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Chapter 5:
Operational Amplifiers

SEE 2253: ELECTRONIC CIRCUITS
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5.0  The Operational Amplifiers
Usually Called Op-Amps.
An amplifier is a device that accepts a varying input 
signal and produces a similar output signal with a 
larger amplitude.
Usually connected so part of the output is fed back 
to the input (Feedback Loop).
Most Op-Amps behave like voltage.
They are the basic components used to build analog 
circuits.
The name “operational amplifier” comes from the 
fact that they were originally used to perform 
mathematical operations such as integration and 
differentiation.
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The Operational Amplifiers (continue…)
Integrated circuit fabrication techniques have made 
high-performance operational amplifiers very 
inexpensive in comparison to older discrete devices.
Op-Amp is a very high gain differential amplifier with 
a high input impedance (typically a few mega-Ohms) 
and low output impedance (less than 100 Ohms).
Note the op-amp has two inputs and one output.
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5.1 Typical Op-Amps
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5.2 The Op-Amp Gain
Op-Amps have a very high gain. 
They can be connected open-loop or closed-loop.

OpenOpen--looploop refers to a configuration where there 
is no feedback from output back to the input. In 
the open-loop configuration the gain can exceed 
10,000.
ClosedClosed--looploop configuration reduces the gain. In 
order to control the gain of an op-amp it must 
have feedback. This feedback is a negative 
feedback. A negative feedback reduces the gain 
and improves many characteristics of the op-amp.
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i(+), i(-) :  Currents into the amplifier on the inverting and 
non-inverting lines respectively.

vid : The input voltage from inverting to non-inverting inputs.
+VCC , -VEE :  DC source voltages, usually +15V and –15V.
Ri :  The input impedance.  Ideally infinity.
A : The gain of the amplifier.  Ideally infinity. 
RO: The output impedance.  Ideally zero.
vO: The output voltage, vO = AOLvid where AOL is the open-

loop voltage gain.

+VCC

-VEE

vid

Inverting

Non-inverting

Output

+

_i(-)

i(+)

vO = Advid

RO
ARi
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5.3 The Op-Amp Transfer Curve

VO

+VCC

−VCC

V+ − V−

-ve saturation

+ve saturation

Linear region where
VO = AO(V+ − V−)
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5.4 Ideal Op-Amp Characteristics
High open-loop gain, (AOL=∞).
High input impedance, (Ri = ∞).
Low output impedance, (Ro = 0).
Output saturation voltage, ±Vo(sat) is equal to input 
supply voltage, ±VCC.
High CMRR (∞).
High bandwidth, (BW = ∞).
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• Input offset voltage
• Output offset voltage due to input offset current
• Total offset voltage due to input offset voltage 

and input offset current
• Input bias current

Even when the input voltage is zero, there will be an 
output called offsetoffset. The following can cause this 
offset:

5.5 OpOp--Amp SpecificationsAmp Specifications
——DC Offset  ParametersDC Offset  Parameters
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The specification sheet for an op-amp indicate an input 
offset voltage (VIO).

The effect of this input offset voltage on the output can 
be calculated with:

1

f1
IOo(offset) R

RRVV +
×=

Input Offset Voltage (VInput Offset Voltage (VIOIO))
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• The input offset Current (IIO) is specified in the 
specifications for the op-amp.

• The effect on the output can be calculated with

     RI  V fIO)I to due o(offset IO
=

If there is a difference between the dc bias currents for 
the same applied input, then this also causes an output 
offset voltage:

Output Offset Voltage Due to Input Offset Output Offset Voltage Due to Input Offset 
Current (ICurrent (IIOIO))
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Op-amps may have an output offset voltage due to 
both factors VIO and IIO. The total output offset 
voltage will be the sum of the effects of both:

)(O)ue to VO(offset dO(offset) VVV
IO IOI to due offset+=

Total Offset Due to VTotal Offset Due to VIOIO and Iand IIOIO
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A parameter that is related to input offset current (IIO) is 
called input bias currentinput bias current (IIB)

The separate input bias currents are:

The total input bias current is the average:

2
III IO

IBIB +=+

2
II I IO

IB −=−
IB

2
III IBIB

IB

+− +
=

Input Bias Current (IInput Bias Current (IIBIB))
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An op-amp is a wide-bandwidth amplifier. The 
following affect the bandwidth of the op-amp:

• Gain
• Slew rate

OpOp--Amp SpecificationsAmp Specifications
——Frequency ParametersFrequency Parameters
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The op-amp’s high frequency 
response is limited by internal 
circuitry. The plot shown is for 
an open loop gain (AOLor AVD). 
This means that the op-amp is 
operating at the highest 
possible gain with no feedback 
resistor.

In the open loop, the op-amp 
has a narrow bandwidth. The 
bandwidth widens in closed-
loop operation, but the gain is 
lower.

Gain and BandwidthGain and Bandwidth
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Is the maximum rate at which an op-amp can change 
output without distortion.

OR

A limitation of the maximum possible rate of change of 
the output of an op-amp.

Slew Rate is independent of the closed-loop gain of the 
op-amp.

The SR rating is given in 
the specification sheets 
as V/µs rating.sV/     

∆t
∆VSR o µ=

Slew Rate (SR)Slew Rate (SR)
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∆t
∆VA

∆t
∆V

VAV

i
CL

o

iCLO

=

=

Example:Example:
An op-amp has SR = 2V/µs. Determine ACL if vi changes
by 0.5V/10µs?.

40
s10

0.5V
s

2V
 

∆t
∆V

SR 

∆t
∆V

∆t
∆V

A
ii

o

CL =
µ

µ===∴

This means that for ACL greater than 40 will cause a
distortion at the output.
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The slew rate determines 
the highest frequency of the 
op-amp without distortion.

where VP is 
the peak 
voltagePV2

SRf
π

≤

Maximum Signal FrequencyMaximum Signal Frequency

Example:Example:
An op-amp has SR = 0.5V/µs and a supply voltage ±15V.
What is the maximum frequency before distortion occur?

( ) kHz3.5=
π

µ
≤

π
≤

152
s0.5V/

V2
SRf

P
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v

t

desired output 
waveform

actual output 
because of slew 

rate limitation

∆t

∆v

The picture above shows exactly what happens when 
the slew rate limitations are not met and the output of 

the operational amplifier is distorted.

SR = ∆v/∆t = m  (slope)
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These are commonly 
the maximum ratings 
for the op-amp.

Absolute RatingsAbsolute Ratings
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Note these ratings are for specific circuit conditions, and 
they often include minimum, maximum and typical 
values.

Electrical CharacteristicsElectrical Characteristics
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One rating worth mentioning that is unique to op-amps 
is CMRR or commoncommon--mode rejection ratiomode rejection ratio.

Because the op-amp has two inputs that are opposite 
in phase (inverting input and the non-inverting input) 
any signal that is common to both inputs will be 
cancelled. 

A measure of the ability to cancel out common signals 
is called CMRR.

CMRRCMRR
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5.6 Op-Amp Advantages
No external element is needed for stability.
Gain value varies with feedback to one of the inputs.
AC signal can be amplified without biasing.
Output nearly zero when input is zero.
Output can be in phase or 180o out of phase with 
input.
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5.7 Op-Amp Linear Applications
- Inverting Amplifier
The signal input is applied to the inverting (inverting (––) input) input..
The nonnon--inverting input (+)inverting input (+) is grounded.
The resistor Rf is the feedback resistorfeedback resistor. 
It is connected from the output to the negative 
(inverting) input. This is negative feedbacknegative feedback.
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Inverting OpInverting Op--Amp GainAmp Gain
Gain can be determined from external resistors: Rf
and R1.

0VV
0V
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R
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•The negative sign denotes a 180°
phase shift between input and output.

••Point Point PP is known as virtual  ground.

P
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5.8 Virtual Ground And Virtual Short Circuit5.8 Virtual Ground And Virtual Short Circuit
An understanding of the 
concept of virtual groundvirtual ground
provides a better 
understanding of how an 
op-amp operates.

Virtual groundVirtual ground refers to 
one of op-amp input 
terminals that is virtually 
connected to ground due to 
the other input terminal that 
is physically connected to 
ground.

The non-inverting input pin 
is at ground. The inverting 
input pin is also at 0V for 
an AC signal.



14

27

SEE 2253 OPERATIONAL AMPLIFIERS

The op-amp has such high input impedance 
that even with a high gain there is no current 
from inverting input pin, therefore there is no 
voltage from inverting pin to ground—all of 
the current is through Rf.

Virtual short circuitVirtual short circuit means that whatever 
voltage that appears at the non-inverting 
input terminal will automatically appear at the 
inverting input terminal because of the very 
large open-loop gain.
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5.9 Practical Op5.9 Practical Op--Amp CircuitsAmp Circuits
These op-amp circuits are commonly used: 

Inverting amplifier
Non-inverting amplifier
Unity follower
Summing amplifier
Integrator
Differentiator
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Inverting AmplifierInverting Amplifier
The output voltage is the gain times the input 
voltage. 
What makes an op-amp different from other 
amplifiers is its impedance characteristics and gain 
calculations that depend solely on external resistors.
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NonNon--Inverting AmplifierInverting Amplifier
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OVV =−

1VV =+

+− =∴ VV

1O VV =

1
V
V

1

O =∴

Unity FollowerUnity Follower
Any amplifier with no gain or loss is called a unity unity 
gain amplifiergain amplifier.
The advantages of using a unity gain amplifier: 

Very high input impedance
Very low output impedance
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Inverting Summing AmplifierInverting Summing Amplifier
The output is the sum of individual signals times the 
gain:
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( )321O VVVV ++−=

If  R1 = R2 = R3 = R f

For  N  numbers of input: 

)⎜⎜
⎝

⎛
++++−= N

N

f
3

3

f
2

2

f
1

1

f
O V

R
R.......V

R
RV

R
RV

R
RV

And if  R1 = R2 = R3 = Rf = ……= RN

( )N321O V.......VVVV ++++−=

34

SEE 2253 OPERATIONAL AMPLIFIERS

VO

_

+

R1

Rf

AV = ∞

V−

V+RA

RB

VA

VB
B

BA

A
A

AB

B

I

f
O

V
RR

RV
RR

RV

V
R
R1V

+
+

+
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

+

+

⎥
⎦

⎤
⎢
⎣

⎡
+

+
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= B

BA

A
A

AB

B

I

f
O V

RR
RV

RR
R

R
R1V

NonNon--Inverting Summing AmplifierInverting Summing Amplifier



18

35

SEE 2253 OPERATIONAL AMPLIFIERS

1
31

3

2
42

4
O

42

2

V
RR

RV

V
RR

RV
RR

RV

+
=

+
+

+
=

+

−

⎥
⎦

⎤
⎢
⎣

⎡
+

−
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= 2

42

4
1

31

3

2

4
O V

RR
RV

RR
R

R
R1V

21O

4321

VVV
RRRR

−=

===If

Subtracting AmplifierSubtracting Amplifier

1
31

3
2

42

4
O

42

2 V
RR

RV
RR

RV
RR

R
VV

+
=

+
+

+

= +−

36

SEE 2253 OPERATIONAL AMPLIFIERS

Exercise:Exercise:
Name the function of each op-amp.
Determine vo1, vo2, vo3, vo4 and vo5.

1KΩ

1KΩ
1KΩ

1KΩ

2KΩ

2KΩ

1KΩ

2KΩ

2KΩ

2KΩ

2KΩ

2KΩ

2KΩ

0.5KΩ
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Vi
_

+

5K

1µF

AV = ∞ Vo

−10V
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063O dt4
)101)(105(

1)t(V

t8.0)0t4(2.0 −=−−=

V8)10)(8.0(V ms10to −=−==

If capacitor initially uncharge,  

Vout = 0  at t = 0.

Example : Example : Plot VO(t) and VC(t) versus t.
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Vi(t)

t(ms)
10 20 30

+4V

Vo(t)

t(ms)
2010 30

−8V

Vc(t)

t(ms)
10 3020

+8V

Vc(t)  = −Vo(t)
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Example : Example : Determine Vo(t).
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IS is a function of temperature and its value defer 
between diodes.  In order to overcome this problem, 
replace the diode with a transistor.

)
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Example : V1 x V2

Log(V1 x V2) = log V1 + log V2

Log And Antilog Amplifiers ApplicationLog And Antilog Amplifiers Application
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Example :

Log          = log V1 - log V2

2

1

V
V

)
V
V(
2

1

2

1

V
V
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Current to Voltage ConverterCurrent to Voltage Converter
This is simply another way of applying the op-amp 
operation. 
Whether the input is a current determined by Vin/R1
or as I1:
For example output from photodiode or 
photodetector.

L1RI−=oVor

1

f

R
R−

=oV
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Voltage to Current ConverterVoltage to Current Converter
This is opposite to current to voltage converter. 
For example to drive magnetic coil.

The output current is:

1
1

1
o kV

R
VI ==
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5.10 Op-Amp Non-Linear Applications
- Comparator Circuit
Comparators have two inputs and one output.
The operation is a basic comparison. 
The output swings between its maximum and minimum 
voltage, depending upon whether one input (Vin) is greater or 
less than the other (Vref).
The output is always a square wave where:

The maximum high output voltage is +VSAT.
The minimum low output voltage is –VSAT.
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Since AO = ∞, VO will become maximum i.e either at 
+VOsat or -VOsat.
If input V+ > V- , then VO = +VOsat. 
If input V- > V+ , then VO = -VOsat.

+VCC

-VCC

V-

V+

VO = AOL (V+ - V-)Vd
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Since AO = ∞, 
VO will become 
maximum i.e
either at +VOsat
or -VOsat.
If input V+ > V- , 
then VO = +VOsat. 
If input V- > V+ , 
then VO = -VOsat.
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VO

+VOsat

-VCC

+VCC

-VOsat

Vd
Practical Transfer 
Characteristics

• For ideal Op-Amp, ±VOsat= ±VCC. 
• But in practice ±VOsat usually 1 or 2 volt less than 

±VCC.
• Only one input reference will be connected to either 

inputs of op-amp while the other will be the required 
voltage that need to compare.



28

55

SEE 2253 OPERATIONAL AMPLIFIERS

The comparator output switches to +Vosat = +Vmax when v+ - v- > 0 V, 
which corresponds to the time points where v+ rises through +6 V.  
The output remains high as long as v+ - v- > 0, or v+ > 6 V. 
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For a non-inverting op-amp
comparator:

• The output goes to +VSAT when input 
Vi is greater than the reference 
voltage.

• The output goes to –VSAT when input 
Vi is less than the reference voltage.

Example:Example:

• Vref in this circuit is +6V (taken from the voltage divider)
• +VSAT = +V, or +12V
• -VSAT = -V or –12V

When Vi is greater than +6V the output swings to +12V and the LED
goes on.  When Vi is less than +6V the output is at –12V and the
LED goes off.

NonNon--Inverting OpInverting Op--Amp ComparatorAmp Comparator
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For an inverting op-amp comparator:

• The output goes to –VSAT when input 
Vi is greater than the reference 
voltage. 

• The output goes to +VSAT when input 
Vi is less than the reference voltage.

Example:Example:

• Vref in this circuit is +6V (taken from the voltage divider)
• +VSAT = +V, or +12V
• -VSAT = -V or –12V

When Vi is greater than +6V the output swings to -12V and the LED
goes off.  When Vi is less than +6V the output is at +12V and the
LED goes on.

Inverting OpInverting Op--Amp ComparatorAmp Comparator
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t

Vi

+Vm

-Vm

Vi

Vref

Vo

+VC
C

-VCC

Example:Example:
Draw the output waveform, vo for the given 
sinusoidal input as shown if (i) Vref = 0 and (ii) Vref = 
Vm/2
Assume ±VOsat =  ±VCC.
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Vi Vi

+Vm+Vm

-Vm
-Vm

+VCC

-VCC

Vref

Vo

+VCC

Vo

-VCC

Vref t

t
t

t

(i) (ii)
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False trigger

Vref

0 V

0 V t

t

+VOsat

Comparator has problem with noise.
If input voltage, Vi is superimposed with 
noise, this will cause a false triggering.
One way to overcome this is by using 
Schmitt Trigger.
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Vref

VO

Vi

V+

R1
R2

21

1O

21

2ref

RR
RV

RR
RVV

+
+

+
=+

When Vi<V+, then VO = + VOsat

UTP
21

1Osat

21

2ref V
RR
RV

RR
RVV =

+
+

+
=+

VUTP is known as Upper Trigger voltage

Schmitt TriggerSchmitt Trigger
Comparator with positive feedback will form a 
Schmitt Trigger.
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If vi increases, output voltage vO= +VOsat and stays at this 
value until vi = V+ = VUTP. 
Beyond this point, if vi keep increasing, then vi is larger 
than VUTP. 
vO will change to -VOsat. 
This is shown in the diagram below:

+VOsat

-VOsat

VO

VUTP

Vi



32

63

SEE 2253 OPERATIONAL AMPLIFIERS

When vi > VUTP, output vO = -VOsat, then output at V+

terminal:

VLTP is known as Lower Trigger voltage

+VOsat

-VOsat

VO

VUTP

Vi

LTP
21

1Osat

21

2ref V
RR
RV

RR
RVV =

+
−

+
=+

64

SEE 2253 OPERATIONAL AMPLIFIERS

vO = -VOsat and stays as long as vi > VLTP. 
But if vi is reduce to vi = VLTP and keep reducing until 
vi < VLTP, then vO will change to +VOsat, and stay at 
that value as long as vi < VLTP.

+VOsat

-VOsat

VO

VLTP

Vi
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Diagram below shows the transfer characteristic for 
Schmitt Trigger.

• This shows that when vi < VUTP then  vO = + VOsat. 
• If vi > VUTP, output will change to vO = -VOsat. 
• At this point, compare vi with VLTP. 
• If vi > VLTP then vO = -VOsat and if vi < VLTP then vO = + VOsat

• In this situation, there are two references i.e VUTP and VLTP .

VLTP VUTP-VOsat

+VOsat

VO

Vi
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HysteresisHysteresis
Is a property that means a device behaves differently when its 
input is increasing from the way it behaves when its input is 
decreasing.
In other words, the output will switch when the input increases 
to one level but will not switch back until the input falls below a 
different level.
It is a desirable characteristic because it prevents the 
comparator from switching back and forth in response to 
random noise fluctuations in the input.
Quantitatively, the hysteresis voltage (VH) of a Schmitt trigger is 
defined as the difference between the input trigger levels. 
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20 kΩ 10 kΩ
6 V

Vi

VO

+10 V

-10 V

( ) ( ) V67.8
k20k10

k2010
k20k10

k106VUTP =
+

+
+

=

( ) ( ) V67.4
k20k10

k2010
k20k10

k106VLTP −=
+

−
+

=

Example:Example:
If vi = 10 sin ωt Volt, determine VUTP and VLTP.  
Sketch the output waveform and the transfer 
characteristic.
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8.67V-4.67V

+10V

-10V

VO

Vi

8.67V

-4.67V

VO

Vi

-10V

+10V

t

t



35

69

SEE 2253 OPERATIONAL AMPLIFIERS

Example:Example:
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Exercise:Exercise:
Determine vo1 and vo2.
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Exercise:Exercise:
Draw the output waveform of vo1 and vo2.


