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Abstract. Educational remote laboratories are software and hardware
tools that allow students to access real equipment located somewhere else
to perform tasks. One of the key features of remote laboratories is that
once they are developed, the number of students who can benefit from
them by accessing those labs remotely can scale fast. This contribution
is focused on the development of an open-source remote laboratory for
teaching SDR (Software-defined radio). The paper describes how the
laboratory is developed from the technical perspective, what are the
challenges of these remote laboratories compared to other types of remote
laboratories, and how universities and colleges will be able to use this
laboratory in the future.
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1 Introduction

An Educational Remote Laboratory is a software and hardware solution that
enables students to access real equipment located in their institution, as if they
were in a hands-on-lab session, using an standard web-browser. The laboratories
are typically hosted in universities or research centers.

A key factor of remote laboratories is that once they are available through the
Internet their usage can be scaled up and used by students of other institutions.
Thus, two or more institutions can share different equipment to reduce costs by
requiring less duplicated equipment: it is typically only used in certain hours of
the day and in certain days of the year.

In the literature there is a wide range of remote laboratories in many fields
(e.g., robotics, electronics, physics, chemistry). However, few experiences have
been developed in the field of Software-defined radio (SDR). In this field, in the
traditional lab, students usually have a receiver and a transmitter and, through
software, they define what radio-frequency (RF) signals are sent from one and
obtain and process the signals from the receiver. Given that the communication
between the components is carried through RF, having multiple setups of the
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same remote laboratory in a single room adds additional challenges in terms of
isolation when compared with most remote laboratories in the literature.

In this paper, our research team at the Remote Hub Lab (RHLab) 3 describes
an SDR Remote lab developed in the context of a National Science Foundation
(NSF) funded project. The project includes both technical aspects (development
of the laboratory, software, scalability) and pedagogical aspects (usage in class,
evaluation): in this contribution we exclusively cover the current state of the
first (technical) aspects.

The remainder of the article is structured as follows: Section 2 explains the
background of the project: examples of remote laboratories, usage of SDR in
class, and existing remote laboratories for SDR. Section 3 details the design of
the system and the different components of the laboratory. Section 4 explains
the results so far of the project. Section 5 describes the next steps of the tech-
nical aspects of this project and Section 6 will summarize the article and the
conclusions.

2 Background

This section summarizes the current status of the background of the project. It
includes: en explanation of how SDR labs are used in class nowadays (without
a remote laboratory) in Section 2.1, later a brief explanation of the current
status of remote laboratories in Section 2.2 and finally the current SDR Remote
Laboratories available in the literature in Section 2.3.

2.1 Software-defined Radio labs

SDR technology has prompted many engineering educational institutions to
build or upgrade their communication labs. The idea of implement multiples
hardware prototypes of wireless communications by only modifying a few lines
of software is optimal for engaging students in communications theory and teach-
ing them concepts of signal processing and communications.

However, even though SDR has facilitated the configuration and experimen-
tation with radio transmitters, students are still required to be physically present
in the lab. For this reason, there are strong motivations to develop a remote Lab
in this area of engineering.

In a traditional electrical engineering lab course, each student receives a kit of
components to work on their lab assignments [1]. Specifically, a communication
lab the kit contains one or more SDR devices, antennas, coaxial cables and
connectors. Normally, universities give them the choice to either use a physical
lab that is equipped with computers with the drivers and software they need
installed or work at home where students are responsible of installing all the
software package their computer. Since GNU Radio4 community has motivated
programmers, frequently, it is needed to update the versions of the latest version.

3 https://rhlab.ece.uw.edu/
4 https://www.gnuradio.org/

https://rhlab.ece.uw.edu/
https://www.gnuradio.org/
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Figure 1 shows a diagram of a typical SDR configuration. Through SDR
software environment, the user designs a radio device by connecting blocks and
configuring input and output parameters. Examples of SDR environment are
LabVIEW, GNU Radio Companion (GRC), or MATLAB+Simulink.

The GRC5 is a Simulink-like graphical SDR software environment to design
radio devices by adding and connecting blocks, which is defined as a flowgraph.
When a GRC file is ”compiled” it creates a Python Script. This Script imports
the libraries to connect the blocks and plot the data trough graphical QT wid-
gets.

Figure 2 shows a example of the design of a sine wave transmitter in GRC.
The flowgraph is composed by 4 blocks and one graphical QT-widget that once
it is compiled generates of plot of the streaming data.

Fig. 1: SDR general configuration

2.2 Remote Laboratories

A remote laboratory is a software and hardware tool that allows students to
remotely access real equipment located in the university. Users access this equip-
ment as if they were in a traditional hands-on-lab session, but through the In-
ternet. To show a clear example, Figure 3 shows the LabsLand Arduino Robot

5 https://wiki.gnuradio.org/index.php/Guided Tutorial GRC

https://wiki.gnuradio.org/index.php/Guided_Tutorial_GRC
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Fig. 2: GRC flowgraph of a source of sine wave and a QT-based widget that
plot the signal source

Fig. 3: Arduino Robot Laboratory at the University of Washington. On the left,
the robot itself. On the right, the user interface once the program has been
submitted.

Laboratory at the University of Washington: with previous versions described
in the literature in Spain [2], South Africa [3] or Colombia [4]. Students learn
to program a Pololu Zumo32u4 robot with Arduino using either C code or a
visual programming language (Blockly), and they can write the code anywhere,
compile it with the proper tools, and then submit the binary file to a real robot
through the Internet. Then, students can see how the robot performs with their
program through the Internet (e.g., if it follows the black line according to the
submitted program, etc.) in a real environment.

In this line, there are many examples and classifications in the literature
[5,6]. Indeed, remote laboratories were born nearly two decades ago [7,8,9], and
since then they have been adopted in multiple fields: Chemistry [10,11], Physics
[12,13], Electronics [14,15] or Robotics, [3,4,2].
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2.3 SDR Remote Laboratories

Few examples of remote laboratories using SDR have been reported. The most
relevant one is [16], where a single setup of a SDR remote laboratory is detailed.
Other examples include [17], relying on the FIRE federation protocol or other
experiences described in [18] and more recently [19].

3 System Design

This section details the system design: what are the components and interactions
in 3.2, and how is the hardware setup in Section 3.2.

3.1 Overall design

The overall design of the system is as follows:

– There is a web server with a set of services that provides the user interface
that the student loads, and all the communications with the SDR kits will
go using HTTP and websockets with that server. The server has multiple
independent services: one is user-focused (RELIA Web), whereas another
(RELIA Scheduler) manages the assignments of which particular setup will
be used in each session, and another one (RELIA data exchanger) focuses
in the message exchange between the SDR Kits and the server.

– Additionally, in second layer, there is a set of setups. Each setup consists of
two Raspberry Pi, each with a SDR Kit. Whenever a student is assigned to a
particular setup, the student will be sending two GNU Radio configurations
(typically one for the receiver and another for the transmitter), that will be
loaded in each of the Raspberry Pis.

– By design, there will be multiple setups, and students will be assigned au-
tomatically to one, to another, or they will be in a queue waiting for one of
the systems to be available.

Figure 4 summarizes the overall design of the system.

3.2 Hardware setup

Among all the alternatives available on the market, Adalm-PLUTO6 was chosen
as it is especially designed to guide students to carry up initial experimentation
in real-world Radio Frequency (RF). Another reason to choose Adalm-PLUTO is
the active and large community supported by its manufacturer Analog Devices.
Besides, technical specification like half and full duplex operation, a high Signal
to Noise Ratio (SNR), flexible rate makes this device appealing to be the heart
of RELIA.

6 https://www.analog.com/en/design-center/evaluation-hardware-and-software/
evaluation-boards-kits/adalm-pluto.html

https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/adalm-pluto.html
https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/adalm-pluto.html
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Fig. 4: RELIA architecture

RELIA lab is based on a number of modules, each module is composed by 2
Adalm-PLUTOs working together (one for transmitting and other for receiving).
If various RELIA modules are working simultaneously in a room then one of
them can interfere others and vice-versa. Therefore, in the case we have tens
on RELIA modules, a strong interference will affect the communication between
them.

One solution to solve this problem was to isolate every RELIA module within
a Faraday cage (FC). Figure 5 shows one module before to be enclosed in a box
covered by a nickel and copper sheet shield that acts as a case of a FC. To measure
the level of isolation in every RELIA module, Packet Reception Ratio (PRR)
was used as a metric. The test consisted on transmitting a sequence of 100K
ASCII characters using the Binary phase-shift keying (BPSK) modulation. The
FCC result is obtained by counting the number of characters received correctly
then dividing it by 100K. Thereby, PRR is a kind of efficiency of transmission.
Several tests were applied in order to measure the level of interference in function
of the distance between modules. The results of these test are described in the
section 4.2

To control the Adalm-PLUTO, the Raspberry PI 4 Model B was selected. Its
four USB ports, open source platform and low cost ideal computer to control it.
Besides, is important to mention that both the Adalm-PLUTO and the Rasp-
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berry PI can be fully programmed in Python, which facilitates the high speed
data transfer between them.

Fig. 5: RELIA module inside a Faraday Cage

4 Results

4.1 Web version

RELIA’s web platform offers a full interaction with the GNU Radio applications
similar to the executed one with GRC. Thus, the user has various widgets (input)
and sinks (graphical outputs) available in the RELIA package.

First of all, the user submits the GRC file designed on his computer to
RELIA. RELIA searchs on it all the QT-widgets and replaces them with RELIA-
widgets to creates a new GRC file. Next, this new GRC file is compiled to Python
using the GNU Radio Companion Compiler (GRCC).

Once the Python script is executed, the data generated is stored in a memory
database (REDIS) fast enough to send large amount of data streaming to the
web. Finally, a web interface executed on the server displays the online process.
The graphical widgets are based on Google Charts for the web visualization .
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Fig. 6: Web User interface of Relia Lab based on Google Charts tools

Figure 6 shows an example of how a flowgraph designed in GRC remotely is
viewed in a web interface. RELIA has widgets modules to dynamically modify
input parameters such as center frequency, power, amplitude, offset, etc. Like-
wise, user can rearrange the upcoming data in in a customized way. For instance,
RELIA has tools like zoom in/out, pause/run, averaging, noise level, etc.

4.2 SDR isolation

In order to avoid interfering from one module to another one, a FC was used.
Results of transmitting a sequence of 100k of characters using a BPSK modu-
lation show a high efficiency when at least one module is enclosed in a FC., on
the other hand, when there is no FC the transmission efficiency decrease signif-
icantly. Three test were performed to get this conclusion: first, when 2 modules
work simultaneously; second when only one module is enclosed in a FC and third
when both modules are isolated by a FC.

Figure 7a shows the diagram of the first test where 2 modules work simulta-
neously without FC isolation and the noise from one module to another caused
the lost of 15% of the packages transmitted when they are at a distance of 10cm.
The PRR increased when the distance between 2 modules is bigger but even
when the distance is 1 meter the PRR achieves 96%, which is not ideal because
it supposed that a large area would be needed to install a remote lab. This is
displayed in Figure 7b.

Results improve in the next scenario. Figure 7c illustrated the test of one
module enclosed in a FC and another one free. In this case, the PRR is almost
ideal showing and efficiency of 99% in the module isolated by a FC even when
the distance is minimal (10cm). The results keep the same performance even if
the free module is further away until 1 meter. This is plotted in Figure 7d.

In the third test, both modules are enclosed in a FC. This is illustrated in
Figure 7e. Results of PRR are very similar to the ones obtained in test 2. This
can be seen in Figure 7f.
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(a) Transmission of 2
modules without FC isolation

(b) PRR of transmission of 2 modules without FC
isolation

(c) Transmission of both 1
module enclosed in a FC and

1 module without FC
isolation

(d) PRR of transmission of both 1 module enclosed
in a FC and 1 module without FC isolation

(e) Transmission of 2 modules
enclosed in a FC

(f) PRR of transmission of 2 modules enclosed in a
FC

Fig. 7: PRR results
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5 Future work

This project is open source7, and documentation will be available in the RELIA
website8 as part of the Remote Hub Lab9. Anyone therefore will be able to
replicate the software, the setup and use it in their university with the also
open-source WebLab-Deusto [20] software.

However, LabsLand10, the global network of remote laboratories, participates
in the project developing part of the software and will adopt this laboratory to
make it available in a federated way across institutions [21]. Once the labora-
tory is available in the LabsLand network, potential users of it will benefit from
the features that LabsLand already provides (dashboard, different authentica-
tion mechanisms, integration of Learning Management Systems such as Moodle,
Canvas, Sakai or others), and from the fact that LabsLand will have multiple
copies of the laboratory in multiple universities, providing a higher reliability. It
will also be possible to purchase hardware solutions to set up the remote labo-
ratory in a new university without going through the effort of designing all the
components.

6 Conclusions

This paper explains the technical details of the development of the RELIA Lab
and its features. It is designed to offer the users the same quality of visualization
and flexible reconfiguration than GRC. Besides, RELIA offers the advantage
of building a communication system device from any location and at any time
without dealing with potential hardware issues. Therefore, RELIA helps user to
reduce the setup time since most experiments can be rapidly configured when
they are ran remotely.

The ADALM-Pluto was chosen as the SDR device for RELIA because of its
design oriented to educational purposes. Likewise, its easy configuration with
Python makes this device much more attractive due to the compatibility with a
low cost computer like the Raspberry Pi.

One challenge at building RELIA was the signal interference every module
could generate to another when they work simultaneously. The solution proposed
was to to isolate every RELIA module with Faraday Cages. Results of PRR show
that transmission is 99% successfully when a module is enclosed by a Faraday
Cage. On the other hand, when a RELIA module interferes other, the PRR
decrease to 85% and its efficiency is not good even if the distance between
modules is increased.

The modular architecture of RELIA permits a rapid growth of development
since its functionality is based on widgets. Therefore, in case there are new
versions of GRC, it is only necessary to work in a new widget and add this to
the RELIA package.

7 https://gitlab.com/relia-project/
8 https://rhlab.ece.uw.edu/projects/relia/
9 https://rhlab.ece.uw.edu

10 https://labsland.com

https://gitlab.com/relia-project/
https://rhlab.ece.uw.edu/projects/relia/
https://rhlab.ece.uw.edu
https://labsland.com
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