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Operational Ampli�ers

Operational Ampli�ers

Operational ampli�er or op-amp, is a very high gain di�erential ampli�er 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, and op-amp ampli�er model is shown below.

Vd = V+ − V− = Vi2 − Vi1
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Operational Ampli�ers Ideal Op-Amp Properties

Ideal Op-Amp Properties

1. In�nite Input Resistance: Ri =∞

2. Zero Output Resistance: Ro = 0

3. In�nite Voltage Gain: Ad =∞

4. In�nite Bandwidth: BW =∞

5. In�nite output current

6. Perfect Balance, i.e., vo = 0 when vi2 = vi1

7. Above characteristics do not drift with temperature
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Operational Ampli�ers MC1530 Operational Ampli�er

MC1530 Operational Ampli�er
Let us perform DC and AC analysis on the electronic circuit of the MC1530 op-amp shown below.
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Operational Ampli�ers MC1530 Operational Ampli�er

DC Analysis

VB1
∼=

(
−VEE + 2VD(ON)

) R5

R4 + R5

= −3.14V

I0 ∼= I1 =
VEE + VB1

− VBE(ON)

R1

= 0.99mA

IC2
= IC3

∼=
I0

2
= 0.495mA

VB4
∼= VCC − IC2

R2 = 2.18V

I6 =
VE4

R6

=
VB4

− VBE(ON)

R6

= 0.986mA

IC5
∼=
I6

2
= 0.493mA

V3
∼= VCC − IC5

R7 = 4.52V

V4 = V3 − VBE(ON) = 3.82V

I8 ∼= IC7
=
VEE − VD3(ON)

R8

= 1.56mA

hfe = hFE = 100, α = 1, VBE(ON) = VD(ON) = 0.7V
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Operational Ampli�ers MC1530 Operational Ampli�er

VB8
= −VEE + 2VBE(ON) = −4.6V

I9 =
V4 − VB8

R9

= 1.4mA

I10 = IC7
+ IB8

− I9 ∼= IC7
− I9 = 0.16mA

Vo = VB8
+ I10R10 = 200mV ∼= 0V.
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Operational Ampli�ers MC1530 Operational Ampli�er

AC Analysis

hie2
= hie3

∼= hie4
= hie5

=
hfeγ

IC2

= 5.2 kΩ

2R
′
2 = 2R2||2hie4 = 6.22 kΩ

R
′
7 = R7||Ri6

∼= R7 = 3 kΩ

A
∗
v1

=
v2

v1
=
hfe2R′2
2hie2

= 59.81

A
∗
v2

=
v3

v2
=
−hfeR

′
7

2hie5

= −28.85

A
∗
v3

=
v4

v3
∼= 1

Av4
=
vo

v4
∼=
−R10

R9

= −5

Av = A
∗
v1
A
∗
v2
A
∗
v3
Av4 = 8628
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Operational Ampli�ers Op-Amp Gain

Op-Amp Gain

Op-Amps have a very high open-loop gain. They can be connected open- or closed
loop.

Open-loop refers to a con�guration where there is no feedback from output back
to the input. In the open-loop con�guration the gain can exceed 10000.

Closed-loop con�guration 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 will reduce the gain and improve many characteristics of the op-amp
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Operational Ampli�ers Inverting Op-Amp Ampli�er

Inverting Op-Amp Ampli�er

The input is applied to the inverting (−)-input; the non-inverting

(+)-input is grounded. The resistor Rf is the feedback resistor; it is

connected from the output to the negative (inverting) input. This is

negative feedback.
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Operational Ampli�ers Inverting Op-Amp Ampli�er

Virtual Ground

An understanding of the concept of virtual ground provides a better understanding
of how an ideal op-amp operates.

I The non-inverting input pin is at ground. The inverting input pin is also at
0V for an AC signal. This is because ideal op-amp open-loop gain is in�nity.
As A =∞, v+ − v− = vo

A
= vo
∞ = 0. Thus, v+ = v−.

I As the ideal op-amp input resistance is in�nity, i.e., Ri =∞, no current
goes through the terminals of the op-amp, i.e., i+ = −i− =

v+−v−
Ri

= 0.

Thus, all of the current is through Rf .

Consequently, the inverting op-amp circuit simpli�es to the following circuit below
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Operational Ampli�ers Inverting Op-Amp Ampli�er

Inverting Ampli�er Gain

From the simpli�ed inverting ampli�er circuit, gain can be determined by external
resistors: Rf and R1.

Av =
vo
vi

= −Rf

R1

The negative sign denotes a 180◦ phase shift between input and output.

Homework 1: Derive the gain when A 6=∞ using normal KVL and KCL equations and

observe that when A→∞ it gives the result above.

Homework 2: Derive the same gain using feedback analysis, i.e., determine the

feedback type, draw the open-loop circuit, �nd the open-loop gain, obtain the closed-loop

gain and then obtain the voltage gain vo/vi. Observe that the result is exactly same as

the one derived in Homework 1 above.

Homework 3: Repeat Homework 1 and Homework 2 above for the noninverting

ampli�er con�guration.
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Operational Ampli�ers Practical Op-Amp Circuits

Practical Op-Amp Circuits

Most commonly used opamp circuits are given below:

1. Inverting Ampli�er

2. Non-inverting Ampli�er

3. Summing Ampli�er

4. Unity Follower

5. Integrator

6. Di�erentiator
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Operational Ampli�ers Practical Op-Amp Circuits

Inverting Ampli�er

vo = −Rf

R1
vi

Non-Inverting Ampli�er

vo =

(
1 +

Rf

R1

)
vi
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Operational Ampli�ers Practical Op-Amp Circuits

Summing Ampli�er

vo = −
(
Rf

R1
v1 +

Rf

R2
v2 +

Rf

R3
v3

)

Unity Follower

vo = vi

The advantages of using a unity gain ampli-
�er:

very high input impedance

very low output impedance
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Operational Ampli�ers Practical Op-Amp Circuits

Integrator

The output is the integral of the input. Inte-
gration is the operation of summing the area
under a waveform or curve over a period of
time. This circuit is useful in low-pass �lter
circuits and sensor conditioning circuits.

vo = − 1

RC

∫
vi(t)dt

Di�erentiator

The di�erentiator takes the derivative of the
input. This circuit is useful in high-pass �l-
ter circuits.

vo = −RC
dvi(t)

dt
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Operational Ampli�ers Practical Op-Amp Circuits

Logarithmic Ampli�er

Homework 4: Derive Vo.

HINT: Use the diode characteristic equation under forward bias.
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Operational Ampli�ers Op-Amp Speci�cations

Op-Amp Speci�cations - DC Bias and O�set

Parameters
Even though the input voltage is zero, i.e., vi1 = vi2 = 0, there will be an output, i.e.,
vo 6= 0. This is called o�set. Some of the following can cause this o�set.

1. Input Bias Current

2. Input O�set Current

3. Input O�set Voltage

4. Input O�set Voltage and Current Drifts

5. Power Supply Rejection Ratio

6. Open-Loop Voltage Gain

7. Slew Rate

8. Common-Mode Rejection Ratio

9. Input Resistance

10. Output Resistance

11. Open-Loop Bandwidth

12. Power Consumption (no input, no load)

13. Power Dissipation (with input, with load)
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Operational Ampli�ers Op-Amp Speci�cations

Input Bias and O�set Currents

Even though the input voltage is zero, i.e., vi1 = vi2 = 0, sometimes the output is not zero, i.e.,
vo 6= 0. Then, bias currents IB1

and IB2
are supplied to the opamp to make the output zero,

i.e., vo = 0.

Input Bias Current (IIB) is de�ned as the average of the two bias currents:

IIB =
IB1

+ IB2

2

Similarly, Input O�set Current (IIO) is de�ned as the di�erence of the two bias currents:

IIO = IB1 − IB2
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Operational Ampli�ers Op-Amp Speci�cations

Input O�set Voltage

Even though the input voltage is zero, i.e., vi1 = vi2 = 0, sometimes the output is not zero, i.e.,
vo 6= 0. Then, an o�set voltage VIO is supplied to the opamp to make the output zero, i.e.,
vo = 0. This o�set voltage is called the Input O�set Voltage de�ned by

VIO = V1 − V2

Input O�set Voltage and Current Drifts

Input O�set Voltage Drift,
∆VIO

∆T
, and Input O�set Current Drift,

∆IIO

∆T
, where T denotes the

temperature, indicate the sensitivities of the input o�set voltage and input o�set currents to the

change in temperature.
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Operational Ampli�ers Op-Amp Speci�cations

Power Supply Rejection Ratio

S+ =
∆VIO

∆V +
S

∣∣∣∣∣
V−
S

=0

S− =
∆VIO

∆V −S

∣∣∣∣∣
V +
S

=0

Open-Loop Voltage Gain

Open-loop voltage gain, Av , of an opamp is very high, e.g., for 741, Av
∼= 2× 105.
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Operational Ampli�ers Op-Amp Speci�cations

Slew Rate

Slew rate is the time rate of change of the closed-loop ampli�er output voltage under
large-signal conditions, that is, the maximum rate at which an op-amp can change output
without distortion.

SR =
∆Vo

∆t

The SR rating is given in the speci�cation sheets as V/µs rating.

Maximum Signal Frequency

The slew rate determines the highest frequency of the op-amp without distortion:

f ≤
SR

2πVp

where Vp is the peak voltage.
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Operational Ampli�ers Op-Amp Speci�cations

Common-Mode Rejection Ratio (CMRR)

One rating worth mentioning that is unique to op-amps is CMRR or Common-Mode 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 and it is given by

CMRR (dB) = 20 log10

∣∣∣∣Ad

Ac

∣∣∣∣

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 26-Oct-2017 22 / 37



Operational Ampli�ers Op-Amp Speci�cations

Open-Loop Bandwidth

The op-amp's high frequency response is limited by internal circuitry. The plot shown is
for an open loop gain (AOL or 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.

Gain-bandwidth product is constant. So, the bandwidth will widen in closed loop
operation, but then the gain will be lower.
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Operational Ampli�ers Op-Amp Speci�cations

Op-Amp Performance

The speci�cation sheets will also include graphs that indicate the performance of the
op-amp over a wide range of conditions.
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Operational Ampli�ers Op-Amp Speci�cations

The table below shows some characteristics of a 741 opamp.

Note that, these ratings are for speci�c circuit conditions, and they often include

minimum, maximum and typical values.
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Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

E�ects of O�set Voltage and Bias Currents

Let us write down the two KVL equations (implicitly using KCL) available in the �gure above in
order to express output vo in terms of the input o�set voltage, VIO, and input bias currents,
IB1 and IB2 when there is no input present, i.e., vi1 = vi2 = 0.

(IB1
− If )R1 − IfRf + vo = 0

(IB1
− If )R1 + VIO − IB2

R2 = 0

Thus, we obtain output vo by eliminating If in the KVL equations above as:

vo =

(
1 +

Rf

R1

)
VIO +Rf IB1

−
(

1 +
Rf

R1

)
R2IB2

.

Dr. U. Sezen & Dr. D. Gökcen (Hacettepe Uni.) ELE315 Electronics II 26-Oct-2017 26 / 37



Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

vo =

(
1 +

Rf

R1

)
VIO +Rf IB1 −

(
1 +

Rf

R1

)
R2IB2

You can also obtain the result above by applying the superposition theorem.

Note that, the value of R2 does not a�ect the gain equations. However, we can select a value of
for R2 in order to eliminate the e�ects of the o�set voltage and bias currents. Hence, from the
output equation above, the value of R2 which makes the output zero, i.e., vo = 0, is found to
be:

R2 =
VIO

IB2

+
(
Rf ||R1

) IB1

IB2

.

Note that, as a rule of thumb we can always select R2 = Rf ||R1. Then, the output equation
above reduces to

vo =

(
1 +

Rf

R1

)
VIO +Rf IIO.

So, the output will be zero if both the input o�set voltage and current are zero, i.e., vo = 0 if

VIO = 0 and IIO = 0.
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Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

Example 1: Change the circuit below, in order to eliminate the e�ect of input o�set
voltage and current, i.e., make vo = 0, where VIO = 0V and IB1 = IB2 = 100 nA.

Solution: Let us �rst show that vo 6= 0 when there is no resistor the non-inverting
terminal, i.e., when R2 = 0, as vo = Rf IB1

= (0.3M)(0.1µ) = 30mV. Thus, the value
of R2 which eliminates the o�set is R2 = R1||Rf = 100k||300k = 75 kΩ.
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Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

Example 2: Change the circuit below, in order to eliminate the e�ect of input o�set
voltage and current, i.e., make vo = 0, where VIO = 0V, IB1 = 100 nA and IB2 = 80 nA.

Solution: Let us �rst show that vo 6= 0 when R2 = 75 kΩ, as
vo = Rf IIO = (0.3M)(0.02µ) = 6mV. Thus, the value of R2 which eliminates the o�set

is R2 = (R1||Rf )
IB1
IB2

= 75k(100n/80n) = 93.75 kΩ.
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Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

Example 3: Change the circuit below, in order to eliminate the e�ect of input o�set
voltage and current, i.e., make vo = 0, where VIO = 2mV, IB1 = 100 nA and
IB2

= 80 nA.

Solution: Let us �rst show that vo 6= 0 when R2 = 75 kΩ, as

vo =

(
1 +

Rf

R1

)
VIO +Rf IIO = (1 + 0.3M/0.1M)(2m) + (0.3M)(0.02µ) = 14mV.

Thus, the value of R2 which eliminates the o�set is

R2 = VIO
IB2

+ (R1||Rf )
IB1
IB2

= 25k + 93.75k = 118.75 kΩ.
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Operational Ampli�ers E�ects of O�set Voltage and Bias Currents

Figures (a) and (b) above show inverting and noninverting ampli�ers both with an o�set
compensation R2 resistors, respectively.

As a rule of thumb, always use an R2 resistor in your opamp circuit, at least with a value
of R2 = R1||Rf .
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Operational Ampli�ers Multistage Gains

Multistage Gains

As a voltage-gain ampli�er, the input resistance of op-amp ampli�ers are high and the output
resistances are small. So, when cascaded we can ignore the loading e�ects and multiply the
gains of each stage in order to �nd overall gain, i.e.,

Av =
vo

vi
= AV1

AV2
Av3

=

(
Av1

Ri2

Ri2 +Ro1

)(
Av2

Ri3

Ri3 +Ro2

)
Av3

∼= Av1 ×Av2 ×Av3

=

(
1 +

Rf

R1

)(
−
Rf

R2

)(
−
Rf

R3

)
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Operational Ampli�ers Active Filters

Active Filters

Adding capacitors to op-amp circuits provides an external control for the cuto�
frequencies. The op-amp active �lter provides controllable cuto� frequencies and
controllable gain

Lowpass Filter

Highpass Filter

Bandpass Filter
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Operational Ampli�ers Active Filters

Lowpass Filter

I First-order lowpass �lter

I The upper (or higher) cuto� frequency fOH is

fOH =
1

2πR1C1

I Low frequency gain Av is

Av = 1 +
RF

RG
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Operational Ampli�ers Active Filters

I Second-order lowpass �lter

I By adding more RC networks the roll-o� can be made steeper. Each RC network adds and
additional 20 dB/decade (or 6 dB/octave) slope.
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Operational Ampli�ers Active Filters

Highpass Filter

I First-order highpass �lter

I The lower cuto� frequency fOL is

fOL =
1

2πR1C1

I High frequency gain Av is

Av = 1 +
RF

RG
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Operational Ampli�ers Active Filters

Bandpass Filter

I There are two cuto� frequencies: upper and lower. They can be calculated using the same
low-pass cuto� and high-pass cuto� frequency formulas given in the previous slides.
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