the Schmitt trigger.

Once the UTP is exceeded, the output will not change its
state until the input makes a negative-going transition that
passes the LTP. The opposite is also true for the LTP .

The voltage difference between the UTP and LTP =
hysteresis.

38
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SOME OF THE SCHMITT TRIGGER

CHARACTERISTICS:

UTP and LTP levels are determined by the component
values in the circuit such as the R;, R, +V.

UTP and LTP values may or may not be equal

LTP value can never be greater (more positive) than
UTP.

The output from a Schmitt trigger changes when:
o The UTP is reached by a positive-going transition.
o The LTP is reached by a negative-going transition.

39

Dr. Wael Salah

SCHMITT TRIGGER CIRCUITS

(I) Noninverting Schmitt Triggers

" \ \ UTp

VoA e

B +V aut E
R, _Vm — L -

/ LTP

40
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