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WORKSHEETS 
Worksheet 1 - Op-amp Principles 

Operational amplifiers (op-amps) are everywhere. They 
are the most commonly used analogue IC, used in audio 
systems and instrumentation systems, used to perform 
mathematical operations, (hence their name,) such as 
addition, subtraction, and integral and differential calculus.

They were at the heart of analogue computing long before 
digital computers took over.

•	 This first investigation explores the circuit 
shown in the diagram opposite.

•	 Build this circuit. Use 2 x HP2666 power 
supplies to generate the +12V positive and 
-12V negative power supplies.

•	 Rotate the knob on the potentiometer from 
one extreme to the other, and notice what 
happens to the analogue voltmeter reading 
as you do so.

•	 Use a digital multimeter (DMM) set on the 
20V DC range to measure the voltage V2.

•	 Copy the table shown opposite, and record 
the value of V2 in it. Its value will be the same 
on all rows of the table.

•	 Use the DMM to monitor the voltage V1 from 
the ‘pot’, and set it to the first value, +9.0V, 
shown in the table.

•	 Measure the output voltage VOUT. Record its 
value in the first row of the table.

•	 Repeat this process for all other values of V1 

given in the table.
•	 Now swap over the inputs so that the ‘pot’, 

output X, provides input V2, and the output 
Y of the voltage divider made from the two 
1kΩ resistors, provides input V1.

•	 Repeat the process outlined above, and 
compare the performance of the op-amp in 
the two situations.

Over to you:

Input voltage
V1

Input voltage
V2

Output voltage
VOUT

+9.0V
+8V
+7V
+6V
+5V
+4V



Copyright © 2010 - 2026 Matrix Technology Solutions Limited 5

The op-amp has two inputs, A and B, with a ‘+’ and a ‘-’ sign, and one output terminal C.
The circuit symbol is shown below. (The ’+’ and ’-’ have nothing to do with the power 
supply!)
Input A, with the ‘-’ sign, is called the inverting input.
Input B, with the ‘+’ sign, is called the non-inverting input.
Op-amps are high gain differential voltage amplifiers.

•	 The voltage gain shows how many times the output voltage VOUT 
is bigger than the input VIN: voltage B less voltage A

In general: Voltage gain A = VOUT / VIN

•	 A differential voltage amplifier amplifies the difference in the input voltages.
•	 For example, when a voltage,V2, of 10µV is applied to input B and a voltage, V1, of 

7µV to input A, then the amplifier would amplify the difference, 3µV.

The basic equation for the op-amp is:
VOUT = A x (V2 - V1)

A0 is called the open-loop voltage gain, as there is no ‘loop’ between output and input.
Op-amps have a high gain, with A typically ~ 100,000, so that the output voltage is 
typically 100,000 times bigger than the input voltage difference. When the difference 
is 3µV, the output voltage is 300,000µV (= 0.3V.)

Op-amps can’t solve the energy crisis. We can’t apply a voltage difference of 1V at the
inputs and hope to get 100,000V at the output. The equation is true only when the 
output voltage is between the power supply voltages - in this case around +13V and 
–13V. When VOUT reaches these limits, we say that it is saturated. In worksheet 1, the 
output is always saturated.

When V2 is bigger than V1, the output is as close as it can get to the positive supply 
voltage, a value known as the positive saturation voltage. When V1 is bigger than 
V2, the output is close to the negative supply voltage, and is known as the negative 
saturation voltage.

This circuit is called a comparator. It compares the input voltages and shows which 
is bigger.

For your records:
•	 Copy the circuit symbol for the op-amp and add labels to identify the three 

terminals.
•	 Copy the formula for voltage gain, and the basic equation for the op-amp .
•	 Explain what is meant by:
•	 High gain differential voltage amplifier
•	 Saturation
•	 Comparator.

When V2 is bigger than V1, (i.e. the ‘+’ input voltage is bigger,) VOUT is in positive saturation.
When V1 is bigger than V2, (i.e. the ‘-’ input voltage is bigger,) VOUT is in negative saturation.

WORKSHEETS 
Worksheet 1 - Op-amp Principles 

So What?
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WORKSHEETS 
Worksheet 2 - The Comparator and Schmitt Trigger

Control systems of all kinds rely on sensors to tell them what is 
happening. Many of these offer simple digital outputs - either 
‘on’ or ‘off’. Some sensors are analogue devices, where, for 
example, the output of the sensor changes with temperature.

The op-amp comparator circuit converts these analogue signals 
to digital. In some cases, we need to avoid ‘chatter’ where the 
digital output keeps switching from one value to the other 
rapidly. One solution is to use a Schmitt trigger circuit.

1.	 The comparator:
•	 Set up the circuit shown. The layout shows one 

way to do this. Adjust the ‘pot’. The LED will 
light at some point. Turn the ’pot’ back until the 
LED is only just lit.

•	 Now warm up the thermistor with your fingers. 
The LED should go out. Let it cool down again. 
When it gets cold enough, the LED will light to 
warn that the temperature has fallen.

•	 You should find that there is a well-defined 
‘turn-on’ point, controlled by the signal from 
the ‘pot’. The LED is either on or off - the output 
is digital. There is only one threshold - the 
LED switches on and off at virtually the same 
voltage.

Over to you:

The comparator is the easier circuit to design and use.

•	 The LED switches on and off at the same threshold voltage, V2, set by the ‘pot’.

•	 The temperature-sensing unit consists of a thermistor and a fixed resistor.

•	 As the temperature falls, the thermistor resistance rises, and so the output voltage, 
VOUT, falls.

•	 When V1 falls below the value of V2, the LED switches on.

So What?
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Near the switching threshold, any electrical noise could 
push the signal over the threshold, and cause the output 
to switch rapidly on and off, from the noise alone. If this is 
the case, it may be better to use a Schmitt trigger circuit.

The behaviour of the op-amp is unchanged:
•	 When V2 is bigger than V1, the LED is on.
•	 When V1 is bigger than V2, the LED is off.
•	 The output of the op-amp sits at either +Vsat, (positive 

saturation ,) or -Vsat (negative saturation.)
•	 The two equal (1kΩ) resistors are connected in series 

between the output and 0V and so each has a voltage 
drop of ½Vsat across it. Hence V2 = ½Vsat .

•	 For example, ideally the output of the op-amp should 
saturate at around +12V and –12V. This means that V2 
is either +6V or –6V.

•	 When the LED is off, the op-amp output is –12V, and 
V2 = -6V. The input signal, V1 must fall below -6V to 
switch the LED on.

•	 When the LED is on, the output of the op-amp is +12V, and V2 = +6V. The input 
signal, V1 must rise above +6V to switch the LED off.

•	 There are now two switching thresholds.

Schmitt trigger

WORKSHEETS 
Worksheet 2 - The Comparator and Schmitt Trigger

2.	 The Schmitt trigger:
The comparator has only one threshold. If the signal from the sensor sits very close 
to that threshold and wobbles up and down a little, then the LED can flash on and off 
unnecessarily. The next circuit avoids that.

•	 Set up the circuit shown.
•	 To simplify the investigation, the temperature-sensing unit has been replaced by 

a ‘pot’.
•	 The ‘pot’ now acts as the sensor. Turn it until the LED lights. Now turn the ‘pot’ back 

until the LED turns off.

Over to you:

So What?
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WORKSHEETS 
Worksheet 2 - The Comparator and Schmitt Trigger

•	 You should find that there are 
now two thresholds. The LED 
turns on at one voltage, and 
off at another.

•	 This resolves the issue about 
unnecessary switching.

For your records:
•	 Draw the circuit diagram to show a temperature-sensing unit connected to :

•	 A comparator circuit;

•	 A Schmitt trigger circuit.

•	 Write a clear explanation in no more than 50 words on the difference between 
comparators and Schmitt triggers.

•	 Design a Schmitt trigger circuit like the one above but which has switching 
thresholds of +2V and -2V. Assume that the saturation voltages are +12V and –12V.

So What?
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WORKSHEETS 
Worksheet 3 - Non-Inverting Amplifier

Audio systems need careful design. It’s not enough to 
design each stage as a separate system. Each stage 
must ‘talk’ effectively to the next, i.e. must transfer its 
signal without loss or distortion.

The op-amp has a number of roles in this. Designed 
properly, the non-inverting amplifier draws very little 
current from the input subsystem that supplies it with 
an audio signal, an important element of the design.

•	 The next investigation uses the circuit 
shown opposite.

•	 Build this, using a value of 1kΩ for RF 
and 1kΩ for R1. One way to do so is 
shown in the picture below.

•	 Use a digital multimeter (DMM) set 
on the 20V DC range to monitor the 
voltage VIN. Turn the ‘pot’ to set this 
voltage to +2.5V.

•	 Copy the table shown opposite.
•	 Measure the output voltage VOUT and 

record its value in the first row of the 
table.

•	 Repeat this process for all the other 
values of VIN.

•	 Calculate the gain using the formula:
Voltage gain = VOUT / VIN

•	 Use your results to complete the third 
column.

•	 Now swap the 1kΩ feedback resistor 
for a 10kΩ resistor.

•	 Make a copy of the second table.
•	 Repeat the process outlined above, 

using the new values of VIN given in the 
second table.

•	 Complete the second table in the same 
way as before.

Over to you:

RF = 1kΩ, R1 = 1kΩ
VIN VOUT Gain
+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V

RF = 10kΩ, R1 = 1kΩ
VIN VOUT Gain
+0.5V
+0.3V
+0.1V
-0.1V
-0.3V
-0.5V
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WORKSHEETS 
Worksheet 3 - Non-Inverting Amplifier

The industry standard op-amp is the ‘741’, produced by Fairchild Semiconductors in 
1968. Since then, many improvements have been made to the performance.

The ideal characteristics of an op-amp are:
•	 Infinite open-loop voltage gain;
•	 Infinite bandwidth, (the range of frequencies amplified successfully;)
•	 Infinite input impedance, (draws no current from the device creating its input 

signal;)
•	 Infinite slew-rate, (the output voltage can leap instantly to any value;)
•	 Zero output impedance, (delivers the full output voltage to any subsystem that 

follows;)
•	 Infinite common-mode rejection ratio (CMRR) (amplifies only the difference in 

voltage between the inputs and ignores any voltage common to both, such as 
interference.)

Often, subsystems delivering a signal to an amplifier, such as a microphone, cannot 
provide much current. If the amplifier draws significant current from it, then the signal 
voltage falls, defeating the point of using an amplifier. The non-inverting amplifier, 
however, offers a very high input impedance, typically 1MΩ, so that it draws very little 
current from its signal source.

The theoretical value for the voltage gain is given by the formula:
Voltage gain = 1 + RF / R1

For the first part of the investigation, where RF = 1kΩ and R1 = 1kΩ, this gives a value:
Voltage gain = 1 + 1 / 1 = 2

(Using any two equal valued resistors would give the same voltage gain. Using high 
values reduces battery drain and power dissipation.)

For the second part, where RF = 10kΩ and R1 = 1kΩ, this gives a value:
Voltage gain = 1 + 10 / 1 = 11.

Look at your measurements. Do they support these values of voltage gain?
For your records:
•	 Draw the circuit diagram for the non-inverting voltage amplifier.
•	 Write down the formula linking voltage gain to input voltage and output voltage.
•	 Write down the formula linking the voltage gain of a non-inverting amplifier to the 

values of the feedback resistor and resistor R1.
•	 Copy the following table and complete it:

So What?

Input voltage Output voltage  Voltage gain Resistor RF Resistor R1
5mV 22kΩ 2kΩ

300mV 15 1kΩ
20mV 400mV 38kΩ
10mV 10 10kΩ
3mV 18mV 100kΩ
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WORKSHEETS 
Worksheet 4 - The Inverting Amplifer 

The inverting amplifier is somewhat inferior as a 
voltage amplifier, but it leads to a number of exciting 
applications that are based on this circuit.

The fact that it inverts the signal is rarely significant - 
an audio signal sounds just the same whether or not 
it is inverted! More important - the inverting amplifier 
usually draws more current from its signal source, 
than does the non-inverting amplifier, and so needs 
careful design.

•	 The next investigation uses the circuit 
shown opposite.

•	 Build this, using a value of 10kΩ for RF 
and 10kΩ for RIN.

•	 Use a multimeter to monitor the input 
voltage VIN. Turn the ‘pot’ to set this to 
+2.5V.

•	 Copy the first table.
•	 Measure the output voltage VOUT and 

record it in the first row of the table.
•	 Repeat this process for all the other 

values of VIN.
•	 Calculate the voltage gain using the 

formula: Voltage gain = VOUT / VIN and 
hence complete the third column.

•	 Now swap the 10kΩ input resistor for a 
1kΩ resistor.

•	 Make a copy of the second table.
•	 Repeat the same process, using the 

values of VIN given in the second table.
•	 The formula for calculating the voltage 

gain is Gain = - RF/RIN instead of Gain =1+ 
RF/RIN for the non-inverting amplifier.

•	 How could you use a 10kΩ resistor and 
two 1kΩ resistors to give you a voltage 
gain of 5?

•	 Test your idea by modifying the circuit 
you used above.

Over to you:

RF = 10kΩ, RIN = 10kΩ
VIN VOUT Gain
+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V

RF = 10kΩ, RIN = 1kΩ
VIN VOUT Gain
+0.5V
+0.3V
+0.1V
-0.1V
-0.3V
-0.5V
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WORKSHEETS 
Worksheet 4 - The Inverting Amplifer 

An important observation:
V2 = V1

in any op-amp circuit where the output is not saturated,

The reason:
•	 The output voltage is never very large, say 10V maximum.
•	 Provided that the output is not saturated,

VOUT = A0 x (V2 - V1).
•	 Open loop gain, A0, is around 100,000.
•	 Hence, 10 = 100,000 x (V2 - V1), so (V2 - V1) ~ 0.0001V, or, to a good approximation:

V2 = V1

In the case of the inverting amplifier, V2 = 0V, because it is connected directly to it. 
As long as the output is not saturated, V1 = 0V also. This can be a good experimental 
check that the op-amp is working correctly.

For the inverting amplifier:
Voltage gain = - RF / RIN

As a result:
•	 When RF = RIN, the voltage gain = -1;
•	 When RF = 10 x RIN, the voltage gain = -10, and so on.

However, because V1 = 0V when the output is not saturated, (and amplifiers should 
never be driven into saturation,) the input source sees the amplifier as having a 
resistance of RIN:

The value of RIN should be kept large in order to limit the current that the amplifier 
draws from the input source. It should be at least 1kΩ, and preferably bigger than 
10kΩ.
For your records:
•	 Draw the circuit diagram for the inverting voltage amplifier.
•	 Write down the formula linking the voltage gain of an inverting amplifier to the 

values of the feedback resistor and input resistor.
•	 Copy the following table and complete it:

So What?

Input voltage Output voltage  Voltage gain Resistor RF Resistor RIN

5mV 20kΩ 2kΩ
-300mV 12 10kΩ

20mV 100mV 100kΩ
-10mV 3 10kΩ
-3mV -24mV 240kΩ
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WORKSHEETS 
Worksheet 5 - AC Behaviour of Amplifiers 

Earlier investigations into the behaviour of inverting and 
non-inverting amplifiers used DC input signals. That is fine 
for outline investigations. But in many instances amplifiers 
are used with AC signals: for example with audio.

This investigation checks that the behaviour is identical when 
we replace the DC signals (i.e. 0Hz) with audio frequency 
signals.

1.	 Non-inverting amplifier
•	 Build the circuit shown
•	 Copy the table.
•	 Set the signal generator to give a 

signal with a frequency of 100Hz 
and amplitude 0.3V. Inject the signal 
at point A.

•	 Use an oscilloscope to measure the 
amplitude of the output signal at 
B. Record it in the table for various 
frequencies.

•	 Calculate the gain for each value of 
frequency.

•	 Experiment with other values of RF 
and R1.

2.	 Inverting amplifier
•	 Convert your circuit into an inverting 

amplifier, with RF = 10kΩ and RIN = 
1kΩ. The picture shows one way to 
do this.

•	 Make a second copy of the table.
•	 Input the signals given in the table, 

and measure the amplitude of the 
output each time.

•	 Record your results in the table.
•	 Calculate the gain for each value 

of frequency and experiment with 
other values of RF and RIN.

Over to you:

RF = 10kΩ, R1 = 1kΩ
Frequency VIN VOUT Gain
100 0.3V
500 0.3V
1000 0.3V
5000 0.3V
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WORKSHEETS 
Worksheet 5 - AC Behaviour of Amplifiers 

•	 First result - the same rules apply for AC as for DC. The voltage gains are governed 
by the same formulae.

•	 What is not quite as obvious is that the inverting amplifier inverts the signal. When 
the input voltage is positive and increasing, the output is negative and decreasing, 
and so on. The non-inverting amplifier does not invert the signal.

•	 The reasons that these are not necessarily obvious are:

•	 Audio signals sound the same ‘both ways up.’

•	 The oscilloscope traces start on a rising voltage if you use the settings given above.

Try this:
Increase the amplitude of the 
input signal while watching the 
output using Picoscope. At some 
point, the beautiful sine waves 
distort, becoming flattened at the 
top and bottom. This is where the 
output is becoming saturated. The 
effect is called clipping distortion.

Add a speaker and listen to the 
effect on the sound produced by 
the loudspeaker. (Note you will 
get some distortion as the op amp 
output is not designed for driving 
a speaker).

For your records:
•	 Explain to an intelligent friend, who has not done this investigation, what causes
•	 clipping distortion.
•	 Draw a voltage / time graph to show the effect of clipping distortion on a sine wave 

signal.

So What?



Copyright © 2010 - 2026 Matrix Technology Solutions Limited 15

WORKSHEETS 
Worksheet 6 - Voltage Follower 

What you’re about to investigate may seem like magic!

The voltage follower, or buffer, behaves like a simple length 
of wire, in voltage terms, but with an important difference - it 
draws very little current from the signal source.

It is an extreme form of a non-inverting amplifier, using zero 
ohms as the feedback resistor, and infinite ohms as resistor R1.

1.	 Behaves like a length of wire:
•	 Set up the first circuit.
•	 Notice the connecting link between 

output and inverting input, (see 
the ! symbol.) This provides the 
100% feedback.

•	 Copy the table shown below.
•	 Use a digital multimeter (DMM) to 

monitor the voltage VIN. Turn the 
‘pot’ to set this voltage to +2.5V.

•	 Measure the output voltage VOUT 

and record it in the table.
•	 Repeat this process for all the 

other values of VIN.

2.	 The magic bit:
•	 What we want to do now is use a 

thermistor to control the speed of 
a fan. Set up the second circuit (no 
op amp).

•	 When you test this, you will find 
that it does not work. Disconnect 
the motor. The voltmeter shows 
a healthy reading, which rises 
when the temperature increases. 
Reconnect the motor and this 
reading falls to nearly zero.

•	 Now set up the third circuit , using 
a potentiometer to mimic the 
thermistor function, and test it. The 
motor affects the output voltage, 
but nowhere near as much, and 
you should be able to control 
the speed of the motor with the 
potentiometer. This version of the 
circuit works well.

Over to you:

VIN VOUT

+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V
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WORKSHEETS 
Worksheet 6 - Voltage Follower 

Matching for voltage transfer:
No matter how complex its inner workings, , we can picture an electronic subsystem 
as a voltage source, VS, in series with an output resistance, RO.

The diagram shows two subsystems, A and B. Our design aim is to pass on as much 
of the voltage VS as possible. In other words, we want V2, the voltage ‘seen’ by B, to be 
as close as possible to VS, the voltage generated by A.

Now V2 + V1 = VS, so we want to make V1 as small as possible, by making the current 
I as small as possible. In turn, this means that the input resistance of B, RI, must be 
much bigger than RO, the output resistance of A.

The non-inverting amplifier has an input resistance of at least 1 MΩ. (Different op-
amps have different input impedances. The TL081 used in the Locktronics op-amp 
carrier has an input resistance of 1012Ω and an output resistance of around 200Ω) As 
a result, the current drawn from the input signal source is very small, and the loss of 
signal (V1 in the diagram,) is small.

As a result, when connected to the temperature sensing unit, in part 2 of the 
investigation, the voltage follower has very little effect on the output of the sensor. 
The voltage from the sensing unit is conveyed with little change to the output of the 
follower. The motor now draws current from the op-amp, and not from the sensing 
unit.
For your records:
•	 Draw the circuit diagram for the op-amp voltage follower.
•	 Copy and complete the following:
•	 In a voltage follower, the output voltage is .................... to the input voltage. 

However, the input impedance (resistance) of the voltage follower is so big that it 
draws ..................... current from the input signal source. As a result, it has little or 
no effect on the input signal. The output device draws current from the op-amp 
and not from the signal source.

•	 Use the internet to research the following terms and explain each in less than 25 
words:

•	 Buffer;
•	 100% feedback;
•	 Equivalent circuit.

So What?
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WORKSHEETS 
Worksheet 7 - The Summing Amplifier 

The inverting amplifier has only one input. However, we 
can add other inputs in such a way that each operates 
independently. We can then incorporate variable resistors 
that allow us to fade in and fade out input signals.

We call the result a summing amplifier, and it is widely 
used in audio recording and broadcasting as the mixing 
desk.

1.	 Summing
•	 Build this, using 10kΩ resistors for RF, R1 

and R2. The picture shows one way to do 
this.

•	 Use a DMM to monitor the input voltages 
V1 and V2. Set their values to those given in 
the first line of the table.

•	 Copy the table.
•	 Measure the output voltage VOUT and record 

it in the first row of the table.
•	 Repeat this process for all the other values 

of input voltages.
•	 Now swap the 10kΩ feedback resistor for 

a 1kΩ resistor. Use the same process as 
before to investigate this circuit.

•	 Record your results in a new table, similar 
to that used above.

2.	 Mixing
•	 Modify the circuit as shown in the circuit 

diagram below by adding variable resistors 
to the inputs.

•	 Connect audio signal sources, such as a 
Mobile phone and a signal generator, to 
inputs A and B.

•	 Notice the effect of changing the variable 
resistor settings on the output

•	 You can add a loudspeaker but note that 
the impedance match is wrong so the 
sound quality is not good.

Over to you:

RF = R2 = R1 = 10kΩ
V2 V1 VOUT

+2.0V +1.0V
+1.5V +1.0V
+0.5V -0.5V
-0.5V� -0.5V
-1.5V +2.0V
-2.5V +2.0V
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WORKSHEETS 
Worksheet 7 - The Summing Amplifier 

The circuit diagram for the summing amplifier 
is repeated opposite with some of the relevant 
values added.

Here’s the analysis of this circuit when input 
V2 = +2.0V, and input V1 = +1.0V :
•	 It’s an amplifier, so the output should not 

be saturated.
•	 Hence, the two inputs will sit at the same 

voltage.

•	 The non-inverting input is connected to 0V, so the inverting input sits at 0V.
•	 For each input, the full input voltage is dropped across the input 10kΩ resistor.
•	 Using Ohm’s law, the current flowing through the upper 10kΩ input resistor is 

0.1mA, and the current flowing through the lower 10kΩ input resistor is 0.2mA.
•	 We assume that the op-amp is ideal, and so no current flows into the op-amp 

through its inverting input. As a result, theinput currents combine, to give 0.3mA, 
which flows through the feedback resistor into the output circuit.

•	 Applying Ohm’s law to the feedback resistor, the voltage across it is 0.3 x 10 = 3V.
•	 The left-hand end of the feedback resistor sits at 0V.
•	 The current flows from there to the output, so that must be more negative, (as 

current flows from positive to negative voltages.)
•	 This means that the output voltage is 3V lower than 0V. In other words, VOUT = -3V.
•	 This circuit is a summing amplifier indeed! It added together the input voltages 

(and inverted the result.)

Note: if using your mobile phone to generate audio then you may need to change 
resistor values.

For your records:
•	 Copy the circuit diagram for the summing amplifier, given on the previous page.
•	 Copy out the steps of the analysis given above, but modify them by using the 

values given in the last line of the results table, where V2 = -2.5V and V1 = +2.0V.

(The current will flow the opposite way in input V2, because the voltage is negative!)

So What?
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WORKSHEETS 
Worksheet 8 - The Difference Amplifier

The difference amplifier finds its applications in 
instrumentation systems. Its name gives a clue as to what 
it does. The importance to instrumentation lies in its 
ability to distinguish between background components to 
a signal, such as temperature and power supply voltage, 
and the true signal. It is often used in conjunction with 
bridge circuits. For example, monitoring strain in civil 
engineering, such as bridges and high-rise buildings.

•	 The next circuit is another modification of 
the inverting amplifier used in worksheet 5. 
It is shown opposite.

•	 Build this, using two 10kΩ resistors and two 
1kΩ resistors. Notice the symmetry of the 
arrangement.

•	 The picture shows one way to build this.
•	 Use a DMM to monitor the input voltages VA 

and VB. Set their values to those given in the 
first line of the table.

•	 Copy the table.
•	 Measure the output voltage VOUT and record 

it in the first row of the table.
•	 Repeat this process for all the other values of 

input voltages. As with all amplifier circuits, 
it is important to avoid output saturation.

•	 Analyse your results. Can you see the 
pattern that links VOUT to VA and VB? Test 
your theories by trying other combinations 
of input voltages, and predicting the result.

Over to you:

VB VA VOUT

+2.0V +1.8V
+1.5V +1.2V
+0.4V 0V
0V� -0.2V
-1.5V -1.3V
-2.2V -2.6V
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WORKSHEETS 
Worksheet 8 - The Difference Amplifier

Here is an analysis of the performance of the difference amplifier. (The values of the 
resistors have been changed to make the arithmetic easier.)

Earlier we pointed out that the ideal op-amp has infinite input impedance, and so 
draws no current from its input source. We will assume that this op-amp is ideal!

Look at point X, the non-inverting input of the op-amp. It is at the centre of a voltage 
divider. We can draw it as shown opposite:

There is a 3V drop across two resistors, one of which is twice as big as the 
other. As a result, the 2kΩ resistor takes twice as much of the voltage as 
does the 1kΩ resistor, giving 2V across the 2kΩ resistor and 1V across the 
1kΩ resistor. In other words, point X sits at 2V.

Assuming that the output of the op-amp is not saturated, the two inputs 
must sit at the same voltage and so point Y sits at 2V also.

The output of the op-amp can be viewed as part of a voltage divider. The 
1kΩ input resistor has a 2V drop across it (from 4V at the input to 2V at point 
Y.) The 2kΩ resistor in series with it must have twice as big a voltage drop, 
i.e. 4V.

Looking at the blue current arrows on the diagram, current flows from point 
Y to the output. That means that the output is at a lower voltage than point 
Y, in this case 4V lower. As Y is at 2V, the output must be at (2 - 4) = -2V.

For your records:
•	 Draw the circuit diagram for the difference amplifier.
•	 Calculate the output voltage if all four resistors in the circuit have a resistance of 

10kΩ, and the input voltages are:
VA = +6V                       VB = +4V

Explain carefully how you obtain your answer.

So What?
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WORKSHEETS 
Worksheet 9 - Active Treble Cut Filter 

The acoustic range for human hearing is taken to be the
frequency range 20Hz to 20kHz. An ideal amplifier 
offers the same voltage gain to all these frequencies. 
However, there are situations where we want to boost 
or cut certain frequency ranges. For example, we might 
feel that a particular audio signal sounds ‘tinny’ or too 
shrill. In that case we can employ a circuit that cuts the 
treble frequencies in that signal. In hi-fi systems, these 
are usually called tone controls.

•	 Another modification of the inverting 
amplifier is shown opposite.

•	 Build this, using the picture as a guide if 
you wish.

•	 The input signal is provided by a signal 
generator.

•	 The output is monitored on an oscilloscope. 
Suitable settings are given at the bottom of 
the page.

•	 Set the signal generator to give a sinewave 
signal with a frequency of 50Hz and a peak 
amplitude of 0.2V, and connect it at point 
A (VIN).

•	 Copy the table, and write in the actual value 
of signal amplitude.

•	 Measure the amplitude of the output on 
the oscilloscope and record it in the first 
row of the table.

•	 Repeat this process for the other 
frequencies given in the table with the 
same input signal amplitude. Measure and 
record the amplitude of the output signal 
in each case.

•	 Complete the third column of the table for 
your results.

Over to you:

Frequency VIN VOUT Gain
50Hz
100Hz
150Hz
200Hz
250Hz
300Hz
400Hz
500Hz
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WORKSHEETS 
Worksheet 9 - Active Treble Cut Filter 

•	 The circuit behaves like a ‘normal’ inverting amplifier, except that feedback is 
supplied via the resistor - capacitor combination.

•	 Capacitors behave like very large resistors at low frequencies, and as smaller and 
smaller resistors as the frequency rises.

•	 At a very low frequency, the capacitor behaves exactly like its circuit symbol - as a 
break in the circuit. At this stage, no current flows through the capacitor. Feedback 
is via the 10kΩ resistor only, and so the voltage gain is RF / RIN = 10kΩ / 1kΩ = 10.

•	 At a very high frequency, the capacitor behaves like a short-circuit across the 
feedback resistor. No current flows through the resistor. It all flows through the 
capacitor. The voltage gain is now roughly zero.

•	 Somewhere in between, the effect of the capacitor is equal to that of the feedback 
resistor. More precisely, the reactance of the capacitor equals the resistance of 
the feedback resistor. This happens at a frequency called the break frequency, 
and this marks the frequency at which the voltage gain of the filter starts to fall 
appreciably.

•	 At the break frequency:
                                                          XC = R
     so that:
                                                         1/2πfC = R
     giving:
                          break frequency f = 1 / 2πRC

For your records:
•	 Why is the term ‘break frequency’ important when considering the behaviour of 

filters?

•	 Write down the formula for break frequency.

•	 Calculate the break frequency for the circuit you investigated on the previous page.

So What?



Copyright © 2010 - 2026 Matrix Technology Solutions Limited 23

WORKSHEETS 
Worksheet 10 - Relexation Oscillator 

Another use for op-amps! This time, we use a combination of 
positive and negative feedback to make the output oscillate 
on, off, on, off repeatedly.

We do this twice - once with oscillations so slow that you can 
see them on the analogue voltmeter and on a LED, and then, 
with different component values, faster oscillations which 
you can hear on the loudspeaker.

1.	 Slow oscillations:
•	 Set up the circuit shown in the first 

diagram.
•	 The picture shows one way to do 

this. A 4mm lead is used to make the 
positive feedback connection.

•	 Switch on the power supply.
•	 Watch the LED and the voltmeter 

connected to the op-amp output, 
Both show a low frequency oscillation.

•	 The frequency depends on the 
values of the resistors and capacitor. 
Experiment with other values.

2.	 Fast oscillations:
•	 Set up the second circuit.

Over to you:
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WORKSHEETS 
Worksheet 10 - Relexation Oscillator 

•	 The picture that follows shows one way to do this, but, again, power supply details 
are not shown. The capacitor value has been reduced to 1µF, and a 10kΩ variable 
resistor replaces the fixed 1kΩ resistor.

•	 The voltmeter and LED have been replaced with a loudspeaker, because this time, 
the oscillations are too fast to see.

•	 Switch on the power supply.
•	 Turn the knob on the variable resistor, and notice the effect.
•	 Again, experiment with other component values and describe how the pitch 

changes.

The relaxation oscillator circuit you just used has two 
feedback resistors. One, labelled R1, connected to the 
inverting input, provides negative feedback, and the 
other, connected to the non-inverting input provides 
positive feedback.

The two 1kΩ resistors set the switching thresholds, as 
in the Schmitt trigger, studied in worksheet 2.

When the output is in positive 
saturation, the capacitor charges 
up through resistor R1.

When the voltage across the 
capacitor (which is V1) reaches 
the upper switching threshold, 
the op-amp output ,VOUT, jumps 
into negative saturation.

The capacitor now discharges through R1. When V1 has dropped to the lower switching 
threshold, the op-amp output jumps into positive saturation and the whole process 
repeats.

For your records:
•	 Draw the circuit diagram for the (slow) relaxation oscillator.
•	 Draw the graph showing how V1 and VOUT change with time, and relate to the upper 

and lower switching thresholds.
•	 Write an short description for an intelligent friend, who has not carried out the 

investigation, explaining why the circuit oscillates.
•	 Explain, in less than 50 words, why turning the potentiometer produced the effect 

which you observed.

So What?
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WORKSHEETS 
Worksheet 1 - Op-amp Principles

For your records:
•	 Copy the circuit symbol for the op-amp and add labels to identify the three 

terminals.

•	 Copy the formula for voltage gain, and the basic equation for the op-amp .

•	 Explain what is meant by:
•	 High gain differential voltage amplifier
•	 Saturation
•	 Comparator.

Input voltage
V1

Input voltage
V2

Output voltage
VOUT

+9.0V
+8V
+7V
+6V
+5V
+4V

Input voltage
V1

Input voltage
V2

Output voltage
VOUT

+9.0V
+8V
+7V
+6V
+5V
+4V
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WORKSHEETS 
Worksheet 2 - The Comparator and Schmitt Trigger

For your records:
•	 Draw the circuit diagram to show a temperature-sensing unit connected to :
•	 A comparator circuit;
•	 A Schmitt trigger circuit.

•	 Write a clear explanation in no more than 50 words on the difference between 
comparators and Schmitt triggers.

•	 Design a Schmitt trigger circuit like the one above but which has switching 
thresholds of +2V and -2V. Assume that the saturation voltages are +12V and –12V.
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WORKSHEETS 
Worksheet 3 - Non-Inverting Amplifier

For your records:
•	 Draw the circuit diagram for the non-inverting voltage amplifier.

•	 Write down the formula linking voltage gain to input voltage and output voltage.

•	 Write down the formula linking the voltage gain of a non-inverting amplifier to the 
values of the feedback resistor and resistor R1.

•	 Fill in the following table:

Input voltage Output voltage  Voltage gain Resistor RF Resistor R1
5mV 22kΩ 2kΩ

300mV 15 1kΩ
20mV 400mV 38kΩ
10mV 10 10kΩ
3mV 18mV 100kΩ

RF = 1kΩ, R1 = 1kΩ
VIN VOUT Gain
+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V

RF = 10kΩ, R1 = 1kΩ
VIN VOUT Gain
+0.5V
+0.3V
+0.1V
-0.1V
-0.3V
-0.5V
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WORKSHEETS 
Worksheet 4 - The Inverting Amplifier

For your records:
•	 Draw the circuit diagram for the inverting voltage amplifier.

•	 Write down the formula linking the voltage gain of an inverting amplifier to the 
values of the feedback resistor and input resistor.

•	 Copy the following table:

Input voltage Output voltage  Voltage gain Resistor RF Resistor RIN

5mV 20kΩ 2kΩ
-300mV 12 10kΩ

20mV 100mV 100kΩ
-10mV 3 10kΩ
-3mV -24mV 240kΩ

RF = 10kΩ, RIN = 10kΩ
VIN VOUT Gain
+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V

RF = 10kΩ, RIN = 1kΩ
VIN VOUT Gain
+0.5V
+0.3V
+0.1V
-0.1V
-0.3V
-0.5V
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WORKSHEETS 
Worksheet 5 - AC Behaviour of Amplifiers

For your records:
•	 Explain to an intelligent friend, who has not done this investigation, what causes 

clipping distortion.

•	 Draw a voltage / time graph to show the effect of clipping distortion on a sine wave 
signal.

Non-inverting amplifier

Inverting amplifier

RF = 10kΩ, R1 = 1kΩ
Frequency VIN VOUT Gain
100 0.3V
500 0.3V
1000 0.3V
5000 0.3V

RF = 10kΩ, R1 = 1kΩ
Frequency VIN VOUT Gain
100 0.3V
500 0.3V
1000 0.3V
5000 0.3V
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WORKSHEETS 
Worksheet 6 - Voltage Follower 

For your records:
•	 Draw the circuit diagram for the op-amp voltage follower:

•	 Complete the following:
•	 In a voltage follower, the output voltage is .................... to the input voltage. 

However, the input impedance (resistance) of the voltage follower is so big that it 
draws ..................... current from the input signal source. As a result, it has little or 
no effect on the input signal. The output device draws current from the op-amp 
and not from the signal source.

•	 Use the internet to research the following terms and explain each in less than 25 
words:

•	 Buffer;
•	 100% feedback;
•	 Equivalent circuit.

VIN VOUT

+2.5V
+1.5V
+0.5V
-0.5V
-1.5V
-2.5V
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WORKSHEETS 
Worksheet 7 - The Summing Amplifier

For your records:
•	 Copy the circuit diagram for the summing amplifier, given on the previous page.

•	 Copy out the steps of the analysis given above, but modify them by using the 
values given in the last line of the results table, where V2 = -2.5V and V1 = +2.0V. 
(The current will flow the opposite way in input V2, because the voltage is negative!)

RF = R2 = R1 = 10kΩ
V2 V1 VOUT

+2.0V +1.0V
+1.5V +1.0V
+0.5V -0.5V
-0.5V� -0.5V
-1.5V +2.0V
-2.5V +2.0V

RF = R2 = R1 = 10kΩ
V2 V1 VOUT

+2.0V +1.0V
+1.5V +1.0V
+0.5V -0.5V
-0.5V� -0.5V
-1.5V +2.0V
-2.5V +2.0V
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WORKSHEETS 
Worksheet 8 - The Difference Amplifier

For your records:
•	 Draw the circuit diagram for the difference amplifier.

•	 Calculate the output voltage if all four resistors in the circuit have a resistance of 
10kΩ, and the input voltages are:

VA = +6V                 VB = +4V

•	 Explain carefully how you obtain your answer.

VB VA VOUT

+2.0V +1.8V
+1.5V +1.2V
+0.4V 0V
0V� -0.2V
-1.5V -1.3V
-2.2V -2.6V
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WORKSHEETS 
Worksheet 9 - Active Treble Cut Filter 

For your records:
•	 Why is the term ‘break frequency’ important when considering the behaviour of 

filters?

•	 Write down the formula for break frequency.

•	 Calculate the break frequency for the circuit you investigated.

Frequency VIN VOUT Gain
50Hz
100Hz
150Hz
200Hz
250Hz
300Hz
400Hz
500Hz
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WORKSHEETS 
Worksheet 10 - Relexation 

For your records:
•	 Draw the circuit diagram for the (slow) relaxation oscillator.

•	 Draw the graph showing how V1 and VOUT change with time, and relate to the upper 
and lower switching thresholds.

•	 Write a short description for an intelligent friend, who has not carried out the 
investigation, explaining why the circuit oscillates.

•	 Explain, in less than 50 words, why turning the potentiometer produced the effect 
which you observed.
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