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Zusammenfassung:

Das Experiment LHCB am CERN ist zur Zeit in der Entwicklungsphase und hat zum
Ziel, CP-Verletzung im System der B-Mesonen mit sehr hoher Präzision zu messen.
In dem Experiment wird ein mit Silizium-Mikrostreifenzählern ausgestatteter Vertex-
Detektor eingesetzt. Ein Mikrochip, der für die Auslese dieser Detektorkomponente
geignet ist, wurde in einer Arbeitsgruppe im ASIC-Labor Heidelberg entwickelt.
Dieser Auslesechip Beetle-1.0 besteht aus 128 analogen Eingangsstufen mit einem
ladungsempfindlichen Vorverstärker, einem Pulsformer und einer Treiberstufe. Das
analoge Signal wird auf einen Komparator geführt, von dem ein schnelles Triggersig-
nal abgeleitet werden kann. Der darauf folgende Ringspeicher (aufgebaut als Ma-
trix von Gate-Kapazitäten) kann entweder zur Speicherung des analogen Signals der
Eingangsstufe oder zur Speicherung des digitalen Ausgangs des Komparators benutzt
werden. Ein externes Triggersignal markiert Ereignisse, die ausgelesen werden sollen,
wobei die zugehörige Stelle in dem Ringspeicher in einem Derandomizer abgelegt
wird. Markierte Ereignisse werden mittels einem rücksetzbaren ladungsempfindlichen
Verstärker ausgelesen. Ein analoger Multiplexer, der die Signale abhängig vom Aule-
semodus im Verhältniss 32:1, 64:1 oder 128:1 seriell weitergibt, schliest sich daran an.
Durch einen Stromtreiber werden die Daten von dem dem Chip ausgegeben.
Beim Einsatz des Beetle im Vertexdetektor von LHCb muss er einer Strahlendosis
von insgesamt 10 MRad standhalten. Dies wurde durch den Einsatz einer CMOS-
Technology mit Strukturbreiten von 0,25�m sowie geschlossener Geometrie von nMOS-
Transistoren erreicht.
Im Rahmen dieser Doktorarbeit wurden wesentliche Komponenten der analogen Ausle-
sekette des Beetle-1.0 entworfen und getestet. Dazu wurde auf Ergebnisse von inten-
siven Messungen an dem Auslesechip HELIX128 zurückgegriffen. Ebenso wurden
Teile des SCTA Auslesechips modifiziert, um diesen für das Experiment LHCb einset-
zen zu können.
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Abstract:

The experiment LHCb is under development at CERN and aims to measure CP-violation
in the B-Meson system at very high precision. The experiment makes use of a vertex
detector that is equipped with silicon microstrip detectors. A chip suitable for the
readout of this detector has been developed in a working group at the ASIC-laboratory
Heidelberg.
This readout chip ’Beetle-1.0’ contains 128 analog input stages of a charge sensitive
preamplifier, a pulse shaper and a buffer. The analog signal is fed into a comparator,
from which a fast trigger signal can be derived. The following pipeline, realized as
an array of gate capacitances, can be used to either store the analog output of the in-
put amplifiers or to store the digital comparator output. External trigger signals mark
events that have to be read out and the according pipeline location is stored in a deran-
domizing buffer. Pending events are read out from the pipeline via a charge-sensitive,
resetable amplifier and an analog multiplexer, which serializes the signals with a factor
of 32:1, 64:1 or 128:1, depending on the readout mode. The data are driven off-chip
via a current buffer.
For the use of the Beetle in the vertex detector of LHCb, the chip has to withstand a
radiation dose of about 10 MRad. This has been achieved by the use of a deep submi-
cron CMOS with a feature size of 0.25�m and an enclosed layout geometry of nMOS
transistors.
In the context of this thesis, essential components of the analog readout chain of the
Beetle-1.0 have been developed. For that, results of intensive measurements with the
HELIX128 readout chip have been used. Also, parts of the SCTA readout chip have
been modified to make it usable for the LHCb experiment.
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Introduction

This thesis describes the evolution of the Beetle-1.0 readout chip for LHCb. This VLSI
chip has been developed at the ASIC-laboratory Heidelberg in collaboration with the
Max-Planck Institute for Nuclear Physics Heidelberg, the University of Heidelberg,
NIKHEF Amsterdam and the University of Oxford.

The specification phase of the readout chip started in late 1998, in parallel with the de-
velopment of prototype components. The first submission of two test chips, containing
different variations of analog input stages and bias circuits took place in May 1999.
The successful test after their production in November 1999 triggered the assembly
of the complete readout chip in one step, which has been submitted in April 2000.
Together with the readout chip Beetle-1.0, three test chips containing different sub-
components have been designed and submitted. Table 1 gives an overview on the
different chips with their submission dates and functionality.

Chapter 1 describes the basic physics goals of the experiment LHCb, as well as the
apparatus and the detector technology. The principle of a silicon microstrip detector is
described in more detail to give a picture of the requirements on a silicon microstrip
readout chip. Chapter 2 details the important effects of radiation damage in microelec-
tronic circuits, and an overview on existing architectures of microstrip readout chips
is given in chapter 3. Chapter 4 describes the design and concepts of the readout chip
Beetle-1.0 and in chapter 5 the measurements that have been done so far are reported.
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name submission date size functionality

Beetle-FE May 1999 2�2 mm2 3 different sets of analog input stages
with different shaping times/noise behavior

Beetle-BG May 1999 2�2 mm2 10 bit current and voltage DACs,
3 different types of current sources

Beetle-CO April 2000 2�2 mm2 frontend comparators,
current buffer

Beetle-PA April 2000 2�2 mm2 pipeline, pipeline readout amplifier
I2C interface

Beetle-MA April 2000 2�2 mm2 3 different sets of analog input stages
for the readout of photomultiplier tubes

Beetle-1.0 April 2000 6.1�5.5 mm2 complete readout chip with full functionality
required by LHCb

Table 1: Summary of the chips forming the development steps of the Beetle-1.0
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Chapter 1

LHCb: An Experiment to Study
CP-Violation in the System of
B-Mesons

Since the first observation of CP-violation in the K0
$ K0-system in 1964 [1, 2], it

has been the aim of physicists to search for this type of symmetry violation in other
systems. The B0

$ B0-system is very attractive for that purpose, since the standard
model predicts a large CP-violation for that system. Therefore, the precise exami-
nation of CP-violation in the neutral B-mesons is a good test of the standard model
and a promising way to find physics beyond the standard model. However, this task
is challenging. Typical branching ratios for interesting decay channels of B-mesons
are in the order of 10�5 and therefore demand a high precision in measuring the in-
teresting effects. Several experiments aim to measure CP-violation in the B-system.
The experiments BaBar and BELLE use colliding e

+
e
�-beams to produce about 108

pairs of B-mesons per year [3, 4]. Another possibility is to use the strong interaction
to produce B-mesons. This is done in the experiments HERA-B and LHCb, where
accelerated proton beams are used. In LHCb where the center-of-mass energy will be
14 TeV, B-mesons at a rate of 100 kHz can be easily produced and a large statistic of
CP-violation data can be gained [5].

1.1 Overview of the LHCb detector [5]

LHCb is a forward spectrometer with an angular coverage from 10 mrad to 250 mrad in
the non-bending plane and 300 mrad in the bending plane. A picture of the detector can
be seen in fig.1.1. The LHCb features a vertex detector, which is built around the in-
teraction point, a tracking system, two RICH counters, an electromagnetic calorimeter
with pre-shower detector, a hadron calorimeter and a muon detector. The interaction
point is located in the center of the vertex detector, which also comprises additional
detectors to derive a pileup veto.

The vertex detector has to provide precise information on the location of the primary
and secondary vertex. Its information is also used in the Level-1 trigger. In order to
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Figure 1.1: Schematic overview on the LHCb detector seen from above [5]

suppress events with more than one proton-proton interaction, a pile-up veto detector
is integrated into the vertex detector system. A more detailed description of the vertex
detector is given in 1.2.

The tracking system is built of two parts, the inner and the outer tracker. The type of
detector technology is determined by the requirement of low occupancy to simplify
tracking. For the outer tracker, a honeycomb-chamber technology has been chosen
with a cell separation of 5 mm. For the inner tracking system, the higher track density
requires a smaller granularity. Therefore, a combination of silicon microstrip detectors
for the tracking stations close to the vertex detector and microstrip gaseous chambers
for the stations far apart from the vertex detector has been chosen.

The RICH detector has to identify charged particles over the momentum range 1-
150 GeV/c to provide an efficient kaon tagging facility. The system consists of two
parts. RICH1 is located directly behind the vertex detector with a silica aerogel and
a C4F10 gas radiator. RICH2 uses CF4 as active material. Hybrid photodiodes with
pixel readout or multi-anode photomultipliers are foreseen to be used as Cherenkov
photon detectors.

The calorimeter consist of three main parts. Its main task is to identify electrons and
hadrons for triggering and offline analysis. A pre-shower detector is used to provide
an accurate detection of pions. This detector is built from 14 mm thick lead plates
followed by square scintillators that are read out by phototubes or photodiodes. The
pre-shower detector is followed by an electromagnetic calorimeter (ECAL), which
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provides an identification and energy measurement of electrons and photons and a
track reconstruction of pions. The ECAL is built from 2 mm thick lead plates, also
followed by scintillators. The hadronic calorimeter (HCAL) has to provide a single-
particle transverse-energy measurement of high pT hadrons and it improves the sepa-
ration between electrons and hadrons at high energies. The HCAL is constructed from
scintillator tiles, that are embedded in an iron structure. The scintillators are read out
by photomultipliers.

The muon detector is used for muon identification and to provide Level-0 trigger infor-
mation. As detecting material, Multigap Resistive Plate Chambers and Cathode Pad
Chambers are embedded in an iron filter. The detector uses pad readout instead of strip
readout to enable a fast trigger response.

It is planned to start building the detector in autumn 2003 and have it ready for opera-
tion together with the operation of LHC in the middle of 2005.

1.2 The Vertex Detector System of LHCb

The important tasks of the vertex detector are the location of the primary interac-
tion point of the colliding protons and the detection of the so-called secondary vertex,
which is the decay point of a produced B-Meson, with a resolution in the order of
6 �m to 10 �m. The efficiency in achieving this goal depends on the performance of
the subsystems of the vertex detector as well as on their interaction.

1.2.1 Layout of the Vertex Detector

The geometrical layout of the detector arrangement is driven by the need of a precise
measurement of the track coordinates close to the interaction region. For that purpose,
silicon microstrip detectors have been chosen. In order to achieve an efficient recon-
struction of secondary vertices originating from B-mesons in the Level-1 trigger, the
layout of the detector strips has been optimized to that task. A strip pattern has been
chosen, where detector discs with strips of constant radius alternate with detector discs
with radial strips. The layout of the strips for a segment of a detector disc is sketched
in fig.1.2 (left). Each disc is divided into six sectors, where the sensitive area of each
sector covers 61Æ in �-direction and 1 cm to 6 cm in radius. The arrangement of the de-
tector stations can be seen in fig.1.2 (right). This configuration assures that practically
all particles measured in the downstream spectrometer cross at least three stations. The
detector modules are split into two halves, so that they can be retracted during beam
injection. To allow an overlap of the two detector halves, the upper and lower modules
are displaced by 2 cm along the z-direction.

1.2.2 Pile-Up Veto Counter

Two additional stations upstream of the LHCb detector act as a veto counter in the
Level-0 trigger (see also sect. 1.3). Their geometrical layout is identical to the vertex
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Figure 1.2: Schematic showing the strip layout of the �- and r-measuring detectors
(left) and the arrangement of the detector stations in the vertex detector (right)

detector stations, but the requirements on the frontend readout electronics are different.
The signals from the veto counter detectors are amplified, discriminated and immedi-
ately read out. The discriminated signals are processed and in case of more than one
interaction per bunch crossing, a veto for the Level-0 trigger is given. Simulations
show that this method rejects 80% of the double interactions while retaining 95% of
single interactions.

1.2.3 Silicon Detectors

The use of silicon microstrip detectors in vertex detectors has many advantages. Due
to the small amount of energy that is needed to create an electron-hole pair in silicon
and the high absorption (compared for example to gases), it is possible to detect ion-
izing radiation in a very efficient way. Semiconductor processing is a well developed
technology for the production of integrated circuits and can be used to produce silicon
detectors with high precision at relatively low prices.

Creation of the Charge

When a charged particle traverses silicon, the mean energy loss per path length can be
described by the Bethe-Bloch formula [6]
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where
me is the electron mass
I is the effective ionization potential averaged over all electrons
Z is the atomic number of the medium
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A is the atomic weight of the medium
� is the density of the medium
z is the charge of a traversing particle
� = v=c with v=particle’s speed, c=speed of light

 =

1p
1��2

Æ is a density correction
C is a shell correction
Wmax is the maximum energy transfer in a single collision

The charged particles scatter inelastically with electrons in the valence band and loose
part of their energy, which in turn lifts the electrons into the conduction band. As can
be seen from eq 1.1, for low energies, the energy loss rate is proportional to 1

v2
. At a

certain energy, a minimum ionization rate is reached and for relativistic energies, the
energy loss rate rises logarithmically. In principle, the average energy loss for a sam-
ple of silicon of a defined thickness can be obtained by integrating the Bethe-Bloch
formula. However, due to statistical fluctuations of the average energy loss, this is not
possible in an analytical way. The distribution of the average value for thin targets
follows a Landau-distribution, which is an asymmetrical distribution with a long tail
for high energies. The high energetic tail is due to occasional energy transfers to single
electrons (Æ-electrons), which then travel several 10 �m through the sample, causing
further ionization [6]. A phenomenological approach to obtain a value for the mean
energy loss is the use of the Fano factor (F). The variance in the number of electrons
N that are created by the charged particle passing through the semiconductor is thenD

�N2
E
= F �N (1.2)

For silicon, the Fano factor is about 0.115 [6]. From eq. 1.1 and eq. 1.2, the most
likely energy loss for a minimum ionizing particle can be determined, which is about
83 electron/hole pairs per �m or 295eV

�m
. For a 150 �m thick detector material (as

planned for the vertex detector of LHCb) the most likely charge signal amounts to
12,500 electrons.

Silicon Strip Detectors

Position-sensitive particle detectors need to provide information on the position where
the particle has passed through the detector. In order to collect the charge created by
the particle before electrons and holes recombine, a reverse bias voltage needs to be
applied to the detection material. Silicon strip detectors provide an efficient method
to obtain a position and energy-loss measurement. In silicon strip detectors, strip-like
diodes are used to separate the produced electrons and holes. In principle, the diodes
are realized as strip-like arranged p

+ layers (highly doped with donator atoms) on an
n
� substrate (moderately to sparsely doped with acceptor atoms). The strip diodes are

reverse biased and the width of the depletion region (which is the insulating region,
where the intrinsic charge carriers are swept away due to the presence of an electric
field) depends on the voltage applied to the strip diode. In normal operation of the strip
diode as a particle detector, it is very desirable to have the complete substrate fully de-
pleted so that a maximum of material is sensitive to ionizing radiation. Traversing
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ionizing particles produce an ionization cloud which in turn produces a current pulse
on the p+ strip of typically 3ns width and 30 to 50pA height, depending on the thick-
ness of the detector material [6]. If the amount of charge and the location of the strip
is known, this technique provides a means of energy-loss and position measurement.
The precision of the position measurement depends on the strip pitch and the method
of readout. If only the digital information (strip is hit or not) is used to localize a
particle track, the precision of the position measurement is given by

D
�x2

E
=

1

p

Z +p=2

�p=2
x
2
dx =

p
2

12

where
x is the measured position
p is the strip pitch

For a typical strip pitch of 50�m, this leads to a resolution of ~15�m. The resolu-
tion can be improved significantly, if the analog information of the strip signal is used.
This allows to measure the height of the charge on more than one strip and therefore
the center of gravity of the charge signals gives a more precise position information
than in the case of digital readout. In the case of analog readout, the precision only
depends on the noise performance of the readout electronics and on the readout pitch
p as

�x �
p

S=N

where S/N is the signal-to-noise ratio of the readout electronics. In the case of the
LHCb vertex detector, where a S/N value of about 12 is targeted, a resolution (neglect-
ing multiple scattering and inclined tracks) of about 4�m can be reached. However,
in a real detector the resolution is limited by the multiple scattering in the material
between the vertex and the points of the track measurements.

1.2.4 Radiation Fluxes in the Vertex Detector [1]

During the operation of the LHCb experiment, the detector modules of the vertex de-
tector are placed 1 cm away from the colliding beams. As a consequence, the detectors
and the readout electronics will suffer from radiation damage. The particle fluxes de-
crease approximately with 1=r2 (qith r being the distance to the beam axis). Figure 1.3
shows the simulated flux of 1 MeV equivalent neutrons/cm2 (normalized to 1 inter-
action in the interaction point) as a function of the distance to the beam axis. The
equivalent neutron flux is obtained by using the non-ionizing energy loss (NIEL) of
the different particles. It is expected that the NIEL is the major source of radiation
damage of the silicon detectors [8].

1.2.5 Electronic Readout

The total number of detector strips of the complete vertex detector amounts to about
220,000. The strip pitch varies between 40�m and 60�m and the detectors are housed
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Figure 1.3: Total particle flux (normalized to 1 interaction in the interaction point) at
two stations of the Vertex Detector as a function of the distance to the beam axis [1]

in a vacuum tank, which excludes individual feed-throughs of all channels . Custom
made VLSI electronics is needed for an application with such requirements. A chip
suitable for readout of the LHCb vertex detector has to be capable of amplifying the
detector signals within a time window compatible to the bunch crossing frequency of
the LHC of 40 MHz. In order to reduce the number of feedthroughs in the vacuum
tank, a certain multiplexing ratio of the signals has to be fulfilled by the readout chip.
Due to constrained power consumption (the readout chips are operated in vacuum
and have to be cooled), the readout frequency is limited. As a consequence, not all
events that are amplified can be read out and only events that are marked by the Level-
0 trigger will be sent out of the detector. This requires a ring buffer, which stores
the events. This architecture of the readout chip is similar in other experiments, like
HERA-B, ATLAS and CMS. A more detailed treatment of several approaches follows
in chapter 3. A comparison of analog and binary readout in the vertex detector can be
found in [9].

The basic specifications of the LHCb vertex detector are summarized in table 1.1. They
determine the requirements on the readout chip given in tab. 1.2. It should be noted that
these numbers are a compromise between efficency in achieving the task of measuring
decay vertices, technical limits, reliability of the system and financial limitations.
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Total number of detector channels 220.000
Strip pitch at detector 40�m to 60�m
Sampling frequency 40 MHz
Level-0 trigger delay 4�s

Level-0 trigger rate 1 MHz
Maximum number of events pending to be read out 16

S/N at a given load capacitance > 14 at 10 pF
irradiation dose at readout chip position 2 Mrad/year

charge created by 1 minimum ionizing particle 11,000 electrons
required linearity better than 5% for �10 MIP

signal remainder at 25 ns after peaking time < 30%
acceptance of consecutive triggers yes

operation time 5 years

Table 1.1: Basic specifications of the LHCb vertex detector, determining the require-
ments on a readout chip for the LHCb vertex detector.

Input amplifier preamplifier and pulse shaper
peaking time 25 ns, signal remainder

after 25 ns of <30%
Total noise < 785 electrons at input load of 10 pF

dynamic range -110,000 electrons to +110,000 electrons
Number of channels 128

Channel pitch 50 �m
Sampling frequency 40 MHz

Readout time per event < 900 ns
Latency 160 clock cycles

Size of multievent buffer 16
Total ionizing dose 10 Mrad

Acceptance of consecutive triggers yes
Generation of trigger for pile-up veto yes

Deadtimeless readout yes
Power consumption < 4 mW / channel

Table 1.2: Requirements on a readout chip for LHCb

26



Stainless steel

Stainless steel

Aluminium

Aluminium

330 mrad

470 mrad

60
0 

m
m

Figure 1.4: Side view of the vacuum tank and support structures for the Vertex Detec-
tor. The bottom half is omitted.

1.2.6 Mechanical Support Structure

The mechanical support of the detector modules is an important component in achiev-
ing the required performance of the vertex detector system. The detector modules
have to be mounted so that they can be retracted from their nominal operating position
during beam injection and be aligned to a precision of better than 50�m. The detec-
tors also have to be protected from RF-pickup from the proton beams, and in general
the total mass in the acceptance region of the detector has to be kept to a minimum.
These requirements can be satisfied by a roman pot system. The detector stations are
mounted on aluminum support frames via linear actuators. The modules are housed
in a secondary vacuum, which is separated from the vacuum of the beam pipe via a
100�m thick aluminum foil. The aluminum foil is folded around the detector mod-
ules in order to keep the effective thickness for the particles at a minimum. Figure 1.4
shows a preliminary sketch of the mechanical arrangement of the detector modules
and their supporting structures [5].

1.3 The Trigger System of LHCb

The task of the trigger system is to reduce the amount of data during the operation of
the detector and after the data have been acquired. Different trigger levels allow a very
coarse filtering at an early stage of data acquisition with rather simple algorithms and
a detailed decision with more complicated algorithms at later stages. In LHCb, the
trigger decision is taken in four steps:

Level-0 trigger uses the information of the muon detector, the electromagnetic and
the hadronic calorimeter. It searches for particles with a high transverse momentum
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(high pT -trigger), which are typical for events with B-Mesons. Events with more
than one interaction are suppressed by the pile-up veto counter. The information of
the Level-0 calorimeter trigger, the Level-0 muon trigger and the Level-0 pile-up veto
trigger are combined by the Level-o decision unit. The complete Level-0 trigger will
be implemented as hardware. The latency of the Level-0 trigger is fixed to 4�s. The
targeted average trigger rate of Level-0 is 1 MHz, which yields a suppression factor of
40.

Level-1 trigger uses the information of the vertex detector to select events with one
or more secondary vertices (vertex trigger). In addition, the tracks of the high pT -
trigger are confirmed. The information of the Level-1 vertex trigger and the Level-1
track trigger are combined by the Level-1 decision unit. The complete Level-1 trigger
will be implemented as a software solution. The date will be processed on a processor
farm consisting of commercial CPUs. The suppression factor of Level-1 is 25 and the
latency is variable up to a value of 256�s.

Level-2 trigger eliminates events with a false secondary vertex. It uses the momen-
tum information of the tracks and correlates the information of the tracking stations
with the tracks from the vertex detector. The latency of the Level-2 trigger depends on
the installed computing power and it is currently planned to achieve an average latency
of 10ms with a suppression factor of 8.

Level-3 trigger partially and fully reconstructs the final states to select events with
specific decay modes. It uses the complete detector information. The suppression
factor at Level-3 is about 25 with a latency of about 200 ms. The data output rate is
therefore �200 Hz.
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Chapter 2

Radiation Damage in
Microelectronic Devices

The long-term performance of electronic devices in an environment like the LHCb
vertex detector strongly depends on the amount of damage that is caused to the elec-
tronic devices by high energy particles. Since no technology or device yet exists that
is completely immune to ionizing and non-ionizing radiation, the decision for a certain
technology has to keep the radiation defects, failures and the consequences in mind, so
as to judge their acceptability. This chapter summarizes most of the known defects due
to ionizing and non-ionizing radiation in microelectronic integrated circuits. It shows
up consequences and ways to overcome them.

2.1 Introduction

The composition of particle and electromagnetic radiation in a hadron-collider exper-
iment like LHCb can be understood quite well, although the quantitative distributions
of the particle types and their energies are difficult to calculate. Detailed distribu-
tions of radiative background as seen by electronic devices that are located inside the
detector area or inside the detector itself are therefore usually obtained by means of
simulations. The simulation takes into account the real distributions of material inside
the detector and the distributions and spectra of incident particles. Simulations done
for a proposed configuration of the LHCb vertex detector as from 1998 can be found
in [1]. Since the configuration of the complete detector system and therefore the exact
location of the front-end electronics was not frozen at that time, these calculations can
not be regarded as final.

Section 2.2 explains the radiation defects of MOS field effect transistors and describes
methods to enhance the radiation tolerance of such devices. In section 2.3, radiation
defects of bipolar transistors are presented.
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2.2 Radiation Damage in MOS Field Effect Transistors

The use of MOS (metal-oxide-semiconductor) microelectronics in radiation environ-
ments recently became popular, mainly due to the wide availability of MOS processes
and their low price, compared to bipolar processes. Also, the improvement and devel-
opment of MOS processes with reduced leakage currents and lower spread of process
parameters, yields high performance devices that are available in standard processes.
The availability of CMOS processes with structure sizes of less than 0.35 �m and the
expected radiation tolerance of them has further driven the use of standard CMOS as
a basis for the development of radiation hard microelectronics.

2.2.1 Total Ionizing Dose Effects

Trapped Charges in Silicon Oxide [12, 3]

Cumulative radiation effects occur during the complete lifetime of a transistor as long
as it is exposed to radiation. As long as the dose applied to a transistor is known and
the device is characterized completely, the failure or degradation in performance of the
device can be predicted.

In a radiation environment like in the LHCb detector, the total ionizing dose effects are
caused by electrons and by charged hadrons. 
-particles and neutrons do not ionize
directly, but they can induce ionization by energy deposition. The most sensitive part
of a MOS field effect transistor is the thin gate oxide, which separates the gate from
the active channel. If an electron-hole pair is created in the silicon dioxide of the
gate oxide, they do not recombine immediately due to the insulation characteristics of
the gate oxide. If no electrical field is applied to the gate of the transistor, both the
electron and the hole stay in the gate oxide and recombine eventually by diffusion.
By application of an electrical field, the electrons can leave the gate oxide faster than
the holes due to their higher mobility in silicon dioxide. The result is a growth of
the hole concentration in the gate oxide. From this simple consideration, it is already
obvious, that total ionizing dose effects on field effect transistors are smaller if there is
no electrical field applied to the gate. As a consequence, transistors should always be
set under operating condition during irradiation tests to ensure a realistic damage due
to total ionizing dose. The effects on the performance of trapped charges in the gate
oxide depends on the type of transistor. In an nMOS transistor, the field of the positive
trapped charges (holes) adds towards the one, that is generated by supplying a positive
voltage to the gate. In a pMOS transistor, the trapped holes ’shield’ the electrical field
that is generated by a usually, negative voltage applied to the gate.

The mechanism of the generation, distribution and trapping of the holes and electrons
in the silicon oxide is visualized in fig.2.1. The amount of charge generated in the ox-
ide depends on the energy that is deposited by the ionizing particle. The energy needed
to create one electron/hole pair is about 3.6 eV [2]. The time scale for a recombina-
tion process of the electron/hole pair is given by the mobility of the electrons in SiO2,
which is much higher than the mobility of holes. At room temperature, the mobility of
electrons is about 20cm2

V
�1
s
�1 and its velocity saturates at about 107cm=s for high
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Figure 2.1: Charge generation, distribution and trapping due to ionizing radiation in
silicon oxide (e.g. in the thin oxide of a MOS transistor) [3]

electrical fields [3]. The mobility of holes is always much lower than the electron mo-
bility and typical values are 10�4 � 10�11cm2

V
�1
s
�1, depending on the temperature

and the electrical field. Therefore, if an electrical field is applied to the silicon oxide,
the electrons immediately leave the oxide in the order of 1ps. Any recombination pro-
cess is limited by this time constant. Even without electrical field, any recombination
takes places in several picoseconds due to the large difference in mobility of electrons
and holes. The remaining holes, that do not initially recombine, follow any electri-
cal field in the SiO2-layer towards the negative electrode through a relatively slow
transport mechanism, where they are collected or captured in deep trapping sites. The
transport mechanism is highly dispersive and the time constants can vary over many
decades. A satisfying model for the transport of holes in SiO2 is given by the CTRW
(continuous-time random walk) model [3]. A detailed understanding of this transport
mechanism is especially important for the modeling of short-term (order of seconds at
room temperature) post-irradiation response of a transistor. The long term radiation-
induced behavior of a transistor is dominated by the holes trapped near the SiO2/Si
interface. Figure 2.2 shows a schematic of trapped charges in the gate oxide of a MOS
transistor. The shift in the gate bias voltage �Vth originating from the trapped holes
in the gate oxide can be written as

�Vth = �
q

"ox
dox�Not (2.1)

where �Not is the charge density per unit area in the SiO2/Si interface and dox the
thickness of the oxide. �Not can be written as

�Not =
1

dox

Z
dox

0
nht(x)xdx

where nht is the local density of trapped holes. An analytical expression for 2.1 can be
obtained by simplifying the assumptions on the distribution of the trapped holes. If the
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Figure 2.2: Schematic of hole trapping and removal in a MOS transistor at a positive
gate voltage [3]

distribution of the holes is assumed to be a single layer with an average density �Nht

and a thickness �X (small compared to dox) and the recombination of trapped holes
with electrons is neglected, the fraction of radiation-generated holes that are trapped
in the oxide is

fT (Eox) = �ht(Eox) �Nht�X

where Eox is the effective electrical field in the oxide and �ht is the local cross-section
of the hole traps for capturing holes. The total number of holes trapped in the oxide is
then

Fh(Eox; E) = dox[Kg(E)fy(Eox; E)D(E)]

where Kg denotes the charge generation coefficient, fy the fractional free charge yield
and D the total dose of ionizing radiation that has passed through the oxide. The
energy of the ionizing radiation is E. Using �Not(Eox; E) = FhfT , one can deduce

�Vth(Eox; E) = �
q

"ox
Kg(E)fy(Eox; E)fT (Eox)d

2
oxD(E) (2.2)

This expression [3] contains the important relationship �Vth / d
2
ox of the shift in the

gate voltage due to trapped charges as a function of the gate oxide thickness for a fixed
radiation dose.

The limit of this model can be deduced from fig.2.2 if the thickness is small enough
so that the tunneling processes between the gate oxide and the silicon (or the gate,
respectively) becomes dominant. Several measurements have shown a much faster
decay of the threshold voltage shift with decreasing thickness when dox falls below
20 nm. Figure2.3 shows the shift in the flat-band voltage per unit dose as a function of
the oxide thickness for various MOS structures. For thicker oxides, the curve follows
the the d2ox dependency as shown in 2.2. For a thickness below approximately 20 nm,
the shift in the flat-band voltage drops much faster [4, 5]. This effect greatly favors the
use of MOS technology with thin gate oxides to prevent a shift in the effective gate
voltage.
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Figure 2.3: Shift of the flat-band voltage as function of oxide thickness for various
MOS structures. The solid/dashed line shows the expected d2ox dependency for thicker
oxides [3].

Another part of transistors, namely nMOS transistors, that is sensitive to trapped
charges due to ionizing particles is the so called lateral oxide. Also known as field
oxide, this part separates the active channel region from the surrounding bulk material.
In an nMOS transistor, trapped holes in the field oxide at the interface to the silicon
can create a leakage path from the source to the drain of the transistor. The size of this
parasitic leakage current rises with the total amount of holes trapped in the lateral ox-
ide, and therefore with the total ionizing dose. The absolute size of the leakage current
depends on the detailed geometrical structure of the lateral oxide and can hardly be
predicted. Since the thickness of the field oxide is much larger than 20 nm, a tunneling
of trapped holes from the field oxide into the silicon is excluded. Figure 2.4 shows
a sketch of an nMOS transistor and the region where this parasitic leakage current
occurs. Several methods to prevent the rise in leakage current in nMOS transistors
due to ionizing radiation have been reported [6], but most of them use different pro-
cessing steps and manufacturing techniques to achieve the goal. Only recently, when
processes with structure sizes of 0.35�m and less became available, the approach of
closed gate structures has become an alternative. By using a gate geometry as pointed
out in fig. 2.5, any leakage path between source and drain under the field oxide of the
transistor is avoided [3]. This method has the price of a larger area for transistors. Also,
modeling of the effective behavior of enclosed transistors is not as well established as
for standard transistor geometries. A description of models for enclosed transistors is
given in chapter 4.
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Figure 2.6: Threshold voltage of an nMOS transistor (a) and a pMOS transistor (b) as
a function of the total ionizing dose [3]

Interface States at the Si=SiO2 Interface

Defects in the crystal lattice that are formed at the interface of the gate oxide and the
silicon are called interface states. These interface states trap charges from the channel
of the transistor and therefore cause a shift of the threshold voltage and a degradation
of the mobility of the charge carriers in the channel of the transistor. Interface states
(also known as interface traps or surface traps) are electronic energy levels between the
conduction and the valence band. They arise from lattice mismatch at the interface,
disconnected bonds or impurities, and they can be induced by ionizing radiation. As
for parasitic leakage currents under the field oxide induced by trapped charges, the total
effect of interface states on the behavior of a MOS transistor cannot be predicted. It
depends on processing details, gate material and on doping concentrations. The nature
of the charge states in the silicon bandgap can be divided into acceptors and donors,
where energy levels in the upper half of the bandgap are occupied by acceptors and
energy levels in the lower half by donors [3]. The net charge that is captured in the
interface states can be positive, negative or zero. However, by applying a voltage to
the gate of a MOS transistor, the interface states move along with the valence and
conduction band relative to the Fermi level. The effects of interface states on the
behavior of transistors are manifest in three important effects:

Shift in the threshold voltage: Due to the additional charges captured in the inter-
face states, the effective gate voltage is shifted which results in a shift of the threshold
voltage. For pMOS and nMOS transistors, this effect is different: in pMOS transis-
tors, positively charged donor interface traps reduce the threshold voltage, whereas
in nMOS transistors, the threshold voltage is increased due to negatively charged ac-
ceptor interface traps. These effects, together with the threshold voltage shift due to
trapped charges in the gate oxide, cause the typical shape of the threshold voltage as
a function of the total ionizing dose shown in fig. 2.6. Since for pMOS transistors,
the threshold voltage is decreased by the trapped charges and the interface states, the
overall slope is negative. On the other hand, nMOS transistors show a decrease in th
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Figure 2.7: Normalized channel mobility as function of radiation induced interface
trap density [8]

threshold voltage for a dose below 100 krad (typically). This decrease is caused by
positive trapped charges in the gate oxide, which are dominating at low doses. Above
100krad, the increase of the threshold voltage is caused by negatively charged interface
traps. In the literature, this effect is often called ”rebound”.

Degradation in the transconductance gm = @Id=@VgjVd=const
: The transconduc-

tance of a transistor is reduced by radiation induced interface traps. This can be under-
stood by considering a gate voltage sweep, which empties or fills the interface states
at the gate surface. These additional states in turn modify the electrical field, so that
more or less respectively, charge is needed on the gate to create the desired electrical
field in the channel of the transistor. Also, the voltage needed to bring the transistor
into strong inversion is higher. This affects (amongst others) the switching speed in
digital circuits.

Change of the mobility: The mobility � of charge carriers in the channel of a tran-
sistor is reduced by radiation induced interface traps. A model for the mobility degra-
dation is given in [7, 8]. The mobility of the charge carriers is reduced by an increased
amount of lattice and Coulomb scattering due to the interface states. The empirical
relationship for the degradation of the channel mobility is

� =
�0

1 + �(�Nit)
(2.3)

where �o is the mobility before irradiation, Nit is the concentration of trapped interface
charges and the fitting parameter � = (8 � 2) � 10�13cm2. Figure 2.7 shows a
comparison between measurement values and the empirical model 2.3.
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Dynamics of Trapped Charges and Interface States

The dynamics of the two effects, trapped charges in the gate oxide and interface states,
is very different. Trapped charges can easily be removed from the gate oxide by ele-
vated temperatures. The holes are then thermally activated and de-trapped from their
locations. In contrast, annealing of interface states has not been observed at normal
operating temperatures. Annealing at temperatures above 100Æ C seems to be very sen-
sitive to the processing of the oxide. An activation energy of 1.4 eV has been reported
for the annealing of interface states [10].

2.2.2 Single Event Effects (SEE)

In contrast to the cumulative total ionizing dose effects, single event effects are usually
triggered by single particles that cross sensitive regions of the device. The actual effect
occurs very localized, but can propagate over the complete system. Single event effects
can be classified depending on their impact on the systems behavior:

� Transient effects: yield in asynchronous signals, that propagate through the sys-
tem. They can appear in analog as well as in digital circuits and can become
static if they are latched.

� Static effects: change the content of a memory cell and can be overwritten.

� Permanent effects: are destructive events that cannot be recovered. In some
cases, they can be prevented by a fast current limitation.

In the applications of high energy physics experiments, SEE have become a concern
during recent years. This is due to the use of deep sub-micron processes, where the
intrinsic sensitivity due the smaller gate capacitances is significantly higher than for
processes with structure sizes of 0.8 �m or larger.

Single Event Upset (SEU)

If an ionizing particle passes through a semiconductor, it loses its energy by ionization
by creating pairs of electrons and positive charged holes. In the semiconductor bulk of
a MOS transistor, the electrons and holes recombine immediately. This is not the case
in the active region of a transistor and in its surroundings. The electron-hole pairs are
separated by the electrical field and therefore give rise to a current spike. This current
spike has two components: a fast component (less than a ps) which yields from the
electron-hole pairs created directly in the depleted region of the transistor channel, and
a second component which is rather slow (in the order of ns) and arises from regions
outside of the active area. Depending on the energy loss of the ionizing particle, the
current spike can be rather large, and the impact on the circuit, in which the transistor
is used, cannot be neglected.

The amount of energy that is deposited in the active region of a transistor by an incident
particle is usually expressed by the linear energy transfer (LET). The energy needed to
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Figure 2.8: Schematic of the experimental setup for SEU cross section measurements
[11]

create an electron/hole pair in silicon is 3.6 eV and that defines the amount of charge
that is produced by the absorbed energy. Ions of the same energy have a higher linear
energy transfer, the heavier they are. Particles, which do not have enough mass to cre-
ate enough charge for a SEU to occur (like protons or �-particles) can initiate nuclear
reactions, whose recoil products are heavy enough to produce direct ionization.

The minimum LET needed to change the state of a given device (e.g. a flip-flop) is
called critical LET. The critical LET depends strongly on the fabrication process of
the device that is considered, since it contains not only the amount of charge that is
needed to upset a device, but also the detailed structure of the device, which in turn is
responsible for the distribution of the charge.

The experimental determination of the critical LET is usually done by exposing the
device to a beam of heavy ions (e.g. O, Li, Na). SEUs are then characterized using
a beam threshold measure. The threshold is defined as the minimum perturbation
that produces an error in the test device, and the upset cross-section is the maximum
sensitivity to SEU caused by the ion beam. The upset cross section � is then calculated
as

� =
U

�t cos �
(2.4)

where U is the absolute number of upsets during the time interval t and � the particle
fluence of incident ions per cm2. The incident angle � is visualized in fig. 2.8. During
the measurement, the incident angle of the ion beam is varied across the device. As a
result, the charge that is deposited into the sensitive region of the transistor is varied.
Assuming the ion tracks inside the material are long compared to the active device
geometry, the amount of charge deposited is proportional to 1

cos �
. With that method,

the LET can be varied over a limited range. By combining these results with results
of different types of ions, a larger statistics can be gained. The data of different ions
can be combined by assuming that two different ions with the same LET have the
same impact on the device. This assumption is not exact, since the radial distribution
of the charge that is created by an ion certainly depends on the type of ion. Also,
the charge distribution along the track of the ion that penetrates the semiconductor
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Figure 2.9: Typical result of an SEU cross-section measurement performed on the
APV25 [9]

Ion Type Si Si Cl Ni Br
LET [MeV cm2 mg�1] 9 10.4 12.9 30 39.4

Table 2.1: Ion types and according linear energy transfer for the measurement plotted
in fig. 2.9

depends on the ion type. Nevertheless, combining results of different ion types is an
accepted method to measure the critical LET. Figure 2.9 shows a typical result for
a measurement of SEU cross-sections as a function of LET. This measurement was
performed with different ion types of an energy of about 100 MeV as listed in tab. 2.1
The curve shows a steep rise in the SEU cross section at the critical LET value of
12.6 MeV cm2 mg�1. This measurement has been performed with the APV25 readout
chip for CMS [9], which is manufactured in the same technology as the Beetle readout
chip for LHCb (see chapt. 4).

Single Event Latchup (SEL)

SEL is a well studied phenomenon in CMOS devices since latchups can occur due
to high temperatures, large transients on the power supply lines or due to wrong bias
cycling of circuits. In a radiative environment, a latchup can also be induced by a
heavily ionizing particle.

In general, an SEL occurs in a CMOS structure due to inherently present bipolar tran-
sistors, that can be completely turned on. The presence of these parasitic pnp- and npn
structures can be seen in fig. 2.10. Of course, this model is only a simplification of
the parasitic bipolar structures that are present. A more realistic model would need
consideration of the three-dimensional distributions of the p-n junctions.

In this configuration, the collector of the npn-transistor is connected to the base of
the pnp-transistor. In the case of an increasing collector current in the pnp-transistor
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Figure 2.10: Parasitic pnp and npn bipolar structure in a CMOS inverter. The gates of
the MOS-transistor are not shown for simplicity.

(which can happen due to a heavily ionizing particle crossing the active region of
the device), the base current of the npn-transistor is also increasing, which in turn
increases the collector current of it. The rising collector current of the npn-transistor
then increases the base current of the pnp-transistor. This positive feedback leads to
an almost shorted circuit between the power supplies if the gain of this parasitic pnpn-
thyristor is high enough. This case is usually destructive for the adjacent MOS device,
unless the current is limited e.g. by the resistance of the supply lines.

Effective methods to decrease the sensitivity of devices to latchup are possible by
reducing the gain of the parasitic pnpn thyristor. This can be done by technological
solutions, e.g. by using trench isolations between adjacent MOS structures, the gain of
the lateral parasitic transistor is strongly reduced. Layout techniques can also reduce
the resistance along the parasitic current path. The systematic use of guardrings around
the wells of transistors ensures a low-ohmic connection of the lateral bipolar transistors
and therefore effectively reduces the latchup sensitivity.

Single Event Gate Rupture (SEGR), Single Event Burnout (SEBO) Less often
found in literature, SEGR and SEBO have been observed in power MOSFET applica-
tions. The threshold for these destructive events is higher than for SEU and therefore
requires the presence of very heavily ionizing hadrons [12]. Due to their small like-
lihood, these effects are not considered to be a problem for the application of CMOS
devices in a high energy physics experiment [12].

2.3 Radiation Damage in Bipolar Transistors [11, 16]

In bipolar transistors, radiation damage occurs exclusively in a cumulative way. The
effects can be divided by the nature of interaction of the radiation with the devices.
Damage caused due to ionizing energy loss is treated in 2.3.1, whereas the effects due
to non-ionizing energy loss are described in 2.3.3.
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Figure 2.11: Measurement of the �-degradation with irradiation for different devices
[11]

2.3.1 Total Ionizing Dose

The cumulative effects of ionizing particles in bipolar transistors are caused by trapped
charges in oxide layers and by interface states. They are caused by the creation of a
conductive channel under the thick oxide (field oxide) by inversion of the silicon due
to trapped charges. There are three main locations where this may occur. First, a
conductive channel can be opened between two buried layers. Second, a channel can
be opened that creates a current path between collector and emitter at the sidewall
oxide. Third, a current can flow under the thick oxide of the surface. These effects
result in an increased base current, which in turn reduces the effective gain (�) of the
bipolar transistor. The bipolar devices most sensitive to ionizing radiation are lateral
PNP transistors, due to their relatively large interface to the field oxide. Figure 2.11
shows a measured �-degradation for different bipolar devices [11].

2.3.2 Dependency on the Dose Rate [11, 12]

For some bipolar processes, a variation of the damage with the dose rate has been re-
ported, e.g. in [13]. In such cases, transistors (both NPN and PNP) show an excess
base current by a factor of typically 10 to 20 more at a low dose rate (0.1 rad/s) com-
pared to a high rate (1 krad/s). This effect is due to the formation of trapped charges

43



Proton Neutron Electron

1 MeV 2 0.01
50 MeV 2
1 GeV 1 0.1

Table 2.2: Relative displacement damage for various particles and energies [15]

in the oxide that is overlaying the emitter-base junction. The net trapped charge in that
oxide is higher at lower dose rates.

A precise prediction on the dose rate behaviour of a bipolar device cannot be given.
Therefore, an experimental characterization, usually performed at elevated temepera-
tures (�90Æ) to enhance the damage, is performed.

2.3.3 Displacement Damage

Particles or photons that cross silicon and transfer energy of about 20 eV to a silicon
atom, can remove the atom from its lattice location. This displacement damage creates
clusters of defects by changing the electronic structure around the displaced atom in
the lattice. The total damage due to displacement is proportional to the non-ionizing
energy loss (NIEL), which in turn depends on the particle type and its energy. The
displacement damage is usually not measured by the absorbed energy, but measured
by the effect on the device. For a particle of known energy, the NIEL in silicon can be
calculated [14] and these distributions can be used to estimate the relative damage of
radiation due to displacement. Table 2.2 shows a comparison for some particle types
at different energies.

The damage in silicon due to displacement results in three different effects:

1. Mid-gap states are formed between the valence and the conduction band. Since
the direct transition of electrons from the valence to the conduction band is rather
unlikely, the formation of mid-gap states enables electrons from the valence
band to jump to the conduction band via the mid-gap states. Theses electrons
would then contribute to the current flow. On the other hand, mid-gap states can
capture electrons from the conduction band which then capture holes from the
valence band. This process would reduce the current flowing in the conduction
band. Whether generation or recombination is dominating depends only on the
relative concentration of carriers and empty defect states. Therefore, in a deple-
tion region, where the conduction band is less populated, generation of charge
carriers dominates and in a forward biased junction, where the conduction band
is filled, recombination is the dominating effect.

2. The formation of states close to the conduction band allows trapping of charge
carriers for a limited time. This effect reduces the charge carrier concentration
in a forward biased region.

3. The effective doping characteristics is changed.
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Figure 2.12: DC current gain of NPN and PNP transistors before and after irradiation
with protons of 800 MeV to a fluence of 1:2 � 1014cm�2 [16].

As a result of the displacement damage, bipolar transistors suffer from a reduction in
the DC current gain at low currents. As the base-emitter junction is usually forward
biased, the base-emitter current density degrades. The relative degradation depends on
the current density, since it is a function of the population density in the conduction
band. Therefore, small devices suffer less from radiation damage due to displacement
than large devices at a given collector current. Since the probability for a recombina-
tion depends on the transit time through the base, a reduced base width is favorable
for radiation hardening. An example of a measured DC current gain reduction after
irradiation with protons of 800 MeV is shown in fig. 2.12 [16].
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Chapter 3

Different Approaches towards
Microstrip Readout Chips

3.1 Overview

The development of high energy physics experiments at particle accelerators has lead
to more advanced requirements on microelectronics over the years. High performance,
radiation tolerance, reliability, availability of the technology and low cost are cor-
nerstones in the development of frontend electronics for tracking detectors. Several
approaches have been undertaken to develop readout chips for high energy physics
experiments . This chapter gives an overview on important outcomes of this develop-
ment and describes those readout chips in more detail, which have been dealt with in
the context of this dissertation.

For experiments like ATLAS, CMS, HERA-B and LHCb, the general requirements on
the analog readout electronics for microstrip tracking detectors are similar, they differ
in parameters and technical details. The cornerstones of these requirements are listed
in tab. 3.1. A concept that covers the requirements to a large extent has been developed
by the RD-20 collaboration [1, 3]. The so-called RD-20 architecture of a readout chip
is described in detail in chapter 4. It has been realized in several variations, the most
important outcomes are listed in tab. 3.2.

The APV series of chips has been developed for the CMS experiment. Up to the ver-
sion APV-6, these chips were manufactured in the radiation tolerant Harris AVLSIRA
0.8�m CMOS process, which lead to a radiation resistance level of 3 Mrad. The most
recent version, the APV-25 has been ported to and manufactured in a 0.25 �m stan-
dard CMOS process and has been irradiated to a total ionizing dose of 10 Mrad without
significant loss of performance.

The SCTA analog readout chip, manufactured in the radiation hard DMILL process,
has been developed for the semiconductor tracker of the ATLAS experiment. It serves
as an analog fallback for the case that the binary readout might not be feasible. The
SCTA will be described in more detail in section 3.3.

The readout chip used for the silicon vertex detector and the microstrip gaseous cham-
bers of the inner tracking system of HERA-B is the HELIX128. It is also used in the
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Requirement on Readout Chip Reason

Amplification and pulse-shaping Detector signal of typically
of the detector signal 10,000 to 30,000 electrons

Low-noise amplification High efficiency required for
detection of small signals

Intermediate storage Cover the latency
of the detector signal of an external trigger processor

Serial readout of some Reduction of number of
of the stored data signal transmission lines

Deadtimeless readout Data taking should not be
interrupted by readout of data

Integration of typically Readout pitch
128 channels on one readout chip of typically 50 �m

Minimum power consumption Cooling of the chips is
usually difficult

Radiation tolerance Employment of the chips
in a radiative environment

Integration of bias generators Simplification of the use
and error detection in large systems

Table 3.1: General requirements on a microstrip detector readout chip

Readout Chip Targeted Experiment / accelerator Process Technology References

APV 25 CMS LHC 0.25 �m CMOS [4]
SCTA ATLAS LHC DMILL 0.8 BiCMOS [5, 6]

HELIX 128 HERA-B, ZEUS, HERMES HERA 0.8 �m CMOS [7, 8]
Beetle LHCb LHC 0.25 �m CMOS [9, 10]

Table 3.2: Important outcomes of the RD-20 concept: The readout chips are listed
with the experiment, they have been developed for.
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ZEUS and HERMES experiments and is manufactured in the AMS 0.8 �m CMOS
process. It is described in more detail in section 3.2.

For the LHCb experiment, the analog readout chip Beetle is under development. This
chip is also produced in a 0.25 �m standard CMOS process and its architecture is
based on the HELIX128 readout chip. The Beetle is described in detail in chapter 4
and chapter 5.

A fundamental difference in the outcomes of the so-called RD-20 concept is the real-
ization of the readout chips in different processes, which, amongst other impacts, leads
to a different radiation tolerance level.

3.2 The HELIX128 Analog Readout Chip for HERA-B

3.2.1 Overview

The HELIX128 [7] readout chip has been developed for the HERA-B experiment [11]
in the AMS 0.8 �m CMOS process. The use of the HELIX128 in the silicon vertex
detector of HERA-B requires the readout chip to withstand a total ionizing dose of
about 100 krad per year, if the readout chips are mounted �10 cm away from the beam
axis.

The AMS 0.8 �m process features a gate oxide thickness of 16 nm and no special mea-
sures are taken by the manufacturer to achieve immunity to ionizing or non-ionizing ra-
diation. As an estimate for the expected threshold voltage shift of this process, fig. 2.3
gives about 200mV

100krad
. Measurements reported in [12] show a change of the threshold

voltage of about 150 mV after 130 krad total ionizing dose for pMOS transistors. Due
to the relatively large minimum feature size of 0.8 �m and the rather high gate capac-
itance of minimum size devices, SEU effects are of no concern.

3.2.2 The Architecture of the HELIX128

The HELIX128 consists of 128 input channels with charge sensitive preamplifiers fol-
lowed by active RC-CR shapers. The output of the shapers are sampled into an ana-
log memory at the nominal operating frequency of 10 MHz, where the pulse height
is stored for about 12 �s. Trigger signals can be derived from a comparator stage,
which is located directly behind the pulse shaper. The charge that is stored in the ana-
log memory is readout out via a charge sensitive pipeline readout amplifier upon an
external trigger signal and the data of all 128 channels are multiplexed onto one trans-
mission line at a frequency of 40 MHz. The control of all digital signals is provided
by a completely synthesized digital block. The standard cells of this digital block use
standard minimum size transistors. Other than the input transistors of the preamplifier,
the shaper and the pipeline readout amplifier, all transistors are laid out in a regular
way. The input transistors of the analog stages mentioned use a so-called waffle tran-
sistor layout, which has the advantage of a maximum W/L ratio per area. Figure 3.1
shows a schematic overview on the architecture of the HELIX128.
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Figure 3.1: Schematic overview on the architecture of the HELIX128 analog readout
chip

3.2.3 Radiation Tolerance of the HELIX128

The employment of the HELIX128 in the HERA-B vertex detector is possible, since
the detector modules are replaced after one year of operation due to the radiation dam-
age of the silicon detectors. From a technical point of view, it is not desirable to reuse
the chips that once have been connected to the silicon detectors. This limits the total
ionizing dose to 100 krad, the HELIX128 has to withstand.

To maintain the performance of the HELIX128 during its employment in the detector,
all analog stages are biased by means of current mirrors. This technique prevents
a change of the bias parameters of the amplifiers and buffers due to a shift in the
threshold voltage. The increase in leakage current of the nMOS transistors leads to a
higher power consumption of the chip. As mentioned above, the input transistors of
some analog stages are layed out as waffle transistors. This layout prevents, like the
enclosed transistor layout, a rise in leakage current of these nMOS transistors. The
degradation of the transconductance of the transistors increase the noise and reduce
the speed and gain of the analog stages. The digital control circuits suffer from an
increased power consumption. They remain functional up to a total dose of about
500 krad. Detailed measurements on the radiation tolerance of the HELIX128 can be
found in [12].

3.3 The SCTA Analog Readout Chip for ATLAS

The SCTA is one member of a family of readout chips that have been developed for the
semiconductor tracker of the ATLAS experiment. Despite the readout architecture of
the ATLAS experiment is based on binary readout, the SCTA is the fallback solution
for the case that the binary readout will not be feasible.
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Figure 3.2: Cross section of DMILL MOS devices and trench isolations

The SCTA is developed and manufactured in the TEMIC 0.8 �m BiCMOS silicon-on-
insulator (SOI) process (DMILL). The process is described in section 3.3.1 and special
features of the SCTA are described in section 3.3.2.

3.3.1 The BiCMOS SOI DMILL Process [13]

The DMILL process is a dedicated process for applications, where radiation hardness
is required. It combines bipolar and CMOS components in a silicon-on-insulator tech-
nology. This means, that the active substrate is kept very thin (�70 nm) and separated
from the silicon carrier substrate by a thin oxide layer. The minimum feature size is
0.8 �m and the thickness of the gate oxide is 14 nm. Several processing steps and
features are added, so that radiation damage effects are kept at a minimum.

� The combination of SOI and trench isolation reduces the latchup likelihood by
cutting possible parasitic paths, which could be build up by strongly ionizing
particles (cf. chapter 2).

� Due to the SOI technology, the active bulk volume underneath the MOS tran-
sistors is much smaller than in a standard bulk CMOS process. Therefore, the
likelihood for SEU is reduced strongly, since only a small amount of the charge
created can reach the transistor.

� Special processing steps are introduced to clean the surface between oxides and
diffusion layers. These cleaning steps reduce the amount of trapped interface
states.

� The use of high frequency plasma etching is reduced to avoid the generation of
trapped interface states during the processing.

Figure 3.2 shows a cross section of DMILL nMOS and pMOS transistors. The trench
isolations separate the transistors at different potentials from each other.

The specified radiation hardness of the DMILL process for total dose effects is 10 Mrad.
This includes a threshold voltage shift of less than 100 mV for nMOS and pMOS tran-
sistors after 10 Mrad of total ionizing dose. A degradation of 20% in the current gain
factor � of bipolar transistors after irradiation with 1014 neutrons/cm2 is also specified
by the manufacturer. Due to the technological precautions in this process, the SEU
rate is very small.
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Figure 3.3: Gain (left) and noise (right) as a function of the preamplifier current of the
ABCD frontend, which is identical to the SCTA frontend [14]

3.3.2 Architecture and Radiation Hardness of the SCTA

As already mentioned, the SCTA is also based on the RD-20 concept of readout chips.
For simplification, only the differences to architecture of the HELIX128 are described
here.

The input stage of the SCTA is completely realized in bipolar technology. Due to the
smaller intrinsic capacitances and the large current gain of bipolar transistors, this al-
lows to build fast amplifier at a relatively low power consumption. The latest version
of the SCTA (SCTA-VG) uses a transresistance (current-)amplifier as preamplifier fol-
lowed by an CR2-RC5 shaping stage. A concern in the input stage of the SCTA is the
degradation of the � in the preamplifiers input transistor after irradiation. Figure 3.3
shows the gain (left) and the noise (right) as a function of the preamplifier bias current
of the ABCD frontend (which is identical to the SCTA frontend) [14]. A relatively
large drop of the gain and a rise in the noise figures is observed after neutron irradia-
tion. Both, the decrease in gain and the increase in noise can be related to a drop of the
input transistors � by about 50% after neutron irradiation. This is typical for bipolar
transistors, since they are very sensitive to displacement damage.

All nMOS transistors are laid out in an edgeless design to prevent an increased leak-
age current after irradiation. The resulting space consumption is compensated in the
pipeline control block by a completely hand-made layout of the pipeline control.

Currently, a modified version of the SCTA is under development (SCTA-VELO) which
suits the requirements of the LHCb experiment. Mainly, the readout-time per event of
the SCTA-VELO is faster than in the original SCTA. Parts of the SCTA-VELO have
been developed within this thesis.
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Chapter 4

Beetle - A Readout Chip suitable
for LHCb

4.1 Overview

The Beetle readout chip has been developed to fulfill the requirements of the LHCb
vertex detector. Some features have been integrated so that it could also be used to
read out multi-anode photomultiplier tubes, which are one technology option for for
the RICH detector of LHCb. The first version of the chip (Beetle 1.0) has been man-
ufactured in a 0.25 �m CMOS process. The chosen process features one polysilicon
layer, 3 metal layers and a gate oxide thickness of 6.2 nm. The development of the
Beetle profited immensely from the experience with the HELIX128 readout chip for
HERA-B [1]. The architecture of both chips is based on the RD-20 concept [2, 3],
with adaption to specific constraints set by the application in the LHCb and HERA-B
experiments.

The Beetle integrates 128 channels of an analog input stage, which consists of a charge
sensitive preamplifier and a pulse shaping stage. The output of each analog input stage
is sampled into an analog ring buffer (pipeline), realized by gate capacitances. The
charge from the pipeline can be retrieved by a charge sensitive amplifier (pipeline
readout amplifier), triggered by an external signal. An analog multiplexer serializes
the amplified pipeline values and they are brought off-chip via a current driver. Behind
each input stage, a comparator with adjustable threshold is located. The (binary) output
of the comparator can be brought off-chip in two ways. One way is to build the logical
OR of four neighboring channels. This value is multiplexed by a factor of two and
brought off-chip via LVDS drivers. The other way is to sample the digital output into
the pipeline and read it out via the pipeline/multiplexer data path.

The switches for sampling the analog frontend output into the pipeline (write-switch)
and to read out the sampled value from the pipeline (read switch) are controlled by a
completely synthesized standard cell logic block. The write-switches are closed one
after the other at the nominal LHC bunch crossing frequency of 40 MHz. Incoming
trigger signals that mark events to be read out, store the corresponding pipeline location
in a FIFO and the corresponding columns of the pipeline are protected from being
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Figure 4.1: Block diagram of the Beetle-1.0 readout chip
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overwritten. Pending events in the FIFO are read out by asserting the control signals
to the pipeline readout amplifier and the multiplexer. The serialized analog signal is
brought off-chip by a current buffer. To operate, the control logic needs the sampling
clock, the trigger signal to start the readout of a stored event, and a reset signal for
startup. The sampling clock is synchronous to the LHC bunch crossing frequency and
the trigger signal is received from the L0-trigger. All bias currents and voltages that
are needed to operate the analog stages of the readout chip are generated on the chip.
All of them are programmable by a standard I

2
C interface. The block diagram of all

components is shown in fig. 4.1.

The floorplan of the Beetle readout chip as well as the layout is depicted in fig. 4.2.
The layout is described from left to right. The first block consists of the 128 analog
input pads. The fourfold staggered layout of the pads leads to an effective pitch on
the chip of 40.42 �m and enables to read out strip detectors of a pitch of 50�m with-
out using a fanout. The size of each pad is 105 � 105�m2. ESD protection diodes
are integrated into the block of the input pads. The testpulse injection block for each
channel is located behind the input pads. The next block is the analog input stage, con-
sisting of the preamplifier (with the clearly visible, large input transistor), the shaper
and the buffering source follower. The comparator circuit is located directly behind
the analog frontend. The digital comparator outputs are fanned to the top and bottom
side of the chip, where the LVDS output driver pads are located. The analog output
of the comparator (which is actually the analog frontend output fed through the com-
parator) is routed to the pipeline. The pipeline consists out of 129 � 186 cells, each
cell including a gate capacitor for the charge storage and a write- and read switch to
connect the pipeline cell with the frontend or the pipeline readout amplifier, respec-
tively. Below the pipeline, the pipeline control logic block is located. The pipeline
is followed by the pipeline readout amplifier, the multiplexer and the backside pads,
which also contain the analog current buffer. The bias generators for the frontend- and
the backend components are located below the frontend and below the pipeline readout
amplifier/multiplexer, respectively. The I2C interface is located in the bottom right of
the chip. The overall size of the chip is 6:1 � 5:5mm2. A list and description of all
bond pads is given in Appendix A.

4.2 Comparison with other Readout Chips

To show the need for a special readout chip for the experiment LHCb, tab. 4.1 shows a
comparison between the Beetle-1.0 and other available readout chips. For several rea-
sons, none of the existing readout chips can be used for the LHCb vertex detector. The
HELIX128 is excluded due to the slow shaping time of the frontend and the sampling
frequency of 10 MHz. The existing SCTA cannot be used due to the latency, which is
not sufficient. However, a modified version of the SCTA is under development which
will feature a higher latency and a shorter readout time. The APV-25 cannot be used
due to the shaping time of the input stage. Finally, a readout chip for the LHCb vertex
detector needs to be able to generate fast trigger signals, derived from hit channels.
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Beetle-1.0 HELIX128 SCTA APV-25

radiation tolerance > 10 Mrad �400 krad 10 Mrad > 10 Mrad
Latency 160 128 112 156

Multievent buffer 16 8 8 10
Deadtimeless readout yes yes yes yes

Sampling clock 40 MHz 10 MHz 40 MHz 40 MHz
Readout clock 40 MHz 40 MHz 40 MHz 40 MHz

Peaking time of frontend 25 ns 100 ns 25 ns 50 ns
Fall time �40 ns �100ns �60 ns �100ns

Noise 303e+ 33.6e/pF 400e+39.4e/pF 720e+33e/pF 246e+36e/pF
Power consumption [mW/ch.] 2.5 2.2 2 1.8

Trigger signal output yes yes no no

Table 4.1: Comparison between the Beetle-1.0 and the readout chips HELIX128,
SCTA and APV-25 [4]

4.3 Radiation Hardening Methods

Measurements in the frame of the RD49 collaboration have shown very good radiation
hardness of standard CMOS processes, if certain design rules are applied [10, 13]. Dif-
ferent test structures and complete designs have been irradiated up to a total ionizing
dose of 30 MRad and no significant loss in performance of transistors and circuits has
been observed. Single event effects on test structures and complete circuits can not
be neglected and the impact of these effects on the performance of the Beetle readout
chip has to be measured. The following list summarizes the considerations that are
implemented in the design of the Beetle 1.0.

� Choice of technology: the use of a standard CMOS process with a feature size of
0.25 �m and a gate oxide thickness of 6.2 nm ensures enough resistivity against
a threshold voltage shift due to ionizing radiation (see. chapter 2). Irradiation of
test transistors have shown a threshold shift of 35 mV for nMOS transistors and
30 mV for pMOS transistors after a total dose of 10 Mrad [12]. However, since
the chosen process is designated for digital designs by the vendor, analog stages
have to be designed carefully with respect to process parameter spread.

� Enclosed layout of nMOS transistors: all nMOS transistors are laid out with an
enclosed geometry. The extraction of effective geometrical parameters of the
transistors follow rules, described in [10]. As well as the larger area consump-
tion of enclosed transistors, extra parasitic capacitances appear. Measurements
of leakage currents with enclosed transistors show no change in the leakage cur-
rent even after a total dose of 30 Mrad [12]. It should be mentioned that the
waffle transistor layout, which is often used if a large W/L ratio is needed, is
also an enclosed transistor layout, since source and drain are completely sepa-
rated by the gate.

� Systematic use of guardrings: all nMOS transistors are surrounded by guardrings
to prevent inter-device leakage currents. Substrate contacts ensure a low-ohmic
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connection of the substrate to the ground level to reduce the latchup sensitivity.

� Biasing of analog stages using current mirrors compensates even for minimal
shifts in the threshold voltage

4.4 Layout and Device Parameter Extraction of Enclosed
Transistors

The use of an enclosed transistor layout to prevent a rise in the leakage current due to
irradiation of the device has three main drawbacks:

� The extraction of the device parameters of enclosed transistors is usually not
supported by the manufacturer of the process and therefore, a special means of
modeling of the devices has to be established.

� Due to the different perimeter of source and drain of an enclosed transistor lay-
out, the output conductance and the drain capacitance depends on whether the
inner or outer diffusion is chosen as drain of the transistor.

� The area consumption of an enclosed transistor is larger than of the regularly
laid out transistor, if the aspect ratio (W/L) is comparable.

4.4.1 Extraction of the Aspect Ratio

To extract the aspect ratio of an enclosed transistor, a method has been developed in
[11]. The aspect ratio adds up from three contributions [13]:

�
W

L

�
eff

= 4
2�

ln d0

d0�2�Leff| {z }
1

+2K
1� �

1:13 � ln 1
�| {z }

2

+3
d�d0

2

Leff| {z }
3

(4.1)

where
(W/L)eff is the effective aspect ratio of the enclosed transistor
L is the drawn length of the transistor
d, d‘, c are the geometrical values of the transistor as depicted in fig.
K=3.5 for short channels (L�0.5�m), K=4 for L>0.5�m
�=0.05 (fitting parameter)

The first part of expression 4.1 takes into account the contribution by the linear edges
in between the corners. The second part describes the contribution of the triangles be-
tween the linear parts and the rectangular corner parts (as depicted in fig. 4.3), and the
third part describes the the rectangular corner part. This formula describes the aspect
ratio of enclosed transistors to a precision of 6% for short transistors and to an even
better precision for long transistors.
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Figure 4.3: Geometry of an enclosed transistor. The numbers point to the correspond-
ing parts in eq. 4.1.

4.4.2 Output Conductance

Due to the non-symmetric length of drain and source in an enclosed transistor layout,
the output conductance depends on the location of the source/drain. Also, the drain
and source overlap capacitance\s depend on whether the inner or outer diffusion is
chosen as drain (or source, respectively). Measurements reported in [12] show an out-
put conductance of 25% if the drain is chosen as the outer diffusion with respect to the
inner diffusion for long transistors (L=5 �m). For short transistors (L=0.28 �m), this
value is about 80%. In the application of enclosed transistors, the output conductance
and the overlap capacitance have to be traded off against each other.

4.5 Analog Stages

Within the context of this dissertation, the analog frontend, the multiplexer and several
smaller analog components have been designed. However, in order to give a complete
description of the analog data path, all analog stages are described.

4.5.1 Frontend

Preamplifier

The preamplifier integrates the current signal delivered by the silicon strip detector. Its
design is crucial for the performance of the analog data path, since the noise is domi-
nated by the input device. Apart from the low noise requirement, the charge sensitive
preamplifier must have a sufficiently fast rise time. This is especially important, since
the following shaping stage would lose significant amount of gain if the time constant
of the preamplifier was larger than the time constant of the shaping stage. The fast rise
time requires an amplifier core with a high gain-bandwidth. Also, a means of reset
needs to be provided so that the integrator does not charge up by subsequent integra-
tion events. General requirements like stability and power consumption have to be
kept in mind.
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The noise optimization of the charge-sensitive preamplifier can be reduced to the input
transistor of the amplifier. This is due to the quadratic contribution of the noise cur-
rents of the amplifiers transistors. Since the drain noise current of a MOS-transistor
is given by i

2
d;n

= 8
3
kT

gm

(1+�)
, the transconductance gm of the (usually very large)

input transistor dominates (with � = gmb

gm
). To achieve a minimum equivalent noise

charge (ENC), the design parameters of the input transistor have to be chosen for given
detector capacitance. These design parameters are in general the geometry of the de-
vice (width W and length L) and drain current through the device. The noise sources
that are relevant in the application treated in this context are the serial contributions
from the channel thermal noise of the input transistor, the 1=f -noise, the parallel con-
tributions of the detector leakage current and the feedback current due to the resistive
feedback in the preamplifier. In general, the shaping stage that follows the preamplifier
influences the overall noise of the analog frontend due to its bandpass characteristics.
However, since the requirements on the shaping stage are given by system aspects (the
pulse width has to be within a window of the order of 25ns), the stress in this section
is put on the optimization of the preamplifiers input transistor.

The noise performance of the input transistor can be fully characterized by an equiv-
alent input voltage noise v2

i
and an input current noise i2

i
. A schematic of the noise

sources in the circuit is shown in fig. 4.4. The equivalent input noise voltage and
current are [6, 7]

v
2
ia =

Kf

C2
oxWLf

+
8

3
kT

(1 + �)

gm
+
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2
sn

g2m

+
i
2
p
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(4.2)

i
2
ia = jj!Cinj

2
v
2
ia (4.3)

where
Kf is the flicker noise coefficient
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Cox is the specific oxide capacitance
W, L is the width/length of the transistor
k is Boltzmann’s constant
T is the absolute temperature
gm is the transconductance of the transistor
� is g

mb

gm
with gmb=bulk-source transconductance

The different terms in eq. 4.2 can be explained as follows: the first term represents
the 1=f -noise of the input MOS transistor, the second term represents the contribution
due to the channel thermal noise. The last two terms are the noise currents due to the
detector shot noise and the parallel noise contribution due to the resistive feedback of
the amplifier. It should be noted that both the noise voltage and the noise current are
given in units per frequency [V 2

=Hz] and [A2
=Hz], respectively. In order to get an

equivalent noise voltage referred to the input signal, the absolute input noise voltage is
transfered to

v
2
equi =

"
(Cgate +Cin + Cfb)

Cfb

#2
v
2
ia (4.4)

where Cgate is the total gate capacitance of the input transistor, Cin the total input load
capacitance (e.g. due to the detector) and Cfb the feedback capacitance of the charge
sensitive amplifier. Considering only the channel thermal noise contribution for the
time being, it can be concluded, that a minimum noise can be achieved. Calculating
the minimum of eq. 4.4 with respect to W (where Cgate =WLCox) gives an optimum
at a width of [5]

Wopt =
Cin +Cfb

2CoxL
(4.5)

The relationship 4.5 can be rewritten as

Cgate =
Cin + Cf

3
�
Cin

3
(4.6)

As will be explained later, this rule for the optimization of the input transistor geom-
etry is independent of the design of the following shaper stage. To find an optimum
geometry that minimizes the 1=f -noise contribution, eq. 4.4 is now examined while ig-
noring the noise contributions other than the 1=f -noise. Minimizing the noise voltage
v
2
ia

yields an optimum gate area [5]

(WL)opt =
3(Cin + Cfb)

2Cox

(4.7)

For a fixed transistor length L, the optimum width W of the input transistor for an
optimum 1=f -noise is three times larger than for an optimum channel thermal noise.
As in the case of eq. 4.5, the optimum geometry is independent of any frequency and
therefore independent of the time constants of a following shaper stage.

To study the transient characteristics of the charge sensitive preamplifier in the time
domain, the response of the amplifier on a Æ-like current pulse must be calculated.
The small signal model used for this considerations is depicted in fig. 4.5. The feed-
back of the amplifier (generally a transconductance gm with an output impedance of
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RloadjjCload) is provided by the capacitor Cfb and the large resistor Rfb. The transfer
function in the frequency domain is then given by:

Vout(s)

Iin(s)
=

gm
gm

Rfb

+ sgmCfb + s2Cinput(Cfb + Cload)
(4.8)

where Cinput = Cdet + Ctr + Cfb and the assumptions of a high output impedance
(gmRl � 1) and a high feedback resistance (gmRfb � 1) are made. This second
order transfer function (with respect to s) contains two poles, which are spread widely
in this application. The two poles are:

p1 =
1

2��1
=

1

2�RfbCfb

(4.9)

p2 =
1

2��2
=

gmCfb

2�Cinput(Cfb + Cload)
= GBW

Cfb

Cinput

(4.10)

where GBW denotes the gain-bandwidth product of the amplifier cell. The first pole is
produced by the large feedback time constant RfbCfb and determines the continuous
reset time of the integrator. The second pole is the result of the capacitive feedback. Its
position is very important for the stability of the amplifier. The response of the charge
sensitive amplifier in the time domain Vout(t) can be obtained by taking the inverse
Laplace transformation of the transfer function in the frequency domain. The input
current signal is therefore approximated by a Æ-like current pulse with a total charge
of Q. The output signal in the time domain then becomes:

Vout(t) =
Q�1

Cf (�1 � �2)
(e
�

t

�1 � e
�

t

�2 ) (4.11)

As already assumed earlier, �2 is much smaller than �1. Therefore Vout(t) represents
an exponentially rising step signal with a slowly decaying tail. A simulation result
using the chosen design values is plotted in fig. 4.5. It is obvious that the reset method
with a high feedback resistor does not affect the transient response significantly. The
time constant �1, however, needs to be determined by the expected signal rate in the
targeted application. For practical reasons, the feedback resistance is realized as a long
MOS-transistor, which also gives the benefit of adjustability of the feedback resistance.
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Figure 4.6: Simulated output of the preamplifier. The two time constants are repre-
sented by �1 and �2

The rise trise time of the output signal is usually defined as the transition time between
10% and 90% of the asymptotic amplitude. From 4.11 it can be calculated:

trise = 2:2 � �2 = 2:2
Cinput

2� �GBW � Cfb

(4.12)

From 4.12 it is clear that minimizing the input capacitance and increasing the feedback
capacitance and the GBW of the amplifier reduces the rise time.

The minimal rise time, which is equivalent to the maximum GBW is limited by the
stability constraint. Since the second pole p2 is equal to the unity loop gain frequency
of the feedback loop, it is required, that all non-dominant poles of the amplifier cell
must be higher than the second pole from eq. 4.10 [5]. For the chosen folded cascode
configuration of the amplifier cell [6], this criterion is easily fulfilled. The reason is that
the first non-dominant pole in this configuration is determined by the cutoff frequency
of the cascode transistor. The position of the non-dominant pole is given by

pnd =
gmcasc

C2
(4.13)

where gmcasc is the transconductance of the cascoded transistor and C2 the total ca-
pacitance connected to the node between the cascode transistor and the current source
transistor (bias 1). Since the contribution of the gate capacitance of the input transistor
is usually quite large (for minimizing the noise of the charge sensitive amplifier), a
relatively high W=L-ratio for the cascoded transistor needs to be chosen.

Figure 4.7 shows the detailed schematic of the preamplifier with the according de-
sign parameters and tab. 4.2 depicts the small signal values of the preamplifier of the
Beetle 1.0.
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bias1
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3935u / 0.43u

150u / 11.2u

Figure 4.7: Detailed schematic of the preamplifier with the according design parame-
ters

gm 9.8mA

V
�1 10.5 ns

Ctr 4 pF �2 8 �s
Cfb 400 fF tr 23.2 ns
Rfb 20 M
 GBW 711 MHz
Rl 1.8 M
 Cout 1.1 pF

Table 4.2: Small signal parameters for the preamplifier in the Beetle 1.0
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Figure 4.8: Layout of the input transistor: The transistor adds up from 12 blocks each
consisting of 13 smaller transistors with enclosed gate structure. Three out of 12 blocks
are shown for simplicity.

Layout of the Input Transistor

The layout of the input transistor is crucial for the performance of the preamplifier.
Especially a low-ohmic connection to the ground node is important to prevent a sus-
ceptibility to common mode variations. A part of the layout is shown in fig. 4.8. The
enclosed gates of the transistors are interleaved with rows of source and drain contacts.
To achieve the large aspect ratio of W/L=4000�m/0.43�m, the transistor has been split
into 156 transistors with an aspect ratio of W/L=25.6�m/0.43�m. This leads to very
low-ohmic connection of the source node to ground and allows to add columns of
contacts between the individual transistors, since a low-ohmic bulk connection is im-
portant to exclude possible noise contributions due to the bulk resistance.

Pulse Shaper

The task of the pulse shaper is to convert the voltage step at the output of the pream-
plifier into a time-limited pulse, with a peak height that is proportional to the charge
delivered by the detector channel. The design boundaries on a pulse shaping stage are
manyfold. Some of the requirements are even contradictory in their physical imple-
mentation and certain compromises have to be made. The most demanding require-
ments on the shaping stage are given by S/N performance, time limitation of the shaped
pulse, dynamic range, power consumption and physical space requirements.

The decision to use an active CR-RC bandpass filter as shaping stage and a single
sampling method was driven by several considerations. The use of an CR-RC filter is
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quite common, since it is simple to realize in a CMOS-process and the obtainable S/N-
ratio is reasonable at a limited power consumption. The use of a higher order shaping
filter usually consumes more power and increases the circuit complexity. The double
correlated sampling method, which would be favorable in terms of noise performance,
has not been used since the method would introduce additional dead time (if higher
sampling frequencies are excluded) and the need of more than one sampling clock.
For a detailed comparison of the different shaping and sampling methods, see [1, ch.
6].

The semi-Gaussian shaper implemented is a first order shaper, which means that one
differentiator is followed by one integrator. The time constants of the differentiator and
the integrator should be identical in order to optimize the band pass characteristics.
The time constant of the shaper influences the total noise behavior of the complete
frontend. For a given shaper configuration, the total ENC varies with the shaping time.
This is due to the channel thermal noise which rises in inverse proportion to the shaping
time and the ENC due to the detector leakage current, which rises proportional to the
shaping time. The contribution due to the 1/f-noise is independent from the shaping
time constant. Therefore, an optimum shaping time (with respect to the total noise of
the frontend) exists. However, in the case of the Beetle, this optimization cannot be
applied, since the pulse width has to lie within a window of 25 ns with a maximum
remainder of 30% in the following bunch cycle, as required by the Level-1 trigger
algorithm (see also chapter 1).

To obtain the transient behavior of the pulse shaper, the Laplace transform of the output
signal in the frequency domain needs to be calculated. The output signal in the fre-
quency domain is given by the product of the transfer function H(s) and the Laplace
transform of the output signal of the preamplifier Vin(s). For simplicity, the output of
the preamplifier is approximated by an ideal step function. The output voltage is then
given by

Vout(s) =

�
s�0

1 + s�0

� �
A

1 + s�0

�
| {z }

H(s)

Q

sCf| {z }
Vin(s)

(4.14)

Taking the inverse Laplace transformation of eq. 4.14 gives the the output signal in the
time domain:

Vout(t) =
QA

Cf

�
t

�0

�
e
�

t

�0 (4.15)

One characteristic of eq. 4.15 is that the peak voltage, reached after �0, is proportional
to the input voltage and therefore proportional to the charge that is coupled into to the
preamplifier. Figure 4.9 shows the simulated response of the pulse shaper as realized
on the Beetle 1.0. Curve A represents the response to an ideal voltage step, curve B
shows the response to the preamplifier output.

The detailed schematic of the pulse shaper is depicted in fig. 4.10 and the small signal
parameters of the shaper can be found in tab 4.3.

As can be seen from the simulation results (which are in good agreement with test re-
sults, chapter 5), the remaining 30 % of the peak voltage after 25 ns leaves no margin
for a further slowing down of the signal due to for example a degradation of the de-
tector signal. A safety margin would therefore be very desirable, also because process
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Figure 4.9: Simulated output voltage of the pulse shaping stage. Curve A shows the
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Figure 4.10: Detailed schematic of the pulse shaper with the according design param-
eters

gm 1:1mA

V
tpeak 12.9 ns

Cc 700 fF GBW 112 MHz
Cfb 75 fF Cl 89 fF
Ctr 420 fF Rl 8.7 M


Table 4.3: Small signal parameters of the shaper
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Figure 4.11: Schematic of the frontend buffer

gm 1.22 mA

V

gain 0.79
Cout 1.49 pF
tr 2.2 ns

slew rate 67.6 mV

ns

Table 4.4: Small signal parameters of the frontend buffer

parameter variations are not taken into account in the simulation. One way to achieve
this would be to speed up the preamplifier. As can be seen in fig. 4.9, a fast preamplifier
output reduces the remainder significantly. However, the preamplifier already operates
at its limits given by the power consumption. An increase in the bias current of the
preamplifier (and with that an increase in the power consumption) to a value of 1 mA
would result in a peaking time of the shaper output of about 22 ns and a remainder
of 27%. Compared to a peaking time of 25 ns and a remainder of 30% in the case of
a bias current of 600 �A, this higher power consumption does not pay back. A more
promising way is the introduction of a second shaping stage, that would differentiate
the signal once more. A detailed examination and comparison of the trade-offs should
be made.

Buffer

The buffer of the analog input stage has been designed as a standard source follower
[5]. It must be able to drive the pipeline capacitor, the parasitic capacitance of the write
line and the input capacitance of the comparator, which amounts to 1.84 pF.

The schematic together with the design parameters are given in fig. 4.11 and the small
signal parameters are listed in tab. 4.4.

4.5.2 Comparator

A comparator, designed by Hans Verkooijen [8, 9], is located directly behind each
analog frontend channel in the signal path. It compares the output of the frontend

72



τ =5 µs

Integrator

Threshold
adjust

analog input
from frontend

+

+

-

Comparator D Q

40MHz

digital
output

bias

delta threshold
global threshold
polarity

select clock
threshold select 3bit

Figure 4.12: Schematic blocks of the comparator circuit [8]

with an adjustable threshold value and derives a digital signal if a frontend output
signal exceeds the threshold. The digital output of the comparator can be handled
in two two different ways. For a prompt output of the digital signals (which will be
made use of in the pile-up veto counter of LHCb), the logic sum of four neighboring
channels is derived and the resulting digital signals are multiplexed by a factor of two.
These signals are brought off-chip via 16 LVDS drivers, that are located at the top and
bottom side of the readout chip (see fig. 4.2). For a pipelined readout of the digital
information, the output signal of the comparator is stored in the pipeline. To prevent
an overdrive of the analog stages after the pipeline, the levels of the digital comparator
output are shifted so that they correspond to a signal height of about 0 MIP and 10 MIP,
respectively. The pipelined readout of the comparator output has been implemented
for the application of the Beetle in the RICH detector of LHCb, where the analog
information of the events is not needed.

The requirements on the comparator are driven by the need to detect the signals of
minimum ionizing particles with a high efficiency. The efficiency of the detection of
signals should only be limited by the noise level of input the amplifier of the Beetle,
and not by the comparator. Therefore, the noise contribution by the comparator should
be well below 800 electrons to be able to detect all minimum ionizing particles. The
response of the comparator should be fast enough to localize the time of the hit with
respect to the LHC bunch crossing clock. Within a time window of 25 ns, a signal at
the shaper output should be detected and the time walk of the digital output should not
influence the precision of the detection. The channel homogeneity of the comparators
should be high enough so that a common threshold can be applied to all channels.
Although a trim-DAC for each channel is implemented in the Beetle-1.0 to adjust
channel to channel variations in the offset voltage, a common threshold would ease a
lot the application of the chip in a large system like the LHCb vertex detector.

A configuration as shown in fig.4.12 has been chosen for this task. The analog out-
put of the frontend is integrated with a time constant of about 5�s and the resulting
DC level is added to an adjustable threshold voltage. The DC level and the analog sig-
nal is then fed to the actual comparator. The output of the comparator is then latched
with the 40 MHz bunch crossing clock.
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Figure 4.13: Schematic of one pipeline cell, including the parasitic capacitances

The comparator core amplifier consists of a simple differential pair, that has been
matched carefully to keep offset variations at a minimum. The differential output
of the first amplifier is fed into a second differential amplifier. The total gain of the
comparator amounts to about 1300 [8].

4.5.3 Pipeline

The pipeline consists of an array of 129 � 186 storage cells, each cell containing an
nMOS write switch, an nMOS read switch and an nMOS gate capacitance to store the
output of the frontend as a charge for later readout by the pipeline readout amplifier.
nMOS transistors instead of pMOS transistors have been chosen as switches due to
the lower on-resistivity of the nMOS transistors. As will be shown, the larger charge
injection of the nMOS transistors (they have to be laid out in an edgeless geometry
and therefore exhibit a larger gate capacitance) do not distort the signal significantly.
The storage cell capacitor has been realized as nMOS transistor with source and drain
tied to ground potential, since the use of metal-metal capacitors is limited due to a
manufacturers design rule. This also has the advantage of a compact layout due to the
very large specific gate capacitance of 5.56 fF/�m2.

Figure 4.13 shows the schematic of one pipeline cell including the parasitic capaci-
tances of the write- and read-line and the gate capacitance of the switches. A falsi-
fication of the signal takes place during the opening of the switches. Two different
mechanisms are responsible for this clock feed-through. The first contribution is due
to the charge remaining in the channel of the switch transistor, after the transistor has
been turned off. This charge is added to the sampled signal and causes a falsification.
The second contribution occurs due to the coupling of the digital switch signal into
the transistor channel via the gate capacitance. The first effect gives a constant offset
contribution, which was simulated to be about 2 mV. The second effect is absolutely
negligible due to the small gate capacitance of the switch of 8.9 fF.
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4.5.4 Pipeline Readout Amplifier

The pipeline readout amplifier (designed by D. Baumeister) reads the charge, that is
stored in a pipeline cell. It is designed as a resetable, AC-coupled charge-sensitive am-
plifier with a folded cascode configuration as an amplifier cell. The reset of the ampli-
fier and of the read-line is done by two transmission gates to reduce clock feed-through.
Figure 4.14 shows a schematic of the pipeline readout amplifier. The sequence of the
control signals is depicted in fig. 4.15. If a trigger signal arrives at the readout chip,
the reset signal of the pipeline readout amplifier is released. After a pause of one clock
cycle (nominally 25ns), the read-switch of the pipeline cell, that will be read out, is
closed. The charge that is stored in the pipeline cell is now amplified by the pipeline
readout amplifier. The rise time of the amplifier therefore defines the time until the
hold switch of the sample-and-hold stage of the multiplexer is opened. Three clock
cycles after the read switch is closed, the sample-and-hold switch of the multiplexer is
closed and the output of the pipeline readout amplifier is sampled.

The time constant of the charge transfer from the pipeline capacitor to the couple
capacitor of the amplifier and onto the parasitic capacitance of the read line follows a
RC-law. The time constant is therefore given by

�RC = Rr � Ctot (4.16)

whereRr is the resistance of the closed read-switch andCtot =
�

1
Ch

+ 1
Cc+Cpara

�
�1

the
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Figure 4.16: Simulated output of the pipeline readout amplifier for signals that are
equivalent to -110.000e� to +110.000e� .

capacitance, that needs to be charged. This amounts to a rise time of tRC = 2:2��RC �

1ns, and can be neglected compared to the rise time of the pipeline readout amplifier.

The determination of the small signal model and the transient behavior of the pipeline
readout amplifier is therefore similar to the preamplifier case. The rise time of the
amplifier can be calculated as done in eq. 4.12

tr = 2:2 � �r = 2:2 �
Cinput

2�Cfb �GBW
(4.17)

where Cinput = Cfb + Cgate and GBW = gm

Cout
the gain-bandwidth product, as in

the case of the preamplifier. The gain of the pipeline readout amplifier has been max-
imized, so that the whole dynamic range of the following stages is used. Figure 4.16
shows the transient response of the amplifier for signals that are equivalent to -110.000e�

(-10 MIP) to +110.000e� (+10 MIP). The size of the input transistor has been chosen,
so that a rise time can be achieved, that is sufficient to cope with the given timing con-
straint of 100 ns. The low-ohmic voltage sources Vd and Vdcl are used to discharge
Cc and Cfb. The output of the amplifier needs to drive the input capacitance of the
following stage, which is mainly the the hold capacitor of the sample-and-hold stage
of the multiplexer and the input capacitance of the according source follower. The
reset switches are realized as fully compensated transmission gates to eliminate clock
feed-through by charge injection.
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Figure 4.18: Schematic of one channel of the multiplexer

4.5.5 Multiplexer

The task of the multiplexer is to switch the data of a number of channels onto one
common line sequentially. Depending on the mode the chip is operated in, this can be
one, two or four lines. Therefore, the multiplexer consists of a sample-and-hold stage,
a source follower to drive the bus capacitance, and switches including a shift register.
By switching the so-called Read-bit onto different sections of the shift register, the
different readout modes are controlled.

Table 4.5 lists the three different modes and their foreseen application. Mode 1 is the
default operation mode for the Beetle chip used in the LHCb vertex detector. The 128
channels are multiplexed 32-block wise onto 4 output ports in parallel. At a nominal
readout frequency of 40 MHz, the multiplexing of the analog channels takes 32 �

25ns = 800ns. The readout time for one complete event is the sum of the rise time
of the pipeline readout amplifier (100ns) and the time for the multiplexing of 800 ns.
The readout mode 2 is mainly implemented for the application of the Beetle chip in
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Mode Readout time per event application

1 128 channels multiplexed 900ns LHCb vertex detector
on 4 ports @ 40 MHz

2 128 channels multiplexed 900ns LHCb RICH detector
on 2 ports @ 80 MHz

3 128 channels multiplexed 3.2 �s test setup
on 1 port @ 40 MHz

Table 4.5: The three different readout modes of the multiplexer

gm 1.84 mA

V

gain 0.78
Cout 1.40 pF
tr 2.1 ns

slew rate 14.7 mV

ns

Cload 6.8 pF

Table 4.6: Parameters of the source follower in the multiplexer.

the RICH detector of LHCb. In this mode, 2 blocks of 64 channels are multiplexed on
2 output ports. The multiplexing clock of 40 MHz is inverted for half of the channels
with respect to the rest of the channels. This leads to an effective readout frequency of
80 MHz. The multiplexing time per event amounts to 64�12:5ns = 800ns. Including
the setup time of the pipeline readout amplifier, this also leads to a total readout time of
900ns per event. In principle, mode 2 can be used to read out analog or digital pipeline
samples, the default application is to read out the digital pipeline samples. The third
readout mode multiplexes all 128 channels on one output port. The multiplexing time
at a readout frequency of 40 MHz for one event amounts to 128�25ns = 3:2�s. This
mode is intended to be used in applications, where a fast readout time per event is not
required, for example in test setups.

In all three readout modes, the time interval between the multiplexing of the ana-
log/digital event date, which is actually the settling time of the pipeline readout am-
plifier, is used to transfer some digital information onto the output ports. In the first
version of the Beetle readout chip, this is the encoded location of the pipeline column
from which the event has been read out.

Although the the multiplexer of the Beetle 1.0 uses a standard method of sample-
and-hold stage with a following buffer, some points have required special care. The
switches are realized as fully compensated transmission gates using pMOS and nMOS
transistors switching simultaneously and dummy transistors of half the size connected
to source and drain of the switching transistors [14]. The source follower of each
channel has to be able to drive the capacitance given by all switches that are connected
to the same output bus and the capacitance of the bus itself. An nMOS source follower
has been chosen for this task. The detailed parameters of the source follower are shown
in tab. 4.6. The clock signals for the shift register of the multiplexer have to be routed
in parallel to all 128 channels (which is a total length of about 5mm). These long clock
lines have a distributed capacitance of about 5pF to the substrate. Therefore a layer of
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Figure 4.19: Schematic of the analog output buffer (dimensions of the transistors are
not shown for simplicity). Transistors with the extremely small threshold voltage are
labeled ’VT0’

polysilicon has been introduced as a means of shielding of the substrate.

4.5.6 Analog Output Buffer

The task of the analog output buffer is to drive the analog output signal to the stage
following the readout chip. In the case of the LHCb vertex detector, this is an ADC
located about 10 m apart from the detector module.

The buffer (designed by Hans Verkooijen) is realized as a current buffer with a differ-
ential output. A current buffer instead of a voltage buffer has been chosen to minimize
the power consumption of the buffer. In addition, a current buffer can be designed
without the use of a feedback amplifier, which is prone to instability if the capacitive
load at the output of the buffer exceeds the given limits.

In the case of the binary readout mode, the multiplexer runs at an effective frequency
of 80 MHz, which defines the maximum operating frequency of the output buffer. The
dynamic range should be large enough to be insensitive to crosstalk from neighboring
signal lines and the differential output has to be able to drive a 50 
 impedance.

The chosen schematic is depicted in fig. 4.19. The differential input amplifier is com-
pletely symmetric and uses transistors with an extremely low threshold voltage (some
10 mV), which is offered as an option in the chosen technology. The advantage of us-
ing these so-called zero-Vt transistors is a simple biasing in combination with a large
dynamic range, which would otherwise be limited by the biasing transistors. The out-
put stages use a very large pMOS-transistor (W/L=200u/0.51u) to drive the current
off-chip.
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4.6 Control Circuits

4.6.1 Pipeline Control Logic

The pipeline control logic (PCL) has several tasks to accomplish:

� Controlling the read and write switches of the pipeline

� Storing pipeline locations that are marked by a trigger signal until they are read
out

� Asserting the reset signals to the pipeline readout amplifier

� Starting the multiplexer readout

The PCL operates synchronously with the sampling clock in phase with the bunch
crossing clock from the LHC accelerator. The write switches of one complete column
are closed if the write pointer contains the column’s address. The write pointer counts
upwards until the physical size of the pipeline is reached and starts again at zero.
The trigger pointer follows the write pointer at a fixed distance, which represents the
latency of the pipeline. Upon an external trigger signal, the content of the trigger
pointer is stored in a FIFO and the corresponding column is protected from being
overwritten. Up to 16 pipeline locations can be stored in the FIFO. Stored events are
read out by loading the charge from the according pipeline column into the multiplexer
via the pipeline readout amplifier. If the event is completely read out, the according
pipeline location is again set free and can be overwritten by new data. The write and
read of the pipeline cells operate independently and thus allows a deadtimeless readout
within the limits of the FIFO size.

The complete logic is described in the hardware description language Verilog and syn-
thesized using Synopsis. Besides different parameters, the code is identical to the PCL
of the HELIX128-3.1[1].

4.6.2 I2C Interface

For the programming of the slow-control of the Beetle, an I2C [15] protocol has been
chosen. It has been implemented by D. Baumeister. Being a standardized protocol,
I2C has the advantage of easy access to commercial components that allows a simple
setup of an operating facility for the readout chip. Using a read and write decoder
allows the programming of all registers on the chip and a readout of their contents.
The possibility of reading the register contents is very important in an environment,
where SEUs can change the contents of the registers at any time. The interface on the
Beetle acts as an I2C-slave and the slave addresses of chips sharing one bus line are
generated in an automatic way via a token chain.
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4.6.3 Bias Generators

The operation of a readout chip is simplified to a large extent, if the amount of supply
signals is reduced to an absolute minimum. Therefore, all bias currents and bias volt-
ages that are needed to operate the analog stages of the Beetle are generated on-chip.
This concept relies of course on the immunity of the bias circuits against parameter
changes due to irradiation, temperature variation and process parameter spread.

Bias Voltage Generators

The R-2R resistor ladder configuration is used for the bias voltage generation. This
configuration is well established and provides a simple means of a digital-to-analog
converter that can operate between the power supply rails [14]. The resistor ladder
has a resolution of 10 bit and uses resistors that are realized with polysilicon resistors
of 6.8 k
. The (simulated) differential non-linearity amounts to about 4 mV, which
corresponds to 1.5 LSB [16].

Bias Current Generators

The bias currents are generated by 2(n�1) minimum size transistors in parallel, where
n (10 bit) denotes the bit-value that is set. The reference voltage of the transistors is
derived by means of current mirrors from a current source, that consists of a regular
cascode of transistors and a 20 k
 reference resistor. The nominal current of the
current source is 100 �A and the total range of the current digital-to-analog converter
is 1 mA.
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Chapter 5

Measurement Results

5.1 Introduction

The design of the Beetle 1.0 has been submitted to the manufacturer in April 2000 and
due to an unfortunate error in the design checking software, the chip is not functional.
Therefore, measurements on the Beetle 1.0 could not be performed in time for this
thesis. A patch of the malfunctioning part of the chip is being undertaken at the time
of writing up this thesis.

The measurements reported here refer to the test chips that have been manufactured
in October 1999. The components that have been characterized on the test chips are
identical to the corresponding components on the Beetle 1.0.

5.2 Frontend Test Chip

5.2.1 Introduction

The frontend test chip contains three sets of analog input stages (that is preamplifier,
shaper, buffer), each set consisting of four channels. The three different sets differ in
certain parameters that mainly influence the pulse shape like shaper feedback resis-
tance and couple capacitance. Only the measurements of set three are reported here,
since they match closest the requirements of the LHCb vertex detector.

bias current/voltage nominal value

Preamplifier bias current (Ipre) 600 �A
Shaper bias current (Isha) 80 �A

Frontend buffer bias current (Ibuf) 100 �A
Preamplifier feedback voltage (Vfp) 1 V

Shaper feedback voltage (Vfs) 500 mV

Table 5.1: Nominal bias settings for the BeetleFE
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Figure 5.1: Transient response of the frontend to a signal of 11.000 electrons: mea-
surement (top) and simulation (bottom)

The measurements of the frontend test chip BeetleFE has been performed with bias
settings as listed in tab. 5.1. They will be referred to as nominal settings.

5.2.2 Transient Behavior

The transient pulse response has been tested by injecting a defined charge into the input
of the amplifier by means of a couple capacitor of 1.5 pF. The biasing parameters of
the preamplifier and the shaper have been swept over a range to compare the measured
behavior of the amplifier with simulated results. Exemplarily, a pulse shape optimized
for the LHCb vertex detector is shown in fig. 5.1. The measured rise time of the
amplifier of 26 ns agrees well with the simulated value of 25 ns. The remainder of
the signal maximum after 25 ns (which is an important number for the performance
of the Level-0 trigger) is larger (30%) than in the simulation (25%) and leads to the
conclusion that the internal resistance of the preamplifier is not small enough. The
remainder of 30% fits just the requirements given by the Level-0 trigger system (see
chapt. 1) and points to a possible place for improvement of the design.

The maximum height of the output signal of the analog frontend as function of the
input signal is plotted in fig. 5.2. The required linear range of �110,000 electrons is
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Figure 5.2: Maximum height of the frontend’s output versus input charges ranging
from -110,000 electrons to +110,000 electrons for three different load capacitances of
5.6 pF, 10 pF and 15.6 pF (highest slope to smallest slope)

Preamplifier bias current Measurement Calculation

Ipre=350 �A 409 e�+38.0 e�

pF
470 e�+39.5 e�

pF

Ipre=600 �A 303 e�+33.6 e
�

pF
340 e�+33.6 e

�

pF

Table 5.2: Comparison of calculation ad measurement of the noise function

given.

5.2.3 Frequency Behavior

The output amplitude as function of the input signals frequency is shown in fig. 5.3.
The measurement has been performed by means of a network analyzer. The curve
shows the typical behavior of an integrator with a following RC-CR bandpass filter.
The rising part of the curve is proportional to the frequency f, the falling tail is pro-
portional to 1

f2
. The measured maximum of the frequency is located at 12.5 MHz,

whereas the simulation yields 13 MHz.

5.2.4 Noise Performance

The noise performance of the analog input stage has been measured for different values
of the load capacitance at the input of the preamplifier. For each noise value, 10,000
samples were taken with an oscilloscope by means of a Labview program. Figure 5.4
shows the noise values as a function of the load capacitance for two different pream-
plifier bias currents. A comparison of the measured values with the values obtained

87



10
6

10
7

10
8 f (MHz)

10e−1

10e−2

10e−3

10e−4

am
pl

tu
de

 r
at

io

Figure 5.3: Frequency response of the input stage: measurement (top) and simulation
(bottom)
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Figure 5.5: Measured output current of the current source (dashed line) compared with
simulation (solid line) versus load voltage

from calculation (using the Hspice parameters given by the manufacturer) is shown in
tab. 5.2. The deviation of the noise offset value from the expectation is not clear, it may
be due to a un-precise extraction of the parasitic capacitances of the input protection
diodes. Using the measured noise value for the nominal preamplifier bias current of
600 �A, a S/N value of 17 can be obtained (for an input signal of 11,000 electrons, as
expected in the silicon vertex detector).

5.3 Bias Generator Test Chip

5.3.1 Introduction

The bias generator test chip BeetleBG has been developed for two purposes:

� to have a set of programmable current and voltage sources on hand, especially
for test setups of amplifier test chips

� to study the accuracy of simulation models and the matching of devices over
several chips

The Beetle BG test chip contains a set of voltage and current DACs and current
sources, the same versions as implemented on the Beetle 1.0 readout chip.

5.3.2 Current Source

Figure 5.5 shows the output current of the current source compared with simulation.
The nominal value of 250 �A at a load of 1 V is located safely in the plateau region.
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Figure 5.6: Output voltage (left) and differential non-linearity (right) of the 10bit volt-
age DAC as function of the bit number
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Figure 5.7: Output current (left) and differential non-linearity of the 10bit current DAC
as function of the bit number

5.3.3 Voltage DAC

The output of the 10bit voltage DAC is plotted in fig. 5.6. The DAC operates between
the power supply rails with an offset of 10 mV. The overall differential non-linearity is
�11 mV, which corresponds to 4.5 LSB. The source of the differential non-linearity is
the on-resistance of the switches that connect the resistors to eachother. The linearity
is more than sufficient for the application in the Beetle 1.0.

5.3.4 Current DAC

The output of the current DAC is plotted in fig. 5.7. The maximum current is deter-
mined by the input current, and in this case the on-chip current source has been used,
yielding in 1.6 mA. The differential non-linearity is 7 �A, corresponding to 4.5 LSB.
As in the case of the voltage DAC, the linearity is more than sufficient for the applica-
tion in the Beetle readout chip.
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Conclusions

Within this thesis, a readout chip suitable for the LHCb vertex detector (Beetle 1.0)
has been developed. The choice of the architecture, the use of radiation hard layout
techniques and the standard 0.25�m CMOS process, the Beetle is manufactured, are
expected to lead to a sufficient radiation hardness. From measurements of test struc-
tures and comparable chips, it is expected that the Beetle will withstand a total ionizing
dose of 10 MRad. However, the impacts of single event effects during the operation
of the Beetle in the LHCb vertex detector are not yet evident. Measurements of SEU
rates will show the sensitivity of the Beetle to heavy ionizing particles, but due to the
lack of knowledge on the distribution of heavy ionizing particles in the LHCb vertex
detector, an operating scenario can hardly be predicted.

Therefore, an improved version of the Beetle 1.0 is under development, which makes
use of redundancy checks in the control circuits and majority voting for important
register contents. A detailed characterization and employment of the readout chip in a
close-to-final system should be the prerequisite to an improved version of the readout
chip.

Within the near future, when CMOS technologies with structure sizes below 0.25 �m
become available and replace the todays technologies, the customers in the high energy
physics domain will encounter two effects:

� The availability of the mainstream standard CMOS processes gets more and
more difficult due to the increasing costs of the fabrication and the growing
fabrication batches, that are necessary for an efficient throughput.

� The shrinking feature size of standard CMOS processes and with that the smaller
gate oxide thickness increases the tolerance of devices against ionizing radiation.
The increase in SEU sensitivity is the price to pay. Only if silicon-on-insulator
CMOS processes become available to the high energy physics community at
reasonable costs, this spiral of rising SEU sensitivity can be stopped.
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Appendix A

Pad Description

Figure A.1 shows the arrangement of the bond pads on the Beetle 1.0. The size of the
bond pads is 105�105 �m2, and all pads other than the analog input and the frontend
power pads are placed on a grid of 115 �m. The name, the function and the type of all
pads are listed in tab. A.1 to tab. A.4.
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Figure A.1: Arrangement of the bond pads on the Beetle 1.0
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Pad name Pad type Description

Prebias Probe Pad Preamplifer bias node
Prebias1 Probe Pad Preamplifer bias node
Shabias Probe Pad Shaper bias node

Shabias1 Probe Pad Shaper bias node
Bufbias Probe Pad Frontend buffer bias node

TestOutput Analog Output Testchannel output
gnd analog Power Pad Comparator power supply (0V)
vdd analog Power Pad Comparator power supply (2.5V)
vdd digital Power Pad Comparator pads power supply (2.5V)
gnd digital Power Pad Comparator pads power supply (0V)

notCompOut<0>...<7> LVDS Output Comparator output pads
CompOut<0>...<7> LVDS Output Comparator output pads

vdd digital Power Pad Comparator pads power supply (2.5V)
gnd digital Power Pad Comparator pads power supply (0V)

FifoFull CMOS Output Pipeline’s fifo overflow
I2CAddrMode CMOS Input pulldown Adresse mode of I2C interface (8bit/10bit)

IOut Probe Pad Current source bias node
IRef Probe Pad Current source bias node

Table A.1: Pads at the top side of the Beetle 1.0 from left to right
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Pad name Pad type Description

notT1A LVDS-IO pullup Address/Daisy chain token
T1A LVDS-IO pullup Address/Daisy chain token

notT1B LVDS-IO pullup Address/Daisy chain token
T1B LVDS-IO pullup Address/Daisy chain token

vdd analog Power Pad Analog power supply (2.5V)
vdd digital Power Pad Digital power supply (2.5V)
gnd analog Power Pad Analog power supply (0V)
gnd digital Power Pad Digital power supply (0V)

Icurrbuf Probe Pad Current buffer bias node
Isf Probe Pad Multiplexer source follower bias node

Vdcl Probe Pad Readline reset level
Vd Probe Pad Pipeline readout amplifier bias node

Ipipe Probe Pad Pipeline readout amplifier bias node
notError CMOS Open Drain Synchronicity of mux readbit

AnalogOut<0>...<3> Analog Output Current buffer analog output
notAnalogOut<0>...<3> Analog Output Current buffer analog output

Reset LVDS Input Reset for pipeline control logic
notReset LVDS Input Reset for pipeline control logic
Testpulse LVDS Input Testcharge injection signal

notTestpulse LVDS Input Testcharge injection signal
DataValid LVDS Output Valid data on analog output

notDatavalid LVDS Output Valid data on analog output
Trigger LVDS Input Trigger signal input

notTrigger LVDS Input Trigger signal input
Clock LVDS Input Sampling/operation clock of PCL

notClock LVDS Input Sampling/operation clock of PCL
SDA CMOS I/O Open Drain Data input/output of I2C interface
SCL CMOS Input Clock input of I2C interface
T2B LVDS-IO pullup Address/Daisy chain token

notT2B LVDS-IO pullup Address/Daisy chain token
T2A LVDS-IO pullup Address/Daisy chain token

notT2A LVDS-IO pullup Address/Daisy chain token

Table A.2: Pads at the back side of the Beetle 1.0 from top to bottom

96



Pad name Pad type Description

gnd analog Power Pad Comparator power supply (0V)
vdd analog Power Pad Comparator power supply (2.5V)
vdd digital Power Pad Comparator pads power supply (2.5V)
gnd digital Power Pad Comparator pads power supply (0V)

notCompClock LVDS Input Comparator clock
CompClock LVDS Input Comparator clock

notCompOut<15>...<8> LVDS Output Comparator output pads
CompOut<15>...<8> LVDS Output Comparator output pads

vdd digital Power Pad Comparator pads power supply (2.5V)
gnd digital Power Pad Comparator pads power supply (0V)
WriteMon CMOS Output Write pointer passes pipeline column zero
TrigMon CMOS Output Trigger pointer passes pipeline column zero

Table A.3: Pads at the bottom side of the Beetle 1.0 from left to right

Pad name Pad type Description

TestInput Amplifier Input Test channel input
vdda Power Pad Frontend power supply (2.5V)

AnalogIn<0>...<127> Amplifier Input 128 channel amplifier input
gnd Power Pad Frontend power supply (0V)

Table A.4: Pads at the front side of the Beetle 1.0 from top to bottom
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