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Per—lhyh

Oi metatrope—c suneqoÔc reÔmatoc FEAST (DC-DC converters) e—nai suskeuŁc pou qrhsi-

mopoioÔntai sto CERN apì ton aniqneut  CMS kai prìkeitai na qrhsimopoihjoÔn sto mŁllon

kai apì touc ATLAS kai ALICE. Ton Okt‚brio tou 2017, gia �gnwstouc lìgouc, �rqisan

na emfan—zoun probl mata sth leitourg—a touc. To gegonìc autì ene—qe meg�louc kindÔnouc

gia thn exŁlixh tou CMS Run-2 (per—odoc leitourg—ac tou CMS pou ja oloklhrwnìtan sto

tŁloc tou 2018), kur—wc anaforik� me pijanŁc epipt‚seic sth leitourg—a tou pixel aniqneut 

kai sthn poiìthta twn dedomŁnwn. E�n den antimetwpizìtan, ja prokaloÔse ep—shc shmantik�

probl mata stic mellontikŁc anabajm—seic twn CMS, ATLAS kai ALICE ìpou  tan program-

matismŁno na qrhsimopoihjoÔn oi DC-DC metatrope—c. Gia autoÔc touc lìgouc mia meg�lh

prosp�jeia Łlabe q‚ra, me skopì ton entopismì kai diìrjwsh tou probl matoc, pou periel�m-

bane diaforetikoÔc elŁgqouc kai test twn suskeu‚n. To "CASTOR Table"  tan mia apì

tic di�forec peiramatikŁc diat�xeic pou qrhsimopoi jhkan gia autì to skopì. Sqedi�sthke

l—go met� thn emf�nish tou probl matoc kai leitoÔrghse apì ton M�rtio mŁqri ton DekŁmbrh

tou 2018, dokim�zontac tic suskeuŁc se sunj kec parìmoiec me autŁc tou pixel aniqneut .
Gia thn parakoloÔjhsh thc kat�stashc thc peiramatik c di�taxhc, arqik� qrhsimopoi jhke

Łna prìgramma se Python. Sth sunŁqeia autì antikatast�jhke apì m—a diadiktuak  diepaf 

sto Pixel Online Monitoring (POM), Łna monitoring framework tou CMS pixel aniqneut .
Autì epŁtreye thn suneq  parakoloÔjhsh twn DC-DC metatropŁwn thc peiramatik c di�-

taxhc kai suntŁlese sthn katanìhsh tou mhqanismoÔ thc bl�bhc, afoÔ periballontiko— kai

leitourgiko— par�gontec mpìresan na susqetistoÔn me thn emf�nish tou probl matoc. Prin to

tŁloc tou Run-2 (DekŁmbrhc 2018) to prìblhma twn DC-DC metatropŁwn e—qe katanohje—

pl rwc kai lÔseic brŁjhkan tìso gia tic up�rqousec suskeuŁc ìso kai gia autŁc pou ja

kataskeu�zontan sto mŁllon. H bl�bh en tŁlei den ephrŁase kajìlou to Run-2, efìson me

kat�llhlec prosarmogŁc tou qeirismoÔ tou aniqneut , oi DC-DC converters mporoÔsan na

qrhsimopoihjoÔn qwr—c na up�rqei k—ndunoc epanemf�nishc thc bl�bhc, exasfal—zontac thn

omal  leitourg—a tou peir�matoc.

LŁxeic kleidi� CERN, CMS, Pixel ανιχνευτής, μετατροπείς συνεχούς ρεύματος,
προβλήματα λειτουργίας, CASTOR table, POM, monitoring.
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Abstract

Direct current to direct current (DC-DC) FEAST converters are devices that are cur-
rently used at CERN by CMS and are planned to be used in the future by ATLAS
and ALICE. During October 2017 they started failing for unknown reasons. This
failure involved important risks for the performance of the CMS Run-2, concerning
mainly the commission of the pixel detector and the quality of the data. It would
also cause signi�cant problems at the CMS, ATLAS and ALICE future upgrades, that
planned to use the same technology in even harsher environments. For this reason,
a big campaign took place, with the purpose of �nding and �xing the cause of the
problem, that included di�erent tests. The CASTOR table test setup was one of
the test setups that was designed for this purpose and tested DC-DC converters. It
worked form March 2018 until December 2018, and tested the devices in conditions
close to the ones of the actual detector. For monitoring the setup a Python script
was used at �rst. This was later replaced by a web interface at the Pixel Online Mon-
itoring (POM), a monitoring framework of the CMS pixel detector. This allowed the
constant monitoring of the converters at the setup, and helped at the understanding
of the failure mechanism since the environmental and operational parameters could
be correlated with the appearance of the problem. Before the end of Run-2 (end of
2018), the failure mechanism of the DC-DC converters was completely understood
and �xes were found for both the existing converters and the future versions. The
impact of the failure on Run-2 was nonexistent, since with the appropriate adjust-
ments of the operational procedure, the devices could be used without failing and the
smooth operation of the pixel detector was guaranteed.

Key words CERN, CMS, Pixel detector, DC-DC converters, DC-DC failure, CAS-
TOR table, POM, monitoring.
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Chapter 1

Ektetamènh PerÐlhyh

Oi metatropeÐc suneqoÔc reÔmatoc(DC-DC converters) eÐnai suskeuèc pou qrhsi-
mopoioÔntai stoCERN apì ton aniqneut  CMS. Katˆ th diˆrkeia tou Okt¸brh tou
2017, xekÐnhsan na emfanÐzoun probl mata sth leitourgÐa touc, gia ˆgnwstouc lì-
gouc. Dedomèno ìti oi suskeuèc autèc qrhsimopoioÔntan  dh, allˆ kai  tan pro-
grammatismèno na qrhsimopoihjoÔn se anabajmÐseic twn aniqneut¸nCMS, ATLAS kai
ALICE,  tan polÔ shmantikì na lujeÐ to prìblhma, ¸ste na mhn diakinduneuteÐ to
mèllon tou LHC.

O stìqoc thc sugkekrimènhc diplwmatik c eÐnai na perigrˆyei thn prospˆjeia pou
pragmatopoi jhke sto CERN anaforikˆ me thn katanìhsh tou probl matoc pou em-
fˆnisan oi DC-DC metatropeÐc, kai thn eÔresh thc lÔshc tou. Pio sugkekrimèna, h
diplwmatik  ja estiˆsei stouc elègqouc twn DC-DC metatropèwn pou èginan sthn
peiramatik  diˆtaxh CASTOR table, kai sthn douleiˆ thc suggrafèa pˆnw se autoÔc.

H dom  thc diplwmatik c eÐnai h ex c:

To kefˆlaio 3 perilambˆnei mia genik  eisagwg  gia toCERN, to eÐdoc twn
peiramˆtwn pou pragmatopoioÔntai ekeÐ, kai touc stìqouc touc . Sth sunèqeia akolou-
jeÐ mia sÔntomh perigraf  tou aniqneut CMS, twn epimèrouc sustatik¸n tou kai
thc leitourgÐac tou. Katìpin , dÐnetai èmfash stonCMS pixel aniqneut , kai akolou-
jeÐ perigraf  thc leitourgÐac tou kai twn epimèrouc stoiqeÐwn pou ton apoteloÔn.
Perigrˆfetai analutikˆ to hardware tou pixel detector, prokeimènou na apokt sei o
anagn¸sthc mia epoptik  eikìna tou sust matoc, ¸ste na mporèsei na katano sei ton
rìlo kai th shmasÐa twn DC-DC converterskai thc blˆbhc touc . Sto tèloc tou ke-
falaÐou perilambˆnetai mia analutik  perigraf  twn DC-DC convertersme èmfash sta
shmeÐa pou eÐnai anagkaÐa gia na gÐnei katanoht  h blˆbh.

To kefˆlaio 4 apoteleÐtai apì to qronikì tou probl matoc . Arqikˆ , gÐnetai
anaforˆ se kˆpoia gegonìta pou suntèlesan sthn emfˆnish tou probl matoc (kai
aforoÔn kataskeuastikˆ elatt¸mata twn suskeu¸n ), sta arqikˆ sumpt¸mata kai
stouc basikoÔc parˆgontec pou jewr jhkan pijanoÐ gia thn prìklhsh tou probl -
matoc. En suneqeÐa, perigrˆfontai ta arqikˆ test pou èginan stic suskeuèc afoÔ apo-
makrÔnjhkan apì ton aniqneut , ta opoÐa epètreyan ton merikì entopismì thc blˆbhc
kai thn katˆtaxh twn metatropèwn se kathgorÐec anˆloga me thn zhmiˆ pou eÐqan up-
osteÐ. Tèloc , akoloujeÐ analutik  perigraf  tou probl matoc kai tou mhqanismoÔ thc
blˆbhc , afoÔ ègine katanohtìc, kai parajètontai oi lÔseic pou protˆjhkan tìso gia
tic suskeuèc pou brÐskontan se qr sh, ìso kai gia tic mellontikèc ekdìseic .
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2 Ektetamènh PerÐlhyh

To kefˆlaio 5 perilambˆnei mia analutik  perigraf  thc peiramatik c diˆtaxhc
CASTOR table, h opoÐa apoteleÐ kai to kèntro aut c thc diplwmatik c. Arqikˆ ,
analÔetai tohardwaretou setup,kai perigrˆfetai o skopìc tou , o trìpoc leitourgÐac
tou, kai oi peiramatikèc diadikasÐec elègqou kai parakoloÔjhshc pou efarmìsthkan se
autì . Sth sunèqeia gÐnetai anaforˆ sto prìgrammaLabView pou kataskeuˆsthke gia
thn anˆkthsh kai apoj keush twn dedomènwn, kai parousiˆzetai h bˆsh dedomènwn pou
qrhsimopoi jhke. Tèloc , perigrˆfetai to arqikì prìgramma python pou grˆfthke gia
thn exagwg  qr simwn grafik¸n parastˆsewn apì ta dedomèna kai thn parakoloÔjhsh
thc exèlixhc twn DC-DC metatropèwn.

Sto kefˆlaio 6 perigrˆfetai analutikˆ h dom  kai oi leitourgÐec thc diadiktuak c
diepaf c qr sth pou kataskeuˆsthke me skopì to eÔkolo kai gr goro monitoring
tou setup,san kommˆti touPOM (Pixel Online Monitoring System), to opoÐo eÐnai to
monitorng frameworkpou qrhsimopoieÐ opixel aniqneut c. To web interfaceperilam-
bˆnei tèsseric diaforetikèc selÐdec: th selÐda\Overview", th selÐda\Castor plots",
th selÐda\General plots" kai thn selÐda\Find Value".

To teleutaÐo kefˆlaio 7 perilambˆnei ta sumperˆsmata sqetikˆ me tic sunèpeiec
pou eÐqe h blˆbh stonCMS, kai ton rìlo kai ta apotelèsmata tou CASTOR table.

Sth sunèqeia, akoloujoÔn to parˆrthma A, pou perilambˆnei to arqikì python
script pou qrhsimopoi jhke gia to monitoring tou CASTOR table, kai to parˆrthma
B pou perilambˆnei kˆpoia endeiktik ŝcript pou grˆfthkan gia to web interfacesto
POM.



Chapter 2

Synopsis

Direct current to direct current converters (DC-DC converters) are devices used at
CERN. During October of 2017 they started failing for unknown reasons. Since these
devices were already at use, and the future of CMS, ATLAS and ALICE depended on
them, it was very crucial to solve this problem. Many kinds of tests were performed
to achieve this goal.

The purpose of this thesis is to describe the e�ort that took place at CERN and
concerned the understanding of the failure mechanism of the DC-DC converters and
therefore the solving of the problem. More speci�cally, this thesis will focus on the
testing of the DC-DC converters on the CASTOR Table test setup and the work of
the author on this e�ort.

The thesis has the following structure:
Chapter 3 includes a general introduction about CERN and the CMS experiment.

After that, the CMS pixel detector and its hardware are described in more detail.
At the end follows a description of the DC-DC converters. This is necessary for the
reader to acquire a general idea of the functioning of the pixel detector, and therefore
a understanding of the problems relevant to the failure of the DC-DC converters.

In chapter 4, the chronicle of the failure of the DC-DC converters is described.
This includes the appearance of the problem, the �rst assumptions, the �rst tests,
the initial results and the understanding of the failure mechanism.

The next chapter, 5, is a detailed description of the CASTOR Table test setup
and its purposes, of the tests that were carried out there, and of the results relevant
to the failure mechanism of the DC-DC converters. It also includes a description of
the data acquisition program used at the setup, of its database and of the �rst scripts
that were used for monitoring it.

Chapter 6 gives an account of the web interface that was made for the monitoring
of the CASTOR table test setup, as part of Pixel Online Monitoring System (POM),
the monitoring framework for the pixel detector.

The last chapter, 7, is the conclusion of this thesis and explains the �nal results of
the CASTOR table test setup, as well as some general comments about the chronicle
of the failure of the DC-DC converters.
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Chapter 3

Introduction

3.1 CERN

The European Organization for Nuclear Research, known as CERN [1], is one of
the biggest research centers in the world. Founded in 1954 near the city of Geneva,
it houses a wide variety of laboratories and experiments, designed mostly for high-
energy and particle physics research. CERN hosts the largest particle accelerator in
the world, the Large Hadron Collider (LHC) (Fig. 3.1), that is built in an underground
tunnel with 27 kilometers circumference. The LHC can accelerate and collide particles
at energies up to 13 TeV, allowing the di�erent detectors build around it to detect
all kinds of particles that are produced from the collisions, some of which have never
beEN seen before. The biggest particle detectors that are built along the LHC tunnel
are the Compact Muon Solenoid (CMS), ATLAS, the Large Ion Collider Experiment
(ALICE) and the Large Hadron Collider beauty (LHCb). All of them study the
particle collisions but from di�erent aspects and using di�erent technologies. There
are also three smaller experiments on the LHC: the Total, Elastic and di�ractive
cross-section Measurement (TOTEM), the Large Hadron Collider forward LHCf and
the Monopole and Exotics Detector at the LHC (MoEDAL).

3.2 CMS

The Compact Muon Solenoid (CMS) [2] is a general purpose detector, designed to
observe the particles produced by the collisions at the LHC. It works as a 3D camera
that "photographs" the particles produced from the collisions that are then trans-
formed into new particles and decay. To do this, CMS is made of several systems and
sub-detectors (Fig. 3.2) that can identify almost all particles produced by a collision
by measuring their energies, momentum and reconstructing their tracks. This way,
one can recreate an image of a collision and use it for further analysis.

CMS is a very compact detector, meaning that its size is much smaller compared
to the size of the other general purpose detector (ATLAS). As its name suggests, it
can measure muon particles very accurately, and it also uses a solenoid magnet.

The procedure followed by CMS to recreate the "image" of a collision is the
following (Fig. 3.3):

First, a very strong magnetic �eld is used to bend the charged particles. This
is provided by the superconducting solenoid magnet. This way, depending on their
charge, the particles can be identi�ed are positive or negative, and also their momen-
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Figure 3.1: CERN accelerator complex. -LHC: Large Hadron Collider -SPS: Super Proton
Synchrotron -PS: Proton Synchrotron -AD: Antiproton Decelerator -LEIR: Low Energy
Ion Ring -LINAC: Linear Accelerator -CTF3: CLIC Test Facility -CNGS: CERN n to Gran
Sasso -ISOLDE: Isotopes Separation on Line n-ToF: neutrons Time of Flight

tum is measured.
After that, the tracks of the di�erent particles are identi�ed. This is done at

the Tracker, the innermost part of the CMS detector. The silicon Tracker is made
of thousands of sensors arranged in concentric circles. Every time a charged particle
passes through a sensor, it interacts with the silicon and produces a hit. By examining
all the hits recorded from the Tracker after a given collision, one can recreate the
tracks of the particles created. The Tracker consists of two di�erent parts, the Pixel
detector and the Strips, both containing silicon detectors.

Once the tracks are reconstructed, the energy of the particles is measured by the
two calorimeters, the electromagnetic calorimeter (ECAL) and the hadron calorime-
ter (HCAL). ECAL is placed right outside the Tracker and measures the energy of
electrons and photons by stopping them completely. Hadrons mostly pass through
ECAL. Their energy in then measured by HCAL.

Right after HCAL, the previously mentioned solenoid magnet is found.
The last part of CMS are the muon chambers that, as the name suggests, detect

the muons. The muon chambers are interleaved with the return yolk of the magnet.

3.3 The CMS Pixel Detector

As described before, the Pixel detector is part of the CMS Silicon Tracker and it is
the innermost subdetector of CMS. It can track the paths of the particles with very
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Figure 3.2: The CMS detector consists of di�erent subsystems: the silicon trackers,
the preshower, the crystal electromagnetic calorimeter (ECAL), the hadron calorimeter
(HCAL), the superconducting solenoid, the muon chambers, the forward calorimeter, and
the steel return yolk.

big accuracy.
The modules with the sensors of the pixel detector are situated in two di�erent

parts, the Pixel Barrel (BPix) and the Pixel Forward (FPix). BPix is the main body
of the detector, it has the shape of a barrel and covers the beam pipe close to the
interaction point (IP). It consists of four layers (layer 1 being the innermost layer).
FPix consists of two disks that are located at the two ends of BPix. Each disk includes
three rings (ring 1 being the innermost ring) (Fig. 3.4). FPix and BPix together have
a length of about 1 m and a diameter of 0.3 m.

Outside of BPix and FPix there are the FPix service cylinders and the the BPix
supply tubes (Fig. 3.5).

3.3.1 Hardware

The hardware of the pixel detector [3] is divided into front-end and back-end. The
front-end consists of the modules of the detector, that are made of the silicon pixel
sensors, the Read Out Chips (ROC), the Token Bit Managers (TBM) and the High
Density Interconnect (HDI) that has the TBM integrated into it. The back-end
parts , meaning the electronics responsible for receiving the data from the front-end
and transmitting them to the Data Acquisition System (DAQ) [4], are the Front-
End Drivers (FED), the Pixel Front-end Controllers (PxFEC), the Tracker Front-end
Controller (TkFEC), the Advanced Mezzanine Card 13 (AMC13) and some auxiliary
electronics. The most important of them are the Digital OptoHybrids (DOH), the
Pixel OptoHybrids (POH), the Direct Current to Direct Current Converters (DC-DC
converters), the Portcards and the Command and Control Units (CCU).
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Figure 3.3: A schematic showing the "journey" of the di�erent particles produced by the
collisions, across the CMS detector. The superconducting solenoid bends the trajectories
of the charged particles and helps measure their momentum. The innermost past of CMS
is the silicon tracker, that identi�es the tracks of the particles. After that, ECAL stops the
electrons and photons and measures their energy. The energy of the hadrons is measured
by HCAL. Muons pass through the calorimeters and the magnet, and are measured by the
muon chambers.

Figure 3.4: A schematic showing the structure of BPix and FPix. BPix consists of four
layers, and FPix of three rings.

The hardware of the pixel detector is described in more detail in the following
paragraphs. An overview of the hardware components, that altogether comprise the
data acquisition system (DAQ system), is shown in Fig. 3.6.
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Figure 3.5: A schematic showing the structure of the pixel detector. BPix and FPix are
in the middle and at the sides of them the supply tubes and service cylinders are situated,
including the optical links, the cooling loops and the DC-DC converters.

Front-end

The modules (Fig. 3.7) are the basic component of the front-end of the detector [4].
Each module has thousands of silicon pixel sensors, that create a signal every time a
particle passes through them.

Read Out Chip The ROCs (Fig. 3.8) read out the signals created in the sensors. In
the Phase-1 pixel detector two di�erent kinds of ROCs are being used: PSI46dig [6]
for BPix layers 2, 3 and 4, and FPix, and PROC600 for BPix layer 1. The latter was
done since for layer 1 the hit rate is very high and the PSI46dig would not be su�cient
[7]. The PSI46dig chip reads out 52x80 pixels that are organized in double columns
of 2x80 pixels. It has hit (80) and timestamp (24) bu�ers (per double column) that
collect the hit data from the pixels and store them until they are read out, as well
as an analog-to-digital converter (ADC) that converts the signal to a digital value.
This signal is then transmitted to the TBM at the speed of 160 Mbit=s. PROC600
has a di�erent architecture. It uses the "dynamic cluster column drain" readout
architecture (in contrast to the column drain architecture that PSI46dig uses), with
more timestamp (40) and data bu�ers, as well as faster readout, to deal with the
higher rates. This change at the architecture is the fundamental di�erence which
allows the PROC600 to go to 600 MHz=cm2.

The ROC needs low voltage (LV) to function and high voltage (HV) is distributed
to the sensors by a separate line. The low voltage is necessary for the functioning
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Figure 3.6: DAQ system overview. It shows the communication between the DAQ compo-
nents. The hit data from the modules go to the FED through the POH, and from there to
the CentralDAQ. Con�guration data for the modules go from the computer to the PixFEC
(through the microTCA carrier hub (MCH)), and then are forwarded through the modi�ed
Digital OptoHybrid (mDOH) to the modules. Con�guration data for the auxiliary electron-
ics are sent from the Tracker Frontend Controller (TkFEC) to the Command and Control
Unit (CCU) and then to the portcard (through the Digital OptoHybrib (DOH)). Advanced
Mezzanine Card 13 (AMC13) distributes clock and triggers to all the components.

Figure 3.7: Left: a detailed view of the barrel modules and their components (High Density
Interconnect (HDI), TBM, sensor, ROCs, base strip). Right: a picture of an assembled
layer 1 module with mounted protection cap [5].

of the ROC itself (both analog and digital, since the ROC has analog and digital
components). HV is needed to bias the sensor and separate electrons and holes that
are produced when a particle passes through the sensor, and then create the signal
that corresponds to the passing particle.

Every time there is a hit in one of the double columns, the timestamp and hit data
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Figure 3.8: PSI46dig chip. On the top part of the chip the pixels are organized in 26 double
columns of 2x80 pixels each. Below the pixels are the 80 data bu�ers, and after that the 24
timestamp bu�ers [7].

of the double column are stored in the bu�ers of the ROCs. As it will be described
in the next paragraph, the TBM sends a token for each trigger that is of interest to
the ROCs. When the ROC receives this token, it sends out the data to the TBM at
the speed of 160 Mbit=s. This happens by serially draining all the double columns,
meaning by getting the information from every double column bu�er and sending it
out to the TBM. If no token arrives in the time of 128 bunch crossings (32� s) then
information on the bu�ers is lost, because new data overwrite the existing since the
bu�ers are full.

Token Bit Manager The TBM [8] (Fig. 3.9) is the front-end component that is
responsible for the readout of a group of ROCs. Its main functions are:

� distribution of Level-1 Accept (L1A) triggers, clock and fast signals (e.g. reset,
resync) to the ROCs,

� distribution of con�guration data from the Pixel Front-end Controller (PixFEC)
to the ROCs,

� readout of the ROCs (either 8 or 16 ROCs per TBM depending if it is a BPix
layer 1 module or BPix layer 2,3,4/FPix module).

The readout happens as follows: when the TBM receives a L1A trigger1, it ini-
tializes a token pass, that is sent to every ROC in series. Each ROC that receives
the token sends the data that are written on its bu�ers out to the TBM, along with
a header and a trailer, in a 160 MHz data stream. At the end, the TBM gets back

1At CMS hundreds of millions of collisions take place every second. Not all of them are interesting.
Using information from the calorimeters and muon detectors, the L1 trigger system decides if an event is of
interest. If it is, it sends L1A triggers to the subsystems. If the pixel detector receives a trigger for an event,
it saves the data produced by it, otherwise they are discarded.
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Figure 3.9: Schematic diagram of the TBM chip that shows the path that readout data
follow, as well as the di�erent components taking part in the procedure. The data from the
ROCs are transmitted to the TBM at the speed of 160 Mbit=s. For each TBM core they
are then multiplexed into streams of 320 Mbit=s and then encoded (400 Mbit=s), before
they are sent out to the FED.

the token. At each di�erent token pass, TBM writes a header in the beginning and a
trailer at the end of the data stream.

The TBM has two di�erent cores. Each core collects the data from a number
of ROCs and then sends the data stream to the DataKeeper at 160 MHz. The
DataKeeper2 combines the two streams from the two cores and after performing a
4b/5b encoding3, outputs the data stream at 400 MHz to the FED through the POH.

Back-end

Front-end Driver The FED (Fig. 3.10 left) is used from the pixel detector to receive
the data from the TBMs (hit data, timestamps) and send them to the Central DAQ4.
The data from the modules are combined in a 360Mbit=s stream by the TBM, and
then are encoded with a 4b/5b encoding schema. This is the �nal output signal by
the TBM (400Mbit =s with the encoding) that is then converted to an optical signal
by the POH and is sent to the FED. The FED decodes and deserializes the data, then
builds the events and sends them to Central DAQ. The FED consists of an FC7 board
and a mezzanine card: the Receiver-FMC (Rx-FMC) mezzanine with two 12-channel
optical receivers. To send the data to Central DAQ, a small form-factor pluggable
(SFP+) 10Gbit =s S-Link5 transceiver located on the mezzanine card is used.

The FED can read data from 24 �bers (2 channels per �ber = 48 channels) and
then transmit the data at a speed of 10Gbit=s.

The FED receives clock and triggers from the Trigger and Timing Control and

2The datakeeper is a block inside the TBM chip that is responsible for combining two 160 Mbit =s data
streams in one stream of 400 Mbit=s.

34b/5b encoding assigns a mapping between 4-bit data and 5-bit code words. There is always a 5-bit
code for each possible 4 bit sequence, but some 5 bit codes are invalid. This encoding is used to ensure that
there will be su�cient transitions in the line state to produce a self-clocking signal.

4The Central DAQ is the central CMS system that receives the data produced by all the subdetectors,
and recreates the events.

5S-LINK is a CERN speci�cation for an easy-to-use FIFO-like data-link which can be used to connect
front-end to readout at any stage in a data
ow environment.
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Distribution System (TCDS) and the AMC13, through the backplane of the� TCA
crate, independently of the TBMs. Also, it sends a trigger-throttle system (TTS)
signal to the AMC13 about its state. A FED can be found in three TTS states: RDY
(ready-0x8), BSY (busy-0x4) and OOS (out of sync-0x2). While the FED is RDY it
can receive triggers. If a FED is BSY, meaning its bu�ers are almost full, triggers are
blocked until it goes back to RDY. If FED is in OOS, meaning it loses synchronization
because of multiple event number mismatches between FED and TBM, or because it
does not receive data for a speci�c number of events, it waits for a re-sync command,
which is issued by the FEDs and propagated via the AMC13, and then goes back to
RDY.

Figure 3.10: Left: picture of the FED card, that consists of an FC7 board and the Rx-FMC
mezzanine card (at the bottom right). Right: picture of the FEC cards, that consist of the
same FC7 board but a di�erent mezzanine card than the FED. TkFEC and PixFEC use
the same hardware. BPix uses 80 FEDs, 8 PxFECs and 2 TkFECs. FPix uses 28 FEDs, 8
PxFECs and 1 TkFEC.

Pixel Front-end Controller The PixFEC (Fig. 3.10 right) serves two main pur-
poses: distributing clock, triggers and fast-signals to the front-end components of the
detector (TBM, ROCs) and programming the Digital-to-Analog Converter (DAC)
registers of the TBMs and ROCs of the modules.

The clock, triggers and fast-signals are coming from the AMC13 and are inter-
preted and forwarded to the modules through the modi�ed DOH (mDOH). The con-
�guration data of the TBMs and ROCs are fetched and then also sent with optical
�bers through the mDOH to the modules. The mDOH allows a two way communica-
tion between the modules and the PixFEC, meaning the PixFEC can also read back
con�guration data from the modules. For BPix the readback is not working.

Tracker Front-end Controller The TkFEC (Fig. 3.10 right) is responsible for
programming the registers of the auxiliary electronics used by the pixel detector, and
more speci�cally the DC-DC converters and the I2C devices (Delay25 chip, opto-
hybrids POH, DOH). While the I2C devices can be read and written by I2C protocol,
as their name suggests, simple devices like the DC-DC converters can be controlled
with the Parallel Interface Adapters (PIA) registers. The programming of these
auxiliary electronics is done with the help of the CCU and the DOH. TkFECs use
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an FC7 card [4] as hardware, which is the same as the PixFEC. The only way to
distinguish TkFECs from PixFECs is the �rmware that runs on the hardware.

Advanced Mezzanine Card 13 The AMC13 [9] is a CMS center node advanced
mezzanine card responsible for distributing L1A triggers, clock and L1B signals (fast
signals like reset and resync) to the rest of the cards (FED, FECs) and the detector
through the backplane of the crate. In the pixel detector, the AMC13 gets the clock
and triggers from TCDS [10].

Each time there is an event (one bunch crossing) that passes the L1 criteria,
TCDS sends an LIA trigger. The trigger arrives at the AMC13 and is forwarded via
the backplane of the microTCA crate to the PixFEC that then sends it to the TBMs.
When a TBM receives a trigger, it collects the data that match the trigger from the
ROCs (by initializing a token pass) and sends them to the FED. If a certain amount
of time passes and the TBM has not received a trigger, it discards the data. When
the data arrives at the FED, the FED builds an event from all the data that it has
collected from all the POHs, and checks if the trigger matches the trigger it received
independently from the AMC13. After an event is built, it is sent out to Central
DAQ.

Auxiliary Electronics

The rest of the electronics that are necessary for the functioning of the pixel detector
are the following:

Digital OptoHybrid The DOH is used for the communication between the TkFEC
and the auxiliary electronics. It receives an optical signal from the TkFEC (con-
�guration data for the programming of the auxiliary electronics) and converts it to
electrical before it is sent to the CCU, and vice versa.

The DOHs were developed for the original so-called phase-0 pixel detector that
was installed around 2007. A modi�ed version of the DOH, mDOH, is used for the
two way communication between the PixFEC and the modules, for con�guration
purposes and for sending triggers and clock.

Pixel OptoHybrid The POH [11] (Fig. 3.11 top) is part of the auxiliary electronics
and responsible for converting the digital electrical signal that contains the hit data,
coming from the TBMs, to an optical signal, before it is sent to the FED. The FPix
POH is situated on the portcard, and the BPix POH is on the POH motherboard.
Although BPix has no portcards in the chain of auxiliary electronics, the concept is
kept as a virtual component in the control software (Section 3.3.1).

Each BPix POH has four output optical �bers, and each FPix POH has seven.

DC-DC converters The DC-DC converters (Fig. 3.12) are used to provide the
modules with LV. They require an input voltage of 9 Volts to provide an output
voltage of 2.4-2.5 or 3.5V depending whether they are powering analog or digital parts.
The DC-DC converters are used to supply the needed power inside of the detector
out of a high voltage (coming form a PS), which corresponds to a lower current on
the power cables (becauseP = V � I = constant so smallerV means higherI ) and
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Figure 3.11: Top: photograph of a POH4 (left) and a POH7 (right). Bottom: At the right
part of the picture are the DC-DC converter devices from the BPix test setup, used for
powering the modules with LV. At the left part are two of the POH devices and the optical
�bers connected to the POH outputs that go to the FED.

only converts close to the modules to the needed voltage. A low current on the cables
is bene�cial in order to avoid large heat losses along the cable (P = R � I 2).

Since the modules have both analog and digital electronics, the LV supplied to
them are called analog and digital voltages, respectively. That is why DC-DC convert-
ers power the modules in pairs of two: one called analog and one digital, depending
on which components it is supplying the voltage to. For FPix, DC-DC converters are
organized in groups of four (two pairs of DC-DC converters). One group powers seven
modules. In BPix, DC-DC converters are organized in groups of two (one pair). One
BPix group powers one layer 1 module, two or three layer 2 modules, or four layer 3
or layer 4 modules.

Portcard The portcard (Fig. 3.13 left) is an auxiliary part of the front-end elec-
tronics that contains devices necessary for the operation of the FPix detector (e.g.
POH, mDOH). Each portcard has one top and one bottom part. The top and bottom
parts have one POH with seven output �bers each and therefore can control up to
seven modules. Since all FPix modules have two channels (Fig. 3.13 right), each �ber
has two channels. In total one portcard controls fourteen FPix modules.

The portcard houses all components needed for the communication of the modules
with the PixFEC and FED. All the data, commands and signals that go to or come
from the modules pass through the portcard. For example, HV and LV (coming
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Figure 3.12: Picture of DC-DC converters (bottom) and a schematics describing their role
in the powering procedure (top). The DC-DC converters require an input voltage of 9V
from the power supply, and provide an output voltage of 2.4-2.5 or 3.5V to the modules.
They are used to reduce the big power losses across the long powering cables (around 50m).

from the output of the DC-DC converters) are provided to the modules through the
portcard. The POHs are also situated on the portcard (two POHs per portcard).
The mDOH can also be found on the portcard.

Although the BPix part of the detector contains the same auxiliary electronics
(like POH and mDOH) as FPix, it does not have a physical portcard. POH and
mDOH are not situated on the same board called portcard, but exist as standalone
devices. Nevertheless, for consistency reasons, when referring to the BPix portcard,
one means the electronics (POH, mDOH) that are found on the FPix portcard. For
BPix, a portcard always houses the electronic parts for either layer 1 and 2, or layer
3 and 4. Since for BPix layer 1 modules have eight channels each, layer 2 modules
have four channels each, and layer 3 and layer 4 modules have two channels each, the
number of modules connected to each BPix portcard varies.

Central Control Unit The CCU is responsible for controlling the rest of the front-
end auxiliary electronics (like DC-DC converters, portcard). A CCU ring for FPix
(Fig. 3.15) consists of �ve CCUs connected in a ring-like topology. Only four of them
are used. The �fth is used in case one of the four breaks, to complete the circle. It
does not replace the broken CCU, but is used so that the other three CCUs can still
work. For BPix, the CCU ring consists of nine CCUs, that work in the same way
(Fig. 3.14).

The CCU ring controls the DC-DC converters and programs di�erent components
of the portcard (like POH, DOH, delays) by forwarding the con�guration data and
commands coming from the TkFEC (through the DOH) to the appropriate electronic
component. Since in FPix there is only one TkFEC but four CCU rings connected
to it, numbers 0,1,2,3 are used to refer to a speci�c CCU ring. In BPix there are two
TkFECs with two CCU rings each, so to refer to them the numbers 2 and 3 are used.
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