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Abstract—This paper demonstrate how to construct an ad-
vanced yet low cost remote lab for experiments for an mod-
ule in analogue electronics at an electrical engineering 
course at second year bachelor level. The remote lab is de-
signed for running experiments on a normal BJT common 
emitter amplifier circuit, while maintaining the possibility 
for the students to use a wide range of different setups. The 
main reasons for using remote lab are the opportunity to 
give the students the chance to focus on the theory for the 
laboratory and not setup problems, in addition the availabil-
ity of the exercise is 24/7 and not dependent on the opening 
hours of the physical laboratory. 

Index Terms—Remote laboratory, BJT, amplifier, experi-
ments 

I. INTRODUCTION 

As part of a bachelor degree in electrical engineering, 
students have to complete several laboratory assignments. 
There are several different aims for these assignments, but 
basically the students receive training in a number of 
skills: setting up prototypes of circuits on a breadboard, 
troubleshooting circuits, identifying faulty as well as 
working components, reading and understanding circuit 
diagrams, achieving an intuitive understanding for the 
complex relations between currents and voltages in differ-
ent circuits, among others.  

Having such a high number of different aims for a sin-
gle laboratory or a set of similar assignment has a negative 
impact on the effectiveness of the exercise, in that it is 
difficult to adapt the training in specific areas to the needs 
of each student, meaning that a student might put too little 
or too much effort into solving the assignments due to 
problems that may or may not arise during the work on the 
assignment. Specifically, the authors have over several 
years experienced the following situation in many labora-
tory groups: The students are given an assignment con-
taining a description of the tasks to complete. The students 
then start collecting components according to the compo-
nent list and set up the circuit on a breadboard. Students at 
this level then often do errors, both in understanding the 
schematic and in doing the connections on the breadboard. 
In addition, the components might have been broken ei-
ther by the current student group, or by a previous group. 
When the circuit does not behave the way the students 
expected, they immediately suspects errors in the connec-
tions, and they start a very tedious process of going 
through each connection. When success fails to come, the 

components are suspected, and new components are 
brought in instead of the old ones.  

It might be argued that this is good, because the stu-
dents receive training in troubleshooting, but it is the au-
thors’ opinion that this is not entirely correct. One prob-
lem is that the students use a relatively large amount of 
time on the troubleshooting, draining the students of both 
available time and of cognitive resources that should have 
been used on circuit understanding. Moreover, for trouble-
shooting to be effective, a more advanced strategy than 
simply checking all connections must be utilized. For this 
to be possible, the students must gain the intuitive under-
standing of how circuits behave, and it becomes immedi-
ately clear that we have a sort of chicken-and-egg prob-
lem, where the students have to do experiments on a num-
ber of circuits in order to gain the understanding of the 
circuits, and at the same time is inhibited in this training 
by the quite large amount of resources, both time and cog-
nitive, spent on doing the troubleshooting the ineffective 
way.  

The idea now is to separate training in the different dis-
ciplines on separate assignments, so that training in circuit 
understanding can be done without being limited by trou-
bleshooting, Students at the authors’ university are given 
very simple laboratory exercises at the start of the module, 
in order to receive training in troubleshooting and doing 
connections on a breadboard, while keeping the complex-
ity of the circuit on a simple enough level to be able to do 
effective troubleshooting.  

For more advanced circuits, a remote laboratory is set 
up for the students to do the laboratory exercise. A possi-
ble alternative to a remote laboratory could be normal 
simulations, as is done successfully by Basher et.al. [1], 
Alam et. al.[2] in thermal fluid science, and by Palanki 
and Kolavennu [3] as control of a process, but simulation 
training is a separate skill students should receive training 
in. More important, a simulation gives a presentation of a 
models behaviour in the simulation program, not being 
able to correct represent all aspects of a circuit’s behav-
iour, such as the effect of circuit board layout, parameter 
distribution between different components of the same 
type and brand, temperature effect on semi-conductor de-
vices, and so on. Using very advanced models might ac-
count for one or two of these effects, but running such 
advanced models on student’s laptop computers is not 
practical as the computing time will be measured in hours, 
not minutes.  

A remote laboratory is a physical circuit with signal 
sources and measurement units connected, and running an 
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experiment on a remote laboratory takes time equal to the 
time it takes to run the circuit in real-time. For most circuit 
types, this is done in a fraction of a second. This combined 
with the users being able to change component values by 
clicking buttons in a web interface, gives the students the 
opportunity of running the experiment several times in 
just minutes, allowing for very deep investigation of the 
effect of different component values.  

Other challenges of running traditional laboratories are 
high demand on resources, significant maintenance costs, 
and that such assignments are impossible to deliver in a 
distance education environment. Virtual and remote labo-
ratory experiments represent a valuable addition for edu-
cational laboratories.  

II. THE REMOTE LABORATORY SETUP 

A remote laboratory installation is highly complex 
when compared to the normal physical laboratory setup 
for doing an experiment. The complexity comes as a result 
of several factors:  
 The experiment should be possible to do with a num-

ber of different components and component values. 
The component exchange requires some sort of 
switching element that can be controlled by the com-
puter controlling the experiment, without introducing 
new, undesired properties of the circuit, i.e. high re-
sistance, non-linear behavior, etc. 

 The experiment needs to be accessible from a remote 
location, using the internet. This requires a web 
server and interface between the physical experiment 
and the web server.  

 Most experiments need some sort of signal source 
capable of generating any desired signal as input to 
the circuit in the experiment, and an acquisition sys-
tem for doing high quality measurements at a data 
rate high enough for capturing the circuits’ response 
to the input signal. 

 Measurements must be done without any more than 
insignificant impact on the signals in the circuit  

A. Physical installation 
The experiment presented in this paper uses a bipolar-

junction transistor (BJT) in a common emitter small-signal 
amplifier circuit. A circuit diagram for the basic amplifier 
is shown in Figure 1. Many amplifier properties may be 
investigated using a circuit of this type. Although the stu-
dents are encouraged to expand on the initial assignment, 
the assignment focuses on the following items:  
 DC-voltage or bias point voltages. 
 Attenuation of the signal from the signal source to 

the base point of the transistor. 
 Amplification of the signal from the base point of the 

transistor to the output, as well as total amplification. 
 Effect of adjusting the Q-point. 
 Effect of changing value of the emitter capacitor. 
 Effect of loading of the amplifier, also in combina-

tion with the selected value of the collector resistor.  
 

This list of training elements sets some of the require-
ments for the functionality of the remote laboratory. It 
should be possible to log all voltages in the circuit, and 
present both steady state values and graphs. All resistor  

 
Figure 1.  Schematic for basic BJT common emitter amplifier. 

and capacitor values must be possible to change from one 
trial to the next, using the remote web interface. This re-
quirements list is then used when deciding on the physical 
implementation. The remote laboratory installation should 
also be realized using a low cost solution, so that several 
installations can be made from a relatively limited budget.  

For changing resistor values, several solutions exist. A 
digitally controlled solid state potentiometer could be an 
alternative to set resistors R1 and R2. The main problems 
with this solution are high output resistance and limited 
possibility to conform to one of the E-series resistor val-
ues. Relays are not desirable because of high cost and 
large space requirement which gives large inductance due 
to long wires on the circuit board and large stray capaci-
tance effect between other parts of the circuit. A third op-
tion is to use analogue solid state switches [4] or multi-
plexers [5], in combination with external resistors. The 
advantage of these elements are relatively low switch re-
sistance (<100Ω), low internal capacitance (<200pF, 
combined), and good matching between components 
(typical 5%). It is now easy to set up the standard E12 
series (or any other series) of resistor values, using 16 
different values of resistors. If more than 16 different val-
ues are desired, 2-4 multiplexers can be set in parallel. 
Using more than 5 devices can lead to significant stray 
capacitance and is not recommended.  

An obvious extension of this is to use analogue 
switches for selecting capacitor values. Here, it is chosen 
to use analogue switches rather than analogue multiplex-
ers, as the commercially available switches [6] have a 
significant lower on-resistance than the commercially 
available multiplexers. This is important due to the differ-
ence in magnitude of the ac- and the dc-currents in the 
amplifier, especially in the emitter capacitor, where the 
transients in the capacitor can be more than twice the size 
of the current flowing through the emitter resistor. Higher 
currents means larger voltage drops, and in order to com-
pensate for this extra voltage drop, switches with a lower 
internal resistance is selected. An obvious question then 
is: Why not use these switches everywhere in the circuit? 
The answer to this lies in the component cost. In order to 
keep the cost of this installation low, switching elements 
are selected on the basis of needed internal resistance. 
Multiplexers give a larger number of different values than 
analogue switches at the same cost.  
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An interesting side-effect of this switching of compo-
nents is that even the topology of the circuit can changed 
remotely, allowing the same circuitry to be configured as 
different amplifier types. When the emitter capacitor is 
removed, the circuit actually changes type from the com-
mon emitter topology. The difference can be seen in fig-
ure 4 and 5, where in figure 4, the emitter capacitor is set 
to 100µF, while in figure 5 the capacitor is removed com-
pletely, where the effect of this can clearly be seen from 
the output signal amplitude.   

For the acquisition interface between the experiment 
and the web server, a National Instruments PCI-6221 ac-
quisition board is used. This card has a sufficient number 
of analogue input channels, fills the need for analogue 
outputs and digital I/O channels, and has a reasonable 
cost. There are however several parts of the interface be-
tween the acquisition card and the experiment where some 
sort of adaptation is needed. Two important adaptations 
are presented below:  

The maximum voltage on the analogue inputs is 10V 
(positive or negative relative to system ground). For the 
circuit to be somewhat realistic, a supply voltage of 15V 
should be used. This means that voltage dividers made 
from precision resistors have to be set between the meas-
urement point and the acquisition card. This introduces a 
new problem: 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 uses a multiplexer to select one of the ana-
logue 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 performance. The solution to this 
problem is to install operational amplifiers configured as 
voltage followers between the voltage divider and the ac-
quisition card.  

There are a limited number of digital I/O lines on the 
card. Each of the analogue multiplexers and switches use 
from 4 to 6 digital outputs each. It is not possible to con-
nect each of these directly to the acquisition card, as the 
number of I/O lines required is many times the number of 
I/O lines available. Instead, digital buffer circuits are in-
stalled, forming a simple bus system with separate data, 
address and control bus. One buffer circuit is used for 
each switch or multiplexer, allowing for a large number of 
switches.  

A prototype of the system is shown in figure 2, while 
the switching element in the form of a analogue multi-
plexer and external resistors is shown in figure 3. The 
hardware implementation described in this section repre-
sents one of two parts of the implementation. The soft-
ware implementation elements in the experiment pre-
sented in the next section makes the interface between the 
control system and both the experiment and the web user, 
in addition to the actual control system. 

B. Software implementation 
The hardware used in this remote experiment is con-

trolled by National Instruments LabVIEW [7]. In addition 
to that the hardware is controlled by LabVIEW the stu-
dents access the laboratory via webpage with an embed- 

 
Figure 2.  Prototype of the physical part of the remote laboratory instal-

lation 

 
Figure 3.  Analogue multiplexer with external resistors.  

ded National Instrument LabVIEW remote panel applica-
tion. 

LabVIEW, short for Laboratory Virtual Instrument En-
gineering Workbench, is a graphical programming system 
that has been adopted as the standard for data acquisition 
and instrument control software. LabVIEW is a general-
purpose programming system with extensive libraries of 
functions for data acquisition, instrument control, and data 
analysis. 

The software implementation has two parts, one is fo-
cused on presenting a GUI (Graphical User Interface) for 
the students that are familiar that will aid their understand-
ing of the theory behind the function and not be as true to 
real work instruments. The other part is focused on con-
trolling the hardware, firstly setting up all the hardware 
and then acquiring the measurements. The graphical user 
interface is in use all the way through, but requires user 
input at the beginning, for setup, and at the end when the 
students are free to investigate the measurements.   

Below follows a complete run thought of one cycle: set-
ting values, acquiring measurements, and displaying the 
results. 

To start off, the information is entered into the experi-
ment by selection values from the drop down boxes dis-
played under the circuit diagram, as can be seen in figure 
4. The option of allowing the users to enter the informa- 
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Figure 4.  Screen capture of remote laboratory interface when selecting the 100µF emitter capacitor. 

 
Figure 5.  Screen capture of remote laboratory interface when deselecting the emitter capacitor. 

tion and then adjust it to the nearest values was considered 
but rejected. It was the opinion of the authors that entering 
a value that is then adjusted would frustrate more that it 
would aid. 

When the student is happy with the selected values for 
the circuit, the student selects: start. The software then 
goes through all values and sets up the circuit. Due to the 
large amount of possible selections the circuit is designed 
with a data buss type setup and enables lines for all the 
possible selections much like an address buss.  The soft-

ware transfers all the setup information to the different 
multiplexers one by one. This setup was selected in order 
both to accommodate a large selection of components and 
to make the experiment easy to expand.  After all values 
are set the software will set power to the circuit and wait 
until all values are stable. A wait time of 300 ms was se-
lected.  The Q values are then measured and displayed in 
the circuit diagram for the student. Once this is done the 
signal is applied to the input and the “real” measurement 
are done.  
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This procedure of setting up the circuit, waiting for sta-
ble values then applying the signal and performing meas-
urements does take a bit of time. Since the current stu-
dents seems to have an attention span of about 1 second 
the software will keep the student informed about what is 
going on at all time via a status field in the user interface.  

After experiment is run and the application has regis-
tered all the measurements, the students are free to display 
which ever signals in any combination they desire. In the 
web interface in figure 4, there are a total of three graphs 
simultaneously at the students’ disposal. Each of these 
three graphs can display any or all measurements. This 
selection is done via buttons that can be checked or un-
checked. Thus, giving the students an opportunity to 
quickly combine the signals they want, it was the authors’ 
intention when designing the user interface in such a way 
that the students was encouraged to “play” with the cir-
cuit. The traditional way of selecting signals before run-
ning the experiment, though encouraging the students to 
think through what results they want displayed and in 
what combination is more in line with a real laboratory, it 
was decided that the selected approach would offer a bet-
ter opportunity for learning the theory.  

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. Description of the assignment 
The main objective of the assignment is to give the stu-

dents a thorough understanding in how electronic circuits 
actually work. 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 choose a strategy involving several training 
elements rather than focusing on one element alone. This 
makes it important to be able to adapt the amount of train-
ing to each student’s need.  

The basis for understanding is the theory, given in class 
and/or through the use of the textbook. But theory will 
only get you part of the way. Only through extensive use 
of practical experiments and simulations, the true complex 
nature of the semiconductor circuits can be revealed.  

The use of the remote laboratory is only as part of a 
complete exercise program, intended to give the students 
training in a number of skills, as described in the introduc-
tion. The assignments are therefore often paired with other 
activities. For instance, in the case of the BJT amplifier 
circuit, more simple circuits, are done using physical labo-
ratories, where parts of the circuit appears in the BJT am-
plifier, while the complete amplifier circuit, exactly as it 
appears in the remote laboratory, is also part of the simu-
lation training, in order for the students to compare the 
results from the simulation training with the results from a 
physical experiment.  

The laboratory has been run on a group of students 
(~45), as part of an analogue electronics module in electri-
cal engineering education. The students were monitored 
when using the laboratory and their opinions after using 
the laboratory were orally communicated. A large group 
of the students found the concept of this type of remote 

laboratory attractive for a number of reasons, the most 
important being accessibility both in terms of time and 
location. The students did also appreciate the ability to do 
several trials in succession within a short time frame, al-
lowing them to further investigate the circuit’s behaviour. 
A large obstacle, however, was the problems related to the 
software needed to run the LabVIEW environment on the 
PCs. In order to use the LabVIEW server and hardware, a 
run-time version has to be installed on each computer 
connecting to the laboratory. This gave a large amount of 
problems, mostly related to the antivirus software installed 
on the computers.  

The software installation requires administrative privi-
leges on the computer, which many did not have for vari-
ous reasons. When the software was installed, the actual 
connection to the remote laboratory server was inhibited 
by the antivirus software. Opening access to the server 
also required administrator privileges. This was seen as a 
huge obstacle when running the laboratory on very differ-
ent computer environments.  

The authors has identified that a main shortcoming of 
most of today’s remote labs are a lack for support for 
learning. Software like the previously mentioned LabView 
is created to be used in an industrial environment, control-
ling, monitoring production equipment or similar opera-
tions. It is a convenient tool for educators to implement 
remote labs for two main reasons: It is often a part of the 
available software for a university simply due to the fact 
that it is part of the curricula for many engineering educa-
tion degrees. It is a widely used industrial tool, which is 
advantageous for the students to know how to use. The 
other reason is that it is a simple to use and powerful tool.  

The process of creating a remote lab environment with 
learning support is complex and requires several steps. 
First it is necessary to capture some information on how 
the users utilise the functions available to them and what 
strategy they employ in solving the assigned lab-work. 
The information that needs to be captured is who per-
formed the experiment, how the setup looked like and 
what the results are. Information about what strategy indi-
viduals are using, and how different users are progressing 
with the experiment can then be generated for these cap-
tured data by comparing different experimental runs by a 
single user over time. A user may attempt multiple differ-
ent setups in quick succession indicating that a trial and 
error approach is being used. Similarly multiple attempts 
at longer time intervals may indicate a struggling user, 
attempting to calculate or use other sources to arrive at a 
more correct setup. 

It is important that a set of rules are developed that can 
be formulated into rules and included in the remote lab 
environment. These rules will then give the environment 
the ability to detect these predetermined behaviours and 
notify the instructor. The information captures about the 
users will form the basis for the identification of more 
behaviour and the development of a more complete and 
complex rule-set. 

It is also necessary to ensure that captured information 
about the users is not made available to the wrong per-
sons. The information captured will not be of a highly 
sensitive nature, but any information relating to individual 
students must be kept secure and only be made available 
to the identified persons, like a lecturer/instructor in a 
module. 
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III. CONCLUSIONS 

A setup of a remote laboratory installation has been de-
scribed, where users can set up a large number of different 
configurations, and quickly observe the circuits’ response 
to different component values. The process of connecting 
components, measurement units and signal sources, as 
well as troubleshooting and faulty components is removed 
from the exercise so that the students can focus on one 
training element at a time, giving them full attention to the 
understanding of how the circuit actually works, and al-
lows the supervisors to adapt the training program to each 
student’s need for training and practice, reducing the 
amount of training as he or she fulfils the desired skill 
level.  

As the remote lab is done on real, physical components, 
the results given are realistic, and the difference between a 
simulation and a real experiment can be identified. If more 
complete models are used, simulation time when run on 
normal computers takes a stupendous amount of time, 
while the running of the remote laboratory setup is done 
within milliseconds, each time. 

The remote laboratory has been implemented using 
relatively low cost components, and the development time 
is limited, allowing the laboratory to be constructed within 
a reasonable time frame. The laboratory is fully auto-
mated, and is run on a 24/7 basis. 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.  

The laboratory has been successfully tested on a group 
of students, and the feedback is clear that it was useful to 
separate out the “side activities”. This type of setup al-
lowed them to give full attention to the problem of under-
standing. We have thus showed that this is both a viable 
and even preferred way to present some of the laboratory 
exercises in a module. 

A. Further work 
The current setups uses as previously mentioned Lab-

View, a tool that is created to be used in an industrial en-
vironment, controlling, monitoring production equipment 
or similar operations. The authors would like to see spe-
cial remote laboratory software developed that are as easy 
to use for implementation of new remote laboratories as 

LabView but that also offers extended support for peda-
gogical issues. 

The current setup has the option for the user to select 
the topology of the circuit, class B or class AB, in addition 
also a set of different transistors setups within each topol-
ogy. It is desired that instructors should have the possibil-
ity to setup a random choice of transistors for each series 
of experiment the students runs.  

The authors also plan to create a new implantation of 
the prototype implementation shown in this paper, and 
offer this to groups of students in the summing semester. 
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