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Abstract—This innovative practice work-in-progress paper de-
scribes an integrated course to introduce students to challenges
in real world Printed Circuit Board (PCB) design. With the
increasing complexity and speed of modern electronics, PCBs
have become an integral part of electronic systems. Thus,
acquiring knowledge in the field of PCB design is of great
importance for aspiring engineers. At the same time the cost to
manufacturing PCBs has fallen considerably, that even advanced
processes are within reach of design courses taught at the
university level. In the lectures, the PCB design workflow is
introduced to establish a baseline between all learners. Part
selection, schematic capture and creating a layout of a two-layer
PCB is demonstrated live. Design rules are established, allowing
more effective design reviews. The students acquire knowledge on
advanced topics, such as multilayer technology, signal integrity
and manufacturability. Exercises allow students to consolidate the
most important learnings with impulse discussions. An integrated
lab is successfully implemented and encourages students to
practice PCB design. Using open-source software throughout the
course lowers the barrier for students to get started with their
designs.

Index Terms—printed circuit board, electronics, integrated lab,
untergraduate

I. INTRODUCTION

The PCB is a fundamental component in modern electronic
devices and can be found in nearly every part of daily
life. From the smallest children’s toys to process monitoring
systems in industry, the size and complexity of the underlying
electronic circuits vary massively. It is not only used to hold
the components, but allows for freedom and miniaturization
in the assembly. Deeply integrated systems, in the growing
market of industry 4.0, integrate a vast range of functionality
in a confined space. For example, in order to predict the
lifespan of a timing belt, flexible PCBs allow integration
of wireless sensors directly into the mechanical system [1].
Device assemblies can be scaled down and manufacturing
costs reduced by using a rigid-flexible PCB, as they are
lightweight, thin and minimize cable management [2].

The digital transformation in industry, assisted driving in the
automotive sector or healthcare wearables are strong drivers
for the PCB market [3]. Therefore, engineers with experience
in PCB development possess skills that align well with the
needs of the industry. At TU Darmstadt, PCBs are often
integrated into labs as tools for experiments [4]. Other courses

encourage creating a PCB to assist in solving a predefined
problem. Although it is only a small part of the solution, stu-
dents underestimate time consumption for a working design.
Oftentimes, only one revision fits into a seminars timeframe,
diminishing motivation to continue PCB layout if the desired
result is not achieved. Education in advanced PCB design can
help to better estimate design time and effort to successfully
integrate PCBs into a project.

II. PREVIOUS WORKS

PCB design is already included in various electrical engi-
neering courses. A design workflow using industry standards
was developed by Kim and Schubert [5]. Given a predefined
design task, the students had to optimize their layout in terms
of price-driving factors. Two different tools, Multisim and
Ultiboard, were used for schematic and layout respectively.
The final layout was automatically evaluated for efficiency
against a design created by an instructor. The course was
limited in a budget, therefore not every student got to test
their design after manufacturing.

A more product-oriented course incorporating PCB design
was realized by Dankovic et al. [6]. The emphasis in this
course was to take advantage of the interaction between
mechanical and electrical Computer Aided Design (CAD)
tools. Altium Designer was used to create the necessary design
files for the circuit board.

A project-based course was developed and implemented
by Jiao and Brakora [7]. They offer a PCB design project
as part of an existing embedded interface class with given
requirements. Teams of students work with Altium Designer
to create a PCB, that fulfills all requirements for a self-defined
use-case. By utilizing inexpensive circuit board fabricators and
the university lab, the students were able to order and assemble
the design.

PCB design in an interdisciplinary setting was researched
by Bogdanovs et al. in 2022 [8]. The necessary design files
were created using Altium Designer, which the students found
hard to get comfortable in. The project-based approach was
successfully implemented and resulted in good preparation for
the students for their future careers.



III. DESIRED LEARNING OUTCOME

This paper presents a work-in-progress course that intro-
duces undergraduate learners at TU Darmstadt to advanced
concepts and processes in the PCB design space in a collabora-
tive way using open-source tools. It was held in wintersemester
2023/2024 for the the first time. As a course offered in
the Sth semester for students from the electrical engineering
bachelors program, basic knowledge on electronic circuits can
be assumed.

Students participating in project-based seminars in micro-
electronics, sensor systems and other areas regularly have to
design custom circuit boards. Although it is often just an aid
to support the research, it requires many revisions before a
sufficient result is achieved. At the end of this course, every
student should be comfortable with common tools in a PCB
design workflow. With more in-depth knowledge on PCB
design, the students will be capable to create more complex
circuit boards successfully. Some of the desired learnings of
the lecture and excercise are:

o Challenges in integrating electronics and connectivity on
a PCB level can be approached methodically.

o Students have the ability to generate readable schemat-
ics by adhering to consistent design rules and develop
functional layouts.

o They can conduct design reviews, identify problematic
areas in layouts and propose appropriate measures.

e They can argue when to use multilayer stackups and
choose appropriate materials for a functional layout.

« Signal integrity and trace geometries can be calculated to
fulfil transmission line requirements.

o The students can design for manufacturability and relia-
bility.

At the end of the voluntary integrated lab, the students
will hold a manufactured and assembled PCB in their hands.
The assembly is done by an external manufacturer. Every
student taking part in the lab will have practical experience
in a complete PCB design process. By analyzing the finished
design, they can improve their workflow and result of the next
design.

IV. COURSE DESCRIPTION
The course is divided in three parts

o A lecture to introduce advanced topics in PCB design,

e An accompanying excercise, providing more in-depth
knowledge on selected topics,

o An integrated lab, which allows to gradually put the
knowledge to reality.

Per week, a 1.5 h lecture is held in a lecture hall with
a powerpoint presentation as the main teaching method. The
equally long excercises are mostly intended as impulse dis-
cussion problems for selected topics. Lastly, the practical lab
is integrated into the excercises in form of design reviews.

A. Teaching with Open-Source EDA-tools

The knowledge of the students ranges from no experience in
PCB design to some experience in high-speed design. Hence,
the first four lectures build a common base of knowledge.
An introduction to the history and development of PCBs is
given, to motivate creative projects and benefits of a good
design. This is accompanied by fundamentals in a PCB design
workflow, namely drawing a schematic, routing the layout
and finally sending it off for manufacturing. Today, this is
done using Electronic Design Automation (EDA) tools, which
integrate all necessary tools. Most of the industry standard
tools are tied to a licensing model, raising the barrier to
practice PCB design. Alternatively, open-source tools such as
LibrePCB or OsCAD [9, 10] are available for free, but come
with limited capability or a complex user interface.

KiCAD is a powerful open-source EDA tool that provides
all necessary functionality and is consistently used throughout
the lectures and excercises. First released in 1992, its develop-
ment picked up pace since 2012 after investments of the open
hardware foundation from CERN [11]. It is very well suited
for undergraduate studies at a university for several reasons:

o Lightweight compared to commercial products such as
Altium Designer, with an easy to learn user-interface.

e Schematic capture, layout editor, symbol and footprint
library manager

o It runs, free of charge, on Linux, MacOS and Windows
equally.

o Large development community to add more complex
functionality to provide a complete EDA suite, with a
3D viewer, a BOM manager and a PCB calculator.

e Good online and offline documentation [12, 13].

A big advantage is the library, which already contains a
lot of standard components with fitting footprints and 3D
models. This is beneficial to get started on a schematic design,
because this part of the work is already done beforehand. At
the same time, the libraries are suited as a template in case
own footprints are to be drawn. KiCAD also integrates several
footprint wizards to, for example, generate BGA footprints or
even capactitive touch slider. Not too long ago such features
were the realm of high-end commercial design software, which
underlines the progress that has been made recently in the
open-source EDA software space.

B. Schematic and Layout Demonstration

The schematic presents the functionality of a design on a
high level [14]. In the lecture, a set of guidelines similar to
grammar in written language is established to create a uniform
visual, collaborate on the same design more efficiently and
prepare the students for working in an industrial environment.

Reading rules can be tiresome and, without practical ap-
plication, they are often quickly forgotten. Therefore the
design rules are explained and demonstrated live by going



through a schematic design process for a simple headphone
amplifier, allowing discussion with the audience. The rules
are standardized for schematic diagrams in the IEC 61082-
1 [15]. The final look of a design cannot be standardized,
as every engineer has their own logical way of organizing
it. Hence, in industry, commonly used components are often
already included in internal libraries. In Altium Designer for
example, a new project has an empty symbol and footprint
library by default. Students with no prior education in PCB
design, might find it difficult to start with even a simple design,
because they first have to manage component libraries.

C. Advanced Topics

Signal integrity is an essential part in high-speed PCB de-
sign and is often underestimated by novices. In the lecture and
excercises, common signal integrity problems are discussed
with a real-life example. A layout containing an ESP32 micro-
controller, which sends data over an ethernet adapter inherited
a signal integrity error, resulting in a failed connection. Using
a real-world measurement from an oscilloscope and the circuit
diagram, the issue is discussed with the students in the lecture.

Crosstalk was known to some students already, however
the cause and implications are often not. For this reason,
a demonstration board with different trace topologies was
created to showcase signal integrity (fig. 1). A pulse source
with a 30ns rise-time was utilized to create a measureable
crosstalk. Return currents can be visualized using a magnetic
probe by Aim-TTi [16].

Simulation is introduced as a way to analyze a problem in
a controlled environment. Using the tline element in LTSpice,
the impact of termination on a signal travelling a transmission
line is shown. In the excercise, the students calculate a
reflection diagram of an arbitrarily chosen transmission line,
which helps to develop an understanding how a signal traverses
a copper trace. Transferring this knowledge to PCBs, different
trace geometries are discussed.

Diving deeper into more advanced PCB technology, flexible
circuit boards (FCB) are a continuously growing market [17].
In the lecture, the manufacturing details are presented and
material choices discussed. A complementary excercise, dives
deeper into applications and pitfalls. KiCAD has no specific
flexible PCB mode. On the other hand, Altium Designer offers
a specialized rigid-flex stackup mode, with which the process
of creating and optimizing a FCB layout can be shown.

In industry, reliability of electronics is an important factor.
Failing electronics can lead to safety problems or process
interruptions and often result in high cost for maintenance
and production losses. Research regarding lifetime of LED-
Drivers showed, that a faulty PCB layout can lead to catas-
trophic failures [18], which is an important factor considering
security. Due to these reasons one lecture will present failure
mechanisms of PCBs, for example dielectric breakdown and
electrochemical migration. In the excercises, this is further
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Fig. 1. Demo-board for signal integrity measurements. Each track between
SMA connectors shows a different trace characteristic. On the top, return
currents for high frequency can be demonstrated. Three straight tracks
inherit different impedance transitions. Lastly, differently spaced tracks allow
crosstalk visualization.

analysed with a root cause analysis. The students are presented
a defective PCB and are to identify the cause for the failure.

V. COLLABORATIVE PCB DESIGN

It takes practice to master the design of printed circuit
boards. Therefore the students are encouraged to put their own
idea into reality with the knowledge gained in the lecture and
excercise. The integrated lab is divided in four timeframes, in
which different project tasks have to be finished:

1) Block diagram

2) Schematic capture

3) Layout

4) Send-off to manufacturing

The timeframes offer guidance to aid with time manage-
ment. In each of the phases, the results will be discussed in
design review sessions instead of an excercise. In the review
sessions, each design that was uploaded by students was shown
on the beamer. The student designer can present the ideas and
thought process that lead to the result for other students. This
way, discussions and questions with other fellow students are
effected. Simultaneously, other students can learn from more
experienced students and incorporate new ideas in their design.



Fig. 2. Smart charging adapter for upcycling of an old electric lamp,
integrating high-voltage and low-voltage components on a small space.

A. Project outline

The project is only vaguely introduced to allow freedom in
the concept phase while stating their own requirements. Sim-
ilar to [7], the project is intended to be worked on alongside
the lecture and excercise. With no extra laboratory time, the
students are expected to work without direct supervision. This
is encouraged by offering a bonus to the final grade of up to
0.4.

As a creative framework, two options are proposed. For
more experienced students, the small, well-known “Feather”
formfactor [19], pioneered by Adafruit, poses a challenge
for a dense design. Alternatively, an outline of maximum
100x100 mm offers more creative freedom. The designed four-
layer PCBs are ordered fully assembled from a manufacturer.
For simplicity, the part selection is limited to what is available
from the manufacturer. Due to optimized manufacturing pro-
cesses, simple four layer boards can be purchased starting at
7$ for five pieces excluding shipping [20]. This enables univer-
sities to offer project-based courses under industry conditions
with a physical product.

B. Collaboration approach

As the e-learning platform, moodle LMS [21] was used,
because it also provides the platform for course management.
An exchange between students outside of regular lectures and
excercises is possible through a standard forum. In order to
preserve the knowledge from students for future courses, a
glossary is maintained.

In contrast to laboratory sessions, the collaboration is not
limited by group size. The Peer Review function of moodle is
well suited for collaboration. For each design phase, a separate
section is instantiated. In the first two phases, a PDF for a
block diagram and schematic is sufficient. The students can

Fig. 3. The students collaborating in measuring EMI phenomenons on the
demonstration board

download each others schematic and highlight problematic
sections, write comments or ask questions.

The layout review is more challenging, essentially tow
options for collaboration are possible. A simple, but inflexible
approach is to print each layer individually, similar to schemat-
ics. The better option is to share the KiCAD PCB file, which
embeds all footprints. In case of multi-layer designs, it allows
a better overview and feedback can be given with screenshots.

VI. CONCLUSION

This integrated course presents an innovative approach
to teach advanced topics in PCB design to undergraduate
students. The use of open-source software lowers the barrier to
get started in PCB design. Live demonstrations, experiments
(fig. 3) and impulse discussions help students to consolidate
their knowledge. An integrated lab encourages students to
put their knowledge into practice. A finished assembly from
the manufacturer saves time and is less prone to assembly
mistakes. Students can visually and physically inspect their
design, thus aquiring valuable design experience.

Many creative solutions were presented, for example up-
cycling of old electronics (fig. 2). A working PCB design
was handed in by 80% of the students that attended the first
instalment of the lecture. The design rules and guidelines were
well received and helped to create productive design reviews
for the schematic and layout. The most discussed topics were
part selection and connection diagrams. More experienced
students could shared their insights and helped others incorpo-
rate these ideas in their design. The e-learning platform was
not frequently used, instead the impulse discussions in the
excercises were more popular. Feedback from students on the
course design and content was very positive, especially from
those, who had very little experience beforehand.
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