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Abstract

This article is meant to share our experience on integrating signal processing hands-on into formal
engineering education at Technische Universitit (TU) Darmstadt. As many universities face the challenge
of how best to provide hands-on experience to undergraduate students, we hope to inspire our colleagues
and perhaps trigger some new hands-on projects by sharing our insights. We briefly explain the format of
the projects, highlight some important challenges in their implementation, as well as successful strategies
and pitfalls that we encountered. Following the timeline of the curriculum, we describe our philosophy
of integrating hands-on Inside Signal Processing. At TU Darmstadt, we believe that it is essential to
provide undergraduate students with hands-on signal processing opportunities right from the starting-point
of their studies until graduation. Central to our hands-on education from Freshmen to Senior students
are the signal processing laboratories. We present our diverse signal processing laboratories and the
opportunities they offer for our students. Some of the laboratories are mainly educative in nature, while
others additionally provide advanced students with hands-on research opportunities and expose them to
state-of-the art research and advanced equipment. In a dedicated section, we illustrate how we utilize
student competitions, such as the IEEE Signal Processing Cup, to stimulate innovation and collaboration
between graduate and undergraduate students. Special attention is given to the many possibilities that
collaborations with industry partners offer for students. We conclude with some practical general remarks

that we have found to be important for successful design projects.
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I. OVERVIEW OF THE PAPER

Hands-on education in signal processing has a long-standing tradition (e.g., [1]-[5]), and its importance,

given the complexity of today’s engineering problems, is undisputed. This article is meant to share our
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experience on integrating hands-on practice into formal engineering education at Technische Universitit
(TU) Darmstadt. We hope that by doing so, we can — in one way or the other — inspire some of
our colleagues who are involved in educating the next generation of signal processing researchers and
practitioners.

In this manuscript, we briefly explain the format of the projects, highlight some important challenges
in the implementation, as well as successful strategies and pitfalls that we encountered. The timeline of
the curriculum, as shown in Fig. 1, serves as a coarse structure to present the material in an ordered

fashion. However, all sections can be read independently.
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Fig. 1: An overview of the hands-on activities in signal processing within the curriculum of electrical
engineering and information technology at TU Darmstadt. We offer a variety of labs: the Communication
and Sensor Systems (CSS) Lab, the Receive Beamforming Lab (RBL), the Bioinspired Communication
Systems (Bio) Lab, or the Signal Processing Group (SPG) Lab.

In a dedicated section, we also illustrate how we utilize student competitions, such as the IEEE Signal
Processing Cup, to stimulate innovation and collaboration between graduate and undergraduate students.
Special attention is given to the many possibilities that collaborations with industry partners offer for
students. The involvement of students in interdisciplinary research, which has a long-standing tradition

at TU Darmstadet, is illustrated by example of a cooperation between the signal processing group and the
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psychology group.

Central to our hands-on education from freshmen to senior year students are the laboratories. By
promoting and extending our labs, we increase exposure of our undergraduate students to state-of-the art
research and advanced equipment. For this reason, a separate section is devoted to presenting our diverse
signal processing laboratories, and the opportunities they offer for our students. Some of the laboratories
are purely educative, while others additionally provide the advanced students with hands-on research op-
portunities. The real-data experiments include fascinating topics, such as real-time audio signal processing,
multi-antenna receive beamforming, biomedical signal processing, geolocation and tracking, to mention
a few. Our newest laboratory considers the cutting-edge research topic of bioinspired communication.
Here, students can generate their own data by performing single-cell experiments involving fluorescence
microscopy and microfluidics. Based on their own datasets, the students can develop advanced signal and
image processing algorithms, e.g. for segmentation and tracking of single cells.

We conclude with some practical general remarks on some fundamental aspects that we have found
to be important for successful design projects. Short interviews as well as pictures and graphics are used

to make the article an enjoyable and informative read after a hard day inside signal processing.

IT. SIGNAL PROCESSING WITHIN THE CURRICULUM OF ELECTRICAL ENGINEERING AND

INFORMATION TECHNOLOGY AT TU DARMSTADT

In Germany, traditionally, the format of undergraduate education in electrical engineering and infor-
mation technology (ETiT) was the diploma degree with a duration of five years. More recently, due
the changes relating to the Bologna Declaration, a more internationally acknowledged system has been
installed. It includes the three year Bachelor’s, followed by the two years Master’s degree, as new course
structures. In this Section, we describe how hands-on signal processing projects are integrated into the

curriculum of ETiT at TU Darmstadt.

A. First Year

At TU Darmstadt, we believe that it is essential to provide undergraduate students with hands-on
opportunities right from the starting-point of their studies. During this phase, Freshmen are especially
motivated and highly curious. The lack of fundamental knowledge in engineering and science is often
compensated by common sense, coupled with creativity. Taking all of this into account, the Department of
Electrical Engineering and Information Technology created in 2007 an introductory project for Freshmen.

1) Engineering Introductory Project: In the Engineering Introductory Project, interdisciplinary groups

of approximately ten students work together on a technical solution to a timely, practical, complex, and
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socially relevant problem. The project takes place when students are only 1-2 months into their first
semester and is a welcome contrast to the fundamental coursework that is usually offered in this early
phase of the curriculum.

The focus of the Engineering Introductory Project does not lie on technical details. Rather, first insight
into today’s engineering work in an interdisciplinary environment is provided. The project also gives the
opportunity to make friends with classmates and to establish a first contact with the Research Associates
(RAs), who serve as supervisors. RAs in Germany are appointed to assist professors with teaching,
research projects, and at the same time to pursue a doctoral degree (Dr.-Ing.). This path excludes formal
classes, thus, the description Research Associates. The peers in a group learn together and make practical
experiences, which creates a pleasant and inspiring environment, an inevitable requirement for creativity.

The topic of the Engineering Introductory Project is not announced before the start of the project.
Each team has one week to jointly develop an innovative solution. The team’s final results are formally
presented in front of a jury, composed of professors. Starting in 2007, the topics of the Engineering
Introductory Projects ranged from topics as diverse as developing a power supply-package for outdoor
holidays (2008), to a cookie-baking machine (2010) to contributing to future living (2013).

During the project, two RAs serve as advisers for each group. On one hand, the “soft skills adviser”, an
RA from the Department of Humanities, assists in creating an encouraging group dynamic and helps the
team in reflecting their teamwork and interactions. On the other hand, the “technical adviser”, an RA of
the Department of Electrical Engineering and Information Technology, answers questions regarding the
technical aspects and encourages the group to use engineering tools. Members of the Signal Processing
Group (SPQG) participate as technical advisers to guide and motivate the Freshmen with a special focus
on signal processing.

Through the interdisciplinary exchange, students are given the opportunity not only to improve their
technical skills but also to develop soft skills, such as team work and self-organization. In this way, the
students get an impression of what awaits them later as professional engineers. Also, students begin to
network at an early stage, even between different disciplines.

This project not only fosters didactic and technical learning in a team with other students of different
interests but the Freshmen also receive expert guidance from the professors of ETiT in dedicated con-
sultation hours. Here, they are given the opportunity to discuss their ideas and ask questions related to
their project with a specialist in this particular area. For example, Prof. Zoubir offers a consultation-hour
in which Freshmen ask questions about challenges related to the field of signal processing which they
have identified within their project.

One challenge in implementing this design project is the choice of an appealing and trendsetting topic.
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Fig. 2: An interdisciplinary group of Freshmen is working together on their Engineering Introductory

Project. Picture: Paul Glogowski / TU Darmstadt

Its technical complexity must be adjusted to the students’ knowledge and the given time-frame. In order
to test and evaluate possible solutions and to discover potential pitfalls throughout the project, the soft
skills and technical advisers simulate the Engineering Introductory Project task beforehand within a period
of three days. Their experience flows back into the project description and enhances the quality of the
design project.

@ freshmen practice to independently work in interdisciplinary teams

@ first exposure to signal processing problems

® choice of topic is essential

© limited prior knowledge is assumed

B. Second Year

Before students in electrical engineering can be exposed to real-world problems in signal processing,
they have to study the fundamentals of signal processing. In the second year, our students learn the basic
concepts of signal processing, by taking the course Deterministic Signals and Systems and Fundamentals
of Signal Processing.

1) Fundamentals of Signal Processing Unit: The unit Deterministic Signals and Systems teaches
undergraduate students the principles of deterministic signals and system theory. It starts with Fourier
series and the Fourier transform, treats linear time-invariant systems and convolution, and gives an
overview of other signal transformations, such as the Laplace transform, the z-transform and the discrete-
time Fourier transform. Students apply these transformations to solve tasks related to physical problems

that are modeled by linear differential equations.
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Subsequently, the unit Fundamentals of Signal Processing covers basic concepts in signal processing,
such as random variables, stochastic processes, random signals and linear time-invariant systems, optimal
linear systems, such as the matched filter and the Wiener filter, and the method of least-squares. Practical
experiments with real-world data are shown in the lecture to help the students grasp the basic ideas in
an intuitive fashion. The aim of the lecture is, furthermore, to serve as an introductory course for more
advanced lectures in digital signal processing, adaptive filtering, communications, and control theory.

As for many other fundamental courses in ETiT at TU Darmstadt, the lectures are complemented by
tutorials, which are held by selected Undergraduate Teaching Assistants (UTAs) of higher semesters.
The advantage of having students do the teaching instead of RAs or professors is that higher-semester
students are aware of the difficulties from their own recent experience and can support adequately the
more junior students. By recruiting good students as UTAs, signal processing can also be effectively
advertised to more junior students. The UTAs who run the tutorials strengthen their knowledge in signal
processing and integrate more into our research group. They usually conduct their Bachelor’s or Master’s
thesis project with us and participate in other research projects or competitions.

@ practical experiments with real-world data in the lectures help students grasp basic ideas in an
intuitive way
@ involvement of UTAs as a means of integration

® basic knowledge of signal processing is still missing at this point

C. Third Year

In the third year, we offer a variety of hands-on opportunities ranging from practical signal processing
experiments in laboratories to small scale research projects (Proseminar/Project Seminar) and the Bach-
elor’s thesis project. In this Section, we briefly explain the format of the third year projects, highlight
the most important challenges in their implementation, and discuss our own successes and pitfalls.

1) Communication and Sensor Systems Laboratory: This practical consists of eight fundamental hands-
on experiments from the field of communication engineering and signal processing: localization of
acoustical sources, digital modulation, multiple input multiple output (MIMO) communication, software
defined radio, parasitic effects in passive radio-frequency (RF) devices, polarization of light, RF field-
effect transistor (FET) amplifier, and fields and impedance of antennas. The students are guided to acquaint
themselves with each topic and have to write reports about the conducted experiments.

To illustrate the hands-on signal processing opportunities offered for the students, consider the local-
ization of acoustical sources experiment: here, students are given the opportunity to localize acoustical

sources in our laboratory. To this end, the third year students estimate the time-differences of arrival
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(TDOA) and angles of arrival (AOA) using correlation and generalized correlation functions. For the
final audio source localization, the students fuse multiple AOA measurements from distributed microphone
arrays, as shown in Fig. 3. The eight microphones are divided into pairs which are mounted on the four
walls of the laboratory, see Fig. 4. The positions of the microphone arrays are given by py, ..., ps, whereas
the sound source is located at some unknown position in the center of the room. The measurements are
recorded with eight standard Behringer B-5 condenser microphones and a Behringer Ultragain Pro-8
Digital device, which is an 8-channel analog/digital and digital/analog converter. All calculations are
performed in Matlab.
5

6
[oNNe]
ps = (2.70,5.27)

Source location p*

7 d unknm\'ub b 4
8|d
i = (0.37,3.54) po = (5.19,3.21)

Fig. 4: A microphone pair of the “Local-

Fig. 3: Setup of the “Localization of

. . . ization of Acoustic Sources” experiment
Acoustic Sources” experiment that is part P

of the Communication and Sensor Sys- that is attached to one of the walls of the

tems Laboratory offered to third year stu- Signal Processing Laboratory.

dents.

In this laboratory, third year students experience their first hands-on. They can apply the freshly
learned fundamentals of signal processing and have to submit their results in a written report. This lab
also fosters the ability to work in teams. There exist some pitfalls regarding teamwork for hands-on
signal processing: firstly, it might occur that teams do not distribute the work load evenly between the
team members. Secondly, the team members sometimes split up the work such that some members only
run the hands-on experiments, while others write the report. In such cases, the laboratory adviser needs
to remind the students to participate in the hands-on experiments at every stage.

@ first hands-on experience in a digital signal processing laboratory

& fundamentals of signal processing are practised using real experiments

@ fosters the ability to work in teams

® work load should be evenly distributed among team members
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© sometimes weaker team members are less active during the experiments

As a preparation for larger undergraduate research projects, such as the Bachelor’s thesis project, TU
Darmstadt has introduced the Proseminar and Project Seminar. These are described in the following
sections.

2) Proseminar: Scientific work always starts with understanding the state-of-the-art. The students are
expected to be informed about the research that has been already conducted in the field of interest, first,
before re-implementing successful methods, or even examining new approaches. This literature survey
is the subject of the Proseminar, which, as a first step towards scientific work, lays the foundation for
performing hands-on research projects later on. It takes about four weeks to accomplish the Proseminar.

During the Proseminar, students read books, papers, or complementary work on a given subject in
signal processing. The topics are not limited to fundamentals but may also cover very recent papers and
approaches. To finalize the Proseminar, the third year students summarize their results in a written report
which is checked by the supervising RA.

Through the intensive literature survey, the students learn to understand, analyze, and summarize
scientific papers. However, the papers must be carefully selected. They are usually aligned with the
doctoral research of the supervising RA. Another challenge is to define a project such that it can be
completed within four weeks while also considering the prior knowledge of the student.

3) Project Seminar: After having reviewed the literature in the Proseminar, students investigate and
solve a specific signal processing problem by reproducing an already existing approach. They typically
re-implement an algorithm from a published paper and try to reproduce its results. During the project,
students are allowed to suggest their own modifications and extend the methods to improve the results.
Such creative contributions yield a bonus when it comes to grading. However, own contributions are not
required and are primarily the aim of the subsequent Bachelor’s thesis project. The reproducibility of
the publications is essential and the paper content and quality must be checked by the supervising RA
beforehand.

In addition to the re-implementation, students search for and analyze scientific reference publications
and, in the end, summarize the obtained results and their conclusions in a written report. The outcomes
of the Project Seminar is defended in front of the research group and students in an oral presentation.
The duration of the Project Seminar is about two months.

For the students, the Project Seminar is one of the first opportunities to develop skills in Matlab,
Latex, and BibTeX, which are necessary tools for scientific work in signal processing and the basis for
subsequent hands-on projects. The aim of the Project Seminar is to practice to apply methods of signal

processing to practical problems and to gain some knowledge in a particular research area, which can
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be built upon in later projects. As for the Proseminar, the challenge is to define the project such that
it can be completed on time. Often, the workload for the RA, who supervises the projects, is high, as
regular meetings with students are essential to ensure high quality of the work. Also, the corrections
of the report often include tedious linguistic corrections, since the students are not yet acquainted with

scientific English.

@ develop skills in Matlab, Latex, and BibTeX
@ apply signal processing methods to practical problems
@ deepen knowledge in a particular field

© workload for the RA who supervises the projects is high in relation to the outcome

4) Bachelor’s Thesis Project: The third year concludes with the Bachelor’s thesis project which usually
builds upon the Proseminar and Project Seminar. The Bachelor’s thesis project is designed to last three
months. The length of the Bachelor thesis is typically around 40-80 pages. Similar to the Project Seminar,
the students have to give a 20-minutes presentation and defend their work in front of an audience. The
Bachelor’s thesis project offers the possibility for students to be creative and to develop new ideas
and algorithms. Students can either explore new ways of solving a specific problem, compare different
methods and their performance, or improve an existing approach by extending or enhancing particular
aspects. In general, the Bachelor’s thesis project is based on research questions provided by the RA. In
our group, we offer hands-on experiments using, e.g., biomedical, audio, or ultrasound data, which can
be acquired by the students in our signal processing lab. Outstanding Bachelor’s thesis projects can lead
to publications and visits to conferences such as the IEEE Workshop on Statistical Signal Processing
(SSP), EUSIPCO, or ICASSP.

One of our undergraduate students who published at ICASSP 2014 was Jack Dagdagan, see Fig. 5.
In his paper [6], he developed a robust method for testing stationarity in the presence of outliers. Jack
recollects: “In my Bachelor’s thesis project, I evaluated my algorithm first with simulated data and
assumed a certain outlier model. I was not sure whether the method would still perform reasonably
well when using real data. So I was very excited when I started recording real data. I noticed that the
computational complexity was much higher with real data, since the simulated data had a sample size of
only 1024 and I recorded some seconds of audio with a 48,000 Hz sample rate. I realized that the outliers
were completely different to the outliers in the simulations. But I was very happy that the performance
of my method was still very good. If you develop an algorithm and evaluate with simulations, you could
optimize by tweaking your parameters such that your algorithm fits the model perfectly. However, if your

model is very special, your method won’t work in reality. But if you test your algorithm on real data and
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Fig. 5: Jack Dagdagan, an undergraduate student of TU Darmstadt, presenting the results of his Bachelor’s

thesis project at ICASSP-14 in Florence, Italy.

still achieve good results, it shows that either your model was very diverse or that your algorithm runs
very well independently of the model you are using.”

Another lesson that Jack learned from his hands-on experience, is the difference between theory and
practice: “In theory, you learn the definitions of stationarity, such as wide-sense-stationarity (WSS).
However in practice, you realize that you can never have perfect WSS. Thus, you need to set a threshold
above which you determine the signal not to be stationary anymore. Before my hands-on experience in

this Bachelor’s thesis project, I would not have thought of stationarity in this way.”

@ outstanding Bachelor’s thesis projects that use real-world data can lead to publications and conference
visits

@ students can build upon the work they did in the Proseminar and Project Seminar

® acquiring real data and working with it must be well planned, otherwise it would exceed the three-
months nominal length

© all the above projects, i.e. Proseminar, Project Seminar, and Bachelor’s thesis project, are graded

after the seminar by the professor

E. Fourth and Fifth Year

The following programs and activities are part of the Master’s program of ETiT, which forms the final
two-year stage of the undergraduate education at TU Darmstadt.

1) Digital Signal Processing Practical: Fourth year students can attend the Digital Signal Processing
(DSP) Practical (Prac), either in parallel to or after the course Digital Signal Processing. It offers the

chance to further familiarize onself with signal processing programs, such as Matlab, and put theory
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D. Forum for Interdisciplinary Research (FiF) Project

Clearly, the most obvious way to provide students with hands on experience in signal processing is
to let them solve real-world problems. Interdisciplinarity naturally comes into play when dealing with
hands-on research projects that solve real-world problems, and require different types of expertise to be
combined. TU Darmstadt has a long-standing culture of cooperation across department boundaries. In this
way, we supplement the classical department structure through flexible cooperation forms for research
and teaching. The “Forum for Interdisciplinary Research” (FiF) builds on the successful interdisciplinary
work at TU Darmstadt. The FiF was founded as a result of a senate decision from December 2008.
For example, in 2012, FiF funded a research cooperation between Prof. Zoubir (Signal Processing) and
Prof. Kelava (Psychology). The joint research topic was to investigate the synchronization of physiological
signals in emotional situations. Emotion eliciting situations are accompanied by changes of multiple
variables associated with subjective, physiological and behavioral responses. The quantification of the
overall simultaneous synchrony of psychophysiological reactions plays a major role in emotion theories
and has received increased attention in recent years. From a psychometric perspective, the reactions
represent multivariate non-stationary intra-individual time series.

Undergraduate signal processing and psychology students, supervised by RAs and professors, cooperated
to robustly determine the synchrony of psychophysiological reactions. Within the FiF project, Bachelor’s
and Master’s thesis projects were undertaken in both departments. The cooperation quickly revealed
that processing psychophysiological data is challenging. Often motion artifacts affect physiological time-
series. However, the data also offers the hands-on possibility to study many fundamental concepts, such
as filter design, time-frequency and wavelet analysis, adaptive filtering, robust statistics for dependent

data, parameter and signal estimation, detection and classification.

Fig. 6: An undergraduate student of TU Darmstadt records physiological signals while watching an

emotion inducing video clip.
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One of the signal processing projects, which we conducted during a Master’s thesis project within the FiF
concerned motion artifact removal in electrocardiographic (ECG) signals. The developed method had to
provide satisfactory results for a large range of data and also be computationally efficient. Further, it had
to be programmed in a way such that psychology students who did not have any signal processing
background would be able to use it. All these requirements together provided a realistic hands-on
framework to conduct a Master’s thesis project, which resulted in a publication at EUSIPCO 2012 [7].
We observed that the interdisciplinarity of the FIF project, as well as the feeling of being able to solve
real problems, created a unique team spirit among the students. Even today, signal processing students
use the databases that were established to develop and evaluate new methods. Also, psychologists use
the signal processing methods to study the synchronization of psychophysiological signals in the body in
many different emotion-eliciting situations. New challenges and opportunities arise from the possibility
to integrate wireless body worn sensors into the psychological experiments. This allows the psychologists
to undertake more realistic experiments and provides the signal processing students with new and even

more challenging datasets.

@ psychophysiological data is challenging and requires to study fundamental concepts

@ databases, once established can be re-used by other signal processing students

¢ the interdisciplinary nature of the project requires explaining fundamental concepts without using
equations

@ excellent results could be obtained and publications as well as Bachelor’s and Master’s thesis projects
were produced

© it takes a long time until students from both research fields “speak the same language”

© student projects are of a short duration and tend to conclude when a student has reached his/her

peak in productivity

® documentation of the methods and datasets is essential in interdisciplinary research

into practice. Students participating in this lab are able to apply the concepts from the lectures. This
covers mainly the design of finite impulse response (FIR) and infinite impulse response (IIR) filters as
well as parametric and non-parametric spectrum estimation, examples of the latter are shown in Fig. 7.
Real-world signals, such as speech and audio signals, touch-tone telephone dialing signals, temperature
recordings, or biomedical measurements are either provided to or recorded by the students. UTAs help
supervising the undergraduate students during the experiments. For example, the biomedical experiment,

where students record each others ECG signal and perform spectrum estimation, was designed with the
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help of an UTA. The experiments are conducted in the SPG Lab, which is described in Section III.
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Fig. 7: Examples of (a) a parametric power spectral density estimate and (b) a non-parametric power
spectral density estimate. Both estimates were computed during the Digital Signal Processing Practical

with data collected by the undergraduate students.

The DSP Prac is composed of eight practicals and two real-data acquisition sessions. Groups of two to
three students work together to solve signal processing tasks. As an introductory part for every experiment,
students receive handouts with the underlying theory and some preparatory questions. The students’
understanding of the theory is checked by the supervisor at the beginning of each experiment. In this
way, we ensure the students’ adequate preparation for the practicals. Furthermore, for every experiment,
each group writes a report, in which they wrap up their results, answer all questions, and include plots

and code from the experiment. At the end of the semester, a final exam is held.

@ students are able to apply concepts learned in the DSP course using real-world data

& students can further familiarize themselves with signal processing tools, such as Matlab

@ students can acquire own measurements

© time slot per experiment is tight

© tasks are explicitly predefined, time for trial and error is very limited

2) Advanced Seminars in Signal Processing: In their fourth and fifth year, signal processing students
at TU Darmstadt are ready to tackle some more challenging and realistic problems. At this time, they
have acquired sufficient fundamental knowledge and they are also used to reading and reproducing results
from papers. To prepare for their Master’s thesis project, to provide the opportunity to get to know the
RAs, and to practice working in teams, the SPG offers an advanced seminar, in which Master’s students

tackle small scale real-world problems. The seminar is simply called Advanced Topics in Statistical Signal
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Processing and it is aimed at students with an interest in signal processing and a desire to extend their
knowledge of signal processing in preparation for future project work, e.g., their Master’s thesis project
and their working careers. The seminar consists of a short series of lectures (4-5), followed by student
group projects (6-8 weeks), a presentation of the achieved results, and a final exam. The topics of the
lectures and also the student projects are different every year. The RAs are free to propose students
projects and the students make their choice based on their own interest. In this way, both the students
and their supervisors are highly motivated.

Students often use the SPG Lab to investigate topics such as direction-of-arrival estimation or lo-
calization of sound sources in impulsive noise environments. Often, students become creative in the
experiments. For example, one group used their mobile phones to play sound files (both signal and
noise) in combination with a miniature train to create audio sources that moved on a fixed trajectory.

@ deepen the knowledge in signal processing

@ preparation for final year Master’s thesis project

@ groups work on a common research topic and present results

@ contact to RAs is intensified

© time is often too short for the students to gain a deep insight

3) Final Year Master’s Thesis Project: The four-semester Master’s program in ETiT consists of
compulsory core courses, compulsory elective courses, and elective courses as well as the Master’s thesis
project. In their Master’s thesis project, the students work independently for a duration of six months
on a scientific project under the supervision of one of the RAs. The research topics are larger and more
complex compared to the Bachelor’s thesis project.

For many students, the Master’s thesis project offers the possibility to conduct research on real-world
data. From our experience, the best results are obtained when the students are involved in collecting their
own data. In this way, they acquire hands-on contextual information and can better understand the data,
e.g. in terms of the signal quality, the measurement principle or the assumptions on the noise distributions.
Further, when the Master’s thesis project solves a real-world problem, the students take more care that
the developed algorithms are designed in accordance with practical requirements. The latter include, e.g.,
computational efficiency of the algorithm, communicational load between sensors, memory restrictions,
or real-time requirements. In our experience, the students enjoy incorporating such realistic requirements
into their algorithm design.

It is not uncommon that the projects are carried out in cooperation with a selected industry partner or
a research center. In case of such cooperation, it must be emphasized that we take special care to make

sure that the Master’s students perform real-world signal processing research tasks under the supervision
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of a qualified supervisor. For this reason, cooperations for Master’s thesis projects are only possible with
trusted institutions with which a solid research partnership has been established.

At TU Darmstadt, the students have the unique possibility to choose between a broad range of hands-
on topics at national and international locations. Examples of past Master’s thesis projects of the SPG

of Prof. Zoubir in cooperation with research or industry partners are as diverse as

e signal processing for photometric glucose measurement in hand-held devices at a German pharma-
ceuticals and diagnostics company,

o room shape estimation in through-the-wall radar imaging in cooperation with the Center for Ad-
vanced Communications, Villanova University, USA,

o directional integration of wirelessly transmitted audio signals into hearing aid processing,

and many more. Clearly, each of these applications has its own challenges.

“When I was a Master’s student at TU Darmstadt”, remembers Dr.-Ing. Michael Muma, now Post-
Doc with the SPG, “I was walking through the corridor and saw a notice which immediately caught my
attention. The notice literally opened my eyes to an exciting application of signal processing: the research
of human vision. Doing my Master’s thesis project in the Contact Lens and Visual Optics Laboratory
(CLVOL), which is part of the School of Optometry and Vision Science at Queensland University of
Technology, Brisbane, Australia was an amazing experience. The CLVOL has a sophisticated range of
unique measurement and analysis techniques. These include methods to investigate the shape of the
cornea, the optical characteristics of the eye, visual performance of contact lenses, and the biometric
properties of the eye. After all the coursework, I really wanted to test my skills in a practical environment
and I also wanted to see how research was organized outside the university. While I was at the CLVOL,
I took all the measurements myself. This involved the synchronous measurement of the eye’s wavefront
aberrations, cardiac function, blood pulse, and respiration signals. We were among the first ones to
analyze the role of cardiopulmonary signals in the dynamics of wavefront aberrations [8]. My Master’s
thesis project was under the supervision of Dr. Dr. Robert Iskander, who is now Professor at Wroclaw
University of Technology.” A schematic sketch of the relation between the eye’s wavefront aberration
and the electrocardiogram (ECG), the blood pulse (BP), and respiration signals is shown in Fig. 8.“Prof.
Iskander has his own teaching philosophy [9] and after the Master’s thesis project, it was clear to me
that I wanted to continue with signal processing research. Working with real data in a team consisting
of engineers and eye researchers allowed me to grasp the importance of signal processing. Today’s
measurement devices and data analysis are too complex to be handled without a rigorous understanding

of signals and systems theory. At the SPG, it is important that students are given the opportunity to
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work hands-on from the start. I am very grateful that I could do my Master’s thesis project in such an

inspiring environment full of high-tech custom equipment.”
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Fig. 8: Example of a hands-on Master’s thesis project undertaken in cooperation with the Contact Lens
and Visual Optics Laboratory at Queensland University of Technology, Brisbane, Australia. The picture
shows a schematic sketch of the defocus component of an eye’s wavefront aberration Z3(t), the respiration

signal Re(t), the blood pulse BP(¢), and the electrocardiogram ECG(t).

students are ready to undertake larger projects and to work independently
cooperation with selected industry and research partners provides hands-on experiences
outstanding projects that use real-world data can lead to publications and conference visits

recruitment of RAs

O & & & &

Masters students often stop at the height of their productivity

ITI. LABORATORIES

Central to our hands-on education from freshmen to senior year students are the signal processing
laboratories at TU Darmstadt. This Section presents our diverse signal processing laboratories and the
opportunities they offer for our students. As detailed below, some of the laboratories are mainly educative
in nature, while others additionally provide the advanced students with hands-on research opportunities

and expose them to state-of-the art research and advanced equipment.

A. Signal Processing Group Lab

In our group, we offer hands-on experience to the undergraduate students in the Signal Processing Group

(SPG) Lab. It consists of a biomedical sensor lab, a basic audio signal processing lab, and a synthetic
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aperture sonar lab. It is mainly funded by the so-called “Resources for quality assurance of study and
teaching™ (QSL) — essentially, a fund for enhancing hands-on — in teaching. In the biomedical sensor
lab, a variety of sensors offer the opportunity to acquire own measurements, such as electrocardiogram
(ECG), photoplethysmogram (PPG), blood pressure (BP), etc. The data is recorded using ADInstrument
devices that are originally designed for research and teaching at universities.

@ students can use the SPG Lab for their Bachelor’s or Master’s thesis projects

@ students can collect their measurements

@ undergraduate students can jointly carry out research with RAs
@ even patented technologies have been developed in this lab
O]

keeping the lab up to date and providing GUIs and help to students is time consuming

B. Advanced Real-Time Audio Processing Lab

For the development of DSP algorithms, which show good and robust performance in real product
applications, real-time tests with typical signals in realistic environments are essential. Those real-time
tests show a variety of natural setups which cannot be covered by data simulations. The research group
Adaptive Systems for Speech and Audio Signal Processing of Prof. Puder provides such a system for
the development of audio processing algorithms in student’s projects. The core component is a real-time
DSP system, Speedgoat [10], with 12 analogue audio input and 8 output signals, see Fig. 9. The signals
are processed with low latency (< 1 msec). Algorithms can be implemented in high-level programming
languages such as Matlab/Simulink. To this end, a compiler converts the Simulink code to C-code, which
can be run natively on the Speedgoat system.

A research focus of the Audio Signal Processing Group of Prof. Puder, is the development of algorithms
for hearing devices such as hearing aids or hearing aid glasses with a focus on feedback cancellation and
beamforming. For beamforming, the two microphones in each of the left and right worn hearing aids
are combined to a 4-microphone beamformer system, whereas in hearing glasses several microphones
can be integrated in the earpieces. Here, even narrower beams can be realized due to larger microphone
distances and a higher number of microphones.

Such hearing systems need to be evaluated under realistic conditions, i.e., worn on a head not in a
free-field. We use the KEMAR [11] as a well established head model. The KEMAR is shown in Fig. 10.
This allows to model the head with respect to head shading as well as to model the ear channel, which
is necessary for realistic feedback tests of hearing aid devices.

Several loudspeakers positioned at different angles of arrival serve as sound sources. The real-time

system is built in a typical office room, showing a rather high reverberation time. Acoustic curtains, which
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Fig. 10: A hearing aid dummy
Fig. 9: Real-time Speedgoat

system (left) and KEMAR

worn on the ear model of the

KEMAR. The dummy is con-
(right) at the Audio Processing

Lab.

nected via cables to the real-

time system.

can be opened and closed, allow tests of the systems within different reverberant acoustic environments.

C. Bioinspired Communication Systems Lab

The Bioinspired Communication Systems Lab of Prof. Koeppl conducts research in statistical signal
processing and machine learning in the context of biomolecular systems. Due to the availability of
wet-lab facilities in the group, see Fig. 11, students can generate their own data by performing single-
cell experiments involving fluorescence microscopy and microfluidics, which is shown in Fig. 12. The
microfluidic chips used for student projects are further optimized and fabricated in house. The hands-on
work also involves the processing of raw imaging data to obtain accurate segmentation and temporal

tracking of single cells.

D. Receive Beamforming Lab

The Communication Systems Group of Prof. Pesavento offers a student experiment in the field of multi-
antenna receive beamforming. The experiment is based on the WARP v3 Kit by Mango Communications
[12], see Fig. 13, which includes an easy access Matlab interface. The main idea of the experiment is
to give students insight into the application of receive beamforming as part of a complete transmitter-
receiver chain: starting from the antennas, which were designed at TU Darmstadt specifically for the
experiment, and ending with digital baseband signal processing algorithms implemented in Matlab. A
main challenge in the design of the experiment was to find the best trade-off between performance and

complexity on the one hand, and comprehensibility of the exercise on the other.
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Fig. 11: Wet-lab facilities at

the Bioinspired Communication

Systems Lab..

Fig. 12: Single-cell recording

and tracking in a swarming as-
say of bacteria Bacillus subtilis
taken at the Bioinspired Com-

munication Systems Lab.

In the student experiment, an antenna array is used that consists of 8 patch antennas designed for the

2.4 GHz ISM band on the receiver side, see Fig. 14. The antenna array is connected to two WARP v3

boards with four RF ports per board. On the transmitter side, two independent and freely movable patch

antennas, also designed for the 2.4 GHz ISM band, are employed. Both patch antennas are connected to

a third WARP v3 board and can be operated independently to model two independent transmitters. For

simplicity, all boards are synchronized in RF and sampling frequency by external cables and the boards

are connected to a Matlab server via Ethernet, which is used for offline baseband processing.

Fig. 13: WARP v3 testbed by

Mango Communications.

Fig. 14: Antenna array consist-

ing of 8 patch antennas de-
signed for the 2.4 GHz ISM
band.

The goal of the experiment is to provide user data separation by means of receive beamforming. Two
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different concepts are implemented and tested by the students. In the first approach, receive beamformers
are designed based on channel state information acquired from pilots while in the second approach a
line-of-sight model is employed to model the channels parametrically. For ease of implementation, a
simple Matlab interface is provided which students can use to perform all the required signal processing,
i.e., pulse-shaping, sampling, timing synchronization and channel estimation. As a result, students can
directly focus on the beamforming implementation.

A particular challenge in carrying out student experiments on the wireless testbed is to visualize
and evaluate the effects of different procedures and methods. Therefore, the experiment is divided into
different tasks. For example, displaying the QPSK signal constellations before and after demodulation,
or displaying a spatial power spectrum to estimate the user locations. During the experiment, students
can directly see, e.g., the effects of the antenna orientation on the quality of the demodulated QPSK or
the variation of the spatial spectrum as the user locations are changed.

In summary, during the course and in the course evaluation, very good feedback is received from the
students. The implementation of a complete transmitter-receiver chain helps students to better understand
and link the individual operations in wireless communications while the experiments help to visualize

the effects of different operations.

IV. COMPETITIONS

The SPG seeks to participate in student competitions, as we believe this is one of the best ways
to provide undergraduate students with the opportunity to have hands-on experience and to put their
signal processing knowledge into practice in a real-world project. Furthermore, students again learn to
cooperate within a team and develop their interest in signal processing research. From our experience,
students who took part in competitions show not only higher technical understanding but also higher
motivation and enthusiasm. They are inspired by their hands-on experience and their voluntary and
ungraded achievements, which can also lead to better overall performance in their studies.

One important aspect is again teamwork. If the team works harmoniously and everyone enjoys their
time, creativity skyrockets. In case of a successful outcome of the competition, students gain additional
benefits from having the possibility to visit a conference, receive a prize, or prestige. The next two

paragraphs tell the stories of two examples of successful participation in students’ competitions.

A. Case Study Competition by Rohde & Schwarz

Together with the German Association for Electrical, Electronic & Information Technologies (VDE),

Rohde & Schwarz organizes an international case study competition for undergraduate students [13] in
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the field of mobile communications. Its aim is to offer students the opportunity to expand their scientific
knowledge and solve real-life technical problems. It is the organizer’s intention that students not only
deploy specific theoretical knowledge but also enhance their teamwork and creativity skills. The first
round of the competition takes place at universities, where participants work on a technical problem in
the area of mobile communications. A jury consisting of one professor and several company employees
decides on the best solution. The winning team members are then invited to the finals at the company’s
headquarter in Munich. In the final competition, teams from different universities compete against each
other in finding the best solution to a complex problem. The winning team receives a gift prize as well
as EUR 2,000 for their university.

In 2012, the student team “Shannon’s Hounds” of the SPG took part in the case study competition whose
theme was “Engineer the future! The future of mobile communications is on you”. In the competition,
in which 220 students from Germany and Singapore participated, students had to solve complex tasks
concerning the ISO/OSI-layers of the LTE cellular network. At the finals in Munich, modern measurement
equipment provided by Rohde & Schwarz had to be used in order to find solutions. “We were excited
to work with real modern measurement devices and have hands-on experience at the finals in Munich”,
said Mark Ryan Balthasar from the team representing TU Darmstadt. “Shannons’s Hounds” performed
outstandingly well and won the competition against ten teams from Germany and Singapore. Each team
member received an Apple iPad and EUR 2,000 for the university. As it was the wish of the team, the
prize money was spent on hands-on experiments for teaching purposes.

Two out of the five members of the team are now RAs with the SPG and one is with the Communi-

cations Engineering Group.

B. IEEE Signal Processing Cup

The IEEE Signal Processing Cup was initiated in 2013 by the IEEE Signal Processing Society to
increase students’ interest in signal processing and to raise their awareness of its applications in real life
[14]. Undergraduate students are provided with an opportunity to form teams and work together to solve
a challenging and interesting real-world problem using signal processing techniques and methods. In
2014, approximately 100 undergraduate students from all over the world took part in 25 different teams.
The theme for the first competition was “Image restoration/super-resolution for single particle analysis”.

After the release of the new competition theme for 2015, the SPG decided to take part in the second
edition of this prestigious competition with its student team “Signal Processing Crew Darmstadt”. The
task of the competition was to estimate the heart rate using photoplethysmographic (PPG) signals recorded

from subjects’ wrists during physical exercise. See [15] for more information on the competition. The
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Fig. 15: The successful students Lisa Hesse, Patricia Binder, Mark Balthasar, Fabio Nikolay, and Cevin
Sehrt (from left) together with Thomas Rosner (leftmost), Stefan Diebenbusch (rightmost) from Rohde

& Schwarz at the ceremony in Munich, 2012.

RAs Michael Muma and Tim Schaeck recruited seven students with interest and motivation in signal
processing in August 2014. In total, about 270 undergraduate students split among 66 teams registered
for the competition.

“For the next months, we arranged regular meetings where we discussed and developed different
approaches”, remembers Tim Schaeck. ”"We built a biomedical laboratory with our own PPG sensors
to be able to take measurements and collect additional data. For this, we employed a student with the
necessary hardware skills as an undergraduate research assistant whose task was to develop a framework
for the collection of measurements. Hence, the team members also had the option to gain hands-on
experience in our lab, which was much help to the students in the competition. After submitting our
algorithm and results in February 2015, we were more than happy to find out one month later that our
team was among the best three teams and that we were invited to take part in the final competition at
ICASSP 2015 in Brisbane, Australia. Fortunately, we managed to get five students to fly to Brisbane and
present the work at the finals. As if this was not enough excitement for the students, their presentation
convinced the jury of the new method and the “Signal Processing Crew Darmstadt” won the IEEE
Signal Processing Cup 2015 against tough competitors from Bangladesh University of Engineering and
Technology and from Soongsil University in South Korea. Fig. 16 shows the members of the team at the
ceremony in Brisbane. The competition topic and results have been published in [14].

“After a slow start we managed to sit together as a team and were able to formulate subproblems, which

were assigned among the team members. We discussed several approaches and often ideas that seemed
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Fig. 16: Members of the Signal Processing Crew Darmstadt at the final presentation at ICASSP 2015 in

Brisbane, Australia.

right in the beginning were dismissed or modified to produce even better results”, reports Maximilian
Huettenrauch. “I think the SP Cup can be very helpful in the sense that one can work on close-to-real-
world problems. The problem was not as contrived as university tasks often are and the data was collected
from real experiments. It also showed that often not the most complex and sophisticated concepts lead
to good results, but rather starting out with a basic idea and adding bits and pieces to this initial idea.”
Further feedback from participating students and supervisors are published in [15].

The main part of our prize-winning algorithm [16] was published at EUSIPCO 2015 in Nice, France,
by the two supervisors and one of the undergraduate students, who also continued working on heart rate

estimation in his Master’s thesis project.

V. PRACTICAL REMARKS FOR SUCCESSFUL DESIGN PROJECTS

We would like to conclude this article by briefly sharing our experience on some fundamental aspects

that we have found to be important for the success of signal processing design projects.

A. Interculturality

Special emphasis should be given to integrating students from other cultures. In [17], Prof. Zoubir
describes challenges in having inter-cultural groups in research. For example, the independence in research
has high priority at TU Darmstadt, but some researchers are not used to such kind of freedom. Thus,

misunderstandings can occur among the team members. Similarly, in engineering design projects, students
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often work in inter-cultural teams, in which not everyone shares the same work attitudes or values. Here,

honest and direct communication is very important.

B. Gender Equality

Gender Equality is always a central topic for the success of our design projects. Thankfully, we are
supported by gender equality representatives who act on behalf of all female students and staff members
in the department in all matters relating to research or teaching and also provide other services. Currently,
at the SPG, we have more than 50 % female RAs, which helps attract female undergraduate students for

signal processing hands-on projects.

C. Social Activities

Integrating students into social activities of the research group helps recruiting good students. These
activities may include events such as an end-of-year party, but also visits to collaboration partners in
research or industry. During such visits, undergraduate students see signal processing in action and often

the participants ask for hands-on topics and wish to perform research projects within our group.

D. Mentorship

From the beginning of their academic studies, our students are mentored by the professors who provide
guidance throughout the entire duration of study and offer one-on-one meetings. These meetings also

offer the possibility to inform the interested students about the hands-on projects that we offer.

E. Evaluation

We constantly try to improve our courses, labs and seminars. For this to happen, we run evaluations
by means of detailed questionnaires. Some of the questions explicitly concern hands-on. In this way, we
receive and are able to take into account feedback from the students on how to increase the number and

quality of hands-on projects.
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