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Abstract—In this paper a remote laboratory setup for con-
ducting experiments on a class B/AB power amplifier is
presented, addressing the problems related to running ex-
periments requiring temperature matching between transis-
tors and bias diodes, in order to avoid thermal runaway in
the transistors. In addition there is an option for the student
to quickly examine a range of different transistors in both
class B and class AB setups.

Index Terms—remote lab, class AB amplifier, class B ampli-
fier, electrical engineering education

L. INTRODUCTION

Electrical engineering students complete a number of
laboratory exercises during their degree program. The
laboratory setup described in this paper is on class B and
AB power amplifiers and is part of the second year mod-
ule on analogue electronics.

Students attending a course in analogue electronics at
the authors’ university are required to perform a number
of laboratory exercises involving different types of semi-
conductor circuits. Simple labs are done using breadboard
and through-hole mounted components, but certain prob-
lems arises when setting up a laboratory exercise involv-
ing the very commonly used class AB power amplifier.
The main problem is that the amplifier requires that the
bias diodes and the transistors share a common heat sink,
as the temperature characteristic of transistors cause the
transistor to start conducting at lower base-emitter voltage
levels as the junction temperature increases. As the base-
emitter voltage is supplied by the bias network, the bias
voltage must be reduced accordingly, and this is done by
letting the bias diodes experience the same temperature
change as the transistors.

It is difficult to simulate amplifier circuits accurately in
circuits where temperature changes affect the bias point of
the transistors. The only solution to this is to do the ex-
periment on real physical hardware.

Given these challenges on the circuit creation two alter-
natives for the experiment presents itself: Manufacture a
class set of physical boards for the students, with the cost
and maintenance associated. Or, create one setup and
make it available for the students remotely. The remote
setup does require some extra initial design and develop-
ment work, especially to allow the students a wide range
of setup choices. But the remote setup does offer a simpler
and cheaper maintenance and a possibility for the students
to access the laboratory 24/7, and not be dependent on the
limited opening hours of the physical laboratories.

The purpose of this laboratory exercise is to give the
students a thorough understanding both class B and class
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AB and the difference between them. The main challenge
in running the lab in the traditional way is that students
often fail to make the connections right the first time, and
hence, waste a lot of time on troubleshooting the circuit. It
is also quite difficult for the students to keep focus both on
the results they are getting, and at the same time do con-
nections right, take notes, use the measurement instru-
ments correct, and set the inputs to the system. It is the
authors’ experience that all the side activities contribute to
obfuscating the real aim of the lab: understanding the cir-
cuits. There is therefore a desire among the staff to sepa-
rate the training in using the breadboard to create electri-
cal circuits, from the understanding gained in the labora-
tory exercise.

The remote laboratory solution presented in this paper
removes the breadboard from the students replacing it
with a web interface to the laboratory, while keeping the
physical part of the laboratory.

II.  SIMULATIONS AS AN ALTERNATIVE

An alternative to a remote laboratory setup could be a
normal simulation program to run on a PC, but several
disadvantages have been identified to such a solution,
given these challenges:

e As mentioned previously, it is difficult to simulate
amplifier circuits accurately in circuits where tem-
perature changes affect the bias point of the transis-
tors. This is in particular true for the class AB power
amplifier, requiring close temperature match between
the transistors and the diodes in the bias network.
The diodes in this type of amplifier are mounted on
the same heat sink as the transistors in order to avoid
thermal runaway caused by the reduced voltage drop
in the base-emitter part of the transistors when the
substrate temperature rises, as the voltage from the
bias network otherwise would be constant.

e A simulation will always be an approximation to the
real world, and any property of the physical machine
not included in the model, will add to the discrepancy
between the real world and the simulation.

e Noise components could be artificially added to a
simulation, but noise is also a model of the real world
noise, and may not entirely correct imitate the real
world noise.

e If a good simulation could be created, it would re-
quire huge computational resources, and it may take
from many minutes to hours for the simulation model
to reach stationary values. With a remote lab setup as
the one presented in this article, the results are pre-
sent after a second, always.
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A. The setup of an remote laboratory

The use of web-based laboratory is not new, and there
has been implemented similar projects using a number of
different development tools and platforms. These include
among others: Casini et.al [4] with Matlab, Das et.al [5]
with Visual Basic, Pradarelli et.al. [6], and Ferreira and
Muller [7] using a home developed systems. The main
difference between previous setups and the one presented
in this paper is the focus on aiding the students under-
standing of the theory and not focusing on making a copy
of a physical laboratory, the ease of implementation, and
low cost of the system in this article,. Using standard low-
cost acquisition devices from National Instruments, to-
gether with a standard PC, makes the implementation do-
able on a very low budget.

The presented remote laboratory does not facilitate stu-
dents who prefer to touch and handle the equipment them-
selves. This is however not regarded as a serious problem,
as the module in analogue electronics that use this remote
experiment requires the students to complete other real life
in the laboratory experiments.

B. Lifelike remote interface

A lot of remote experiments focus on creating an as
lifelike as possible interface [8,9]. This includes: Using
pictures or graphical representations as close to the real
laboratory equipment as possible. Having students click
on pictures of terminals to connect up the equipment to
measuring points. Using a live webcam of the circuit, this
most of the time just shows the circuit with LED’s if it is a
digital and just the circuit if it is an analogue. This web-
cam is presumable used to ensure to the students that there
really is a circuit and that it is not smoking.

While the approach of making the experiment as life-
like as possible have some merit when the remote labora-
tory are the only connection the students get to laborato-
ries, the authors feel that this approach is not required in
the experiment presented in this paper. The reason being,
that the students in the group using the remote laboratory
experiment presented here are required to complete a
number of real hands on experiments in a laboratory.
Thus in the authors’ opinion removing the need for a look
and feel like the real world, this then gives us an opportu-
nity to design the graphical user interface with a focus on
aiding the students understanding.

The approach favoured in this paper, where the graphi-
cal user interface is designed not to look lifelike but rather
focuses on ease of use, may at first seem strange. The ra-
tionale for this approach is simple, from observing stu-
dents over a number of years it has for the authors become
apparent that presenting students with multiple learning
challenges simultaneously does not work well. The chal-
lenges in this laboratory experiment would be the use of
complex laboratory equipment and understanding the the-
ory behind a power amplifier circuit.

The argument often put forward against this approach is
often, (these are quotes from some of our colleges): “They
need to learn to use the laboratory equipment so it would
be easier to learn it at the same time.” or ”we managed to
learn it this way”, or even “we have taught the students
this way for x years and it has always worked well”, sub-
stitute between 10 and 40 for x, any figure that are appro-
priate to the person. Our argument is, and we feel that

more should adhere this is that, just because you suffered
does not mean that your students should.

In addition to the basic theories and other material the
students have to understand there are also an ever increas-
ing amount of new and occasionally complex tools and
equipment engineering students need to learn and master.
We feel that our approach where we separate out some of
these learning objectives and create laboratory exercises
that focus on a few or even just a single learning objective
at a time, the students can focus on that and not be over-
loaded with new areas to master simultaneously.

Our approach is to divide the learning objectives into
different categories and handle them separately. One cate-
gory for understanding the theory behind a power ampli-
fier (the topic for this paper) and another for learning to
master the equipment in the laboratory, do in addition to
aiding the student when they are in the process of learning
the material, also allow us to direct students, or hopefully
they can themselves redo the work on the learning objec-
tives they are still unable to master. The mastering of the
laboratory equipment is either done on simple circuits that
are well understood or they can be done on more complex
circuits for which the students have first received a thor-
ough theoretical background. By diving up the learning
objectives in such a way it is the authors belief that we
may wake an intrinsic motivation in the students, where
they are able to succeed in completing the tasks put in
front of them, and the completion of the task itself be-
comes the reward and a motivation to keep going. Such a
state is well know from learning theory and is known as
flow. [10]

The authors want to emphasize here that our aim is on
creating an environment where the students’ learning
process have the focus. It is the students who need to learn
and understand the material, and hence, have to put in the
work. So our means of reaching our aim is to create a state
of flow in the students where the completion of a piece of
work itself is the reward and the motivation to keep going.

III. THE DESIGN AND CONSTRUCTION OF THE REMOTE
LABORATORY

A. The remote laboratory setup

The remote laboratory is constructed using a software
part and a hardware part. The software part is realized
using National Instrument’s LabVIEW, with remote pan-
els and web server. The hardware consists of the amplifier
circuit for running the experiment, and the support system
for this circuit. The support system is the main focus of
this section, and has the following tasks:

o Generation of signals for the amplifier input.

e Measurement of voltages and currents, with buffers
between the point of measurement and the acquisi-
tion card.

o Allows the user to remotely change components and
component values, as well as to change the transistor
type and the topology of the amplifier network.

e Apply varying degree of cooling to the heat sink for
demonstrating the effect of varying junction tempera-
ture on the bias point.

e Protection and supervision of the amplifier and the
components.
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The input of the amplifier receives a signal from the
analogue output of the acquisition board. This signal is
generated by the LabVIEW software and is sinusoidal
with amplitude and frequency set by the user. In this way,
the frequency response of the amplifier can be determined
for the various configurations of the input and output cir-
cuit, and the effect on signal distortion and heat generation
of small and large signals, related to the loading of the
amplifier through the load resistor.

Measurements are done using the analogue inputs of the
acquisition card. The maximum voltage on these inputs is
+10V, with reference to system ground. Normally, this
type of amplifiers uses a power supply of £15V to £60V.
Voltage dividers are therefore required between some of
the measurement points and the analogue inputs. These
are made from precision resistors in order to keep a certain
level of accuracy. This, however, introduces a new prob-
lem: Even though the input bias current on the analogue
inputs is negligible, the acquisition card (due to the low
cost) only have one analogue to digital converter (ADC),
and use a multiplexer to select one of the analogue inputs.
The stray capacitance of this multiplexer cause a relatively
large current to flow in or out of the analogue input in the
few microseconds it takes to change the voltage between
inputs, meaning the source of the measurement should
have a very low output resistance, while the measurement
points should have a negligible effect on the circuit’s per-
formance. The solution to this problem is to install opera-
tional amplifiers configured as voltage followers between
the voltage divider and the acquisition card.

For changing resistor values, analogue solid state
switches [1] or multiplexers [2], are used in combination
with external resistors. These elements have relatively low
switch resistance (<100€2), low internal capacitance
(<200pF, combined), and good matching between compo-
nents (typical 5%). Using these elements, the standard
E12 series (or any other series) of resistor values can be
set up. An identical approach is used for capacitors, except
for the high current paths.

The class B and AB amplifier have approximately unity
voltage gain. The current gain is usually much larger. This
means that the current flowing in the output of the ampli-
fier usually is significantly larger than the input currents.
This has an impact on the use of switching elements. The
solid state switches described above have a typical on-
resistance of 50Q. When the equivalent of a typical load

Figure 1. Hardware setup of the heat-sinks for the transistors and the
diodes, and the measurement system.
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Figure 2. Basic circuit of class B power amplifier with single power
supply.
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Figure 3. Basic circuit of class AB power amplifier with single power
supply.

resistor has a value between 4Q and 32Q, this gives that
the added voltage drop in the switch would be unrealistic
high. Instead, relays are used for connecting and discon-
necting components.

In addition to the buffer and snubber circuits, a memory
element must be installed for each relay, due to the limited
number of digital I/O lines on the card. These memory
elements (usually D-flip-flops) are accessed using a sim-
ple bus system with separate data, address and control bus,
allowing for a large number of switching elements in the
experiment, giving the users more options in choosing
components for the circuit.

The two amplifier circuits are shown in figure 1 and 2.
In order to avoid thermal runaway in the transistors, the
diodes in the bias circuit of the class AB amplifier is
mounted close to the transistors, sharing heat sink with the
transistors. This reduces the risk that the negative tem-
perature coefficient of the base-emitter junction does not
lead to over-currents, as the bias network have the same
negative temperature coefficient, experiencing the same
temperature change as the transistors. In addition, the heat
sink is fitted with fans which allows for forced airflow
over the heat sink. This gives the option of controlling the
temperature of the transistors, and allows the users to see
what effect temperature change has on the bias voltages in
the amplifier.
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In order to make the system foolproof, an extra layer of
supervision and protection is implemented. If a state of
over-current or over-temperature occur that might cause
permanent damage on the components, the support system
is set to disconnect the power supply, until the error state
is rectified.

B. Options when using the software

The graphical user interface controlling the remote
laboratory is fairly simple in a setup like the one described
in this paper. To give the students as much flexibility as
possible the user input is divided into two phases:

1. Set all the values. This means setting the values for
amplitude and frequency for the input signal. Select-
ing the type of circuit to use, class AB or a pure class
B amplifier. In addition to selecting the class of am-
plifier there are also several sets of class AB and
class B setups. Then choosing the values for the re-
sistors and capacitors for the bias circuit. Finally
choosing the resistance for the load. The setting of
these values can be done in any order and changed as
many times as s desired.

2. Choose and re-choose at will which measurements to
view and in what combination.

The first part is similar to what can be done in a normal
laboratory, the simulations setup and use of multiple class
B or class AB circuits can be both cumbersome and re-
quire a lot of effort. This option has been prearranged for
the users and their work is reduced to only selecting one
of a range, the go back and select another pair to see the
difference characteristics different “similar” transistor can
give.

The second part is where the experiment start to differ
significantly from what can be done in a physical labora-
tory. After the experiment is run and the application has
registered all the measurements, the students are free to
display whichever measurements in any combination they
desire. Giving the students the opportunity to select what
measurements to display after experiment is run, is a con-
scious decision by the authors. It can be argued that mak-
ing the students think through their setup before running
the experiment is more in line with the real world, but it is
the authors opinion that giving the students the opportu-
nity to select measurements for display and easily chang-
ing their selection it would aid the students in “playing”
with the circuit and thereby again aiding their understand-
ing.

The graphs used to display the results are standard
graphs included with LabVIEW. These graphs offer a
multitude of options for the students on zooming by se-
lecting a range of data, thus giving them a clearer view of
signals. The students can also zoom in on the level of val-
ues to gain an accurate reading.

C. Assignment description

Giving the students a thorough understanding of how
electronic circuits actually work is the main objective of
the assignment. The ultimate goal is for the students to
achieve an intuitive feel for how a certain circuit would
behave when subjected to an input signal. There are sev-
eral types of training used in achieving this goal, and a
student should be subjected to several training elements
rather than focusing on one element alone. This makes it

important to be able to adapt the amount of training to
each student’s need.

The theoretical background will always play an impor-
tant role in this type of modules, and is usually the first
part done in the classes. For the students to move further
on, practical experience from laboratories and simulations
are used for the true complex nature of the semiconductor
circuits to be revealed.

The theoretical background for doing calculations on
electronic circuits is presented for the students, before
running simulations and practical experiments. This gives
the students an opportunity to see the difference between a
calculated behaviour, a simulated result and a practical
result. Calculations are done using very simplified models,
taking into account only the most important properties of
the circuit’s behaviour. There will always be a difference
between the calculated results and the simulated results,
due to the far more complex models used in simulations.
The problem with the class AB power amplifier is the
great difficulty in achieving realistic simulations due to
the tight relations between the electrical and the thermal
behaviour of this type of circuit. This causes a significant
difference between the results from simulations and prac-
tical trials.

Other aspects that can be investigated by the students
are the effect on frequency response the different combi-
nations of input/output capacitor and bias resistors have,
the difference between the class B and class AB amplifier
with respect to the crossover distortion, and how well the
biasing of the transistors reduces the distortion, as well as
how the loading of the different amplifier topologies affect
the thermal behaviour.

A web interface is used to allow the students access to
this laboratory, and an assignment is usually carried out by
the following steps:

e Preliminary calculations on the circuit are performed
to find a starting point for component values in the
circuit.

e The circuit topology is selected based on the assign-
ment.

e Component values are selected based on the previous
calculations.

o The circuit is run with the selected components and a
predefined signal and load.

o After inspection of the graphs from the trial, compo-
nent values might be changed and the circuit can be
run over again.

In addition to allowing the students to run experiments
on this type of circuits, this also demonstrates how easy
and quick the trials can be done, without wasting time and
cognitive resources on doing connections, troubleshoot-
ing, etc.

IV. CONCLUSION

We have here shown an implementation of a remote
laboratory for class B and AB power amplifiers. As the
remote lab is done on real, physical components, the re-
sults given are realistic, and the difference between a
simulation and a real experiment can be identified.

The laboratory described address some the challenges
faced with running a student laboratory with power ampli-
fiers. We have addressed the challenge of negative tem-
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perature coefficient in the transistor, which is not correctly
modelled in a normal simulation. It is even possible to
actually change the topology of the circuit remotely, al-
lowing the students to easy see the difference between
different amplifier topologies. We have given the students
a laboratory that they are able to utilize and do aid in their
understanding of the theory better than a traditional lab.
The authors are aware that offering a remote rather than a
traditional physical laboratory has its drawbacks, but these
are addressed by the fact that this laboratory is a part of a
set of laboratories run in the module covering analogue
electronics.

The remote laboratory has been implemented using
relatively low cost components. The development time
spent on the laboratory itself was within a reasonable short
time frame, about a week full time effort. The result is a
fully automated remote laboratory that runs 24/7 without
any interaction apart from the students using it. This gives
the students the opportunity of doing the assignments at
the time and place of their choice, which is useful when
students have competing activities, besides the study.
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