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Readout Hardware for the MuPix8 Pixel Sensor Prototype
and a Firmware-based MuPix8 Emulator

The Mu3e experiment is dedicated to search for the lepton flavour violating process
pt — ete~et with an unprecedented precision of 1 in 10'® muon decays. To reach this
sensitivity, an excellent momentum resolution as well as a very precise vertex reconstruc-
tion are crucial.

The Mu3e detector will consist of an ultra-thin pixel tracker in combination with scin-
tillating tiles and fibres for an improved timing resolution. The tracking detector will be
equipped with novel High-Voltage Monolithic Active Pixel Sensors which are thinned to
50 pm. The first large-scale prototype of the MuPix family is the MuPix8. It is currently
under characterisation.

Within the scope of this thesis, a number of hardware components for the readout chain
of MuPix8 have been designed and tested successfully. Furthermore, a firmware-based
chip emulator embedded in the readout FPGA has been developed in order to validate the
functionality of the readout firmware and software prior to the delivery of the MuPix8.
In a second step, the emulator has been migrated onto a separate FPGA such that the
hardware of the entire data acquisition chain could be tested.

Besides that, contributions to the commissioning of the chip have been made. These
comprise investigations of the analogue amplifier output, the hitbus signal, the data
quality as well as the addressing scheme. In addition, a calibration for the on-chip
temperature diode has been performed and the power consumption of the chip has been
determined.

Auslese-Hardware fiir den MuPix8 Pixelsensor-Prototypen
und ein Firmware-basierter MuPix8 Emulator

Das Mu3e-Experiment wird mit einer bisher unerreichten Genauigkeit von 1 in 106 My-
onzerfillen nach dem leptonzahlverletzenden Prozess u+ — ete~e™ suchen. Eine exzel-
lente Impulsauflosung sowie eine sehr prézise Vertexrekonstruktion sind entscheidend,
um diese Sensitivitdt zu erreichen.

Der Mu3e-Detektor wird aus einem ultradiinnen Pixel-Spurdetektor bestehen, der fir
bessere Zeitmessungen um szintillierende Fasern und Kacheln ergénzt wird. Der Spur-
detektor wird mit neuartigen hochspannungsbetriebenen monolithischen aktiven Pix-
elsensoren ausgestattet sein, die bis auf 50 pm gediinnt werden. Der erste grofiflichige
Prototyp der MuPix-Familie ist der MuPix8. Er wird derzeit charakterisiert.

Fir diese Arbeit wurde eine Reihe von Hardware-Komponenten fiir die Auslesekette
des MuPix8 entworfen und erfolgreich getestet. Auflerdem wurde ein Firmware-basierter
Chip-Emulator entwickelt, der im Auslese-FPGA integriert ist. Er hat ermdglicht, vor der
Lieferung des MuPix8 die Funktionalitdt der Auslese-Firmware und Software zu testen.
In einem zweiten Schritt wurde der Emulator auf einen separaten FPGA migriert, um
die Hardware der gesamten Auslesekette testen zu kénnen.

Dariiber hinaus wurden Betrige zur Inbetriebnahme des Chips geleistet. Diese umfassen
eine Untersuchung des analogen Verstarkerausgangs, des Hitbus-Signals, der Datenqual-
itdt sowie des Adressschemas. Zuséatzlich wurde eine Kalibration fiir die Temperaturdiode
auf dem MuPix8 durchgefiihrt und die Leistungsaufnahme des Chips wurde bestimmt.
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1 Introduction

The smallest constituents of matter — the elementary particles — as well as the
interactions between them are described by the Standard Model of Particle Physics.
To date, it has withstood countless experimental tests with an enormous precision.

However, many questions remain unanswered. The existence of dark matter, for
instance, is a compelling indication for physics beyond the Standard Model. Fur-
thermore, the Standard Model does not explain the existence of exactly three gen-
erations of particles or the observed matter-antimatter asymmetry in the universe.

New physics can be probed for in three complementary realms:

e Experiments at the high-energy frontier allow for a direct search of new
heavy particles. If the maximal centre-of-mass energy of collisions in an ex-
periment is higher than the rest mass of a new particle, it can be produced and
detected via its decay products. Examples of such experiments are ATLAS or
CMS located at the Large Hadron Collider (LHC) at CERN.

e The second realm is the high-precision frontier. In this case, extremely
large detector volumes are used to search for extremely weak interactions of
conventional matter with unknown particles. A highly efficient background

suppression is crucial as even a single event is a clear sign for new physics.

e At the high-intensity frontier, experiments search for decay modes which
are in conflict with the predictions of the SM. To this end, high decay rates
are required to keep the runtime of the experiments at a reasonable scale of a
few years. Again, an extremely efficient background suppression is of crucial

importance.

The Mu3e experiment faces the high-intensity frontier. It is dedicated to search
for a lepton flavour violating decay in the charged sector, u™ — e*e~e™. Such a de-
cay has not been observed to date and would be a clear hint for new physics beyond

the Standard Model.
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In the first part of this thesis, the Standard Model of Particle Physics is presented
with a particular focus on muon decays and the phenomenon of lepton flavour vio-

lation. In this context, possible muon decays based on physics Beyond the Standard
Model (BSM) are discussed.

In the next chapter, a comprehensive review of the planned Mu3e experiment is
given. The signal properties as well as existing background processes are discussed.
From these, the experimental requirements on the Mu3e detector are derived. The

Mu3e detector concept including all its subcomponents is presented.

Afterwards, a chapter is dedicated to the latest MuPix sensor prototype — the
MuPix8 — covering the chip characteristics and features as well as the setups which
are used to operate the chip. In this context, a detailed description of the required

hardware and software is given.

The next chapter is dedicated to the firmware-based MuPix8 emulator. After a
discussion of the concept, a precise description of the firmware implementation of
the ’internal” as well as the ’external’ emulator is given, followed by measurements

which have been performed with these setups.

In chapter 6, measurements and findings from the process of commissioning the

MuPix8 chip are shown.

Finally, the results and findings are summarised and an outlook is given on which
future projects can make use of the hardware components and the MuPix8 emulator,
which have both been developed within the scope of this thesis. Open questions and

future improvements are pointed out.
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2 Theory

In this chapter, which is inspired by [1], an introduction to the Standard Model of
particle physics is given. A particular emphasis is put on muon physics in order to

motivate the theoretical concepts behind the Mu3e experiment.

2.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) provides a mathematical de-
scription of the fundamental constituents of our universe — the elementary particles
— and the interactions between them. It has withstood countless experimental tests
and is — until today — unprecedented in its precise agreement with experimental
data.

Each interaction is described by a dedicated Quantum Field Theory (QFT)
which is based on the concept of fields being the fundamental entities. Within this
framework, particles can be understood as quantised excitations of these fields and

interactions are described by the exchange of mediator particles called gauge bosons.

Fundamental Particles

The fundamental particles of the SM comprise six quarks and six leptons as well
as their corresponding anti-particles. All these particles carry a spin of % and are
referred to as fermions. In addition, there are four types of gauge bosons which
mediate the fundamental forces, and the Higgs boson. Figure 2.1 shows a summary

of all particles forming the SM.

The fermions are grouped in three generations of two quarks and two leptons
each. The first generation comprises the up- and the down-quark (u and d) as well
as the electron (e) and the electron neutrino (7).

This first generation is stable and makes up most of the known matter around us.

u- and d-quarks make up protons and neutrons which are bound in atomic nuclei.

13



2.1. THE STANDARD MODEL OF PARTICLE PHYSICS
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Figure 2.1: Fundamental particles of the Standard Model of Particle Physics. From
[2], modified.

Together with electrons, the nuclei form atoms which in turn are the constituents

of molecules.

The other two generations only show up when particles interact at higher ener-
gies. They correspond to heavier copies of the first generation. In contrast to the
first generation, they are unstable and decay after a finite lifetime (except for the
neutrinos). The second generation comprises the charm- and strange-quark (¢ and
s), muon (x~) and muon neutrino v,. The top- and bottom-quark (¢ and b), the
tau 7 and the tau neutrino v, are grouped in the third generation. The reason for

this pattern of three generations is not yet understood.

Up-type quarks — u, ¢ and t — possess an electrical charge of % in units of the
elementary charge. Down-type quarks — d, s and b — have an electrical charge of —%.
The three charged leptons — e, u and 7 — carry one negative elementary charge. For
each of the charged leptons, there exists a corresponding neutrino which is named

accordingly — v., v, and v; — and is electrically neutral.
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CHAPTER 2. THEORY

In addition to the fermions, there are four gauge bosons which carry a spin of 1.
They mediate the fundamental forces of the SM which are described below. The
Higgs boson is the only scalar particle in the SM carrying a spin of 0.

Fundamental Interactions

Interactions are described by the exchange of the gauge bosons between particles.
Three of the four fundamental forces are incorporated in the SM: the electromag-
netic, the weak, and the strong interaction. Only gravitation is not included. How-
ever, compared to the other forces it is extremely weak. Even though it is responsible
for the formation of structures in the universe on large scales, it can be neglected

on a particle interaction level.

The most familiar force known from everyday life is the electromagnetic force.
It acts between all charged fermions, namely the three charged leptons (e, u, 7) as
well as all six quarks. The charged gauge bosons of the weak interaction take part in
the electromagnetic interaction as well. The gauge boson mediating the electromag-
netic force is the photon. The theory behind electromagnetic interactions is known

as Quantum Electrodynamics (QED).

The weak interaction is mediated by the W, which carry electric charge, and
the electrically neutral Z boson and acts between all quarks and leptons. It is the
only interaction in which neutrinos take part and explains the S-decay of particular

radioactive nuclei as well as the origin of the solar energy — nuclear fusion.

The electromagnetic and the weak interaction converge at high energy scales and

can be described as a unified theory called electroweak interaction.

The strong force is responsible for the binding forces in neutrons and protons.
It is described by Quantum Chromodynamics (QCD). The corresponding gauge
bosons are gluons which are able to exchange colour charge (red, green, blue) be-
tween quarks. Unlike for the electromagnetic interaction, there are only colour-
neutral objects in nature. Quarks cannot be observed freely but are always confined
in baryons. There are mesons consisting of quark-antiquark pairs and hadrons being
made up of three quarks. Only at very high energy scales, quarks become asymp-

totically free.
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2.2. LFV PROCESSES

The Higgs Mechanism

For many years, the Higgs bosons was the last missing piece of the puzzle of the
SM. It was discovered in 2012 by the ATLAS and CMS experiments at the Large
Hadron Collider (LHC) at CERN [3, 4].

The Higgs boson corresponds to the excitation of the Higgs field which — unlike
the fields associated with all the other SM particles — has a non-vanishing vacuum
expectation value. Only with the Higgs mechanism, it can be understood how other

fundamental particles acquire a mass.

2.2 LFV Processes

In the original SM, lepton flavour is conserved, i.e. the number of leptons per
generation is constant. However, lepton flavour violation (LFV) has been ob-
served in the neutrino sector. The results of several experiments such as Super-
Kamiokande [5], SNO [6], KamLAND [7], and the Daya Bay Neutrino Experiment
[8, 9], lead to the conclusion that neutrinos oscillate between the three flavour eigen-
states when propagating in space. This is only possible when the neutrinos carry a
non-vanishing mass which is not included in the SM.

Therefore, extensions of the SM have been developed in which right-handed mas-
sive neutrinos are included. Such theories, e.g. the so-called vMSM [10], yield

consistent results with the experiments named above.

2.3 BSM Physics

Despite the fact that the SM has withstood countless experimental tests with an
enormous precision, there are phenomena in nature which cannot be explained by
the SM.

Astronomical observations show that only a small fraction of the matter in the
universe is baryonic matter as described by the SM. For instance, the investigation
of the rotation curves of galaxies (see Figure 2.2) shows that there must be dark
matter, i.e. matter that interacts with ’classical’ matter only through gravitation
[11]. Also observations of gravitational lensing [12] imply the existence of such

madtter.
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CHAPTER 2. THEORY
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Figure 2.2: Rotation curve of the galaxy NGC' 3198. In addition to the data points,
the contributions from the disk of visible matter and the halo of dark
matter are shown. From [13], modified.

Further open questions are related to the origin of the observed matter-antimatter
asymmetry in the universe or the inclusion of gravitation into a more comprehensive

model.

Theories Beyond the Standard Model (BSM) like Supersymmetry (SUSY) or
String Theory provide new approaches of explaining these open questions, for
instance by predicting new particles. It is up to experimental particle physicists
to detect such particles or exclude their existence for particular mass ranges and
coupling strengths. By pushing the limits to higher energies one might get a direct
grasp of very heavy new particles. High rates are required to explore very rare

decays and thus allow for an indirect access to higher mass regions.

2.4 Muon Decays

Muons are unstable and have a mass of ~106MeV/c? and a lifetime of ~2.2ps.
The dominant SM decay u* — etv,v., the Michel decay, has a branching ratio of
~100%. The second most probable decay is u* — e*r.r,y with a branching ra-
tio of 1.4 %, followed by the process p* — ete e*v,v, with a branching ratio of
3.4 x 1075 [14].

The process u™ — ete~e™ can in principle occur within the rules of an extended
SM when the v, changes its flavour to a v, in a loop as shown in the Feynman dia-

gram in Figure 2.3a. This would correspond to a lepton flavour violating process as
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2.4. MUON DECAYS

discussed in 2.2. However, this process is strongly suppressed due to the large mass
of the W boson of 80.4 GeV /c? in the loop compared to the neutrino mass splitting
of Am3, ~ 8 x 107°eV?. Therefore, the branching ratio of O(107°%) is far beyond

anything that could be accessed experimentally.

A SUSY process, for instance, might allow the decay u™ — ete~e™ in a loop as
shown in Figure 2.3b involving new super-symmetric particles. Different BSM the-
ories allow for the process u™ — ete~e™ at tree-level as shown in Figure 2.3c. This
would only be possible via a new type of interaction which allows a direct coupling

of a u* to an et.

In such SUSY models or other BSM theories, much higher branching ratios are
possible through new types of interactions or loop contributions with new sorts of
particles — potentially up to a level which can be accessed by experiment. Therefore,

any observation of the decay u™ — ete~e™ would be a clear sign for new physics [15].

€ +
X e
Y * +
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Wt e N ﬁf{ o H e
7 ’ \\ - ZV

+ . . ) ! e .

H Vu Ve ¢ H < ‘ )-(0 <« e et
(a) ¥YMSM process. (b) SUSY process. (c) Tree-level LFV pro-

cess.

Figure 2.3: Feyman diagrams for ¥MSM and BSM processes of the decay
ut —ete et
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3 The Mu3e Experiment

In this chapter, the concept of the Mu3e experiment and its detector components is
discussed in detail. Furthermore, the signal and possible background processes are
described. In the end, an overview of the situation of experiments dedicated for the

search of lepton flavour violating processes in the charged sector is presented.

3.1 Signal & Background

T as shown

The Mu3e experiment is dedicated to search for the signal u™ — ete e
in Figure 3.1a. In the following, muons imply ut and electrons as well as positrons
will be referred to as electrons. Thus, the signal can be denoted i — eee. The exact
characteristics of the signal as well as the background processes are discussed in the

following.

3.1.1 The Signal

The signal consists of three electrons emerging from a common vertex as depicted
in Figure 3.1a. As they stem from the decay of a single muon, they are coincident

in time and the energy of all decay particles must sum up to the muon mass:

Eiw =Y E; = my,c® ~ 105.7MeV (3.1)

Since the muons are stopped before decaying, the momenta of the three electrons

sum up to zero:
Pu=>_ P =0. (3.2)

Consequently, a single decay particle cannot have a momentum of more than half

the muon mass ~ 53 MeV /c.
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3.1. SIGNAL & BACKGROUND

(a) Signal. (b) Combinatorial. (c) Internal conversion.

Figure 3.1: Signal and background topologies.

With the help of these characteristics, the signal can clearly be distinguished from

background processes as described in the following and summarised in Table 3.1.

signal combinatorial background internal conversion

common vertex  yes no yes
coincidence in time  yes no yes
>~y =0 any # 0

YE =m, any <my

Table 3.1: Characteristics of signal and background processes.

3.1.2 Background

The target sensitivity of the Mu3e experiment will be determined by the ability to
suppress background processes. There are two main types of background which are

described below.

Combinatorial background, as shown in Figure 3.1b, arises due to limited
spatial and timing resolution. Three electrons from different processes like Michel
decays and Bhabha scattering can be mistaken to stem from a common vertex and be
coincident in time within the measurement uncertainties. This type of background

is suppressible by an excellent momentum and vertex resolution of the detector.
In contrast, background from internal conversion (see Figure 3.1c) is irre-

ducible. It arises from a fundamental physics process and corresponds to the third

most frequent muon decay p — eeevv with a branching ratio of 3.4 x 1077 [14]. Tt
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CHAPTER 3. THE MU3E EXPERIMENT

resembles the signal because the three detected electrons are also coincident in time
and stem from a common vertex. Even though the neutrinos leave the detector un-
observed, one can distinguish this decay from signal events as the sum of the three
electron momenta does not vanish and the sum of the energies does not equal the
muon mass. That is because small fractions of the momentum and the energy are

carried away by the two neutrinos.

3.2 Experimental Requirements

The detector requirements can be derived from the signal and background proper-

ties as described above in consideration of the target sensitivity of one in 10'® decays.

An excellent vertex resolution is required to be able to suppress combinatorial
background. A highly precise momentum resolution below 1 MeV /c and a very ac-
curate timing measurement below 500 ps per track are needed to discriminate the
signal against internal conversion decays and combinatorial background. As the
electrons have very low momenta, the momentum resolution is limited by multiple
Coulomb scattering in the detector material. Therefore, the material budget of the

detector must be kept as low as O(1 %o) of a radiation length per layer.

In addition, the Mu3e experiment requires a very high rate capability of O(107)
muon decays per second to keep measurement time at a reasonable scale of one year.
Finally, the highest possible geometric acceptance is desired to probe new physics

in the largest possible phase space.
In Figure 3.2, the branching ratio of the internal conversion background is plotted

against the undetected energy. At the target sensitivity of 1 in 10'® muon decays,

the missing energy has to be determined at a level of 1 MeV.
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3.3. THE MU3E DETECTOR

Figure 3.2: Plot showing the branching ratio of the decay y — eeevv versus the
missing energy. The required missing energy resolution for Mu3e is
shown in red [16].

3.3 The Mu3e Detector

In the following, the detector concept for phase I of the Mu3e experiment and the

subcomponents of the detector are presented.

3.3.1 The Detector Concept

The underlying concept of the Mu3e experiment is to stop muons on a thin target.
Because the entire detector is placed in a homogeneous 1T magnetic field, the tra-
jectories of the decay electrons are bent. This allows the electron momentum to be
determined from the radius of the trajectory and the charge from the direction of

curvature.

To keep the material budget low, the detector will be cooled with gaseous helium.
The detector consists of three subsystems: the pixel tracker for an excellent vertex
and track reconstruction, and the scintillating tiles and scintillating fibres for more
precise timing measurements. The subdetectors as well as the muon beam and other

components are presented in detail below.
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CHAPTER 3. THE MU3E EXPERIMENT

Recurl pixel layers < 36 cm /,/\
Scintillator tiles Inner pixel layers
—
—— MBeam Target
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COTT LTI LT Sentiating fibres 0 A
Outer pixel layers

Figure 3.3: Schematic transverse view of the Mu3e detector in phase 1.

3.3.2 The Muon Beam

The Mu3e experiment will be operated at the Paul-Scherrer Institute (PSI) in

Villigen in Switzerland, where the world’s most intense muon beamline — the 7E5

[17] — is located. It provides low-momentum muons with rates up to 10®1/s.
Currently, studies are carried out on the high intensity muon beam (HiMB)

which would provide up to 10'® muons per second [18].

3.3.3 The Target

For the target of the Mu3e detector, a trade-off between a high stopping power,
maximal vertex separation and the least possible amount of material in the trans-
verse direction needs to be found. A double-cone target design out of Mylar with a
thickness of O(200 pm) meets these requirements. It has a length of 100 mm and a
radius of 19 mm and will be held in place by thin nylon strings.

3.3.4 The Pixel Tracker

The Mu3e concept of an ultra-low material budget detector [19] is based on pixel
chips which are thinned down to 50 pm. The entire support structure will be made
from a very thin polyimide (Kapton® [20]) foil. Power supply, slowcontrol and
readout of the pixel chips will be realized with the help of flexprints consisting of
aluminium and polyimide. This way, the material budget is reduced to a radiation

length of only 1.1 %o per layer.
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3.3. THE MU3E DETECTOR

The tracking detector will consist of two barrel-shaped double layers of pixel
chips. The inner two layers will have a length of 12cm and radii of ~23.3 mm and
~29.8 mm, respectively. For the outer double layer, a length of 34 cm at a radius of
74.9mm and a length of 36 cm at a radius 86.3 mm are planned. On either side of
the barrel, an additional double layer of pixels, called recurl station, is used to track
electrons which recurl in the strong electromagnetic field. They are identical to the
outer double layer described above.

The tracker will comprise a total of 2844 pixel sensors covering an active area of

about 1.1m?.

HV-MAPS Technology

The pixel tracker of the Mu3e detector will be equipped with High-Voltage Mono-
lithic Active Pixel Sensors (HV-MAPS). They are manufactured in an HV-
CMOS process. A schematic of an HV-MAPS is shown in Figure 3.4. The prototype

series which is currently being characterised is the MuPix family.

For MAPS, deep n-wells are implemented in a p-substrate to form diodes. A
charged particle passing through or photons getting absorbed lead to the creation
of electron-hole pairs. The charges are then separated and collected via diffusion.

In HV-MAPS, an additional high voltage of O(100V) is applied to form a de-
pletion zone with a strong electric field across the diode such that the charge is
collected via drift rather than diffusion making charge collection much faster com-
pared to MAPS.

In a monolithic chip, the entire readout electronics is integrated in the chip. There-
fore, there is no need for a separate readout chip as it is common for hybrid sensors.
As a consequence, a significant amount of material can be saved making it suitable
for use in the Mu3e experiment.

In addition, a large fraction of the passive bulk material can be removed such that
the chips can be thinned down to 50 pm. This corresponds to merely 0.054 % of a

radiation length.

The Final MuPix

The final MuPix chip is foreseen to have a size of 20 x 23 mm? with an active area of
20 x 20mm?2. This corresponds to 250 x 250 pixels with a size of 80 x 80 pm?. The
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CHAPTER 3. THE MU3E EXPERIMENT

Figure 3.4: Schematic view of an HV-MAPS [21].

final MuPix will be read out via up to three serial links at a data transmission rate
of 1.25Gb/s each. Three differential links will be employed for the inner double-
layer where a high occupancy requires a high bandwidth. For the outer layers, one

differential link suffices due to lower particle rates.

3.3.5 The Timing Detector

The timing information from the pixel sensors does not suffice for an effective back-
ground suppression at high muon decay rates. Therefore, the Mu3e detector will
be equipped with scintillating tiles and fibres for additional precise timing measure-

ments.

Scintillating fibres with a timing resolution of < 0.5ns will be placed just un-
derneath the outer double layer of pixel sensors. Like the pixel sensors, they are
required to be as thin as possible to keep the material budget low such that travers-
ing electrons are deflected as little as possible. Fibre ribbons with a length of 28 cm

will be used.

Scintillating tiles with a timing resolution better than 100 ps complement the
fibres. They will be placed underneath the pixel double layer of the recurl stations.
In contrast to the fibres, the material budget does not play a role here because
no further measurements are performed after the particles have passed through the
tiles, as seen in Figure 3.3.

The fibres as well as the tiles will be connected to silicon photomultipliers (SiPMs)
and readout by a full-custom readout chip, the so-called MuTRIiG [22].
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3.3. THE MU3E DETECTOR

3.3.6 The Mu3e Readout Scheme

The Mu3e detector is read out trigger-less. It is continuous because the exact time
of a muon decay is random and cannot be determined beforehand.

An overview of the readout concept of the Mu3e detector is shown in Figure 3.5.
All the front-end electronics is placed inside the magnetic field of the solenoid as

indicated by the orange box in Figure 3.5.

The data from the three subdetector systems — the pixels, tiles and fibres — is
transmitted electrically to the so-called front-end boards via differential links at
a transmission rate of 1.25Gbit/s. On the front-end boards, FGPAs are used to
time-sort the data from the pixel sensors and form packages in which hits with the

same timestamp are grouped to reduce the overhead.

From the front-end boards, the data gets sent out via optical links at a trans-
mission rate of 6 Gbit/s. The optical transmission ensures an electrical decoupling
from all components inside the magnetic field and allows for the use of a high
bandwidth. The optical signals are transformed back into electrical signals on the
so-called switching boards where the data from the front-end boards is merged
such that 50 ns long time slices of the three sub-detector can be sent to the GPU
filter farm.

The PCs in the filter farm are equipped with powerful graphical processing units
(GPUs) to perform an online event selection in order to reduce the amount of data
and store only events of interest [23]. These events are transmitted to a data collec-

tion server and saved in a mass storage system for later analysis.
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Figure 3.5: Schematic showing the readout scheme of the Mu3e detector.

3.4 Experimental Situation

A variety of experiments has been dedicated to search for lepton flavour violation
in the charged sector. Until today, no signal was found. Figure 3.6 summarizes the
upper limits of multiple LE'V processes that have been set by experiments performed
during the last 70 years. The most precise measurement of the decay ut — ete e
was performed by SINDRUM, whereas the MEG collaboration set the lowest limit
on the decay u™ — e*v. The SINDRUM II experiment was dedicated to the search
for a muon to electron conversion in nuclei. The Mu2e experiment and the COMET

experiment are expected to improve this limit in the next years.

SINDRUM (1983-86)

The SINDRUM experiment was performed at the Paul Scherrer Institute (PSI) in
Switzerland, from 1983 to 1986. It was searching for the decay ut — eTe e™.

To this end, a low-momentum muon beam was stopped at a target where the
muons decayed at rest. The decay electrons were then tracked by a multi-wire
proportional chamber and a trigger hodoscope.

The upper limit of the branching ratio was set to BR(ut — eTe7e™) < 107!2 at
a confidence level (CL) of 90 %. The result is limited by the number of muons that

have been stopped during the runtime [25].

27



3.4. EXPERIMENTAL SITUATION

SINDRUM 11

The successor of SINDRUM, the SINDRUM II experiment, was dedicated to search
for the coherent neutrinoless muon conversion into an electron in the presence of a
nucleus: =N — e~ N. An upper limit of 7 x 107'% was set at 90 % CL [26].

MEG (2008-today)

The MEG experiment is also located at PSI in Switzerland. It is searching for the
decay u™ — e~ and is taking data since 2008. Like for SINDRUM, low-momentum
muons are stopped at a target before decaying. The positrons are tracked in a drift
chamber whereas the photons are detected in a liquid xenon calorimeter.

In 2016, an analysis of the full dataset has been published, giving the most strin-
gent upper limit on BR(u™ — ™) < 4.2 x 10713 at 90 % CL [27].

An upgrade of the experiment, MEG II, is currently being assembled to increase

the sensitivity to ~ 5 x 107 [28].

Figure 3.6: Overview of the history and future of experiments investigating LVF
processes. From [24].
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COMET (2018-2019 planned)

The COMET experiment [29] is located at J-PARC in Japan and will start taking
data in 2018.

Low-momentum muons will be stopped at an aluminium target where they can be
captured by the nuclei. The electrons will be tracked in a cylindrical drift chamber
which is complemented by a set of trigger hodoscope counters.

The expected single event sensitivity in the first phase of the experiment is

3 x 107, In a second phase, it is anticipated to be improved to 2.6 x 1077,

Mu2e (under construction)

Like COMET, the Mu2e experiment [30] is dedicated to search for a muon-to-
electron conversion in the presence of a nucleus. If no signal is found, a new limit
will be set at BR < 8 x 10717 at 90 % CL.

Again, low-momentum muons will be stopped at an aluminium target. The decay
electrons will be detected by a straw tracker in combination with an electromagnetic
calorimeter.

The experiment is located at Fermilab in the United States. It is currently under

construction and will start taking data in 2022 [31].
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4 Hardware for the MuPix8

In the following, the MuPix8 will be described in detail. The analogue pixel elec-
tronics will be presented as well as the digital periphery and the readout state
machine.

This chapter also comprises a presentation of the various hardware components
that are required to operate the MuPix8 as well as the MuPix8 emulator. In addition,

the readout firmware and software are described.

4.1 The MuPix8

The MuPix8 sensor is based on the HV-MAPS technology as described in section 3.3.
With a size of 10.8x19.5mm?, it is the first large-scale prototype in the MuPix fam-

ily. A schematic drawing and a photograph are shown in Figure 4.1.

The sensor has 128 columns and 200 rows corresponding to a total of 25600 pixels
which are divided into three submatrices A, B and C with 48, 48 and 32 columns,
respectively. The pixel size is 81x80 pm? such that the active area of the sensor is
~166 mm?.

In addition to the analogue pixel matrix, the chip comprises the digital pe-
riphery in which the complete readout electronics is placed. It also features bias
blocks in which reference voltages can be generated by on-chip digital-to-analogue
converters (DACs). The pads along the bottom edge can be contacted with bond
wires. These pads are essential to operate the chip. Further pads along the top
edge (not indicated in Figure 4.1a) serve as debugging contacts for probing or can
be connected to additional supply voltages if needed.

The chip features four serial LVDS data output links, three of which corre-
spond to the submatrices A, B and C. On the fourth link D, one can either send out
a copy of the data from A, B or C, or multiplex the data from all three submatrices
in a round-robin scheme if running the readout state machine at a reduced speed.

Each link runs at a data transmission rate of up to 1.6 Gb/s and is nominally op-
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(a) Schematic drawing of the MuPix8 chip (b) Photograph showing the MuPix8 chip
showing the geometric dimensions and glued and bonded to an insert (see
the subdivision into three submatrices as section 4.3.2).
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[34], modified.

Figure 4.1: Schematic drawing and photograph of the MuPix8 sensor chip.

erated at 1.25Gb/s. The data is 8b/10b encoded according to the standard IBM
scheme [32, 33].

In Figure 4.2, a simplified schematic of the chip electronics of the MuPix8 includ-
ing the analogue pixel electronics as well as the digital periphery and the readout
state machine is depicted. In the following, its elements and their interplay are

discussed in detail.
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Figure 4.2: Schematic of the chip electronics of the MuPix8 including the analogue
pixel electronics, the digital periphery and the readout state machine.

Analogue Pixel Electronics

A pixel in the MuPix8 (see red box in Figure 4.2) is based on a diode operated
in reverse-bias mode. When an ionizing particle traverses the diode, the generated
electron-hole pairs are separated by the strong electric field in the depletion zone
and collected ('integrated’) on a capacity. The induced voltage pulse gets enhanced
by a charge sensitive amplifier (CSA).

The analogue output pulse from the CSA can be fed out of the chip to be
probed externally. However, this feature is only available for pixels of the leftmost
column of submatrix A. The pixel selection is done when configuring the chip (see
below).

From the CSA, the signal is driven to the digital periphery located along the bot-
tom edge of the chip (see Figure 4.1a). In this aspect, the three submatrices differ:
the signal from submatrix A is driven by a source follower whereas the other two

make use of a current driven scheme.

An artificial signal can be induced with the help of a test-pulse injection circuit.
To this end, a capacitor which is located between the sensor diode and the CSA gets
charged by applying an external voltage. The external voltage is then suddenly
pulled to ground such that the capacitor discharges.
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The discharge resembles a 'real’” signal and is a powerful tool in the process of
commissioning the chip. The injection can be enabled for individual pixels when

configuring the chip (see below).

Digital Periphery

In the periphery (see blue box in Figure 4.2), every pixel has its digital readout
cell comprising two comparators into which the analogue pulse is fed. The two
thresholds are set globally but can be fine-adjusted per pixel using a 2-bit and a
3-bit DAC, respectively. The digitized signal is then forwarded to the readout state

machine which is described below.

As shown in Figure 4.3, two pulses with different amplitudes exceed the threshold
of a comparator at different times, even if they start in exactly the same moment.

This time difference is referred to as timewalk.

The two comparators in the digital pixel cell can be operated in three modes
described below. They are designated to investigate and compare different timewalk

correction strategies in order to increase the timing resolution of the MuPix8:

1. In the time-over-threshold (ToT) mode, a single threshold is used for
the discrimination of an incoming pulse, i.e. only one of the comparators is
used. When the pulse exceeds the threshold, a 10-bit timestamp is saved. A

second 6-bit timestamp is saved when the pulse falls below the threshold again.

'large’ signal

voltage

'small' signal

threshold -1----

/

N Cal
time

timewalk ToT

Figure 4.3: Tllustration of the time-over-threshold (ToT) (blue) and the effect
of timewalk (red) for pulses of different heights. From [35], modified.
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Therefore, the difference between the two timestamps corresponds to the ToT

of the pulse (see Figure 4.3).

2. In the two-threshold mode, an incoming pulse is compared to a low thresh-
old to get a precise timing. Because noise is likely to surpass this low threshold,
a second higher threshold is used which needs to be crossed to mark an actual
hit (see Figure 4.4). Like in mode 1, the 10-bit timestamp is saved when a
pulse exceeds the low threshold and the 6-bit timestamp when the pulse drops
below the threshold again.

3. If a pulse exceeds the high threshold in the ramp mode (see Figure 4.5),
the 10-bit timestamp is stored and a ramp voltage with an adjustable slope
starting from the low threshold is triggered to rise. When the rising threshold
crosses the pulse, the 6-bit timestamp of the hit is fixed.

The digital signal from the second comparator (which generally has the higher
threshold) can also be fed out of the chip to be probed externally. It is referred
to as the hitbus signal and corresponds to the ToT for this comparator. When
configuring the chip (see below), the readout of the hitbus signal can be enabled
for a column of choice such that the output signal corresponds to a logic ’or’ of the

hitbus signals from all pixels in this column.

>
>

voltage

high threshold-{----74---
low threshold-{ - - - -4~

voltage

comparator 1

signal —

threshold -

low threshold —

ToT
comparator 2 rising

signal—| threshold T T

high threshold —| time
set hitflag

Figure 4.4: Illustration of the two- Figure 4.5: Illustration of the ramp
threshold mode. From [35], mode. From [35], modified.
modified.
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Readout State Machine and Serializer

The MuPix8 features one readout state machine for each submatrix A, B and C
(see green box in Figure 4.2). They receive signals from the digital periphery. A
description of the exact readout procedure is given in section 5.1 where the concept

of the MuPix& emulator is discussed.

The data leaving the readout state machine is 8b/10b encoded and fed into a
serializer to be sent out of the chip as a low-voltage differential signal (LVDS). As
mentioned above, the chip has four data output links. Three of them are used
for the data from the submatrices A-C. The fourth link D can either copy the data
from one of the other links or send out the multiplexed data from links A-C. In the
latter case, the readout state machine needs to be run at reduced speed of 1/3 or
slower (i.e. 1/6, 1/9, etc.).

Clocking

On the MuPix8, a voltage controlled oscillator (VCO) and a phase-locked loop (PLL)
receive a reference clock signal, which is provided to the chip externally, and derive
all internal clocks from it. The nominal frequency of the reference clock is 125 MHz
but it can be varied up to 160 MHz. A minimum frequency needs to be found

experimentally.

Timestamp Generation

The MuPix8 generates a binary counter and two timestamps on-chip. The 24-bit
binary counter serves as a 'chip timestamp’ which is sent out during the readout
procedure to allow for a sorting of the data if operating multiple chips at a time. As
illustrated in Figure 4.6, the 8 least significant bits of this binary counter are Gray
encoded [36] and also sent out. This is a means to test the integrity of the on-chip
Gray encoding scheme.

The 10-bit timestamp and the 6-bit timestamp are both assigned to a partic-
ular hit. They are generated in a Gray encoded scheme with a maximal frequency
of 160 MHz (nominal 125 MHz). However, the incrementation frequencies can be
decreased by dedicated configuration values. More details can be found in Ap-
pendix A.2 where the configuration values and their functionality are presented in
detail.
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24-bit binary counter

LSB MSB

o] [.] [7] [e] [..] 23
— = =

Gray

. —>8-bit Gray counter
Encoding

Figure 4.6: Illustration of the 24-bit binary counter and the 8 less significant bits

being Gray encoded. LSB stands for Least Significant Bit, MSB for
Most Significant Bit.

Configuration Registers

The MuPix8 features configuration registers realized as linear shift registers (LSR).

The configuration registers are chained up, giving a total length of 2998 bits. They

comprise:

1.

One register for the configuration of the digital part. It allows to adjust bias

voltages for the various components in the digital periphery.

. One digital row register to specify which row is configured with the pixel-

related values written to register 3 (see below).

One column register for a column-wise injection and the hitbus enable. It
is also used for the pixel-wise fine tuning of the comparator thresholds. The
register contains the tuning values for all 128 columns. To tune pixel-wise, the

correct row needs to be selected in register 2.

Another row register to activate the analogue buffer output (only available
in the leftmost column) and for a row-wise injection enable. The injection is

enabled in the pixel which is marked in both registers 3 and 4.

One register to configure the readout state machine.

. Finally, one register block is used for the on-chip voltage DACs which

generate thresholds and baselines.

To configure the chip, the configuration bits are pushed into the LSR serially, as
indicated in Figure 4.7. At the end of chain, the bits ’drop out’ of the LSR and are
fed back to the DAQ PC which allows to read back the values from the configuration

register.
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Figure 4.7: Illustration of the chain of configurations registers.

For a global configuration of the MuPix8, the entire chain of 2998 bits needs
to be pushed into the LSR such that the sections corresponding to the different
configuration registers described above are in the right position. They are then
'loaded’ to take effect as DAC values. The exact working principle is described in
section 6.1 where it is tested.

For a pixel-wise configuration such as a pixel tuning, the 2998-bit chain needs
to be written 200 times. In this case, the pixel-tuning values from register 3 are
loaded into the row which is marked by the digital row register 2. By design,
the entire 2998 bits need to be written 200 times even though only the sections

corresponding to the registers 2 and 3 are changed in each iteration.

Temperature Diode

The MuPix8 features an on-chip temperature diode. A defined current can be
injected into the diode and the resulting voltage drop across the diode can be mea-
sured. For a constant current, the measured voltage drop is temperature dependent

and a calibration can be performed (see section 6.6).
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4.2 MuPix8 Setups

Two setups have been developed to debug, examine, and characterise the MuPix
chips. In addition, a closely related setup has been derived from these to be able to
run the ’external’ MuPix8 emulator which has been developed within the scope of
this thesis (see Chapter 5).

4.2.1 The MuPix8 Single Setup

The single setup is used to operate one single MuPix8 chip. Schematic drawings
of the two variations in use are shown in Figure 4.8. The respective hardware com-

ponents are described in detail in the section 4.3.

The setup as shown in Figure 4.8a resembles older single setups for the predeces-
sors of the MuPix8. A MuPix8 chip is directly glued and bonded to the MuPix8
PCB (see section 4.3.1) which is linked to the MuPix8 SCSI Adapter Card (see
section 4.3.5) via a SCSI cable. The adapter card connects to a Stratix IV dev
board (see section 4.3.6) mounted into a PC which is running the data acquisition
software (see section 4.4).

The novelty in Figure 4.8b is the additional MuPix8 Insert (see section 4.3.2)
on which the MuPix8 is glued and bonded. The insert slides into an edge connector
on the MuPix8 PCB and can thus be exchanged quickly without having to unplug
SCSI and power cables. Photographs of this setup are shown in Figure 4.9.

The single setup is used in the lab for debugging and measurements with radioac-

tive sources as well as for an integration into the EUTelescope at DESY test beam

campaigns [37].
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DAQ PC DAQ PC
| Stratix IV I Stratix IV
SCSI Adapter Card SCSI Adapter Card
SCSI cable SCSI cable
MuPix8 PCB MuPix8 PCB
MuPix8 Insert
uPix

(a) Single setup with the MuPix8 glued and (b) Single setup with the MuPix8 glued and
bonded directly onto the MuPix8 PCB. bonded onto the MuPix8 Insert.

Figure 4.8: Schematic drawings of the two versions of the MuPix8 single setup.

(a) The MuPix8 is glued and bonded to an (b) The SCSI cable links the MuPix8 PCB
insert which is mounted on the MuPix8 to an HSMC Adapter Card which is con-
PCB. nected to the Stratix IV in the PC.

Figure 4.9: Photographs showing MuPix8 single setup with an insert.
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4.2.2 The MuPix8 Telescope

The telescope is made to operate multiple (typically four) MuPix8 chips at a time
as illustrated in Figure 4.10. It utilizes the same hardware components as the single
setup. In order to operate four MuPix8 chips, again one PC and one Stratix IV are
needed. In contrast to the single setup, there are now two MuPix8 SCSI Adapter
Cards connected to the FPGA. Each adapter card has two SCSI connectors such
that two MuPix8 PCBs can be linked in parallel. Therefore, four MuPix8 chips can
be controlled and read out by one PC.

This setup is used at DESY and PSI test beam campaigns. It allows to perform
position resolved efficiency measurements as well as timing resolution measurements.
In principle, it can also be employed as a tracking telescope for the characterisation
of other devices-under-test (DUTs). The four chips are placed behind each other in
a beam line as shown in Figure 4.11. Three planes are typically used as reference

planes for one DUT for which measurements can be performed.

There is also the option to assemble a so-called octoscope integrating eight
MuPix8 sensors using two FPGAs in a single PC. This requires an additional syn-

chronisation between the two FPGAs using an external reference clock.

DAQ PC

| Stratix IV |
SCSI Adapter Card | SCSI Adapter Card

’—I

MuPix8 PCB MuPix8 PCB MuPix8 PCB MuPix8 PCB

MuPix8 Insert MuPix8 Insert MuPix8 Insert MuPix8 Insert

Figure 4.10: Schematic drawing of the MuPix8 telescope.
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Figure 4.11: Photograph of the MuPix8 telescope as used in a DESY test beam
campaign. The PCBs are held in place by aluminium frames, mi-
crometer screws are used for mechanical alignment. In addition to
four MuPix8 layers, scintillating tiles are mounted in the front and
back of the setup.

4.2.3 The MuPix8 Emulator Setup

As part of this thesis, an 'internal” as well as an ’external’ emulator have been de-
veloped. The exact concept as well as measurements performed with the emulator

are discussed in chapter 5.

Concerning the hardware, the setup of the ’internal’ emulator is very simple (see
Figure 4.12a). The ’internal’ emulator is embedded in the DAQ firmware running
on the Stratix IV in the PC which runs the data acquisition software. Consequently,
no hardware is needed in addition to the Stratix IV and the DAQ PC.

On the contrary, the setup for the ’external” emulator (see Figure 4.12b) comprises
the full hardware required for the MuPix8 single setup except for the MuPix8 Insert
which needs to be replaced by a dedicated adapter insert — the MuPix8 HSMC
Insert (see section 4.3.4). This connects to a separate FPGA via an HSMC-to-
HSMC flat ribbon cable. The FPGA is mounted in a PC which is in turn used for
the control of the ’external” emulator via a GUI (see Figure 4.13).

One FPGA can be connected to up to two MuPix8 HSMC Inserts via the HSMC
ports A and B. It is also possible to mount two FPGAs — which both run the
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emulator firmware — in one PC. This way, one can emulate four chips in parallel in

order to test the telescope setup.

DAQ PC

Stratix IV

SCSI Adapter Card

SCSI cable
DAQ PC MuPix8 PCB
Stratix IV HSMC
T Insert
HSMC cable

'internal' MuPix8 Emulator

Stratix IV

/Emulator PC

‘external' MuPix8 Emulator

(a) The ’internal’ emulator is embedded in (b) The ’external’ emulator runs on a sepa-
the readout firmware. rate FPGA.

Figure 4.12: Schematic drawings of the setups for the ’internal’ and the ’external’
MuPix8 emulator.

Figure 4.13: The MuPix8 PCB is connected to a Stratix [V in a PC via the MuPix8
HSMC Insert. The other half of the setup is identical to the single
setup as shown in Figure 4.9b.
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4.3 Hardware

In this section, the various hardware components required for the operation of the
MuPix8 setups presented above are described. In addition, the readout firmware

is presented.

4.3.1 The MuPix8 PCB

The MuPix8 PCB (see Figure 4.14) provides the interface for the powering, the
slowcontrol, and the readout of one MuPix8 chip. The area in the centre of the
PCB is left blank such that the MuPix8 chip can be glued here as illustrated in
Figure 4.8a. It is not only free from components but also free from copper on all
layers to make it usable in test beams where multiple layers of chips are placed
behind each other. Copper in the beam would strongly increase the amount of
scattering of the beam particles. Small metal marks help to position the chip when
gluing and bonding it to the fine golden fanout along the bottom and the top edge
of the yellow area.

There is also the option to mount a SAMTEC™edge connector [38] onto the PCB
to be able to use different MuPix8 Inserts (see sections 4.3.2 - 4.3.4) as indicated
in Figure 4.8b.

Differential Signals

Communication with the Stratix IV in the readout PC (see section 4.3.6) is realized
via low-voltage differential signals (LVDS) sent to and from the MuPix8 SCSI
Adapter Card (see section 4.3.5) through a Small Computer System Interface
(SCSI) cable, which is a ribbon cable with 68 shielded cores. The differential signals
going towards the MuPix8 sensor are terminated with 100 (2 resistors close to the
fanout where the sensor can be glued and bonded.

The four differential data links from the MuPix8 are fed into an LVDS repeater to
ensure that the signal strength is high enough for a transmission through the SCSI
cable over a length of O(2m).

Single-Ended Signals

All other signals are single-ended on the MuPix8 side to reduce the number of

required pins. However, they have to be transmitted differentially through the SCSI
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Figure 4.14: Photograph of the MuPix8 PCB equipped with an edge connector
in the centre.

cable because single-ended signals cannot be driven strongly enough through the
cable. Consequently, there is a number of LVDS converters on the MuPix8 PCB
which transform single-ended signals from the MuPix8 into differential signals going
to the SCSI Adapter Card and differential signals from the SCSI Adapter Card into
single-ended going to the MuPix8.

Powering

The MuPix8 PCB is supplied with 5V for the LVDS repeater and converters, a
separate 5 V from which all supply voltages for the chip are derived using commercial
voltage requlators, and a high voltage (HV) which is directly wired through to the
MuPix8. The sensor is supplied with very clean ('low-ripple’) voltages which are
VDD of 1.8V for the digital periphery, VSSA of 1V for the CSAs in the pixels,
and VDDA of 1.8V to power the analogue pixel electronics. All supply and high
voltages that are fed into the chip are separately filtered via 10nF and 100nF

capacitors which are placed in close proximity to the chip.
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Injection Circuitry

A dedicated circuitry exists to be able to generate injection pulses of variable am-
plitudes with the help of a 14-bit DAC. The pulses are fed into the chip to mimic a

hit signal in a particular pixel.

External Threshold Generation

The MuPix8 features on-chip DACs which allow to adjust thresholds when config-
uring the chip. However, these thresholds can also be applied to the chip externally
with the help of DACs and potentiometers on the MuPix8 PCB, when solder jumpers

are set accordingly.

Temperature Circuitry

A dedicated circuitry is implemented which allows to address the on-chip tempera-
ture diode of the MuPix8. The circuitry involves a DAC, amplifiers and precision
resistors and is used to generate an adjustable current which is sent into the chip.
The voltage drop across the temperature diode on the chip is measured and digitized
by an analogue-to-digital converter (ADC) on the MuPix8 PCB.

4.3.2 The MuPix8 Insert

The MuPix8 Insert is a small and relatively simple PCB. Photographs are shown in
Figures 4.15. It is designed to carry one MuPix8 chip which can be glued and bonded
to it. The insert can then be pushed into the edge connector of the MuPix8 PCB
(see section 4.3.1). It features only passive components, namely resistors and capac-
itors. There are no active components which are expensive and increase the risk of

soldering imperfections between fine-pitched contacting pins.
The insert has been developed and tested within the scope of this thesis and has
proven to work in laboratory setups as well as on three DESY test beam campaigns.

Results from the commissioning of the MuPix8 are presented in Chapter 6.

Compared to a design in which the chip is glued and bonded directly onto the

MuPix8 PCB, this concept has various advantages:
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e Smaller numbers of the large and expensive MuPix8 PCB need to be purchased
and tested. Also, if one of the active components on the PCB fails, no MuPix8
chip is lost as would be the case if it was glued onto the MuPix8 PCB. Vice
versa, a MuPix8 PCB can be used further on, even if a particular MuPix8 chip
breaks.

e A functional MuPix8 PCB can be used for the operation of multiple chips such
that the chips can be compared better as systematic errors arising from the

use of different MuPix8 PCBs are excluded.

e [t is much quicker and easier to exchange chips in an assembled setup such as
a telescope because there is no need to unplug cables or loosen screws in order
to exchange the entire MuPix8 PCB.

e Lastly, the insert can be replaced by the MuPix8 HSMC Insert which allows
to assemble an ’external’ emulator setup. Without an edge connector on the
MuPix8 PCB, this would be much more complicated as the fine bonding fanout
on the MuPix8 PCB would somehow need to be connected to the ’external’

emulator.

Features

Figure 4.15a shows a schematic view of the MuPix8 Insert. Like on the Mupix8 PCB,
the area in the centre of the PCB is free from components and copper on all six
layers. Small metal marks help to position the chip when gluing and bonding it
to the fine golden fanout along the bottom and the top edge of the blank area.
The pads in red along the top edge of the board make the connection to the edge
connector which is mounted on the MuPix8 PCB.

Like on the MuPix8 PCB, all supply and high voltages that are fed into the chip
are separately filtered with the help of 10 nF and 100 nF capacitors which are placed
as close to the chip as possible. They are connected in series with 22 mf) resistors
which can be removed to disconnect individual chip pads from the supply voltage
for debugging purposes.

In addition, there are test points in the form of pin header holes which can be
contacted with a voltage probe. The differential signals that are fed to the chip
are terminated with 100 €2 very close to the fanout. The two large blue pads in the

bottom left and right corner are mounting holes which allow to screw the insert to
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the MuPix8 PCB for a higher mechanical stability. Solder jumpers allow to connect
the four existing high voltage nets in different combinations.
Three holes allow to put a custom-designed 3D-printed cap onto the insert after a

chip has been mounted. It protects the chip and the bonds from dust and mechanical
damage.
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(a) Schematic. The top layer is coloured in blue, the bottom layer in red. Other
colours indicate inner layers.

(b) Photograph — top view. (c) Photograph — bottom view.

Figure 4.15: Schematic and photographs of the fully equipped MuPix8 Insert.
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4.3.3 The MuPix8 Insert light

The MuPix8 Insert light (see Figure 4.16) is derived from the MuPix8 Insert and
can be considered a simplified version. It has also been developed within the scope
of this work.

The idea behind this insert is to have a PCB which is even cheaper and also faster
and easier to populate and test compared to the MuPix8 Insert presented above.
Therefore, only the most crucial components are placed on this insert light. At the
time of writing, this PCB is in production and has not been delivered yet. As the
PCB will be very easy and fast to assemble and test, it is suitable for production in

larger quantities.

Features

The design of the fully equipped MuPix8 Insert followed a conservative approach
with many decoupling capacitors. In contrast, the number of components on the
MuPix8 Insert light is reduced to 10. Two critical bias voltages connected to the
on-chip voltage controlled oscillator are grounded via a 100 pF capacitor and a 1 k2
resistor. In addition, the ground and power of the digital logic are filtered through
a 1) resistor in series with parallel 10nF and 100 nF capacitors. All other supply
voltages as well as the high voltage are applied directly to the chip and are not
filtered again.

As described in section 4.1, only the pads along the bottom edge are essential to
operate the sensor. The pads along the top edge are auxilary and can be used to
probe voltage drops across the chip. They are therefore wired to pin header holes
as test points which can be contacted with a voltage probe. However, if it turns out
that one or several of them are needed to operate the sensor they can be contacted

to their corresponding supply voltage net with a jumper.
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Figure 4.16: Schematic of the MuPix8 Insert light. The top layer is coloured
in blue, the bottom layer in red. Other colours indicate inner layers.

4.3.4 The MuPix8 HSMC Insert

In order to test the entire data acquisition chain from the MuPix8 PCB all the way
through to the software without having the MuPix8 chip at hand, the ’external’
MuPix8 emulator setup has been developed (see section 4.2.3). To realize this setup,
a dedicated insert is required which can be connected to a separate FPGA running
the ’external’ MuPix8 emulator. To this end, the MuPix8 HSMC Insert (sece
Figure 4.17) has been designed and tested as a part of this work.

Features

The PCB is designed to suit the pinout of a Stratix IV running firmware to emulate

the MuPix8. As a mere 'adapter card’ its design is kept as simple as possible.

The MuPix8 HSMC Insert can be linked to a Stratix IV via HSMC-to-HSMC
cable plugged onto the HSMC' connector. The four fast data lines corresponding
to the three submatrices A, B and C plus the multiplexed link D can be wired to
two different types of transmitter blocks on the FPGA — the Fast GX Transceivers
or the LVDS Transmitters — by setting solder jumpers. The Fast GX Transceivers

have been used for all measurements (see section 5.3). The optional connection to
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the LVDS Transmitters is implemented as a backup option. Furthermore, there are
differential lines for the external reference clock provided to the MuPix8 (emulator)
from the readout FPGA and synchronous reset signal.

All slow signal lines are wired through as single-ended transmission lines. Two
LEMOs are placed on the PCB as well, one for the hitbus signal generated by the
‘external’” MuPix8 emulator and one to probe the injection pulse generated on the

MuPix8 PCB. They allow to investigate these signals with an oscilloscope.

The following features are not related to the firmware of the ’external’ emulator

but allow further measurements with the MuPix8 emulator setup:

There is a temperature diode circuitry which is realized using a transistor in diode
mode and a 470 pF decoupling capacitor. It is addressed by the temperature diode
circuitry on the MuPix8 PCB to test the functionality of the of the latter.

Furthermore, there are three LEDs which indicate whether the three supply volt-
ages VDDA, VSSA and VDD are applied correctly. 14 pin header hole pairs serve
as testpoints at which the baseline and threshold voltages, generated on the MuPix8
PCB and applied to the MuPix8 externally, can be probed.
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(a) Schematic. The top layer is coloured in
blue, the bottom layer in red. Other
colours indicate inner layers.
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HSMC connector
(b) Photograph — top view. (c) Photograph — bottom view.

Figure 4.17: Schematic and photographs of the MuPix8 HSMC Insert.
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4.3.5 The MuPix8 SCSI Adapter Card

As depicted in Figure 4.8, the MuPix8 SCSI Adapter Card is required to make
a connection between the Stratix IV in the data acquisition PC and the MuPix8
PCB. A schematic view and photographs are shown in Figure 4.18.

This PCB has been designed and tested in the context of this thesis and has
proven to work in setups involving the ’external’ MuPix8 emulator as well as the
real MuPix8 chip. There is an HSMC' connector for the link to the Stratix IV. Two
SCSI-68 connectors allow for the connection to two MuPix8 PCBs.

Differential Signals

The fast signals, which comprise the fast data links, two clock signals and a syn-
chronous reset, are sent from the Stratix IV to the MuPix8 or vice versa as differen-
tial signals. Solder jumpers can be set to connect the fast differential data from the
chip either to the Fast GX Transceivers or the LVDS Receivers of the Stratix IV
(see also section 4.3.6). One of the clock signals is fed into the on-chip PLL from
which all on-chip clocks, like those for the readout state machine or the timestamp
generation, are derived. The second clock is a backup for the LVDS transmission

block of the MuPix8 in case the on-chip PLL causes problems.

Single-Ended Signals

All other signals are single-ended on the FPGA side to reduce the number of re-
quired pins. However, they have to be transmitted differentially through the SCSI
cable because single-ended signals cannot be driven strongly enough over a length of
O(2m). Consequently, there is a number of LVDS converters on the SCST Adapter
Card which transform single-ended signals from the Stratix IV into differential sig-
nals going to the MuPix8 PCB and differential signals from the MuPix8 PCB into
single-ended going to the Stratix IV. The converters are powered by 3.3V from
the HSMC connector which is filtered by an inductor and a number of decoupling

capacitors.

LEMOs and NIM-to-TTL

In addition, there are four LEMO inputs for external *trigger’ signals which can be
used for a coincidence setup with scintillators. A connector is needed for the £5V

supply voltage for the NIM-to-TTL level shifting of the external trigger signals.
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In this case, ’trigger’ does not imply a signal that triggers the readout of the
chip. It is an external signal used to generate ’trigger’ timestamps on the FPGA

which can be merged into the data stream for later offline analysis.

RJ45 Connector

An RJ}5 connector allows for an integration of a Trigger Logic Unit (TLU)
[39] in the EUDAQ system at DESY test beams in Hamburg. It comprises four
differential signals. The TLU sends out a reset — currently not used — and a trigger
signal, and receives a clock and a busy signal from the FPGA. The latter is used to

indicate that the FPGA cannot process any incoming trigger signals temporarily.

SMA Connectors

An external differential clock signal, e.g. from a clock board, can also be provided
to the FPGA through a pair of SubMiniature version A (SMA) connectors. This
feature is required when two FPGAs need to be operated in sync if running the
Octoscope. Further SMA connectors comprise spare in- and outgoing clocks and a

spare outgoing reset signal, as well as two spare general purpose inputs to the FPGA.
The metal housings of the SCSI connectors and the RJ45 connector are grounded

and decoupled from the general ground through inductors. LEDs indicate that the
3.3V for the LVDS converters as well as the +5V for the level shifters are applied.
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(a) Schematic. The top layer is displayed in blue, the bottom layer in red. Inner layers
are indicated by other colours.

SCSI front

RJ45

SCSl back j oy

NIM-to-TTL
solder
jumpers
HSMC connector
(b) Photograph — top view. (c) Photograph — bottom view.

Figure 4.18: Schematic and photographs of the MuPix8 SCSI Adapter Card.
The large SMD components which are not highlighted correspond to
the LVDS converters.
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4.3.6 The Stratix IV Dev Board & DAQ Firmware

The Stratix IV GX is a field-programmable gate array (FPGA) from Altera. It is
mounted on a commercial development board (dev board) [40] which can be used as
the interface between the custom hardware and the PC running the DAQ software.

A photograph is shown in Figure 4.19.

The dev board can be mounted in the Peripheral Component Interconnect Express
(PCle) slot on the mainboard of a PC. On the other side, it connects to up to two
MuPix8 HSMC Adapter Cards (see section 4.3.5) through the HSMC ports A and B.

In the single setup, only port A is used. For the telescope setup, a second
(identical) adapter card is connected to port B. The FPGA is running firmware

which comprises a range of functionalities described below.

The configuration of the firmware is realised via write- and read-registers which
are addressed by the DAQ software. The data which the FPGA acquires from the
MuPix8 can be written to the Random-Access Memory (RAM) of the DAQ PC

in two different modes:

e In the case of Polling, the FPGA tells the PC that new data is available.
This data is written to the RAM of the PC when the PC accepts the write

request.

HSMC Port A HSMC Port B

[ ]
PCle

Figure 4.19: Photograph of the Stratix IV dev board. The FPGA itself is
hidden behind the fan in the centre.
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e The other option is Direct Memory Access (DMA) in which case the FPGA
writes directly to the RAM of the PC without CPU involvement. This mode
allows for a higher bandwidth compared to polling as the FPGA does not need
to wait for feedback from the PC. Regular ’interrupts’ are sent to the CPU in

order to acknowledge new data.

The FPGA also runs a reconfigurable phase-locked loop (PLL) which generates

the reference clock signal that is sent out to the sensor.

The Data Path

The data path is the entity comprising the various data processing steps in the
DAQ firmware. It is illustrated in Figure 4.20 and described step by step in the
following.

One FPGA is able to process the data from up to four MuPix8 chips — two chip
per HSMC port. For simplicity, the description of the data path below is given for

the data from one chip only.

The FPGA receives data from the MuPix8 via four differential links corresponding
to the three submatrices A, B and C plus the multiplexed link D. On the FPGA,
two different types of receiver blocks with are implemented in parallel: the Fast GX
Transceiver block and the LVDS Receiver block. However, on the MuPix8 SCSI
Adapter Card, solder jumpers need to be set such that only one of the receiver

blocks receives physical signals. The respective other one is unused.

The Fast GX Transceivers have the advantage of an integrated 8b/10b decoding
including an error detection feature. Therefore, they are ideal for the phase of
commissioning the MuPix8 as the error detection is a powerful tool in the process
of debugging. However, on the HSMC Port B (see Figure 4.19), only three links (for
the submatrices A, B and C) can be connected to the fast transceivers. This is a
limitation given by the availability of receiver blocks on the Stratix IV. Consequently,
the multiplexed link D cannot be used in this case. HSMC Port B is only used in
the telescope setup. Therefore, the telescope cannot be run using the multiplexed
link D when using the Fast GX Transceivers.

On the contrary, the LVDS Receivers are foreseen to be used on the front-end
boards in the final readout chain of the Mu3e detector. For them, the 8b/10b de-

coding is implemented separately by hand. An integrated error detection feature
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physical input pins
on HSMC

data in (4x) or

data in (4x)
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Data Path

| Fast GX Transcelver

LVDS Receiver

Pseudo Data Generator | MUX |

'MUX'

|FPGA Histos| | Unpacker |

Gray Decoder
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Figure 4.20: Schematic drawing of the data path in the MuPix8 readout firmware.

as for the Fast GX Transceivers is not available making them less suitable for the

phase of commissioning the readout system. So far, only the Fast GX Transceivers

have been used.

In a first step, the incoming data is linked to the selected receiver block, where
it is deserialized and 8b/10b decoded. Afterwards, the data needs to be fed into a
FIFO (first in, first out register) to ensure the synchronisation of all incoming links
from the three submatrices and the multiplexed link. From here, the data is fed
into a multiplezer (MUX) to select the output data from the recevier block which
actually receives the signals from the chip. Then, there is an additional MUX to
select between 'real’ data from the MuPix8 and ’generated’ data from the Pseudo

Data Generator, which has been implemented as part of this thesis (see section 5.2).

o8
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The data is afterwards sent into the Unpacker where sections of the data stream
are interpreted as link identifiers, hit addresses and timestamps such that hit pack-
ages are formed. Optionally, a number of histograms can be generated on the FPGA.

They are implemented as an additional debugging tool.

In the next two steps, the hit addresses and the timestamps are optionally Gray
decoded and forwarded into three different readout entities which further process the

data according to the chosen readout mode. There are five different readout modes:

1. The first corresponds to a simple dumping of the raw data from all four differ-
ential inputs into the memory such that the output from the deserializer can

be investigated.

2. For the second readout mode, one of the input channels is selected. The raw
data from this link is then dumped into the memory. All other links are

ignored.

3. The third mode resembles the second, but zero suppression is implemented in
addition. This means that no data is written to memory when the data stream

does not contain any hit information but consists of control words only.

4. Then, there is a readout mode which is dedicated to the readout of a telescope.

It includes data sorting and package building for multiple chips.

5. Finally, the fifth readout mode is using a simple round robin arbitration
scheme. Also in this mode, events are built for all connected links and written

to memory.

In the last two modes, hitbus information are included as well as trigger time-
stamps if external trigger signals are fed into the MuPix8 HSMC Adapter Card via
the dedicated LEMO connectors.

The data from the different readout blocks are fed into another multiplexer. Then,
the output of the MUX is forwarded to the PCle block which handles the commu-
nication with the DAQ PC such that the data can be written to the memory of the
PC.
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4.4 DAQ PC & Software

The DAQ software is implemented in C++ and based on Qt [41], Eigen [42] and
Boost [43]. It comprises the readout software, an online monitoring feature and a

Graphical User Interface (GUI) for a user-friendly control.

The software is designed in a modular approach. The PCle driver handles the
communication with the FPGA in that it maps the registers and memory of the
Stratix IV to the local RAM of the PC. The readout block processes the data
which is written to the FPGA interface and writes files to a local disk for later
analysis. It requires a high computational power and is thus designed utilizing con-
current programming to make use of multiple cores. Several threads run in parallel
and asynchronously and are controlled by a MainThread which also handles the

GUI. Communication between the threads is done via queues.
From the MainWindow of the GUI, several dialog windows can be opened. A

more detailed description of the GUI and the available features can be found in
Appendix A.1.
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5 Emulating the MuPix8 in Firmware

For the MuPix8, an FPGA-based chip emulator (Pseudo Data Generator) has been
developed which is embedded in the readout firmware. It was of great help in
the process of debugging the readout firmware and software because it excludes any
hardware components other than the Stratix IV and the readout PC from the system.
Therefore, one does not have to rely on the functionality of any custom-designed
hardware of the readout chain or even the MuPix8 chip itself while debugging the

readout firmware and software (see section 5.2).

In a second step, the emulator has been migrated onto a separate FPGA being
connected to the MuPix8 PCB via a custom adapter card. This allowed to validate
the functionality of the entire data acquisition chain from the MuPix8 PCB to the
readout PC (see section 5.3).

In particular, emulating the MuPix8 was of great value because the hardware
components required for the MuPix8 setups had arrived and were tested individu-
ally long before the actual MuPix8 chips were delivered. The use of the emulator
allowed to test the integrity of these hardware components and to debug the single

setup such that the commissioning of the MuPix8 could be prepared optimally.

In this chapter, the concept of the MuPix8 emulator is discussed. Furthermore,
a detailed description of the firmware implementation and the measurements per-

formed with both the 'internal’ and the ’external’ MuPix8 emulator is given.

5.1 Concept

The digital part as implemented in the MuPix8 has been synthesized from Verilog
HDL code. This hardware description language (HDL) is also used for FPGA pro-
gramming. It contains the readout state machine which sends and receives signals to
and from the digital periphery and includes the 8b/10b encoding as well as the serial-

izer. This piece of code has been taken as the foundation for the MuPix8 emulator.
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The data acquisition firmware as described in section 4.3.6 is implemented in
VHDL (Very High Speed Integrated Circuit Hardware Description Language). 1t is
a powerful feature of these hardware description languages that firmware projects
can be composed of a combination of entities implemented in both Verilog — such
as the MuPix8 digital part — and VHDL — such as the readout firmware.

Consequently, the code description of the digital part of the MuPix8 did not
have to be translated into a different HDL in order to be embedded in the readout

firmware.

A major part of developing the emulator was to implement a wrapper contain-
ing the readout state machine as well as a firmware-based version of the digital
pixel electronics to mimic its behaviour with respect to the communication with the
readout state machine and to generate hits. The analogue matrix in its full com-
plexity comprising charge-sensitive amplifier, line-drivers etc. as implemented in the
MuPix8 is not required for a firmware-based emulator. Instead of the generation of
analogue pulses which need to be discriminated to get digital signals, hits can be

generated ’digitally’ through a number of logic conditions.

Another important step was to extend the exisiting MuPix8 GUI by a dedicated
control window for the emulator (see section 5.2.2). The same control window is
used for both the ’internal” and the ’external’” emulator. However, some features are

only available in the 'internal’ or the ’external’ emulator as explained below.

Non-Chronological Readout Scheme

The firmware implementation of the digital periphery of the MuPix8 must inter-
act correctly with the MuPix8 readout state machine. An exact description of the
state sequence and the signals sent and received by the state machine is given in
Appendix A.2. At this point, it suffices to understand the readout concept: In the

MuPix8, hits are read out in a non-chronological order.

As described in section 4.1, the pulses from the analogue pixel matrix are driven to
the periphery where every pixel has its digital cell. In this cell, the pulse is digitized
by two comparators and the corresponding timestamps are saved until read out.
In Figure 5.1, a matrix of these digital pixel cells is shown. For simplicity, its size

is reduced to 5 x 7. In this example, the matrix is filled with six hits which have
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occured at different times (timestamps |, 2 and 3, see Figure 5.1a).

The readout procedure works as follows: A ’snapshot’ of the matrix is taken, i.e.
the hits which have occurred are 'confirmed’ and ready to be read out. New hits
which occur after the ’snapshot’” are not read out during this readout cycle but will
be processed later when the next ’snapshot’ is taken.

From every column which contains at least one hit, the hit with the lowest row
address is pulled down into the end-of-column row (see Figure 5.1b). Then, the
hits are sent out consecutively (see Figure 5.1c). As can be seen, this scheme is
non-chronological as it mixes up the time order of the hits. Once the end-of-column
row is empty, the next load of hits is pulled down. This way, a maximum of 63
hits can be sent out before the next ’snapshot’ is taken. If less than 63 hits are
contained in the ’snapshot’, the next ’snapshot’ is taken after these have been sent
out. The maximum of 63 can also be reduced by a dedicated configuration value for

the purpose of debugging.
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Figure 5.1: Illustration of the non-chronological readout scheme. For simplic-
ity, 5 x 7 pixels are shown. They correspond to the digital pixel cells
in the periphery which contain the comparators and not the pixels in
the analogue matrix.
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5.2 The Internal Emulator

The ’internal’ emulator is a mean to test and validate the functionality of the data
acquisition software and (most of) the readout firmware as described below. It is
embedded in the firmware running on the Stratix IV in the data acquisition PC as
illustrated in Figure 5.2.

Consequently, no hardware other than a Stratix IV and a DAQ PC are required

to run the ’'internal’ emulator as described in section 4.2.3.

single setup 'internal’ emulator setup
DAQ PC DAQ PC
Stratix IV Stratix IV

SCSI Adapter Card / A
SCSI cable
'internal' MuPix8 Emulator
MuPix8 PCB
MuPix8

Figure 5.2: Schematic illustrating the concept of the MuPix8 emulator embedded
in the DAQ firmware.

5.2.1 Firmare

The ’internal’ emulator is embedded in the readout firmware as an entity called
Pseudo Data Generator. It is located right in front of the Unpacker (see sec-
tion 4.3.6, Figure 4.20) where the data from the emulator is multiplexed with data
from the real MuPix8 sensor. Thus, all entities in the data path before the Unpacker
cannot be tested using this emulator. These are the Fast GX Transceiver and the
LVDS Receiver including the deserialization and the 8b/10b decoding. For them,
electrical input signals to the FPGA are required as provided by the ’external’ em-

ulator (see section 5.3).

The Pseudo Data Generator contains the following subentities, as illustrated

in Figure 5.3:
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e The MuPiz§ Digital Part which itself comprises
— the timestamp generation,
— the three readout state machines A, B and C,

— the serializing block which also includes the multiplexing of link D.
e The three submatrices A, B and C in which the hit information is generated.

The serializer in its original form is not needed for the ’internal’ emulator. As the
data from the Pseudo Data Generator is fed into the Unpacker, no 8b/10b encoding
of the generated data is required. In addition, the transmitters could be removed as
no physical output signal from the FPGA is needed. As a consequence, the clocking
scheme could be slightly simplified as the fast internal clock related to the actual
serializer is not used anymore. However, the serializer block could not be removed
completely because for link D the functionality of either sending a copy of the data

link A, B or C, or multiplexing the three links should remain.

Hit Patterns

The hit generation happens in the Submatriz entities. The generated hit pattern is

repetitive and deterministic. Three modes, which differ slightly, can be chosen:

e In the first mode, the pattern corresponds to a ’subdiagonal’ across each
submatrix, i.e. from pixel (0,0) to (47,47), from (48,0) to (95,47), and from
(96,0) to (127,31).

Pseudo Data Generator
MuPix8 Digital Part Time Stamp Generationl
clock —>| Serializer
reset— T > data out A
config—> ] > data out B
I > data out C
Readout State Readout State Readout State MUX > data out D
Machine A Machine B Machine C
A A A
Y Y L\
Submatrix A Submatrix B Submatrix C

Figure 5.3: Illustration of the Pseudo Data Generator and its subentities.
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e In the second case, a full ’diagonal’ across all three submatrices from pixel
(0,0) to (127,127) is generated.

e On the MuPix8 chip, the digital addresses, which the chip sends out, do not
correspond to the physical pixel addresses on the chip. Therefore, the third
mode — based on the second mode — includes the transformation from physical
to digital address which is summarized in Table 5.1. The corresponding reverse
transformation from digital back to physical addresses is implemented in the

readout software.

Physical Column Physical Row Digital Address

0—127 physical column + 128
0—283 physical row + 56
84 — 99 physical row + 156
100 — 199 physical row + 40

Table 5.1: Transformation from the physical position of the pixel to the digital
pixel address as sent out by the MuPix8.

For all three cases described above, one can reduce the hit pattern to a fraction
of the subdiagonals with a variable number of hits (numhits) which is equal for all
three submatrices.

In the third mode, for instance, one then gets 3 subdiagonals from pixel (0,0)
to (numhits,numhits) for submatrix A, from (48,48) to (48+numhits,48+numhits)
for submatrix B, and from (96,96) to (96+numhits,96+numhits) for submatrix C
including the address transformation. Examples are shown in section 5.2.3 (see Fig-
ures 5.5b and 5.5¢).

There are good reasons to keep the hit pattern as simple as possible here: As the
emulator is embedded in the DAQ firmware, it is supposed to be small in terms of
resource usage of the FPGA. Moreover, it is advantageous to have a simple data
pattern which can easily be identified and checked by eye when investigating the
data written to memory. In addition, in modes two and three, it can be derived
from the hit address which submatrix the hit stems from. This allows to investigate
whether the multiplexing of the data from the submatrices A, B and C on link D

works properly.
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Random or pseudo-random data would make it much harder to cross-check whether

all hits of a block are read out correctly or whether a loss of part of the data occurs.

Hit Generation & Readout Procedure

The hit generation works as follows: The number of hits in the end-of-column row
(see Figure 5.1) is implemented as a simple counter (hitcount) which is decremented
when a hit is sent out by the readout state machine. An actual (digital) pixel matrix
and an end-of-column row are not required as the hit addresses are deterministic —
the hit addresses do not need to be stored in the end-of-column row. They can be

derived from hitcount in the moment they are sent out.

When the next ’snapshot’ is taken, hitcount is reset to numhits or to 48, 48 and
32 for submatrices A, B and C, respectively, if numhits is chosen larger than the
number of columns in the corresponding submatrix. This means that hits are always
available and no ’idle’ time occurs in which the state machine waits for new hits.
It also means that submatrix C sees a higher per-pixel rate if numhits is chosen
larger than 32. The reason is that in this case the procedure repeats after 32 hits
for submatrix C compared to a higher number (up to 48) for submatrices A and B.

In order to be able to generate an ’idle’ time, is also possible to reduce the hit
rate using the configuration value slowdown. If slowdown is larger than 1, hitsize

is kept at 0 as long as a counter arrives at slowdown — 1.

The timestamps corresponding to the hits are assigned in the moment they are
sent out. This means, the hits get ordered timestamps unlike in the case of 'real” hits
which are read out non-chronologically. Again, this simplification is sensible because

it reduces the resource usage on the FPGA as the timestamps are not stored.

Four identical copies of the Pseudo Data Generator are implemented such that
four MuPix8 chips can be emulated at a time. This allows to test the readout

firmware and software with respect to its usability for the telescope setup.

5.2.2 Software & GUI

The graphical user interface used for the control of the MuPix8 emulator is inte-

grated in the data acquisition GUI. The Emulator Dialog can be opened from the
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Single MainWindow or the Telescope MainWindow to run the ’internal’ emulator.
It can also be opened from the Emulator MainWindow if running the 'external” em-
ulator. A more detailed description of the MainWindows is given in Appendix A.1.
The Emulator Dialog is used for the control of both the 'internal’ and the ’external’

emulator.

The GUI (see Figure 5.4) comprises the control of the Pseudo Data Generator as
well as a Hitbus Generator which is described in 5.3.1. For the 'internal’” emulator,

only the Pseudo Data Generator is available.

Pseudo Data Generator

As the MuPix8 emulator runs on an FPGA, its configuration and control is realized

via the same PCle interface which is used for the communication with the readout

Figure 5.4: The GUI for the control of the emulator.
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firmware. To this end, dedicated read- and write-registers can be accessed. The

configuration values described in the following are written to such registers.

As the 'external” emulator can be used on the HSMC ports A and B of a Stratix IV,
all configuration values exist twice. For the ’internal’ emulator, only the left column

(Port A) is of relevance.

The configuration values for the readout state machine correspond to those of the
'real’ MuPix8. They are summarized in Appendix A.2. Further emulator specific
control values are presented below. They do not exist for the 'real’ MuPix8 and are

merely for the control of the emulator.

e The emulator can be enabled/disabled with the check box enable.

e For debugging purposes it can be useful to enable only individual links from
individual chips. This can be done using linkenO - linken3 for the four
chips which can simultaneously be emulated with the ’internal” emulator. For
the ’external’ emulator which can only emulate one MuPix8 per port, only

linkenO is relevant.

e Like the linken register values, the slowdown exists for each of the four em-
ulated chips. When set to 0, no hits are generated. Otherwise, ’snapshots’ of

the matrix are performed at a rate of f = 62.5 MHz/slowdown.

e numhits corresponds to the number of hits per submatrix when generating a

"diagonal’ hit pattern.

e Again, for debugging purposes, it is useful to be able to switch between the

different data patterns explained above using generator mode.

In the top left corner of the GUI (see Figure 5.4), the table 'Status - Matriz A’
displays status information of the entity corresponding to submatrix A on the first
chip. It allows to check whether the reset signal is enabled and which mode is
selected for the hit generation. In addition, a number of flags indicate whether the
state machine has arrived at a certain state for the first time. In the process of
debugging, this feature was particularly helpful to detect in which state the state
machine got stuck.

The table ’Status - Digital Part’ (see Figure 5.4) displays the status of the digital

part corresponding to the first chip. It shows the readout reset signal as well as the
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synchronous reset signal. It also displays in which state the readout state machine

is at the moment of pushing the button Read Status.

Further buttons allow to quickly reset various entities of the emulator and the

DAQ), respectively. They comprise:

e Reset DataGen to reset the Pseudo Data Generator

e syncres to synchronously reset the timestamp generating entity in the digital

parts of the four emulated MuPix8 chips

e Reset Readout to reset the readout entities in the data path after changing

the readout mode (only ’internal” emulator)

e Reset Clkgen PLL to reset the PLL to which the input clock is fed in case of

the ’external’ emulator

e Reset fast TX to reset the Fust GX Transceivers (only ’external’ emulator)

5.2.3 Measurements
Hitmaps

In Figure 5.5, hitmaps are shown which have been generated with the ’internal’
emulator using generatormode = 3. Therefore, the transformation between digital
and physical addresses is included. The software used for the processing and storage

of the data is exactly the same used on DESY testbeams.

The shown hitmaps prove the functionality of the data path the readout firmware.
No data is lost, it is written to the memory of the DAQ PC and processed correctly.
In addition, it could be shown that the online monitoring is functional, i.e. during

the run time, a ’real-time’ hitmap is displayed in the GUI.
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Figure 5.5: Hitmaps with different numbers of hits per ’subdiagonal’, generated
with the ’internal’ emulator. The difference in the number of entries

stems from different run times.
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5.3 The External Emulator

The ’external’ emulator is suitable to test the entire data acquisition chain from the
MuPix8 PCB over the SCSI cable to the SCSI Adapter Card, the readout firmware,
and the DAQ software as illustrated in Figure 5.6. Being derived from the ’internal’
emulator, the ’external’ emulator is also based on the original Verilog HDL code
which has been synthesized for the digital part of the MuPix8.

A major part of the implementation of the ’external’ emulator was a modification
of the submatriz entity to allow for a generation of pseudo-random hits. In addi-

tion, the 8b/10b encoding as well as the transceiver blocks had to be re-implemented.

Like the readout firmware, it is running on a Stratix IV which, in contrast, is
mounted in a separate PC. For maximal synergy, the control GUI for the 'external’
emulator is implemented in the same software framework running on the DAQ PC.
A dedicated Emulator MainWindow (see Appendix A.1) allows to open the Emula-

tor Dialog as described in section 5.2.2 for the ’internal” emulator.

As described in section 4.2.3, the setup comprises the full hardware required for

the MuPix8 single setup except for the MuPix8 Insert which needs to be replaced

single setup ‘external' emulator setup
DAQ PC DAQ PC
| Stratix IV | | Stratix IV |
SCSI Adapter Card SCSI Adapter Card
SCSI cable SCSI cable
MuPix8 PCB MuPix8 PCB
| _|HSMC| |
Insert
HSMC cable
/l Stratix IV |
\ . ; e
external' MuPix8 Emulator Bl ki BE

Figure 5.6: A schematic illustrating the concept of the MuPix8 emulator running
on a separate FPGA.
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by a dedicated adapter insert — the MuPix8 HSMC Insert. This connects to a
separate FPGA. The FPGA is mounted in a PC which is in turn used for the control

of the ’external’ emulator via a GUI.

5.3.1 The Firmware

The firmware has been derived from the ’internal’ emulator as explained above (see
section 5.2). The MuPiz8 Digital Part and the Submatriz entities are in princi-
ple identical to the ’internal’ emulator. However, there is now the possibility to
generate pseudo-random hits in addition to simplistic diagonal hit patterns. This
pseudo-random hit generation is based on a pseudo-random binary sequence (PRBS)

as explained below.

As a basis, the MuPix8 readout firmware has been used for the ’external” emulator.
In particular, the PCle block, responsible for the communication with the PC via
read- and write-registers has been kept. Only the use of the registers needed to be
adapted to the needs of the ’external’ emulator.

On the other hand, all readout-related entities were removed and the data path
was restructured as illustrated in Figure 5.3. Because the FPGA now has to trans-
mit signals via physical output pins, 8b/10b encoding as well as serialization are

required.

For the 8b/10b encoding, a freely available VHDL implementation [44] has been
integrated behind the Pseudo Data Generator. This solution has been chosen instead
of using the original MuPix8 Verilog code such that the exact MuPix8 Digital Part
from the ’internal’” emulator could be used.

Firmware needs to be designed in consideration of which building blocks are avail-
able on the type of FPGA at hand. Because the type of serializer implemented in
the MuPix8 is not available on the Stratix IV, two alternative solutions have been
realized in parallel. Like in the readout firmware, a Fast GX Transceiver Block and
an LVDS Transmitter Block are implemented. Both include the serialization and
generate electrical output signals which are available on the HSMC ports A and B
to be transmitted to the MuPix8 HSMC Insert via a HSMC-to-HSMC cable. On
the insert, solder jumpers can be set to select the data from one of the transmitters.
The Fast GX Transceivers have been used for all measurements presented below.

The LVDS Transmitters have been implemented as a backup option.
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Figure 5.7: Illustration of the MuPix8 Emulator and its subentities.

In addition, a Hitbus Generator as explained below has been added.

Pseudo-Random Hit Generation & Readout Procedure

A pseudo-random binary sequence (PRBS) is a bit sequence which is generated with
a deterministic algorithm but is very similar to a truly random sequence on a short
time scale. In hardware, it is typically implemented using a linear feedback shift
register (LFSR) [45].

For the Pseudo Data Generator, a so-called PRBS31 has been employed. A
schematic drawing is shown in Figure 5.8. The PRBS31 is realized as a LFSR with
a length of 31 bits. Every clock cycle, the result of a logic 'xnor’ operation be-
tween bit 30 and bit 27 is fed back into the zeroth bit of the chain. As the starting
condition, which can be chosen arbitrarily, all bits are set to 0. The bit pattern

repeats after 231 ~ 2.15 x 10? steps which corresponds to ~34s at a clock frequency
of 62.5 MHz.

The generation of pseudo-random hits works as follows: Every clock cycle, a 3-bit
section of the PRBS is compared to a fixed pattern. This condition ensures that
a hit is not generated every clock cycle and the time between two consecutive hits
varies. The length of 3 bits as well as the pattern are chosen arbitrarily. A longer

pattern would reduce the hit generation rate as matches happen less frequent. The
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linear feedback —
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Figure 5.8: Schematic drawing the pseudo-random hit generation using a
PRBS31 implementation in the form of a LFSR.

pattern does not matter as all combinations are equally likely.

If the chosen 3-bit section of the PRBS matches a fixed pattern, another 6-bit
section is used as the column address and yet another 8-bit section as the row
address of the hit as illustrated in Figure 5.8. In addition, the timestamp received
from the Digital Part in the clock cycle of the pattern match is assigned to the hit.

6 bits correspond to numbers between 0 and 63 which suffices for the column
address space of one submatrix. The correct ’offset’ of 48 and 96 for submatrices
B and C is added later. The 8 bits for the row allow values between 0 and 255.
Consequently, a 'valid’ hit is only generated when the column and row addresses lie
within the range of the respective submatrix. If the column address is larger than
47 (for submatrices A and B) or 31 (for submatrix C), or the row address is larger
than 199, the hit is discarded.

With this strategy, hits are generated which look random on a short time scale
but are repetitive after ~34s. Like for the diagonal hit pattern, the hit generation
can be slowed down using the configuration value slowdown. If slowdown = 0,
no hits are generated. Otherwise, the pattern matching is performed at a rate of
62.5 MHz/slowdown.

When a pattern match occurs, the corresponding hit information needs to be
stored until the hit is loaded into the end-of-column row to be sent out. This prob-
lem is solved by the use of Random Access Memory (RAM) blocks. As depicted in
Figure 5.9, one RAM block with a depth of 16 bits and 200 memory addresses is
used per column. The 10-bit and the 6-bit timestamp of a hit is be stored at the
memory address corresponding to the row address of the hit. In addition, a hit flag
is stored in a 48 x 200 (submatrices A, B) or a 32 x 200 matrix (submatrix C), to

keep an information about which RAM address contains valid hit information. The
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RAM block (1 per column)
[0 H 10-bit & 6-bit time stamp |

[ 1 H 10-bit & 6-bit time stamp |

[ ]

[199H 10-bit & 6-bit time stamp |
LY A

\

stored value
memory address = row address

Figure 5.9: Schematic drawing of one RAM block used to store the 10-bit and 6-bit
timestamps of a hit at the memory address corresponding to the row
address of the hit.

hit ’pixel” is now occupied until read out. If a hit with the same address occurs

before the hit has been read out, it is not overwritten.

When a matrix ’snapshot’ is requested from the readout state machine, a readout
priority logic chain is triggered to check each column for a hit. If at least one hit
is found, the one with the lowest row address is pulled into the end-of-column row
and the corresponding flag in the hit flag matrix mentioned above is reset, i.e. the
‘pixel’ is active again and the RAM cell can be written again. These hits are sent out
consecutively as described in section 5.1 (see Figure 5.1). When the end-of-column

row is empty (or 63 hits have been sent out), the readout procedure starts again.

This implementation of the pseudo-random hit generation is very resource inten-
sive. For this reason, it is not possible to fit more than three submatrices into one
Stratix IV. Consequently, two firmware versions have been developed. One con-
tains the pseudo-random hit generation but only one MuPix8 can be emulated at a
time, i.e. only HSMC port A is used. In the second version, only the three diagonal’
hit patterns as in the 'internal’ emulator are available. In this case, two MuPix8
chips can be emulated on one FPGA making use of HSMC ports A and B.

The Hitbus Generator

The Hitbus Generator can be used to generate a hitbus signal. It is considerably
simple and therefore a good tool for a first test of the electrical connectivity between
the Stratix IV and the MuPix8 PCB. The output signal stays high until a counter

with an incrementation frequency of 125 MHz reaches the value of counter high.
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Then the signal is low for counter low clock cycles. Therefore, a repetitive hitbus
signal with an adjustable repetition rate and duration is generated. The signal can
be investigated with an oscilloscope when probed at the LEMO connector on the
MuPix8 HSMC Insert.

5.3.2 Measurements with the MuPix8 Emulator Setup

In the following, the various measurements, which have been performed using the
‘external” MuPix8 emulator and the MuPix8 HSMC Insert, are presented.

Hitbus

On the MuPix8 chip, the hitbus signal corresponds to a simple time-over-threshold
for a chosen pixel column. It is wired through to the readout firmware but can also
be probed at the MuPix8 PCB.

As a first test, a hitbus signal has been generated with the ’external’ emulator and
visualized with an oscilloscope. The signal (see Figure 5.10) has a high time of 2 ps
and a low time of 8 us and is repetitive. The measurement proves that the electrical
connectivity between the Stratix IV running ’external’ emulator and the MuPix8
PCB is established. It also shows that the ’external’ emulator can be configured via
the GUL

Figure 5.10: Screenshot of an oscilloscope attached to the hitbus LEMO on the
MuPix8 PCB. A high time of 2ps and a low time of 8 us have been
chosen as an example.
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The signal could also have been used to further test the readout chain, but efforts

have been focussed on the hitmap instead (see below).

Hitmaps

Figure 5.11 shows three exemplary hitmaps which have been created from the data
generated by the ’external’ MuPix8 emulator, sent through the entire readout chain,
processed by the readout software and then saved to file as would be done for 'real’
data.

The first hitmap (Figure 5.11a) shows a simple diagonal as presented in the pre-
vious section for the ’internal’ emulator. It proves that the electrical connection
between the MuPix8 PCB and the data acquisition PC is functional. In addition, it
shows that the firmware entities which could not be tested with the ’internal’ em-
ulator — the receiver blocks including the deserialisation and 8b/10b decoding and

the synchronisation FIFOs — work properly.

The hitmaps depicted in Figures 5.11b and 5.11c show pseudo-random hit patterns
at different hit rates. The generated hit rate can be calculated as shown in the
following. The fixed bit pattern is compared to a section of the PRBS31 with a
frequency of 62.5 MHz/slowdown, a value which is set in the emulator GUI. As
explained above, the pattern to be matches comprises 3 bits, such that there is a
chance of (%)2 = é for a match. In addition, the generated 6-bit column and 8-bit row
address needs to lie within the address space of the corresponding submatrix, i.e.
the row is required to be < 200 and the column in an interval of 48 values for
submatrices A and B, and an interval of 32 values for submatrix C. Consequently,

the expected hit rate is given by

s B 1 » 62.5 MHz » 200 » 48 B 4.6 MHz (5 1)
hits AB ™ ¢ ™ Slowdown 256 64  slowdown '
and
s B 1 » 62.5 MHz » 200 » 32 B 3.1 MHz (5 2)
hits,C ™ Q8 Slowdown 256 64  slowdown '
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For the whole chip this adds up to

12.3 MHz

slowdown

fhits, chip = 2 % fhits,AB + fhits,C = (53)

Note that the per-pixel rate is identical for all submatrices as the different number
of columns is cancelled out in equations 5.1 and 5.2. Consequently, a homogeneous

distribution across the entire pixel matrix is expected.

Indeed, Figure 5.11b shows a homogeneous distribution across the chip. The
occupancy lies well within the limits of the capability of the MuPix8 readout state
machine.

On the contrary, in Figure 5.11c a clear inhomogeneity is visible. Towards the
upper edge of the chip, i.e. far away from the digital periphery, the hit number
is strongly reduced. This effect can be explained by the non-chronological readout
scheme which was described in section 5.1. As described above, in every column the
hit with the lowest row address is pulled into the end-of-column row, even if it has
a much later timestamp compared to hits with higher row addresses. Consequently,
for a very high hit rate, the hits in the upper rows are less likely (in an extreme
case never) read out because the maximal 63 hits, which can be transmitted con-
secutively after one ’snapshot’, are always taken from the lower rows which are read

out first.

In the figure, it is also apparent, that the submatrix C sees a higher hit rate than
submatricess A and B. The reason is that the end-of-column rows for submatrices
A and B have a length of 48 compared to 32 for submatrix C. Consequently, up to
48 and 32 hits, respectively, can be pulled into the end-of-column row at a time.
The readout state machines then send out hit by hit until the end-of-column row is
empty and a load of hits is pulled down. It is evident that 48 hits for the submatrices
A and B take longer to be sent out than the 32 for submatrix C, i.e. the procedure
can be repeated more frequently for submatrix C until the maximum of 63 hits is
reached. Consequently, submatrix C has a higher per-pixel rate capability. The
rate capability of all submatrices decreases if the readout state machine is run at a

reduced speed.
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In separate tests, the links A-D have been enabled one by one. The correspond-
ing hitmaps look as expected. If using only A, B or C, only one of the submatrices
is active as shown in Figure 5.12. Also port D has shown to be functional. For
linksel = 0,1, 2, copies of the links A, B or C, respectively, are transmitted such
that the hitmaps are only filled on one submatrix. The multiplexing of data from

submatrices A-C (linksel = 3) has not been investigated yet.

It can be concluded that the electrical connectivity of the entire readout chain
from the MuPix8 PCB all the way through to the data acquisition PC is functional
for all four links. It has also been shown that the readout system can handle a non-
chronological hit order. A hit rate of 12.3 MHz exceeds the capability of the MuPix8
emulator and the same can be expected for the MuPix8 if proving an external clock
with a frequency of 125 MHz and running the state machine at the full readout speed
of 62.5 MHz.
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Figure 5.11: Hitmaps with a diagonal hit structure and a pseudo-random hit dis-
tribution.
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Figure 5.12: Hitmaps for individual links with pseudo-random hits at a hit rate of
~400 kHz.
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Temperature Diode

To prove the basic functionality of the temperature measurement circuitry, auto-
mated scans over the whole range of possible temperature DAC values have been
performed, i.e. different currents have been injected into the temperature diode on
the MuPix8 HSMC Insert and the corresponding voltage drop across the diode has
been measured. The result is shown in Figure 5.13.

This measurement does not involve any firmware related to the MuPix8 emulator.
However, it makes use of the 'external” MuPix8 emulator setup as the temperature

diode on the MuPix8 HSMC Insert is required for the measurement.

The first scan (red data points) has been performed at room temperature, i.e.
T =~ 20°C. For the second scan (blue data points), the temperature diode on the
MuPix8 HSMC Insert has been heated with a soldering iron at the lowest possible
temperature of T = 100°C for about 1min. As the heat flow from the diode onto
the PCB cannot be quantified, the temperature of the diode is difficult to estimate.
However, it can be assumed to be warmer than during the first measurement such

that the result can be evaluated qualitatively.

A room temperature
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Figure 5.13: IV scans with the MuPix8 HSMC Insert for two temperatures. The
current has been generated by a dedicated circuitry on the MuPix8
PCB and pushed through the temperature diode on the MuPix8. The
corresponding voltage drop across the diode is measured by an ADC.
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As can be seen, the curves show the typical exponential behaviour of a diode as
described by the Shockley equation [46]:

I=Is (et 1) (5.4)

where [ is the current through the diode, Is the reverse bias saturation current, Vp
the voltage dropping across the diode, kg the Boltzmann constant, T" the tempera-
ture, and e the elementary charge.

In contradiction to the Shockley equation, it can be observed that negative volt-
ages are measured for positive injected currents. This ’offset’ presumably stems
from a voltage which drops across the diode even if no current is generated by the
temperature diode circuitry on the MuPix8 PCB. However, its exact origin has not

been investigated because it is irrelevant for all further steps.

The important result is the following: The IV curve shows a temperature depen-
dence in that the current rises earlier for higher temperatures (blue data points).
This measurement does not suffice for an absolute temperature determination of
the diode. It is a qualitative demonstration that the temperature circuitry on the
MuPix8 PCB is functional. A calibration yielding an absolute temperature was

performed with the actual MuPix8 chip and is presented in section 6.6.
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6 Commissioning the MuPix8

In this chapter, measurements which have been performed while taking the MuPix8

chip into operation are presented.

6.1 Configuring the MuPix8

To test the functionality of the configuration registers of the MuPix8, a number
of tests has been performed. Before the results from these tests are presented, a
description of the working principle of the linear shift register as implemented in the

MuPix8 is provided.

The configuration register of the MuPix8 has a length of 2998 bits. A schematic
drawing of one elementary building block of the LSR is shown in Figure 6.1. It is
designed following a two-clock approach. From the DAQ PC, the MuPix8 receives
a serial bit stream and the two clock signals clockl and clock2 as well as the

readback and the load signal which are explained in the following.

In the first step, the bit value which is sent from the DAQ PC (or from the previous
cell in the chain) gets fed into the 'first’ latch if clockl = "1’ (and readback =’0").

Once clock2 = 17, it gets forwarded to the 'second’ latch. If another clocki
signal arrives now, the data bit leaves the 'second’ latch and gets forwarded to the
next block which looks identical to the one shown in the sketch. After the last latch
in the chain, the signal ’drops out’ of the LSR and is fed back to the DAQ PC.

If a 1oad signal arrives instead, the bit is transferred into the upper’ latch where
it takes effect as a DAC configuration value. The value from the 'upper’ latch can
be read back. To this end, the readback needs to be "1’ while clockl is high so
that the value from the "upper’ latch is fed back into the 'first’ latch instead of the

value from the previous cell.
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Figure 6.1: Schematic drawing of one elementary building block of the linear shift
register.

Length Test

As a first test, the length of 2998 bits had to be validated to make sure that the
configuration files built in the software fit the size of the MuPix8 register.

To this end, a large number (3> 2998) of 'zeros’ has been pushed into the LSR to
ensure that it is filled with 'zeroes’ only. Afterwards 2998 ’ones’ have been pushed
into the LSR. Then the bits 'dropping out’ of the LSR as decribed in section 4.1
have been written to file while pushing 'zeros’ into the LSR. If the number of bits is
correct, 2998 ’ones’ should 'drop out’ of the LSR before the first ’zero’. The length
of 2998 bits could be confirmed.

Readback Test

The length test described above only allows to test the chain of “first” and ’second’
latches (see Figure 6.1). In another test, the functionality of the 'upper’ latch was
examined.

For this purpose, a certain bit pattern with the correct length of 2998 bits has
been pushed into the LSR. Afterwards these bits have been loaded into the "upper’
latches by applying a load signal. To test whether the correct bits have been writ-
ten to the 'upper’ latches, a readback signal was sent such that the values from
all 'upper’ latches are fed back into the ’first’ latch of the LSR. In the next step,
all these values have been pushed out of the LSR by pushing in 2998 ’zeros’ and
written to file. Thus, the bit pattern could be compared to the pattern that has
been pushed into the LSR in the first step.

Indeed, the two bit patterns matched. However, the pattern read back was in-

verted compared to the first pattern. The reason is that the 'upper’ latches have

two outputs. The non-inverting output is connected to those parts of the chip where
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the DAC values actually take effect. The inverting output is connected to the MUX
for the readback functionality.
It can concluded that the "upper’ latches can be written and the configuration

bits can be read back correctly.

Linearity Test of On-Chip DACs

As described in section 4.1, threshold and baseline voltages can be generated by on-
chip DACs using the configuration register 6. The voltages can be measured with a

voltage probe on the MuPix8 Insert.

The measurement of the voltage ThHigh is shown below. It corresponds to
the global threshold of the comparator which sets the hit flag in the digital pixel
cell. The on-chip DAC has a range from 0 to 1.8 V. For the measurement, the
corresponding 10-bit DAC value has been increased bit-wise, i.e. values of 0, 1, 2,
4, 8 up to 1023 have been set and ThHigh has been probed on a testpoint on the
MuPix8 Insert. The result is shown in Figure 6.2. In addition, a linear fit has been

performed. The errors on the voltage measurement have been calculated according
to the handbook [47]:

AV = +(0.5% + 8mV) for |[V]| < 2V. (6.1)
As can be seen, the fit yields
ThHigh = p0 + p1 x DAC = 45.7mV + 1.7mV x DAC (6.2)

with a high precision. The very low value of x?/ndf ~ 0.05 indicates that the errors
have been overestimated. This can be explained by the fact that all measurement
points have been recorded using the 2V range of the voltmeter.

A minimal voltage of 45 mV and a maximal voltage of 1778 mV have been reached.
However, thresholds in the operating range of roughly 500—900 mV will be used when
operating the chip as the comparator baseline is set at ~500 mV and pulses are su-
perimposed onto this baseline with an amplitude of up to ~400 mV (see section 6.2).

In this range, the DAC has a linear behaviour with a high precision.
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Figure 6.2: Linear fit of the voltage ThHigh vs. its corresponding DAC value as
generated by the on-chip DAC.

Further Configuration Tests

Further configuration tests include the enabling of the analogue amplifier output
signal from the CSA in the pixel for a selected row (see section 6.2) and the hitbus
signal for a column of choice (see section 6.3). As these have been performed in
combination with dedicated measurements of the corresponding signals, they are

addressed in separate sections below.

6.2 Amplifier Output

The MuPix8 chip allows to probe the analogue output of the amplifier for a pixel
of choice in the leftmost column. It can be selected by setting an enable bit in the
row register. At a testpoint on the MuPix8 Insert, the signal can be contacted with

a voltage probe attached to an oscilloscope.
In Figure 6.3a, the analogue signal is shown for a testpulse injection. Figures 6.3b-
6.3d show the corresponding signals for a strontium-90 (Sr-90) source. As can be

seen, the signals reach different amplitudes and lengths.

A look at the S-spectrum of Sr-90 (see Figure 6.4) helps to understand the different
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(a) Amplifier output for testpulse injection. (b) Example 1 for the amplifier output for
Sr-90 source.

(c) Example 2 for the amplifier output for (d) Example 3 for the amplifier output for
Sr-90 source. Sr-90 source.

Figure 6.3: Oscilloscope screenshots showing the analogue amplifier outputs for a
testpulse injection and three different signal of a Sr-90 source.

pulse heights. Sr-90 has a half-life of 28.5 years. Being a (-source, it emits electrons
with an energy up to 546keV. The daughter product of the decay — yttrium-90
(Y-90) — it also a S-source and has a comparatively short half-life of 64.1 hours and
an end-point energy of 2274 keV. Consequently, its spectrum is superimposed with
that of the Sr-90 [48].

As the electrons from the (-decays have a broad energy spectrum, they deposit
a varying amount of energy in the sensor such that the analogue amplifier output
reaches different amplitudes. Figure 6.3d also shows that the signal starts to saturate

for pulses above a certain height.
In another measurement, the amplitude of the analogue amplifier output signal

has been histogrammed using the same Sr-90 source (see Figure 6.5). The number

of entries per bin is plotted against the amplitude of the pulse.
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Figure 6.4: S-spectrum of Sr-90, superimposed by the [-decay of the daughter
product Y-90, measured with a scintillation counter. From [49], mod-
ified.

The sharp cut-off at ~0.14V appears due to the chosen trigger threshold of the
oscilloscope. The high peak on the left and its falling edge to the right corresponds to
the 'low-energy’ peak of the S-spectrum of the Sr-90 source as shown in Figure 6.4.

As observed in Figure 6.3d, the analogue amplifier output begins to saturate for
pulses above a certain height. Thus, the peak to the right in Figure 6.5 can be un-
derstood as an integral over the ’high-energy’ tail of the spectrum as the amplifier

saturates for signals in this range.

The measurements presented above demonstrate that the MuPix8 chip generates
proper analogue pulses. The CSA amplifies these pulses and saturates at amplitudes
of ~400mV. They also show that the signals can be fed out of the chip to be
investigated with an oscilloscope. This feature can be used in the future to study

and optimise the configuration of the analogue pixel electronics.
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Figure 6.5: Histogram of the analogue amplifier output recorded with an oscillo-
scope for a Sr-90 source.

6.3 Hitbus

The hitbus signal from a column of choice can be probed on the MuPix8 PCB. For
the measurements shown in Figure 6.6, an oscilloscope has been connected with a
LEMO cable and the input was terminated with 1 M¢2.

In the case of Figure 6.6a, an injection signal has been generated. The length of
the hitbus signal is constant as the injected signal is reproduced with a high pre-
cision. For Figure 6.6b, a strontium-90 source has been used. Here, the length of
the hitbus signal varies depending on how large the input pulses to the comparator

have been.
The hitbus signal, i.e. the output of the comparator (with the higher threshold),

has an amplitude of ~600mV. The measurements prove the functionality of the

comparator in the digital periphery.
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100mV/div 100mV/div
hitbus hitbus

(a) Hitbus signal for testpulse injection. (b) Hitbus signal for strontium-90 source.

Figure 6.6: Oscilloscope screenshots showing exemplary hitbus signals for a test-
pulse injection and the signal of a strontium-90 source.

6.4 Data Quality

Figure 6.7 shows a measurement of the data stream from link D (copying the data
from link A) at a data transmission rate of 1.25 Gb/s. For this measurement, solder
jumpers on the MuPix8 PCB have been set such that the differential signal lines from
the MuPix8 chip are wired to SMA connectors on the PCB which allow to attach
a Digital Serial Analyzer [50]. An eye diagram with a wide vertical and horizontal
opening can be seen. The low and the high level are clearly distinguishable.

A mean eye height of 198.84+1.1mV is recorded taking into account a damping
factor of —6.6 dB introduced by the measurement method. The mean eye width is
52841 ps and the jitter has been determined to be 45.2+0.3 ps.

When the signal is sent through to the readout PC, the Nios interface of the GUI
(see Appendix A.1) can be used to check whether the Fast GX Transceivers detect
8b/10b errors. This is not the case for the tested chip, the transmission works flaw-

less.

It can be concluded that the serializer and the LVDS driver on the MuPix8 chip

work properly and produce a clean signal.
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Figure 6.7: LVDS output from the MuPix8 chip on link D (copying the data from
link A) at a transmission rate of 1.25Gb/s, probed on the MuPix8
PCB and measured with a Digital Serial Analyzer.

6.5 Hitmaps

In Figure 6.8, a hitmap of a collimated strontium-90 source is shown. It has been
recorded in the laboratory and was used to verify the transformation scheme from
digital to physical pixel addresses. If the transformation is done incorrectly, blank
rows without hits show up or rows containing pixels with many hits are displayed
in a region of fewer hits such that the spot of the source is distorted.

By moving the spot into different corners of the pixel matrix it was also possible
to verify the correct sense of counting, namely that the pixel rows and columns
are indeed addressed in a rising order from bottom to top and from left to right,
respectively.

On the hitmap, a clear distinction between submatrix A and the submatrices
B and C is observed. It stems from a different intrinsic or 'untuned’ efficiency of
the current driven part (submatrices B and C) compared to the source follower
(submatrix A).

Dependence on the Readout Speed

As explained in section 4.1, the speed of the readout state machine can be reduced.
The corresponding configuration value is timerend. It sets the frequency with which

the state machine changes states to f = 62.5 MHz/(timerend + 1).

The hitmap shown in Figure 6.8 has been recorded with a readout state machine
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Figure 6.8: Hitmap of a collimated strontium-90 source pointing onto the centre
of the MuPix8 chip. There is a clear distinction between submatrix A
(source follower) and submatrices B and C (current driven).

running at 1/8 of the maximal speed, i.e. timerend = 7. It has been found that
the hit addresses are not sent out correctly if running at the maximal speed.

A direct comparison between timerend values of 0, 1 and 2 is shown in Figure 6.9.
The entire 8-bit address space from 0 to 255 is displayed for both the column and the
row. In the case of timerend = 0, invalid hit addresses are sent out by the readout
state machine. The spot of the collimated Sr-90 source is not visible. Instead,
a rectangular pattern shows up. In addition, most hits are assigned the address
(128,199). This bin has O(10°) entries whereas all other bins have O(10) entries
only. The reason might be that the transistor logic of the state machine does not
switch fast enough.

In contrast, for timerend = 1, 2 (and larger), the hits lie within the expected

address space and the collimated spot from the Sr90 is clearly visible.

In separate measurements, the links A-C have been enabled one by one. If using
only A, B or C, only one of the submatrices is active. Also link D has shown to be
functional. For linksel = 0,1,2, copies of the links A, B or C, respectively, are
transmitted (see Figure 6.10). The multiplexing of data from submatrices A-C on

link D (1inksel = 3) has not been investigated yet.
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Figure 6.9: Hitmaps recorded with a Sr90 source for different values of timerend.
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Figure 6.10: Hitmaps recorded with a Sr90 source for link D copying the data from
submatrix A, B or C, respectively.

6.6 Temperature Measurements

The functionality of the temperature diode circuitry on the MuPix8 PCB has already
been demonstrated using the MuPix8 HSMC Insert (see section 5.3.2). For the
MuPix8, such measurements needed to be repeated to validate the functionality of
the on-chip temperature diode.

To this end, current-voltage (IV) scans as described in section 5.3.2 have been
carried out for various chip settings drawing different currents such that the chip
is expected to have different temperatures. No attention has been paid to the
functionality of the chip. For the minimal power consumption, for instance, all
configuration values have been set to 'zero’. IV curves for three different settings are
shown in Figure 6.11. Analogue to the measurement with the temperature diode on
the MuPix8 HSMC Insert shown in section 5.3.2, the current starts to rise at lower

voltages for higher temperatures.
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Figure 6.11: IV scans for three exemplary power settings of the MuPix8. A sim-
ilar plot including 8 different power settings can be found in Ap-

pendix A.3.

These measurements show that a temperature measurement is possible in prin-
ciple. To relate voltages to absolute temperatures, a calibration is needed. This
has been done using a TROTEC IC 080 LV infrared (IR) camera [51], as explained
below.

As a first step, a calibration of the IR camera itself is required because the temper-
ature measurement with the camera is material dependent due to different surface
emissivities.

Therefore, a broken MuPix7 chip has been brought into thermal contact with
a 3.3 resistor in an aluminium housing which was heated to different tempera-
tures by varying the applied voltage. After a while, the system reaches thermal
equilibrium. Then, the temperature of MuPix7 could be read off from the IR cam-
era. Simultaneously, the temperature of the resistor was measured using a PT1000
element in contact with the resistor.

The measurement yields a calibration curve with a linear behaviour as shown
in Figure 6.12. The uncertainty ATig on the temperature Tig measured with the
IR camera has been approximated to be +0.5°C which corresponds to the read-off
variations during the measurement. In comparison, the uncertainties introduced by

the PT1000 can be neglected. Consequently, an accurate temperature estimation of
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Figure 6.12: Calibration curve between an infrared camera and a PT1000 element
for a MuPix chip.

the MuPix8 can be done with the infrared camera using the inverted fit function

TR — Do

- (6.3)

Thiupixs =

A Gaussian error propagation yields the uncertainty on this conversion:

Tir — NN
ATypixs = J (HD‘QWAm) + <p°> (6.4)

b1 P1

ATir does not appear in equation 6.4 as it is correlated with the uncertainties of pg

and p;.

In the following, it is assumed that the MuPix7 and the MuPix8 have a comparable
emissivity. This approach is valid because both chips are made out of silicon. A
MuPix7 has been used instead of a MuPix8 because a broken MuPix8 chip which
was not glued to an insert was not available at the time.

The calibration curve can be utilized to correct the temperatures measured with
the IR camera for the different power settings mentioned above and plot these cor-
rected temperatures against the voltage measured across the diode for a constant

temperature DAC setting, i.e. for a constant injected current.

The working point has been chosen at a current of 950 nA where the spread of

the IV curves for different temperatures is well pronounced. The result is shown
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Figure 6.13: The temperature of the MuPix8 in relation to the voltage drop across
the temperature diode on the chip, measured with a dedicated ADC
on the MuPix8 PCB.

in Figure 6.13. In this plot, the uncertainties on the temperature measurement
correspond to the error introduced by the conversion using equation 6.3. The ADC

on the MuPix8 PCB offers a precision of 1 mV which is negligible in comparison.

A linear fit seems appropriate to describe the data. It is highly non-trivial to derive
this dependence from equation 5.4 because the saturation current Ig is strongly
temperature dependent. The temperature on the MuPix8 can be determined using

the fit parameters from Figure 6.13:
Tyupixg = 228.0°C — 0.332°C/mV X Vgiode (6.5)

when measuring the voltage drop across the temperature diode on the chip. The
temperature uncertainty follows by error propagation (neglecting the error on the

voltage measurement):

ATyiupiss = /(3:2°C)2 + (0.006 °C/mV X Vioae)? (6.6)

For the default settings which are currently used in the lab and on testbeam
campaigns, a diode voltage of ~550mV has been recorded. This corresponds to a
temperature of (45.4+4.6)°C.
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The measurements presented above shows that a temperature measurement with
the on-chip temperature diode can be performed. In the future, this can be utilized
for an automated temperature monitoring integrated in the readout software. Tem-
perature measurements could be performed on a regular basis and compared to a
given critical temperature. If the chip exceeds this temperature, its power consump-
tion could be drastically reduced automatically by setting all configuration values

to 0’ to prevent an overheating. In addition, the user could receive a warning via
the GUIL.

6.7 Power Consumption

As described in section 4.3.1, the MuPix8 PCB is provided with 5V from which
power regulators generate the three supply voltages for the chip. These are VDD
and VDDA with a value of 1.8 V and VSSA with a value of 1.0V.

As the power regulators consume power themselves, the power consumption of
the MuPix8 cannot be inferred from the current drawn on the 5V channel of the
external power supply. Consequently, a MuPix8 PCB needed to be modified such
that the three supply voltages could be applied directly to the chip. A photograph
is shown in Figure 6.14. The currents which are drawn on the three channels cor-
responding to VDD, VDDA and VSSA could then be used to calculate the power

consumption of the MuPix8.

For the measurement, the MuPix8 has been operated in the settings which are
used as a default for all lab measurements in Heidelberg and on DESY testbeam

campaigns.

The currents have been read off from the power supply (a HAMEG HMP4040
[52]). Multiple measurements have been performed with intermediate power-downs.
In 1 of 5 measurements, it has been observed that the currents of VDD and VDDA
deviate by more 23 % from the other measurements with identical settings. This
case has been interpreted as a misconfiguration of the chip and is excluded in the

following.
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Figure 6.14: Photograph showing the modified MuPix8 PCB to which VDD,
VDDA and VSSA are applied externally.

The power consumption is calculated as the product of the voltages and respective
currents. The errors stem from the averaging over multiple measurements. The

results are summarised in table 6.1.

VDD (1.8V) VDDA (1.8V) VSSA (1.0V)  power consumption
(103.4+£4.9) mA (74.0£3.6) mA (101.9+0.4) mA (4211 +5.0) mW

Table 6.1: Summary of the power consumption measurement.

The measurement shows that the power consumption of the MuPix8 is ~421 mW
for the settings currently used. As a result, it can be concluded that the MuPix8
— having an active area of ~2cm? — can be operated with a power density of
~210mW /cm? which lies well within the cooling capability of the final detector
design which is specified up to 400 mW /cm? [19].

However, it is not clear how much the power consumption might change when the
settings of the sensor are changed further. Therefore, the measurement needs to be

repeated when the exact operating settings are found.
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In the first part of this work, a number of hardware components — the MuPix8
HSMC Adapter Card, the MuPix8 Insert, and the MuPix8 Insert light — have been
designed to complete the data acquisition chain of the MuPix8 chip. Their function-
ality has been proven successfully. The MuPix8 SCSI Adapter Card is needed as
the interface between the Stratix IV running the readout firmware and the MuPix8
PCB carrying the MuPix8 Insert. The MuPix8 Insert in turn carries one MuPix8
chip and allows to exchange chips easily in an existing setup. A simplified version —
the MuPix8 Insert light — has been designed as well. It is in production at the time

of writing.

Secondly, an FPGA-based chip emulator has been developed and integrated in
the MuPix8 readout firmware. Producing a simple deterministic 'diagonal’ hit pat-
tern, it was a valuable tool to debug the readout firmware as well as the software.
In a further step, the emulator has been migrated onto a separate FPGA which is
connected to the MuPix8 readout chain via a dedicated custom-designed adapter
card — the MuPix8 HSMC Insert — which was also designed within the scope of this
thesis. This 'external’ emulator can produce pseudo-random hits in addition to the
simple 'diagonal’ hit pattern of the ’internal” emulator. It was successfully used to

validate the functionality data acquisition chain of the MuPix8 single setup.

Furthermore, contributions to the commissioning of the MuPix8 chip have been
made using the newly developed hardware. The general functionality of the sensor
has been proven. The configuration register can be addressed and the values can
be read back correctly. The charge-sensitive amplifier integrated in the pixel cell
generates large pulses which are processed in the digital periphery. A data stream
containing valid hit addresses is produced by the readout state machine, correctly
8b/10b encoded, serialized and transmitted as LVDS signals. However, the state
machine must be run at a clock speed reduced by a factor of 1/2 or more in order

to send out valid addresses.
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In addition, a calibration for the on-chip temperature diode has been performed.
For the current default settings, the chip reaches a temperature of ~45°C. Finally,
a measurement of the power consumption of the chip has been carried out yielding a
power density of ~210mW /cm? for the default settings currently in use. This value

lies well within the specifications of the cooling system of the final detector.

In the following, open questions related to the characterisation of the MuPix8 are
discussed. Furthermore, an outlook is provided to what the hardware and firmware,
which was developed and tested within the scope of this work, can be used for in

the future.

Further MuPix8 Characterisation

The investigation of further features of the MuPix8 chip is ongoing [53, 54, 55].
Measurements of particular importance comprise the determination of the sensor
efficiency and its timing resolution. To this end, data from testbeam campaigns
at DESY in Hamburg and at PSI in Villigen, Switzerland, will be analysed.

Another important step is an optimisation of the chip settings and a pixel-
wise tuning (i.e. a pixel-wise adaption of the comparator thresholds) to increase
the performance of the sensor with respect to noise, efficiency, time resolution, and
power consumption.

Furthermore, the different timewalk correction strategies related to the avail-
able operating modes of the comparators in the digital periphery (time-over-threshold,

2-threshold and ramp) need to be tested and compared.

MuPix8 Hardware

The ATLASPix sensor is a monolithic chip prototype similar to the MuPix8 which
is designed to investigate the usability of the HV-MAPS technology in a future
ATLAS upgrade [56]. It has been produced in an engineering run together with the
MuPix8.

The readout chain for the operation of a single ATLASPix chip is currently being
commissioned [57]. For maximal synergy, it employs many hardware components
from the MuPix8 readout chain: The MuPix8 PCB is used in combination with a
dedicated ATLASPix Insert.

In addition, the MuPix8 SCSI Adapter Card, which was also designed as part of
this thesis, is used in the ATLASPix readout chain as well. The firmware and the
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software require changes in consideration of a different data structure and configu-
ration options. For instance, the ATLASPix features only one fast data output such
that a merging of the data from multiple submatrices is superfluous. However, the
readout software is structured in a modular way such that it can easily be modified
to operate the ATLASPix.

The concept of a small and simple PCB (MuPix8 Insert) carrying a chip and
being mountable to a large and complex PCB (MuPix8 PCB) has been proven to
work. Consequently, the same strategy is applied for the MuPix9 and future
MuPix generations. The readout hardware for the MuPix9 is currently under

development.

MuPix8 Emulator

After the MuPix8 single setup has been taken into operation successfully, the
‘internal” as well as the ’external’ MuPix8 emulator are actively used as a debugging
and testing tool further on. The ’external’ emulator is employed for the quality

assurance following the production of further MuPix8 PCBs.

The MuPix8 telescope setup is currently being commissioned during a DESY
testbeam campaign. In this process, the emulator is utilized to develop and debug
the setup with respect to the firmware as well as the software. The ’external’ em-
ulator is a particularly valuable tool due to the small number of fully functional

MuPix8 chips currently available.

Another project which is well underway is the build-up of a Vertical Slice of
the Mu3e detector readout chain [58]. In this project, the ’internal” emulator could
be embedded into the firmware running on the FPGA on the front-end board. The
‘external” emulator would be of particular use to verify the correct functionality of
the data transmission through the physical transmission lines.

In the current status, the front-end board can be connected to up to four custom-
designed adapter cards which allow to connect up to two MuPix8 PCBs each via
SCSI cables. In this case, a total of eight MuPix8 HSMC Inserts can be used in
combination with MuPix8 PCBs just as for the single setup. In future steps, a new
custom adapter card might be necessary when the readout chain comprises more

components like flexprints to which the MuPix8 will eventually be glued and bonded.
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As the firmware-based MuPix8 emulator has shown to be a valuable tool in the
process of debugging and commissioning a newly developed setup, this concept will

be employed for future MuPix generations as well.
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A Appendix

A.1 Graphical User Interface

The Graphical User Interface is built in a way such that multiple dialog windows
can be accessed from a MainWindow. There are three MainWindows for different

applications.

The Single MainWindow (see Figure A.1) is dedicated to the single setup such
that a large spectrum of functions is provided to operate the single setup and do
quick and easy adjustments to chips settings. From the MainWindow, several dialogs

can be opened:

e The Registers tab opens a window in which the values in the read- and write
registers of the FPGA can be displayed (see Figure A.2).

e The Memory tab opens a window in which the FPGA memory can be read

out and displayed (see Figure A.3).

e The Monitoring tab is currently not used but will later provide access to

online monitoring functions.

e The Emulator tab opens a control window with which the MuPix8 emula-

tor can be enabled and controlled. It has been presented in section 5.4.

e Finally, the Nios tab provides access to information about the synchronisation

status of the receivers, 8b/10b errors, and unpacker errors (see Figure A.4).

The Telecope MainWindow (see Figure A.5) can be used to operate the tele-
scope. It provides a different range of functionalities which is optimized to the
specific requirements of the telescope like automated tuning. Like for the Single
MainWindow, various windows can be opened from tabs. They comprise the regis-
ters, the memory, a tuning window, a window to set values for the on-board DACs,

a window for the on-chip DACs, a window in which the hit maps of all chips can
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be displayed, a slow control panel for MIDAS integration [59], the EmulatorDialog
and the NiosDialog.

The Emulator MainWindow (see Figure A.6) is comparatively simple. It allows
to initialize a Stratix IV if it is not automatically mapped correctly when starting
the software. In addition, a second FPGA can be initialized if one PC is used for
the operation of two Stratix IV with the emulator to be able to test the telescope.
In addition, it allows to open the EmulatorDialog and the RegistersDialog. The
MemoryDialog can also be opened but is not used because the emulator does not
write to the FPGA memory.

Figure A.1: The Single MainWindow.
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Figure A.2: The RegistersDialog.
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Figure A.3: The MemoryDialog.
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Figure A.4: The NiosDialog.
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Figure A.5: The Telescope MainWindow.

Figure A.6: The Emulator MainWindow.
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A.2 The MuPix8 Readout State Machine

In this section, a summary of the configuration values available for the control of
the on-chip MuPix8 readout state machine is presented. In addition, a detailed
description of the exact working principle of the generation of a hit signal and the
readout procedure of the state machine are given. The firmware-based MuPix8

emulator which has been developed as part of this thesis follow this concept.

A.2.1 Configuration Values for Readout State Machine

The following list of configuration values is used to control the readout state machine.
They can be set in the GUI (see Appendix A.1) to configure the MuPix8. For the
firmware-based emulator (see chapter 5), the same values are used. In this case,

they are set in the dedicated EmulatorDialog (see section 5.4).

e With ckdivend, the frequency with which the 10-bit timestamp is incre-
mented, can be decreased: f = 125 MHz/(ckdivend + 1).

e ckdivend?2 can likewise be used to slow down the incrementation frequency of
the 6-bit timestamp: f = 125 MHz/(ckdivend2 + 1).

e If ckdivend or ckdivend?2 is chosen > 0, tsphase can be used to adjust the
phase of the two timestamps relative to their generating clock. It cannot be
chosen to be larger than ckdivend or ckdivend?2. If, for instance, ckdivend =
5 and tsphase = 3, the 10-bit timestamp is increased whenever a counter

(from 0 up to ckdivend — 1) reaches 3.

e With timerend, the frequency of the readout state machine can be controlled:
f =062.5MHz/(timerend+1). It is required to be > 2 if the link D is supposed

to send out a multiplexed data stream from all three submatrices.

e The readout state machine remains in the state LdPix1 (see below) for slow-

downend clock cycles if no hits are received.

e maxcycend corresponds to the maximal number of hits which are read out
subsequently before a new ’snapshot’ is taken. The hits which have not been
sent out, are not lost but are contained in the new ’snapshot’ as well. In

general, it is assigned its maximal value of 63.
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e The number of K28.5 control words which is sent after a reset is 2 x 256 x

resetckdivend.

e linksel defines the mode of link D. For values of 0 to 2, copies of the data
from submatrices A, B or C, respectively, are sent out. For a value of 3, link D

multiplexes the data from A-C. The multiplexing requires timerend to be > 2.

A.2.2 Hit Generation and Readout Procedure in the MuPix8

In the following, the generation of hit information in the analogue pixel and its
transfer to the digital periphery is described. For the sake of simplicity, all signals
are assumed to be active-high here, even though this is not the case in the actual

MuPix8 chip in order to reduce the number of on-chip transistors.

If an amplified analogue pulse from the pixel diode exceeds the threshold of a
comparator, a hit flag is stored in a latch. At the same time, the timestamp value
gets stored. The pixel is now occupied and cannot receive a new hit until read out.
On a LdPix signal from the state machine, the hit signal is transferred to a second
latch. Throughout this thesis, this step is referred to as taking a ’snapshot’ of the
matrix.

A readout priority chain exists to check which column contains a hit. The second
latch mentioned above serves as a means of synchronisation to prevent the situation
that a pixel is hit just in the moment when the priority chain checks the column
for a hit. If at least one hit has been detected, the readout state machine receives a
Priout signal.

On a PullDown signal from the state machine, the address bus lines, which connect
the digital pixel cells and the end-of-column cells, are pulled to ground to ensure a
well-defined state.

If a LdCol signal is received from the state machine, the hit with the lowest row
address gets loaded into the end-of-column cell from each column with at least one
hit. On a RdCol, another priority chain becomes active and sends a PriFromDet
signal to the readout state machine if at least one hit is stored in the end-of-column
row. The hits in the end-of-column row are then sent out in the readout procedure

described below.
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A schematic illustrating the state sequence of the readout state machine is shown
in Figure A.7. One clock cycle corresponds to two 8-bit words. The state machine
runs at a maximal speed of up to 80 MHz (nominal 62.5 MHz) which can be re-
duced using the register value timerend. It stays in every state for timerend + 1

clock cycles, i.e. the readout frequency is given by freadout = 62.5 MHz/timerend+1.

After resetting, the state machine starts off in StateSync. It sends an adjustable
number of 2 x 256 x resetckdivend control words (K28.5) to allow the receiver
in the readout firmware to synchronise on the data stream and find the correct
word boundaries. If sendcounter is enabled, the chip then enters a debug mode
in which it constantly sends out a counter instead of hit information. In this case,
the state flips between StateSendCounterl and StateSendCounter2 continuously

until sendcounter is disabled.
Otherwise, the actual readout procedure begins:
e In StatePD1, the Pulldown signal is enabled.
e In StatePD2, the Pulldown goes low again.

Until now, the chip sends out further K28.5 control words.

e In StateLdColl, one hit per column — the one with the lowest row address —

is transferred to the end-of-column cell in the digital periphery on LdCol.

e In StateLdCol2, LdCol goes low again and it is waited for three clock cycles

in order to allow PriFromDet to settle.

While waiting, the chip sends out further K28.5 control words. Then, a K28.0
control word and a link identifier which is 0xAA, 0xBB, 0xCC for the three submatrices,

respectively.
e In StateLdPix1, LdPix goes high.

e In StateLdPix2, LdPix goes low again. If one or more hits are registered
in the end-of-column row (PriFromDet is on), the next state StateRdColl is

entered. Otherwise one returns to StatePD1.

In the above two state, the binary counter as well as the Gray counter are sent

out.

115



A.2. THE MUPIX8 READOUT STATE MACHINE

e In StateRdColl, the RdCol is high.

e In StateRdCol2, RdCol goes low again. If there are remaining hits in the
end-of-column row and less than maxcycend hits have been read out, the state
jumps back to StateRdColl, otherwise it goes to StatePD1 and the readout

procedure is repeated.

In these two states, the 10-bit and the 6-bit timestamps as well as the column and
row addresses are sent out. Table A.1 provides a summary of which data word is

sent out in which state of the readout state machine.
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Reset
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Figure A.7: Schematic drawing of the MuPix8 readout state machine. From [60].
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Cycle State Data
0 SyncState K28.5
1 SyncState K28.5
SyncState K28.5
N,es —1  SyncState K28.5
Nyes StatePD1 K28.5
N,es +1  StatePD1 K28.5
Nyes +2  StatePD2 K28.5
N, +3 StatePD2 K28.5
N,.s+4 LdColWait  K28.5
Nyes +5 LdColWait K28.5
Nyes +6 LdColWait K28.5
N,es +7 LdColWait  K28.5
N,os+8 LdColWait  K28.5
N,s+9 LdColWait  K28.5
Nyes + 10 LdColWait K28.5
Nyes + 11 LdColWait K28.5
N,es + 12 StateLdColl K28.0
N,es + 13 StatelLdColl Link identifier
N,es + 14 StatelLdCol2 K28.0
N,es + 15 StatelLdCol2 Link identifier
N,es +16 StateLdPixl BinaryCounter[23 down to 16]
N,es +17 StateLdPixl BinaryCounter[15 down to 8]
N,es +18 StateLdPix2 BinaryCounter[7 down to 0]
N,es +19 StateLdPix2 GrayCounter[7 down to O]
Nyes +20 StateRdColl Charge[5 down to O] & Timestamp[9 down to 8]
Npes +21 StateRdColl Timestamp[7 down to 0]
Nyes +22 StateRdCol2 Column
Nyos +23 StateRdCol2 Row
StateRdColl Chargel[5 down to 0] & Timestamp[9 down to 8]
StateRdColl Timestamp[7 down to O]
StateRdCol2 Column
StateRdCol2 Row
Repeat maxcycend times, then back to cycle N,
Table A.1: Data format. The link identifiers are 0xAA, 0xBB and 0xCC for the three
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A.3 Temperature Measurements

Figure A.8 shows the IV curves for all eight settings which have been used for the
temperature calibration in 6.6. The settings have been chosen arbitrarily such that

the chip draws different currents and thus heats differently. No attention has been

paid to the functionality of the chip.
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Figure A.8: IV scans for eight different settings of the MuPix8.
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