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ABSTRACT
Wireless Sensor Networks (WSNs) are ubiquitous in everyday life,
playing important roles in industrial and civil appliances. Their
usage can range from basic monitoring to complex distributed
control systems. The growing adoption has led to a great availability
of many hardware platforms.

As a result, teaching these topics has become vital for prepar-
ing students to operate and develop these platforms. Focusing on
WSNs, this paper introduces the experiences gained over 10 years
of teaching Internet of Things (IoT) through a dedicated course:
the Wireless Networking Lab (WSN-Lab). We highlight its project-
based approach, along with gamification techniques that we used
to increase students’ interest and motivation. The feedback of the
students suggests that the open-ended structure of a project-based
approach supports self-initiative, allowing students to delve deeper
into specific aspects of IoT and WSN.

CCS CONCEPTS
• Hardware → Wireless integrated network sensors; • Net-
works → Sensor networks; • Applied computing → Educa-
tion.
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1 INTRODUCTION
The growing adoption of connected devices andmonitoring systems
in industry, and therefore, the implementation of Industry 4.0 [14],
is a prime example of the growing adoption of the IoT. It is expected
that this trend will continue not only in the industrial sector but
also in private devices and other areas where more information and
automated data processing can enhance process efficiency.

This not only poses new research questions and engineering
challenges but also requires the education of new experts who tackle
these problems. However, teaching IoT poses many challenges on
its own that educators must address.

First of all, as with all teaching material, the courses about IoT
need to be updated regularly to reflect the current state of the art.
This is especially challenging if the course includes practical tasks

that involve embedded hardware that has to be maintained and
replaced at some point.

Furthermore, the selection of hardware must be carefully con-
sidered, depending on the course’s focus. For example, enabling
students to benefit from a broad base of resources, platforms like
Arduino UNO [2] can be helpful. However, focusing more on teach-
ing specific techniques such as battery-free computing, platforms
like Riotee [9] are more suited.

In this paper, we present our experiences of teaching WSNs for
over 10 years through the WSN-Lab. It is a practical course that
teaches students basic techniques in WSNs before working on a
larger practical task with minimal boundaries. This allows them to
explore various parts of WSNs aligning with their interests. The
course is equivalent to 5 ECTS.

The course began in the summer term of 2014, based on the
INGA [5] hardware platform, which features various sensors and
an ATmega 1284P Microcontroller Unit (MCU) connected to an
AT86RF231 radio. The INGA was used together with Contiki [7]
as Operating System (OS) until we switched to RIOT [3] as an
OS in 2019. Shortly after, the INGA was retired and replaced by
the IBR-Node in 2022. The new hardware platform was developed
specifically for research and educational purposes and includes an
STM32F411 MCU as a significant upgrade to the previous one.

Apart from the evolving hardware and software stack, the tasks
for the students also varied over the years. In all cases, the course
started with one or two introductory tasks, allowing students to
familiarize themselves with the required tools and stack. For the
main task that followed, several different variants were used. These
range from allowing students to undertake a self-designed project
to special tasks introduced by the supervisors, e.g., focusing on
smart farming.

In the following, the complete history of the course, including
the lessons learned, is shown in Section 2. Our general WSN-Lab
teaching approach is presented in Section 3. The current state of
the course is presented in Section 4, with a detailed description
of the hardware used and an evaluation of student feedback in
Section 5. The paper concludes with an outlook on future develop-
ments in Section 6, a discussion of related work in Section 7, and
the conclusion Section 8.
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(a) INGA Front View (b) INGA Back View

Figure 1: INGA Hardware Platform. INGA’s Physical Dimen-
sions are 50 mm x 39 mm

2 HISTORY OF THEWSN-LAB
In 2001, our teaching already included educational labs for embed-
ded systems, which featured several aspects of today’s IoT. While
these early lab iterations focused on the intersection of electrical
engineering and computer science (Computer and Communica-
tion Systems Engineering), new topics and interests have emerged
throughout the years. Getting all participants to a common level,
these educational labs focus on the basic understanding of the 8-bit
architecture and bus communication, as well as the integration of
peripherals in embedded systems. To offer a course on more aspects
of wireless communication in embedded systems, we established
a new lab with a special focus on WSNs: the WSN-Lab. With the
summer term of 2014, our WSN-Lab was successfully introduced.

2.1 Teaching with INGA
We introduced INGA as a teaching platform alongside the intro-
duction of the WSN-Lab in 2014. With this inexpensive and low-
power wireless sensor node, students learned how to monitor the
environment efficiently. Equipped with an accelerometer, gyro-
scope, temperature & pressure sensor, SD-card slot, and an IEEE
802.15.4 radio, the node can store and transmit measured data. An
in-depth description of INGA can be found in [5].

Initially developed for the GAL project [8], INGA filled the gap
of an open-source wearable sensor node that met the project’s re-
quirements. As the nodes were to be used for gait analysis and fall
detection on people, the sensor technology was evaluated inten-
sively in advance [4]. Throughout the years, INGA was also used
in other research projects, such as GINSENG [6], and the idea of
using INGA more intensively in teaching emerged.

For teaching, three aspects were particularly conducive to in-
cluding INGA: 1) Comprehensible processor architecture, 2) Open
Source Operating System & toolchains, 3) Inexpensive components.

By utilizing an 8-bit ATMega microcontroller, we already had a
Central Processing Unit (CPU), which is easy to understand and not
overloaded. Students with an interest in computer or electrical engi-
neering who are familiar with the basics of computer architectures
generally get to grips with the 8-bit computer quickly and compre-
hensively. For this target group, programming in C and examples
in assembler do not usually present a significant challenge.

The support for OSs such as Contiki and the use of existing
libraries made it interesting for students coming from the field of
classical computer science, as it was possible to produce results that

(a) Self Built Vehicle (b) Gesture Controller

Figure 2: Example of a Student Project from the WSN-Lab
Summer Term of 2019 Based on INGA

could be presented and experienced quickly. Being open-source,
Contiki was a good match, as students could easily examine any
part of the system and modify it if required.

With the open toolchain and debugging option JTAG, getting
started is inexpensive and uncomplicated, as no licenses or spe-
cial hardware are required. INGA’s bootloader allows it to be pro-
grammed and put into operation via USB.

All in all, we decided that INGA builds a solid teaching platform
for our courses. Unfortunately, throughout the years, Contiki devel-
opment stopped, and hence, we switched to RIOT OS. It delivers the
same flexibility due to its open-source structure while providing
a broader range of supported hardware and, nowadays, a larger
community.

3 WSN-LAB TEACHING APPROACH
Our teaching approach for the WSN-Lab is split into four main
phases: 1) theoretical lecture, 2) practice-oriented programming, 3)
self-study and development, and 4) group project.

Starting the first phase with 8-bit architectures, students fa-
miliarize themselves with basic operations on MCUs and utilize
simple logics, such as interrupt routines, Pulse-Width Modulation
(PWM), and serial communication, including Inter-Integrated Cir-
cuit (I2C), Serial Peripheral Interface (SPI), and Universal Synchro-
nous/Asynchronous Receiver-Transmitter (USART). Afterwards,
they learn to work with registers and memory regions to operate
peripheral devices.

Having gained this basic understanding, we proceed to phase
2, where students can explore the entire feature set of the MCUs,
thereby strengthening their knowledge and gaining more experi-
ence on IoT devices. After a quarter of the semester, a colloquium
assesses each student’s acquired knowledge, and if passed, groups
are formed to proceed with the course.

This closes phases 1 and 2, opening the possibility for each
student group to prepare and present a project they will be working
on for the rest of the semester, which forms phases 3 and 4. Regular
meetings with each student group ensure that the problems faced
are addressed at an early stage and progress is made. Additionally,
these meetings oversee that phase 3 is covered properly and that
the group project is finished by the end of the semester.

One of these student projects is shown in Fig. 2. The group chose
to utilize two INGA nodes to realize a gesture-controlled vehicle.
One node is responsible for reading the direction and sending steer-
ing commands, while the other uses them to control servos and
motors inside the vehicle.
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