NEUB CSE 213 Lecture 10: Operational Amplifier
An Operational Amplifier or op-amp is a versatile bit of circuit building block that has several uses in
the world of Electronics and computing. An op-amp can be used to build circuit to serve numerous
purpose including mathematical operation, comparator, etc.
The op amp is an electronic unit that behaves like a voltage-controlled-voltage source.
An operational amplifier is designed so that it performs some mathematical operations when
external components, such as resistors and capacitors, are connected to its terminals. Thus,
An op amp is an active circuit element designed to perform mathematical operations of addition,
subtraction, multiplication, division, differentiation, and integration.
The op amp is an electronic device consisting of a complex arrangement of resistors, transistors,
capacitors, and diodes. A full discussion of what is inside the op amp is beyond the scope of this
course. It will suffice to treat the op amp as a circuit building block and simply study what takes
place at its terminals.
Op amps are commercially available in integrated circuit packages in several forms. A typical one is
the eight-pin dual in-line package (or DIP), shown in Fig. 1a. Pin or terminal 8 is unused, and
terminals 1 and 5 are of little concern to us. The five important terminals are:
1. The inverting input, pin 2.
2. The non-inverting input, pin 3.
3. The output, pin 6.
4. The positive power supply V+, pin 7.
5. The negative power supply V−, pin 4.
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Figure 1 A typical 741 op-amp: (a) Pin configuration (b) Circuit symbol
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Figure 3 Equivalent circuit of an non ideal
op-amp

The equivalent circuit model of an op amp is shown in Fig. 3. The output
section consists of a voltage-controlled source in series with the output
resistance Ro. It is evident from Fig. 3 that the input resistance Ri is the
Thevenin equivalent resistance seen at the input terminals, while the output
resistance Ro is the Thevenin equivalent resistance seen at the output. The
differential input voltage vd is given by
𝑣𝑑 = 𝑣2 − 𝑣1 10.2
where v1 is the voltage between the inverting terminal and ground and v2is
the voltage between the non-inverting terminal and ground. The op-amp
senses the difference between the two inputs, multiplies it by the gain A, and
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The circuit symbol for the op amp is the triangle in Fig. 1b; as shown, the op amp has two inputs and
one output. The inputs are marked with minus (−) and plus (+) to specify inverting and non-inverting
inputs, respectively. An input applied to the non-inverting terminal will
appear with the same polarity at the output, while an input applied to the
inverting terminal will appear inverted at the output.
As an active element, the op-amp must be powered by a voltage supply as
typically shown in Fig. 2. Although the power supplies are often ignored in op
amp circuit diagrams for the sake of simplicity, the power supply currents
must not be overlooked. By KCL,
Figure 2Powering the op amp.
𝑖𝑜 = 𝑖1 + 𝑖2 + 𝑖+ + 𝑖− 10.1
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causes the resulting voltage to appear at the output. Thus, the output vo is given by
𝑣𝑜 = 𝐴𝑣𝑑 = 𝐴 𝑣2 − 𝑣1 10.3
A is called the open-loop voltage gain because it is the gain of the op amp without any external
feedback from output to input. Sometimes, voltage gain is expressed in decibels (dB)
𝐴 db = 20 log10 𝐴
The concept of feedback is crucial to our understanding of op amp circuits. A negative feedback is
achieved when the output is fed back to the inverting terminal of the op
amp. As Example 5.1 shows, when there is a feedback path from output
to input, the ratio of the output voltage to the input voltage is called the
closed-loop gain. As a result of the negative feedback, it can be shown
that the closed-loop gain is almost insensitive to the open-loop gain A of
the op amp. For this reason, op amps are used in circuits with feedback
paths.
A practical limitation of the op amp is that the magnitude of its output
voltage cannot exceed |VCC|. In other words, the output voltage is
dependent on and is limited by the power supply voltage. Figure 4
Figure 4 Op amp output voltage vo as a
illustrates that the op amp can operate in three modes, depending on the function of the differential input voltage vd.
differential input voltage vd:
1. Positive saturation, 𝑣𝑜 = 𝑉𝐶𝐶 .
2. Linear region, − 𝑉𝐶𝐶 ≤ 𝑣𝑜 = 𝐴𝑣𝑑 ≤ 𝑉𝐶𝐶 .
3. Negative saturation, 𝑣𝑜 = −𝑉𝐶𝐶 .
If we attempt to increase vd beyond the linear range, the op amp becomes saturated and yields
𝑣𝑜 = 𝑉𝐶𝐶 or 𝑣𝑜 = −𝑉𝐶𝐶 .
−𝑉𝐶𝐶 ≤ 𝑣𝑜 ≤ 𝑉𝐶𝐶 10.4
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Example 5.1 (Alexander)
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Block diagram of an op-amp
The figure below shows the block diagram of an op-amp

Figure 5 Block diagram of an op-amp

The Input Stage
The input stage consisting of "Dual Input Balanced Output Differential Amplifier".
This stage determines the Input Impedance of Operational Amplifier, having two inputs Inverting
and Non-Inverting.
In this stage Differential amplifier with a constant current source is used in order to Increase the
CMRR (common mode rejection ratio).
The Intermediate Stage
This stage also possestwo inputs but having only One Output. It is usually another Differential
amplifier, which is driven by the preceding Output.
This stage is commonly used to Increase the gain of amplifier. In the quiescent condition some dc
error voltage may appears on the Output of This stage.
The Level shifting stage
This stage is usually an Emitter Follower circuit in order to shift the error dc Level of preceding stage.
This stage eliminates the chance of signal distortions.
The Output Stage
It is final Stage of an Operational amplifier; it is usually a complementary symmetry push pull
Amplifier.
This Stage Increases the Output voltage swing and the current delivering capabilities. It is also
essential for providing low output Impedance.
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In order to get a clear concept of an Op-amp, it is better to study its ideal behavior. A practical Opamp, of course, falls short of these ideal standards, but it is much easier to understand and analyze
the device from an ideal point of view.
Characteristics of an ideal op-amp:
1. Infinite Voltage Gain: Output of an ideal op-amp is maximum, even for a zero input.
2. Infinite bandwidth: The gain is constant for input signals of frequency from zero to infinity.
3. Infinite input impedance: This means that an ideal op-amp will not draw any current from
the input signal source or preceding circuit and hence avoids the loading effect.
4. Zero output impedance: The ideal op-amp delivers full power at the output irrespective of
the load resistance value.
5. High Stability: Characteristics of an ideal Op-amp do not drift with temperature
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The Ideal Op-amp:
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6. Perfect balance: In an ideal op-amp, the output is zero when the inputs at the two terminals
are equal.
7. CMRR (Common mode rejection ratio): It is the ratio of differential gain (Ad) to the common
mode gain (Ac). For an ideal Op-amp, the CMRR is infinity. This means that the amplifier
completely rejects the common mode signals and amplifies only the differential signals with
infinite gain. [CMRR = |Ad/AC|].
8. Slew Rate:Slew rate (SR) is defined as the maximum rate of change of output voltage per
𝑑𝑉
unit time.𝑆𝑅 = 𝑑𝑡𝑜 max 𝑉/𝜇𝑠
Op-amp Characteristics Ideal Vs Practical
Table 1 Op-amp Characteristics for ideal and practical op-amp

Characteristics
1 Open loop gain
2 Input Impedance
3 Output Impedance
4 Noise contribution
5 DC output offset
6 Bandwidth
7 CMRR
8 Slew rate

Ideal
Infinite
Infinite
Zero
Zero
Zero
Infinite (0 -∞)
Infinite
Infinite

Practical
Very large (20000-500000)
MΩ
100Ω – 200Ω
Affected by noise
Some output offset
Limited
Limited
Limited

Some of the common application of op-amp includes
 Amplifier
 Mathematical operation
o Adder
 Active filter
o Subtractor
 Oscillator
o Multiplication
 Comparator
o Division
 Multivibrator
o Integrator
o Astable
o Differentiation
o Monostable

Controlled
voltage and current source
o Bistable
 Pulse shaping circuit
Different types of op-amp are available in the market. Some of the common op-amp types are
 General Purpose op-amp
 Low noise op-amp
 Low drift op-amp
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Example 5.2 (Alexander)

Prepared BY
Shahadat Hussain Parvez

NEUB CSE 213 Lecture 10: Operational Amplifier

Op-amp circuits
Inverting amplifier
Figure 6a below shows an inverting amplifier configuration using an op-amp. In this circuit, the noninverting input is grounded; vi is connected to the inverting input through R1, and the feedback
resistor Rf is connected between the inverting input and output. Our goal is to obtain the
relationship between the input voltage vi and the output voltage vo. Applying KCL at node 1,
𝑣𝑖 − 𝑣1 𝑣1 − 𝑣0
𝑖1 = 𝑖2
=
(10.5)
𝑅1
𝑅𝑓
But 𝑣1 = 𝑣2 = 0 for ideal op-amp, since non-inverting terminal is grounded. Hence,
𝑣𝑖
𝑣𝑜
=−
𝑅1
𝑅𝑓
Or
𝑹𝒇
𝒗𝒐 = −
𝒗
(𝟏𝟎. 𝟔)
𝑹𝟏 𝒊
The voltage gain is Av = vo/vi =−Rf /R1. The designation of the circuit in Fig. 6 as an inverter arises from
the negative sign. Thus,
An inverting amplifier reverses the polarity of the input signal while amplifying it.

(a)

(b)

Figure 6 (a) The inverting amplifier. (b) Its equivalent circuit

Another important application of the op amp is the non-inverting amplifier shown in Fig. 7. In this
case, the input voltage vi is applied directly at the non-inverting input terminal, and resistor R1 is
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Non–inverting amplifier
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Notice that the gain is the feedback resistance divided by the input resistance which means that the
gain depends only on the external elements connected to the op amp. In view of Eq. (10.6), an
equivalent circuit for the inverting amplifier is shown in Fig. 6b. The inverting amplifier is used, for
example, in a current-to-voltage converter.
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connected between the ground and the inverting terminal. We are interested in the output voltage
and the voltage gain. Application of KCL at the inverting terminal gives
0 − 𝑣1 𝑣1 − 𝑣𝑜
𝑖1 = 𝑖2
=
10.7
𝑅1
𝑅𝑓
But 𝑣1 = 𝑣2 = 𝑣𝑖 , Equation 10.7 becomes
𝑣𝑖 𝑣1 − 𝑣𝑜
− =
𝑅1
𝑅𝑓
𝑅

𝑣𝑜 = 1 + 𝑅𝑓 𝑣𝑖

Or

1

10.8

The voltage gain is 𝐴𝑣 = 𝑣𝑜 /𝑣𝑖 = 1 + 𝑅𝑓 /𝑅1 , which does not have a negative sign. Thus, the output
has the same polarity as the input.
A non-inverting amplifier is an op amp circuit designed to provide a positive voltage gain.
Again we notice that the gain depends only on the external resistors.

Figure 7 The non-inverting amplifier.

Voltage Follower
Notice that if feedback resistor Rf=0 (short circuit) or R1=∞ (open circuit) or both, the gain becomes
1. Under these conditions (Rf =0 and R1 =∞ ), the circuit in Fig. 7 becomes that shown in Fig. 8a,
which is called a voltage follower (or unity gain amplifier or even buffer) because the output follows
the input. Thus, for a voltage follower
𝑣𝑜 = 𝑣𝑖
10.9
Such a circuit has very high input impedance and is therefore useful as an intermediate-stage (or
buffer) amplifier to isolate one circuit from another, as portrayed in Fig. 8b. The voltage follower
minimizes interaction between the two stages and eliminates inter-stage loading.

(a)

(b)

Figure 8 (a) The voltage follower (b) A voltage follower used to isolate two cascaded stages of a circuit.
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Example 5.3 (Alexander)
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Example 5.4(Alexander)

Example 5.4 (Alexander)
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Besides amplification, the op amp can perform addition and subtraction. The addition is performed
by the summing amplifier; the subtraction is performed by the difference amplifier covered in the
next section.
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1. Alexander Chapter 5 practice problems 5.1 -5.5
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Summing Amplifier (Adder)
A summing amplifier is an op amp circuit that combines several inputs and produces an output
that is the weighted sum of the inputs.

Figure 9 The summing amplifier.

The summing amplifier, shown in Fig. 9, is a variation of the inverting amplifier. It takes advantage of
the fact that the inverting configuration can handle many inputs at the same time. We keep in mind
that the current entering each op amp input is zero. Applying KCL at node a gives
𝑖 = 𝑖1 + 𝑖2 + 𝑖3
10.9
But
𝑣1 − 𝑣𝑎
𝑣2 − 𝑣𝑎
𝑣3 − 𝑣𝑎
𝑣𝑎 − 𝑣𝑜
𝑖1 =
,
𝑖2 =
, 𝑖3 =
, 𝑖=
10.10
𝑅1
𝑅2
𝑅3
𝑅𝑓
We note that 𝑣𝑎 = 0 due to the virtual ground phenomenon and substitute eq. 10.10 into 10.9 we
get
𝑅𝑓
𝑅𝑓
𝑅𝑓
𝑣𝑜 = −
𝑣1 + 𝑣2 + 𝑣3
10.11
𝑅1
𝑅2
𝑅3
indicating that the output voltage is a weighted sum of the inputs. For this reason, the circuit in Fig. 9
is called a summer.
If all the input resistors are equal to the feedback resistor equation 10.11 becomes
𝑣𝑜 = − 𝑣1 + 𝑣2 + 𝑣3
(10.12)
Needless to say, the summer can have more than three inputs. For n inputs the equation 10.11
becomes
𝑅𝑓
𝑅𝑓
𝑅𝑓
𝑣𝑜 = −
𝑣1 + 𝑣2 + ⋯ +
𝑣
10.13
𝑅1
𝑅2
𝑅𝑛 𝑛

Difference amplifier (Subtractor)
Difference (or differential) amplifiers are used in various applications where there is need to amplify
the difference between two input signals.
A difference amplifier is a device that amplifiers the difference between two inputs but rejects any
signals common to the two inputs.
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Figure 10 Difference amplifier

Consider the op amp circuit shown in Fig. 10. Keep in mind that zero currents enter the op amp
terminals. Applying KCL to node a,
𝑣1 − 𝑣𝑎 𝑣𝑎 − 𝑣𝑜
=
𝑅1
𝑅2
Or
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𝑣𝑜 =

𝑅2
𝑅2
+ 1 𝑣𝑎 − 𝑣1
𝑅1
𝑅1

Applying KCL to node b,

10.14

𝑣2 − 𝑣𝑏 𝑣𝑏 − 0
=
𝑅3
𝑅4

Or

𝑅4
𝑣
10.15
𝑅3 + 𝑅4 2
But since 𝑣𝑎 = 𝑣𝑏 , substituting eq 10.15 into 10.14 we get
𝑅2
𝑅4
𝑅2
𝑉𝑜 =
+1
𝑣2 − 𝑣1
10.16
𝑅1
𝑅3 + 𝑅4
𝑅1
Since a difference amplifier must reject a signal common to the two inputs, the amplifier must have
the property that vo = 0 when v1 = v2. This property exists when
1
𝑅3
𝑅−
=
10.17
𝑅2 𝑅4
Thus, when the op-amp circuit is a difference amplifier equation 10.16 becomes
𝑅2
𝑣𝑜 =
𝑣 − 𝑣1
10.18
𝑅1 2
If R2 = R1 and R3 = R4, the difference amplifier becomes a Subtractor, with the output
𝑣𝑜 = 𝑣2 − 𝑣1
(10.19)
𝑣𝑏 =

Multiplier
The normal inverting amplifier configuration can be easily considered as a multiplier (and in some
sense a divider).

Figure 11 Op-amp Multiplier
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Example 5.6 (Alexander)
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Example 5.7 (Alexander)
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Example 5.9

Prepared BY
Shahadat Hussain Parvez

NEUB CSE 213 Lecture 10: Operational Amplifier
Example 5.10 (Alexander)

2. Alexander Chapter 5 practice problems 5.6,5.7,5.9.5.10
3. Self study: Design a non-inverting summer using op-amp

Integrator

Figure 12 Op-amp integrator circuit

An integrator circuit is one whose output is proportional to the time integral of input voltage. The
figure shows the use of an Op-amp as an integrator. G is the virtual ground. The input voltage Vi
charges the capacitor to a voltage VO. Let the charge on the capacitor be Q. The charge on the
capacitor is given by,
𝑄 = 𝐶 0 − 𝑉𝑜 𝐵𝑒𝑐𝑎𝑢𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑡 𝐺 𝑖 0𝑉
10.20
But
𝑄 = 𝑖 𝑑𝑡 𝑖 𝑖𝑠 𝑡𝑒 𝑐𝑔𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑢𝑟𝑟𝑒𝑛𝑡
(10.21)
𝑉𝑖
𝑅

𝑊𝑒𝑟𝑒 𝑖 =

𝑉𝑖
𝑅

𝑑𝑡
1

Hence the output voltage 𝑉𝑜 = − 𝑅𝐶 𝑉𝑖 𝑑𝑡
And the circuit works as an integrator.
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∴ −𝐶𝑉𝑜 =

𝑖 𝑑𝑡
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−𝐶𝑉𝑜 =

So
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If the input voltage is a square wave, the output waveform will be triangular. For rectangular or
pulse waveform applied at the input, the output waveform will be a saw-tooth wave (ramp). The
output will be a cosine wave for sine wave input. The output is a paraboloid waveform if the input is
a triangular wave.

Figure 13 Output of integrator

But, the output waveforms of Op-Amp integrator will be inverted versions of the waveform shown
above.

Differentiator
A differentiator circuit is one whose output voltage is proportional to time derivative of the input
voltage. Figure shows a differentiating circuit using Op-amp. The circuit is an inverting amplifier
configuration with a capacitor at the input. G is the virtual ground.

(a)

(b)
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If Q is the charge required by the capacitor the 𝑄 = 𝑉𝑖 𝐶differentiating the above equation gives
𝑑𝑄
𝑑
=𝐶×
𝑉
10.23
𝑑𝑡
𝑑𝑡 𝑖
𝑑𝑄
But 𝑑𝑡 = 𝑖,
𝑑
∴𝑖=𝐶×
𝑉
10.24
𝑑𝑡 𝑖
Due to the infinite input impedance of the Op-amp, the current through the op-amp is zero.
Applying KCL to node G,
Input current i.e., charging current I = Current through the feedback resistor.
∴Charging current or current through the feedback resistor is given by,
0 − 𝑉𝑜
𝑉𝑜
𝑖=
=−
10.25
𝑅
𝑅
Equating 10.24 and 10.25 we get
𝑑
𝑉𝑜
𝐶
𝑉𝑖 = −
𝑑𝑡
𝑅
𝑑
∴ 𝑉𝑜 = −𝑅𝐶
𝑉
10.26
𝑑𝑡 𝑖
i.e. output = RC time constant × time derivative of the input. Therefore the circuit works as a
differentiator.
If the input voltage is a square wave, the output waveform consists of positive and the negative
spikes. The output will be a cosine wave for sine wave input and the output is a square waveform if
the input is a triangular wave. The input and output waveform is shown in the figure 14b.
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Figure 14(a) Op-amp differentiator circuit (b) Differentiator output
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Other Op-amp circuits
Not all the configuration of op-amp are possible to be shown in this course. Some of the common
configuration not covered in the course includes
 Controlled voltage source
 Controlled Current source
 Pulse shaping circuits
 Multivibrator circuits
 Oscillator circuits
 Active filters, etc
We will wrap this lecture with few of the common op-amp configurations that are very important.
The importance of op-amp must not be forgot as it is very useful in many computing and electronics
application like Digital to analog converter, analog to digital converter [to be studied in
microprocessor and interfacing course].

Op-amp as comparator
Comparator is a device which compares two voltages or currents, and switches its output to indicate
which is larger.
A standard op-amp can be used as a comparator as indicated in the following diagram.

Figure 15 Comparator using op-amp

Figure 16 Example of comparator
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VOUT = VDD when V1 > V2
VOUT = VSS when V1 < V2
When the non-inverting input (V1) is at a higher voltage than the inverting input (V2), the high gain of
the op-amp causes it to output the most positive voltage it can. When the non-inverting input (V1)
drops below the inverting input (V2), the op-amp outputs the most negative voltage it can be.
Example:
Op-amp comparator can be used as voltage level detector. Figure below shows a level detector that
compares a DC reference voltage (VREF) of 3V to VIN with VDD = 10V and VSS = -10V
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When Vin exceeds 3V, Vout goes to the 10V positive rail due to its high gain, open-loop
configurations. When it falls below 3V, Vout flips to the -10V rail.

Figure 17 Comparator output

Zero crossing detectors
A zero crossing detector is a comparator with the reference level set at zero. It is used for detecting
the zero crossings of AC signals. It can be made from an operational amplifier with an input voltage
at its positive input.

Figure 18 Zero crossing detector circuit
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Figure 19 Zero crossing detector output
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When the input voltage is positive, the output voltage is a positive value, when the input voltage is
negative, the output voltage is a negative value. The magnitude of the output voltage is a property
of the operational amplifier and its power supply.
Applications include converting an analog signal into a form suitable to use for frequency
measurements, in phase locked loops, or for controlling power electronics circuits that must switch
with a defined relationship to an alternating current waveform.
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Summary of some op-amp circuits

Integrator

Differentiator

Zero crossing detector
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Comparator
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Virtual ground

4. Alexander chapter 5 Exercise questions 15, 30, 31, 37, 43
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