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Abstract

The Mu3e Experiment aims to search for the charged lepton flavor violating decay
µ+ → e+e+e− with an unprecedented sensitivity of O(10−16). Within the Standard
Model of particle physics, this process is extremely suppressed and experimentally
inaccessible, such that any observable signal would constitute evidence for physics
beyond the Standard Model. Precise measurements of this decay therefore provide
a highly sensitive probe of new interactions, in particular in scenarios involving
extended symmetries or heavy mediator particles.
The experiment employs an intense muon beam in combination with an ultra-light
tracking detector based on high-resolution pixel sensors, minimizing multiple scat-
tering effects and enabling precise momentum reconstruction. The system is com-
plemented by fast timing detectors for efficient background suppression and accurate
coincidence measurements.
The entire detector and front-end electronics are integrated within the 1 m diameter
bore of a superconducting 1 T magnet. Power is distributed via a compact system
based on custom DC-DC converters, supplying the detector ASICs and readout
FPGAs with voltages in the range of 1.9 V to 3.6 V at currents of up to 30 A per
channel.
This thesis addresses the development of the Mu3e DC-DC converters from a labo-
ratory implementation to a final design suitable for operation within the experiment.
The focus lies on improving signal quality and integrating additional analog and dig-
ital functionalities. Furthermore, the integration of the converters into the overall
system is studied on both mechanical and software levels. The performance of the
complete power distribution system is evaluated as part of a test beam campaign at
the Paul Scherrer Institut.
A second part of this work focuses on the further development of a camera-based
alignment system as a complement to the established track-based alignment meth-
ods. This is of particular importance for the identification of so-called weak modes,
which are only partially accessible using track-driven approaches. The main empha-
sis of this thesis lies on the mechanical implementation of the camera system as well
as the design and integration of suitable optical markers.
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Zusammenfassung

Das Mu3e Experiment verfolgt das Ziel, den leptonenflavorverletzenden Zerfall µ+ →
e+e+e− mit einer bislang unerreichten Empfindlichkeit in der Größenordnung von
O(10−16) nachzuweisen. Innerhalb des Standardmodells der Teilchenphysik ist dieser
Prozess extrem stark unterdrückt, wodurch jede experimentell nachweisbare Sig-
natur als eindeutiger Hinweis auf Physik jenseits des Standardmodells interpretiert
werden kann. Präzisionsmessungen dieses Zerfalls stellen somit eine besonders
empfindliche Sonde für neue physikalische Wechselwirkungen dar, insbesondere in
Modellen mit erweiterten Symmetrien oder zusätzlichen schweren Austauschteilchen.
Das Experiment basiert auf einem intensiven Myonenstrahl sowie einem ultraleichten
Spurdetektor auf Basis hochauflösender Pixelsensoren. Durch die geringe Material-
menge werden Mehrfachstreuungseffekte minimiert und eine präzise Rekonstruktion
der Teilchenimpulse ermöglicht. Ergänzt wird das Detektorsystem durch schnelle
zeitauflösende Detektoren, die der Unterdrückung von Untergrundprozessen sowie
der präzisen Bestimmung zeitlicher Koinzidenzen dienen.
Der gesamte Detektor einschließlich der Frontend-Elektronik befinden sich im In-
neren eines supraleitenden 1 T starken Magneten mit einem Innendurchmesser von
einem Meter. Die Energieversorgung erfolgt über ein kompaktes Verteilungssys-
tem auf Basis speziell entwickelter DC-DC-Wandler. Dieses versorgt sowohl die
Detektor-ASICs als auch die Auslese-FPGAs mit Versorgungsspannungen im Bere-
ich von 1.9 V bis 3.6 V bei Strömen von bis zu 30 A pro Kanal versorgt.
Im Rahmen dieser Arbeit werden die DC-DC-Wandler für das Mu3e-Experiment
von einer Laborversion zu einem finalen, experimenttauglichen Design weiteren-
twickelt. Schwerpunkte sind dabei die Verbesserung der Signalqualität sowie die
Integration zusätzlicher analoger und digitaler Funktionen. Darüber hinaus wird
die Einbindung der Wandler in das Gesamtsystem sowohl auf mechanischer als auch
auf softwareseitiger Ebene untersucht. Die Leistungsfähigkeit des vollständigen En-
ergieversorgungssystems wird im Rahmen einer Strahlzeit am Paul Scherrer Institut
experimentell charakterisiert.
Ein weiterer Teil dieser Arbeit befasst sich mit der Weiterentwicklung eines kamer-
abasierten Alignmentsystems als Ergänzung zu den etablierten spur-basierten Align-
mentverfahren. Von besonderer Bedeutung ist hierbei die Identifikation sogenannter
Weak Modes, die mit den konventionellen Methoden nur eingeschränkt bestimmt
werden können. Im Fokus stehen die mechanische Umsetzung des Kamerasystems
sowie die Konzeption und Integration geeigneter optischer Referenzmarker.
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Chapter 1

Theory

The Standard Model (SM) of particle physics is a theoretical framework which de-
scribes the fundamental particles and their interactions. It was developed over the
second half of the 20th century and has become one of the most successful theories in
modern physics, providing precise predictions that have been confirmed by countless
experiments. Despite its success, the Standard Model is known to be incomplete,
motivating ongoing searches for physics beyond its boundaries.

The first chapter of this thesis presents an overview of the Standard Model, its
particle content and gauge symmetries based on Thomson [56] and Povh [41]. In
the second part of this chapter, a focus is placed on muon decays within and beyond
the Standard Model mainly based on Calibbi and Signorelli [13]. Lastly, experiments
are presented that search for new physics using muon decays.

1.1 The Standard Model of Particle Physics
The worlds current understanding of structure of the smallest scale is embodied in
the Standard Model of particle physics. It is a result of the search for the fundamen-
tal building blocks of matter in the last century and provides a successful description
of the existing experimental data.

The development of the Standard Model started at the end of the 19th century
when the current state of knowledge was that matter was composed of atoms. The
Rutherford experiment in 1911 showed that the atom itself is a composite system
with a dense central core and a negatively charged electron cloud. Further exper-
imental research showed that the central nucleus is in fact a bound state of two
constituent particles: the neutron (n) and a positively charged proton (p+). The
electrons (e−) stay in the orbit of the nucleus by the electrostatic attraction between
their opposite charges. This effect is included in Quantum Electrodynamics (QED),
which extends the classical theory of electromagnetism by incorporating quantum
effects. Proton and neutron on the other hand are bound by the strong nuclear
force which is described by Quantum Chromodynamics. The picture is completed
by the weak force which manifests itself in nuclear β-decays of certain radioactive
isotopes and the nuclear fusion reactions that fuel the sun. Both processes are the
origin of the massless electron neutrino (νe), first postulated by Pauli in 1930 and
incorporated into Fermi’s theory of beta decay in 1934 [19]. Experiments at higher
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energy scales revealed that the proton and neutron are no fundamental particles, but
a composition of a combination of an up quark (u) and a down quark (d) (p(uud),
n(ddu)).
The 4 particles (e−, νe, u and d) are now known as the first generation particles
and are considered as elementary particles, the building blocks of matter. Through
the use of high energy collider experiments physicist discovered that for each first
generation particle there are two duplicates which differ only in mass: the second
and third generation particles. The particles of all generations are called fermions.
To complete the picture of fundamental particles one needs to take the antiparticles
of each fermion into consideration. The antifermions are a consequence of the Dirac
equation (see [55]) which describes the dynamics of fermions.

Standard Model Fundamental Interactions

All physical phenomena are based on four fundamental interactions: gravitation,
electromagnetic interaction, weak interaction and strong interaction.
As gravitation is too weak to have a noticeable influence between elementary par-
ticles and is Therefore not included in the SM, it is not significant in subatomic
physics and is mentioned for completeness.
The other interactions are described by a quantum field theory (QFT) and mediated
by the exchange of a spin 1 vector or gauge boson. These bosons transfer momen-
tum, leading to the emergence of a force.
The strength of the interaction between gauge boson and fermion is determined by
the coupling constant g. It describes the probability of the spin−1/2 fermion ab-
sorbing or emitting the boson during the interaction. To represent the magnitude
of the force it is more convenient to use the associated dimensionless constant α ∝ g2.

The mediator of the electromagnetic force is the photon γ. The photons carry
no charge themselves and are mass zero vector bosons. In consequence of the pho-
ton being massless, the range of this force is infinite. The electromagnetic force
affects all electrically charged particles and its intrinsic strength is given by the fine
structure constant α = 1/137 .

The weak force has in total three vector bosons: W +, W −, Z0. In contrast to the
photon these bosons carry weak charge themselves and therefore interact with each
other. Another difference compared to the electromagnetic force is that the bososns
of the weak force are not massless. In fact they are, with masses of mW = 80 GeV/c2

and mZ = 91 GeV/c2, relatively heavy [24]. Consequently the weak force is of com-
parably short range. All fermions carry weak charge and are therefore affected by
the weak force with a strength of αw ∼ 1/30. Although the weak interaction has
a comparatively large coupling strength, the high masses of the W and Z bosons
strongly limit its range, making the interaction effectively weak.
The weak interaction, together with the electromagnetic force, can be interpreted
as two aspects of a single interaction: the electroweak interaction. In the Standard
Model the electroweak unification is realized through the Yang-Mills theory with
U(1) × SU(2) gauge symmetry, as described by the Weinberg-Salam model. The
mixing of the neutral gauge fields is characterized by the Weinberg angle, also called
the weak mixing angle, which determines the relative strength of the weak and elec-
tromagnetic interactions and the composition of the photon and Z boson.
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The picture of the fundamental interactions is completed by the strong force which
arises from the local gauge symmetry of the SU(3) transformation. The vector boson
for this interaction is called gluon g. Like photons gluons have zero rest mass but
they carry color charge. Therefore also the gluons can interact with each other like
the bosons of the weak interaction. The coupling strength of the strong force is with
αs ∼ 1 relatively high, except at very high energies. Quarks are the only fermions
carrying color charge, all the other particles (called leptons) are not effected by the
strong force. The principle of confinement states that all free particles have to be
color neutral, prohibiting the existence of free gluons and quarks.

In QFT, coupling constants are not fixed values but vary with the energy scale at
which the interaction are probed. This phenomenon is known as running couplings.
The energy dependence arises from quantum corrections due to virtual particles.
The electromagnetic coupling constant α for example increases slightly with energy.
In QCD αs decreases at higher energies, which is known as the asymptotic freedom.
Also the weak mixing angle changes slightly with the energy scale. The running
of the electromagnetic, weak, and strong couplings is essential for precision tests of
in Standard Model, as it enables accurate predictions for scattering processes and
decay rates across a wide range of energies. Precise measurements of how these
constants evolve with energy can reveal tiny deviations that may hint at physics
beyond the Standard Model. Furthermore, the fact that all three gauge couplings
appear to approach a common value at very high energies supports the idea of a
possible grand unification of forces.

A summary about the Standard Model particles, their individual properties and
the connecting forces can be seen in figure 1.1.

The Higgs Boson

The identification of the Higgs boson at the Large Hadron Collider (LHC) in 2012
constitutes a major achievement in the validation and completion of the Standard
Model. The Higgs boson is a spin-0 scalar particle and, so far, remains the only fun-
damental scalar particle experimentally observed. Within the framework of quantum
field theory, it is interpreted as a quantum excitation of the Higgs field. Unlike the
fields associated with fundamental fermions and gauge bosons, which have vanishing
vacuum expectation values (VEVs), the Higgs field acquires a non-zero VEV. This
spontaneous symmetry breaking of the electroweak symmetry U(1) × SU(2) leads
to the generation of masses for the weak gauge bosons W +, W − and Z, as well as
for the fermions via Yukawa interactions. The interaction of the initially massless
particles with the non-zero Higgs field gives them their masses.
The only really massless particle is the photon. It is associated with the unbroken
electromagnetic symmetry U(1) and therefore does not couple to the Higgs field’s
VEV.

Neutrino Oscillation

As discussed previously, the neutrinos are considered to be massless and carry just
weak charge. For this reason, they do not interact electromagnetically or strongly.
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Figure 1.1: The particles and forces of the Standard Model. [36]

Because their interaction cross-section is extremely small, they rarely interact with
matter and are only observed indirectly. During an indirect search, the three dif-
ferent flavors of the neutrinos can only be distinguished by the flavors of the cor-
responding charged leptons which are produced during the charged current weak
interaction.
First anomalies in the neutrino sector occurred in the content of the neutrino pro-
duction in nuclear fusion processes in the sun. Various experiments observed the
number of electron neutrinos coming from the sun but the detected numbers were
only around 1/3 of the expected neutrino flux. This significant deviation cannot be
explained by the difficulties associated with the indirect detection of neutrinos alone.
This phenomenon was explained by the hypothesis that neutrinos must change their
flavor in some way during their flight to the earth. The evidence for this then called
neutrino flavor oscillation was delivered by the Super-Kamiokande [50] and SNO [3]
experiments. Both experiments provided definitive evidence that neutrinos change
flavor (oscillate) as they travel, proving that neutrinos have a small but nonzero
mass.
A similar oscillation process is already established in the Standard Model, occur-
ring within the quark sector. This quark mixing is described by a unitary matrix
containing information on the strength of the flavor changing weak interaction and
is called the Cabibbo-Kobayashi-Maskawa matrix (CKM).
To account for neutrino oscillation, a leptonic analogue was established: the Pontecorvo-
Maki-Nakagawa-Sakata matrix (PMNS). This matrix makes a distinction between
the neutrino mass eigenstates (ν1, ν1, ν1) and the weak eigenstates (νe, νµ, ντ ).
This is illustrated in figure 1.2. It is shown that each of the three neutrino mass
eigenstates can be generated in association with the electron during the initial weak
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Figure 1.2: The We+νe vertex in terms of three different mass eigenstates.

interaction. All of this leads to the assumption that neutrinos have mass, which,
however, is not compatible with the previously established framework of the Stan-
dard Model and gives rise to the question if there is physics beyond the established
model.

Physics Beyond the Standard Model

Neutrino Oscillation is just one example of observations that cannot be fully ex-
plained with concepts of the Standard Model. Despite its huge success, the Stan-
dard Model leaves several key phenomena unexplained. One of the most well-known
examples is the origin of dark matter. Although the SM has no viable candidate for
dark matter, its existence is strongly indicated by astrophysical and cosmological
observations. Other prominent phenomena are:

• Matter-Antimetter Asymmetry: observed dominance of matter over an-
timatter in the universe although theories predict equal amounts at the Big
Bang

• Hierarchy Problem in the Higgs Sector: lighter Higgs boson mass than
the Planck scale

• Unification of Forces: idea that the three interactions were once a single
force at extremely high energies and can be described by a common theoretical
framework

Numerous theories have been proposed to explain the observed phenomena and to
extend the Standard Model accordingly. This field of research, known as physics
beyond the Standard Model (BSM), has driven the development of a wide range of
new experiments to test the theoretical predictions.

1.2 Muon Decays
The predictions of the Standard Model regarding particle properties and fundamen-
tal interactions are persistently tested by many experiments worldwide. The Mu3e
experiment, which is the focus of this thesis, is specifically designed to explore muon
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Figure 1.3: This Feynman diagram shows the leading-order process of the muon
decaying into an electron (e+, an an electron neutrino (νe) and an antimuon neutrino
(νµ)).

decays with an exceptional level of precision, thereby providing a sensitive probe
for potential physics beyond the Standard Model. The muon is a spin-1

2 lepton of
the second generation of fermions. Its mass and lifetime are known with excellent
experimental precision [24]:

mµ = 105.658 374 5(24) MeV/c2,

τµ = 2.196 981 1(22) × 10−6 s
(1.1)

Apart from the quantum numbers discussed in section 1.1 the muon is additionally
assigned with the lepton family number Lµ = 1 (Lµ is −1 for positively charged
muons). In the Standard Model, both the individual lepton family numbers and the
total lepton number L = ∑

i Li = Le + Lµ + Lτ are conserved quantities.
Considering a reference system in which the muon is at rest, the differential decay
probability with emission of an electron with Energy E and momentum p in a
direction ϑ with respect to the muon spin is given by:

dΓ(x, ϑ) = 1
τµ

((3 − 2x) ∓ P (2x − 1) cos ϑ)x2dxd cos ϑ, (1.2)

Where P is the muon polarization, x = 2E/mµ the reduced electron energy with
0 ≤ x < 1 and ∓ reflects the charge of the source particle. In the context of
this thesis, only positively charged muons are of relevance; hence, all muons in this
chapter are consistently represented with a positive charge symbol.
The muon decay is dominated by the leptonic channel

µ+ → e+νeνµ, (1.3)

which occurs with a branching ratio close to 100%. The Feynman diagram of this
decay can be seen in figure 1.3. The lifetime is practically exclusively determined
by this decay mode. As the first general analysis of the real decay parameters of the
muon was done by L. Michel, this decay is commonly known as Michel decay.
The only other experimentally seen decay channel is the muon radiative decay

µ+ → e+νeνµγ (1.4)

with a branching ratio of ∼ 1.4(4)×10−2 [12]. A variation of this decay occurs when
the γ creates an electron-positron pair:

µ+ → e+e−e+νeνµγ (1.5)
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Figure 1.4: This Feynman diagram shows the µ+ → e+e+e− decay in the SM with
neutrino oscillation.

This internal conversion decay has a branching ratio of approximately 3.4(4) × 10−5

[12].
All three commonly observed muon decay modes respect the conservation of the
total lepton number L as well as the muon-specific lepton flavor number Lµ.

1.3 Lepton Flavor Violating Muon Decays
In the Standard Model of particle physics the decay µ+ → e+e+e− is prohibited as
charged lepton flavor violating reactions are forbidden. However, neutrino oscillation
experiments such as Super-Kamiokande, SNO (see section 1.1) have demonstrated
charged lepton flavor violation (cLFV) in the neutrino sector, implying that lepton
flavor symmetry is broken and that neutrinos are massive. Thus extending the
Standard Model with the possibility of neutrino oscillation makes this decay possible
within the Standard Model (see figure 1.4). However, the neutrino mixing loop
diagram is highly suppressed in the Standard Model:

BSM(µ+ → e+e+e−) < 10−54 (1.6)

A popular addition to the Standard Model is Supersymmetry (SUSY). This theory
postulates a symmetry between fermions and bosons by introducing superpartners
where every fermion (spin-1/2) has a bosonic superpartner (spin-0) and vice versa.
SUSY models allow for cLFV by enabling the muon to decay into three electrons
via loop diagrams involving virtual SUSY particles, such as sleptons and neutrali-
nos. These processes are typically mediated by photon or Z penguin diagrams (see
figure 1.5a). In certain SUSY models, especially those with TeV-scale particles and
significant flavor mixing, the branching ratio for this decay can be large enough to
be detectable by current and upcoming experiments, such as Mu3e. This makes the
µ+ → e+e+e− a highly sensitive probe for charged lepton flavor violating processes
in theories beyond the Standard Model.
The decay can occur not only via loop diagrams but also through tree-level dia-
grams (1.5b). Famous candidates for this scenario are extra dimension models like
the Randall-Sundrum model or models with new heavy Z bosons.
All these theories (and many more) enhance the branching ratio for µ+ → e+e+e−

and make it a good candidate for the observation of cLVF.
The investigation of the violation in the leptonic sector is also of special interest
as it is a key probe of the neutrino mass origin. The privously explained concept
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(a) µ+ → e+e+e− decay via the SUSY
model. (b) µ+ → e+e+e− via tree-level diagrams.

Figure 1.5: Mu3e decay beyond beyond the SM.

of neutrino oscillation shows that the lepton flavor is not conserved in the neutrino
sector and implies that neutrinos are not massless. Many mechanisms that explain
how neutrinos get their masses naturally predict also observable LFV in charged
leptons. Therefore, observing cLFV would strongly support these mass-generation
models and provide a window into the underlying high-energy scale physics.

1.4 Charged Lepton Flavor Violating Experiments
The search for a cLFV decay necessitates the precise reconstruction of the four-
momenta of all final-state particles in an experimental environment with minimal
Standard Model background.
A common signature across the relevant processes is the presence of monochro-
matic and/or time-coincident decay products in the rest frame of the muon. Ad-
ditional kinematic and temporal constraints may apply, contingent on the specific
decay channel under investigation. In the context of these muon decays, the term
"monochromatic" should be understood as a process-specific and idealized concept.
The trajectories of the daughter particles for example may be influenced by various
physical processes during the measurement. Moreover, the ordinary muon decay
may produce particles that mimic the signal under investigation if the measurement
procedures lack sufficient precision.
Due to the distinctive nature of the process, performing the measurement in the
muon rest frame is favorable. This is achieved by stopping as many muons as pos-
sible in an ultrathin target. The comparatively long lifetime of the muon provides
a significant advantage for cLFV experiments, as it allows muons to be stopped
and studied in dedicated detector systems before decaying, thereby improving back-
ground suppression and the sensitivity to rare decay processes.
In rare decay searches, a common approach is to define a multi-dimensional selection
region in parameter space, proportional to the detector resolution, and to count the
number of events within this region. The ultimate goal is to adjust this selection
region to minimize the background by simultaneously maintaining the efficiency.
The counted number of events depends strongly on the rate of the process under
investigation, the number of initially observably muons and the probability that
background events contaminate the measurement.
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Reaction Experiment Present limit Expected limit
µ+ → e+γ MEG/MEG II [39] < 3.1 × 10−13 6 × 10−14

µ+ → e−e+e+ SINDRUM [7], Mu3e [4] < 1.0 × 10−12 10−16

µ−N → e−N SINDRUM II [44], Mu2e [9],COMET [14] 7.0 × 10−13 2.6 × 10−17

Table 1.1: Summary of the current experimental status of the cLFV in the muon
sector and its future predictions.

Muons are ideal candidates to search for cLFV and signs of new physics as they offer
a unique combination of experimental accessibility, clean decay signatures and ex-
treme theoretical suppression within the Standard Model. Many experiments have
therefore already examined the muon sector for its cLFV properties and many more
are currently under construction. A brief overview of the present status of the most
prominent cLFV muon decay channels is given in the following section:

µ−N → e−N

Muon-to-electron conversion refers to the spontaneous decay of a muon into a
monochromatic electron within the Coulomb potential of a nucleus but without the
emission of any photons or neutrinos. That is why the conversion is only possible for
negative charged muons. The leading experimental based on the muon-to-electron
conversion was set by the SINDRUM II experiment at PSI. The latest data set was
taken in 2000 with a limit on the conversion rate of 7 × 10−13 at 90% confidence
level (CL), using 197Au [44]. The most prominent experiments currently under con-
struction to investigate this decay are Mu2e at FermiLab and COMET at J-Parc.

µ+ → e+γ

This decay produces a time coincident, back to back pair of a monochromatic elec-
tron and photon, each with half the muon mass (Ee = Eγ = 52.8 MeV/c2). The
most recent limit for this decay was set by the MEG II collaboration in 2024. The
MEG experiment is located at the Paul Scherer-Institut (PSI) and started data
taking with its first setup already in 2009. With the collected data until 2013 the
collaboration could set a branching ratio limit of 3.1 × 10−13 at 90% CL. With the
latest data set this limit could be improved to Bµ→eγ < 1.5 × 10−13 (90% CL) [39].

µ+ → e−e+e+

The previous dedicated search for the µ+ → e+e+e− decay which is the underlying
process for the Mu3e experiment (see chapter 2) was carried out by the SINDRUM
collaboration in the 1980s. Utilizing a 28 MeV/c µ+-beam at PSI and a muon
rate of 5 × 106 µ/sec, the experiment began data collection in 1983. This initial
run established an upper limit on the branching ratio of Bµ→eee < 2.4 × 10−12.
Following a series of experimental upgrades in 1986, a second data set was recorded,
ultimately leading to the currently best experimental limit on the µ+ → e+e+e−

decay: Bµ→eee < 1.0 × 10−12.
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Chapter 2

The Mu3e Experiment

The Mu3e experiment aims to either observe the charged lepton flavor violating de-
cay µ+ → e−e+e+ if its branching ratio exceeds 10−15, or to set an upper limit at the
level of 10−16 with 90% confidence. To reach this sensitivity, the Mu3e collaboration
must record at least 5.5 × 1016 muon decays over a runtime of approximately one
year. This translates into a required muon stopping rate of 2 × 109 Hz. The optimal
conditions for this are provided by the Paul Scherrer Institute (PSI) in Villigen,
Switzerland, where the experiment is currently under construction.
To distinguish a potential signal from background processes at this level, all back-
ground sources must be suppressed below the 10−16 threshold. Achieving this de-
mands a detector system with high geometrical acceptance and detection efficiency,
as well as excellent momentum, vertex, and timing resolution to reliably identify
signal-like topologies and reject mimicking background events.
The Mu3e experiment will be conducted in two phases:
Phase I will use the existing infrastructure at PSI, delivering up to 10 × 108 µ/s, to
reach for a sensitivity of 2 × 10−15. Phase II will try to set an even higher limit of
B(µ → eee) < 10−16. For this purpose, the new high intensity muon beam (HiMB)
project at PSI is intended to provide an even higher number of muons (> 2×109 Hz).
The construction start of this project is in 2027. Due to the time frame, this thesis
is focused solely on the first phase.

This chapter begins by outlining the characteristics of the decay process and the
associated experimental challenges. The second section addresses the relevant tech-
nical infrastructure including the beamline, magnet and target. Finally, the chapter
presents the design of the highly specialized detector system.

2.1 Decay Kinematics and Backgrounds
Signal–background discrimination is achieved by using the principle of energy and
momentum conservation. The muons decay at rest which means that the decay par-
ticles are emitted promptly at the same time from a single vertex. As a consequence
the vectorial sum of all decay particle momenta should vanish and the invariant
mass be equal to the muon mass:

|P⃗tot| = |
∑

p⃗i| = 0 (2.1)
minv = |

∑
p⃗i| =

∑
Ei = mµ (2.2)
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Figure 2.1: This graph shows the integrated branching fraction of the internal
conversion decay µ → eeeνν for which the invariant mass of the three decay electrons
is above the x axis value [12].

The assumption that the sum of the energies is equal to the invariant mass is true
because of the vanishing total momentum for the decay at rest.
The decay particle energies extend from the electron rest mass up to approximately
53 MeV, corresponding to half the muon mass. Due to momentum conservation, all
decay products are confined to a single plane.

Background
The final sensitivity of the Mu3e experiment depends strongly on the ability to
reduce the background from various sources within the experiment. There are two
categories of background:

1. Combinatorial background: overlay of different processes producing three
tracks resembling a µ+ → e+e+e− decay.

2. Internal conversion background: radiative decays with internal conversion
where neutrinos carry away a small fraction of the energy.

A more detailed description of these two background sources is given in the following.

The internal conversion decay µ → eeeνν occurs with a branching fraction of
3.4×10−5. To distinguish between the signal decay and internal conversion, momen-
tum and energy conservation must be used to reconstruct the undetected neutrinos.
This means that the conditions 2.1 and 2.2 have to be fulfilled. The integrated
branching fraction for µ → eeeνν is shown in figure 2.1.
The internal conversion process is the most serious background in the Mu3e exper-
iment and can only be reduced by a very good tracking resolution. Thus the total
energy resolution has to be smaller then 1.0 MeV to reach the sensitivity goal of
< 10−15.

The main process contributing to the combinatorial background is the Michel
decay. Although this process does not produce a negatively charged particle (elec-
tron) the decays can contribute to the background in combination with incorrectly
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reconstructed tracks or with different electron creating processes. The main can-
didates for providing genuine negative particles are radiative decays and Bhabha
scattering.
The process µ+ → e+ννγ is known as radiative muon decay and has a branching
ratio of 1.4 × 10−2 for photon energies above 10 MeV. An electron can be created if
the decay photon converts inside the target region or the detector. This generated
event shares a similar topology with the previously discussed internal conversion
process.
The positrons from the ordinary muon decay in the target or the beam can under
go Bhabha scattering with electrons in the target material. The resulting elec-
tron–positron pair with a common vertex, together with a positron from the Michel
decay, can mimic the signal decay.
Other background contributions can occur due to different pion decays. In partic-
ular the decays π → eeeν ( B = 3.2 × 10−9) and π → µγν (B = 2.0 × 10−4) followed
by photon conversion, can be indistinguishable from signal events if the momenta
of the final-state particles are consistent with the muon mass hypothesis. However,
due to the very low pion contamination in the muon beam at PSI (< 2 × 10−7 of
the muon flux), and the small branching fractions of these decays, the resulting
background contribution is negligible.

2.2 The Experimental Concept
The ultimate objective of Phase I is to achieve a sensitivity of 2 × 10−15. This
can only be achieved if the detector concept is optimally adapted to the specific
experimental challenges. In particular, the detectors must be capable of handling
high muon rates, maintaining an ultra-low material budget and delivering very high
momentum and timing resolution. This individual challenges will be addressed in
the following section.

2.2.1 The Experimental Challenges
Experimental Backgrounds
As previously mentioned, the Mu3e experiment faces two main background types:
combinatorial background and internal conversion. Combinatorial background arises
from unrelated processes producing three tracks that mimic a µ → eee decay. It
can be suppressed through precise vertexing, timing and momentum measurements.
Internal conversion background originates from the radiative decay µ → eeeνν,
where all particles origin from a single muon decay. As this process closely resembles
the signal decay, suppression relies exclusively on excellent momentum resolution to
detect missing energy from neutrinos.

Detector acceptance
The overall acceptance of the experiment is largely determined by its geometrical
coverage and the detector’s ability to measure a wide range of particle energies.
In particular, the detector must be capable of reconstructing tracks with momenta
ranging from a few MeV up to approximately half the muon mass, while covering a
broad angular range.
Since the decay under investigation is a three-body decay with unknown kinematics,
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maximizing the detector acceptance is essential to ensure sensitivity to all regions
of phase space and to fully probe potential contributions from new physics.
Acceptance losses arise from two main sources: regions near the beam entry and
exit where instrumentation is limited, and low-transverse-momentum tracks. The
latter are problematic because such particles do not reach the detector at large radii
due to the bending of the magnetic field and thus are not reconstructed reliably.

Momentum Resolution
The quality of the momentum resolution determines how effectively internal conver-
sion background can be suppressed and thus to which level the experiment can be
operated in a background-free environment. To reach the branching ratio of 10−15

in phase I with a 2σ cut on the reconstructed muon mass, the average momentum
resolution has to be better than 0.7 MeV. One factor to achieve that is to minimize
the material budget inside the active detector area. Another important factor is
the additional lever arm provided by detector layers placed at a large radius, which
improves the precision of the track-curvature measurement in the magnetic field.

Vertex Resolution
The key to reducing accidental background is an exceptional vertex resolution, al-
lowing the separation of distinct muon decay vertices. Since vertex resolution is
dominated by multiple scattering, minimizing the detector’s material budget is cru-
cial.

Timing Resolution
In addition to precise vertexing, excellent timing resolution is essential for sup-
pressing combinatorial background, particularly under high-rate conditions where
accidental coincidences become more frequent. This aspect gains even greater im-
portance in Phase II of the experiment, where the increased muon rate challenges
the spatial resolution and vertex information alone may no longer be sufficient to
reliably distinguish signal from background events.

2.2.2 The Detector Design
The conceptual detector design must address the experimental challenges outlined
in the previous section to meet the Mu3e experiment’s stringent sensitivity require-
ments.
A key design aspect is the minimization of the material budget. At low electron
energies, like in Mu3e, multiple Coulomb scattering dominates the momentum res-
olution, making material reduction in the active detector region essential. To this
end, the fairly new monolithic silicon pixel technology was selected the Mu3e track-
ing detector (see Section 2.4.1 for details). In addition one of the two timing detector
systems was designed with a particularly low material budget to further minimize
scattering effects.

The chosen detector design for Mu3e can be seen in figure 2.2. The entire Mu3e
detector is built in a cylindrical geometry around the beam pipe with a hollow
double-cone target positioned at its center (for further details on the Mu3e target
see section 2.3). The final detector will be approximately 1 m long and housed within
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Figure 2.2: The Mu3e detector concept. The design is symmetrical around the
target. On the right side a sliced view ofthe detector is shown together with the
particle trajectories.

the 1 m diameter bore of a 1 T solenoidal magnet.
The detector system consists of three main sections:
The section in the middle is the central detector surrounding the double-cone target.
Closest to the target are two layers of the silicon pixel tracker (inner pixel layers).
They are generally referred to as the vertex detector. These layers provide precise
spatial information for vertex reconstruction. The inner layers are enclosed by the
scintillating fibre detector (see Section 2.4.2), a timing detector specifically designed
for low material budget and high-rate capability. The outermost component of the
central detector is another double layer of silicon pixel sensors. Notably, the total
outer radius of the central detector is just 8.9 cm, ensuring a compact design.
Upstream and downstream of the central detector are two identical recurl stations.
Each station consists of two additional silicon pixel layers and a layer of the scin-
tillating tile detector (see Section 2.4.2) positioned closer to the beam pipe. These
stations have the same radial dimensions as the central detector and are designed to
detect recurling particles which increases the overall detector acceptance and reso-
lution.
The entire detector assembly is mounted onto the beam pipe, which is supported by
a cylindrical cage-like structure. This structure also houses all necessary detector
services such as cooling and power distribution. The full detector cage is designed
to be retractable, allowing it to be slid in and out of the magnet for maintenance
and service operations.

2.3 Mu3e Beam Line, Magnet and Target

The Mu3e Beam Line
The Mu3e experiment requires a continuous beam structure with the highest possible
muon rate in order to fulfill its high-precision detection goal. The most suitable
research facility for this purpose is the high intensity proton accelerator (HIPA)
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Figure 2.3: CAD model of the πE5 area and the CMBL. The last part of the
CMBL is shared with the MEG II experiment.[4]

complex at PSI which can deliver beam power of up to 1.4 MW [32]. The muons
are created at the surface of the primary production target E in the HIPA beam
line via stopped pion decays [33]. These surface muons have energies below 4.1 MeV
(corresponding to a momentum of 29.8 MeV/c) and are nearly 100% polarized.
The muon target is followed by the compact muon beam line (CMBL). It supplies
the so called πE5 area (experimental area of the Mu3e experiment) with the required
intensity of ∼ 108 µ/s. Mu3e shares parts of the CMBL with the still ongoing
MEG II experiment. After the common front beam transport elements used by
both experiments, the beam line can be reconfigured: the dipole magnet used by
Mu3e can be replaced with the superconducting beam transport solenoid required
for MEG II.
The latest measurements have shown that the CMBL can deliver up to 7.50×107 µ/s
at the Mu3e target [15].
The main beam losses in the beam line occur when the muon beam is reduced
step-wise to a diameter of 40 mm at the target entrance. This setup represents a
compromise between maximizing the stopping rate, minimizing detector occupancy
and maintaining good vertex resolution, which requires a small radius of its first
detector layer.

The Mu3e Magnet
The Mu3e magnet has a total length of 3 m and an inner warm bore with a volume
of ø100 cm × 200 cm. It generates a homogeneous solenoidal magnetic field of 1 T
to precisely measure the momenta of the muon decay products. The precision re-
quirements of Mu3e demand that the field inhomogeneities along the beam line are
less than 10−3 within a region of ±60 cm. To achieve that there are compensating
coils placed at the entry and exit, assuring a more homogeneous magnetic field.
Another decisive parameter is the long term stability of the magnetic field: During
each data taking period of 100 days the condition ∆B/B ≤ 10−4 must be main-
tained. This can be ensured by using high quality power supplies. To monitor the
magnetic field and its stability, both NMR and Hall probes are installed. These
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(a) Picture of the Mu3e magnet with a 1 T
strong magnetic field.

(b) The Mu3 stopping target is a hollow
double cone target made out of thin Mylar
foil covered with a aluminum layer.

Figure 2.4: The Mu3e magnet and target.[4]

probes will also be used to provide an accurate description of the field distribution
which is a very important input for the track reconstructions of the electrons and
positrons. The quality of the field map should be better than 2.0 × 10−4 in order to
not influence the momentum resolution.
The entire magnet is shielded with iron in order to reduce the stray field to below
5 mT at a distance of 1 m. The magnet itself will be operated at 4 K with a cooldown
time of about 10 days and a rampup time of approximately 2 hours.

The Mu3e Target
The stopping target is an essential component for the success of the Mu3e experi-
ment. The biggest design challenge is to optimize the stopping power while at the
same time minimizing the material in order to avoid excessive background. This
requires a careful balance between having enough material in the beam direction to
stop as many muons as possible, and minimizing material in the flight direction of
the decay products to reduce its impact on the track measurements.
Various target geometries have been investigated through simulations to identify the
optimal design that meets the requirements for both stopping power and material
budget. The best results were received with a double cone target similar to the
design used in the SINDRUM experiment. Mylar was chosen as the target mate-
rial due to its low atomic number which helps to suppress photon conversion and
Coulomb scattering at large angles. Simulation showed that with the selected shape
and material 95.5% of the muons are stopped in the target.
The target has been already produced at PSI with a total length of 100 mm and
a radius of 19 mm. A picture of the Mu3e target can be seen in 2.4b. The inner-
most and outermost foils of the target are made of aluminum rather than Mylar.
The conductive surface avoids a possible charging of the target material by the high
muon stopping rate.
The target is attached to a carbon tube which is secured within a dedicated support
structure featuring an alignment mechanism inside the beam pipe.

2.4 The Mu3e Detectors
In order to achieve the highly ambitious sensitivity goals of Mu3e, a highly special-
ized detector system capable of tracking and timing with extreme precision while
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Figure 2.5: Working principle of the HV-MAPS. This technology enables a sepa-
ration of the active area and the periphery which allows the production of very thin
sensors.[59]

minimizing material interactions is required. This chapter provides an overview of
the key detector components, their design principles, and the specific performance
requirements the Mu3e detector unit must meet.

2.4.1 The Tracking Detector
The already mentioned challenging requirements regarding the material budget in
the tracking layers combined with the high rate lead to only one option for the de-
tector concept of Mu3e: High-Voltage Monolithic Active Pixel Sensors (HV-MAPS).
The peculiarity of these technology is that the sensing and the read-out electronics
are integrated in the same chip which reduces the material immensely.
The working principle of the resulting sensor chips is shown in figure 2.5 and func-
tions as follows [59]:
The sensor is based on deep n-well electrodes embedded in a p-type silicon substrate.
A reverse bias voltage ≥ 60 V is applied between the two zones, creating a depletion
zone around the n-well. When a charged particle traverses the sensor, electron-hole
pairs are created in the depleted region. The strong electric field causes the elec-
trons to drift quickly into the n-well, where they are collected. The collection of
ionization charges mainly via drift allows timing resolutions of just a few nanosec-
onds. The CMOS electronics for amplifiers and the elements for data processing are
implemented inside the n-well.
The HV-MAPs currently used in the Mu3e experiment is the MuPix 11 ([20],[5]).
The MuPix 11 has an active area of (20.48 × 20.00)mm2 and a chip periphery of
3 mm at the shorter end of the chip. The periphery contains parts of the digital
electronics as well as dedicated pads for electrical connections and testing. The in-
dividual pixel cells have a size of (80 × 80)µm2 which are arranged in 250 rows and
256 columns.
The operating temperature and thus the power consumption of the MuPix is very
critical. For that reason the pixel detector is constantly cooled with a gaseous helium
flow adapted to the power consumption of the pixel sensors of up to 400 mW cm−2.

The pixel tracker is divided into individual modules. Each module consist of 4 − 5
ladders, depending on whether it is located in the vertex detector or the outer lay-
ers. A CAD model of the vertex detector can be seen in figure 2.6. The smallest
component of a ladder are the MuPix chips. The sensors are glued on a high-densety
interconnect (HDI) made out of aluminium-polyimide laminates. The HDI provides
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Figure 2.6: CAD model of the Mu3e vertex detector. [4]

(a) Picture of the high-densety inter-
connect (HDI) for a vertex ladder. [43] (b) Electrical connection to a MuPix ladder. [4]

Figure 2.7: Important components the vertex detector.

HV and LV, configuration lines, reference clock and data output lines to the indi-
vidual MuPix sensors.
The different ladders form a half shell and are overlapping to increase the detector
acceptance. They are supported by the end piece made out of polytherimide (PEI).
The end pieces are than mounted onto the end ring.
The electrical connection from the HDI to the outside is realized by polyimide cop-
per flexes. The connection between these flexes and the HDI is done by a custom
interposer board. Each of the described connections is situated at both ends of a
ladder, dividing it into two electrically isolated half-ladders. For more information
about the electrical connection of the vertex detector to the Mu3e power system see
section 3.3.
The MuPix ladder is a compound structure with a radiation length of only X/Xo <
0.115%, optimized for a minimal material budget.

2.4.2 The Timing Detectors
In high-rate experiments like Mu3e, where the detectors need to deal with ∼ 108

muons per second, the likelihood of accidental overlaps between decays increases
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(a) This picture shows a full SciFi ribbon
prototype. It is build of 3 layers scintillating
fibres.

(b) The arrangement of the individual fibres
ensures a continuous coverage with just min-
imal gaps. Note that this image shows 4 lay-
ers of scintillating fibres although it was de-
cided that the actual detector will just have
3 layers in its final version.

Figure 2.8: The Mu3e SciFi detector [4]

and an excellent timing resolution is essential to effectively suppress combinatorial
backgrounds. Silicon photomultipliers (SiPMs) combined with fast scintillators offer
excellent timing resolution typically around 50 − 100ps which makes them ideal for
time-of-flight and trigger systems. Their compact size, magnetic field tolerance, and
scalability make them the a perfect candidate for the Mu3e timing system.
The experiment will host two different types of scintillating detectors: the Mu3e
fibre detector and the Mu3e tile detector.

The Mu3e Fibre Detector

The Mu3e fibre detector is located in the central station of the Mu3e experiment.
Therefore, in addition to good timing resolution, it must also meet other stringent
design constraints: the material budget in the central region must be minimized as
much as possible to prevent perturbations of the decay particle trajectories and to
suppress the generation of unwanted background signals. The Mu3e SciFi detector
has a roughly cylindrical shape with a diameter of 122 mm and a total length of
300 mm. The largest components of the fibre detector are the fibre ribbons (see
figure 2.8a), of which twelve form the complete detector. Each ribbon is made out
of 3 layers of very thin scintillating fibres. The fibres, with a diameter of 250 µm, are
staggered (see figure 2.8b) to assure a continuous spatial coverage. The innovative
design leads to a remarkable radiation length of just X/Xo < 0.2%. The fibres
are connected to SiPM arrays and read out by a dedicated mixed-mode ASIC, the
MuTRiG.
The SciFi detector achieves an overall time resolution of 250 ps and a spatial reso-
lution in the order of ∼ 100 µm.
Simulation studies have shown that the fibre detector plays a crucial role in sup-
pressing combinatorial background by reducing it by O(2.4 × 10−2) (see section
2.9),underlining its necessity for achieving the sensitivity goals of Mu3e.
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Figure 2.9: This figure shows the potential suppression of Bhabha electron-positron
pairs plus Miochel electron accidental backgrounds as a function of the time reso-
lution of the fibre detector if only the SciFi detector (green) is used or SciFi and
SciTile are used (blue). The SciTile detector on its own has no suppression power.

The Mu3e Tile Detector

The main objective of the scintillating tile detector is providing the most accurate
timing information possible for the Mu3e data acquisition. It is located right at
the end of the recurling particle trajectories which leads to no constrains on to the
material budget.
The underlying principle is a plastic scintillator segmented into small cubic tiles.
Each individual tile is directly connected and read out via a SiPM. There are two
independent tile stations, located upstream and downstream in the recurling sta-
tions. Both stations are composed of 7 tile modules (see figure 2.10a). Each module
is an assembly of a support structure which also provides cooling, 2×13 tile matrices
and the Tile Module Board (TMB). The tile matrix is the smallest modular compo-
nent of the tile detector and is shown in figure 2.10b. To reduce optical cross-talk
between the individual cubes, the tiles are covered with a reflective foil. The matrix
comprises 16 plastic scintillator cubes in a 4 × 4 grid. The matrices are connected
in pairs to a MuTRiG ASIC (same as for the fibre detector) which sits on the TMB.
The TMB not only hosts the readout electronics but also provides the high and low
voltage power for the SiPMs and the ASCIs as well as several monitoring services.
The results from the latest test campaigns at the research facility "Deutsches Elektron-
Synchrotron" (DESY) have shown a exceptional single-channel time resolution of
∼ 47 ps [35].
Together with the fibre detector the background suppression can be enhanced to
O(1.4 × 10−2) (see figure 2.9).
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(a) The TMB is mounted below the single
tile matrices hand contains the readout elec-
tronics as well as the power and monitoring
services.

(b) One tile matrix consists of 4 × 4 scin-
tillating plastic cubes covered in a reflecting
foil to avoid crosstalk.

Figure 2.10: The Mu3e SciTile detector [35].

24



Chapter 3

The Mu3e Power System

The Mu3e power system constitutes a complex, multi-layered infrastructure com-
posed of numerous interdependent subsystems. This chapter is dedicated to a de-
tailed analysis of its individual components and their functional interplay.
First, the overall architecture of the power system is described, including its hierar-
chical organization and distribution strategy. Particular emphasis is placed on the
requirements imposed on the system, which arise from both the detector subsys-
tems and environmental constraints. These include, for example, thermal load and
electromagnetic compatibility. The resulting constraints have direct implications for
system design, including the need for highly efficient and low-noise power delivery
solutions.
Subsequently, the implementation of these requirements is discussed in detail, dis-
tinguishing between power distribution outside the detector volume (where space
and accessibility are less constrained) and within the detector itself (where mini-
mal mass, compactness, and low interference with particle tracking are essential).
This distinction is crucial, as it leads to different technological approaches, such as
localized conversion stages close to the point of load.

3.1 General Structure and Requirements
In general, the Mu3e power system can be divided into three subsystems: the
detector-ASIC power or low voltage (LV) power, the slow control power
and the readout power.
The slow control power is fully separated from the detector power and can be turned
on and off independently. It involves the power to control the low and the high volt-
age system, and the weather stations with the environmental sensors for monitoring
the experiment. It is the first power system to turn on and the last to be switched
off to ensure a safe operation.
The readout power is supplying the Front-end Crates (FECs) with the Front-end
Boards (FEBs) which are part of the data acquisition (DAQ) system of Mu3e. The
experiment contains eight FECs, four upstream and four downstream, each with a
number of 14 FEBs. Every FEB requires a supply voltage of 20 V which leads to an
overall power consumption of 400 W per FEB.
The low voltage system of Mu3e is divided into power partitions, each powering one
module of the detector (the size of a module is defined by the different detector
subsystems, see sections 2.4.1, 2.4.2). The only ground connection between these
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Detector ASIC # partitions ASICs per partition
Pixel
layer1 MuPix 4 12
layer2 MuPix 4 12
layer3 MuPix 3 × 12 32, 36
layer4 MuPix 3 × 14 36

Fibre MuTriG 12 8
Tile MuTriG 14 13

Table 3.1: The Mu3e power system is divided into power partitions, supplying one
detector or ASIC section each.

partitions is at the virtual ground plane (backplane of the DC-DC converters) on
the upstream or downstream end-wheel (see section 3.3.1). In total the active de-
tector is segmented into 112 power partitions. An overview of the distribution of
the partitions is shown in table 3.1.

3.1.1 Selection of the LV Power System
The power distribution system of the Mu3e experiment faces several challenges due
to the high demands of the detector systems and the physical constraints of the
experimental infrastructure. One key issue arises from the long distances between
the power supplies and the detector modules (see Section 3.2). These extended cable
lengths (≈ 20 m) result in significant power losses due to the electrical resistance of
the wires:

R = ϱ · l

A
= 1.72 × 10−8Ωm · 20m

1.5 mm2 = 0.23 Ω, (3.1)

(3.2)

The losses in the power lines can be easily calculated using Ohm’s law:

R = U · I (3.3)
P = U · I = R · I2 (3.4)

The various detector subsystems operate at relatively low voltages, typically in the
range of 1.8 V to 3.6 V. The pixel sensors for example require 1.8 V with a power
output of approximately 1.6 W per chip. Each pixel module contains between 12
and 36 chips, resulting in a total power requirement of up to 57.6 W per module in
the worst-case scenario. The total loss in the cables for one ladder would be:

I36 = 36 · 1.6 W
1.8 V (3.5)

Uloss = R · I36 · 2 = 14.72 V (3.6)

A voltage drop of 15 V due to resistive losses would not only waste a substantial
amount of energy but also generate significant heat, which would require active
cooling and dramatically reduce the efficiency of the experiment.
In general, to transmit electrical power P = I · U efficiently, two strategies are
available:
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1. Reduce the resistance of the cables by:

• Using materials with a lower resistivity
• Increasing the cross-sectional area of the conductors infrastructure

2. Decrease the current by increasing the transmission voltage

The first method is for example being pursued by the P2 collaboration, which em-
ploys pixel sensors similar to those used in Mu3e and therefore encounters com-
parable powering challenges. Their approach involves designing thick, low-voltage
cables to deliver power into the detector. However, this solution presents its own
set of complications, and ultimately, the choice between this method and the use of
DC-DC converters comes down to a design decision.
The Mu3e experiment takes the following approach: power is transmitted at a higher
voltage of 20 V over the long cable and voltage regulators located close to the de-
tector modules step the input voltage down to the required levels just before the
distribution to the subsystems. This strategy minimizes power losses and allows for
a more efficient and compact power delivery system tailored to the strict require-
ments of the experiment.

A fundamentally different approach is the serial powering method. Instead of supply-
ing each module individually, several modules are connected in series and powered
by a constant current source that delivers a fixed current I0, chosen to meet the
maximum current requirement of the most demanding module in the chain. This
current flows through a series of connected modules, forming a chain. Each module
is equipped with voltage regulators that convert the constant current into the re-
quired supply voltages for its operation.
This method offers the advantage of reducing the number of power supplies and ca-
bles, as well as overall power consumption. However, it also carries the potential risk
of large-scale failures. The current version of the MuPix sensor lacks the necessary
infrastructure to support serial powering, but this capability is planned for future
iterations and is expected to be implemented in Phase II of the Mu3e experiment
[49].

3.1.2 Requirements of the Detector Subsystems
A power distribution system has now been selected in which all high-current power,
specifically the supply for the detector ASICs, is delivered at 20 V upon entering
the detector region. This voltage is then regulated locally by DC-DC converters to
match the specific requirements of the individual detector components which vary
significantly across subsystems.
The typical power consumption of the pixel detector ranges between 250 mW and
400 mW cm−2 depending on the size and configuration of the ladder. The standard
power consumption for the MuTriG chip, used in both the SciFi and SciTile detec-
tors, is between 1.2 W and 1.5 W. The required input voltage for them is at 2.2 V.
Both scintillating detectors require an additional supply voltage of 3.6 V, but with
different current demands. The TMB of the tile detector typical draws a current
of 0.6 A which will be provided by a dedicated DC-DC converter. The SMB of the
SciFi detector, in contrast, requires only 100 mA. This current is too low to ensure
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stable operation of the standard Mu3e DC-DC converters. Therefore, this voltage
is instead supplied via a dedicated Low-Dropout Regulator (LDO) board, which is
better suited for low-current applications.
A summary of the power consumption of the different detector subsystems can be
seen in table 3.2.

In addition to meeting strict power requirements, the Mu3e power distribution sys-
tem must also satisfy several environmental constraints imposed by the experimental
setup.
The entire Mu3e detector is situated within a magnetic field of 1 T. This magnetic
field imposes one of the most stringent limitations on the choice of electronic compo-
nents. Any component whose operating principle relies on magnetic interactions is
inherently unsuitable in such an environment. This is particularly critical for DCDC
converters, which typically rely on magnetic inductors (coils) as a core component
in their operation. The strong magnetic field can significantly alter the behavior
of these components, leading to performance degradation or complete malfunction.
Therefore, conventional inductive converters with a ferrite core are generally not
viable, and alternative solutions such as air-core inductors may be required. Addi-
tionally, all electronic components, including integrated circuits (ICs), passives, and
also connectors, must be rigorously tested to ensure reliable performance under high
magnetic fields.
Moreover, the detector volume is continuously flushed with helium gas, primarily for
thermal management and cooling. However, this helium-rich environment can pose
challenges to some semiconductor devices. For instance, helium atoms can diffuse
into chip packages, potentially causing malfunctions such as latch-up or soft errors,
especially in advanced sub-micron technologies. As a result, helium compatibility
and gas-tight packaging become critical factors in component selection.
Lastly, specific power delivery requirements are dictated by the individual sub-
detectors within the experiment. These include strict constraints on DC–DC con-
verter efficiency, electromagnetic compatibility (EMC), and output voltage stability
with a particular emphasis on the use of low-noise converters. This is driven by the
low-threshold operation of the front-end ASICs on the analog signal path, where
typical signal amplitudes are on the order of only a few tens of millivolts. In ad-
dition, the presence of a large number of high-speed digital links, such as multiple
1.25 Gbit s−1 LVDS lines, increases the susceptibility to electromagnetic interference
and places further demands on the spectral purity of the supply voltage. These
challenges are exacerbated by the fact that no additional filtering can be placed in
close proximity to the pixel detector. Consequently, the quality of the output signal,
characterized by parameters such as ripple, noise, and load regulation, is especially
critical, as it can directly impact detector performance and data quality. Meeting
these diverse and stringent requirements necessitates careful power system design,
optimization, and validation across all relevant operational conditions.

3.2 Infrastructure in the Experimental Area
πE5 is an already existing experimental area and therefore can not be altered in
its construction or size. The components of the beam line and the Mu3e magnet
already occupy the majority of the experimental area (see figure 3.1a). Therefore,
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Partition # DC-DC boards Demand voltage (V) Typical current (A) Max. current (A)
MuPix Vertex 8 1.9 10.3 15.1
MuPix outer layers 78 1.8 - 2.0 21.8 32
MuTriG Tile 14 2.2 9 11
TMB 14 3.6 0.6 1
MuTriG fibre 12 2.2 7 9
SMB 12 LDOs 3.6 0.1 0.2

Table 3.2: The number of DC-DC converter per subdetector and their typical
ratings are shown in this table.

(a) The experimental area of Mu3e (πE5):
On the right the last section of the CMBL
is visible; in the back the green Mu3e mag-
net can be seen. The photo was taken from
platform 1 which shows the long way of the
power lines from the platfrom to the experi-
ment.

(b) The top flange for the Mu3e power lines:
an unconnected Souriau-Sunbank 8D series
connector is shown as well as a connected 37
pin Souriau cables (4 in total) for the 20 V
supply lines and a connected 22 pin Souriau
cable (3 in total) for slow control and sens-
ing.

Figure 3.1

all necessary services (power, cooling etc.) for the experiment will be relocated to
two platforms above πE5.
Platform 1 is the platform for the power infrastructure (see figure 3.2). It hosts
the power supplies and the PC for the Mu3e magnet, the power rack for the low
voltage and a rack with the Mu3e interlock system. On platform 2, most of the
cooling infrastructure is located. This includes the helium plant and its chiller for
the pixel detector cooling, four compressors for the magnet cooling and a chiller for
the electronics cooling inside the magnet.

The Mu3e power rack on platform 1 contains all necessary components to run a
durable and safe power system in Mu3e. The main component are the TDK Lambda
Genesys+ power supplies for the detector power (LV) and the FECs. A single power
supply not just powers one power partition but depending on its location up to 26
(see table 3.3). The supplies are interlocked with the detector cooling to assure pow-
ering operations are just performed when the detector is properly cooled. If that
would not be the case the detectors could take permanent damage. The controlling
of the supplies is done via the user datagram protocol (UDP) with an ethernet con-
nection to the PSI network.
A second type of TDK power supplies, the TDK Lambda Z+, is mounted in the
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Figure 3.2: The image shows the two Mu3e service platforms with the power
infrastructure in the front (yellow cabins). Behind them the cooling facilities are
visible.

rack as well, providing the voltage for the slow control. Slow control refers to the
HV boards, the environmental sensors, the DC-DC crate controller and the camera
system. These supplies provide voltages between 5 and 24 volts.

The Mu3e power distribution system is generally organized into distinct power parti-
tions based on their specific functions (see Section 3.1). However, due to the limited
number of output channels available on the TDK power supplies, several detector
partitions must share the same TDK unit. Since the number of required power
partitions exceeds the number of available supply channels, a solution is needed
to effectively distribute power to multiple destinations. To address this, a custom
power distribution box, the MPDC (Mu3e Power Distribution Controller), was de-
veloped in collaboration with the electronic workshop at PSI. This device serves
as a sophisticated multiplexer, capable of distributing 1 − 2 input channels to up
to 2 × 16 output channels. The multiplexing is achieved using switches, enabling
dynamic routing of power. Each output channel corresponds to an individual power
partition and can be independently switched on and off by the DAQ system via
the MPDC. Moreover, the MPDC continuously monitors the current drawn by each
partition and is equipped with a hardware-defined current limit to ensure safe op-
eration. All +20 V lines for each power partition are thus routed and controlled
through the MPDC. The return lines of these supplies are referenced to a common
ground inside the detector (see Section 3.3.1) which ensures a consistent and stable
electrical reference.

After the power distribution box all power cables are routed from platfrom 1 to
the experimental area. From there, the cables are once again distributed across the
top of the magnet and guided to connection points located in the magnet doors on
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TDK # TDK Vout,max (V) Aout,max (A) Pout,max(kW ) Subsystems # power partitions
G30-39 4 30 90 1.8 FEC, pixel recurl station 60
GH30-50 2 30 50 1 pixel central station 26
GH30-34 4 30 34 0.68 SciTile, SciFi, Vertex 34

Table 3.3: The TDK Lambda Genesys+ power supplies are used to provide power
to the detectors and the FEC’s. Their general ratings are displayed in this table.

their respective sides (upstream or downstream). The transition from the outside
of the magnet to its interior is implemented via four feedthrough flanges, with two
located at each end of the magnet. These flanges accommodate the majority of the
experiment’s service connections, including power lines for the detector and front-
end electronics, the feedthroughs for the gaseous helium and the liquid cooling, the
optical fibres, and additional power, ground and interlock connections. All electrical
lines are routed through Souriau-Sunbank 8D series connectors and end at the top
flange of the magnet. On each side of the magnet, the setup includes four large
Souriau cables with 37 pins each, and three smaller ones with 22 pins each. The
large cables are responsible for delivering the 20 V supply to the DC-DC converters
and the FEC, while the smaller cables provide slow control power to the detector
systems and power for environmental sensors.

3.3 Low Voltage Power System inside the Detec-
tor

Inside the detector, each of the four Souriau cables supplies power to one DC-DC
crate and one quarter-shell of a FEC. Both are mounted on two wheels located just
behind the flanges on the US and DS side (see figure 3.4a). The first one is the
service support wheel (SSW) sustaining four FECs. The second wheel is the end-
wheel (closer to the detectors) which supports four DCDC crates and two HV crates.
All pipes for detector and electronics cooling have to be routed either around the
wheels or through the gaps within the wheels.
A single DC-DC crate provides the complete infrastructure necessary for up to 16
DC-DC converters. This includes power distribution, control interfaces and cooling.
Each crate is equipped with a dedicated crate controller which is powered via the
slow control system. The position of each converter within a crate is determined
by the position of the detector modules they supply. The exact possition within
the crate can be seen in table B.1 and B.2. From there, the converters are directly
connected via dedicated LV cables to specific subdetectors: the recurl stations and
the SciTile detector. For these connections, cables with a cross-section of 3.3 mm2

and thin insulation were selected to balance current-carrying capacity and spatial
constraints.
Powering the central detector presents a particular challenge: connections must be
routed beneath the outer detector stations, specifically between the tile detector and
the beam pipe. Performing over 120 LV connections using flexible standard cables
in this confined space would be both technically difficult and potentially hazardous.
For this reason, a more robust and safer solution was implemented: rigid copper
bus bars (3.4b). These copper bus bars have a cross-section of 5.0 × 2.5 mm2 and
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(a) The Mu3e cage functions as the cen-
tral anchor for the detector and its associ-
ated services. On both ends (us and ds) the
end-wheel and the SSW support all infras-
tructure components. All cooling pipes have
to be guided around or through the wheels.

(b) The copper bus bars provide a more
compact way to deliver the supply voltages
to the central detector. The gaps are filled
if epoxy resin for insulation. In the back-
ground the end-wheel is visible.

Figure 3.4

a length of 50 cm. They are arranged cylindrically around the beam pipe, forming
a structured and stable power distribution ring. The gaps between the copper bars
are filled with epoxy resin to ensure mechanical stability and electrical insulation.
A schematic overview of the low-voltage distribution system within the detector is
shown in figure 3.3. Further technical details can be found in (see 8).

3.3.1 Grounding Scheme
Grounding is an essential point for the reliable and efficient operation of an electrical
system. Beyond its role in ensuring personal safety it plays a vital role in protecting
electrical equipment and ensuring voltage stability across the system.
By offering a low-resistance path to the earth (ground), a proper grounding system
safely dissipates transient overvoltage caused by power surges or switching oper-
ations. This prevents excessive voltages from damaging sensitive electronics and
extends the lifetime of connected devices. Moreover, grounding establishes a com-
mon reference point (typically at zero volts) which helps stabilize the voltage levels
within the system. This reference ensures that all components operate inside their
designed voltage tolerances, minimizing the risk of malfunction, signal distortion or
erratic behavior in the electrical equipment, while also enabling reliable data trans-
mission throughout the system.
Without effective grounding systems become more vulnerable to voltage fluctuations
and electromagnetic interference which would lead to unreliable and unsafe opera-
tion.

When designing a grounding scheme for an experimental setup, attention must be
drawn to the creation of ground loops. Ground loops occur when multiple ground
connections in an electrical system create a closed conductive path allowing unin-
tended current to flow through the ground path. This often results from differences
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in the ground potential between connected devices. The impact of ground loops
can be severe, especially in sensitive systems. In data communication networks, for
example, they can lead to transmission errors or even communication failures. In
systems containing superconducting magnets, they may additionally provide a path
for transient currents and voltage spikes during a magnet quench, increasing the risk
of damage to sensitive electronics. To prevent such issues it is recommended to use
single-point or star grounding.

In the Mu3e experiment the central ground connection will be at a single point
between the end-wheel and the SSW. All sub-detectors will be referenced by the
backplane of the DC-DC crate. A standard star ground connection would lead to
some potential problems in the case of this specific experiment.
In the Mu3e experiment, each TDK is assigned to a specific detector type or to
the slow control system. This assignment is intended to ensure user-friendly and
straightforward operation. However, the individual DC-DC crates and their respec-
tive slots do not strictly follow this scheme. Instead, the assignment of slots to
detector modules is based on the spatial arrangement of the detectors. To power
a specific module, the nearest available converter is used. This approach is chosen
to keep the distance between the converter and the module as short as possible,
thereby minimizing voltage drops. Significant voltage drops could complicate power
delivery (see section 6.5). A star-shaped grounding configuration between the crates
would result in large ground loops, as the crates and TDKs are separated by several
meters. Substantial currents could flow through the grounding cables, since all lines
connected to a single TDK must experience the same voltage drop. As explained
in this section, this can lead to serious issues. For this reason, a different ground-
ing strategy was adopted for the DC-DC crates. The ground connection starts at
a single point between the wheels, and the crates are then connected sequentially.
Importantly, this loop is not closed back to the original ground point. As a result,
the return lines from all crates effectively act as a single common return path to the
TDKs.
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Chapter 4

Switching Converter

There are various technical approaches to stepping down an input voltage to a reg-
ulated DC output voltage. The two main categories of voltage regulation are linear
regulators and switching regulators.
Linear voltage regulators operate by comparing a portion of the input voltage to
a stable internal reference voltage using an error amplifier. his amplifier controls
a pass transistor, adjusting its voltage drop between the collector and the emitter
through negative feedback to maintain a constant output voltage. All linear regu-
lators share the advantage of a relatively simple, compact design with low output
noise and fast transient response. However, their main drawback is low efficiency,
particularly when the voltage difference between input and output is large. The
excess power is dissipated as heat, requiring effective thermal management. A com-
mon type of linear regulator is the Low Dropout Regulator (LDO), which is capable
of regulating output voltage even when the input is only slightly higher than the
output..
Switching regulators, on the other hand, use high-frequency switching elements (typ-
ically bipolar junction od field effect transistors) to convert and regulate voltage with
much higher efficiency. They can step voltage up (boost), down (buck), or even in-
vert it (buck-boost). Switching regulators are further categorized based on their
input type into AC-DC switching power supplies and DC-DC switching converters.
AC-DC converters generally have slightly lower average efficiency due to the added
complexity of rectification and filtering stages.
In the following, all switching converters mentioned refer exclusively to DC-DC con-
verters, as these are the type used in the Mu3e experiment.

Switching converters (or switching regulators, switchmode power supplies, or just
"switchers") generally convert a DC input voltage into one or more regulated, stable
DC output voltages. Most switching power supplies operate by periodically con-
necting the full input voltage to an inductor via a transistor acting as a switch.
This switch alternates between fully on (saturation) and fully off states. During the
on-time, the inductor stores energy in its magnetic field as current builds up. When
the switch turns off, this energy is transferred to a filter capacitor which smooths
the output voltage. The latter can be either lower than (buck), higher than (boost),
or inverted relative to the input voltage (inverting converter). Another important
part of a switching converter is the feedback loop, which continuously monitors the
output voltage and adjusts the switching operation through a controller to maintain
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a stable output voltage.
For completeness, it should be mentioned that there is a category of switching DC-
DC converters that do not use inductors but rely instead on capacitors. These are
known as charge pump converters or switched-capacitor converters. Their design is
somewhat simpler than inductor-based converters, as they do not require inductive
components. However, their output voltage is typically unregulated and can drop
significantly under load, which makes them unsuitable for use in the Mu3e experi-
ment.
Since the Mu3e experiment exclusively uses DC-DC buck converters, the following
chapter focuses specifically on this regulator type.

4.1 DCDC Buck Converter
A DC-DC Buck Converter generates a lower, regulated output voltage Uout

from a higher input voltage Uin using an arrangement of inductors, passive com-
ponents, filters and transistor switches. The control unit typically includes a MOS-
FET ("Metal-Oxide-semiconductor Field-Effect Transistor"), which will be referred
to simply as a "switch" S in the following description.This switch is controlled by
a pulse-width modulated (PWM) signal. To achieve a nearly ideal DC voltage at
the load, a LC low-pass filter is placed between the switching stage and the out-
put to smooth the rectangular PWM signal. The combination of the inductor and
capacitor provides a smoothing effect, while the inductor also serves as the main
energy storage element. Without the inductor, the voltage source would be directly
connected to the capacitor during the switching operation. This would result in very
high current peaks which reduces efficiency and could potentially damage compo-
nents due to excessive current stress.
The voltage applied across the inductor generates an induced current according to

UL = L
di

dt
. (4.1)

To provide a continuous current path when the switch turns off, a flyback (or free-
wheeling) diode is connected in parallel with the input voltage after the switch. This
allows the inductor current to maintain its direction and flow uninterrupted. With-
out this diode, the inductor would generate high voltage spikes due to the abrupt
collapse of the magnetic field. This could potentially lead to switch overstress or
even failure.
A schematic circuit of a DCDC buck converter together with the most important
voltages and currents is shown in figure 4.1.

To understand the exact operating principle of a buck converter, the switching
process can be divided into two distinct phases: phase 1, when the switch S is
closed (ton), and phase 2, when the switch is open (toff ). The ratio between the
switch-on time and the total switching period T is defined as the duty cycle D. In
the following, the key converter equations are derived based on the time-domain
behavior of voltages US, UL and currents il, iS and iD during these two intervals.
Figure 4.2 shows the circuit of the buck converter during the two phases. It also
shows the waveform of the previously mentioned voltages and currents, supporting
the explanations in the following section graphically.
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Figure 4.1: Circuit of a DCDC buck converter with the most important voltages
and currents.

Figure 4.2:
Left: DCDC circuit during the two phases; phase 1: S closed, phase 2: S open
Right: Important wavefroms of a DCDC converter
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In the first phase the switch is closed and current flows from the input through
the inductor to the capacitor and load, then back to the source. During this inter-
val, which lasts for DT , the voltage US equals the input voltage Uin. The duty cycle
D is defined as

D = ton

T
, (4.2)

with T = ton + toff (4.3)

According to Kirchhoff’s voltage law, the voltage across the inductor equals the
difference between the input voltage and the capacitor voltage. Assuming UC = Uout,
this yields:

UL = Uin − Uout (4.4)
Since UL > 0, the inductor current increases. By the law of self-induction, the rate
of change of current is proportional to the applied voltage:

diL

dt
= Uin − Uout

L
(4.5)

Thus, the inductor current iL rises linearly from its minimum value IL,min to its
maximum IL,max. The current through the switch is equal to iL, while the diode
current is zero during this phase.

The second phase begins at time DT , when the switch opens. The inductor, act-
ing as an energy storage element, resists sudden changes in current and induces a
voltage that maintains the current flow. This induced voltage forward-biases the
diode, allowing it to conduct and complete the current loop through the load and
capacitor. The relation 4.4 still holds but as the input source is disconnected, Uin

is zero, leading to:
UL = −Uout < 0 ⇒ di

dt
< 0 (4.6)

Consequently, the inductor current iL decreases linearly back to iL,min. During this
phase, the inductor provides energy to both the output capacitor and the load, en-
suring uninterrupted power delivery. The current waveforms of the switch current
iS and the diode current iD show inverse time profiles compared to phase one.

In steady-state operation, the average voltage across the inductor over one switching
period must be zero, since the inductor current returns to the same value after each
cycle. Using the inductor voltages of both switching phases yields

D(Uin − Uout) + (1 − D)(−Uout) = 0 (4.7)

which simplifies to the well-known voltage conversion ratio of an ideal buck converter:

Uout = D Uin (4.8)

Working Principle of an LC low-pass Filter
To understand the shape and behavior of the output voltage UA, it is helpful to
examine the operating principle of an LC filter. A basic schematic of such a filter
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Figure 4.3: Basic schematic of a LC low pass filter.

is shown in 4.3. The inductor is connected in series between the input and output,
while the capacitor is connected from the output to ground, in parallel with the
load.
A key to understanding the filter’s behavior lies in its frequency response. At low
frequencies, the inductor exhibits very low impedance (approximately ≈ 0), while
the capacitor offers high impedance. As a result, the signal can pass almost unim-
peded to the output. At higher frequencies, the situation is reversed: the inductor
presents a high impedance, impeding current flow, while the capacitor presents a
low impedance and effectively shunts the signal to ground. In this frequency range,
very little of the signal reaches the output. This behavior is illustrated in the filter’s
frequency response, shown in the simulation results in 4.4a, which were generated
using Tina-TI.
From the frequency response graph, several important characteristics of the LC filter
can be identified. One of the most fundamental is the cutoff frequency, which marks
the point where the output amplitude drops to 1/

√
2 of the input amplitude. This

corresponds to an attenuation of −3 dB. In a low-pass filter, the cutoff frequency
defines the upper boundary of the frequency range that is transmitted with minimal
loss. In addition to the cutoff frequency, the LC filter exhibits a resonance frequency
due to the interaction of its frequency-dependent components. At this frequency,
the inductive and capacitive reactances are equal in magnitude but opposite in sign,
resulting in their mutual cancellation. This leads to minimal overall reactance in
the circuit and allows maximum current flow. In a simple LC filter, the cutoff and
resonance frequencies coincide and can be calculated using the following expression:

f = 1
2π

√
LC

. (4.9)

The prominence of this resonance is described by the quality factor Q. The quality
factor quantifies how strongly the LC circuit responds near its resonance frequency
and is defined as the ratio of energy stored to energy dissipated per cycle:

Q = 2π
Wstored

Wdissipated
. (4.10)
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For a second-order LC network, Q can also be expressed in terms of the circuit
parameters. In a series configuration with a series resistance R, it is given by

Q = 1
R

√
L

C
, (4.11)

while for a parallel resistance R, it is

Q = R

√
C

L
. (4.12)

A high Q value corresponds to a sharp and pronounced resonance peak near the
cutoff frequency, indicating that signals close to this frequency are emphasized.
Conversely, a low Q value results in a smoother and more gradual response. In
practical LC filters, the achievable Q is limited by resistive losses in the inductor,
capacitor, and any additional damping elements.
Another important aspect of the LC filter is the steepness of the attenuation curve
in the mid- to high-frequency range. This roll-off describes how rapidly the signal
amplitude decreases with increasing frequency. For an LC filter, the roll-off rate
is approximately 40 dB per decade, which is twice as steep as that of a first-order
filter like an RC circuit. For this reason, the LC filter is classified as a second-
order low-pass filter. The higher attenuation rate offers a significant advantage in
suppressing unwanted high-frequency components, making LC filters particularly
effective in noise-sensitive or precision applications.
When a PWM voltage signal is applied to the LC filter, as it is done in DC-DC
converter applications, the filter plays a crucial role in waveform shaping. A rect-
angular signal is not a single-frequency waveform, but rather a superposition of a
fundamental frequency and multiple higher-order harmonics. The LC low-pass filter
attenuates these undesired harmonics while allowing the fundamental component to
pass, thereby producing a smoother output voltage (see figure 4.4b). The final out-
put level is determined by many parameters like the inductor and capacitor value,
which define the filter’s frequency characteristics.

Synchronous Buck Converter
One drawback of using a diode in the converter circuit is its relatively high forward
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voltage drop which leads to significant power loss particularly at high currents. This
reduces the overall efficiency of the converter, especially in low-voltage, high-current
applications (like Mu3e, see chapter 2).
A more efficient alternative is to replace the diode with a second MOSFET (often re-
ferred to as low-side switch) that is actively controlled to conduct during the phase
when the main switch is off, effectively replacing the diode’s return path. Since
MOSFETs have a much lower on-state resistance compared to the forward voltage
of a diode, conduction losses are greatly reduced.
This approach is known as synchronous switching and the resulting circuit is a syn-
chronous buck converter.
However, the implementation of synchronous switching adds complexity to the con-
trol logic, as it requires precise timing to avoid "shoot-through". This phenomenon
can occur due to a short between the input and ground when both transistors are on
simultaneously. This problem is usually addressed using dead-time control circuits
which assure that both switches are off for a short time interval at the beginning
and end of each switching cycle (the so called dead time).

DCM and FCCM
In addition to the fundamental operating principle described above, the behavior
of a synchronous buck converter can be further distinguished by its conduction
mode, most notably discontinuous conduction mode (DCM) and forced continuous
conduction mode (FCCM), which primarily differ in their treatment of inductor cur-
rent under varying load conditions.
In a synchronous buck converter, the choice between discontinuous conduction mode
and forced continuous conduction mode primarily affects the behavior of the induc-
tor current at light load conditions and, consequently, the overall performance of
the system. In DCM, the inductor current is allowed to decay to zero during each
switching cycle when the load demand is low, which reduces conduction and switch-
ing losses and thereby improves efficiency. However, this mode is associated with
increased output voltage ripple and more complex control characteristics due to its
nonlinear behavior. In contrast, FCCM actively maintains a continuous inductor
current by driving the synchronous switch even into slight reverse current, prevent-
ing the current from reaching zero. This results in more stable and predictable
operation with lower output voltage ripple and improved transient response, albeit
at the cost of reduced efficiency due to the presence of circulating currents. Due to
this benefits the FCCM will be used for the Mu3e DC-DC converter.

4.2 Noise in a Switching Converter
Switching converters have many advantages compared to e.g. linear regulators.
Switchers are very efficient even if the input and output voltage have a high ra-
tio due to the use of transistors as they have very little power dissipation. A high
efficiency results in a small heat production and thus allows a smaller converter size.
Due to the high operating switching frequencies the output capacitor can be very
small in value and size which saves space.
All benefits come at a cost: switching converters can be very noisy. The noise is a
result of the high frequency switching operation and can be introduced into the DC
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(a) Time domain waveform of iS (b) Frequency spectrum of iS

Figure 4.5: Current waveform for an ideal switching buck converter with a switch-
ing frequency of 100 kHz [38].

output, onto the input line and as radiated noise. The produced interference can be
present in the electrical system in two possible ways:

A) Conducted Noise: travels along the power lines through the conducting
electrical path. It can influence the input and output signal and appears
between power lines or in respect to the ground.

B) Radiated Noise: electromagnetic fields can couple with other parts of the
circuit or nearby electronics; cables or long electrical path can act like anten-
nas. This is also known as electromagnetic interference (EMI).

During every switching action the currents and voltages undergo a rapid transition.
For example the input current iS (see 4.5a) undergoes a precipitous decline to zero
when the high-side switch is turned off and rises rapidly when the transistor is con-
ductive again. These sharp jumps can lead to high amplitudes in the frequency
spectrum of the current even in the MHz range although the switching frequency of
the converter is much lower (figure 4.5b). [38]

The question arises how these two types of noise express themselves during a switch-
ing converter operation. They are manifested in the output signal shape of the
switcher as two different phenomena: the low frequency ripple (LF noise) and the
high frequency signal (HF noise).

The Low Frequency Ripple [31]
The low-frequency ripple observed at the output of the converter results primarily
from the ripple current generated by the inductor and the impedance of the output
capacitor. As illustrated in figure 4.6, the DC component of the inductor current
flows directly to the load, while the AC (ripple) component is diverted through the
output capacitor. This capacitor develops a time-varying voltage drop in response to
the ripple current, which modulates the output voltage accordingly. However, real-
world capacitors are not ideal components. In addition to their capacitive behavior,
they inherently include parasitic elements: the equivalent series resistance (ESR)
and the equivalent series inductance (ESL). As a result, the shape of the output
ripple voltage is a combination of the contributions from these parasitic effects.
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Figure 4.6: The shape of the LF ripple is influenced by the different contributions
of the parasitic components [31].

The resistive component produces a voltage drop proportional to the instantaneous
current, the capacitive component corresponds to the time integral of the current,
and the inductive component is related to the time derivative of the current.

U(R)(t) = R · IAC(t) (4.13)

U(C)(t) = 1
C

∫
IAC(t)dt (4.14)

U(L)(t) = −L · dIAC(t)
dt

(4.15)

The overall ripple waveform is therefore a superposition of these three effects, and
its shape and amplitude are influenced by the magnitude and interaction of each
parasitic component with the inductor’s ripple current.

There are two main approaches to reduce the low-frequency ripple:
The first approach is to reduce either the ripple current itself or the impedance of
the output capacitor. Since the ripple arises from the triangular current waveform
of the inductor interacting with the capacitor’s impedance, both factors influence
the final ripple voltage. The ripple current through the inductor can be reduced by
either increasing the switching frequency of the converter or by choosing a larger
inductance value for L1. Increasing the switching frequency reduces the magnitude
of the current ripple but may lead to higher switching losses and increased thermal
stress on the switching components. Increasing the inductance value typically results
in larger and more expensive components. The impedance of the output capacitor
can be reduced by selecting components with low parasitic elements. In particular,
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capacitors with low ESR and ESL, such as high-quality ceramic capacitors, are pre-
ferred. Furthermore, it is beneficial to split Cout into several capacitors in parallel
to each other. This distributes the ripple current across multiple components and
reduces the overall impedance.
All of these measures have already been implemented in the first design of the Mu3e
DCDC converter and are mentioned here for completeness.
The second approach to further reduce the LF ripple is to add a second-stage LC
low-pass filter at the output. This filter provides additional attenuation of ripple
components and helps to smooth the output voltage even further. However, the
design of such a filter must be carried out with great care. Improper selection of the
inductor and capacitor values in the filter stage can lead to unwanted interactions
with the converter’s control loop, potentially resulting in instability or oscillations.

The High Frequency Noise [31]
When currents are flowing in a closed loop (e.g. input - switch -switch - input) a
magnetic field is generated which induces a voltage VL in the loop, according to
Faraday’s law of electromagnetic induction:

VL = −dφ

dt
= −L

di

dt
, (4.16)

φ =
∫

A
B · dA = −LI (4.17)

The magnitude of VL is directly related to the rate of current change (di/dt) and
the geometry of the current path. Specifically, the induced voltage increases with
the loop area which increases electromagnetic emissions due to larger loop area and
higher magnetic field radiation. This induced voltage is one of the primary source of
high-frequency noise in switching converters. Therefore, minimizing the loop area,
often referred to as the di/dt-loop, is crucial to reduce the impact of the HF-noise
(see figure 4.7).
Parasitic elements again play a significant role in both the generation and ampli-
fication of HF noise. Any residual inductance within the di/dt-loop can lead to
pronounced voltage overshoots, which appear as spikes at the switch node. These
voltage spikes not only radiate electromagnetic interference but can also couple into
the output path, degrading signal integrity and increasing conducted noise on the
supply rail.

The most effective measure to reduce HF noise is a carefully optimized PCB lay-
out. Critical in this context is the physical proximity of the input capacitor to the
high-side and low-side MOSFETs, i.e., minimizing the length of the high-current
di/dt-loop: the shorter the connection between these components, the lower the
loop inductance and the resulting voltage spikes. The power loop should form a
tight, low-inductance loop with minimal area, ideally placed directly above a solid
ground plane to allow for low-impedance return paths. It is also advisable to use
wide copper traces and multiple vias in parallel to reduce resistance and inductance
further.
Additionally, component selection contributes significantly to HF noise performance.
While parasitic inductance and resistance cannot be entirely eliminated, they can
be minimized by choosing components with inherently low parasitic properties. For
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Figure 4.7: The area created by the high di/dt-loop should be as small as possible
to reduce noise. The parasitic components can intensify the created noise [31].

example, ceramic capacitors with low ESR and ESL, and power MOSFETs with low
package inductance, can greatly reduce noise susceptibility.
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Part II

The Mu3e DCDC converter
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Chapter 5

Basic Design and Lab Setup of the
Mu3e DC-DC Converter

This doctoral thesis extends the work undertaken in the context of my Master’s the-
sis [22], completed in 2020, which focused on the design verification and performance
evaluation of the first-generation DC-DC converters for the Mu3e experiment. The
primary aim was to validate the initial prototype and to derive design optimizations
for a second-generation implementation.
The first-generation converters demonstrated stable operation with efficiencies of
∼ 87%, under nominal load conditions. The output voltage ripple, which is an
quality metric for the output signal, was measured at approximately 15 mV peak-to-
peak. However, given the stringent noise and stability requirements of the sensitive
Mu3e pixel detector, a target ripple of less than 10 mV was defined to ensure robust
and safe operation. To achieve this, time-domain and frequency-domain simulations
were performed to optimize the output LC filter configuration, which was subse-
quently integrated into the updated design.
While the initial prototype fulfilled the basic functional requirements of a step-
down converter, it lacked advanced monitoring and safety features. Consequently,
the second-generation design includes several enhancements aimed at improving
system-level reliability and diagnostic capabilities. Notably, an analog circuit for
output current monitoring was designed, enabling detection of anomalous behavior
in the detector sub-systems based on current consumption profiles. Additionally, a
thermal interlock circuit was developed and simulated, designed to disable the con-
verter output in the event of excessive temperatures of the pixel detector to protect
it from thermal damage.
Another critical design consideration was the compensation of voltage drops along
the power distribution path between the DC-DC converters and the detector load.
Due to the low supply voltages and high current requirements, the voltage drops
across the bus bars and flex prints can be significant and exceed the compensation ca-
pabilities of software-based feedback mechanisms. Accordingly, a analog hardware-
level compensation strategy was investigated, to maintain regulated voltage levels
at the point-of-load.
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5.1 System Parameters
Independent of the additional special functionalities that the DC–DC converter must
provide within the Mu3e experiment, several fundamental parameters are considered
here, including physical dimensions, switching elements, inductors, and specialized
resistors, in order to generate the required output voltages.
The converters tested in the laboratory are configured with a nominal output volt-
age of 2.4 V, selected as a representative intermediate value within the system’s
operational range of 1.9 V to 3.6 V. The converters are optimized for a nominal
load current of 10 A, but must ensure stable and reliable operation across a wide
dynamic range: from low load conditions in the few hundred milliampere range up
to a maximum load of 30 A.
The converters are operated with an input voltage of 20 V. In addition, two fur-
ther input supply rails are of relevance. VDD1 is a supply line dedicated to the
slow-control domain, specifically providing power to the Texas Instruments TPS
control integrated circuit and can range between 6 V and 20 V. VDD2 is a separate
auxiliary supply rail of 3.3 V or 5 V, required to support the communication inter-
face and peripheral sensing components. In particular, it powers the I2C protocol
bus, which facilitates low-speed serial communication between on-board devices, as
well as the external temperature sensors mounted on the board. This separation of
supply domains improves noise isolation and enhances measurement stability and
communication reliability.
One fixed parameter is the form factor of the converter modules, which is defined
as 50 × 100 mm. This dimension represents an optimized compromise between the
minimum size required to accommodate all components and the avoidance of un-
necessary electromagnetic interference or performance degradation resulting from
suboptimal PCB design due to excessive miniaturization, while also respecting the
maximum available space within the experimental setup. This mechanical footprint
is considered final and must be preserved in all subsequent design iterations.

Switching Frequency

The switching frequency is a key design parameter in buck converters, as it directly
affects efficiency, size, and dynamic behavior. In the context of the Mu3e experi-
ment, where space is limited and fast, low-noise power delivery is critical for sensitive
detector electronics, optimizing the switching frequency becomes especially impor-
tant.
Using a higher switching frequency in a buck converter allows for the use of smaller
inductors and output capacitors, which helps reduce the overall footprint and im-
proves transient response. It also enables faster reaction to load changes and in-
creases the control loop bandwidth, resulting in better regulation and dynamic per-
formance. However, these benefits come at the cost of higher switching losses,
increased electromagnetic interference (EMI), and greater demands on PCB layout.
Careful design is required to manage thermal performance and to ensure signal in-
tegrity in the high-frequency environment of the Mu3e detector system. A central
component of the Mu3e power stage is the CSD86360Q5D [51], which integrates
both the high-side and low-side switching MOSFETs. It supports switching fre-
quencies between 275 kHz and 1 MHz. Based on the considerations outlined above,
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it was decided to operate the device at the maximum frequency of 1 MHz to fully
exploit the associated benefits.

The Coil L1

One of the most critical components in any buck-type DC-DC converter is the main
inductor L1. Its design directly affects the converter’s stability, efficiency, and elec-
tromagnetic performance. When selecting a suitable inductor, multiple parameters
must be carefully considered, including the minimum required inductance, the max-
imum expected output current, and the acceptable inductor ripple current. These
factors determine whether the converter operates in continuous conduction mode
(CCM), which is generally preferred for reduced output voltage ripple and improved
efficiency. However, the inductor design in the context of the Mu3e experiment
presents additional challenges beyond standard electrical considerations.
A unique constraint in Mu3e arises from the fact that all electronics, including
the power conversion systems, are operated within a strong, uniform magnetic field
of approximately 1 T. This field is essential for precise particle tracking, but im-
poses strict limitations on the types of magnetic components that can be used. In
particular, conventional inductors with ferromagnetic cores (such as ferrite or pow-
dered iron) are unsuitable in this environment. Exposure to such a strong external
magnetic field would lead to distortion or saturation of the core material, severely
degrading the inductance and potentially resulting in thermal damage or malfunc-
tion of the power converter.
As a consequence, only air-core inductors, which do not rely on ferromagnetic mate-
rials for energy storage, are compatible with the Mu3e detector environment. While
air-core inductors are immune to external magnetic interference, they come with a
significant drawback: for a given inductance value, they are considerably larger than
their iron-core counterparts. This is due to the much lower magnetic permeability
of air, which necessitates a larger coil size or a higher number of windings to achieve
the same inductance. In a highly space-constrained experiment like Mu3e, where
non-active components must occupy as little volume as possible to avoid interfering
with detector elements, this poses a major design challenge.
To balance electrical performance and physical constraints, the inductor must be
carefully dimensioned. The minimum inductance required for stable operation de-
pends on the maximum input voltage Vin,max, the desired output voltage Vout, the
nominal output current Iout, the switching frequency fSW , and the ripple through
the inductor relative to the maximal output current δIL

Imax
. In typical buck converter

designs, this value is chosen to be 20% to 40% of the maximum output current,
striking a compromise between transient response and efficiency. An excessively
high ripple increases losses and output noise, whereas an overly low ripple results
in unnecessarily large passive components. The minimum inductance Lmin can be
calculated using the following expression:

Lmin = Vout(Vin,max − Vout)
Vin,max

δIL

Imax
IoutfSW

(5.1)

This equation ensures that the inductor is sufficiently large to maintain operation
in continuous conduction mode under the given input voltage conditions, with a
controlled ripple current. If the inductance falls below this threshold, the converter
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may enter discontinuous conduction mode (DCM), which can lead to reduced effi-
ciency, increased electromagnetic interference (EMI), and less predictable dynamic
behavior, undesirable effects, particularly in the noise-sensitive environment of a
particle physics experiment. Applying this design methodology to the various Mu3e
subdetectors yields different minimum inductance values, primarily determined by
the specific current requirements of each subsystem. The pixel detectors and the
2.2 V power rails of the scintillating fibres and tiles demand relatively high output
currents. Consequently, these converters require minimum inductances in the range
of approximately 0.3 to 0.5 µH. In contrast, the 3.6 V power supply for the tile de-
tectors is characterized by significantly lower current consumption. At the time of
the initial DC-DC converter design, the expected output current for this system was
estimated at around 3 A. Due to the lower load current, the relative ripple becomes
more significant, and a higher inductance is necessary to maintain operation within
acceptable limits. For this case, the minimum inductance was determined to be at
least 3.3 µH.
To determine the required inductor geometry for the DC-DC converter used in the
Mu3e experiment, the basic form of the air-core coil first had to be defined. Two de-
sign options were considered: a cylindrical air-core coil and a toroidal (ring-shaped)
coil. A dedicated comparative study by Moritz Hesping [27] was conducted specif-
ically for this application, evaluating both coil types with respect to the two most
critical parameters: energy efficiency and electromagnetic emissions. The study re-
vealed only a small efficiency difference between the two designs, with the toroidal
coil reaching approximately 2% higher efficiency than the cylindrical coil within the
operating range of the Mu3e DC-DC converter. The advantages were more pro-
nounced in terms of radiated electromagnetic noise: in the frequency range up to
100 MHz, the toroidal coil exhibited up to 30 dB lower emissions. This is particu-
larly relevant for sensitive detector electronics, where electromagnetic interference
(EMI) can significantly compromise signal integrity. At higher frequencies (above
100 MHz), both coil types showed comparable performance. Based on the improved
efficiency and substantially lower emissions at low frequencies, the decision was made
to use a toroidal coil.
The inductance L of an idealized toroidal air-core coil is given by the equation

L = µ0

2π
N2H ln(ro

ri

). (5.2)

where µ0 is the magnetic constant, N is the number of turns, H is the height of
the toroid, and ro and ri are the outer and inner radii, respectively. In addition
to inductance, the DC resistance RDC of the coil is a critical parameter, especially
with respect to power loss and thermal performance. It is calculated as

RDC = ϱ
l

π(w
2 )2 (5.3)

where ϱ is the resistivity of the conductor material (copper in this case), l is the
total wire length, and w is the wire diameter. The key challenge in designing the
coil was to solve both equations such that the number of turns N is minimized, to
simplify the mechanical construction — while keeping the electrical resistance low.
Furthermore, the wire diameter had to be large enough to safely carry a maximum
current of 30 A without overheating. To solve this multi-parameter optimization
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outer diameter 32 mm
inner diameter 7 mm
height 16 mm
inductance at 100 kHz 0.564 µH

Table 5.1: Outer dimension of the toroidal coil (including the wire) and its induc-
tance. [27]

Figure 5.1: First version of the toroidal coil L1. The inner plastic core is a 3D
printed component which ensures a more consistent manufacturing result.

problem, a Python-based numerical optimization program was developed. It com-
puted optimal combinations of geometric and electrical parameters, including coil
dimensions, wire cross-section, current rating, and inductance, all while satisfying
the relevant design constraints. The resulting values for the final coil designs are
presented in table 5.1, and a photo of the finalized coil is shown in figure 5.1. To
ensure manufacturing precision and reproducibility, a custom-designed plastic core
was 3D-printed. Manual winding of the coils proved to be extremely challenging due
to the thickness and stiffness of the copper wire, which led to significant deviations
in inductance. As a result, coil production was outsourced to a specialized company
with the necessary equipment for precise winding using thick copper wire.
Ultimately, two coil variants were manufactured. A 550 nH inductor was produced
for the high-current detector systems, while a 3.5 µH inductor was designed for the
SciTile detector, where lower currents are expected but higher filtering requirements
apply. Both coils are currently produced by the WERAP Wickelei AG and the specs
of the design can be found in table 5.2.

5.2 The Laboratory Setup
This section provides an in-depth description of the laboratory setup and its as-
sociated components. The experimental configuration primarily consists of a lab

core outer diameter 26 mm
core inner diameter 13.3 mm
hight 11 mm
tolerance 0.5 mm

Table 5.2: Dimensions of the plastic core produced by the WERAP Wickelei AG.
The dimensions will be the same for both inductances.
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power supply, a connection interface to the DC-DC converters, and an electronic
load which simulates the power consumption of the detectors.
System control is achieved through the I2C (Inter-Integrated Circuit) protocol, uti-
lizing a Raspberry Pi configured with a Python-based control script.

5.2.1 The Mini-Crate
To enable a compact, modular, and electrically robust setup suitable for reliable
laboratory testing, a dedicated system, referred to as the mini-crate, was developed.
In the initial prototype, the DC-DC converters were connected to the power supply
using a custom-fabricated connector. This involved soldering individual wires to
the pins of a mating connector corresponding to the input connector used on the
converter board. However, this approach introduces several disadvantages in the
context of precision measurements. The numerous individual wires can act as an-
tennas, potentially introducing electromagnetic interference and increasing the noise
level in the measurements. Furthermore, due to the mechanical instability of such
a connection, intermittent or loose contacts may remain undetected for prolonged
periods, compromising measurement reliability. To mitigate these issues, a dedi-
cated backplane was developed for subsequent versions of the setup. A backplane
is a printed circuit board designed to provide structured electrical interconnections
among multiple plug-in modules, thereby supporting the integration and commu-
nication of complex electronic subsystems. This backplane provides well-defined
connection interfaces for the 20 V input supply and accommodates up to four DC-
DC converter modules. Additionally, the layout includes reserved footprints behind
the 20 V connectors to optionally populate LC input filters for signal conditioning
and noise suppression during testing. The 6 V VDD1 line is also connected via this
type of connector, and the VDD2 voltage is generated on the backplane using a
low-dropout regulator.
Multiple analog-to-digital converters (ADCs) are employed to accurately acquire
analog signals (ADC1115 [2]), such as the current readout or voltage readings from
the converter modules. Moreover, a series of status LEDs are integrated into the de-
sign to provide immediate visual feedback. These LEDs indicate the presence of the
internally generated output voltage VREG and the PGOOD (Power Good) signal,
both of which serve as indicators of proper converter operation. An additional red
LED is connected to the alert line, enabling rapid identification of fault conditions
within the converter control circuitry.
In addition, so-called cooling blocks for a water-based cooling system were mounted
on the backplane (see figure 5.2). These serve not only to dissipate heat but also to
provide mechanical stabilization for the DC-DC converter boards. Further details
on this can be found in section 8.1. In the following, the assembly comprising the
backplane and cooling blocks is referred to as the "mini-crate".

5.2.2 Controlling and Monitoring
A stable and reliable control interface is crucial for operating the Mu3e DC-DC
converter, especially with regard to monitoring critical parameters to ensure safe and
consistent system performance. Communication is implemented via the I2C protocol
and is realized through a connection between the backplane and a Raspberry Pi.
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Figure 5.2: Mini-Crate to test the Mu3e DC-DC converters in the laboratory.
Dedicated connection points for power supply and control, as well as cooling blocks
for thermal management and mechanical support, were implemented.
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Register Register Function
Address

OPERATION 01h Turn on/off switching converter
ON_OFF_CONFIG 02h ON/OFF configuration
CLEAR_FAULTS 03h Clear all latched status flags
WRITE_PROTECT 10h Control writing to the PMBus device
STORE_DEFAULT_ALL 11h Store contents of user-accessible registers to non-volatile memory cells
RESTORE_DEFAULT_ALL 12h Copy contents of non-volatile memory cells to user-accessible registers
STATUS_WORD 79h PMBus read-only status and flag bits
CUSTOM_REG d0h Custom register
DELAY CONTROL d1h Power on and power good delay times
MODE_SOFT_START_CONFIG d2h Mode and soft-start time
FREQUENCY_CONFIG d3h Switching frequency control
VOUT_ADJUST d4h Output voltage adjustment control
VOUT_MARGIN d5h Output voltage margin levels
UVLO_THRESHOLD d6h Turn-on input voltage UVLO threshold

Table 5.3: Registers of the TPS53819A. [53]

The switching MOSFETs of the Mu3e DC-DC converter are internally controlled
by the TPS53819A [53], a compact buck controller that regulates a single power
stage and is specifically designed for low-voltage, high-current applications, making
it well-suited for the Mu3e experiment’s requirements.
Communication with the controller is handled via PMBus, a low-speed, two-wire
digital communication protocol based on I2C. The TPS53819A supports both a
standard mode (100 kbps) and a fast mode (400 kbps). The 7-bit PMBus slave
address is defined by an external resistor divider connected between the VREG and
ADDR pins. This configuration allows for up to 16 unique device addresses on the
same PMBus network.
The controller features seven internal 8-bit user-accessible registers, which allow
for runtime configuration and monitoring. Among its key capabilities are several
methods to adjust the output voltage (for further information see section 6.5), which
are essential for system tuning and validation. Additionally, the controller provides
comprehensive fault reporting via PMBus and includes robust built-in protection
mechanisms such as overvoltage, undervoltage, and overcurrent limit protection.
An overview of the available commands/registers, their internal addresses and their
function can be found in table 5.3.

The Start-Up Procedure
The following section outlines the procedure used to power on the DC-DC converter,
along with the key aspects that must be considered during this process to ensure
safe and reliable operation.
Initially, only the 6 V supply line is activated. This voltage powers the analog cir-
cuitry of the converter and enables communication with the TPS53819A controller.
At this stage, even before the main power stage is engaged, the current consump-
tion observed on the laboratory power supply for this channel can already serve as
an indicator of the system’s condition. Under normal conditions, the current draw
should be approximately 115 mA. Significant deviations from this value may sug-
gest a fault, such as a defective TPS chip, incorrect wiring, or an unintended short
circuit.
The Python control script is designed to provide real-time monitoring of all available
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voltages and currents from this point onward. If already initialized, the monitored
parameters are displayed via the software interface. This includes the preset switch-
ing frequency of 1 MHz and the forced continuous conduction mode (FCCM) mode.
Additionally, the output voltage can be pre-configured if necessary by writing to the
V OUT_ADJUST register of the controller.
Once all relevant voltages and currents have been visually confirmed and validated,
the 20 V power rail may be enabled. Importantly, this action alone does not result
in an output voltage at the converter’s output. The output stage remains inactive
until it is explicitly and actively enabled by the TPS53819A controller.
Only after the output is activated via software control does the DC-DC converter
begin supplying the regulated output voltage, which is then available for subsequent
use in the system.

5.3 The Different Iterations
Until the final version of the Mu3e DC-DC converter, first used during a beam-
time period in 2025, was realized, several design iterations were developed. In each
iteration, existing functionalities were tested, improved through simulations and
component replacements, or entirely new ideas and concepts were developed. These
were then implemented and validated in subsequent versions.
As previously mentioned, this doctoral thesis begins after the testing of the first
prototype was completed and the schematic for a second iteration (version 2) had
already been drafted (for further details, see [22]).
The following chapter discusses the individual features and additional functionalities
implemented in the final converter, as well as the steps taken during their develop-
ment. To provide a clear overview of the evolution of the design, a summary table
is presented, listing the different iterations and their key components.
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Version implemented features
1 • basic circuit with the specifications required for the Mu3e

• based on the TPS53819AEVM from Texas Instruments
• more compact then the evaluation module but also more noisy
• no extra features
• current sense measurement and monitoring

2 • voltage drop compensation with the INA326 (not working)
• temperature interlock without comparator hysteresis
• additional on board temperature sensor
schematics: A.1

3 • not working due to PCB layout (see section 6.8)
schematics: A.2
• current sense measurement and monitoring
• voltage drop compensation with the INA213

2b • temperature interlock with comparator hysteresis
• additional on board temperature sensor
• on board ADC/GPIO chip AD5593
schematics: A.3

Table 5.4: This table provides an description of the different iteration of the Mu3e
DC-Dc converter and their specific properties.

58



Chapter 6

Features

The following chapter presents measurement results and laboratory studies of the
Mu3e DC–DC converter versions 2, 3, and 2b. The discussion covers both the
intrinsic performance characteristics of these converters, such as power conversion
efficiency and output signal quality, as well as a range of additional functional fea-
tures implemented during their development.
Particular emphasis is placed on the evolution of key system components, notably
the interlock system and the voltage drop compensation mechanism. These elements
represent critical milestones in the development of the Mu3e DC–DC converter, as
they ensure safe operation and stable voltage delivery under varying load and cable
conditions.
Furthermore, modifications of the DC–DC converter design for the supply of the
SciTile detector are discussed. In this context, slightly altered requirements, es-
pecially with respect to output current and corresponding implications for system
components, necessitate targeted adaptations of the converter architecture and reg-
ulation strategy. Such adjustments highlight the flexibility of the overall power
system design in accommodating different detector subsystems.
In addition, all measurements of the converter output signal were performed at the
output connectors of the respective DC–DC converter, unless stated otherwise. This
ensures a consistent reference point for evaluating the electrical performance across
different converter versions. A distinction is made between low-frequency and high-
frequency noise measurements, which is defined by the bandwidth setting of the
oscilloscope. Low-frequency measurements typically capture slow variations such as
drift and ripple components, whereas high-frequency measurements are intended to
resolve fast transient effects and reveal electromagnetic emission (EMI) content. It
should be noted, however, that the quantitative assessment of high-frequency noise
is inherently challenging. Absolute values are difficult to determine with high preci-
sion, as these measurements are highly sensitive to the experimental setup. Factors
such as the exact probing technique, grounding scheme, probe orientation, and even
the spatial configuration of the measurement station can significantly influence the
observed signal. Consequently, such measurements should be interpreted as repre-
sentative snapshots rather than fully reproducible absolute quantities.
The measurements of version 2 of the Mu3e DC–DC converter were carried out in
collaboration with Lucas Sebastian Binn, who contributed to the development of
the Mu3e powering system with his master’s thesis [10].
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6.1 Efficiency
A key parameter in the quality control process of a DCDC buck converter is its
efficiency. It determines how effectively the circuit converts input power into usable
output power. An efficient buck converter minimizes energy losses, primarily caused
by switching losses, conduction losses, and parasitic elements. This not only reduces
heat dissipation but also enhances the overall reliability of the system. Maintaining
high efficiency also extends the lifetime of the used components, lowers cooling
requirements, and contributes to sustainable, energy-conscious system design.
The efficiency of the DCDC buck converter can be calculated with the following
equation:

η = Pout

Pin

= Uout · Iout

Uin · Iin

(6.1)

To evaluate the converter’s efficiency, a dedicated laboratory setup was used. A
HAMEG HMP4040 served as the input power supply, with the input voltage set to
20 V. This voltage was not measured directly at the converter for each step. To
isolate the converter’s efficiency from external influences, the resistance of the input
cables was determined by measuring the voltage drop at various input currents. This
resulted in a calculated cable resistance of (68.4 ± 0.4)mΩ. The output voltage was
measured directly at the converter’s output connector using a digital multi-meter.
A second multi-meter was used to measure the output current up to 15 A through
the load, which corresponds to the device’s current reading limit. For output cur-
rents between 15 A and 24 A the converter’s newly integrated current monitoring
feature was used. This current measurement is based on an ADC located on the
mini-backplane. Due to the circuit layout, a shift in the ADC’s reference ground
occurs, resulting in a measurement accuracy of approximately ±0.2 A.
Measurements were conducted at three different input voltage levels to identify the
optimal operating conditions for Mu3e. The resulting efficiency curves are shown
in figure 6.1. Most converters will be used to power the tracking detectors and will
therefore operate within a current range of approximately 9 A and 21 A, which is
highlighted in the efficiency plot. In this range the converter achieved efficiencies
between 83% and 87% which is within the mid-range for buck converters, typically
ranging from 70% and 95%. As expected, lower input voltages resulted in better
efficiency, as the conversion ratio between input and output voltage is smaller and
thus more favorable. However, it must be carefully evaluated whether the higher
power loss, and consequently increased heat generation, in the input cables over the
distance from the power platform to the magnet is justified by the modest gains in
converter efficiency.
It is worth noting that all measurements were performed using the newly developed
cooling setup for the mini-backplane, (for further information see [10]). For the final
version 2b, the efficiency was verified through an efficiency measurement up to 10 A
in order to exclude potential influences or variations caused by additional compo-
nents or modifications in the PCB design (see 6.2). The efficiency remains within
an excellent range, achieving 87.3% at a load current of 10 A. A direct comparison
can be made between the efficiency of the Mu3e DC–DC converter and that of the
TPS53819A evaluation module (see figure 6.3), which serves as the reference design
for the Mu3e implementation. Under forced continuous conduction mode (FCCM)
and at a load current of 10 A, the evaluation module achieves an efficiency approach-
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Figure 6.1: The efficiency of the Mu3e DC-DC converter version 2 with three
different input voltages. [10]

Figure 6.2: Efficiency curve of the Mu3e DC-DC converter version 2b.
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Figure 6.3: Efficiency of the TPS53819A evaluation module. Just the curves for
the FCCM mode are relevant in case of the Mu3e experiment.

ing 90% at an input voltage of 14 V.
This performance is comparable to that of the Mu3e converter, which reaches an
efficiency of approximately 87%, albeit at a significantly higher input voltage. Con-
sidering that conversion losses generally increase with higher input voltage due to
elevated switching and conduction losses, this result indicates a competitive perfor-
mance of the Mu3e design.
Moreover, within the overlapping operating range, both converters exhibit a similar
efficiency trend as a function of load current, suggesting that the underlying power
stage topology and control strategy lead to analogous loss mechanisms. Minor dis-
crepancies can likely be attributed to differences in layout parasitics, component
selection and thermal conditions.

6.2 Output Signal Quality

This section focuses on the output signal quality of the DC-DC converter and the
measures taken to improve it, primarily through the implementation of an appro-
priate output filtering scheme.
Maintaining high DC-DC signal quality is crucial, particularly in environments like
Mu3e, where the sensitive pixel chips operate in close proximity to high-frequency
(HF) noise sources. In this context, the chips are exposed to significant HF noise
stemming from a 1.25 GHz data link and accompanying 125 MHz and 625 MHz clock
lines. These frequencies can easily couple into power and signal lines, potentially
degrading performance or causing data errors, especially as effective filtering is not
possible close to the pixel detector due to spatial constrains. Without adequate
filtering close to the detector, the DC-DC converter becomes a key contributor to
overall system noise, making its signal quality directly impactful on detector stabil-
ity and chip functionality. Therefore, minimizing noise from the DC-DC converter
and ensuring clean power delivery is not only desirable but essential for the reliable
operation of the entire system.
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Figure 6.4: Circuit to simulate the second filter stage of the Mu3e DCDC converter.

6.2.1 Noise Figures and Filter Design

Version 2 includes an already integrated second-stage LC output filter designed to
reduce the low-frequency ripple from approximately 15 mV to below 10 mV. It con-
sists of an additional air-core coil L2 along with a supplementary capacitor C2. The
selection of the filter component values was based on calculations presented in [22],
resulting in the following configuration: L1 = 550 nH, C1 = 47 µF and L2 = 46.5 nH,
C2 = 541 µF. C2 is implemented as an array of smaller capacitors connected in par-
allel to reduce the effective ESR and ESL, while preventing a significant reduction of
the effective capacitance at higher frequencies, as discussed in section 4.2. Further-
more, a footprint for an optional damping resistor was included in the PCB layout
to address potential stability issues. The initial value for this resistor was set to
3.3 Ω.
A representation of the filter stage can be seen in 6.4.

Measurements in the laboratory showed that the converter, despite the careful cal-
culating of the filter values, exhibits some stability problems. As shown in figure 6.5
the output voltage displays a clear oscillatory behavior, which is a strong indicator
of insufficient phase margin or poorly damped filter resonance. Such oscillations are
a sign of marginal stability which can lead to an earlier component failure as it in-
creases stress on the components. Additionally, they contribute to elevated current
consumption, thereby reducing the overall efficiency of the power converter.
To get a better and deeper understanding about how the filter values affect the
converter stability and performance a simulation using LTspice® was carried out.

The circuit diagram used for the simulation is shown in figure 6.4. Two filter pa-
rameters were varied: the damping resistor, which was alternated between 0 Ω and
3.3 Ω, and the filter inductor L2,which was tested at values of 22 nH and 46.5 nH.
The simulation software performs an AC sweep analysis which determines the fre-
quency response of the circuit by applying sinusoidal signals over a wide range of
frequencies.
The results, illustrated in figure 6.6, clearly demonstrate the benefit of implementing
a second-stage LC filter. At the converter’s switching frequency of 1 MHz an atten-
uation of approximately −30 dB is observed, corresponding to an improvement of
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Figure 6.5: This figure shows how a badly chosen damping resistor can effect the
output signal negatively. The resistor value was too high and strong oscillations
occurred.

Figure 6.6: Simulation results of the second filter stage. The simulation was
performed for two different coil values and with 3 different damping factors.
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Figure 6.7: Output signal of the Mu3e DCDC converter version 2 after optimizing
the filter values.

97%. However, the simulation also reveals the potential source of the previously ob-
served output oscillations: the LC filter introduces an additional resonance into the
system. If this resonance peak is too pronounced or occurs at a critical frequency,
e.g. within or near the control loop bandwidth, it can cause unwanted oscillations
and degrade system stability. The resonance peak will be analyzed in the following
with respect to the influence of the filter coil and the damping resistor.
The position and magnitude of this resonance peak depend on both the filter in-
ductor value and the damping resistor. A higher inductance value for L2 improves
high-frequency attenuation due to the increased inductive impedance. However, it
also shifts the resonance frequency of the second LC stage closer to that of the first
stage, increasing the risk of interaction between the two resonances. This interac-
tion can result in sharp impedance peaks and ultimately instability. Whether the
resonance peak observed with the 46.5 nH inductor is already too close to the first-
stage LC resonance, and whether this is the root cause of the oscillations observed
in version 2, was therefore investigated in subsequent iterations.
The damping resistor has a significant influence on the amplitude of the resonance
peak for a fixed inductance value. Increasing the damping resistance reduces the
current bypassing the filter inductor, thereby decreasing the damping and increasing
the Q factor of the LC filter, which leads to a sharper resonance peak (see equa-
tion 4.9). From the simulation results, it becomes evident that the initially chosen
damping resistor value of 3.3 Ω is too high, as it leads to a strong resonance and
thus a higher tendency toward oscillations. An optimized resistor value must there-
fore strike a careful balance between adequate damping and maintaining effective
filtering without amplifying resonance effects.

The findings from the simulation were transferred to the laboratory to identify the
optimal filter values. Reducing the damping resistor showed a very significant ef-
fect. A 0.5 Ω resistor in combination with the 22 nH coil showed the best results.
The oscillations could be fully erased and led to a low voltage output ripple of just
1.44 mV (see figure 6.7).
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Figure 6.8: LF ripple of the Mu3e DC-DC converter version 2b. Rdamp = 0.3 Ω,
bandwidth = 20 MHz
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Figure 6.9: HF ripple of the Mu3e DC-DC converter version 2b.
Rdamp = 0.3 Ω, bandwidth = 200 MHz

The output signal was, of course, also re-examined for the final version 2b. In
comparison to version 2, it exhibits a slightly higher overall ripple of 3 mV (see fig-
ure 6.8). The influence of inductive parasitics is marginally increased, as indicated
by the more pronounced ripple blocks. Conversely, the influence of capacitive com-
ponents is reduced, which can be observed in the less distinct arcs between the ripple
blocks compared to version 2. These changes, however, are minimal, and the total
ripple remains within an excellent range. The observed variations can be attributed
to minor modifications in the PCB layout. In addition, version 2b was analyzed
with regard to the high-frequency ripple, which can be visualized by using an oscil-
loscope with a higher bandwidth (figure 6.9). With the implemented shielding using
an aluminum cover, the HF ripple was approximately 20 mV, which is considered
satisfactory.
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6.3 Monitoring and ADC readout
Reliable power delivery is essential for the stable operation of the Mu3e detector
systems. The DC-DC converters supply low-voltage, high-current power to sensitive
detector electronics, where even minor deviations can compromise data integrity or
damage hardware.
To ensure safe and efficient operation, key electrical parameters such as voltage,
current, and temperature are continuously monitored. This chapter outlines the
monitoring infrastructure developed for the Mu3e power system and highlights its
role in maintaining system stability and detector performance.

6.3.1 The Current Sense Measurement

An accurate and reliable current monitoring system is essential for both operational
stability and hardware protection, especially in systems like Mu3e, where high cur-
rent levels are required to power various subsystems and highly sensitive detectors
are involved. Excessive or unstable currents can lead to voltage drops, thermal
stress, or even irreversible damage to delicate detector components, which are de-
signed to operate within narrow electrical tolerances. Continuous current monitoring
enables real-time detection of abnormal load conditions, short circuits, or gradual
performance degradation, allowing for immediate corrective actions through feed-
back mechanisms or shutdown procedures. Furthermore, current data can be used
for diagnostics and long-term system characterization, contributing to the overall
reliability and safety of the Mu3e experiment. In such a precision-driven environ-
ment, the ability to monitor and respond to electrical behavior at fine granularity
is a critical component of the power delivery infrastructure.
In the second iteration of the Mu3e DC-DC converter, a current monitoring capa-
bility has been integrated to enable continuous observation of the output current
and associated load. This functionality is implemented using a conventional method
involving the detection of the voltage drop across a shunt resistor. The resulting
potential difference is used to calculate the current based on Ohm’s law, with the
resistor’s value determining the relationship (see figure 6.10).
The design process began with the selection of a suitable current-sense resistor, con-
sidering both its resistance and power rating. A maximal voltage drop of 50 mV was
set at a peak load current of 20 A, leading to the choice of a 2 mΩ resistor with a 2 W
dissipation capacity. To ensure minimal impact on feedback regulation, the sensing
element was positioned upstream of the control loop input such that the shunt is
inside the feedback loop.
To process the small voltage signal, the INA326 instrumentation amplifier was em-
ployed with a gain factor of 20, enabling effective signal conditioning for subsequent
digital acquisition. The amplified output is digitized through an external ADC inter-
faced with the system’s slow control unit. The proposed measurement architecture
was validated using simulation tools to confirm its operational integrity.
To acquire the current measurement data an ADC was used. For the first and sec-
ond version the ADC was located on the backplane of the Mini-crate. In version
2b the ADC was integrated in the PCB design of the DC-DC converter (see section
6.3.2) to avoid space and routing problems on the backplane. Both variations of the
integration into the system functioned reliably, with the data readout performing
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Figure 6.10: Circuit to monitor the output current of the DC-DC converter and
the voltage of the MuPix temperature diode.

consistently and without any errors. Additionally, no adverse effects on the quality
or stability of the DC-DC converter’s output signal were observed, confirming that
the current monitoring system operates without introducing noise or interference
into the power delivery path.

Inspired by the current sensing circuit, a similar setup was implemented in Ver-
sion 2b, using the same instrumentation amplifier. The only modification was that
a gain of 1 was selected in this case. This circuit allows to monitore the sense lines
coming from the pixel module. These signals are not only essential for monitoring
the voltage levels and thereby the operational state of the pixel detector, but also
provide the feedback required to regulate the converter output voltage through the
internal control functionality of the TPS53819A (for more infomration see section
6.5).

6.3.2 On-Board ADC Readout
For the first version of the Mini-Crate, the analog-to-digital converter (ADC) was
initially placed on the crate’s backplane to monitor all relevant voltages and cur-
rents. However, as the Mu3e experiment design progressed, it became evident that
the available space on the backplane would not suffice to accommodate all neces-
sary ADCs. In addition to the physical space constraints, placing the ADCs on the
backplane would have required routing numerous analog signal lines from the DC-
DC converters across the crate, introducing additional complexity, potential signal
integrity issues, and design overhead.
Consequently, in design iteration Version 2b, the decision was made to integrate
the ADC directly onto the converter PCB. A different model was selected for this
purpose: the AD5593R [1], which offers enhanced flexibility through its eight pro-
grammable I/O pins. Each of these pins can be individually configured after startup
as a digital-to-analog converter (DAC), analog input (ADC), or general-purpose in-
put/output (GPIO), depending on the system’s requirements. This reconfigurability
provides a high degree of adaptability and simplifies integration into various con-
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Channel Type Name Function
00 ADC VDiode Monitors the voltage after the first OpAmp in the temperature interlock 6.4
01 ADC Vthresh Monitors the set threshold voltage for the temperature interlock 6.4
02 GPI comparator_out Monitors the comparator output and thus status of the temperature interlock 6.4
03 ADC VMuP ix Monitors the voltage of the MuPix temperature diode
04 ADC Current Monitors the output current of the DC-DC converter
05 GPO EN_in Sets in external control flag for the temperature interlock 6.4
06 GPI Pgood Monitors the Pgood signal, Pgood is an indicator for a faultless operation of the converter
07 GPO LED1 control signal for a working ADC operation, just used for debugging

Table 6.1: The assigned signal lines to the channels of the AD5593R and their
functionalities.

verter functionalities.
The signal lines connected to the ADC are summarized in table 6.1. The integra-
tion of the ADC5593R onto the PCB posed no layout or routing challenges, and the
readout via the accompanying Python-based control script functioned reliably in all
test cases.

6.4 Temperature Interlock for the Pixel Tracker
In high-power experiments such as Mu3e, implementing a robust protection system
is critical to prevent damage to sensitive detector components. Elevated power lev-
els inherently result in significant thermal dissipation, necessitating continuous and
reliable cooling for all detector subsystems. To mitigate the risks associated with
overheating, an interlock mechanism is employed to ensure that power is only sup-
plied to the detector when the cooling infrastructure is operational. In the event of
a cooling system failure, the interlock system automatically disables power delivery,
thereby safeguarding the hardware.
While a comprehensive global safety system will ultimately coordinate all subsys-
tems within the Mu3e experiment, this work focuses on a local protection feature
integrated into the Mu3e DC-DC converter, starting with version 2. Specifically, a
hardware protection scheme has been introduced to prevent the MuPix sensors from
excessive temperature damages due to the power delivered from the converter. This
is realized using an on-chip temperature diode embedded within the MuPix sensor.
The diode provides a thermal status signal that directly influences the converter’s
enable logic.
If the sensor temperature exceeds a predefined threshold, the voltage on the en-
able line VEN on the converter is driven low (typically below 0.5 V), disabling the
converter regardless of the internal chip state. Conversely, when VEN is at a high
level, normal operation is permitted. This mechanism ensures that the converter
cannot power on a thermally compromised module, nor can it continue to operate
if overheating is detected.
For the operation of the overall system, it is important to note that monitoring is
not limited to the temperature interlock alone. In addition, the analog temperature
signals are continuously acquired via the ADC (as described in section 6.3.2). Con-
sequently, the operator has constant access to the temperature data.

As part of the doctoral research conducted by Thomas Rudzki [43], the time scales
for thermalization in the vertex detector were systematically analyzed. These time

69



Figure 6.11: Temperature time constant measurement for all chips of Layer 0,
ladder 1 at 295 mW cm−2. The dominant fast time constants ranges between 1.4
and 2.3 seconds. The different measurements of the other ladders can be found in
the appendix [43].

scales provide critical insights into how quickly individual chips and detector mod-
ules heat up under standard operating conditions. Such information is essential for
evaluating the response time available in emergency situations, particularly those
requiring rapid shutdown to prevent thermal damage due to overheating.
Thermal response measurements were performed on two representative components:
one half-ladder in layer 0 (the innermost layer of the detector) and one outer half-
ladder in layer 1. In a controlled test environment, the chips on these ladders were
subjected to heat loads of 182 mW cm−2 and 295 mW cm−2, each applied for a dura-
tion of 30 seconds. These power levels correspond to currents of 1.65 A and 2.1 A,
respectively, which reflect the typical energy consumption of the sensor modules
during operation without configuration.
The temperature profiles recorded during these tests exhibited a characteristic two-
phase behavior. An initial rapid temperature rise was observed, followed by a grad-
ual asymptotic increase toward a thermal plateau. Analysis of the transient thermal
behavior for each chip revealed that the dominant fast time constants ranged be-
tween 0.8 and 2.3 seconds. This finding indicates that, in the event of a malfunction,
such as a failure in the cooling infrastructure, the system may reach critical temper-
atures within just a few seconds. Given this short thermal response time, manual
intervention in emergency scenarios is impractical. Therefore, these results strongly
support the necessity of implementing a dedicated hardware interlock system to
ensure the immediate and automatic shutdown of the detector. Such a system is
crucial to safeguard the sensitive components of the pixel detector from thermal
damage.

The MuPix Temperature Diode
The temperature sensing diode utilized in the MuPix sensor is implemented through
a p-type implant embedded within a deep n-well structure (see figure 6.12). When
a well-defined constant current is applied to the diode, it exhibits a temperature-
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Figure 6.12: Schematic of the temperature diode of the MuPix10 sensor. The
diode voltage VDD is provided by the DCDC converter.

dependent voltage drop, characteristic of p-n junction behavior.
The forward voltage drop across the diode decreases with increasing temperature,
establishing an inverse relationship between the junction voltage and temperature,
as illustrated in figure 6.13. This thermoelectric behavior arises from the increased
carrier activity at elevated temperatures, which reduces the potential barrier across
the junction. Due to the relatively linear response over the operating range of
interest, the measured data were fitted using a linear regression model. The resulting
fit equation serves as a practical calibration function, enabling real-time estimation
of the MuPix module temperature based on the diode’s voltage:

Vdiode = −(2.01 ± 0.001)mV ◦C−1 · TMuP ix + (650.0 ± 0.2)mV (6.2)

⇒ TMuP ix = − Vdiode

2.01mV ◦C−1 + 323 ◦C (6.3)

Each MuPix sensor is equipped with one to two integrated temperature sensors,
which are digitized on-chip and included in the slow control data stream alongside
the hit data. However, this temperature monitoring is only functional when the
readout links are active. The hardware temperature interlock allows for accurate and
fast thermal monitoring without the need for an active readout. It is particularly
well-suited for densely integrated environments like the Mu3e experiment, where
space is limited and thermal conditions must be continuously monitored to prevent
damage to radiation-sensitive electronics. The linear approximation of the diode
response simplifies implementation into the interlock system and allows for analogue
hardware integration within the Mu3e DC-DC converter.

Integration in Version 2
The implementation of the temperature-based interlock into the DCDC converter is
illustrated in figure 6.14. The subsequent section outlines the individual components
of the system along with their respective functions.

On the left side of the schematic, a current source U7 supplies a constant bias
current of 1 µA to the temperature sensing diode embedded within the MuPix sen-
sor. The resulting voltage drop across the diode, denoted as MUPIX_V DIODE,
along with the sensor’s supply voltage MUPIX_V DD, are input to the INA326
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Figure 6.13: Temperature diode calibration measurement of the MuPix 11 at a
current of 1 µA [52]. The temperature dependency of the MuPix sensor is linear and
anti-proportional to the junction voltage. It can be calculated by a linear fit (see
equation 6.2).

Figure 6.14: Circuit of the temperature interlock to prevent heat damage to the
pixel detector.
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Figure 6.15: Comparator circuit of the temperature interlock. Resistor R5 is the
hysteresis resistor.

instrumentation amplifier U8. This amplifier functions both as a source follower and
as a differential amplifier, generating an output voltage V DIODE that reflects the
diode’s temperature-dependent behavior.
The solder jumper JP5 between V DIODE and the voltage V REG, which is deliv-
ered by the LDO of the TPS53819, must be set to enable the interlock. The jumper
enables quick laboratory testing without requiring a complete connection of the in-
terlock system. Additionally, since the interlock is not necessary for the scintillating
detectors, it can be deactivated in this configuration.
The differential signal V DIODE is subsequently compared to a user-defined thresh-
old voltage V THRESH. The threshold voltage can be manually adjusted by vary-
ing the resistance of potentiometer RV 1 relative to the reference voltage VREG. To
achieve this, the resistance between pins 1 and 2 (R12) must be set. This value can
be calculated using the following equation:

V THRESH = V REG · R12

R21 + Rtot

(6.4)

⇒ R12 = (R21 + Rtot) · V THRESH

V REG
(6.5)

with the total resistance of the potentiometer Rtot = 2 kΩ and the resistor R21 =
21 kΩ.

The comparison of the two voltages V DIODE and V THRESH is performed by the
the low-offset comparator OPA333 (U9). Comparators are generally used to differen-
tiate between two signals. In the case of the temperature interlock, the comparator
monitors the diode voltage Vdiode and compares it to a predefined threshold voltage
Vthresh. When Vdiode drops below Vthresh the output of the comparator switches from
a logic low to a logic high level. This principle works well with ideal, noise-free volt-
age sources. However, in practical applications, this setup has a major weakness:
high-frequency noise or signal variations near the threshold can cause the compara-
tor to switch erratically or oscillate rapidly between logic states. These spurious
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(a) Simulation result without the hysteresis
resistor R5.
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(b) Simulation result with the hysteresis re-
sistor R5 of 300 kΩ.

Figure 6.16: Difference in the performance of a comparator with an without hys-
teresis.

transitions could mistakenly re-enable the power converter. This behavior poses a
significant risk of damaging sensitive components, such as the pixel detector.
A commonly used solution to this problem is to implement hysteresis, typically by
adding a positive feedback resistor, such as resistor R5 shown in figure 6.15. This
feedback introduces two distinct threshold voltages: an upper threshold for the high-
to-low transition and a lower threshold for the low-to-high transition. As a result,
the input signal must drop below the lower threshold to reset the output or exceed
the upper threshold to trigger it again.
This hysteresis creates a band around the threshold region, within which noise has
no effect on the comparator’s output. This significantly improves the stability of
safety circuits and other noise-sensitive applications. However, the hysteresis range
must be carefully chosen. If the input noise amplitude exceeds the hysteresis band,
false switching may still occur.
In the case of the temperature interlock, a resistor R5 of 300 kΩ was selected, intro-
ducing a hysteresis voltage of approximately 30 mV.
The comparartor section of the temperature interlock circuit was simulated using
LTSpice. The corresponding schematic is shown in figure 6.15, and the simulation
results are displayed in figures 6.16a and 6.16b. One can clearly observe how the
inclusion of hysteresis affects the comparator’s behavior. Without hysteresis, the
transition is significantly slower and unstable due to frequent interruptions caused
by input noise. While multiple complete transitions from 0 V to 5 V were not ob-
served in the simulation, with a typical noise amplitude of 100 mV, this result may
not fully reflect real-world behavior. Unexpected, larger noise spikes in the actual
system could still lead to full-scale logic transitions, potentially triggering incorrect
actions and endangering both the converter and the pixel sensors due to a malfunc-
tion of the temperature interlock.

The output of the comparator U5 (comparator_out) drives an NPN transistor (Q1)
connected to a pull-up resistor (R23 =100 Ω). This is then connected to the en-
able pin of the TPS53819A where the enable voltage VEN is monitored. When
V DIODE > V THRESH, the comparator output remains low, the transistor is in
the cut-off region, and VEN is held high, enabling the converter. As the tempera-
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ture increases, the diode voltage decreases, leading to a drop in V DIODE. Once
V DIODE falls below the threshold voltage, the comparator output switches high,
saturating the transistor and pulling VEN to ground. This disables the DC-DC con-
verter, thereby preventing thermal overstress of the MuPix sensor.
All relevant voltages (V DIODE, V THRSH and comparator_out) are monitored
via the ADC to get a constant overview about the status of the temperature inter-
lock (see section 6.3.2).

Initial laboratory validation of this interlock mechanism yielded promising results.
A diode voltage 550 mV, corresponding to a temperature of 45.4 ◦C, was initially
applied. The potentiometer was set such that the converter is disabled when the
temperature reaches 70 ◦C. This corresponds to a bias voltage of 476 mV accord-
ing to the equation 6.2. By manually reducing the diode voltage via the laboratory
power supply’s fine-tuning control, the circuit was observed to respond correctly: the
converter was reliably disabled once the diode voltage dropped below the calibrated
threshold, confirming the functionality and accuracy of the thermal protection sys-
tem.

6.5 Voltage Drop Compensation
The connection between a DC-DC converter and a detector module in the Mu3e
experiment ranges from approximately 60 cm − 80 cm, which is relatively large for a
DC-DC converter application. Due to the tight spatial constraints within the detec-
tor environment, the current-carrying path to each module can vary significantly in
both composition and layout. Combined with the use of various connection meth-
ods, this variation introduces the need to carefully consider potential voltage drops
between the converter and the detector.
The DC-DC converter uses a TPS53819A controller chip, which includes a built-in
protocol for dynamic output voltage adjustment. However, the adjustment range
is limited to a maximum of −17% and +22% which equates to only ±180 mV for
an assumed output voltage of 2 V. Dynamic compensation is of critical importance,
as detectors, most notably the pixel detectors, are subject to pronounced variations
in current consumption, especially during the configuration process of the sensor
modules. The following section will show that this is not sufficient to compensate
the voltage drops for every detector system.

6.5.1 Estimated Voltage Drops
The connection between the DC-DC converter and the detector modules differs
for each detector type. The voltage drop along this path depends on both the
electrical resistance of the connection and the current drawn by the detector. In
the following, the electrical connections of the three subdetectors are described, and
their resistances are either calculated or measured. Based on these values, it is
then estimated whether additional voltage drop compensation is required or if the
internal adjustment range of the TPS53819A is sufficient.

The SciTile Detector
The SciTile detector is located in the outer thirds of the experiment and is connected
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to the DC-DC converter via a single cable. The cable has a cross-sectional area of
1.5 mm2 and a length of 30 - 37 cm, depending on the position of the module. The
electrical resistance of a conductor is calculated using:

Rc = ϱ · l

A
(6.6)

where ϱ is the specific resistivity of copper, l is the cable length, and A is its cross-
sectional area. For the SciTile detector, this yields a maximum round-trip cable
resistance of approximately 8.4 mΩ. Consequently, the voltage drop for the two
required supply voltages of the detector is only 8.4 mV and 92.4 mV, respectively.
These voltage drops are well within the compensation range of the TPS53819A.
Therefore, no external compensation is required for the SciTile detector.

The SciFi Detector
The SciFi detector is positioned in the inner region of the system. The connection
begins with a 3.5 mm2 copper cable of approximately 25 - 30 cm in length, corre-
sponding to a resistance of 2.9 mΩ. The cables are then connected to copper bus
bars, which transport the electrical power through the confined detector region to-
ward the modules. The bus bars have a rectangular cross-section of 4.78 mm×2.5 mm
and a total length of 53.6 cm, resulting in a very low resistance of about 1.5 mΩ.
Finally, each bus bar is connected to the detector module via a 7 cm long cable with
a 0.5 mm2 cross-section, contributing a resistance of 4.8 mΩ, the dominant portion
in this power path. At a maximum current of 9 A, this leads to a voltage drop of
approximately 82.8 mV (one way). Similar to the SciTile detector, this drop remains
within the regulation capability of the TPS53819A, so no external compensation is
necessary.

The Pixel Detector
Up to the end of the bus bars, the power connection of the pixel (vertex) detector is
identical to that of the SciFi detector. However, the subsequent connection from the
bus bars to the individual modules consists of several fine interconnect components,
making an analytical resistance calculation difficult (see section 2.4.2). These con-
nections typically use very thin copper conductors, which contribute a relatively high
resistance. Therefore, a section of this connection path was characterized experimen-
tally in the laboratory, by measuring the resistance with a multimeter at different
load currents. The measured total resistances, including the return path, ranged
between 27 mΩ and 32.5 mΩ. Assuming the highest measured value of 32.5 mΩ and
a maximum current of 15.1 A, the resulting voltage drop can reach up to 623.63 mV,
including the return path. As shown in table 6.2, this exceeds the internal compensa-
tion capability of the TPS53819A. Consequently, active voltage drop compensation
is required to maintain stable operating conditions and to accommodate dynamic
load variations during detector operation (see figure 6.17).
Due to their structural similarity to the vertex detector, the outer layers likewise
require drop compensation. At the time of this thesis, an initial measurement had
already been conducted, indicating a resistance of approximately 125 mΩ including
the return path. However, more precise measurements are still necessary in order
to adjust the compensation as accurately as possible.
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Figure 6.17: Estimated voltage drops for the different conductor materials between
the DC-DC converter and the vertex.

Detector Vout(mV) Iout,max(A) Rc (mΩ) Vdrop (mV) TPS range (mV)
SciTile 2.2 11 8.4 92.4 -374 - +484
SciTile 3.6 1 8.4 8.4 -612 - +792
SciFi 2.2 9 18.4 165.6 -374 - +484
Vertex 1.9 15.1 41.3 1114 -323 - +418

Table 6.2: Estimated voltage drops of the different subdetectors.

At this stage, it is important to emphasize that the measurement of resistances
is not trivial. A simple two-point measurement, for example using a multimeter,
is insufficient in this context, as it includes the contribution of lead and contact
resistances, which can be comparable to or even exceed the resistance under in-
vestigation. Given the electrical characteristics of the flex prints and interconnect
structures, a properly implemented four-point resistance measurement is required
to obtain reliable results.
Failure to perform accurate measurements can lead to incorrect parameter extrac-
tion and, consequently, improper compensation settings within the system. This, in
turn, may result in the application of erroneous voltage levels across sensitive de-
tector components, ultimately posing a risk of irreversible damage to the detector.

In the following section, three different methods for implementing dynamic voltage
drop compensation will be discussed. All three approaches share a common prin-
ciple: they interface with the converter’s feedback pin on the TPS53819A. In the
standard setup, the converter’s output voltage is monitored via a voltage divider,
with the intermediate node connected to the feedback pin. This pin is designed to
maintain a reference voltage of exactly 0.6 V. If the sensed voltage at the feedback
pin deviates from this reference, the converter adjusts its output voltage accordingly.
This makes the feedback circuit the most effective location to implement a control
mechanism for voltage drop compensation. However, it is important to emphasize
that the feedback loop is also extremely sensitive. Even minor disturbances in this
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Figure 6.18: Circuit of the first voltage drop compensation approach employing
sense lines from the MuPix sensors, implemented in version 2.

circuit can introduce substantial noise or trigger the converter’s internal protec-
tion mechanisms, such as overvoltage or overcurrent shutdown, to prevent hardware
damage. Therefore, any intervention in the feedback path must be designed with
great care and precision

6.5.2 Compensation System Using the INA236
The core element of the first concept for dynamic voltage compensation is an oper-
ational amplifier. The circuit is shown in figure 6.18 and was implemented in the
second version of the Mu3e converter. A soldering bridge allows the connection to
the original feedback loop to be interrupted if the circuit fails to function properly,
ensuring that the converter remains operational. The basic idea is to sense the ac-
tual voltage present at the MuPix (i.e., after the voltage drop across the cables)
via sense lines and feed it to the converter, where it is processed by the operational
amplifier. The resulting signal is then coupled into the standard feedback line to
enable dynamic regulation.
The laboratory measurements showed significant oscillations in the output signal of
the converter even without a connected load. These oscillations were in fact audible
as a high-frequency humming noise. An increased load current led ultimately to an
immediate shut down of the converter induced by the over-voltage and over-current
protection of the TPS53819A. The recorded output signal and feedback voltage re-
veal a very high delay in the order of O(100 ms) (see Figure 6.19). This indicates
that the feedback voltage requires a comparatively long time to reach its target
value. Consequently, the control chip responds before the feedback loop stabilizes,
leading to an overshoot in the output signal. This overshoot activates the over-
voltage protection mechanism, resulting in the shutdown of the converter.
Removing R23, thereby disabling the RC filter at the output of the operational
amplifier, resulted in an improved time response of the system. This modification
enabled the converter to operate under increased load currents of up to 5 A. Never-
theless, residual oscillations and a slight timing delay were still observed.
This relatively simple approach to dynamic voltage adjustment is therefore not suit-
able for the Mu3e experiment. In particular, the system’s latency represents a
definitive exclusion criterion for this application. Consequently, alternative meth-
ods, especially those capable of faster response times, must be explored and sys-
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Figure 6.19: This graph shows the signals of the output voltage (blue) and the
feedback node (red). The feedback signal is delayed compared to the output signal
by 100 ms.

tematically evaluated to meet the stringent timing and performance requirements
of Mu3e.

6.5.3 Compensation System Using a Margining Chip
As an alternative to purely analog compensation circuits, a secondary control chip
can be integrated alongside the TPS53819A. A suitable device for this purpose is
the LTC2970 from Analog Devices [17]. It is a dual-channel voltage margining and
monitoring controller capable of regulating up to two external power supplies with
high precision.
The LTC2970 operates in two modes: voltage servo mode and continuous voltage
servo mode. In voltage servo mode, the device performs a one-time adjustment
to bring the output voltage to a defined target value. Continuous voltage servo
mode extends this by periodically sampling and adjusting the output voltage to
maintain long-term stability. In addition to regulation, the LTC2970 continuously
monitors voltage and current parameters through an integrated ADC system, en-
abling fault detection and safe shutdown in case of over- or undervoltage conditions.
Upon startup and shutdown, the device remains in a high-impedance state, ensuring
non-intrusive integration with the existing power supply configuration. This func-
tionality makes the LTC2970 well suited for precise voltage control and stability
maintenance in complex detector power systems.

The performance of the LTC2970 margining controller was investigated using an
evaluation module (EVM) connected to a TPS53819A DC-DC converter. The setup
was used to assess the controller’s suitability for compensating voltage drops and
for regulating the converter output under varying load conditions. The LTC2970
EVM was interfaced with the converter according to the manufacturer’s recommen-
dations [17]. The margining network was configured for a nominal output voltage
of VDC,NOM = 2.0 V and a maximum voltage of VDC,max = 2.2 V. Based on the
feedback voltage (VF B = 0.6 V) and the existing resistor R20 = 20 kΩ, the feedback
resistors were dimensioned as R30 = 50 kΩ and R40 = 7 kΩ (for further information
about the calculations see [17], page 27). Power for the controller was supplied
through the converter’s regulated line VREG and the common backplane ground.
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Figure 6.20: Application Circuit of the LTC2970 for DCDC converters with an
external feedback resistor like in Mu3e [17].

Under no-load conditions, the output voltage could be adjusted accurately using
the LTC2970. However, once load current was applied, the system exhibited severe
instability. Oscillations were audible as a high-frequency buzzing noise, and at cur-
rents above approximately 1.5 A, the converter entered protection shutdown due to
over-voltage and over-current events. Repeated operation under these conditions
eventually damaged the controller.
The instability was traced to noise coupling in the feedback path, a common issue in
switching converters. Adding a RC low-pass filter (with R = 100 Ω and c = 10 µF)
at the controller output and along the sense lines reduced high-frequency noise only
marginally, indicating that the problem originated from the physical setup rather
than insufficient filtering.
Further analysis showed that the breadboard-based configuration and long inter-
connecting cables significantly contributed to noise pickup. The setup was therefore
redesigned to minimize parasitic effects:

• The LTC2970 power and ground were connected directly to the converter PCB.

• Sense wires were shortened and soldered directly to the load terminals.

• The EVM was removed from the breadboard and all connections were soldered.

These modifications improved stability substantially. The system could operate re-
liably up to load currents of 10 A, limited by the laboratory setup.
Despite improved stability, the system displayed slow transient response. Voltage
stabilization after load steps required several seconds, for example, about one second
for a change from 0.1 A to 0.4 A and up to six seconds for transitions between 1.0 A
and 1.5 A. This slow response is inherent to the continuous voltage servo mode of
the LTC2970, where all ADC channels are sampled sequentially and the servo loop
operates with limited bandwidth. Residual oscillations were still visible in both the
output and feedback signals (see figure 6.21), most likely due to parasitic inductance
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Figure 6.21: Oscillations in the output signal with the LTC270 connected. They
are probably caused by differences in the ground levels and noise pickup due to long
wire connections.

between the physically separated converter and controller boards.

Integrating the LTC2970 improved voltage controllability but did not achieve com-
plete stability under load. The observed limitations stem primarily from layout-
induced noise and the intrinsic response time of the chip’s control algorithm. Fu-
ture implementations should integrate the margining controller directly onto the con-
verter PCB to minimize parasitic effects. However, this step alone will not overcome
the inherent speed limitation of the LTC2970. Therefore, alternative approaches for
fast dynamic voltage regulation should be considered.

6.5.4 Compensation System Using the INA213
The voltage drop compensation system developed in this work is based on a purely
analog approach inspired by a Texas Instruments application note [48]. The core
element of the circuit is the instrumentation amplifier INA213 [29], which measures
the voltage drop across a low-ohmic current-sense resistor. This signal is propor-
tional to the converter’s output current and is injected as an offset into the voltage
feedback path of the DC-DC converter. As a result, an increase in output current
causes a proportional rise in output voltage, compensating for resistive losses in the
power delivery path. The approach assumes that the cable resistance RC between
the converter and the load remains constant and well-characterized.

The minimum required sense resistor for achieving full compensation can be cal-
culated as

Rsense,min = RC

G − 1 , (6.7)

where G is the amplifier gain. With a measured cable resistance of RC = 60 mΩ and
G = 50, the resulting value is Rsense,min = 1.2 mΩ. The onboard 2 mΩ sense resistor
therefore fulfills this requirement and can be reused for compensation.
To ensure safe operation, the maximum voltage offset caused by cable and sense
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Component Value
Rsense 2 mΩ
R2 10 kΩ
RC 61 mΩ
Vout 1.2 V
Vfb 0.6 V
R1 27 kΩ
R3 15.8 kΩ (used: 16 kΩ)

Table 6.3: Required component values for calculating R1 and R3 for the voltage
drop compensation with the INA213. Note: These values are intended for laboratory
use only and do not represent the operating conditions in the final experiment.

resistor drops must not exceed the TPS53819A controller’s voltage limit. The worst-
case voltage increase is given by

∆Vout,max = (RC + Rsense) · Iout,max. (6.8)

For a maximum load current of Iout,max = 30 A, the resulting offset is ∆Vout,max =
1.16 V, corresponding to Vout,max = 3.16 V. This value remains safely below the
controller’s absolute maximum rating of 5 V.
The feedback network of the converter is modified to implement the compensation
by adding a resistor R3 in parallel with R1. The equivalent resistance of this branch
is calculated as

R1,3 = R2 ·
(

Vout

Vfb

− 1
)

, (6.9)

where Vfb is the converter’s feedback reference voltage. The resistors R3 and R1 are
then obtained from

R3 = R1,3 ·
(

G · Rsense

RC + Rsense

)
, (6.10)

R1 = R1,3 · R3

R3 − R1,3
. (6.11)

All component values were determined individually for each test configuration.

For the initial validation, the first version of the Mu3e DC-DC converter was used,
as improper configuration could otherwise risk damaging active hardware. Since
version 1 lacks an onboard current-sense resistor, an external 2 mΩ resistor was
added. The calculated component values for the feedback network are summarized
in table 6.3. An INA213 evaluation module (EVM) was connected to the converter’s
feedback node using a single-point connection.
The compensation behaved as expected: the load voltage showed a significantly
reduced deviation from the converter output voltage (see table 6.4). However, com-
plete stabilization was not achieved. Minor mismatches in resistor tolerances and
susceptibility to noise led to premature triggering of the converter’s overvoltage pro-
tection (OVP) at currents above approximately 5.3 A. To mitigate this, the cable
length between the EVM and the converter was reduced to minimize parasitic in-
ductance, and the INA213 was powered directly from the converter’s regulated VREG
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Vout (V) Vload (V) Iload (A)
1.204 1.202 0
1.528 1.259 5.3

Table 6.4: Required component values for calculating R1 and R3 for the voltage
drop compensation with the INA213.

output, improving grounding and noise immunity. These adjustments successfully
suppressed OVP triggering and stabilized operation, validating the principle and
enabling migration to converter version 2.

In version 2 of the converter, an onboard shunt resistor is already available, allowing
direct connection of the INA213 EVM to the PCB. However, during initial testing,
the circuit exhibited instability due to high-frequency noise coupling, which again
triggered OVP events. To suppress these effects, a low-pass RC filter was introduced
at the output of the INA213, in line with recommendations provided in the com-
ponent datasheet. Two potential locations for such a filter exist: at the amplifier’s
input or output. Input filtering is generally advised when low output impedance is
necessary, for instance, when driving capacitive loads or long signal paths. However,
in the present application, the amplifier output feeds into a high-impedance resistive
divider via R3, making a low output impedance unnecessary.
Additionally, the use of an input RC filter has the disadvantage of introducing gain
errors due to interaction with the amplifier’s internal impedance. For example, using
a 10 Ω series resistor in the input filter would result in a gain error of approximately
0.84. For this reason, the output filter configuration was selected.
When placing an RC filter at the amplifier’s output, it is essential to consider the
INA213’s intrinsic output impedance—typically in the range of 1 − 10 Ω. If the
resistor used in the filter is of comparable value, the total filter resistance becomes
Rtotal = Rout + Rfilter.
Neglecting the amplifier’s output impedance in this calculation can introduce sig-
nificant error into the filter’s behavior. Since low output impedance is not critical
in this application, a higher resistance value was selected for the filter to reduce
the influence of Rout. A filter resistor of 100 Ω, in combination with an appropriate
capacitor, was chosen for implementation.
The component values for this configuration are listed in table 6.5. After adding the
RC filter directly at the amplifier output, the system operated stably and provided
the expected compensation effect. At a load current of 20 A, the remaining voltage
deviation between converter and load was limited to 44 mV (table 6.6). This devia-
tion matches the predicted offset caused by a small mismatch between the estimated
(53.7 mΩ) and actual (51.5 mΩ) cable resistance, confirming the model’s accuracy.

To further analyze the dynamic behavior of the compensation circuit and its impact
on converter stability, simulations were performed using TINA-TI, a SPICE-based
tool provided by Texas Instruments. Since no simulation model of the TPS53819A
is publicly available, the functionally similar TPS53513 controller was used instead.
The simulation was designed to emulate the power consumption behavior of a MuPix
pixel sensor under typical operating conditions. The transient load profile was de-
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Component Value
Rsense 2 mΩ
R2 10 kΩ
RC 53.7 mΩ
Vout 2.1 V
Vfb 0.6 V
R1 41.7 kΩ
R3 35.5 kΩ

Table 6.5: Required component values for calculating R1 and R3 for the voltage
drop compensation with the INA213. Note: These values are intended for laboratory
use only and do not represent the operating conditions in the final experiment.

Vout (V) Vload (V) Iload (A)
2.105 2.105 0
3.175 2.145 20

Table 6.6: Required component values for calculating R1 and R3 for the voltage
drop compensation with the INA213.

fined to represent two distinct states:

• Idle state: High resistance of Rload = 1.8 Ω, corresponding to low current
draw.

• Active state: Low resistance of Rload = 0.3 Ω, simulating a high current
demand.

The converter’s enable signal was initially held low and transitioned high at t1 =
0.1 ms to initiate startup. The load profile was applied as follows:

1) 0.0 ms − 1.5 ms : Rload = 1.8 mΩ

2) 1.5 ms − 2.0 ms : Rload = 0.3 mΩ

3) 2.0 ms − 3.0 ms : Rload = 1.8 mΩ

Without any filtering, the simulation revealed pronounced oscillations in both out-
put and load voltage, consistent with laboratory observations (figure 6.23). Adding
the RC filter (Rfilter = 100 Ω, Cfilter = 1 µF) significantly improved stability. The
converter output voltage remained steady, and no overvoltage events occurred (figure
6.26), demonstrating the critical role of the RC filter in maintaining loop stability.

Based on these results, the implementation of this compensation concept was im-
plemented in the design of version 2b (see figure 6.25). In this configuration, the
system performed reliably, and no major issues or instabilities were identified which
can be proven by the smooth output signal of the converter 6.26.
Overall, the analog voltage drop compensation based on the INA213 proved highly
effective. The system reliably compensates for resistive voltage losses and maintains

84



Figure 6.22: Circuit used to simulate the behavior of the voltage drop compensa-
tion with a INA213.

Figure 6.23: Simulation result with no additional RC filter.
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Figure 6.24: Simulation results after implementing a RC filter with Rfilter = 100 Ω
and Cfilter = 1 µF.

Figure 6.25: Implementation of the voltage drop compensation based on the
INA213 in the second version of the Mu3e DC-DC converter. Note: The final
values for R1 and R31 are determined after the input from the different detector
systems, and the boards are adjusted accordingly.
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Figure 6.26: The output voltage of the DC-DC converter is still stable after the
implementation of the voltage drop compensation.

stable operation under dynamic load conditions. Due to its fully analog implementa-
tion, it offers high robustness and fault tolerance without requiring complex digital
control. For deployment in the final Mu3e system, precise characterization of the
cable and connector resistances will be essential, as only minor deviations can be
fine-tuned using the TPS software interface.

6.6 Load Transients
Load transients occur when the load current changes abruptly, causing the output
voltage of a DC-DC converter to deviate from its nominal value. Such rapid changes
in current demand disturb the steady-state operating point, leading to temporary
voltage overshoots or dips until the converter’s feedback control loop compensates
and restores regulation. The transient response of a converter defines how quickly
and smoothly it can recover from these disturbances while keeping the output volt-
age within its specified tolerance limits.
Ideally, the converter would respond to a step change in load current with a single,
well-damped voltage deviation of minimal amplitude and duration. In reality, how-
ever, intrinsic characteristics such as the control loop dynamics, parasitic elements,
and switching behavior introduce additional oscillations during the recovery process.
These oscillations often appear as a damped sine wave superimposed on the output
signal, a phenomenon commonly referred to as transient ringing. The origin of this
ringing and methods for reducing it are described in the following section.

6.6.1 Transient Ringing
Transient ringing is a well-known effect in DC-DC buck converters, especially during
the fast switching transitions of the power MOSFETs. When the high-side or low-
side MOSFET switches on or off, the rapid voltage and current changes can cause
voltage overshoot and oscillation at the switch node. The amplitude and frequency
of this ringing are largely determined by the switching speed of the MOSFETs and
the parasitic inductances and capacitances present in the power stage. In typical
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Figure 6.27: Power stage of a synchronous buck converter and its parasitics.

designs, ringing frequencies fall within the range of several tens to hundreds of mega-
hertz.

Figure 6.27 shows the power stage of a synchronous buck converter with the parasitic
inductances and capacitance responsible for ringing at the switch node. During the
conduction period of the low-side MOSFET, the load current is supplied through
the main inductor and output capacitor. At the same time, energy is stored in
the parasitic inductances of the low-side MOSFET’s drain and source connections.
When the converter turns off the low-side MOSFET and switches on the high-side
MOSFET after a brief dead time, the current that was flowing through the low-side
device momentarily flows through its body diode. The energy stored in the parasitic
inductances and the junction capacitances of the MOSFETs forms a resonant LC
circuit. As the high-side MOSFET turns on, this stored energy is released, produc-
ing a high-frequency oscillation that appears as ringing at the switch node. This
oscillation can couple through the output filter and manifest at the converter output.
The resulting ringing may occur not only during load transients but also during the
converter’s startup ramp. If the amplitude of this ringing is large, it may exceed
safe voltage limits and potentially damage following sensitive applications. This is
particularly critical for the pixel detectors, where even small voltage overshoots can
lead to the damage of the detector.

Figure 6.28 illustrates the output-voltage behavior during the start-up sequence
of the Mu3e DC–DC converter version 2b. As the output approaches the final tar-
get voltage, a small overshoot of approximately 80 mV is observed. The converter
suppresses the resulting ringing rapidly, and after roughly two oscillation periods
the output voltage settles into a stable steady-state regime. An overshoot of this
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Figure 6.28: This image shows the start-up behavior of the Mu3e DC-DC converter
version 2b. The internal step-wise regulation of the TPS53819 is visible in the
beginning. As small overshoot of 80 mV appears before reaching the target voltage.

magnitude does not expose the pixel detector to unsafe operating conditions and
therefore does not pose a risk of damage. During load transients, the oscillatory be-
havior becomes more pronounced (see figure 6.29). A rapid increase in load current
results in an overshoot of approximately 370 mV. Notably, no significant difference is
observed between operation with and without the compensation network, indicating
that the transient response in this regime is dominated by the intrinsic character-
istics of the converter rather than the external feedback compensation. However,
since this overshoot lies close to the maximum allowable voltage, it is not fully clear
whether long-term operation under such conditions remains within a safe margin for
the pixel sensors.

Adjustment of Soft-Start Time
A simple method to influence start-up behavior and potentially reduce ringing is to
modify the converter’s soft-start time. The soft-start function gradually ramps the
internal reference voltage of the error amplifier (up to 0.6 V) over a programmable
time between 356 µs and 32.868 ms, thereby controlling the rate at which the output
voltage rises.
The hypothesis was that a slower start-up might reduce transient stress and miti-
gate oscillations observed during the start-up phase by limiting the inrush current
and associated switching activity. However, empirical measurements indicated no
significant change in either the amplitude or the frequency of the ringing across the
entire range of soft-start settings.
These results suggest that the observed ringing is not dominated by start-up dy-
namics, but rather by the intrinsic parasitic resonances of the power stage. Conse-
quently, soft-start adjustment is not an effective method for suppressing this type
of oscillation.

The Snubber Circuit
An option to reduce ringing in a buck converter effectivly is to use a snubber circuit.
This method consists of a resistor and a capacitor in series, connected between the

89



-0.5 0 0.5 1 1.5
Time (ms)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Vo

lta
ge

 (V
)

2.64
2.27

Figure 6.29: The ringing in the output voltage after a transient step is shown. An
overshoot of up to 370 mV can occur.

switch node and ground. This system should damp the parastitic inductances and
capacitances during switching transistions. But the values must be chosen carfully
as a too high resistor can result in a underdamped system, which would allow more
ringing and a too high capacitance would increase power dissipation which would
reduce the total efficiency. Several resistor (2.7 Ω and 3.3 Ω)and capacitor (1 nH
and 10 nH) combination were tested but a improvement of the ringing could not be
achieved.

The Boot Resistor
In a synchronous buck converter, the high-side MOSFET gate is driven by a boot-
strap circuit consisting of a capacitor Cboot charged from the low-side driver supply.
To control the turn-on behavior of the high-side MOSFET, a bootstrap resistor Rboot

can be inserted in series with Cboot. This resistor limits the inrush current into the
high-side gate driver, effectively slowing down the gate charge rate and reducing the
switching speed. This gives the parasitic network more time to discharge. In this
investigation, Rboot was incrementally increased from 0 Ω to 3.3 Ω. Measurements
showed that these moderate values produced no observable reduction in the ringing
amplitude or frequency. However, increasing Rboot beyond this range introduced
low-frequency oscillations in the output voltage when operating above a load cur-
rent of approximately 2.4 A. These oscillations were significantly lower in frequency
than the original ringing and are attributed to instability induced by the altered
gate-drive dynamics.
Therefore, it is recommended to maintain Rboot = 0 Ω, as increasing its value may
compromise system stability without providing measurable improvement in ringing
performance.

6.6.2 Bode Plots
The oscillations observed in the transient response indicate that an analysis of the
converter’s stability is essential. To assess the stability, a simplified block diagram
of a DC–DC buck converter can be considered. The power stage of such a converter
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Figure 6.30: Closed-loop block diagram of a buck converter. [30]

consists of two main components: a modulator and a passive output filter. The
modulator contains an internal voltage-controlled pulse generator that produces a
rectangular switching waveform. The filter, typically composed of an inductor and
a capacitor, converts this rectangular waveform into a smooth DC output voltage.
Regulation of this output voltage is achieved by negative feedback: an error amplifier
continuously compares a fraction of the output voltage with a fixed reference voltage
and adjusts the switching duty cycle accordingly to maintain the desired output.

Stability Criteria
The control model of a DC–DC buck converter can be represented by the closed-loop
block diagram shown in figure 6.30. The stability of the system can be analyzed by
considering the loop transfer function, defined as the ratio of the output voltage to
the reference voltage [30]:

H(s) = Vout

Vref

= Hmod(s) · Hfilter(s)
1 + Hmod(s) · Hfilter(s) · Hcomp(s) = Hmod(s) · Hfilter(s)

1 + Hloop(s) (6.12)

where Hloop(s) = Hmod(s) · Hfilter(s) · Hcomp(s) is the loop gain, representing the
cumulative gain around the feedback loop. Once the loop gain Hloop(s) is known,
classical control theory can be applied to evaluate stability. According to the Nyquist
stability criterion, the system remains stable if the loop transfer function does not
encircle the critical point (−1, j0) in the complex plane. In practice, instead of ap-
plying the Nyquist plot directly, it is more convenient to use its graphical equivalent
due to the complexity of many buck converters. This graphical analogue is called a
Bode plot.
A Bode plot is a double logarithmic diagrams that describe how the system responds
to sinusoidal inputs over a range of frequencies: the magnitude plot, showing gain
(in dB) versus frequency decades, and the phase plot, showing phase shift (in de-
grees) versus frequency decades.

The denominator term 1 + Hloop(s) in the transfer function H(s) dominates the
system’s stability behavior. Instability occurs when Hloop(s) = −1, since this makes
the denominator zero, resulting in an infinite gain. In graphical terms, this corre-
sponds to a loop gain magnitude of 0 dB at a phase shift of 180◦.
Two key stability metrics can be derived from the Bode plot:

1. Phase Margin (PM): the additional phase lag required to bring the system
to the verge of instability at the frequency where the loop gain magnitude
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Figure 6.31: Optimal injection point for the frequency response analyzer to deter-
mine the loop gain.

equals 0 dB. It represents the difference between the actual phase and 180◦ at
the unity-gain frequency. A phase margin greater than approximately 45◦ is
generally considered sufficient for a well-damped and stable system response.

2. Gain Margin (PM): the amount by which the loop gain can increase before
the system becomes unstable, measured at the frequency where the phase
crosses 0◦. It quantifies the robustness of the control loop against variations
in component parameters, load changes, and noise.

Stability Measurements
A widely used technique for determining the loop gain of a DC–DC buck converter,
and thus constructing its Bode plot, is the injection method. In this approach, a
small sinusoidal test signal is injected into the feedback path of the control loop,
and the system’s response is measured using a frequency response analyzer (FRA)
or equivalent instrumentation. To enable signal injection without disturbing the
DC operating point, an injection resistor Z, typically with a recommended value of
approximately 10 Ω, is inserted into the feedback loop. The injection transformer is
connected in parallel with this resistor, allowing the AC test voltage to be coupled
into the loop while blocking DC components. The complex loop gain is then de-
rived from the ratio of the measured voltages at the two sides of the injection point,
denoted as points A and B, across the frequency range of interest (for reference see
figure 6.31).

For the Mu3e DC–DC converter, Bode plot measurements were performed using
a Rohde & Schwarz RTA4004 oscilloscope, which provides an integrated Bode plot
analysis function. A custom-built transformer was employed to inject the test signal
(see 6.32).
Accurate loop-gain measurement requires the feedback loop to be opened at an ap-
propriate location to insert the injection signal. The injected AC signal propagates
around the loop, and depending on the system’s gain and phase characteristics, the
response will be either amplified or attenuated and phase-shifted. The choice of
injection point is crucial to ensure that the measured response corresponds to the
true loop gain. The injection should be applied at a point where the feedback path
is single and well-defined, avoiding parallel signal paths that could distort the mea-
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(a) (b)

Figure 6.32: Set-up of the Bode plot measurement with the Mu3e DC-DC con-
verter. The right image shows the custom-built injection transformer.

surement. Additionally the impedance looking forward should be significantly higher
than the impedance looking backward. In the present setup, the impedance in the
backward direction at the injection point corresponds to the output impedance of
the converter, typically on the order of a few milliohms, while the impedance toward
the compensator and voltage divider is in the kilohm range. This large impedance
ratio ensures accurate loop gain measurement.
To integrate the injection resistor without introducing additional parasitic effects,
a dedicated measurement PCB was designed. This auxiliary board accommodates
the injection resistor and the oscilloscope connection points. To minimize connec-
tion length and maintain signal integrity, resistor R2, originally part of the feedback
divider on the converter PCB, was removed and relocated onto the measurement
board. The auxiliary PCB was then connected directly to the former solder pads of
R2, ensuring minimal disturbance to the original circuit layout (see figure 6.33).

Probe Calibration
Prior to performing the Bode plot measurements, the oscilloscope probes must be
verified for amplitude and phase consistency. Differences in the frequency response
of the probes can lead to significant gain and phase measurement errors, particularly
at higher frequencies.
To verify calibration, both probes were connected to the same signal node, in this
case to the same side of the injection resistor. In this configuration, the measured
frequency response should ideally display 0 dB gain and 0◦ phase shift across all
frequencies. The resulting measurement, illustrated in figure 6.34, confirmed that
both probes exhibited identical responses. Consequently, no further calibration was
required for the measurement setup.

Bode Plots
The frequency response measurements of the Mu3e DC-DC converter show that the
design without voltage drop compensation exhibits a phase margin of 66.55◦ and
gain margins of +10.48 dB and −3.48 dB (see figure 6.35). These values indicate a
robustly stable control loop with well-damped behavior and low susceptibility to os-
cillation. In contrast, enabling voltage-drop compensation reduces the phase margin
to 36.22◦ and the gain margin to only 2.13 dB at the primary crossover frequency

93



Figure 6.33: Injection connection for the Bode plot measurement. The distances
and thus cable length were kept as small as possible to reduce the possibility to pick
up noise.

Figure 6.34: Calibration measurement of the two oscilloscope probes.
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Figure 6.35: Bode plot of the Mu3e DC-DC converter with disabled voltage drop
compensation.

(shown in figure 6.36), placing the system in a more weakly damped and thus more
oscillatory regime. While this reduction in stability margin suggests an increased
tendency for overshoot and transient ringing, the measured output-voltage responses
during load steps reveal that both configurations exhibit nearly identical behavior.
This observation indicates that the dominant cause of the ringing is not the control-
loop compensation itself but rather intrinsic properties of the power stage and the
PCB layout. High frequency oscillations during load transients typically occur at
frequencies well above the loop bandwidth and are therefore governed primarily
by parasitic inductances and capacitances of the switching stage and output filter.
Factors such as the inductance of the high di/dt switching loop, the placement and
parasitics of the output capacitors, the grounding strategy, and the geometry of
the switch node can introduce resonant behavior that is excited similarly in both
compensation variants. As the parasitic elements are the same between boards, the
resulting ringing will remain largely unchanged even when the control-loop margins
differ significantly.
Additionally, layout-related coupling into the feedback path can reinforce identical
transient behavior across both designs. Since the compensation modifies only the
low-frequency dynamics of the converter, it cannot suppress high-frequency reso-
nances set by the PCB parasitics. As a result, the observed ringing is dominated
by the layout and power-stage characteristics rather than by the specific choice of
compensation network.
In summary, although voltage-drop compensation noticeably influences the stability
margins of the control loop, the similar ringing observed on both boards indicates
that the transient behavior is primarily determined by the PCB layout and the
parasitics of the power stage, rather than by the compensation strategy alone.

6.7 The 3.6V Board
As described previously, the TMB of the SciTile detector requires a regulated sup-
ply voltage of 3.6 V at load currents between 0.1 A and 1 A in addition the 2.2 V
line. To accommodate the modified current requirements, a different main inductor
was implemented in the buck converter design (see section 5.1). This modification
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Figure 6.36: Bode plot of the Mu3e DC-DC converter with enabled voltage drop
compensation.
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Figure 6.37: Frequency response of the converter and the LC filter in different
configurations.

directly affects the dynamic behavior of the converter. By increasing the inductance
value, the power-stage pole of the converter f = 1/2π

√
LC shifts to lower frequen-

cies, leading to a reduction in both the control-loop bandwidth and the available
phase margin. Consequently, the effective output impedance of the converter rises
at lower frequencies, causing the converter to behave less like an ideal voltage source
and more like a reactive, inductive source. As a result, the downstream LC filter
encounters a source with significant inductive impedance. Together, the converter
output stage and the filter can form a lightly damped resonant system, which man-
ifests as ringing or oscillation on the output voltage.

To investigate this effect, the frequency response of the complete system, comprising
both the converter and the LC output filter, was analyzed. Figure 6.37 illustrates
the measured phase margin of the converter as a function of frequency. The blue
curve represents the frequency response of the converter with an output voltage of
2.2 V, a configuration in which no oscillations were observed. In this case two dom-
inant resonances, which hint towards oscillations, are visible: the first resonance, at
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Figure 6.38: The output voltage signal after reducing the output capacitor accord-
ing the to the simulation results.

approximately 120 kHz, corresponds to the main inductor, output capacitor (L1C1
pole), whereas the second resonance at around 200 kHz corresponds to the LC filter
pole.
When the value of the main inductor L1 is increased, the first pole shifts to a lower
frequency, as indicated by the red curve. This shift reduces the effective control-
loop bandwidth at which the converter can regulate the output voltage effectively.
Consequently, the overall system becomes slower and more prone to oscillatory be-
havior. To re-establish sufficient phase margin, the first pole must be shifted back to
higher frequencies. This can be achieved by reducing the output capacitance. Such
a modification is straightforward to implement and does not require a redesign of
the already existing converter PCB.
As shown by the green curve in figure 6.37, reducing the output capacitance shifts
the first resonance to higher frequencies. However, this measure requires verification
of the output signal, since a smaller output capacitor reduces the filter attenuation
at the switching frequency. This results in a larger switching ripple at the converter
output and a slightly increased output impedance of the filter, which can also lead
to higher output noise levels.

In accordance with the simulation results, the output capacitance was reduced
by 300 µF on the 3.6 V board. The converter subsequently operated stably and
without any observable oscillations. The resulting output waveform is presented in
figure 6.38. As expected, the output ripple increased slightly and reached approx-
imately ±40 mV. This value is acceptable for the present application, as LDOs on
the TMB further smooth the voltage supplied to the detector front-end electronics
(see section 7.1.

Furthermore, the influence of the modified inductor on the overall converter effi-
ciency was investigated. In general, the power losses associated with an inductor
can be divided into two categories: conduction losses, arising from the DC resistance
(DCR) of the winding, and core losses, which result from the magnetic properties
of the core material. Since the inductors used in the Mu3e experiment are air-core
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inductors and therefore do not contain a magnetic core, core losses can be neglected.
Consequently, the following analysis focuses on the conduction losses caused by the
winding resistance of the inductor. The conduction loss of an inductor can be ap-
proximated by the expression [46]:

PL(DCR) = (I2
OUT +

I2
P P ( 1

L
)

12 ) · RDC (6.13)

This relation shows that the energy dissipation in an inductor is governed by the
peak-to-peak inductor ripple current and the DC resistance of the winding at a
certain output current. Due to the inverse relationship between inductance and rip-
ple current, an increase in inductance, which is the case for the modified inductor,
slightly reduces the ripple-dependent portion of the conduction losses. However,
according to equation 5.3, the DC resistance increases with longer wire length and
smaller conductor diameter. Both conditions apply to the inductor used on the
3.6 V board, implying a non-negligible rise in DCR. Consequently, it is necessary to
experimentally verify whether this new inductor configuration leads to a measurable
reduction in efficiency. It is expected that the increased effective resistance will re-
sult in higher conduction losses and therefore a lower overall efficiency compared to
the reference design.
In contrast, the contribution of the output capacitors to the total efficiency degra-
dation is minimal. Since they ideally conduct only AC ripple current, their ohmic
losses remain comparatively small and do not significantly affect the converter’s per-
formance.

The converter efficiency was measured for load currents ranging from 0 A to 5 A.
In comparison with the 2.2 V board, the most notable difference is the more gradual
increase in efficiency at low load currents (see figure 6.39). This behavior can be
attributed to the higher DC resistance of the modified inductor, which causes pro-
portionally larger conduction losses at low currents, where switching and auxiliary
losses dominate the overall loss budget. As a result, the converter requires a higher
load current before reaching its optimal operating region.
At the nominal operating point of 1 A, the converter achieves an efficiency of ap-
proximately 73%. In contrast, the 2.2 V reference board reaches about 82% at the
same load, corresponding to an efficiency reduction of roughly 11%. At higher load
currents, e.g. 5 A, the efficiency difference decreases significantly, with the modified
design showing only a reduction of approximately 2%. This convergence at higher
loads is expected, as the relative impact of the increased inductor resistance dimin-
ishes when conduction losses dominate and both converters operate close to their
maximum efficiency region

6.8 DCDC Version 3

6.8.1 Changes
In the third iteration of the Mu3e DCDC converter the same features were imple-
mented as in the version 2b, as a result of the successful test with version 2.
The most significant advancement in this version lies in the redesign of the printed
circuit board (PCB).
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Figure 6.39: Efficiency curve of the 3.6 V board.

One of the most challenging and subtle issues in PCB design is crosstalk [42], which
can occur between adjacent signal traces. It is particularly difficult to diagnose and
mitigate, as it is often not easily reproducible and can result in unpredictable dis-
turbances across signal and data transmission lines.
Crosstalk refers to unintended electromagnetic coupling between two conductors on
a PCB, typically traces or copper areas, without any physical contact. When an
electrical current flows through a conductor, it generates both an electric and a
magnetic field. These fields can couple into neighboring traces, causing undesired
interference. Two primary mechanisms of coupling are distinguished: inductive and
capacitive coupling.
A current flowing through a trace generates a magnetic field. When this field in-
teracts with a nearby trace, it can induce a voltage according to Faraday’s law of
induction. If this induced voltage exceeds a certain threshold, the integrity of the
signal on the affected trace can be compromised. In addition to the magnetic field,
the electric field generated by the flowing current can also couple into adjacent con-
ductors, leading to capacitive coupling and further degradation of signal quality.
The induced voltages or currents may exceed logic thresholds in digital circuits, po-
tentially causing false logic states. In analog circuits, the added noise can severely
affect signal fidelity.
In addition to coupling between traces on the same PCB layer, crosstalk can also
occur between parallel traces on adjacent layers. This phenomenon, known as broad-
side coupling, poses an even higher risk due to the typically smaller spacing between
PCB layers, often as low as 0.1 mm, compared to the spacing between traces on the
same layer. This reduced separation increases the potential for unwanted coupling.
Therefore, trace spacing is a critical factor in minimizing crosstalk.
Several additional design measures can be employed to reduce crosstalk, which are
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Figure 6.40: Design 1: A ground layer (yellow) covering the full spatial area was
used, attempting to minimize crosstalk.

Figure 6.41: Design 2: The different planes (power, digital, ground) are separated
with minimal overlap to prevent crosstalk.

listed below without detailed explanation:
1. The minimal width between two traces on the same layer should be more then

3× the width of the traces.

2. Traces on adjacent layers should be routed perpendicular, never parallel.

3. A ground plane between signal layers can be used to reduce broadside coupling,
by increasing the distance between the signal traces and providing a better
return path.

4. Isolate the high frequency or asynchronous signals spatially.
For version 3 of the Mu3e DC-DC converter, two different PCB layout approaches
were investigated.
The first design (see figure 6.40) employed a continuous ground plane intended to
minimize crosstalk between layers. This layout is conceptually similar to that of
version 2; however, the placement of components on the backside of the PCB was
completely redesigned.
In contrast, the second design introduced a novel concept in which different signal an
power areas were locally isolated from one another. As shown in the top-view image
6.41, this design exhibits minimal overlap between different signal/power layers.
Both layouts were fabricated and tested in the laboratory to evaluate the impact of
PCB layer design on the performance of the Mu3e buck converter.

6.8.2 Lab Test

Ground Layer Design
Initial testing was performed using the full-layer layout configuration. The TPS53819
controller was successfully initialized, and the quiescent current drawn by the IC re-
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Figure 6.42: The output of the converter with design 1 was strongly oscillating
with a frequency close to the cutoff frequency of the LC filter.

mained within expected limits. It is worth noting that abnormal current consump-
tion during startup is typically indicative of underlying system issues, such as short
circuits, incorrect pin connections, or faulty components. Upon enabling the output
voltage, significant oscillations were observed at the converter output. These oscilla-
tions exhibited an amplitude of approximately 160 mV and a frequency of 154 kHz,
which is notably close to the theoretical cutoff frequency of the LC output filter,
calculated to be 163 kHz. This proximity suggests a potential correlation between
the filter characteristics and the observed oscillatory behavior.
To verify whether the LC filter was responsible for the oscillations, a diagnostic test
was conducted by bypassing the filter via a solder bridge across inductor L1. This
modification redirected the entire output current through the bypass, effectively re-
moving the filter from the signal path. As shown in figure 6.43, the oscillations were
no longer present under these conditions, strongly indicating that the LC filter and
its interaction with the layout were the primary cause. However, the absence of
the filter led to increased low-frequency output ripple, which is consistent with the
filter’s role in attenuating such components.
The LC filter components had been designed based on idealized parameters for opti-
mal performance in conjunction with the TPS53819’s switching behavior. However,
the only significant change between PCB version 2 and version 3 was the physical
layout, particularly the plane arrangement and trace geometry. Despite no change
in component values, this layout modification significantly influenced the circuit’s
dynamic behavior. The PCB layout can introduce parasitic elements that com-
promise the designed behavior of filters. Long or narrow traces, for example, and
unfavorably placed vias can introduce additional parasitic inductance, which alters
the filter’s resonance frequency. Parasitic capacitance between adjacent traces or
layers can modify the impedance characteristics of the circuit, further contribut-
ing to unwanted resonance or signal distortion. These parasitic effects can result
in under-damped responses, especially when the layout causes the LC filter to ap-
proach its resonant condition near the switching frequency. The result is observable
ringing or oscillations in the output voltage, as seen in figure 6.42.
Additionally, high-frequency noise in the form of voltage spikes is clearly visible in
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Figure 6.43: The oscillations were gone after bypassing the LC filter.

the same figure. The presence of these transients further indicates a possible mis-
match or inadequacy in the PCB design. Such spikes can couple into the feedback
loop or power planes, further destabilizing the system.

Separated Layer Design
In contrast, the second layout iteration employed fully separated power/signal and
ground planes in an attempt to isolate high-frequency switching currents from sen-
sitive analog domains. However, this version exhibited even more severe parasitic-
related issues, likely due to the routing of high-current paths and increased trace
lengths, which further exacerbated the unwanted inductive and capacitive coupling.
While the TPS53819A controller could still be initialized correctly, the converter
failed to enable the output voltage. Diagnostic monitoring via the ALERT signal pin
indicated recurring Over-Voltage Protection and Over-Current Protection events.
These protection features are automatically triggered by the controller when the
output voltage exceeds safe limits or when current levels surpass predefined thresh-
olds. Such conditions typically arise from voltage overshoots, ringing, or transients
at the switching node.
By probing the switch node of the converter, it became evident that the controller
attempted to regulate the output by applying the expected pulse-width modulated
(PWM) waveform (see figure 6.44). However, each switching attempt was prema-
turely aborted due to the triggering of OVP or OCP conditions. This behavior
strongly suggests that the layout-induced parasitic effects were severe enough to
destabilize the converter during normal operation, leading to repeated fault condi-
tions and shutdowns.

6.8.3 Conclusion
These results emphasise the critical importance of PCB layout in high-performance
DC-DC converter design. Even with well-selected filter components, a suboptimal
layout can introduce parasitic effects that degrade filter performance, introduce os-
cillations, or even prevent proper startup. In particular, LC filters are sensitive to
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Figure 6.44: Signal measured at the switch node of the converter. The control
chip was not able to turn the converter on due to high disturbances triggering the
OVP and OCP.

layout-induced shifts in their resonant frequency, and poor trace design can severely
compromise the effectiveness of decoupling and feedback control loops.
During the design of the Mu3e DC-DC converter version 3, PCB layout guidelines
were followed to the best knowledge and intent. Nevertheless, functional distur-
bances were observed, particularly in the second design iteration, in which the cop-
per layers were arranged with minimal overlap. In this case, layout-induced issues
were severe enough to trigger the OVP and OCP circuits, preventing the converter
from starting up at all.
Although the first design was operational, its performance was significantly inferior
to that of the second version. Since all components, including newly introduced
ones, were already tested in Version 2, it must be concluded that the PCB layout is
the primary cause of the observed malfunction.
As a result, it was decided to use the version 2 layout as the basis for the next de-
sign iteration. The existing layout was retained as much as possible, with only the
new features integrated to avoid major repositioning of existing components. The
result of these measures is version 2b, whose performance results have already been
presented.
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Chapter 7

Detector Tests

The transition from controlled laboratory measurements to tests involving actual
detector components constitutes a crucial stage in the development and validation
of electronic systems. It is essential to verify that the features and system parameters
established under laboratory conditions not only meet the theoretical design goals
but also satisfy the practical requirements of the detector subsystems under realistic
operating conditions.
An important intermediate step in this process is the integration of the DC–DC
converters with individual detector modules while still operating within a controlled
laboratory environment. This approach allows for systematic validation under in-
creasingly realistic conditions while maintaining a high degree of experimental con-
trol and safety.
The following chapter first describes the testing procedures and results obtained
with the SciTile detector, representing the initial implementation of such system-
level integration tests. Subsequently, the results of tests conducted with a MuPix
ladder are presented. While prior studies have already demonstrated successful
operation with a single MuPix sensor, this work extends the validation to a more
complex configuration, marking the next step toward full system integration.

7.1 SciTile Detector
With version 2 of the Mu3e DC-DC converter, an initial test using a TMB was
conducted as a proof of principle. The objective was to evaluate whether the con-
verter’s output, particularly the ripple, adversely affects the performance of either
the scintillating tiles or the MuTRiG readout ASIC. To provide context, the follow-
ing section briefly summarizes the mechanical constraints and power requirements
of the TMB.
Each Tile Module Board supports the infrastructure for 448 scintillating tiles, read
out by 13 MuTRiG chips. The board incorporates three main types of connections:
a 40-pin micro-coaxial flat cable for data readout, four mini-coaxial connectors for
high-voltage biasing of the tile matrices, and three low-voltage connections.
The tile detector module operates on two low-voltage supply rails, nominally at 2.2 V
and 3.6 V at the TMB input terminals. The acceptable input voltage ranges with re-
spect to TMB ground are 2.1 V−2.3 V for the MuTRiG supply rail and 3.5 V−3.8 V
for the tile bias supply rail. Both supply voltages are locally regulated on the TMB
using LDOs, which relaxes the output signal quality requirements for the DC-DC
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Figure 7.1: The low voltage 2.2 V signal coming from the DCDC converter at the
TMB. There is a big difference in the signal quality visible.

converters.
The 2.1 V rail, which powers the MuTRiG ASICs, has a nominal current consump-
tion of 8.6 A and a maximum current rating of 10.8 A. The 3.6 V rail, which serves
the tile matrix, has a significantly lower nominal current draw of 800 mA, remaining
well within the operational range of standard DC-DC converters.

Preparations for the SciTile Test
For the SciTile test, two DC-DC converter boards were prepared: one configured
for an output voltage of 2.2 V using an inductor L1 of 550 nH , and the other for an
output voltage of 3.6 V equipped with a larger inductor of 3.5 µH. On both boards,
the temperature interlock feature was disabled, as it is relevant only for the pixel
detector. Furthermore, even if voltage drop compensation had been implemented
in this converter version, it would not have been activated for this setup, as the
connection to the TMB is relatively short and local voltage regulation is handled by
onboard LDOs.
A notable characteristic of the SciTile setup is that the TMB employs a single ground
connection shared across all supply lines. Consequently, the two ground lines from
the DC-DC converter must be electrically connected at some point. It was decided
to connect the grounds immediately after the DC-DC converter output in order to
minimize the resulting ground loop area.
The purpose of this test was to determine whether the unconventional ground con-
nection scheme, along with potential noise from the DC-DC converter output, would
have any impact on the performance of the MuTRiG ASIC. However, at the time of
testing, a functional tile matrix was not yet available, and therefore no measurements
could be performed under operational conditions.

Measurements
As a first step, the quality of the low-voltage power supply delivered to the Tile
Module Board (TMB) was assessed. Both voltage rails were examined at two loca-
tions: before and after the LDO.
The 3.6 V supply line exhibited a slightly more pronounced output ripple, as the
filter parameters on this line had not been optimized. Prior to the LDO, a ripple
amplitude of approximately 20 mV was observed (see figure 7.1). After the LDO,
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Figure 7.2: The low voltage 2.2 V signal coming from the DCDC converterr at the
TMB. There is just a little difference between the signal qualities visible.

the number and amplitude of noise peaks were significantly reduced, demonstrating
effective filtering by the regulator.
In contrast, the 2.2 V line showed inherently better signal quality, with a ripple
amplitude of around 15 mV even before the LDO. Post-regulation, no significant
changes were observed, indicating that the initial signal was already within accept-
able limits (see figure 7.2). Notably, the measurement for this voltage was taken at
the far end of the TMB, at the final MuTRiG chip, to evaluate potential degradation
of the signal due to distribution along the board. However, no location-dependent
deterioration in signal quality was detected, confirming that the TMB layout does
not negatively affect power integrity.

The SciTile detector, in conjunction with the SciFi detector, plays a critical role
in the precise timing measurements necessary to meet the Mu3e experiment’s reso-
lution requirements. Among several contributing factors, the stability of the internal
TMB clock is essential for ensuring accurate time determination. Any interference,
particularly in the form of electrical noise, could compromise timing precision.
One key indicator of clock stability is jitter, which refers to small, undesired vari-
ations in the timing of a signal’s rising or falling edges. In clock signals, jitter
manifests as deviations from the ideal timing of each pulse. These fluctuations can
arise not only from electromagnetic interference or crosstalk but also from noise on
the power supply lines. This makes the impact of the DC-DC converter’s output
ripple particularly relevant, as even minor variations in clock timing can result in
data errors and reduced signal integrity.
The SciTile detector employs a Phase-Locked Loop (PLL) for timing synchroniza-
tion. The PLL compares the phase of a reference clock to that of a signal generated
internally by a Voltage-Controlled Oscillator (VCO). It adjusts the VCO to match
the reference in both phase and frequency. One of the PLL’s primary functions is to
attenuate jitter, especially at high frequencies. However, it is less effective at sup-
pressing low-frequency jitter, which can be influenced by ripple in the power supply,
underscoring the need to investigate the DC-DC converter’s performance at these
frequencies. Additionally, the digital logic on the TMB operates independently of
the PLL. This further necessitates a stable and low-jitter clock signal, particularly
between consecutive clock cycles.
The objective of this test was to determine whether the output ripple from the Mu3e

107



0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time (ms)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00
Vo

lta
ge

 (V
)

Clock
Reference

Figure 7.3: A reference signal was compared to the TMB clock signal. A jitter of
4.86 ps was measured.
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Figure 7.4: Laboratory setup for powering a MuPix ladder with a DC-DC converter
version 2b.

DC-DC converter introduces any measurable increase in clock jitter on the TMB.
To this end, the TMB clock signal was compared to a low-jitter reference clock
with a specified jitter of 1 − 2 ps. The results of the measurement are presented
in figure 7.3. The clock jitter at the TMB was measured using the oscilloscope’s
internal jitter analysis function and found to be 4.86 ps. This indicates that the
output ripple from the DC-DC converter does not degrade the timing performance
of the MuTRiG ASIC or compromise the functionality of the TMB.

7.2 Pixel Ladder
An initial study regarding the compatibility of the Mu3e DC-DC converter with
the pixel sensors was conducted in 2019 [22]. In that test, a single chip within
a pixel-telescope setup was powered using the output voltage of a first-generation
DC-DC converter. To ensure that no unexpected disturbances occur when powering
an entire ladder, an additional laboratory test was performed using the version 2b
converter together with a vertex detector ladder.
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Figure 7.5: Output signal of the DC-Dc converter during the start-up period. The
step-wise internal regulation of the TPS53829A and a small overshoot are visible.

The experimental setup is shown in figure 7.4. A version 2b converter in combination
with the mini-backplane and a Raspberry Pi, was connected to one end of a pixel
ladder. Due to the geometric configuration of the vertex detector, this arrangement
powered only one half of the ladder.
The output voltage of the converter was reduced to 1.95 V such that, after account-
ing for the voltage drop along the cables, approximately 1.9 V would be supplied to
the ladder. For this purpose, the resistor R31 of the feedback voltage divider was
set to 27 kΩ. After verification, a voltage of 1.88 V was measured at the ladder input.

During the first attempt to operate a pixel ladder, communication with the ladder
failed. Even after replacing the converter with a conventional laboratory power sup-
ply, the ladder remained unresponsive. To rule out the possibility that an overshoot
during converter startup had caused damage, the startup behavior was examined
using an oscilloscope. No anomalous features were observed; a transient of approx-
imately 65 mV is already known from previous laboratory measurements and does
not pose a risk to the sensors. Independent of the DC-DC converter, no alternative
cause for the ladder failure could be identified.
A subsequent test using a different ladder proceeded without complications. The
sensors could be configured without difficulty, and the data links operated stably
with no link errors.
The underlying cause of the failure of the first module powered by the Mu3e DC–DC
converter could not be conclusively determined. However, the observed power-up
behavior was unremarkable, and in subsequent tests (see section 8.2.1), no addi-
tional modules exhibited failure after the activation of the converters. This suggests
that no fundamental or systematic issue is likely present.
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Chapter 8

Mechanical and Experimental
Integration

The next stage in developing the DC–DC converters is their integration into the
experimental environment. This involves not only establishing the electrical con-
nections between the converters and the detector modules, but also ensuring their
proper mechanical integration within the experiment.
This chapter addresses these aspects in detail. The first part focuses on the inte-
gration of the converters into the Mu3e powering system. In addition to mechanical
considerations, this task includes the implementation of appropriate cooling strate-
gies, the optimization of electrical interfaces on both the input and output sides,
and the integration from a software and control perspective.
Subsequently, the results of the experimental integration are presented within a
test beam campaign conducted in 2025. During this campaign, the Mu3e DC–DC
converters were, for the first time, operated together with detector components
within the full experimental setup, i.e., under realistic conditions. In particular, the
entire vertex detector as well as a complete SciTile and SciFi module were powered
using the DC–DC converters. The experiences gained and key insights derived from
this test campaign are discussed at the end of this chapter.

8.1 The DC-DC Crate

The Mu3e DC–DC crate provides the complete mechanical and electrical infrastruc-
ture required by the individual power converters used in the experiment. In total,
eight crates are needed for the full detector system, with four placed upstream and
four downstream. Arranged in a ring around the central cylindrical detector region,
they ensure uniform distribution of power and control. Each crate accommodates
infrastructure for up to sixteen DC–DC converter modules or, alternatively, LDO
boards, which share the same mechanical form factor. A crate consists of the cus-
tom backplane responsible for distributing power and data, a structural frame for
mechanical reinforcement, a system of cooling blocks and cooling water pipes, and
a crate controller for converter operation and monitoring. A fully assembled crate
is shown in figure 8.1. The following sections provide detailed descriptions of each
component.
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(a) CAD drawing of a power crate, fully
equipped with the cooling blocks and
heatsinks, 16 DC-DC converters and a crate
controller.

(b) Upstream endweehl with 4 DC-DC
crates installed.

Figure 8.1

The Backplane

The backplane represents the central interface of the Mu3e DC–DC crate, provid-
ing both power distribution and data communication for all converters. Developed
collaboratively with the technical division of Heidelberg University, it consists of a
five-layer PCB optimized for high currents and signal routing. Four high-current
connectors, each offering four contact pairs, supply the 20 V input voltage and dis-
tribute it to the sixteen converter slots. Each slot can host either a DC–DC converter
or an LDO board, as both devices follow the same mechanical and electrical foot-
print. To implement the grounding concept described in section 3.3.1, the backplane
features a cubic high-current ground connector incorporating the required current-
sense resistance. The central ground cable is attached through a screw terminal
to ensure a mechanically stable and electrically reliable low-impedance connection.
In addition to power and ground distribution, the backplane provides the central
communication interface via two connectors located in the lower right region of the
PCB. These connectors link the crate controller to all converter control signals, en-
abling configuration, monitoring, and integration into the online data system. The
controller itself is supplied through a dedicated connector located on the opposite
side with voltages between 6 V to 12 V. This voltage line provides also VDD1 for
the DC-DC converter. The communication is handled via the MSCB bus, which
provides an optical output interface connecting the crate to the MIDAS data acqui-
sition system developed at PSI and TRIUMF [54]. A further connector integrates
the backplane into the Mu3e interlock system, which safeguards operation in case
of failures. Besides the electronic interfaces, the backplane also supports the me-
chanical mounting of the cooling system. To prevent excessive mechanical stress on
the PCB, a custom-machined aluminum stiffener is installed beneath it. Cut-outs
in the stiffener reduce weight and the amount of inactive material introduced into
the detector. An electrically insulating foil is inserted between the backplane and
the stiffener to prevent short circuits during operation.
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The Cooling Infrastructure
The electrical power requirements of the Mu3e detector subsystems are substantial,
particularly for the pixel detectors. The outer pixel layers require up to 64 W per
module, while the vertex detector modules typically consume between 19.6 W and
28.7 W. The MuTRiG front-end chips add a further 15.4 W to 24.2 W. Altogether,
the power delivered by the DC–DC converters ranges between 4.05 kW and 5.86 kW.
Even with the high efficiency achieved by the Mu3e DC–DC converters, a significant
portion of the input power is dissipated as heat. Since the crates are installed in a
densely packed region where passive cooling is insufficient, efficient active cooling is
essential to prevent thermal damage to the converter components. The experiment
employs a water-based cooling system for all front-end electronics. A chilled water-
glycol mix at approximately 5 ◦C is circulated by multiple chillers and distributed
through dedicated cooling loops. In the DC–DC crates, heat is removed using three
identical aluminum cooling blocks mounted in each crate, through which the cooling
water flows in an S-shaped pattern. Each block includes guiding grooves on both
sides to ensure precise positioning and stable support of the converter PCBs. Ther-
mal coupling between the converter PCB and the cooling blocks is accomplished
using a custom-designed aluminum heatsink (see figure 8.2). Earlier thermal studies
(see [22], Chapter 3.3) identified the main heat sources: on the top side, the con-
verter IC with integrated MOSFETs and the power inductor; on the bottom side,
the TPS53819A controller. Due to spatial constraints and the lower thermal load
on the underside, only the top side is cooled directly. The heatsink covers all critical
components and is attached to the PCB using three screws. Thermally conductive
pads bridge the gaps between the heatsink and the MOSFETs as well as the inductor
to ensure low thermal resistance. The assembled converter module is then inserted
into the backplane slot and secured against the cooling block using two screws. A
thin layer of thermal paste is applied to the interface to improve heat transfer. A
dedicated feasibility study confirmed the effectiveness of this cooling approach [10].

The DC-DC Crate Controller
All control and monitoring signals of the DC–DC converters must be managed ef-
ficiently in the experiment. While prototype tests in the laboratory relied on indi-
vidual Raspberry Pi boards, such an approach is unsuitable for the experimental
environment due to space constraints, magnetic fields, and cabling complexity. In-
stead, each crate contains a dedicated crate controller PCB. Its microcontroller
handles configuration, real-time monitoring, and communication with the central
DAQ. The controller was developed in collaboration with the electronics workshop
at the Paul Scherrer Institute and is based on the Silicon Labs C8051F930-G-GQ
microcontroller [37]. Firmware development was carried out in Mainz using the C
programming language. After successful development and validation, the controller
was fully integrated into the MIDAS data acquisition system, enabling automated
and reliable operation of the complete DC–DC converter infrastructure within the
experiment.
The crate controller operates as a submaster within the MSCB framework, exposing
system parameters to higher-level control systems via MSCB variables. Internally,
it communicates with key components on the DC–DC converter board, specifically
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Figure 8.2: Heatsink for the Mu3e DC-DC converter Version 2b. The pink pads
are thermal pads to improve thermal contact. The critical parts are the coil and the
chip with both both MOSFETs (indentation at the lower left).

the TPS53819A control device and the AD5933, using the I2C protocol.
The controller is powered by an input supply in the range of 6 V to 12 V, which
simultaneously serves as the VDD1 rail of the converter system. In addition to
its control and communication functions, the crate controller locally generates the
VDD2 supply voltage, typically via a regulated output stage, to provide a stable
and low-noise power source for the I2C bus and the on-board temperature sensors.
Furthermore, the crate controller performs continuous monitoring of operational sig-
nals from the DC–DC converter. These include, for example, status and fault indica-
tors such as the ALERT signal issued by the TPS53819A device, enabling real-time
fault detection, system diagnostics, and protective intervention if required.

8.2 Mu3e Beamtime and Preparation 2024/25
The integration of the complete experimental setup, including the detector systems
and the associated infrastructure, commenced at the end of 2024. The primary ob-
jective of this phase was the establishment of stable and reliable detector operation,
initially using cosmic rays. Due to successful commissioning under cosmic condi-
tions, the experiment was moved to be operated with beam during the summer
2025 beam period.
A major component of this integration effort was the installation and commission-
ing of the power distribution infrastructure. This included the deployment of the
TDK power supplies and power distribution boxes, which were subsequently inte-
grated into the MIDAS database and the global interlock chain. A well-defined
channel assignment scheme was implemented to ensure traceability and safe opera-
tion. Each power channel was uniquely mapped according to the following hierarchy:
TDK channel, power distribution box channel, Souriau cable number, crate position,
DC–DC converter, and finally the corresponding detector module.
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In parallel, all Souriau cables were installed, tested, and validated. Particular at-
tention was given to the correctness of the channel assignments and to the routing
of the cables within the detector volume. Due to the limited available space, clean
and compact cable routing was essential to avoid mechanical stress and to ensure
long-term reliability.

The integration of the DC–DC converters was performed based on the geometric
positions of the detector modules. The assignment strategy ensured that detector
modules connected to the beam pipe were supplied via the shortest possible cable
paths in order to minimize voltage drops and noise pickup.
In total, 20 DC–DC converters were prepared for the vertex detector (8 needed, 12
spares), enabling operation of the full vertex system during the beam time. Addi-
tionally, 10 DC–DC converters were prepared for the SciTile and SciFi detector (6
needed, 4 spares), consisting of five units configured for 2.2 V output and five units
for 3.6 V output. The preparation of each converter included the installation of the
appropriate L1 coil and the configuration of module-specific features by enabling or
disabling functionalities as required by the connected detector module.
All DC–DC converters underwent a comprehensive quality control procedure in the
laboratory prior to installation. This QC chain consisted of three main steps: first,
verification of the quality and stability of the output voltage signal; second, mea-
surement of the conversion efficiency; and third, validation of all relevant features,
including ADC functionality, current sensing, voltage drop compensation, and the
temperature interlock where required by the detector design.

At the PSI facility, the DC–DC converters were installed into their respective crates.
Each converter was equipped with a heatsink, using a thermal pad to ensure good
thermal contact and efficient heat transport away from thermally critical regions.
Thermal paste was applied at the contact area between the heatsink and the cooling
block of the crate to further improve thermal coupling.
For each crate, a dedicated crate controller was installed and integrated into the
MIDAS control system. A crucial measure during this step was the removal of the
jumper on top of the controller to disable the onboard LEDs. While useful for de-
bugging, these LEDs can emit light levels sufficient to damage scintillating detector
components, particularly in the case of SciFi detectors.
Before connecting any detector module to a power channel for the first time, a
mandatory validation procedure was performed. The power line was tested without
the detector module connected to verify that the correct voltage and polarity were
present at the module input connector. Only after this verification, the channel was
approved for connection to the detector module and subsequent operation.
Some impressions of the integration and installation work are shown in figures 8.3
− 8.6.

8.2.1 Experience with the Vertex Detector

This section summarizes the experience gained during the preparation, integration,
and operation of the DC–DC power converters for the vertex detector. Particular
emphasis is placed on startup behavior, voltage drop compensation, safety mecha-
nisms, and the overall performance of the system under test beam conditions. The
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Figure 8.3: Service flange with the
Souriau cables connected.

Figure 8.4: The LV cables coming
from the converters are screwed onto
the beampipe bus bars

Figure 8.5: Mockup installation to
show a fully equipped DC-DC crate

Figure 8.6: First DC-DC converter
connection to a crate in the experi-
ment.

results demonstrate that the power distribution concept fulfills the requirements for
safe and reliable operation of the MuPix-based vertex detector.

Prior to integration with the detector, the DC–DC converters were carefully pre-
pared and configured. The output voltage Vout was set to 1.95 V at the converter
output. The interlock functionality was connected and enabled to ensure safe oper-
ation, and the voltage drop compensation network was configured according to the
calculated resistive losses between the converter and the detector module. These
preparatory steps are essential because the MuPix sensors are highly sensitive to
overvoltage, which can lead to permanent damage. Ensuring that the voltage ap-
plied to the vertex module remains within the specified operating range from the
very beginning of the power-up sequence is therefore a critical requirement and of
high interest for investigation under experimental conditions.

After integration, the DC–DC converters operated reliably and were fully compat-
ible with the vertex detector infrastructure. Stable operation was achieved under
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realistic experimental conditions, and the system was successfully integrated into
the slow control, monitoring, and safety framework. Detailed investigations were
carried out on the performance of the voltage drop compensation, the control and
trimming of the output voltage using the internal adjustment capabilities of the
TPS53819A chip, the readback of sensed voltages at the MuPix sensors, and the
monitoring and interpretation of temperature information. In all these aspects, the
system showed robust and reproducible behavior.

Start-Up of a Vertex Module Powered by a DC-DC Converter
The startup procedure of a vertex module together with a DC-DC converter deserves
particular attention due to the overvoltage sensitivity of the MuPix sensors. To mit-
igate this risk, the voltage drop compensation must already set the output voltage to
the correct value before the vertex module is powered. The TPS53819A controlling
chip provides additional internal adjustment options that allow fine trimming of the
output voltage. The safe startup process of a DC-DC converter, described in detail in
section 5.2.2, was strictly followed and experimentally verified. It involves powering
the DC–DC converter, checking the current consumption and trimming the output
voltage to the desired value at the detector module using the VOUT_ADJUSTMENT
setting.
After establishing a stable supply, the vertex module is initialized by configuring
the MuPix chips. This configuration is implemented via custom-designed linear
shift registers with an associated storage stage, allowing sequential loading and ap-
plication of configuration data. Three main registers define the chip operation: an
analog configuration block controlling the front-end circuitry, voltage DACs setting
baseline and threshold levels, and a digital configuration register specifying clocking
and readout behavior.
The progression of current consumption reflects the configuration state: after the
power application, the unconfigured chip typically draws 50−150 mA, while loading
the default configuration increases the current to approximately 400 − 450 mA as
the full analog and digital functionality becomes active. This characteristic provides
a useful indicator for verifying correct startup and configuration of the module.
The corresponding evolution of the output voltage and load current during system
startup, measured via the remote sense lines, is shown in figure 8.7. The startup
sequence can be described as follows. At approximately 08:42, the slow-control
system activates the power supplies, resulting in a small standby current flowing
through the system. Shortly after, the outputs of the respective DC–DC converters
are enabled, thereby supplying power to the vertex detector. At this stage, the
load current is approximately 150 mA, consistent with the idle current discussed
previously. The measured supply voltage is about 1.75 V, which is intentionally set
approximately 200 mV below the nominal operating voltage required for detector
operation. This conservative initial setting was chosen to protect the detector from
potential voltage overshoots, which had been observed during previous laboratory
tests. At approximately 08:46, the output voltage was increased toward the target
operating voltage using the VOUT_ADJUSTMENT function of the TPS53819A. The
voltage was ramped in incremental steps while the sense-line voltages were contin-
uously monitored to verify stable regulation. Once the monitored voltage reached
the nominal operating value of 1.95 V, the adjustment procedure was completed.
Finally, at around 08:49, the detector chips are fully configured. During this process,
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Figure 8.7: Startup procedure of the DC-DC converter and one vertex detector
module during the 2025 beam period including the voltage adjustment method and
the configuration process of the MuPix sensors.

the load current increases significantly. It is particularly noteworthy that, despite
these substantial load changes, the output voltage remains highly stable due to
the implemented voltage drop compensation scheme. Even short transient current
peaks, such as those observed for layer 2 module 1 (green trace), do not produce
any significant voltage excursions.
Overall, these measurements demonstrate that the power distribution system oper-
ates in a well-controlled and stable manner. The voltage drop compensation per-
forms reliably even under large and rapid load variations, ensuring that the detector
is not exposed to critical voltage conditions during startup or operation.

Voltage Drop Compensation
A central component of the DC-DC system is the voltage drop compensation. Its
purpose is to ensure that the voltage at the detector module reaches the required
operating value despite resistive losses in the supply path during changing load con-
ditions. For the Vertex Detector, this path consists of a cable with a cross section
of 3.5 mm2, copper bus bars, several connector interfaces, and flexible printed cir-
cuits. The individual resistance contributions of these components were calculated
and measured, with the results summarized in table 6.2. Based on these values, the
resistors R1 and R3 of the drop compensation network were calculated using the
equations from 6.10. Assuming a conservative lower bound of 27 mΩ, which was the
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lowest measured, for the total resistance, the calculated values are R3 = 51.7 kΩ and
R1 = 25.9 kΩ. These correspond to the standard E96 resistor values of R3 = 51.1 kΩ
and R1 = 26.1 kΩ, which were installed for the beam period.
In operation, the drop compensation overall worked reliably and consistently like
already indicated in the above paragraph. However, for several modules, the ex-
pected voltage was not established after activation of the corresponding converter.
While small fluctuations are anticipated and can likewise be attributed to the lim-
ited precision of the resistance measurements, the modules mentioned above re-
quired significantly stronger tuning via the V OUT_ADJUSTMENT function of
the TPS53819A.
Subsequent to the test beam campaign, additional resistance measurements were
carried out on the vertex modules by the vertex detector team. These investigations
revealed an increased resistance in the internal ground connection of certain ladders,
most likely caused by poor or “cold” solder joints. This finding provides a plausible
explanation for the irregularities observed during the test beam.
To ensure safe and reliable operation of the detector, it is therefore recommended
that the resistances of the vertex detector be characterized for all DC–DC channels
prior to initial deployment. This allows potential connection faults to be identified
and corrected, and enables accurate adjustment of the drop compensation.

Interlock Mechanism
Safe operation of the Vertex Detector requires a robust protection concept. The
interlock system is a key component of this concept and was validated together with
a vertex module under realistic conditions in the laboratory before the integration
into the experiment. Its correct functionality was confirmed. A potential limita-
tion arises from the fact that the hardware interlock of the DC–DC converter is
inherently non-latching, meaning that, in principle, the converter could be restarted
automatically after an interlock event. This behavior, however, is mitigated at the
system level by implementing a latching mechanism in the firmware, ensuring that
a manual or controlled reset is required before operation can resume. In addition,
the temperature-based interlock is complemented by a software watchdog that con-
tinuously monitors critical converter parameters. The watchdog operates with more
conservative (lower) thresholds and is designed to intervene before the hardware
interlock is triggered. In this way, it provides an early and controlled response to
abnormal conditions, while the hardware interlock remains as a fast and indepen-
dent last line of defense, capable of reacting on shorter timescales if required. An
example of such a watchdog-triggered intervention is shown in figure 8.8.

In summary, the DC–DC converters exhibited very good and reliable performance
in combination with the vertex detector. The investigated transient behavior (see
section 6.6) does not pose a risk to the detector modules. Two minor issues were
identified during operation. First, occasional spikes were observed in the current
readout. To investigate their origin, measurements were performed both at the de-
tector module and at the input of the ADC on the DC–DC board. No corresponding
deviations were detected at either location, indicating that the observed fluctuations
are most likely caused by an internal effect of the analog-to-digital converter. This
behavior is consistent with artifacts that can arise in an analog-to-digital conversion
process, for example due to quantization noise or internal sampling effects. To mit-
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Figure 8.8: If the MuPix temperature rises above a certain limit the watchdog gets
triggered and disables the DC-DC converter.

igate this issue, a simple digital filtering approach was implemented. Seven consec-
utive ADC readings are acquired and then sorted by value. The mean of the middle
three values is subsequently calculated and used for monitoring purposes, effectively
suppressing transient outliers. Second, in rare cases a voltage of approximately 5 V
was observed in the readback of Vdd from the MuPix during the configuration of
all sensors. This voltage level could not be confirmed at the detector module itself,
but it was measurable at the output of the operational amplifier on the DC–DC
converter. A possible explanation is reduced stability of the operational amplifier
at a gain of unity, which should be investigated further by testing different gain set-
tings. As an alternative mitigation, configuring the sensors sequentially rather than
simultaneously was found to be safe, although it increases the overall configuration
time.
Overall, the results demonstrate that the DC–DC power system meets the require-
ments for stable and safe operation of the vertex detector and provides a solid basis
for long-term detector operation.

It should be noted, however, that each DC-DC converter comprises only a single
temperature interlock circuit, and consequently only one temperature signal can be
monitored. In the case of the vertex detector, a single converter supplies not just
one ladder, but an entire module consisting of up to five ladders, each equipped
with an individual temperature diode. As a result, only one temperature signal per
module can be read out and used to trigger the interlock.

This constitutes a potential safety risk. Therefore, a dedicated board has been
proposed to enable the readout of the remaining temperature signals of the vertex
detector. This board is designed to match the form factor of a DC-DC converter,
allowing seamless integration into the existing DC-DC crate. A first version of this
so called sense-wire board has already been designed and developed by F. Weymann
as part of a bachelor’s thesis [58].
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8.2.2 Experience with the Timing Detectors
During the beam time, the full timing detector system was not available, and the
studies were therefore limited to the components that could be operated under the
given experimental conditions. Nevertheless, the measurements provided valuable
insight into the performance and reliability of the power distribution concept for
scintillating detectors.

For the SciTile detector, two different readout boards were operated with distinct
power configurations. The first board was supplied with an output voltage of 3.6 V
and operated with a higher inductance for L1. The second SciTile board was oper-
ated at an output voltage of 2.2 V using the standard L1 inductor. In both configu-
rations, neither an interlock mechanism nor voltage drop compensation was imple-
mented. The SciTile setup was successfully powered and operated during the beam
time.
For the SciFi detector, only the board supplied with 2.2 V was used during the test
beam. The LDO regulator intended to generate the 3.6 V supply was not activated
in this setup, and its performance under beam conditions was therefore not evalu-
ated within the scope of this measurement campaign.

Overall, the operation of the scintillating timing detectors with the DC–DC con-
verters did not reveal any issues. The power supplies worked reliably and stably
throughout the beam time, and no adverse effects related to voltage stability or
converter behavior were observed. While these results demonstrate the suitability
of the DC–DC converters for powering the timing detectors, further studies are re-
quired to validate the performance of the LDO stage under realistic experimental
conditions.
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Part III

The Camera Alignment System
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Chapter 9

Detector Alignment

Accurate alignment of detector components is a critical requirement in particle
physics experiments. Misalignments, even at the sub-millimeter scale, can signif-
icantly degrade the precision of particle tracking, momentum measurement, and
vertex reconstruction, ultimately affecting the quality and reliability of the experi-
mental results. Modern high-precision experiments rely on sophisticated alignment
systems to continuously monitor and correct the positions of detector elements, en-
suring optimal performance throughout data-taking periods.
In the case of the Mu3e experiment precise alignment is particularly crucial. The
experiment’s tracking detectors must maintain micron-level accuracy to reconstruct
the trajectories of decay products with the required resolution. Any misalignment
could lead to systematic errors that obscure potential signals of new physics. There-
fore, a robust and precise alignment system is essential for achieving the sensitivity
goals of Mu3e and for validating its measurements.

This chapter addresses the potential misalignment of the Mu3e detectors and its
underlying causes. It then presents two different approaches to detector alignment.
Track-based alignment is a widely used method in particle physics experiments and
has already been studied in the context of the Mu3e experiment.
This work, however, focuses on aspects of an alignment system that utilizes optical
markers. Such systems provide continuous monitoring of detector positions and can
complement track-based methods by offering rapid, independent measurements of
mechanical shifts. In this chapter, the principles and theoretical framework of an
optical-marker-based alignment system are introduced and discussed in detail.

9.1 Reconstruction
The readout and trigger system of the Mu3e experiment faces significant challenges
due to the high particle flux and the stringent requirements on track reconstruction
performance. The reconstruction algorithm must efficiently identify particle tra-
jectories originating from muon decays while simultaneously suppressing falsely re-
constructed tracks through effective handling of the substantial combinatorial back-
ground. Fully and accurately reconstructed tracks are essential not only for deter-
mining the charge and momentum of the detected particles, but also for the proper
application of timing information obtained from the scintillating-tile detector. A
major challenge in the data analysis pipeline is the exceptionally high event rate.
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At a muon stopping rate of 108 muons per second, the detector produces roughly
80 Gbit/s of raw data. This volume far exceeds what can be stored permanently,
necessitating an aggressive online reduction scheme that retains only physically rel-
evant event candidates. A simple requirement of three tracks in time coincidence
is insufficient to achieve the necessary suppression of accidental combinations un-
der such high occupancies. Consequently, the Mu3e experiment does not employ a
traditional hardware trigger. Instead, an online filter farm performs real-time track
reconstruction of all muon decays. Event selection is then based not only on tempo-
ral coincidence, but also on spatial consistency (common vertex) and characteristic
kinematic signatures of the signal decay. Graphics Processing Units (GPUs), provid-
ing massive parallel processing capability, constitute the core of the online selection
system.
Using the Mu3e online reconstruction and event-filtering system, the data volume is
reduced to less than 100 MB s−1. The resulting dataset is stored on disk and made
available for subsequent offline analysis.

Track Finding and Fitting
The dominant source of uncertainty in Mu3e track reconstruction is multiple Coulomb
scattering (MS) in the ultra-thin silicon pixel sensors. Accordingly, both track find-
ing and fitting are built around a fast three-dimensional MS fitting algorithm. This
approach estimates the MS angle using hit triplets, with the scattering angle deter-
mined at the position of the middle hit (see [8] for details).
Track finding begins by forming triplets from hits in the first three detector layers.
Triplets consistent with originating from the muon stopping target are identified
and fitted using the fast MS fit. Triplets with sufficiently small χ2 values are ex-
trapolated to the fourth detector layer, where the presence of a compatible hit is
required. A second MS fit is then performed, followed by an additional χ2 selection.
The resulting four-hit trajectories, referred to as short tracks, serve as input for the
vertex reconstruction in the online selection chain. For the full offline reconstruction,
these short tracks are extended into long tracks with six or eight hits by including
the recurling segments of the particle trajectories. The longer lever arm significantly
improves the momentum resolution, which is critical for distinguishing signal decay
topologies from background.
Additional algorithms are employed to suppress incorrectly reconstructed tracks and
to ensure a clean set of candidates for subsequent physics analyses.

9.2 Misalignment
The construction of a high-precision particle detector requires excellent mechanical
accuracy during assembly. In practice, however, the achievable assembly precision is
limited. Moreover, environmental factors—such as thermal expansion, mechanical
stress, and gravitational sagging—can alter the geometry of the detector over time.
As a consequence, individual detector components may be displaced or rotated rel-
ative to their intended nominal positions, a condition referred to as misalignment.
Accurate knowledge of the detector geometry is essential for optimal performance
of the reconstruction algorithms and the online event selection, a dedicated align-
ment procedure must be applied before data taking and refined periodically during
operation.
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To quantify and understand the influence of misalignment on detector performance,
detailed simulations based on Geant4 were performed (see [26] and [57]). These
studies incorporate the hierarchical structure of the Mu3e pixel detector, comprising
stations, modules, ladders, and individual sensors, which is expected to be reflected
in the characteristic pattern of misplacements after assembly.

In the simulations, various realistic misalignment modes were considered, including
global translations and rotations of mechanical substructures as well as deformations
and shifts of individual sensors. These distortions were applied in a randomized
manner to evaluate their impact on track reconstruction efficiency and momentum
resolution. The estimated mechanical tolerances after construction lead to an av-
erage absolute displacement of approximately 450 µm at the corners of individual
sensors relative to their nominal positions.
In the worst-case misalignment scenario studied, the overall tracking efficiency de-
creases by about 40%, and the momentum resolution deteriorates by roughly a factor
of two. However, the simulations also reveal an efficiency plateau for configurations
in which the absolute sensor displacement remains below approximately 100 µm, in-
dicating that alignment tolerances at this level are sufficient to maintain nominal
performance.
Global shifts of entire detector stations exhibit a different sensitivity profile. Dis-
placements perpendicular to the beam axis were found to have only a minor influence
on the reconstruction performance. In contrast, misplacements along the beam di-
rection significantly degrade the signal sensitivity, as they distort the longitudinal
hit correlations that are essential for precise vertexing and track fitting.

9.3 Alignment Methods
The alignment process begins with the precise construction of detector modules and
layers, carried out with specialized tools and verified through an extensive survey.
Once the detector is in place, any shifts of its larger components are monitored using
a network of reference markers viewed by cameras mounted inside the magnet. The
principles of this optical-based monitoring technique are outlined in the next chapter.
Ultimately, the highest level of alignment accuracy is achieved through track-based
procedures that rely on cosmic-ray trajectories and data collected from the beam.

9.3.1 Track-Based Alignment
The alignment of a tracking detector requires precise knowledge of the position and
orientation of all sensitive elements. A common initial approach is to evaluate track
residuals, defined as the difference between a measured hit position and the cor-
responding position predicted by a fitted track model. If the detector geometry is
imperfect, these residuals will exhibit systematic patterns that can be used to derive
corrections.
In the simplest procedure, tracks are reconstructed using a track model that as-
sumes a fixed detector geometry. Residuals obtained from these biased track fits are
then used to update the alignment parameters iteratively. While this approach is
straightforward, it suffers from two major drawbacks: the track fits are intrinsically
biased because they rely on an incorrect geometry, and convergence of the iterative
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scheme is not guaranteed.
A more robust solution is obtained by incorporating the global parameters directly
into the track fit, thereby treating the detector geometry and the track parameters
on an equal footing. Instead of assuming a fixed geometry, the geometry parameters
become part of the fit model. In this formulation, the residual for hit i on track j is
defined as

rij = mij − f(qj, p), (9.1)
where mij denotes the measured hit position, qj represents the local parameters of
track j (such as position, direction, curvature), and p denotes the global alignment
parameters describing the detector geometry.
A global χ2-function is constructed by summing over all hits of all tracks:

χ2(qj, p) =
∑

tracksj

∑
hitsi

( rij

σij

)2, (9.2)

where σij is the measurement uncertainty associated with hit i of track j. Minimis-
ing this function yields an optimal, unbiased estimate of both the track parameters
and the global detector parameters simultaneously.
To achieve the required precision, the track model used in the fit must describe both
measurement uncertainties and the effects of material. For this purpose, the General
Broken Line (GBL) fit is employed [34]. In GBL, a charged particle’s trajectory is
represented as a sequence of short straight segments connected by internal nodes.
Small angular deflections (“kinks”) at these nodes account for multiple Coulomb
scattering, while the segment endpoints correspond to measurement surfaces. The
GBL formalism introduces local track parameters, scattering parameters and their
correlations, and yields a linearised representation of each track suitable for large-
scale alignment. Importantly, GBL preserves linear dependence on both local and
global parameters, which is essential for the global alignment procedure.
The global minimisation is performed using the MILLEPEDE-II algorithm [11].
Millepede-II takes the linearised equations produced by GBL for each track, elimi-
nates the track-specific local parameters analytically, and assembles a single global
linear system containing only the alignment parameters. This approach allows tens
of thousands of global parameters to be determined efficiently in a single step.
Together, the combination of GBL track reconstruction and the Millepede-II global
minimisation provides a powerful and unbiased framework for high-precision de-
tector alignment, overcoming the limitations of simpler residual-based iterative ap-
proaches.
At present, additional effort is being devoted to the implementation of the Gen-
eral Triplet Track Fit (GTTF) ([16], [21]). This method extends the multiple-
scattering-based triplet fit by explicitly incorporating measurement uncertainties of
the detector hits, thereby providing a more complete and realistic description of the
track model. Owing to its formulation on independent hit triplets, the algorithm is
inherently well suited for parallel processing, enabling efficient execution on mod-
ern computing architectures such as multi-core CPUs and GPUs. This scalability
makes it particularly attractive for high-rate environments and large-scale align-
ment applications like in Mu3e. In addition, the GTTF framework can be employed
for detector alignment in a manner comparable to established approaches such as
GBL/Millepede, enabling the simultaneous determination of track parameters and
alignment constants.
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Figure 9.1: Elliptical deformation of the detector. The true particle trajectory
(blue line) has a worse χ2 then the hypothetical track (purple line) found after the
deformation.

9.3.2 Weak Modes

Track-based alignment is a highly effective and precise method to mitigate resid-
ual misalignments in particle detectors. In particular, the alignment of individual
sensors can be determined with high local precision due to the geometric overlap
between adjacent detector layers and the small inter-layer spacing. However, cer-
tain global or semi-global deformations of the detector geometry cannot be uniquely
identified using track-based information alone.
These deformation patterns such as coherent shifts of entire detector layers or global
torsional distortions of the detector barrel are only weakly constrained by standard
track residuals. They are therefore referred to as weak modes. A characteristic
feature of weak modes is that the applied deformation does not change the overall
χ2 value of the track fit. As a result, the alignment algorithm cannot distinguish
between the true geometry and the deformed configuration.
This concept is illustrated using the example of an elliptical deformation of the detec-
tor barrel, as shown in figure 9.1. The true particle trajectory is represented in blue,
while the red circles denote the measured hit positions. If the barrel is elliptically
deformed, the χ2 of the blue track increases compared to the undeformed geometry.
However, a second track, shown in purple, can be reconstructed that yields the same
χ2 value as the original track, despite the geometric distortion. Thus, the deforma-
tion remains effectively invisible to the alignment procedure.
Figure 9.2 presents a selection of possible weak modes that may occur in the Mu3e
detector. It is important to note that this list is not necessarily exhaustive, nor
is it guaranteed that all illustrated deformation patterns will manifest in practice.
Nevertheless, understanding and suppressing these modes is crucial for achieving
the required alignment precision.
Several strategies exist to mitigate the influence of weak modes and thereby en-
hance the robustness of the detector alignment. One particularly effective method
is the use of cosmic-ray muons. Unlike the decay products of stopped muons, cos-
mic muons traverse the detector along a wide variety of trajectories, often entering
from above and passing through multiple detector layers at large angles. Their dis-
tinct topology provides geometric constraints that link detector regions which would
otherwise remain uncorrelated when relying solely on tracks from standard muon
decays.
Since the trajectories of this method cover detector regions that are not probed by
the predominantly low-momentum Michel electrons, they offer valuable complemen-
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Figure 9.2: Potential deformations and weak modes for the Mu3e detector.
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tary information and further reduce the susceptibility to weak modes.
In addition to track-based methods, external metrology can play an important role.
The Mu3e experiment specifically plans to employ a network of high-precision cam-
eras mounted inside the magnet volume to monitor the detector geometry continu-
ously. These optical systems provide micrometer-level measurements of the positions
and orientations of the detector modules, delivering an independent and highly ac-
curate reference frame. Integrating this information into the alignment procedure
not only increases the stability and reliability of the reconstructed geometry but also
helps eliminate weak modes that remain invisible to purely track-based techniques.
Together, the combination of cosmic muons, Michel electron tracks, and precise
optical surveying forms a comprehensive strategy for constraining global detector
deformations and achieving the alignment precision required for the Mu3e experi-
ment.

9.4 Optical Alignment
Optical alignment provides an important complement to track-based alignment, as
it allows additional weak modes to be constrained and offers an independent means
to monitor mechanical movements within the detector. In combination with track-
based methods, optical measurements improve the overall stability and reliability of
the detector geometry reconstruction.
The optical alignment system of the Mu3e experiment is based on the fundamental
magnification formula of geometrical optics. This relation describes how an optical
device equipped with a lens observes an object of known physical size. The mag-
nification formula links the real size of the object dreel and its projected size in the
image plane dimage with the distances between the lens and the object L, and the
focal length f .

M = dimage

dreal

= f

f − L
(9.3)

Under the assumption that the focal length of the lens and the measured image size
are well-calibrated and fixed quantities, the magnification relation can be rearranged
to determine the lens-object distance with high precision:

L = f(1 − dimage

dreal

) (9.4)

In the Mu3e setup, the observed object will be represented by a pair of reflect-
ing markers whose separation defines the real object size dreal. These marker pairs
can be mounted at multiple locations within the magnet bore. The midpoint be-
tween the two markers is then determined, which subsequently serves as the fixed
reference point for position determination and its deviation. In this way, mechanical
shifts, deformations, or thermal drifts of the structure to which the marker pair is
attached can be monitored in real time.
To realize this concept, a system of three cameras arranged around the detector
cage is needed. The central camera, referred to as the main camera, is positioned
at the origin of an imaginary two-dimensional coordinate system (see figure 9.3). A
point on the detector which is to be observed is illustrated as a red point in this
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Figure 9.3: Concept of the camera system of in the Mu3e experiment. The cameras
are represented by the purple dots and the detector markers by a red dot. The right
image shows the applied coordinate system. [47]

coordinate system. The established coordinate system allows the derivation of the
following equations.

x = c

2 + c(r2
0 − r2

1)
2D2 + 2b − d

D2 δ (9.5)

y = b + d

2 + (d − b)(r2
0 − r2

1)
2D2 + 2 c

D2 δ (9.6)

with δ = 1
4
√

(D + r0 + r1)(D + r0 − r1)(D − r0 + r1)(−D + r0 + r1)

By combining the constraints from all cameras, the position of the marker pair,
more specifically,the position of the geometric center, can be determined with high
precision. Measuring multiple points distributed throughout the detector volume
enables a complete spatial reconstruction of both the shape and the absolute position
of the detector. This provides a powerful and independent alignment reference,
essential for achieving the stringent tracking and vertexing performance required in
the Mu3e experiment.

9.5 Object Recognition
To make use of the position determination described in the previous section, the
following outlines how the coordinates of a marker are obtained starting from the
acquisition of an image. This process can be divided into two main steps:

1. Definition of a region of interest (ROI) in the acquired image that contains
the marker.

2. Determination of the image coordinates (pixels) of the marker’s center of grav-
ity.
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The ROI is defined manually using an image-processing program. Since no move-
ments or deformations of the detector on the order of several millimeters are ex-
pected, the ROI only needs to be defined once at the beginning of a measurement
procedure. This ROI is then retained for all subsequent image acquisitions.
The determination of the marker’s centroid coordinates is performed using the
Python package OpenCV. The image is first subjected to a blurring operation in
order to reduce noise and suppress high-frequency intensity variations. Based on
the processed image, the center of gravity of the marker intensity distribution can
then be calculated using the corresponding mathematical expressions:

xc =
∑

i xiIi∑
i Ii

andyc =
∑

i yiIi∑
i Ii

(9.7)

, where Ii is the intensity of a pixel at the coordinates xi and yi for all pixels i in
the ROI.
Once the coordinates of both markers have been determined, their separation in pix-
els within the image plane can be calculated. Using the previously known distance
between the markers in real space, equation 9.4 can then be applied to determine
the distance between the camera and the midpoint of the two markers. This is the
information required for the alignment procedure.
An advantage of using markers in combination with a centroid-based determination
method is that the camera does not require exceptionally high spatial resolution.
For an accurate determination of the center of gravity, the luminous object does not
need to be sharply focused, as the emitted light distribution can still be used to
reliably calculate the center of gravity.

The presented alignment method is valid only under the premise that the mark-
ers are observed strictly from a top-down perspective and without displacement
along the z-axis. Small deviations along the z-axis, such as those that may arise
during camera installation, can be neglected under the small-angle approximation.
For larger displacements resulting from the geometric arrangement of cameras and
markers, more elaborate correction procedures would need to be developed.
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Chapter 10

The Camera Setup

The following chapter describes the camera setup for the optical alignment system
of the Mu3e experiment. An initial version and feasibility study were previously
developed by Goran Stanic as part of a master’s thesis [47]. In these studies, the
reflective markers are represented by individual LEDs. The laboratory setup de-
veloped in that work has since been improved to better reflect the conditions of
the actual experiment. Furthermore, adaptations have been made to enable the
technical implementation of the system within the Mu3e detector cage.

10.1 The Rapsberry Pi Camera
For the Mu3e optical alignment system, the Raspberry Pi v2 NoIR camera [40] was
selected (see figure 10.1). This camera is comparatively small, which is essential
due to the limited space inside the magnet. In addition, it is capable of detect-
ing infrared (IR) light, which initially motivated the LED-based alignment concept.
The underlying idea was to use light outside the visible spectrum in order to avoid
interference with, or potential damage to, the scintillating detectors. However, the
SciFi detectors still exhibit sensitivity to wavelengths extending into the infrared re-
gion, as shown in figure 10.2. Infrared LEDs typically emit light in the wavelength
range between 800 nm and 1000 nm, which remains within the detectable range of
the SciFi detectors. Consequently, the infrared-based concept was abandoned, and
the use of LEDs emitting in the visible wavelength range in combination with a
switched-off SciFi detector was pursued instead.
Nevertheless, since the Raspberry Pi camera had already yielded good results in the
feasibility study and offers straightforward handling, it was retained for further use.
All relevant baseline parameters of the camera are listed in Table 4.
The only notable irregularity observed in the use of the Raspberry Pi v2 NoIR
camera is a variation in the focal length. While the manufacturer specifies a fo-
cal length of 3.04 mm, this value varies slightly from camera to camera. For the
distance measurements described above, precise knowledge of the focal length is
essential. Therefore, each camera must be individually calibrated prior to use in
the experiment. This calibration is performed by imaging an object of known size
at a precisely defined distance. Based on calibrations performed so far, an average
uncertainty of 0.14 µm in the focal length determination was observed.
The radiation hardness of the cameras was verified during the 2021 integration run
at PSI. The cameras were operated at a distance of approximately one meter from
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Figure 10.1: The Raspberry Pi v2 NoIR camera used for the Mu3e camera align-
ment system.

Figure 10.2: Photon detection efficiency vs. wavelength of the multi-pixel photon
counter array used for the SciFi detector [25]. Crosstalk and afterpulses are not
included in this model.

136



Specs Raspberry NoIR v2
Size 25 x 24 x 9 mm
Weight 3 g
Resolution 8 megapixel
Sensor Sony IMX219
Sensor resolution 3280 x 2464 pixels
Sensor image area 3.68 x 2.76 mm
pixel size 1.12 x 1.12 µm
Focal length 3.04 mm
Horizontal field of view 62.2 deg
Vertical field of view 48.8 deg

Table 10.1: Hardware specifications of the Raspberry Pi v2 NoIR camera [40], [28].

Figure 10.3: Heating and cooling behavior of the Raspberry Pi v2 NoIR camera
and its PCB [47].

the experiment, and no adverse effects of radiation on their performance were ob-
served. In particular, no dead, stuck, or hot pixels were detected.
The potential influence of the magnetic field inside the detector was also investi-
gated. For this purpose, a 0.6 T magnet was used in the laboratory. The camera
operated without any limitations within the magnetic field.
During operation, it must be taken into account that the camera, and consequently
the printed circuit board (PCB), undergoes slight heating. This leads to variations
in the measurement results and can result in inaccurate distance determinations.
Investigations have shown that the optimal procedure is to wait approximately 3 s
after powering on the camera before acquiring an image, as thermal effects are min-
imal at this point. Subsequently, a cooling period of about 30 s should be observed
to allow the module to fully cool down before the next image is recorded.
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Figure 10.4: New camera setup for the laboratory with PCBs for the Camera and
detector LEDs to assure a more stable measurement.

10.1.1 The Camera Module
The measurements described so far were conducted within the scope of a feasibility
study and therefore were not performed using an ideal or fully realistic experimental
setup. A major limitation was that the cameras and their associated LEDs were not
mechanically integrated into a single rigid structure. The cameras were mounted on
an aluminum bar of a certain length. This length was measured using a conventional
ruler and cut manually, which resulted in a significant loss of precision. Furthermore,
the LEDs were attached to the upper and lower ends of the bar using adhesive tape.
Consequently, a precise determination of the exact distance between the centers of
the two LEDs, which is an essential parameter for distance measurement, was not
possible with this setup.
To address these shortcomings, a printed camera module PCB was designed to
accommodate both the camera and the LEDs (see figure 10.4). The flat ribbon
cable supplying power to the camera module remains directly connected to the
camera PCB. The camera PCB is then connected to the module PCB via an adapter
connector and mechanically stabilized using screws. The two LEDs are operated
with a supply voltage of 3.3 V, provided by the Raspberry Pi via the camera PCB
interface. They are spaced 72.4 mm apart. The camera PCB was positioned such
that the center of the camera lens lies exactly on the midpoint of the axis defined
by the two LEDs.

10.2 Lab Setup Optimization
The laboratory setup originally developed by G. Stanić [47] provided the basis for the
optical monitoring studies, but further improvements were necessary to reproduce
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Figure 10.5: Mechanical representation of the Mu3e detector for the laboratory
setup. The black bars represent the most outer layer of the detector and have the
correct distance to the cameras like in the experiment.

the real detector geometry more accurately and to increase measurement precision.
In particular, the spatial configuration had to be adapted to match the mechanical
constraints of the final detector. The objective of the revised setup was therefore to
establish realistic boundary conditions under which the performance of the camera
system could be evaluated with higher accuracy and reproducibility.
The optimization focused primarily on correcting the geometrical dimensions of the
system. The distance between the three cameras within one setup as well as the
distance between the cameras and the detector mock-up were adjusted to reflect
the final installation scenario. The completed detector, including its outer layers,
will have a radius of 68 mm. In the laboratory, this geometry was approximated
using a cylindrical plastic tube with a radius of 60 mm. The missing 8 mm were
compensated by specially designed support structures produced for various camera
tests, allowing fine adjustment of the camera positions and effectively reproducing
the final detector dimensions (see figure 10.5). These modifications enabled more
realistic angular coverage and improved triangulation conditions for distance mea-
surements. In addition, the new camera PCB described in the previous section was
implemented in the updated setup, ensuring optimized LED control and mechanical
robustness consistent with the final system design. As a result, systematic investi-
gations could now be carried out under conditions closely resembling those expected
in the real detector environment
In summary, the improved laboratory setup represents a significant advancement
toward realistic system validation. By correcting the geometrical parameters and
integrating the updated electronics, the experimental conditions now closely approx-
imate the final detector configuration. This enhancement increases the reliability of
the measurements and strengthens the validity of conclusions drawn from laboratory
studies for later in-detector operation.

10.3 Experimental Setup
After the optimization of the laboratory configuration, the next step was the val-
idation of the system under real detector conditions. The goal of this phase was
to evaluate mechanical integration, optical coverage, and data acquisition stability
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inside the detector environment. Particular attention was given to ensuring that a
complete detector segment could be observed while maintaining the possibility of
combining LED-based distance measurements with pattern recognition methods.
One camera setup consists of three cameras: a central main camera and two dis-
tance cameras equipped with LEDs, observing the detector segment as the object
of interest. To allow reliable monitoring and preserve the option of applying pat-
tern recognition in addition to the LED-based approach, it is necessary to image
the entire detector segment. The detector itself is divided into three segments, and
the supporting cage contains six transverse bars, which permits the installation of
two camera setups per segment (see figure 10.6). With this configuration, the entire
detector area could in principle be monitored using a minimal number of cameras.
However, the resulting displacements along the z-axis between the cameras and the
markers would be substantial, necessitating complex correction procedures. One
possible approach to mitigate this issue is to position the camera setups directly
above the markers. This, however, implies that a greater number of setups would
be required, depending on the number of desired marker positions.

During the Cosmic Run at PSI in 2023, one complete setup comprising three cameras
was mounted in the middle detector segment and tested under realistic operating
conditions. Several images, shown in figure 10.7 were recorded, demonstrating that a
full detector segment as well as all cameras in one setup can be successfully captured.
However, it was observed that the mylar foil used to protect the pixel detector pro-
duces strong reflections, which significantly complicate feature extraction and make
additional pattern recognition approaches challenging under current conditions. In
contrast, the LED-based monitoring remains unaffected. Furthermore, it was con-
firmed that the use of long flat cables connecting the cameras to the Raspberry Pi
units does not introduce delays or degrade data acquisition, demonstrating stable
and reliable system performance even with extended cabling.
In conclusion, the in-detector test during the Cosmic Run 2023 confirmed the me-
chanical feasibility and operational stability of the three-camera monitoring system.
Full segment coverage was achieved, and data transmission proved robust despite
long cable connections. Although optical reflections from the mylar foil present chal-
lenges for pattern recognition, the overall system performance validates the concept
and provides a strong foundation for further optimization and large-scale implemen-
tation.

10.3.1 The Precision of the Camera System

A preliminary assessment of the achievable precision of the camera-based alignment
system has previously been reported by G. Stanic. Of particular relevance in this
context is the magnitude of the uncertainties associated with the reconstructed posi-
tions of the light-emitting diodes (LEDs), as these directly impact the overall spatial
resolution of the system.
To quantify these uncertainties, a dedicated measurement campaign was conducted.
Three cameras simultaneously imaged a set of three LED pairs located at the center
of the laboratory setup, effectively representing a simplified detector geometry. A
total of ten images were acquired in order to sufficiently constrain all variables enter-
ing the equations 9.5 and 9.6 which are used to determine the x- and y-coordinates
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Figure 10.6: Cad drawing of the Mu3e cage and detector with a possible placement
of the cameras. Each segment is here observed with one camera setup. In every
segment an additional camera setup could be applied with opposite orientation (Not
shown for clarity).
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Figure 10.7: Picture of the vertex detector during the 2023 cosmic run.
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of the midpoints between each LED pair.
The key quantities of interest are the uncertainties in the reconstructed spatial coor-
dinates. An analysis of error propagation was carried out using Wolfram Mathemat-
ica. The standard deviations of the derived variables were obtained by propagating
the uncertainties of all contributing input parameters through the coordinate recon-
struction procedure. The resulting uncertainties for the x- and y-coordinates of the
individual points are summarized in Table 1.
The average uncertainty in the x-coordinate was found to range from 120 µm to
151 µm, while the corresponding uncertainty in the y-coordinate lies between 51 µm
and 69 µm. For comparison, the pixel size of the MuPix sensor is approximately
80 µm, providing a useful benchmark for the expected precision scale of a viable
alignment system. These results indicate that the current system achieves a spatial
resolution on the order of the intrinsic detector granularity, though with a noticeable
anisotropy between the two coordinate directions.

An alternative approach to evaluating the alignment precision is the comparison
to the precision of the track based alignment, created by real experimental data
acquired during commissioning runs. Such data provide a direct, physics-driven val-
idation of the alignment performance under realistic operating conditions, including
potential systematic effects not captured in controlled laboratory measurements.
In the spring of 2025, the Mu3e Collaboration initiated a beam period dedicated
to detector commissioning and early data acquisition. During this phase, the full
vertex detector, together with a SciFi module, was successfully installed and oper-
ated, including all necessary services and a stable data acquisition and transmission
infrastructure.
In addition to recording data from particles produced by the accelerator, dedicated
studies were performed using tracks induced by cosmic radiation, in particular by
cosmic muons. Cosmic muons traverse the detector layers at relatively low rates,
thereby providing a high-purity sample of predominantly straight trajectories. This
characteristic makes them especially well suited for detector calibration tasks, such
as investigations of the spatial alignment of detector components.
The primary focus of this study was the alignment of the pixel ladders within the
vertex detector. The alignment procedure was based by applying a straight line fit
to potential cosmic muon track candidates, consistent with the negligible curvature
expected in the absence of a magnetic field and at the relevant momentum range.
Subsequently, residuals, defined as the spatial differences between the measured hit
positions and the corresponding fitted track position, —were analyzed and compared
across detector elements.
The results (see figure 10.8) indicate misalignments of up to 126 µm per ladder.
These offsets were incorporated as alignment corrections into the track reconstruc-
tion framework. The application of these corrections resulted in an approximately
10% increase in the absolute number of reconstructed four-hit tracks, accompanied
by a significant improvement in the track-fit quality, as quantified by the reduced
χ2 metric.
In conclusion, the camera-based alignment system achieves a spatial precision on
the order of 100 µm, which is consistent with the misalignment scale observed in
track-based studies. The uncertainties obtained from the LED measurements are
therefore in good agreement with the alignment corrections derived from cosmic
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Figure 10.8: χ2 distribution of 4-hit cosmic tracks before (shown in blue) and after
(shown in red) the track based alignment [6].

muon data recorded by the Mu3e Collaboration. This demonstrates that the optical
system provides a realistic estimate of the detector’s spatial accuracy.
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Chapter 11

High contrast Fiducials

The second key component of the camera-based alignment system in the Mu3e
experiment, alongside the cameras, is the set of contrast markers, which are essential
for the system’s operation. In their development and selection, the most important
considerations are the optical contrast and the feasibility of mechanical integration
within the already very compact experimental environment.
This chapter describes the development process of various possible contrast markers
and the criteria that led to the selection of the final self-reflective markers. The
technical implementation and production of these fiducials form the core focus of
this chapter.

11.1 Design Evolution of the Optical Alignment
Fiducials

In the early design phase of the optical alignment system, light-emitting diodes
(LEDs) were considered as active fiducial markers. The primary motivation for
this approach was their excellent optical contrast and the fact that they do not
require perfect focus to be reliably detected. Due to their intrinsic brightness and
well-defined emission spectra, LEDs offer robust signal discrimination against back-
ground structures. Such properties are particularly advantageous in complex de-
tector environments where varying surface textures and materials can complicate
image analysis.
However, several practical limitations became apparent. LEDs require mechanical
support structures, increasing the material budget in an already densely packed
region of the detector. More critically, they require electrical power, implying ad-
ditional cabling routed through the narrow and crowded gap between the detector
layers and the beam pipe. The routing of cables in this region would introduce both
mechanical and integration challenges.
A further fundamental constraint arises from the nature of the detector itself. The
SciFi detector is highly sensitive to external light even in the infrared spectrum
and cannot tolerate illumination during operation. Consequently, the camera-based
alignment system cannot be used while the detector is running. This significantly
reduces the operational advantage of active light sources such as LEDs, since the
alignment measurements must be performed during dedicated calibration periods
when the detector is not taking physics data. Given this limitation, the continuous
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Figure 11.1: Different optical fiducials were tested to find the one with the best
contrast as well as an easy and small space consuming application.

availability of active emitters offers no decisive benefit.

For these reasons, an alternative concept based on passive, self-reflective fiducials
was investigated. Instead of using light-emitting components, high-contrast reflec-
tive markers combined with an external light source were proposed. To evaluate
feasibility, an initial study was conducted using black tape with embedded retrore-
flective points. The results demonstrated very good performance: the markers ex-
hibited strong reflection and excellent visibility in camera images, confirming the
suitability of the principle.
Despite the promising optical properties, the tape-based solution proved to be rel-
atively large compared to the small-scale structures of the detector components.
While such markers may be well suited for monitoring larger structures, such as the
mechanical cage or external service components, they are oversized for precise inte-
gration on delicate detector elements. This limitation motivated the development
of a more refined implementation.
The most suitable location for fiducial placement was identified as the endring of the
outer detector layers. The endring is a structural support element that maintains the
precise positioning of the detector ladders. It represents the largest planar surface
that is externally visible, making it an optimal candidate for optical monitoring.
To achieve compact, high-precision fiducials directly on the endring, the use of a
high-precision glue-dispensing robot (“Gluebot”) was proposed. This system allows
controlled deposition of small, well-defined paint droplets with micrometer-level posi-
tioning accuracy. The chosen material is a white reflective paint similar to that used
for road markings, known for its durability and high visibility. To enhance retrore-
flective performance, reflective microbeads are added. This combination produces
strong directional reflection toward the light source, thereby maximizing contrast in
the camera system.
The concept foresees dispensing multiple dot pairs on the endring, where each dot
pair replaces one LED pair from the original design. By preserving the geomet-
rical arrangement of paired markers, the established alignment algorithms can be
retained with minimal modification. At the same time, the passive reflective solu-
tion eliminates the need for power supply, cabling, and mechanical LED mounts,
significantly reducing material complexity and integration risks.
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Figure 11.2: CAd model of the outer layer endring (red).

In summary, the transition from active LED fiducials to passive self-reflective mark-
ers represents a technically advantageous solution. It maintains high optical contrast
while minimizing material, mechanical, and operational constraints within the sen-
sitive detector environment. The implementation on the endring provides a stable,
visible, and geometrically well-defined reference structure, ensuring reliable align-
ment measurements without interfering with detector operation.

11.2 Placement and Implementation of Reflective
Dot Fiducials

Following the transition from active LED markers to passive reflective fiducials, the
next step was the practical implementation of these markers on the detector struc-
tures. This section describes the chosen placement strategy, the application method
using the glue dispensing robot, and the first experimental studies carried out to
evaluate the feasibility and optical performance of the reflective dot pairs.

The reflective markers will be applied directly to the endring structures of the outer
detector layers. The endring is a mechanically rigid support element that holds the
detector ladders in their precise relative positions. Due to its location at the outer
boundary of the detector modules and its comparatively large visible surface area,
it provides an ideal reference structure for optical monitoring.
Each endring consists of three separate mechanical segments that are assembled to
form the complete circular structure (see figure 11.2). The endring clamp used to
hold the detector ladders is designed with a step-like geometry that contains several
planar surfaces at different heights. These flat surfaces are particularly advanta-
geous for the placement of optical fiducials. In contrast to curved surfaces, planar
regions do not require geometric corrections in the distance reconstruction. This
simplifies both the calibration and the subsequent alignment analysis.
Because several flat surfaces are available on each clamp segment, multiple fiducial
dot pairs can be applied to a single endring. The use of several independent marker
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Figure 11.3: 3D printed endring model on a mounting structure to apply reflecting
dots with the gluebot.

pairs increases redundancy and improves the statistical precision of the alignment
measurements. Furthermore, distributing the markers across different surfaces al-
lows the monitoring of potential local deformations of the mechanical structure.

To achieve the required positioning precision and reproducibility, the reflective dots
are applied using the glue dispensing robot developed for the P2 experiment in
Mainz. The Gluebot was originally designed for the automated placement of pixel
sensors.
The Gluebot is an in-house developed, high-precision pick-and-place platform equipped
with a programmable glue dispensing unit. The dispenser operates with a time-
pressure control mechanism that allows the controlled deposition of small liquid
volumes. In addition, the system includes UV curing capability as well as an auto-
mated self-calibration system based on cameras and position sensors. These features
enable micrometer-level positioning accuracy and highly reproducible dispensing
conditions.

Initial feasibility studies were performed to evaluate the practical application of
reflective dots using the Gluebot. For these tests, a prototype version of the endring
clamp was produced using a standard filament-based 3D printer.
To enable precise dispensing with the Gluebot, a dedicated mounting fixture was
designed (for both see figure 11.3a). This fixture ensures that one of the planar
surfaces of the endring clamp is oriented horizontally during the dispensing process.
The fixture can be directly attached to the Gluebot platform, allowing the robot to
operate within its standard coordinate system (see figure 11.3b).
Before applying the reflective dots, several calibration measurements were performed
on the mounting plate of the 3D-printed holder, shown in figure 11.4a. These calibra-
tion tests already indicated that the deposited dots exhibited noticeable irregularities
in their shape (see figure 11.4b). After calibration, two dot pairs were applied to
the surface of the endring clamp. Immediately after deposition, while the paint was
still wet, the dots were coated with a powder consisting of reflective microbeads (see
figure 11.4c). The purpose of this step is to increase the retroreflective properties
of the markers by embedding the microbeads into the surface of the paint layer. A
close inspection of the resulting markers revealed that the dots were not perfectly
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(a) Calibration dots to find the correct dis-
pensing time. (b)

(c) First dots printed on the endring and
covered with microbeads powder. (d)

Figure 11.4: Applying the first dots onto the endring using the gluebot.
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(a) New endring printed with a resin printer
to get a smoother surface.

(b) Mixing the reflective paint with glue to
increase the viscosity.

circular but instead showed significant spreading, which is clearly visible in figure
11.4d. In particular, it could be observed that the liquid paint flowed into the sur-
face structures of the 3D-printed component. The layered surface texture produced
by the filament printing process introduced small grooves into which the paint could
flow. Overall, this behavior suggested that the paint used in the initial tests had a
viscosity that was too low for the intended application.

Despite the non-ideal geometry of the initial test markers, their optical performance
was evaluated to assess their suitability for the camera-based alignment system.
The primary objective was to determine the extent to which the incorporation of
microbeads influences the reflectivity and contrast of the markers and indeed a sig-
nificant difference could be observed. The addition of reflective powder markedly
increases the visible brightness of the markers. The retroreflective microbeads en-
hance the reflection of incident light toward the camera, thereby improving the
contrast between the markers and the surrounding surface. These results confirm
that the use of reflective microbeads constitutes a critical component in the design
of fiducial markers.

Two main improvements were identified based on the results of the first tests. The
first concerns the surface quality of the mechanical component. The surface rough-
ness introduced by the filament-based 3D printing process was identified as a major
factor contributing to the irregular dot shapes.
A significantly smoother surface can be obtained by producing the component with
a resin-based 3D printing technique. Resin printers use photopolymer materials and
layer curing processes that enable much finer surface structures compared to conven-
tional filament printers. This technology allows the production of smooth surfaces
that prevent uncontrolled spreading of the liquid paint.
In addition, small recessed cavities were incorporated into the 3D printed design
to guide the paint deposition (see figure 11.5a). These cavities act as predefined
reservoirs into which the paint can flow, ensuring a controlled and reproducible dot
geometry. 4 sets of cavity pairs with a diameter of 0.8 mm and a distance of 1.6 mm
between the pairs and a distance of 2.3 mm between the sets were created.
The second major improvement addressed the viscosity of the reflective paint. The
initial tests indicated that the paint was too fluid, leading to excessive spreading
across the surface.
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Figure 11.6: Application of the dots with the new endring and paint mixture as
well as the reflective powder.

To increase the viscosity, the reflective paint was mixed with a specialized resin ad-
hesive. A mixture ratio of 1:1 between the reflective paint and the resin adhesive
was used (see figure 11.5b).This mixture produced a significantly more stable liquid
while maintaining good flow properties.
Following the preparation of the mixture, a series of dispensing tests were performed
to determine the optimal dispensing time, which directly controls the volume of
deposited material. The goal was to identify a dispensing duration that fills the re-
cessed cavities completely without causing overflow. For a final production process,
either a precisely defined mixture must be prepared by accurate weighing, or a test
dispensing must be performed each time.
During these tests it was observed that the viscosity of the mixture was well suited
for the application. The liquid distributes evenly within the cavities and spreads
symmetrically in all directions. Importantly, the mixture did not become excessively
viscous. This is crucial because uneven spreading could shift the center of gravity
of the dot. Since the center position of the marker is the fundamental reference
point used in the camera-based distance measurements, any systematic shift would
directly degrade the achievable alignment precision.
The configuration obtained after mounting an endring onto the detector is shown
in figure 11.7. The image depicts the assembled endring within the camera setup
under laboratory conditions. The distance and viewing angle correspond to those
intended for the final experimental configuration. The illumination conditions are
comparable to those expected in the experiment, although further optimization is
still possible.
In addition, the region of interest was defined as described in section 9.5. This step
provides a reliable means of assessing whether the achieved contrast is sufficient for
robust marker detection. It can be observed that the identified point is not perfectly
uniform in appearance. This is primarily attributed to the insufficient contrast be-
tween the fiducial markers and the material, as well as the color of the endring. At
the time of fabrication, no darker resin was available for the 3D printing process,
which limited the achievable contrast.
The lack of contrast is further evidenced by the fact that, depending on the angle
and intensity of the incident illumination, not all fiducial markers could be con-
sistently reconstructed. It also appears that the illumination source is excessively
intense, which adversely affects the achievable contrast. However, this limitation
can be mitigated through improved and more uniform lighting conditions.
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Figure 11.7: Picture of the endring with the reflecting dots in the dark. A black
and white image of one dot is shown beside the endring.
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Nevertheless, the results demonstrate that the proposed method is fundamentally
effective. In particular, a significant improvement in performance can be expected
with optimized contrast and illumination, leading to more reliable detection and
increased accuracy in position determination.

The first prototype studies demonstrated the general feasibility of applying reflective
fiducial markers to the endring structures using the Gluebot system. While the ini-
tial tests revealed limitations related to surface roughness and paint viscosity, both
issues could be addressed through design and material improvements. The introduc-
tion of resin-printed components with integrated cavities and the optimization of the
paint mixture resulted in significantly improved dot geometry and reproducibility.
Furthermore, optical tests confirmed that the addition of reflective microbeads sub-
stantially enhances marker visibility under realistic illumination conditions. These
results establish a reliable method for producing compact, high-contrast fiducial
markers suitable for the camera-based alignment system of the detector.
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Part IV

Summary and Outlook
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The Mu3e DC-Dc Converter

The operation of the Mu3e detector requires low and highly stable supply voltages
for its individual subdetectors. At the same time, the limited available space inside
the experimental area prevents the placement of conventional power supplies close
to the detector. Consequently, the long power cables between the external power
supplies and the detector systems would lead to significant voltage losses, especially
at the low operating voltages required by the detector electronics. To address these
challenges, the Mu3e experiment adopted a distributed DC-DC power conversion
concept for Phase I of the experiment.
The subject of this thesis was the development of the Mu3e DC-DC converter,
including not only the design and optimization of the converter hardware itself,
but also its mechanical and software integration into the experiment as well as the
evaluation of its performance in combination with the different detector subsystems.

A central aspect of the quality assurance of the Mu3e DC-DC converter is the
stability and quality of the output signal. The converter output voltage must op-
erate without oscillations and a low output ripple, ideally below 10 mV. To achieve
this goal, particular attention was devoted to the design and optimization of the LC
output filter and its damping characteristics. Extensive simulations and laboratory
measurements were performed in order to identify suitable filter parameters and to
verify stable operating conditions. The final converter design fulfills the required
ripple specifications and exhibits stable operation under all tested conditions.
The achieved power conversion efficiency of 87.3% represents a very good result for
this type of DC-DC converter and compares favorably to the original evaluation
module design that served as the basis for the development. The efficiency measure-
ment also provides an important indication for the correct and reliable operation of
the converter system.
In addition to the core converter functionality, several additionally features were
developed and successfully tested. An ADC/GPIO monitoring chip was relocated
from the backplane onto the converter board itself, enabling direct readout of various
monitoring signals. These include the sense signals of the vertex detector, such as
voltage, current, and the temperature diode voltage. The implemented monitoring
system showed reliable operation during laboratory tests.
Furthermore, a dedicated hardware temperature interlock was implemented as the
fast and final protection stage against overheating of the üixel detector.
Another important development presented in this work is the implementation of a
voltage drop compensation mechanism. Due to the relatively long cable distances
between the converters and the detector modules, together with the different cable
materials and cross sections used in the system, significant voltage drops occur along
the power lines. But the intrinsic regulation range of the converter is insufficient to
fully compensate these losses for the pixel detector. The implemented drop com-
pensation dynamically adjusts the converter output voltage depending on the load
current such that the voltage at the detector remains constant after the cable losses.
Both laboratory measurements and detector operation demonstrated the successful
functionality of this approach.
The transient behavior of the converter, i.e. the response of the output voltage to
sudden load changes, was also investigated in detail. Small irregularities were ob-
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served during these measurements that could not be fully eliminated. Additional
stability studies based on Bode plot measurements suggest that these effects are
likely related to intrinsic properties of the PCB layout rather than to the converter
topology itself. Despite these observations, no measurable negative impact on the
detector operation or the converter stability was observed during experimental op-
eration.
The developed converter system was successfully tested together with vertex detec-
tor modules and SciTile detector modules in the laboratory environment. Subse-
quently, the converters were fully integrated into the Mu3e experimental infrastruc-
ture. This integration included the development of dedicated cooling blocks and
heatsinks, which simultaneously provide efficient thermal coupling, mechanical fixa-
tion, and improved electromagnetic shielding of the converter boards. The heatsinks
are mounted into cooling block slots, resulting in a compact and mechanically ro-
bust installation concept. Each crate accommodates up to 16 converter slots and is
controlled via a dedicated crate controller.

A major milestone was the successful operation of the converter system during the
Mu3e beam run in 2025. During these tests, a full vertex detector and a SciFi
module were operated using the developed power system. The DC-DC converters
showed very reliable behavior throughout the commissioning and operation phases.
The power-up sequence functioned without problems, and all implemented mon-
itoring and protection features operated reliably. In particular, the voltage drop
compensation provided stable detector voltages even during significant load transi-
tions. The previously observed weaknesses in the transient response did not lead to
any observable degradation of detector performance.
Although the transient effects could potentially be improved through a redesigned
PCB layout, such a redesign would involve significant effort and risk. A prototype
version 3 PCB demonstrated that even with an unchanged circuit schematic, lay-
out modifications alone can lead to complete malfunction of the converter system.
Therefore, any future redesign must carefully balance the potential performance im-
provements against the associated development risks, especially since the current
system already fulfills the operational requirements of the detector.

Several aspects nevertheless remain for future investigation and optimization. Dur-
ing the test beam campaign, sporadic spikes were observed in the current readout
system. These effects could not be reproduced directly at the converter output or
at the detector itself and are therefore suspected to originate from internal effects
of the ADC circuitry. Further studies and possible modifications of the ADC im-
plementation may resolve this issue. In addition, occasional anomalous readback
values of approximately 5 V were observed on the Vdd monitoring line of the vertex
detector. The effect could only be measured at the amplifier output on the DC-DC
converter board and not directly at the detector module, indicating possible stabil-
ity or gain-related effects within the readout chain. Additional investigations are
required to fully understand this behavior.
For future detector operation, the development and validation of a sense-wire board
remains an important task. This system will allow the simultaneous readout of all
vertex detector monitoring signals and will therefore be essential for comprehensive
detector supervision and safe long-term operation.
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Furthermore, additional large-scale tests with increased numbers of SciFi and Sci-
Tile modules as well as with the outer detector layers are required. These studies
will also allow a final validation and optimization of the voltage drop compensation
parameters for the outer layers.

In conclusion, the work presented in this thesis successfully realized the Mu3e DC-
DC converter system for Phase I operation. The developed converters fulfill the elec-
trical, thermal, and operational requirements of the experiment and demonstrated
reliable and stable performance during laboratory measurements, detector integra-
tion tests, and full system operation. The implemented power distribution system
is fully functional and provides the robust and efficient infrastructure required for
detector commissioning and sustained Mu3e operation. While further optimization
and detailed investigations remain part of ongoing development, the core objectives
of the project have been achieved and validated successfully.

The Mu3e Camera Alignment System
Precise detector alignment is a fundamental requirement for modern particle physics
experiments, as even small mechanical displacements can lead to significant losses
in tracking precision and consequently affect the achievable physics sensitivity. This
is particularly important for the Mu3e experiment, where the reconstruction of low-
momentum particle trajectories requires an accurate and continuously monitored
detector geometry.

The objective of this work was the development of optical fiducial markers for the
Mu3e camera-based alignment system. The alignment concept is based on a sys-
tem of three cameras equipped with LED pairs, which observe both each other and
dedicated optical markers mounted on detector structures. The underlying mea-
surement principle relies on the magnification formula: fiducial marker pairs with
known dimensions are observed by calibrated cameras, and the spatial distance can
be reconstructed from the focal length and the measured separation in the image
plane. Initial measurements demonstrated that relative displacements on the or-
der of 100 µm can already be resolved with the current setup. This performance is
in good agreement with the first alignment studies based on reconstructed particle
tracks and therefore confirms the feasibility of the optical alignment approach for
the Mu3e detector.
The development of the fiducial markers was strongly constrained by the experi-
mental environment. Due to the very limited space available inside the detector,
the markers had to be compact while simultaneously providing high optical contrast
and strong reflectivity. Furthermore, the installation procedure needed to be as sim-
ple and non-invasive as possible in order to minimize the risk of damaging delicate
detector structures during mounting and maintenance.
Several fiducial concepts were investigated during this work. Initial tests with LEDs
demonstrated excellent contrast and visibility but required additional cabling and
mounting structures, making them impractical for many detector locations. Passive
reflective fiducials, including tooling balls and reflective tape, were subsequently
studied. While tooling balls provided good optical performance, their dimensions
exceeded the acceptable size limits for integration close to sensitive detector compo-
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nents. Reflective tape showed promising results and remains suitable for monitoring
larger structures inside the magnet volume. However, for the compact fiducials re-
quired on the detector end rings, a dedicated custom solution had to be developed.
The final fiducial concept consists of one millimeter cavities produced directly in the
endring structures of the outer detector layers. These cavities are filled with a mix-
ture of acrylic adhesive and reflective paint and subsequently coated with reflective
microbeads in order to maximize the reflected light intensity. The filling procedure
was automated using a glue-dispensing robot, allowing reproducible marker geome-
tries and minimizing systematic variations between individual fiducials. Laboratory
measurements showed that the developed markers optical had a good shape but the
contrast needs to be improved, for example through optimization of the surrounding
end-ring surface color.

Although the developed system already demonstrates promising performance, sev-
eral important aspects remain for future work and optimization. One of the most
important tasks is the further improvement and standardization of the fiducial pro-
duction process. In particular, the optimal mixing ratio between adhesive and re-
flective paint has not yet been fully determined and requires systematic studies. The
deposited material volume must also be carefully optimized, as even small overflows
can distort the fiducial geometry and shift the reconstructed center position. Since
the alignment precision directly depends on the accurate determination of the fidu-
cial center of gravity, the reproducibility of the marker shape will remain a critical
parameter for future detector operation.
Another major topic for future development concerns the illumination conditions in-
side the detector volume. The achievable contrast and reflection intensity strongly
depend on the lighting geometry, viewing angle, and surface properties of the sur-
rounding structures. Further optimization of the illumination system will therefore
be necessary to ensure stable operation under realistic detector conditions.
The geometric arrangement of the cameras relative to the fiducial markers also rep-
resents an important challenge for the future system. If the cameras and marker
pairs are not located within the same plane along the optical axis, the markers are
observed under an angle, leading to geometric distortions in the reconstructed dis-
tances. While such effects can in principle be corrected algorithmically, large angular
deviations require increasingly complex correction procedures and may introduce ad-
ditional systematic uncertainties. Future detector integration studies must therefore
carefully optimize the camera positioning in order to minimize these effects already
at the hardware level.
A further important outlook concerns the integration of the optical alignment mea-
surements with track-based alignment procedures. While first results already show
good agreement between both methods, a combined alignment framework could
significantly improve the overall detector geometry determination. The optical sys-
tem has the potential to provide continuous monitoring of mechanical movements,
while track-based alignment can deliver highly precise calibration during physics
operation. The combination of both methods may therefore provide a powerful and
redundant alignment strategy for future Mu3e data taking.
The image readout and processing architecture employed in the current experimen-
tal setup will require significant modifications for deployment in the final system.
In particular, the use of a Raspberry Pi for camera control and data acquisition is
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neither advisable nor feasible for long-term operation within the detector environ-
ment due to performance, reliability, and integration constraints. Consequently, a
dedicated camera readout board must be developed. This board should incorporate
an LVDS interface for high-speed data transmission and utilize the same FPGA
architecture as the FEBs. Such an approach would enable direct acquisition, pro-
cessing, and evaluation of the camera data within the detector readout framework
while ensuring compatibility with the existing data acquisition infrastructure.
Another critical aspect that must be addressed is the integration of the system into
the Mu3e interlock architecture. Owing to the use of active light sources and the
sensitivity of the scintillating fibres, the optical monitoring system and the fibre de-
tector cannot be operated simultaneously. Exposure of the detector to unintended
illumination during operation could adversely affect detector performance and, in
the worst case, lead to irreversible damage. Therefore, a robust and fail-safe inter-
lock mechanism must be implemented to guarantee mutual exclusivity between the
two systems. The interlock must prevent activation of the light sources whenever
the fibre detector is operational and, conversely, inhibit detector operation while the
optical monitoring system is active. This safety functionality is essential to protect
the detector and to ensure reliable long-term operation of the complete system.

Overall, the work presented in this thesis successfully demonstrated the feasibil-
ity of a compact optical fiducial system for the Mu3e alignment infrastructure. The
developed markers satisfy the strict geometrical constraints of the detector environ-
ment. At the same time, the studies performed during this work identified several
important areas for further optimization, particularly concerning illumination, fidu-
cial reproducibility and geometric calibration. These developments will form the
basis for future improvements toward a fully operational and highly precise optical
alignment system for the Mu3e experiment.
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Figure A.1: Schematics of the Mu3e DC-DC converter version 2.
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Figure A.2: Schematics of the Mu3e DC-DC converter version 3.
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Figure A.3: Schematics of the Mu3e DC-DC converter version 2b.
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Figure B.1: Distribution of the DC-DC converters in the crates on the upstream
side.
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Figure B.2: Distribution of the DC-DC converters in the crates on the downstream
side.
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Appendix C

KI-Tools

KI-Tool used for Why Where
ChatGPT searching for synonyms better linguistic diversity throughout the document
ChatGPT searching for Latex comments optimized formatting of the thesis throughout the document
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