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Abstract

A readout system for the Ring Imaging CHerenkov (RICH) detectors of the LHCb
experiment has been developed. Two detector technologies for the measurement of Cherenkov
photons are considered, the Multi-Anode Photo-Multiplier Tube (MAPMT) and the Hybrid
Photon Detector (HPD), both of which meet the RICH requirements. The properties of the
MAPMT are evaluated using a controlled single-photon source; a pixel-to-pixel gain variation of
~3 and a typical signal to noise of ~20 is measured. The relative tube efficiency is found to be

reduced by ~26 % due to the detailed focusing structure of the MAPMT device.

A radiation hard application-specific integrated circuit (ASIC) chip, the Beetle1.2MAO, has
been developed to capture and store signals from a pair of MAPMTSs. The Beetlel.2MAO is
built on the architecture of the Beetle family that was designed for silicon strip detectors, the
difference being a modified front-end amplifier. The 128 input-channels of the Beetlel.2ZMAO
have a charge-sensitive pre-amplifier followed by a CR-RC pulse shaper, which is sampled into
an analogue memory with a depth of up to 160 time slots at 40 MHz. The internal bias
generator module of the Beetle has also been developed and tested. This module generates all
the required voltage and currents required internally to the chip, and consists of voltage DACs,
current DACs, a current-source and a voltage source. Beetle].2MAOQ evaluation chips were
fabricated, and the performance when connected to a MAPMT is demonstrated in terms of
pulse profile, noise, pulse spillover and overshoot. The Beetlel. 2MAO ASIC is found to be well
suited to LHCb RICH readout requirements.

A demonstrator system of the RICH readout electronics has been developed, which will
serve either HPD or, with some small adaptation, MAPMT applications. Multimode fibres
driven by vertical cavity surface emitting lasers (VCSEL) devices are used to transmit event-
blocks of data in 900ns from the on-detector (Level 0 region) to the Level 1 region, which is
located off-detector in a non-radiation environment. The data words are captured into 9-Mbit
Quad Data Rate (QDR) static RAM at a rate of up to 160 MHz. The scheme for Level 1 data

receipt and buffering is described, and results from a full system test are presented.
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Preface

The LHCDb high-energy physics experiment is under development at CERN and will
measure CP-violation in the B-meson system with very high precision. The experiment makes
use of two Ring Imaging CHerenkov (RICH) detectors for particle identification. Two choices
of RICH photon detectors have been proposed; the so-called Hybrid Photon Detector (HPD)
being the baseline choice and the Multi-Anode Photo-Multiplier Tube (MAPMT) being the
back-up. The HPD and MAPMT have effective pixel sizes of 2.5 mm®and 2 mm” respectively,
corresponding to a total of ~325k and ~440k signal channels to be captured, temporarily stored,

and read out. At the time of writing the HPD was adopted as the chosen photon detector.

To reduce the readout bandwidth and the amount of data that needs to be finally stored,
LHCb uses three tiers of trigger and data storage: Level_0, Level _1 and the high level (HL).
The trigger system processes the event data at each storage level and makes an accept or reject
decision. The Level_0 region is physically located on the LHCb detector, while Level 1 and HL
are some 100 m away but still within the experiment hall. When designing the RICH
instrumentation system, special design considerations have to be made for electronic
components on or near the detector to ensure radiation tolerance, as they will be subjected to
high particle fluxes. Therefore the RICH electronics components used for Level 0 have either

been selected or designed to withstand the expected radiation level of 3 krad per year.

For the capture and storage of signals from the MAPMT, the 128-channel Beetlel.2MAO
front-end readout chip is used. The HPD readout utilizes the 1024 channel LHCBPIX1 chip,
designed at CERN. Both devices are Application Specific Integrated Circuits (ASICs) with
charge-sensitive input channels and 4 ps deep memoties. Data capture rates are at 40 MHz in

both cases.

This thesis describes the study of the MAPMT for its suitability of use as the RICH
photon detector. The development of the Beetle1. 2MAO readout chip and its evaluation is fully
detailed. In addition, the development of the RICH readout system that transmits, and stores,
event data from the Level 0 to Level 1 regions is desctribed. Particular detail is given to the

Level_1 memory region. Although the Level_O to Level _1 readout chain has primarily been



designed for reading out the HPD, it is also compatible with the readout of the MAPMT with

minor modifications.

In this thesis the author gives a general overview of the LHCb experiment and detector
specifications in Chapter 1. Chapter 2 describes the MAPMT and its properties; a detailed
account of the author’s evaluation of a Hamamatsu R5900-00-M64 H7546B MAPMT is given.
Chapter 3 discusses the electronic requirements for reading out an MAPMT and presents
arguments why the Beetle ASIC chip was selected for this purpose. The principles underlying
the design of a RICH readout chip to optimize for radiation tolerance and electronic noise are
also given. Chapter 4 gives an account of a core module, the bias generator, which was designed
and tested by the author. This module is internally used for biasing the Beetle chip. In order to
make the Beetle chip compatible with RICH specifications, the author re-designed the Beetle
front-end amplifiers. This necessitated a full study of candidate front-end amplifier types and
resulted in the Beetle]. 2MAO chip submission. Chapter 5 describes the amplifier design flow in
schematic and layout, and highlights the successful test results of the chip. Chapter 6 describes
the upstream Level 1 readout system, with particular attention given to data storage. The
authot’s contribution was to select the Level_1 hardware and develop algorithms to capture and
buffer data received from the Level 0 region. The author collaborated with the University of

Cambridge in this work. Finally a summary is given in Chapter 7.



Chapter 1.

The LHCb experiment

Since 1993 physicists and engineers have been working on the circular proton-proton (pp)
collider, named the Large Hadron Collider (LHC), which is situated at CERN Geneva. The
LHC will make use of the existing 27 km circumference Large Electron Positron (LEP) collider

tunnel. Each of the four interaction regions houses a major detector. The bunch crossings will

occur at a nominal rate of 40 MHz, a centre-of-mass energy of s =14 TeV and a design
luminosity of the order of 10** cm™ s™. For precision measurements of CP-violation and rare
decays of B-mesons, a high-energy particle detector named LHCD is being built. Particle
identification is an essential requirement of LHCb and is achieved with two Ring Imaging
CHerenkov (RICH) detectors. This chapter briefly describes the LHCb detector, the global
readout electronics and synchronisation scheme that must be adhered to, and the trigger scheme

that is used to either accept or reject stored data.

1.1 The LHCDb detector

The LHCDb detector [TDRp][TDRO3opt|, situated in the existing DELPHI pit at the
Intersection-8 experimental area of the LHC, will be operational around summer 2007. A side
view of the 19.7 m long detector is shown in Figure 1-1. At LHC energies, B-mesons generally
emerge from collisions at angles close to the beam direction. This motivates a forward detector
geometry with angular coverage between 10 and 300 mrad. Referring to Figure 1-1, LHCb has a
Silicon VErtex LOcator (VELO), a Pile-up Veto detector (VETO), a Trigger Tracker (IT), a 4
Tm dipole magnet, two Ring Imaging Cherenkov detectors (RICH-1 & -2), three tracking
stations (T1-T3), a Scintillating Pad Detector (SPD), a Pre-Shower (PS), an Electromagnetic
CALorimeter (ECAL), a Hadronic CALorimeter (HCAL) and a five-station Muon system (M1-
M5).
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Figure 1-1 The side view layout of the LHCb spectrometer showing the VELO, the two RICH
counters, the four tracking stations TT and T1-T3, the 4 Tm dipole magnet, the Scintillating Pad
detector (SPD), Preshower (PS), Electro-magnetic (ECAL) and Hadronic (HCAL) Calorimeters,
and the five muon stations M1-M5.

The LHCb coordinate system is such that z points along the detector axis, x points

towards the centre of the LHC, and y is vertically upwards. The interaction point is at (0,0,0).
The interaction rate

For LHCb to make valid trigger decisions and reconstruct tracks with high efficiency, the
detector occupancy must be kept low. A high occupancy will likely result when there is more
than one pp interaction per bunch crossing. Multiple pp interactions would also cause
ambiguity as to which primary vertex a specific B meson originated. Furthermore, the demands
on the readout electronics would be increased and the tracking algorithms would have to deal

with an increased particle density.

LHCb will operate with an average luminosity of 2 x 10 cm” s™ in order to have only a
single pp interaction within a bunch crossing. The number of n pp interactions in each bunch-

crossing will follow a Poisson distribution

Pn = H—'e’“ with a mean u = I—% , Equ1-1
n!



where L is the luminosity, fis the bunch-crossing frequency and o is the inelastic pp cross-
section, which is ~80 mb at LHCb energies' [CHAO03]. As only 2622 bunch crossings from the
possible 3564 will have colliding beams, the effective bunch crossing frequency is ~30 MHz.

o | Interaction rate (MHz) for 80 mb
i cross section

0 interaction

20

5 " 1 interaction

2 et e

; s g T e
[ TP B Lrariy PR P Y. Tt SIS S0, o swrerirm B N |
0.5 1 1.5 2.5 3 A5 4 4.5 5

Luminosity 1x10%? cm2s!

Figure 1-2 The interaction rate in MHz as a function of the luminosity for n = 1 to 4 using Equ 1-1.

At the nominal LHCb luminosity the mean p is 0.53 per crossing, compared to the LHC
design of 20.  Figure 1-2 shows the effective interaction rate as a function of the luminosity for
zero to four pp interactions. The red line shows the nominal LHCDb working value. As can be

seen, the rate for single pp interaction is ~10 MHz.
The beam pipe

The performance requirements of LHCb demand that the position of the sensitive area of
the VELO detectors is as close as possible to the beam and that there is a minimum amount of
material in the detector acceptance. An increase in the amount of material leads to an increase
in secondary particle interaction, which is problematic for the tracking stations and RICH
detectors due to the increased occupancy that results. Secondary interactions are particulatly

critical for the VELO since material interactions in its vicinity make it difficult to reconstruct a

1 The barn is a unit of area. 1 mb=10-27 cm2.



reliable vertex. For this reason the ~20 m LHCb beam pipe close to the VELO is made in
sections of betyllium or aluminium/beryllium. The material thickness is a compromise between
the mechanical strength required and an acceptable fraction of radiation-lengths. The cost and
handling constraints makes it prohibitive to use any one low radiation-length material

throughout the total beam length.
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Figure 1-3 A representation of the beam pipe, including the VELO (not to scale).

Figure 1-3 is a representation of the LHCb beam pipe and shows the pipe sections and
materials used. The VELO section (see also Figure 1-4) has a large primary vacuum vessel that
maintains the ~10” mbar LHC vacuum. To protect the primary vacuum, the VELO detector
modules are placed in a thin-walled aluminium alloy secondary container maintained at ~10™
mbar. This structure also shields the detector modules within it from high frequency RF fields

of the LHC beam. It also suppresses wake fields.

The RICH-1 section of the beam pipe is a 1840 mm length of 1 mm thick beryllium. The
transition point from Be to AlBe, at the Al bellows, has been optimised to keep as low as
possible the background induced by the beam pipe in the TT station. The final section is made
from 2 to 4 mm thick stainless steel in the muon region, where secondary interactions are much

less important.



The VELO

The VELO must provide precise measurements of track coordinates close to the
interaction region and is the main tracking system upstream of the magnet. The VELO features
a series of silicon stations placed along the beam direction that are capable of measuring the
primary vertex to a resolution of ~8 um in the x and y direction, and ~40 um in the z direction

[MORO3].

Primary vacuum vessel Corrugated 300 pm thick

220 pm thick silicon

b)

Secondary

Figure 1-4 a) 3D view of the VELO showing the large outer primary vacuum vessel and the internal
(cut away area) of the internal secondary vacuum that houses the detector. b) The corrugated RF
shield and silicon sensors.

Figure 1-4 a) shows a 3D view of the VELO with its primary and secondary vacuum
vessels, as discussed previously. Figure 1-4 b) shows a more detailed view of the secondary
vacuum vessel showing the silicon sensors within the RF shield. Each sensor is semi-circular in
shape with an active area between radii of 8.17 mm and 42 mm. The 220 um thick silicon
sensors have either azimuthal (R measuring) or quasi-radial (phi measuring) strips, as shown in
Figure 1-5 a). To maintain a high measurement resolution for tracks close to the beam axis
whilst restricting the total number of readout strips, the pitch of the strips varies over the
detector plane from 40 um to 101.6 pm for the R measuring strips. Furthermore the strips are
divided into four sections to insure a uniform strip capacitance. The magnitude and variation of
strip capacitance has significant influence on the readout electronics as strip capacitance directly

contributes to the electronic noise.



For the phi measuring detectors the strips are divided azimuthally into an inner and outer
region. For the inner region the pitch varies from 35.5 pm to 78.3 um, and the outer region

from 39.3 um to 96.6 um.

There are 21 stations in total, shown in Figure 1-5c. As well as covering the full LHCb
forward angular acceptance, the VELO also has a partial coverage of the backward hemisphere
to improve the primary vertex measurement. The Level_0 trigger, explained in section 1.2, aims
to select beam crossings with only one pp interaction by reconstructing the z position of the
primary interaction. For this purpose, two R measuring sensors placed upstream of the VELO
stations are used, shown in blue in Figure 1-5 ¢). These stations are referred to as the VETO

detector.
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Figure 1-5 a) R and phi silicon detectors, b) R/phi arrangement per station, ¢) station set-up.

For reading out the VELO and VETO detectors, 16 front-end Beetle chips are used per
silicon sensor. The Beetle chip development is a major work of the author and is desctibed in
chapters 3 to 5. For the VELO, the chips sample the data at a rate of 40 MHz and store them
in a pipeline memory until the Level_0 trigger decision has been made. On a Level_0 trigger
accept, the data are sent to a Level_1 storage unit. In the case of the VETO the data channels
are sampled at 40 MHz and have their signal response discriminated on-detector. A fast OR of

groups of four data channels is performed and the result contributes to the Level O trigger



decision-making process. Being so close to the interaction point, both the detector and readout
chips are designed to be radiation hard® up to an expected exposed dose of the order of 10 Mrad

per year.
Tracking system

The tracking system consists of the TT and T1-T3 tracking stations. The TT is the first
station downstream of the VELO and is positioned in front of the magnet and just behind

RICH-1. The three remaining stations are placed downstream of the magnet with equal spacing,

Together with the VELO, the TT is used in the Level 1 trigger. Large impact parameter
tracks found in the VELO are extrapolated to the TT. The magnetic field in the RICH-1 region
allows their momenta to be coarsely measured. The TT consists of four planes of silicon strip
detectors with strip pitch of 198 um and thickness of 500 pum, split into two pairs of planes
separated by 30 cm. The first and the fourth plane have vertical silicon strips while the second
and third planes have their strips rotated by stereo angles of +5° and -5, respectively. The total
active area of the combined planes is approximately 8.3 m” giving ~140k readout channels.

These are also read out using Beetle chips.

Each of the three tracking stations T1-T3 consists of an Inner Tracker (IT) close to the
beam and an Outer Tracker (OT) surrounding the IT. The integration of the IT and OT are
shown in Figure 1-6. The type of detector technology used and the physical size of the
detectors are determined by the required resolution and the expected channel occupancy. For
the high track density region close to the beam, silicon strip detectors are used. The strips are of
the same type used in the TT discussed previously but are either 410 pm or 320 pm thick
depending on their location. The readout electronics are also the same but the IT has fewer
channels, approximately 130k. The Outer Tracker consists of straw tube drift cells, which are 5
mm in diameter. The emphasis is on tracking precision in the (x,3) magnet bending plane. The
stations have two planes with wires in the vertical direction and two stereo planes which are

tilted by either +5° or -5°.

2 Circuits that can cope with doses up to a few 100 krad can be considered radiation tolerant whereas circuits that can cope with a
few Mrad are classified as radiation hard.
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Figure 1-6 The IT and OT integration for a single station.

The occupancy for each OT cell must be below 10% to ensure efficient track
reconstruction. This gives constraints on the maximum wire length and cell size. The delay in
signal arrival time at the preamplifier is the sum of the transit time of the track to the chamber,
the drift time and the propagation delay along the wire. Besides additional constraints on the
wire length and cell size, also the choice of ‘fast’ drift gas will be important. It is expected that all
drift signals will be measured within 50 ns. The electronics used to read out the 54k channels is

the so called ‘“ASDBLR’ chip developed for ATLAS [TDRO].

The Calorimeter

The calotimeter, which consists of the ECAL, HCAL and PS/SPD, is used to identify
electrons and hadrons for the trigger and off-line analyses. The PS, which is used to provide an
accurate spatial detection of photons and electrons, is constructed from 14 mm thick lead plates
followed by square scintillators that are read out by photo-detectors. The SPD is placed in
front of the PS and is used for background rejection. The ECAL, built from 2 mm thick lead
plates and scintillator plates, provides identification and an energy measurement of photons and
electrons. The HCAL is constructed from scintillator tiles that are imbedded in an iron
structure and read out with photo-detectors. Its purpose is to aid in the separation of high-

energy hadrons and electrons, and to provide a transverse-energy measurement of hadrons.
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The muon detector

The muon detector is used for muon identification and to provide trigger information.
This detector makes use of Multi Wire Proportional Chambers (MWPCs). The station M1 is
especially important for the transverse-momentum measurement of the muon track used in the

Level_0 muon trigger.
The magnet

The dipole magnet provides an integrated field of 4 Tm. The magnetic field is oriented
vertically and has a maximum value of 1.1 T. The polarity of the field can be changed to

compensate any small left-right asymmetries of the detector.
The Ring Imaging Cherenkov Detectors

Two RICH detectors, shown in Figure 1-7, are used in LHCDb for the purpose of particle

identification, primarily providing n/K separation in the momentum range from 1 to 100
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Figure 1-7 a) RICH-1 from the side [TDR03opt|, b) RICH-2 from the side [TDRO0O].

GeV/c. The first, RICH-1, a combined gas/aerogel device positioned upstream of the magnet,

has an angular coverage of 25-300 mrad. The second, RICH-2, is a gas device downstream of
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the magnet, which covers 10-120 mrad. These detectors are essential in reducing backgrounds

and providing an efficient flavour tag of B’ and anti-B" hadrons.

Cherenkov radiation is emitted whenever a charged particle with a velocity (v) exceeds the
velocity of light ¢ in a medium, i.e. v > ¢/n, where n= refractive index of the medium. Light is

emitted in a coherent wave-front or cone with a characteristic Cherenkov angle given by cosf =

1/(Bn), where B = v/c [YPS99]. In the LHCb RICH detectors, mitrors focus the Cherenkov
photons onto photo-detection planes, which are outside the LHCb detector acceptance.
Candidate photon detectors are Multi-Anode Photo-Multiplier Tubes (MAPMT) or pixel
Hybrid Photon Detectors (HPD). The HPD was the baseline option and, during the time of
writing, was chosen as the sole photon detector. MAPMTSs were the backup solution and have

been studied in depth for this thesis.

The RICH detectors are optimised to generate the maximum number of photons while
maintaining the required spatial resolution. A source of imperfect resolution is the dispersion in
the refractive index of the radiator. For CJF,, gas the index varies from 1.0013 at long
wavelength, to 1.0015 at about 200 nm, which is approximately the wavelength cutoff point of
the photon detector with a UV glass entrance window. Therefore it is desirable to select
wavelengths only within a small band that corresponds to the smallest change in the index. The
RICH gas radiator chromatic dispersion is reduced by using small wavelengths into the UV

range. However, the aerogel that is used to detect the lower momentum particles suffer mostly

from Rayleigh scattering, which is dependent on %4, and therefore improves with larger

wavelengths. Therefore the photo-detector is chosen to be sensitive to light in the visible and
ultraviolet, and the Raleigh scattering is reduced with a filter, for example a glass window

between the acrogel and gas interface.

The MAPMT can offer up to 200 times the gain of the HPD and is therefore less
demanding on the front-end electronics due to a better signal-to-noise ratio (SNR). Conversely
the HPD has far better single-photon resolution. A total photo-detector surface area of about
2.9 m” is instrumented in the two RICH detectors, which requires approximately 480 HPDs or
5000 MAPMTs. The upstream RICH-1 has a 5 cm-thick aerogel radiator and an 85 cm-long

C,F,, radiator. The expected numbers of detected photons are 7 and 30 respectively for tracks

12



with particle velocity, B =1. The downstream RICH-2 is filled with CF, radiator with an
approximate length of 180 cm, giving 20 expected photons.

Several sources of background can place demands on the RICH readout electronics due
to an increase in channel occupancy or by introducing saturation effects. For example, in
RICH-1, low momentum charged particles bent backwards by the dipole magnet can strike the
photo-detectors and produce showers of photo-clectrons from Cherenkov radiation in their
entrance windows. Purther sources of background originate from secondary interactions in the
upstream detector components, Rayleigh scattering of photons in the aerogel, particles
remaining from previous bunch crossings and electronic noise. An example of a typical
simulated event showing hit photo-detector pixels arising from gas and aerogel rings in RICH-1,
including all background processes, is shown in Figure 1-8. The figure shows the x-y projection
of photons on the photo-detector plane, in cm. In this event a typical number of about 50

charged particles were simulated traversing the detector.
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Figure 1-8 x-y projection of photons on the photo-detector plane,
in cm, for RICH-1. Background sources ate included.

1.2 Triggers

With an LHC bunch crossing occurring every 25ns, approximately 10'* B-hadron pairs
will be produced per year at the LHCb luminosity. From these, approximately 10° will be of

interest within the acceptance for storage and analysis. LHCb uses a 4-level trigger system to
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make a decision on whether or not an event should be stored for off-line analysis. The trigger
selects tracks originating a few millimetres away from where the pp collision took place; an
average 7mm for an 80 GeV/c B-hadron. Tracks with a displaced vertex indicate that a B-
hadron had been created, travelled a short way, and subsequently decayed. Each trigger level is
more complex in its use of available information than the previous level. The first level,
Level 0, is implemented in custom electronic hardware. Level 1 and the two High Level

triggers (HLT) are computer algorithms executed on a farm of commodity processors.

To meet speed requirements, Level 0 and Level 1 triggers use coarse resolution
information from selected detectors. The detectors and their trigger contributions are shown in
Figure 1-9. The Level 0 trigger uses information from the Muon, ECAL and HCAL to identify
high-momentum leptons, hadrons and photons. The VETO is used to count the number of
primary vertices and reject events that have multiple pp interactions. The Level 0 trigger

accepts events that have a single muon, electron or hadron high transverse momentum p..
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Figure 1-9 Block diagram of trigger contributions [TDROO0].

cluster. If the event is accepted, then the information on the high p; cluster which triggered the
event is passed onto the Level 1 trigger. Here the cluster is used as a seed to start the Level 1
trigger analysis.  All the event information from the VELO is used in the Level 1 trigger
decision. The event data from the VELO are first used to reconstruct the primary vertex. From

this vertex a search of secondary vertices is performed. The trigger decision is then made on an
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event probability based on the number of secondary vertices found. The algorithms used are

sophisticated and require a longer time to make a decision than the Level 0 trigger.

The next level of trigger, HLT-2, reconstructs the VELO information again but uses full
momentum information to remove any false secondary vertices that may have been generated
by low multiple-scattered momentum tracks. The final level of trigger, HL'T-3, uses all the
detectors, including both RICH detectors, to reconstruct specific B-hadron decay modes of

interest.

To allow time for the trigger decisions to be made, event data are stored using a three-tier
hardware storage system. The first tier, Level 0, stores the detector signals in pipeline memory
until the Level 0 trigger accepts or rejects the data. The Level 0 trigger latency, defined as the
time elapsed between a pp interaction and the time when the trigger signal is received back at
the front-end electronics, is chosen to be a constant 4 ps. The data reduction for the Level 0 is
about a factor of ~40. The second tier, Level 1, stores the accepted data from Level 0 in a
pipeline for a maximum Level_1 trigger latency’ of 52.4 ms and gives a further data reduction by
a factor of ~25. The Level 1 trigger latency is defined as the time elapsed between the event
data leaving the Level 0 until the Level 1 electronics receives back the Level 1 trigger signal.
The third tier stores data in memory on a farm of commodity processors. The total reduction in
data is approximately a factor of 200k. The raw event size is approximately 31 kBytes which is
stored on disk at a rate of 200 Hz. For more detailed information the reader is referred to

[TDRtrig].

Accommodating the latency required for the triggers has a huge impact on the Level 0
and Level_1 hardware. For the Level_0 a large memory requirement leads to a large die size for
the custom-made front-end readout chips. This consequently leads to an increase in cost, an
increase in complexity of the readout control logic, and introduces stringent timing issues with
regards to storage, retrieval and synchronisation. The Level 1 incurs much the same problems

as the Level 0 but has further demands on real estate as commercial components are employed.

3 'This number has yet to be frozen.
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These requirements, particularly readout time and synchronisation, require an LHCb global

electronics scheme. This scheme is discussed further in the following section.

1.3 LHCDb Global Electronic Scheme

The LHCD experiment consists of several sub-detectors with ~one million electronic

channels. Table 1-1 shows the sub-detector technology and the number of channels to be read

out from each.

Sub-detector Technology # of Channels
Trigger Tracker silicon-strip detectors 140 k
VELO r and phi silicon sensors 205 k
Inner Tracker silicon-strip detectors 130k
Outer Tracker straw tubes 54k
RICH 1 HPD readout ~172k
RICH 2 HPD readout ~268 k
SPD/PS Lead/Scintillator with MAPMT 2x6k
ECAL Lead/Scintillator with phototube 6k
HCAL Iron/scintillating tile with phototube 1.5k
Muon MWPC 26 k

Table 1-1 LHCb sub-detectors, technology and number of readout channels [SCHO2].

For LHCb to work in a seamless and homogeneous way, all sub-detectors need to be
completely synchronised to the beam crossing from data capture to data readout. This is of
considerable importance for the Level_0/Level 1 triggers to ensure that the cotrect event data
are extracted. In order to have event data alignment across the sub-detectors, global
specifications have been determined. These include the maximum sample time for the analogue
detector signals, maximum allowable trigger rates, derandomiser buffer lengths (described later)
and event readout times. Not only do these global specifications ensure event data alignment,
they also lead to common solutions such as common readout chips and interface modules. An
example of a common module would be the Timing Trigger Control receiver (TTCrx) described
in section 1.3.1. Common solutions make the experiment more predictable and minimize the

resources and manpower needed during the development and testing phase.
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This section briefly describes some of the global electronic specifications and components
that are important to this thesis. The reader should refer to [CHRO1_LO], [CHRO1_L1] and

[CHR_E] for a comprehensive coverage of this subject matter.

1.3.1  General scheme and specifications

The general readout scheme for all LHCb sub-detectors is illustrated in Figure 1-10. The
Level_0 region, which includes the front-end amplifiers, is physically on the detector. This is a

harsh environment in terms of radiation and electronic noise. The Level 1 is in a radiation-free

Front-end system : Trigger system
[ . Calorimeter,
= Muon, Pile-Up

LO trigger links i

L0 buffer -
(pipeline)

Analog or
— Digital

~ L0 derandomizer.

VELO, TT,
LO information

L1 trigger
links

L1 buffer
“(FIFO)

LO throttle

L1 throttle

ECS local
contrqller

ECS éystem High Level Trigger

Figure 1-10 The General LHCD electronic readout scheme for Level _0 and Level _1 [TDRtrig].
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environment. The TTCrx and Experimental Control System (ECS) blocks in Figure 1-10 are
common to both the Level 0 and Level 1 regions. The event data are stored in the pipeline
memories for the latency periods while the derandomisers are temporary storage areas for event
data being read out. The following sections describe the Readout Supervisor (RS), ECS, TTCrx,

Level 0and Level 1 electronics.
Readout Supervisor

The RS monitors and controls all data read out from the entire experiment. It receives
decisions from the trigger system and drives the Timing Trigger Control (TTC) system. The
TTC is the name given to the system that encompasses all the sub-modules needed to distribute
the timing, trigger and control signals over the experiment. The TTCrx is one such sub-module.
In the case of a possible Level_0 or Level_1 buffer overflow the RS will throttle back the data-
flow by vetoing Level 1 and Level 0 trigger accepts. In normal operation one RS services all
sub-detectors, however, each sub-detector has its own RS to allow for stand-alone calibration
and debugging. To synchronize the TTC to the LHC machine, the RS uses the LHC machine
synchronization signal, which has a fixed delay with respect to the bunch crossing. To be able to
compensate for this delay and any delays contributed by the TTC system, the readout supervisor
is capable of adding a coarse delay (in steps of ~100 ns) up to one complete LHC machine cycle

period.
Experimental Control System

The ECS is responsible for the slow control parameters such as temperature monitoring,
system configuration and power supply monitoring. Transmission errors detected by the
Level 0 and Level 1 electronics are also sent to the ECS for notification. The ECS interfaces to
the different parts of the experiment via JTAG or I’C. JTAG is the Joint Test Advisory Group,
which in 1998 developed the JTAG testability bus specification. This can be used for
communicating with or configuring logic and has the IEEE standard 1149.1 [JTAG]. I’C is also

a standard for configuring and communicating but has a different protocol [PHI95].
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TTCrx

The TTCrx is an Application Specific Integrated Circuit (ASIC) designed by the CERN
EP Microelectronics group and fabricated in the DMILL process (see section 3.1.1). It re-
generates the 40 MHz machine bunch clock, receives, decodes and executes any individual or

broadcast commands that have originated from the RS, which include the triggers and resets.

The TTCrx has been designed to deliver only one level of triggering, whereas LHCb
requires both a Level 0 and a Level 1 trigger. To circumvent this problem the Level 0 trigger
and the Bunch ID (BID), which is used for data tagging, are transmitted on a data channel
designed for this purpose; known as ‘channel-A’. However, the Level 1 trigger is distributed on
a second data channel, ‘channel-B’, which was intended for only broadcast commands; this
limits the rate at which a Level_1 trigger can be sent. The 8-bit broadcast command has a
reduced bandwidth of one command every 16-clock cycles and can only deliver the two least
significant bits of the BID. This requires that the 12-bit BID number is generated locally on the
Level 1 electronics and checked against the 2-bits from the TTCrx. Using the TTCrx in this
way effects when and how often other broadcast commands can be sent. Both the Level 0 and

Level 1 electronics need to be designed around this constraint.
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Figure 1-11 Bunch crossing synchronisation of the front end electronics [CHR01_L0]
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Three clocks are offered by the TTCrx: CLK40, CLK-des1 and CLK-des-2. CLKA40 is
phase-aligned with the machine clock. Clocks desl and des2 are skewing clocks that can be
independently phase-adjusted up to 25 ns in 100 ps steps. This is for either aligning the Level 0
electronics to the detector, or aligning the Level 1 to Level O electronics. To extend the
dynamic range of the fine clocks, the TTCrx offers an additional course delay of up to 15 bunch
clocks on synchronous TTC signals such as the LO trigger, resets and short broadcast
commands. The total allowable local skewing is 400 ns. Figure 1-11 shows an example how the
TTCrx can be utilised within the Level_0. In the case of MAPMTSs, desctibed in the next
chapter, each TTCrx in the instrumentation system would need to be independently adjusted to

ensure correct sampling times.
Level_0 region.

The analogue detector signals must be amplified and stored in either a digital or analogue
pipeline memory at a bunch-crossing rate of 40 MHz. The raw signals from the detector
element must be fully captured within the bunch-crossing period of 25 ns to ensure event
synchronisation is maintained across the detector. The length of the pipeline must be large
enough to allow 4 us to elapse between the bunch crossing and the arrival of the Level 0 trigger
signal at the front-end electronics. This includes time-of-flight, cable delays, and 2 ps for the
processing of the data in the Level_0 trigger hardwatre. On the atrival of a Level_0 accept/reject
trigger signal every 25 ns, the event data should be overwritten on a reject, or moved into a

derandomiser buffer for subsequent readout on an accept.

Parameter Value

Bunch Crossing Frequency 40 MHz
Max trigger rate 1.1 MHz

Average trigger rate 1 MHz

Latency 4 ps (160 events)
Max consecutive trigger accepts 16

Derandomiser depth 16 events

Derandomiser readout time 900 ns

Table 1-2 General requirements of the Level_0 electronics.
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The necessary depth of the derandomiser buffer is calculated from the average Level 0
trigger accept rate of 1 MHz and a readout speed that will maintain a maximum allowable event
loss of less than 1 %. A derandomiser depth of 16 with an event-packet® readout speed from
the derandomiser to Level 1 electronics of 900 ns was chosen. This requirement was
determined from simulations with parameters being varied [CHR_s]. The 900 ns readout time
allows 36 words’ in an event-packet to be read out at 40 MHz (36x25 ns =900 ns). Four of
these words are required for transmission overheads, to be utilised by the user, such as an event
number. Therefore 32-words have been allocated for event data. With these derandomiser
specifications, a 10 % faster readout compared to the write of the memory is achieved, which
results in a simulated 0.5 % event loss. Consecutive Level 0 accepts are allowed until the
derandomiser buffer is full. To ensure against buffer overflow the RS emulates the Level 0
derandomiser and throttles the Level 0 accept rate when necessary. The TTCrx distributes the
Level 0O trigger decision to the front-end electronics, along with an associated BID, which is
concatenated to the event data via the available user bits. The strict synchronicity between sub-
detectors for data transmitted from the Level 0 region is made less critical by the BID

identification. Table 1-2 summarises some of the Level _0 specifications.

4'The term ‘event-packet’ in this context is used to describe a block of data that has the event data plus transmission information.

5 A word is a set of parallel bits that are treated, stored and transported as a unit. In most cases a word is 16 or 32 bits wide.
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Level_1 region.

The purpose of the Level 1 electronics is to store event-packets accepted from Level 0
and to either discard them on a Level _1 trigger reject or to transport them to an event building
network on an accept. The Level 1 global specifications are based on using Quad Data Rate
(QDR) or Double Data Rate (DDR) Random Access Memory (RAM) for the data storage
regions [CHRO1_L1]. Table 1-3 gives the general specifications for the Level 1 electronics.

Event-packets, which are 36 data words in length, are written to the Level 1 buffer at an
average rate of 1 MHz and a maximum rate of 1.1 MHz. The data rate is 25 ns per word. The
event-packets are stored for a variable latency of up to ~52.4 ms while waiting for a Level_1
accept or reject trigger signal. The average Level 1 accept rate is 40 kHz. As the buffer size is
still under consideration, provision must be made in hardware to increase this by up to a factor
of 2 if necessary. The time between triggers is a compromise between slow Level 1 readout
speeds to reduce bandwidth requirements, and the need to keep the memory from filling. This
is achieved by issuing the reject signal at the maximum rate possible, which is limited by the
TTCrx speed to 400 ns, and the accept rate at a feasibly slow rate of 20 ps. The time between
an accept and a following reject signal is 900 ns and whilst not optimal, is needed to keep

compatibility to electronics already built on an eatlier specification.

Parameter Value

Time between two consecutive rejects 400 ns

Time between accept and subsequent reject | 900 ns

Time between accept and subsequent accept | 20 ps

Buffer size’ 58254 events (~52.4 ms)
Max buffer input rate 900 ns

Average trigger accept rate 40 kHz

Max buffer output rate (accept) 900 ns

Derandomiser buffer size 448 events

Table 1-3 General requirements of the Level 1 electronics.

6 The Level_1 buffer described in chapter 6 has been designed for the predecessor buffer size of 1820 events. The decision to
increase to 58254 event storage was made around August 2003.
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At present the trigger signals being sent by the RS, via the TTCrx, arrive in the same order
that the events are stored in the Level 1 buffer. This makes the Level 1 memory controller
quite simple to implement as the address generation is always sequential. As this scheme makes
use of QDR and DDR RAM that can have their memory location directly accessed, there is a
proposal to send the BID with the Level 1 trigger accept signal. This will alleviate the
requirement of the RS only being allowed to send the trigger signals in a sequential manner, as
the Level_1 can make use of the BID to directly locate the correct event. This greatly simplifies
the algorithms needed for the trigger and RS. Further to this, trigger rejects no longer need be
sent, as the RS will ensure that any accepted event has been read out before the write pointer

overwrites the memory contents.

Like the Level 0, the Level 1 has to interface to the TTC and ECS system. Unlike the
Level 0, it also interfaces directly to the RS.  The Level 1 checks the validity of the stored data

and notifies the ECS system if there are data errors.

1.4 Summary

In this chapter the LHCb detector, sub-detectors, global electronic scheme and triggering
system have been introduced. It gives a description of the role in which the RICH plays within
LHCDb and sets out the electronics readout requirements. Two photo-detector technologies
have been considered for the RICH detectors; both the MAPMT and HPD detectors are
sampled at 40 MHz into a 4 ps memory and read out at an average Level 0 trigger accept rate of
1 MHz into the Level 1 region. The Level 1 region stores these data while awaiting the
Level 1 accept trigger at an average rate of 40 kHz. The sampling clock, experiment
synchronisation, triggers and fast control are utilised via the TTC. The slow control is
implemented using the ECS. Both the MAPMT and HPD detectors require specialised
radiation hard ASIC chips that can capture and store the signals, while being fully compatible to
the global electronics of LHCb.
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Chapter 2

The Multi-Anode Photo-Multiplier Tube

As described previously in Chapter 1, Cherenkov rings in the RICH detectors typically
consist of between 5-30 photons, dependent on radiator, emitted from tracks with a particle
velocity, B =1. These photons are detected with wavelengths in the visible and near ultraviolet
range. To reconstruct the ring for particle identification requires a photo-detector that has good
quantum efficiency (~20-25 %), a wide spectral range and the required spatial detection
resolution of ~2 mm’ The Multi-Anode Photo-Multiplier Tube (MAPMT) is a suitable

candidate for this application.

This chapter describes the work undertaken by the author to characterise the R5900-00-
Mo64 H7546B MAPMT from Hamamatsu. A brief description of the principle of operation and
available tube types is followed by the test scheme. Finally, the tube is characterised with respect

to gain, pixel-to-pixel gain uniformity, tube efficiency and pulse-height spectrum.

2.1 Principle of operation

Figure 2-1 shows a schematic and photograph of the Hamamatsu M64 8x8 MAPMT.
The principle of operation of a PMT is that photons are detected through the following

processes:

a)  The photon passes through the entrance window. The window material is chosen
for its spectral response and its matching to the photo-cathode material. Borosilicate glass is the

most common for responses above the 300 nm wavelength range, having a thermal coefficient

very close to that of the Kovar alloy used for the leads of the photo-multiplier tube [MAP97].

b) At the photo-cathode the photon excites a photo-electron that is emitted into the
vacuum of the tube (photoelectric effect). Most photo-cathodes are made of a compound
semiconductor consisting of alkali metals with a low work function, which is vaporised onto the
inside of the entrance window. A common photo-cathode is the bialkali, which uses a

combination of two alkali metals [MAP9S].
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¢) Photo-electrons are accelerated and electrostatically focussed onto the first dynode
(electrode), where they are multiplied by means of secondary electron emission. Beyond this is
arranged a series of dynodes at progressively increasing voltages e.g. +100 V, +200 V. These are
coated with a good secondary emitter (BeO) or (Mg-O-Cs), which yields 2-5 electrons when
struck by an electron with energy over 100 eV. Hence an electron is accelerated to the first
dynode where it liberates electrons, which are accelerated to the second dynode, and so on until
reaching the anode. An amplification of 10° is readily obtainable, with a 5 ns pulse length.
Ideally, the current amplification of a photo-multiplier tube having n dynode stages and an
average secondary emission ratio of S per stage will be S". There are a variety of dynode
structures available, for example venetian-blind and circular cage. Each type exhibits different
current amplification, time response, gain uniformity and secondary collection efficiency. The

MAPMT has a square array of PMT structures, which allows pixallation of photon hits.

Multi-Anode Array
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Figure 2-1 A schematic and photograph of a Hamamatsu M64 MAPMT.
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2.2 The M64 MAPMT family

The photo-multiplier tubes considered for the LHCb RICH detectors are all from the
Hamamatsu M64 family. Depending on the tube type, each stage has either 12 or 8 dynodes of
bialkali on stainless steel [MAP97]. Photo-electrons are electrostatically focussed onto an array
of 8 x 8 venetian-blind dynode stages. This gives 64 pixels each with 2 ~2 mm® detection area,
where each pixel has its own anode pin. The study of the tubes first began in 1997 with an
R5900-00-M64 H7546B, which is a standard Hamamatsu production tube’. In 1998 the tube
was tested in the CERN SPS beam [ALBO1]. The physical dimensions of the tube are ~ 30

mm’x 20 mm, front area and depth respectively, which includes 2 1 mm metal flange around the
circumference. The entrance window is ~ 800 pm thick borosilicate glass with an 18.1 mm®

bialkali photo-cathode that has a peak wavelength response of 420 nm. Itis a 12 dynode device.

In 1998 Hamamatsu accepted a request from LHCb for the 1 mm metal flange to be
removed to improve the active area of the tube by 14 % and the borosilicate window to be
replaced with a UV-glass that is transparent up to wavelengths of 180 nm, hence improving the
spectral range by 50 %. This tube is the 12 dynode R7600-03-M64, with serial numbers
9Cxxxx"; R7600 for no rim, 03 for the window type and M64 is the number of pixels. This tube
was tested in the X7 beam at the CERN SPS, [ALBO02]. Inefficiencies between pixels led to a
further tube, R5900-03-M64’, with serial numbers 9Kxxxx. The modification was made to the
physical layout of the 8 x 8 venetian-blind, improving on the homogeneity of the electrical field
between cathode and blind. In 2002 the R7600-03-M64MOD, serial number GAxxxx, became
available with an 8-dynode structure, R7600 body, UV-window (03) and with the 9K focussing,
The 8-dynode chain gives a single-photon response of ~50,000 electrons at an HT of ~ -800 V.
This relatively low gain makes the tube compatible with some of the silicon-sensor readout chips
developed within LHCD, allowing the use of an existing readout chip rather than an in-house

customised design.

7 Characteristics of this tube can be found on the Hamamatsu www site [HAM_www].
8 The 9C is common to all these tubes, the xxxx is an incremental number per tube.

9 These were prototype tubes given by Hamamatsu and have the standard flange.
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2.3 The MAPMT test set-up

The author designed and commissioned a test set-up and evaluated the Hamamatsu
R5900-00-M64 MAPMT. With a bias voltage of -1000 V the gain of the tube is about 1x10°.
Output signals typically have rise-times of 1.5 ns with 5 ns duration. For a single photo-electron

with charge 1.6x10" C, a 2 mV signal would be expected at the load (the base is designed to
match 50 ). The MAPMT has a quantum efficiency of ~20 %, and the gaps between pixels
are 300 pm ([HAM_www]| data sheet). The gain can vary between pixels by a factor of 5

[MAP97]. However this does not follow a normal distribution, and the large gain variation is

dominated by a few ‘bad’ pixels, typically 5 % of the tube.

In order to make a reasonable assessment of the tube parameters and to ensure the

suitability of the tube for the LHCb RICH application, photons from a light spot of 420 nm

wavelength and 47 pum in diameter were scanned across the surface of the tube in 100 pm steps.

The following subsections give details of the set-up required to deliver the light source to the

tube, move the light source, and read out the 64 channels of the MAPMT.
Mechanical housing and mounting

In order to protect the MAPMT from extraneous light, a dark box housing of
0.75x0.4x0.16 m (length, width, height) has been constructed, shown in Figure 2-2. The various

components are labelled in the figure:
1) An optical x, y, z stage with 200 nm spatial resolution.
2) Alarge fixed platform for lens mounting.
3) Ablue LED.
4) A x10 objective lens.

5) A x20 objective lens.
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6) An FC-type receptacle to accept the fibre.

7) A monomode fibre.

Stepper motor Dark box
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Figure 2-2 The MAPMT scanning facility.

The monomode fibre has a core diameter of 3.5 um, a cladding diameter of 125 pm and a
numerical aperture  (NA) of 0.11. It has a 3 mm diameter graded index lens on its end with
focal length of 25 mm. All feed-through connectors are electrically isolated from the box by
nylon washers to reduce ground loops. Anodes 1 to 64 of the MAPMT are read out via
individual coaxial cables with LEMO connectors, which have a common ground point on the
tube. The MAPMT is supported and clamped using a silicon resin bonded fibre (SRBF) block.
This is used for its insulation properties since the inner case of the MAPMT is held at bias
potential. In this way the anode on the back of the entrance window is at the same potential as
the case and therefore prevents leakage current between the two. Foam inserts between the

MAPMT and SRBF are used to prevent damage to the tube.

Eight of the anode signals are simultaneously read out into a 16-channel NIMS amplifier,
model 776, giving a gain of 100. The amplified signals are fed to a 12-channel CAMAC ADC,
model 2249a, via AC coupling capacitors. The capacitors are necessary to remove the DC

offsets of the amplifiers.
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Light source/coupling and stages for the scan

The peak wavelength response of the MAPMT is 420 nm (blue light). It would have been
advantageous to use coherent light of the type produced by a laser, suitable for coupling to

monomode fibres'.

This could be focussed to a much smaller spot than incoherent light
produced by an LED. Unfortunately blue lasers are not readily available and are expensive, so a
blue 470 nm LED was used. This has a maximum luminosity of 1000 milli-candela and a view
angle of 15 degrees, switched at 10 kHz with pulse duration of 15 ns. The short duration was
required so that the ADC gate width could be minimised to reduce capture of MAPMT dark

counts and system noise.

An electronic circuit was constructed so the LED could be pulsed rapidly and is shown in
Figure 2-3. The principle of operation is as follows. First the 134 pF capacitor, C,, charges with
a slow RC time constant. Once fully charged, a short square input signal is pulsed at the input
of the two FETs. The FET F, connected to the LED anode switches ‘on” and C; quickly
discharges through the LED, causing a burst of light. Due to the delay line I, switches ‘on’ a
small time after F,, and abruptly turns the LED ‘off’” again. The resistor R, is used to limit the

current through F, when it is switched ‘on’.

+0-30V

R, =51 Ohms

Delay line
. ¥/ LED L C,=134 pF
1
N [ I

Figure 2-3 Basic FET circuit for the LED pulse.

10° A mono-mode fibre is a fibre that only has one acceptable ray-path for the frequency of the light. A multi-mode fibre has a
number of possible rays that light of a particular frequency may take.
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To deliver the LED light pulse to the MAPMT, a monomode fibre was used for two
reasons. Firstly, to restrict the pulse to a narrow light spectrum with a spot-size conforming to a
Gaussian distribution, and secondly, to minimise the spot-size from the end of the fibre. This is

explained in the following section.
Monomode fibre and the light spot-size

Referring to Figure 2-2, the first step in coupling an LED to a monomode fibre is to use
an objective lens to form a parallel beam. This proved difficult as the LED has its own
encapsulated lens and is an incoherent light source. The parallel beam is therefore focussed
through a second objective lens to a spot-size that matches the fibre. A local x, y, z stage is used

to align the fibre with the focussed light spot. In practice the spot was ~1 mm in diameter.

A light wave entering the fibre is either refracted into the cladding and attenuated, or is

totally internally reflected at the core/cladding boundary. In this manner it travels along the

length of the fibre. There are actually only certain ‘allowed’ incident angles, 0, , that will
allow light to propagate through the fibre and these define the modes of the waveguide. The
number of modes in a given waveguide depends on the optical frequency being transmitted and

can be estimated from the normalised frequency or V-number, defined as V=[2m . /A]sinO

accept

, where r,

ore 18 the fibre radius and A is the wavelength of the light. For V < 2.405 the fibre is
termed a monomode [HAWS9]. The larger the value of the sine of the acceptance angle,
defined as the numerical aperture (NA), the larger the cone of light which can be coupled into
the fibre and the more the light exiting the fibre will spread out. The fibre used for this project

has NA=0.11.

It is possible to deliver the light to the face of the MAPMT by placing the end of the fibre

as close to the borosilicate glass window as possible. However this involves having an air gap

between the fibre and MAPMT face so that the fibre can be moved across the face during a
scan. Due to this air gap and the 800 um thick window, the light spot will have spread to a

diameter of ~200 pm before its incidence on the photo-cathode. Since the 300 um gap between

MAPMT pixels has to be accurately mapped, a more acceptable light spot diameter must be
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constructed. Therefore a graded index lens with a confocal parameter'' of /2/0.8 mm and a 25

mm focal length is mounted on the end of the monomode fibre.

The spot-size was measured by using a CCD camera which had a pixel size of 9 um and
was positioned at the focal length distance of 25+0.5mm from the end of the fibre, at a
position where the photo-cathode surface of the MAMPT would be placed. The spot-size
distribution is shown in Figure 2-4 and has an approximate upper limit on the full-width-half-

maximum (FWHM) of 47 um. The top of the distribution is missing as it overflows the ADC

LIGHT SPOT FROM END OF FIBRE IMAGED ONTO A CCD
CAMARA at 25mm

E250-300
W 200-250
O 150-200
o100-150
mS0-100
E0-50

NUMEBER OF PIXELS (Sum/PIXEL)

Figure 2-4 Spot-size distribution of light from the end of the fibre.

range of the camera.

To enable scanning of the light across the face of the MAPMT in x and y, two motorised
stages were used, each with 1 um resolution. One moved the MAPMT in the horizontal plane,
the other moved the end of the fibre in the vertical plane. A stepper motor driver unit,

interfaced to a PC, was designed and built to control the stages.

2.4 Characteristics of the M64 MAPMT

This section characterises the performance of the Hamamatsu R5900-00-M64 MAPMT

when under test in the setup described in section 2.3.

11 'The confocal parameter is defined as the distance perpendicular to the place of the focussed spot at which the intensity falls by
a factor of 2 and the spot radius increases by a factor v2 .

31



Single-photon resolution

The single-photon resolution of the M64 was studied. Although the discrimination of one
photon from two or more in the same pixel is not essential for LHCb RICH purposes, it does

have some advantages [TP98].

The monomode fibre was positioned centrally on an MAPMT pixel. To select the
working voltage of the LED to give single-photons, the LED voltage controlling the photon
intensity, was increased from 6.1 V to 12.5 V in steps of 0.2 V. For each setting the LED was
triggered 100,000 times. No photons were detected below 6.1 V. Figure 2-5 shows two typical

spectra, with the LED voltage at 7.3 and 9.7V. A fit was made to these spectra to determine the
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Figure 2-5 Fitted spectra in ADC counts (0.25pC/channel, bias voltage —950V). The LED voltage is a) 7.3
V and b) 9.7V. The fitted parameters are given as follows: P1=normalisation, P2 =mean number of
photons detected, P3=sigma of the single photon peak, P4=position of single photon peak with respect to
pedestal mean, P5=pedestal mean and P6=pedestal sigma. P3 to P6 are in units of ADC counts.

position of the single-photon peak and the mean number of photons detected. The fitting
procedure uses a combination of Gaussian distributions to simulate a) the resolution of the

MAPMT tube to a single-photon, and b) the noise peak. A Poisson distribution is used to
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simulate the relative probability for producing 0, 1, 2 and 3 photons. For an in-depth study of
fitting responses from M64 tubes the reader is referred to [RADO2]. It can be seen that good
fits to the data are produced giving, in these two cases, a mean number of photons of 0.96 and
1.64, respectively. Although the multi-photon peaks are not resolved by the eye, the fits indicate

that the multi-photon response of the MAPMT tube is well understood.
Relative efficiency across the tube surface

Hamamatsu quotes the photo-cathode efficiency of the MAPMT to be ~20%, however
an absolute measurement of this is beyond the scope of this work. Therefore the relative
efficiency across the surface of the tube was measured, as was the local detection efficiency
caused by the gap between pixels. The entire area of the tube was scanned in 100 um steps with
the light source. The LED voltage was set at 9 V, and rows of eight pixels were read out in turn.
For each, a pedestal run was made and this enabled a 56 noise cut. The LED was triggered
10,000 times at each position of the light source. The signals received from the MAPMT above
the noise cut were classed as hits and counted. The total counts for each position was then

plotted. An example of a scan is shown in Figure 2-6.

ELEVATED VIEW OF PIXEL SCAN VIEWED FROM THE FRONT OF THE TUBE PLAN VIEWOF PIXEL SCAN IEWED FROM THE FRONT OF THE TUBE
SHOWS PIXEL SEPERATION AND LOW EFFICIENCY AREAS SHOWS PIXEL SEPERATION AND LOWEFHCIENCY %AREAS
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Figure 2-6 Example of 1D and 2D scans across the face of the MAPMT photocathode.

Dead areas between pixels and inefficiencies at the centre of the pixels are cleatly seen in
Figure 2-6. These effects are caused by the HT focusing wire geometry of the tube, explained
below. A photograph looking through the MAPMT window, Figure 2-7, is of a single pixel.

This has two electron entry gaps into the dynode chain. Around the pixel is a pair of focusing
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wires and through the middle of the pixel is a single focussing wire, slightly off centre, which

optimises the focussing properties. These areas define the inefficient regions of a pixel.

Figure 2-7 Photograph of a single MAPMT pixel.

The integrated tube efficiency, relative to the fully efficient regions of the pixels is now
calculated. This is done by taking an average of the counts over the flat top of all central pixels
(ignoring the dip in the centre of each pixel) and this is then taken to represent 100 % relative
efficiency. The relative efficiency integrated over the surface of the tube is then found to be 74

% £ 3 %. The full efficiency of the MAPMT for a single-photon is therefore approximately
~0.2x (0.74 + 0.03) =14.8%+£0.6 %., assuming the photo-cathode efficiency to be 20 %.

Pixel gain uniformity

The variation of photo-clectron gain at various locations of the tube (with particular
interest at the edges and centres of the pixels) was studied. The bias voltage was set at —950 V
and the LED voltage at 9V. Firstly, to study the gain variation within a pixel, pixel 13 (defined
by the numbering scheme shown in Figure 2-1) was measured in a 5x5 grid of 300 um steps. At
each step the LED was triggered 100,000 times and the signals from the MAPMT
histogrammed and the single-photon peak was fitted as in Figure 2-5. The resulting variation of
gain over the pixel was found to have an RMS of 1515 %. Secondly, to study the gain variation
pixel-to-pixel, the light source was scanned over two fully efficient points on each of the 64
pixels and similar single photo-electron spectra measurements taken. A comparison of the
single-photon peaks (parameter P4 of Figure 2-5) gives the relative pixel-to-pixel gain uniformity
for a single-photon response. The distribution is shown in Figure 2-8. Although the gain is

generally uniform, there are certain channels with relatively low gain response. As mentioned
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earlier, this is a feature of the M64 tube [MAP97]. If the six pixels with low gain are ignored, the

gain variation is less than 20 %.

D 100

L Entries 128

6 | i i Mecn 35.38
L RMS 11.06

10 20 30 a0 50 60 70

ADC counts — single phoion peak

Figure 2-8 Distribution of the mean of the single photon peaks in ADC counts for 64 pixels.
The gain variation can be primarily attributed to the fabrication of the first dynode. Even
very small variations in the secondary-emitter material at this dynode stage will affect the

number of electrons emitted; this small variation will then be multiplied by the full stage.
Implications of gain variation for the readout electronics

Several factors will influence the SNR of the front-end electronics. These are the
typical signal response of the MAPMT from a single-photon, the maximum number of
photons detected in a single pixel, the variation of gain over the MAPMT, the front-end
electronic noise and the dynamic output signal range of the amplifier. The specifications of
SNR and the dynamic range of the input signal to which the chosen amplifier must comply

are now discussed.

Considering the dynamic range requirements, the gain variation over a tube has an
RMS wvalue of ~11 ADC counts (refer to Figure 2-8). Taking plus and minus the RMS value

about the mean ADC count provides a working definition of the limits over which a photon
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response might be expected. Therefore the pixel gain variation over a tube can be crudely

, Mean + RMS iy , S i
estimated to be ———————=2. In addition, there is a tube-to-tube gain variation which is

Mean—RMS
given by [MUHO0] as ~2. Taking the quadratic sum of these two values gives an overall gain
variation of ~3. As the expected number of photons within a given pixel is estimated to be a
maximum of 3, the total dynamic range at the input of the amplifier is, in terms of photon
hits, 3x3=9. To consider this in terms of electrons at the amplifier input depends on the HV
setting of the tube. To stay within the dynamic range of the amplifier, the HV has to be
compatible with the amplifier’s dynamic output transfer function whilst giving as large a signal
as possible compared to the electronic noise. A SNR specification can be given for an
average tube with a typical tube gain and gain variation; the tube-to-tube SNR variation can

then be alleviated by adjustment of the tube high voltage on a tube by tube basis. The SNR
of the tube studied is 3% 9~ 20 from Figure 2-5. Considering this to be a typical tube, a

gain variation of 2 would imply a SNR of only 10 in the worst case. A front-end ASIC to
read out the MAPMT should therefore ideally improve the SNR to ~40 for the typical case in
order to give a SNR of ~20 in the worst case. Whether this SNR is possible will ultimately
depend on the detailed amplifier design.

2.5 Summary

The 12-dynode R5900-00-M64 H7546B MAPMT performs to the manufacturer’s
specifications and is a suitable photon detector for the LHCb RICH detectors. The M64 family
has improved in performance over the years. Although the statistical dynode gain variation
smears the single-photon resolution, a fitting process to the signal spectra can recover the single-
photon response and mean number of photons detected. Due to the focussing and gain
structure of the MAPMT, the relative efficiency is reduced to 74+3%. With a single-photon
gain of up to 1x10° electrons, the readout electronics are greatly simplified for the MAPMT.
However, the amplifier must be able to accommodate the dynamic range of the input signal of 9
and give a SNR ratio of ~40 for a typical pixel response so as to ensure all signals are well above

the noise.
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The studies described in this chapter do not take into account the detection efficiency for
the entire RICH photo-detector plane as a loss is incurred due to the packing density achievable
and the absolute photo-cathode quantum efficiency. The R7600-03-M64 can be used to
improve the packing density by ~14 %, since its flange is removed and its spectral range has

improved by 50 % due to the new UV-glass window.
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Chapter 3

Introduction to the design of an MAPMT readout
chip
This chapter outlines the important points needed to develop and select a suitable readout
chip for the LHCb RICH detectors in the case where MAPMTS are used. The chip selection

process and subsequently the so-called ‘Beetle’ ASIC readout chip and design philosophy are

discussed.

3.1 Requirement

At the end of 1999 the Hybrid Photon Detector and LHCBPIX1 ASIC readout chip were
chosen as the base-line detector and readout scheme, respectively, for the LHCb RICH
detectors. This readout scheme was still in the early development stages and was demanding in
its design requirements. Therefore it was essential that a back-up solution was available. The
back-up was the MAPMT, discussed in Chapter 2. The tube had already been under study and
fully characterized but there was no existing readout chip that conformed to the LHCb
specifications and could be directly coupled to an MAPMT. Three options existed: 1) to
design and fabricate a completely new ASIC, 2) to take an existing ASIC and match the
MAPMT output with discrete or active components on an external PCB, and 3) to modify an
existing ASIC to be compatible to the MAPMT. Option 1) was discounted due to the design
effort and cost. Option 2) was undesirable due to the extra cost and problems associated with
the manufacturing of a PCB to mount the tubes and chip along with the external components
needed for input matching; this area would be very dense with track lines and components.
Option 3) was considered the most favorable as the cost of the ASIC fabrication would be
shared with the VELO and tracker projects, PCB complications would be removed, a minimal
amount of design effort would be needed (as this would only be a modification), and support

from the chip designers would be readily available.

An additional possibility exists to modify the MAPMT gain to reduce the output signal to

~20k electrons for a single-photon input, which is approximately the number of electrons that
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an average silicon readout chip can tolerate. This gain reduction could be combined with
options 1) and 3) to make the chip design process less demanding. Preliminary tests of
modifying the MAPMT high voltage resister ladder network to give smaller gain was
unsuccessful, although later in 2002 Hamamatsu would offer a tube tailored to LHCb

requirements.

The following sub-sections describe some of the fabrication processes available for ASIC
design, the ASICs that exist in the high energy physics community that have been considered
for use with an MAPMT, and finally a description of the ASIC chip used.

3.1.1  ASIC manufacturing processes

Chip fabrication is available worldwide but becomes extremely expensive or even not
available for production of low numbers, i.c. less than a few 100 wafers, as the cost of the mask-
set is prohibitively high. The low number of wafers required by the high-energy physics
community therefore limits the chip fabricators available. In addition, radiation tolerant layout
techniques or processes must be allowed by the fabricator. For the 0.25 pm CMOS'" deep sub-
micron process the radiation tolerance is gained by special layout techniques, discussed in
section 3.4. Another method of making a chip design radiation hard is to use special process
techniques like TEMIC Bi-CMOS DMILL, discussed below. The following companies are

available to the high-energy physics community:
Austria Mikro System International GmbH (AMS) CMOS:

AMS [AMS] provides a variety of production-proven and industry-standard process
technologies. The core technologies consist of 0.35 um and 0.8 um digital and mixed signal
CMOS and Bi-CMOS processes. The Helix chip, a predecessor to the Beetle, was fabricated in
this technology. However, the increased demands on radiation tolerance now makes this

technology unusable due to the limited geometry size of 0.35 pm.

12 Complementary Metal-Oxide-Semiconductor.
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IBM Blue Logic CMOS 6SF

This IBM [IBM_CMOS] technology is an advanced high-yield process technology
featuring 0.25 um lithography. The fine lines and high densities characterizing this silicon
process can support high-performance  graphics, leading-edge  microprocessors,
communications, and computer data-processing applications. The technology provides a P-
epitaxial® layer on a p+ substrate feature. This gives improved latch-up protection due to the
thin epitaxial layer, described in more detail in section 3.4.2. Planarized passivation and intetlevel
dielectrics enable manufacturing of more levels of metal, permitting higher densities and more
integration of components. The IBM processes are available through Mosis, which is the US
equivalent to Europractice (see below), but is considered expensive. More detail on the 0.25 um

process is given in section 3.1.3.
Europractice Alliance Network:

Europractice [EURO_p] offers a network of design houses that work together with the
Europractice IC Service in order to offer a total design and fabrication solution. This includes
design, low cost prototyping and production, packaging and testing. At present there are around
20 fabricators to choose from that offer specialized processes, for example high voltage and
mixed processes (Bi-CMOS). A tender was placed for LHC chip development but none of the
Europractice fabricators could offer both full access to the wafer during production or a

competitive price.
Temic DMILL

The DMILL (Durci-Mixte sur Isolant Logico-Lineaire) process, developed in France by a
consortium [HU96]. This was used for the SCTA128 chip that was considered for the LHCb
RICH detectors and is therefore discussed in a little more detail. DMILL offers a radiation
hard, high-speed analogue and digital process to the LHC community. The DMILL process
combines bipolar and CMOS in a 0.8 um process with a gate oxide thickness of 14 nm. It offers

13 Epitaxial layer: A single crystal layer that has been deposited or grown on a crystalline substrate, both having the same
structural arrangement. The chip circuitry is in the epitaxial layer while the substrate acts as a structural support.
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a variety of devices: MOS FET, fast B]Ts, JFETs and high value resistors with low stray
capacitance. The technology employed is silicon-on-insulator (SOI) which uses a thin oxide to
separate the ~70 nm active substrate from the silicon carrier substrate. The thin active substrate
is a key factor in making this process radiation hard to single event upsets, as the bulk volume

under the transistors does not create large numbers of electron hole pairs for an ionizing particle

Trench
isolation

Trench
pMOS pMOS isolation  nMOS nMOS

Buried oxide layer

Silicon Substrate

Figure 3-1 Cross sectional view of NMOS and DMOS in a DMILL process [SEX01].

passing through it. Figure 3-1 shows the cross sectional view of NMOS and PMOS transistors

in the DMILL process. Steps are required to further reduce radiation effects:

e ‘Trench isolation’ is used to prevent parasitic paths that are created by ionizing
radiation in the oxides. The trenches also reduce the volume of the bulk under
the transistors.

e Trapped interface states at the oxide and diffusion boundaries are removed by the
surface finishing processes.

e EHtching with high frequency plasma is kept to a minimum to prevent generation
of trapped interfaces during fabrication.

In comparison to the 0.25 um process, DMILL is more suited to analogue design as it
offers fast bipolar devices but requires more real estate due to the trench isolation and the fact
that it is a 0.8 pm process. This makes the CMOS devices actually about four times slower than
for the 0.25 um process. Also the fabrication of identical devices (matching) is better with the
0.25 um process as the accuracy of the lithography requires it. The price of production is
comparable for both processes but the 0.25 um has a larger market which facilitates portability
of the design to other fabricators. The DMILL process does not have the dense packing

properties of the 0.25 um process and is nearing the end of its production life. Finally, with the
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correct layout procedures, both DMILL and the 0.25 um processes can be considered radiation

hard to a total dose of 10 Mrad.

3.1.2  Chip selection

Several readout chips for high-energy physics experiments have been developed over the
last few decades with demands for high speed performance, reliability, radiation and magnetic
field tolerance, low cost, availability (both in terms of development and technology), extremely
high sensitivity and low noise, all becoming ever more demanding. Generally the readout chips
are similar in principle but tailored to their specific task. The majority of the readout chips have
been developed for silicon detectors where low input impedance for charge collection is

required, this being achieved with a charge-sensitive front-end amplifier.

For LHCDb, all readout chips must conform to the LHCb global electronics scheme,
outlined in section 1.3; thus the data capture rate, storage (latency) and ‘time to readout’ are all
specified. A further consideration is the technology of chip fabrication as this not only affects
the radiation-tolerance properties but also the chip availability when time comes for
manufacturing. Some of the chips considered for MAPMT readout are presented in the

following bullet points. They all require some form of modification for MAPMT use.

e The Beetle family was first developed for the LHCb VELO sub-detector,
therefore it meets all of the LHCb global requirements including the required
radiation tolerance. The Beetle in its standard form cannot accept the dynamic
range of the MAPMT signal and would need customization to the front-end
amplifier. A major advantage of the Beetle chip is that it allows operation in
either binary or analogue mode. The Beetle is built on 0.25 um CMOS

technology Chapter 5 gives further detail of the modification requirements.

e The SCTA128 [KAP98] [KAP98n] was a backup solution for the LHCb VELO
detector. This readout chip was originally designed for the LHC ATLAS
experiment and then later modified for the VELO to conform to the global
LHCDb specifications. The SCTA128 is very similar to the Beetle chip in
functionality but differs in the fabrication process; the SCTA128 is fabricated in a
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DMILL 0.8 pm BiCMOS technology. Like the Beetle, the SCTA128 cannot
accept the dynamic range of the MAPMT. At the time of writing, further effort
on the SCTA128 for the VELO had been abandoned and the Beetle was the

chosen option.

e The APVm [JON98] is designed for the LHC CMS inner tracker detector and
conforms to the LHCb radiation-tolerance requirements. However to use the
chip in a 40 MHz sampling manner necessitates operation in the so-called
‘deconvolution’ mode, which precludes the LHCb requirement to read out
consecutive triggers. In the deconvolution mode the signal is passed through a
Finite Impulse Response (FIR) filter which removes the slow components of the
signal to reduce pile-up effects. This therefore removes some of the analogue
information. The APVm was used to read out an MAPMT in a test beam during
the summer of 1999 [MUHO0]. The MAPMT was coupled externally to the chip
by charge division using a ‘tuning fork’ capacitor on a ceramic fan-out. The
external components caused large pulse overshoots at the amplifier output stage
and cross-talk at the inputs. This was acceptable for charactering the MAPMT in

the test beam but would not be suitable for the final system.

e The ALICE pixel chip [TDRO0] underwent design modifications for LHCb and
was made compatible to reading out pixel HPDs. The LHCb version is called the
‘LHCBPIX1’.  Although fully compatible to the LHCb requirements, the
sensitivity of this chip is very high and would need a considerable modification to
accept an MAPMT signal. Furthermore it has no analogue readout mode, which
is highly advantageous for MAPMT readout due to unpredictable common mode
noise and the large gain variations between channels and tubes. The TLHCBPIX1’
is a bump-bonded chip with 1024 channels, which makes the physical

interconnections to an MAPMT impractical.

Following careful examination of all the possible chips, the author pursued the option to
modify the Beetle to accept the relatively large input signal for MAPMT readout requirements.

At that time, the Beetle was in a very eatly stage of development and therefore allowed the
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author to join the design team to develop the chip with the RICH specifications in mind.
Furthermore, the technology at the time was relatively new and would therefore still be available
at manufacturing time, even if this meant transporting the design to another 0.25 um fabricator.
The modified Beetle adapted for MAPMT readout is named the BeetleMA. A version number
is added that corresponds to the Beetle chip that has been modified along with a BeetleMA
version number, e.g. Beetle1.2MAO.

3.1.3 The Beetle readout chip

A general description of the Beetle chip is discussed here. For more technical information

the reader is referred to [BAUO3] and [HD_U]J.

Chip name Submission Chip Description
Date size [mm’]

BeetleFE1.0 | May 1999 2x2 Front-end test chip
BeetleBG1.0 | May 1999 2x2 Bias generator test chip
Beetle1.0 April 2000 55x6.1 Readout chip
BeetleCO1.0 | April 2000 2x2 Comparator test chip
BeetlePA1.0 | April 2000 2x2 Pipe-amp test chip
BeetleMA1.0 | April 2000 2x2 Front-end test chip
Beetlel.1 March 2001 55x06.1 Readout chip
BeetleFE1.1 May 2001 2x2 Front-end test chip
BeetleFE1.2 | May 2001 2x2 Front-end test chip
BeetleSR1.0 May 2001 2x2 SEU robust test chip
Beetlel.2 April 2002 51x6.1 Readout chip
Beetle1.2MAOQ | December 2002 | 5.2x 6.1 Readout test chip for MAPMT
Beetlel.3 July 2003 54x0.1 Readout chip

Table 3-1 The Beetle family.

A collaboration of three institutes, Heidelberg [HD_B], Oxford [OX_B] and NIKHEF
[NIK_B], undertook the design of a chip that could be used for the VELO, Inner Tracker and

RICH. Heidelberg is the design centre and is where the chip database resides. The
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development of the Beetle chip started in the last quarter of 1998 and the first chip submission
was in May 1999. Table 3-1 lists the family members. The Beetle architecture is built on the
HELIX128 [TRUO0O], which is a readout chip developed for the ZEUS [ZEU], HERMES
[HER] and HERA-B [HER95] detectors at the HERA electron-proton accelerator at the DESY
Laboratory, Hamburg, Germany.

The Beetle chips are manufactured in a 0.25 pm CMOS process that uses one polysilicon
layer, three metal layers (with options for up to five), metal insulator metal capacitors (MIM),
poly and diffusion resistors and a gate oxide thickness of 6.2 nm. With the appropriate layout

techniques described in section 3.4, this process is radiation hard.
General readout scheme of the Beetle

Figure 3-2 shows a block diagram of the Beetle architecture. The Beetle is a 128 input-
channel device. The physical implementation of the input pads is a fourfold staggered pad array
having a pitch of ~40 ym. The pads are followed by electrostatic discharge (ESD) protection
diodes. Each channel consists of a continuous sampling charge-sensitive preamplifier (CSA),
the output of which is shaped by an active CR-RC shaper stage which has a rise-time of 25 ns
and fall time to 30% remaining after a further 25 ns. A source follower buffers the output of the
shaper. The shaper times, channel occupancy rate, overshoot and noise contribution can all be

optimised in a limited way by adjusting on-chip DACs.

The buffer output can be utilised in three ways: 1) for analogue readout the signals are
sampled and stored in the pipeline memory, 2) for binary readout a comparator with adjustable
polarity and threshold per channel provides a binary signal which is sampled and stored in the
pipeline memory, 3) for the Level 0 trigger output of the VETO detector, four adjacent binary
channels can be ORed, latched and multiplexed at 80 MHz using LVDS'. The advantage of
binary readout over analogue is that the bandwidth requited from Level 0 to Level 1 is

considerably reduced. Binary transmission needs only ‘one bit” of information, either a ‘1’ or a

14 The ORed channels have dedicated output ports labelled ‘compout’ which are located on either side of the chip which use the
LVDS standard, Low Voltage Differential Signals.
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‘0°, while the analogue readout would typically require 8-bits per channel, dependent on the

resolution of the ADC.

The binary/analogue choice is particulatly important for the RICH MAPMT readout.
Although the binary readout would have considerable financial saving due to the reduced
number of fibre-optic transmission cables required between Level 0 and Level 1, for low-gain
pixels, the MAPMT does not have a good separation between the signal and noise. This makes
the binary threshold difficult to set. If the binary threshold is set low’ then many noise signals
would be misconstrued as genuine MAPMT photon hits. If the binary threshold is set ‘high’
then many of the genuine MAPMT photon hits would be discarded. The binary readout
characteristics of the MAPMT are a subject of further study.

Downstream of the buffer, the sampled signal, either analogue or binary, is captured at 40
MHz and stored in a pipeline buffer (also known as a ‘ring buffer’). The pipeline has a
programmable latency of up to 160 sampling intervals, i.e. 4 ps at 40 MHz. The pipeline buffer
is realised in FET gates which are configured as capacitors; they are referred to here as ‘pipe-
FETS. These pipe-FETSs reduce the silicon area required compared to MIM capacitors which
must have a total area of less than 300000 (um)®, defined by the fabrication rules. Each pipe-
FET has an associated read and write switch that allows cells to be read out or overwritten.
Read and write cycles are managed by pointers which increment the pipeline buffer at the
system clock speed. The read pointer follows the write pointer with a delay set by the latency
register, 160 sampling intervals in the case of LHCb. On a readout request, the read pointer
flags the addressed column in memory and moves on. Readout is then initiated, releasing the
read switch and transferring the stored charge in the pipe-FET to a resetable charge-sensitive
amplifier, the ‘pipeline readout amplifier’. This initiation time takes 100 ns. Within this 100 ns
an events header is added. The data from the pipeline readout amplifiers from a triggered event

are multiplexed 128:4, common mode subtracted using the ‘sense channel’ (refer to Figure 3-2)

and driven off chip within 900 ns.
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Figure 3-2 Block diagram of the Beetle ASIC.
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3.2 MOS FET characteristics

The Beetle chip uses MOS FET technology. In order to introduce the Beetle design
considerations, an overview of the theory of MOS FET devices is necessary. Characterization
of MOS FETs is available in numerous text books, for example [SED98], and therefore will not
be repeated here. This section is intended to be a reminder of the basic features of design with

MOS FET devices.

The terminology employed throughout this thesis for signal definition is as follows: total
instantaneous quantities are denoted by lower case symbols with uppercase subscripts, for
example i and v. Direct-current (DC) quantities will be denoted by an uppetcase symbol with
an uppercase subscript, for example I; and V. Finally, incremental signal quantities will be
denoted by a lowercase symbol with lowercase subscript, for example i, and v,. This notation is

llustrated in Figure 3-3.

i A

o
.

Figure 3-3 Symbol convention employed throughout this thesis.

The enhancement MOS FET is the most widely used device in integrated circuit design.
n-channel devices are preferred to p-channel devices because of their higher transconductance, a
result of the fact that p, is two to three times higher than n,, where p, and p, are the electron
and hole mobility, respectively. Both devices are, however, utilized in CMOS technology,

currently the most popular technology for the design of analogue and digital integrated circuits.

In ASIC design only two parameters are at the designer’s disposal, namely the aspect ratio WA,
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given in terms of the width (W) and length (L) of the gate dimensions, and the voltage between
gate and source, V. The enhancement MOS FET has two operational regions, the ‘triode’” and

‘saturation’ regions. The saturation region is usually used in amplifier designs and in the ideal

AVDRAIN

case can be considered to be the region where =o00. In practice the saturation region

DRAIN
occurs when V,=(Vs-V) and has an incremental output resistance 7, The variables 7, , V, and
Vps are defined in the following text. Figure 3-4 depicts the characteristic curves of an n-
channel enhancement-type MOS FET indicating the triode and saturation operating regions and

the affect that v,gand i have on the output resistance r,.
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Figure 3-4 An n-channel enhancement-type MOSFET with Vgs and vps applied. The triode and saturation
operating regions ate shown. Also shown is the affects of vps on ip in the saturation region giving the output
resistance t, [SED98].

For an NMOS FET the following equations apply:

for the triode region where Vs> V., Vs < V-V,

W 1
Io =k; (Tj{(ves Vi )\/DS _Evés} ' Equ 3-1
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and for small Vg
v w B
Ros =2 = |:kr’1 [_j(ves -Vi )} ' Equ 3-2

For the saturation region where Vs > V,, Vg > V-V,

o :% K (VIYJ(VGS Vi )2 (1 + ﬂVDs)- Equ 3-3

In the equations above, I, is the drain current, V, is the ‘threshold voltage’ (see below),

Vs is the voltage between drain and source, and K', is the process transconductance parameter

given by u, xC_,, where C

x> o 18 the capacitance between the gate and the conduction channel.

The channel-modulation parameter is given by A = %/ where V, is the ‘Early voltage’ and is
A

an intersect point on the —V axis of the i vs vjg plot that is extrapolated from the linear part
of the curve when in saturation. Typical values of A, normally defined for the minimum
allowed L. dimension used in any one technology, range from greater than 0.1 V' for short-

channel devices to 0.01 V"' for long channel devices [GEI90].

The value of V¢ at which a sufficient number of mobile electrons accumulate in the
channel region to form a conduction channel defines the ‘threshold voltage’, V. The value of V,

is controlled during device fabrication and has a characteristic given by [SED98§]

Vi =V, + 7204 +[Vsb| _\/2¢f Jv Fau 34

where y is the fabrication process parameter given by y =./20N ,&,/C,, N, is the doping

concentration of the p-type substrate, q is the electron charge 1.6x107"”C,

g, =1.04x107" Flcm is the permittivity of silicon and ¢ is a manufacturing parameter,
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typically 0.3 V. 'V, is the threshold voltage for V=0 where V is the voltage between the FET

source terminal and the bulk (also called the body).

For a PMOS device V, and V are negative, and for the triode region, Vo< V, and Vg >

Vs~ V.. For the PMOS saturation region, Voo £ V, and Vg £ V-V,

Transconductance (g,), which is the small-signal V-I transfer function for a FET device, is

given by the following equations for a FET operating in the saturation region:

gn=+2k'W /L)1, , Equ 3-5

=k'W /L)(Vgs -V, ), Fqu 3-6
= L Equ 3-7
VGS _Vt
VD

The incremental output resistance (r,) of a FET is the derivative for small-signals in

D

the saturation region and is infinite in the ideal case. The value of 7, can be found from
Vil Equ 3-8

For small-signal analysis it is usual to remove all of the DC sources and replace them with
low impedance paths to a common point i.e. ground. This makes analysis of the circuit far less
complex. The FET’s transconductance parameter g and output resistance, 7, are used to
represent its current and voltage characteristics. An example of a common-source amplifier and

its equivalent small-signal model is given in Figure 3-5.
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Figure 3-5 a) A common-source amplifier and b) the equivalent small-signal model.

In general the source terminal is usually tied to the bulk, as in the case of Figure 3-5.
However, there are many occasions where the source will be tied to another voltage potential
node of a circuit, a good example is a common-gate amplifier where the source potential is tied
to the input voltage, V,. As V, determines the conduction channel thickness, which in turn
determines the value of I, it follows that the body acts as another gate for the MOS FET. This
is easily accounted for in small-signal analysis circuits by just adding another transconductance
parameter g, o , where g is multiplied by the body-effect parameter X, which typically lies in
the region of 0.1-0.3 [SED98]. The value of X can be found from

M 4

X = :
Ny 2,26, +V,,

Equ 3-9

The current mirror configuration

In ASIC design the use of cutrent-sources/mirrors constructed from FETs, both for FET
biasing and as circuit load elements, is extensively used in CMOS design due to the small size
and good matching of FET devices compared to discrete devices such as resistors. The use of a
current-source as a load element is widely used as this offers a large output resistance for small
signals. The large resistance consequently gives a large voltage gain. Current mirrors are useful
for distributing bias currents across chips as it is much simpler to program a current bias with

another current. From one initial reference current all the other required bias currents can be
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generated by using a FET to mirror it. The FET can be chosen with different dimensions to

increase or decrease the mirrored curtrent.

V,

DD Vip
Active load “
resistor M2

R
Ip, Drain
V
Iy =Iour ovt
Gate
M1 |—+—< M2 T M1
‘_
W/L, VG_s W,/L, Vig
Source Source
a) b)

Figure 3-6 a) Current-mirror, b) common source amplifier with active R load.
Figure 3-6 a) shows a standard current mirror configuration. A current flows through M1
which is defined by the gate-source voltage, Vg, Since Vg =V, ideally the same current, or a

multiple of the current in M1, flows through M2. By ignoring the (1 + ﬂ,VDS) term in Equ 3-3

and assuming that Vs and V, are exactly the same for both devices (which is determined by
how well the devices are matched in layout), a simplified expression for the current ratio I,/

is given as

K'W
| oL *Ves V) W, L Equ 310
D2 2 _Wah qu -
I K'W WL,
o 2L11 (VGS _Vt )2 b

This demonstrates how to adjust the W/L ratio of the two devices to achieve the desired output
current I, =1 If the FETS are the same geometric size, the same drain current flows in each

FET providing M2 is in the saturation region.

Figure 3-6 b) shows a common-source amplifier circuit design which has a gain of simply

Vout
— =0 XRionn - Equ 3-11

in
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In this case R, is an active transistor (M2) in a gate-drain configuration. The equivalent

resistance of M2 is simply ——. In this way, large values of resistance can in principle be made
m2

with little real estate. Another configuration which further increases R, is to disconnect the

gate-drain connection of M2 and instead have a fixed reference voltage on the gate of M2. This

in effect makes M2 a current-source. The value of R;,,p then becomes the incremental

resistance 7,, which is much larger than a typical value of 1/g,. The gain of the common-source

amplifier is then given by

VOUt

= gml x rol " r02 > Equ 3-12

in

where the " represents the parallel combination of components.

3.3 Noise and amplifiers

Most particle physics detectors deliver only a small but fast analogue charge pulse from
their output; the rise-time of the MAPMT considered in this thesis is ~ 2 ns. To be able to
make this signal usable it must be amplified. Due to the sheer number of channels used in
particle detectors the amplifier will need to be low power. If precision is required then it will

also need to be fast, analogue, and have low noise. Noise is the ultimate limit of detectability of

Figure 3-7 Cascade of two amplifiers.

small signals and determines the accuracy to which they can be measured. In the best case the

noise performance of an entire readout system is dominated by the pre-amplifier noise. For
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example consider the cascade of two amplifiers shown in Figure 3-7. A, and A, represent the
gain of the amplifiers and N, and N, the noise contribution of each amplifier represented as a
voltage at its input. The input SNR is simply S/N,. Assuming uncortelated noise, the output

SNR is given by [BAUO3]

Equ 3-13

(ST _ (AASY s (s

Nuw  (AAN) +(AN,) 2(MI
N, +

Q

2
i in the limit A, >>1.
N,
Therefore a high gain, low noise first stage is desirable. In the case of the Beetle folded-cascode

pre-amplifier described in, Chapter 5 the first stage is the input transistor.

The pre-amplifier noise can be optimised by understanding the noise sources within an
amplifier and by matching the output impedance of the detector with the pre-amplifier input
impedance. A low noise pre-amplifier design can be achieved if the source impedance is known
and suitable layout techniques, along with correct choice of technology, is employed. This is

described in detail in section 5.2.

Impedance matching between the source and the pre-amplifier can be achieved by
transformer coupling, reactive tuning or reactive matching. Transformer coupling and reactive
tuning do not generally lend themselves to particle physics applications due to either the high
cost if realised within a monolithic device or the large area of real-estate needed if realised in
discrete components. Reactive matching also requires that the source output stage has a fixed
frequency response, and that the pre-amplifier input impedance matches the source while

maintaining the required amplifier signal transfer function.

The way in which noise signals are characterized also depends on the load type. It is
conventional to refer noise voltages to the input of an amplifier that would give the equivalent
noise at the output. The advantage of this is that one can easily consider relative noise added by
the amplifier to a given signal, independent of amplifier gain. For the case where the input

signal is charge this would be expressed as ‘total equivalent noise charge’ (ENC). The ENC of a
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detector readout system is defined as the ratio of the total integrated RMS noise voltage at the

output to the signal amplitude due to one electron charge at the input.

The amplifiers described in this thesis are built in CMOS technology and therefore the
discussions on amplifier noise sources are restricted to FET devices. The three main noise
sources to be considered are thermal, shot and flicker. Thermal noise, also known as Johnson
noise, exists in any piece of material that suffers thermal excitation of the atoms. The thermal
movement of the charge carriers causes a fluctuation in the charge distribution and an
instantaneous electric field is produced which can be measured across a conductor. The root

mean squared voltage and current noise, given in many text books [HORS80], is

v, = V4KTR [%E} Fqu 3-14

and
4kT
i = |— A Equ 3-15
I =4 R [ \/E} ) qu
where
k = Boltzmann's constant (1.38x10" 23 J/K),

T = absolute temperature [K] K =273+ °C,

R = resistance [Q]

The current flowing between the drain and source terminals in a MOS FET is based on
the existence of an inverse resistive channel between them, formed by the majority carries in the
substrate under the approptiate control of the gate voltage. In the case where Vi is less than
VsV, (the triode region) the inverse channel current noise can be considered to be due to a

homogeneous resistance and simply calculated from

i, =Tz , Equ 3-16
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where g is the conductance (the reciprocal of R). A representation of the conduction channel
in the triode region is shown in Figure 3-8 a). For the more common case where Vi, is large

enough that the FET is operating in the saturation region, the resistance of the conduction

channel must be considered in small-length AX sections as it is no longer homogeneous. This is

o

| -,

Induced n-channel n-channel

AX

p-type sut p-type substrate

Figure 3-8 a) MOS FET in the triode region. b) MOS FET in the saturation region.

represented in Figure 3-8 b). For each AX section the output current noise due to the noise

voltage is calculated and the total drain noise is found by integrating along the entire channel.
For the FET working in the saturation region, from Equ 3-2 and Equ 3-15, ij in the

conduction channel is given by

2\p7 2 Vos
) uW 2
"‘:4KTTJQ

DS 0

; (V )dV , Equ 3-17
where w is the electron hole mobility and Q,(X)=C,, (Vs =V, (X) =V (X)) is the inversion

channel charge per unit area with V(x) being the threshold voltage at position x. V(x) is
dependent on the channel potential V(x). However, if the dependence of the threshold voltage
V. on the channel potential is neglected, the integral of Equ 3-17 can be carried out and is given

by [CHA91]
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ij _ 4kTIUC0x Vlg 3(\/05 _Vt )VDS _3(VGS _Vt)2 _VDZS} ] Equ 3-18
2(\/(35 _Vt) _VDS

At the point of saturation where V,:=(Vs-V,), Equ 3-18 can be simplified to

= 4KT 24C, T Ve V) = 4T 2 g, B 319

By experiment [CHA91] it has been found that Equ 3-19 remains valid and is a good

approximation in the saturation region when Vpg > (Vs =V, ) and is the model most frequently

used for Johnson noise in MOS FET devices. By writing Vn= %m , Equ 3-19 becomes the

equivalent V. noise equation. This is an important result as it shows that the noise voltage can

be reduced with large values of g,..

Shot noise is the effect from a current flow of discrete electric charges, not a smooth
fluid-like flow. In transistors it occurs whenever cutrent carriers cross a barrier such as a pr-
junction. Each carrier causes a slight transient current surge as it travels across the junction, the
combined effect being a random current fluctuation. Shot noise power is directly proportional
to the DC current passing the junction; its effect is greatest when the junction has high internal
impedance such as a reverse-biased collector-base junction. The statistical fluctuation of current

per unit frequency is given by

i2 _ Equ 3-20
Isn _2qIDC > e

whete q is the electron charge and loc is the DC current passing the junction. For a MOS
transistor the shot noise is associated with the leakage current of the drain and source reverse-
bias diodes. Since the leakage current is generally much smaller than the drain-source current,

I, its effect is normally the least dominant noise source in FET devices.

Both Johnson and shot noise are classified as white noise, i.e. they have a flat frequency
power-spectrum.  Both are irreducible forms of noise, generated according to physical

principles. The most expensive and carefully made resistor has the same Johnson noise as the
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cheapest and poorly made. However the quality of a device will affect the ‘Flicker noise’.
Flicker noise, also referred to as 1/f noise, is due to random vatiations in diffusion processes in
transistors or fluctuations in resistance in the case of resistors. As the name suggests, the power
spectrum of the 1/f noise is inversely proportional to frequency, and so consists mainly of low-
frequency components. It is the dominant noise source below about 1 kHz in bipolar
transistors. Although the 1/f noise phenomenon has been observed in almost all kinds of
devices, from homogeneous metal films and different kinds of resistors to semiconductor
devices, even the sand in an hour glass, the mechanism of this noise is still little understood. For
this reason the 1/f noise parameter is generally given by the MOS device fabricators and is
found from empirical measurement. The general equation for the RMS voltage per unit

frequency due to flicker noise is

Kf
- C2WLF’

2

Vi Equ 3-21

where K, is the flicker noise coefficient.

For the Beetle pre-amplifier discussed in section 5.2, the dominant noise source is
Johnson. Although the shot noise in FET devices is usually negligible due to I, not having to
cross a potential barrier, it should still be taken into account for the Beetle pre-amplifier as the
input transistor is very large in physical size, leading to an increased leakage current from
drain/soutce to the bulk. The 1/f noise is mostly below the working frequency of the pre-
amplifier but, since it is possible that some MOS devices can produce flicker noise into the MHz
region, good design practice should be incorporated, which generally comes down to the FET

gate dimensions. This is discussed further in section 5.2.

3.4 Radiation hardened electronics

The space industry was the driving force behind the study of radiation damage to
semiconductors when the first satellites, around 1960, were suffering electronic failure due to the
flux of ionising particles present in the Van Allen belts. Over the following years, radiation hard
electronics became applicable to space missions, nuclear power plants, military applications and

research in high-energy physics. Over the next ~40 years the semiconductor radiation hard
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market was large enough to sustain the use of a DMILL process that used special development
steps (section 3.1.1). In the mid 90s the market became smaller, mainly due to the military share
going from 90 % to 0.5 % in a 40 year span. The DMILL process therefore became more
expensive, fell behind other processes in geometry size and technology, and had a large
reduction in the number of fabrication plants that were available. Due to the low yield of the
process, large variations of device parameters from wafer to wafer and an ever-diminishing
market, in 1996 CERN formed the RD49 project [RD49www][RD49_stat] to find more suitable

techniques to make radiation hard electronic circuits.

Today’s electronic market is driven by digital integrated circuits for fast processing and
storage which necessitates the continual demand for high levels of integration, high yields, low
cost, ever faster signal speeds and low power consumption. CMOS technologies offer these
requirements and, as Moore [MOOG5] predicted in 1965, have tended to follow an exponential
growth in the number of transistors per integrated circuit; Xilinx predicts that their ‘Field
Programmable Chips’ will contain 2 billion 70 nm transistors by 2005. When the transistor
geometries became less than ~0.3 um, the term ‘deep sub-micron’ was coined to show that
these transistors were now so small that special design techniques had to be used to overcome
the effects of, for instance, the increased channel length modulation effects discussed in section
3.2. Fortunately for the high-energy physics community these deep sub-micron transistors had
the added benefit of having inherently radiation hard gate oxides. However this was not the
complete solution and special layout techniques' had to be invented and a solution found to
solve the ‘single event upset’ problem, discussed in the subsequent section, that occurs in digital

logic for small geometries.

For the RICH on-detector electronics the expected radiation dose (with a factor of 2
safety built in) is of the order of 3 krad/year. The radiation dose for the RICH off-detector
electronics is negligible and standard commercial components can be used. However most of
the ASIC designs for LHCD, including the Beetle, have been designed to cope with the radiation
doses of 10 Mrad/year expected much closer to the interaction point. The following sub-

sections describe the effects of radiation damage in analogue and digital transistor cells and the

15 Layout techniques are down to the designer, unlike process techniques that are down to the fabricator.
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techniques used to overcome these problems. The emphasis is towards the 0.25 pm CMOS

process used for the Beetle chip.
Radiation damage in VLSI circuits

Radiation effects in microelectronics devices can be categorised into cumulative and single
event effects (SEE). Cumulative radiation damage is a gradual effect which occurs over the
lifetime of the device. Its cause is either ionization or atomic displacement and is most
significant in analogue designs. The SEEs are caused by the passage of a single ionizing particle
through a sensitive area of a device which leads to either non-destructive or destructive effects.
Non-destructive effects cause a temporary malfunction or change of logic state in digital
memories. Destructive effects generally cause a pr-junction to go forward biased, consequently
drawing large amounts of current. The discussion on destructive effects will be restricted to
MOS devices where the pr-junctions are only parasitics i.e. a consequence of fabrication (see

later).

The way in which radiation interacts with solid material depends on the kinetic energy,
mass and charge of the incident particle and the mass, atomic number and density of the target
material. The incident particles are either charged or neutral. Charged particles interact mainly
through Coulomb attraction or repulsion with the electronic clouds of the target atoms. The
charged particles of relevance are protons, heavy ions, pions and electrons. Heavy ions, pions
and protons can induce ionization, atomic excitation or displacement of an atom from its site in
the lattice from collisions with the nucleus. Electrons are similar in their properties but also

emit X-rays when decelerating in the target material.

Neutral particles of interest are neutrons and photons. Neutrons do not experience the
Coulomb force but interact in three ways depending on their energy. Low energy neutrons tend
to be absorbed by the nucleus in a nuclear reaction, the excited nucleus then emits a proton,
alpha particle or photon. Another possibility is that the neutron may not be absorbed but
instead is deflected in an elastic collision, but gives enough energy to the nucleus to displace it,
which may lead to ionization. For the more energetic neutrons, E>100 keV, an inelastic
collision can take place in which the nucleus is broken, producing heavy ions and gamma rays.

These heavy ions then cause ionization. Photons, like neutrons, do not expetience the Coulomb
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force. The photon interaction processes are the photoelectric and Compton effects, and pair-
production. The photoelectric effect is where the incident photon ionizes the target atom. As
the photo-electron is emitted, an electron in an outer orbit can fall into the vacated spot and a
low energy photon emitted. The Compton effect is when the photon scatters off an electron of
an atom and the electron is freed from the atom. Finally the pair-production process is when

the incident photon, in the presence of matter, is converted into an electron-positron pair.

It has been shown [ANEOO] that both neutral and charged particles can cause ionizing
and non-ionizing (atomic displacement) effects in VLSI circuits. The effects may be caused
cither directly by the incident particle or from secondary effects induced by the primary
interaction. lonizing and non-ionizing effects occur in different proportions depending on the
type of incident particle. Neutrons tend to mainly cause non-ionizing damage, whereas photons

and electrons generally cause ionizing effects.

3.4.1 Accumulated radiation effects in MOS transistors

MOS FETs are termed ‘surface’ devices, as their conduction mechanism is by majority
carriers in a channel that only penetrates into the silicon bulk to a typical depth of 300 um. As
displacement damage leads to a reduction in minority carrier lifetimes in the silicon substrate,

which MOS FETs are not dependent on, the MOS FET can be considered insensitive to this
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Figure 3-9 Gate and field oxides of a FET device. Also shown are the parasitic
transistors between source and drain.
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effect. The primary source of device degradation under irradiation is damage to the silicon
dioxide insulator layers by ionization. The two oxide layers that are of most concern, the gate
and field oxides, are shown in Figure 3-9 [ANEOO]. Note that the point where gate oxide joins
the field oxide is called the ‘bird’s beak’. This area, discussed later, is prone to the introduction
of parasitic MOS transistors if special FET layout procedures are not followed. The effect that
ionizing radiation has on the oxides has some dependency on the oxide thickness, which is
determined by the technology scaling factor. In brief, for technology generations below 0.8 um
(which refers to the minimum gate lengths in the case of MOS), a constant-field scale is used
where all geometrical dimensions and process parameters are scaled to increase transistor
density, increase circuit speeds and decrease power consumption, while keeping the electric
fields in a device unchanged. As the transconductance is dependent on the gate dimensions and

C

o these reduced dimensions reduce the transconductance. To compensate this, the gate oxide
thickness (t,,) is reduced so as to increase C.. . This reduction in gate oxide thickness turns out
to be advantageous in increasing the tolerance to ionizing radiation. However, as will be shown

in section 3.4.2, the scaling of the dimensions of the device is detrimental to the tolerance

against single event upsets.
Ionizing dose effects in MOS FET oxides

When ionizing particles pass through a MOS FET, electron-hole pairs are generated along
the track. For the gate (which can be polysilicon or metal) and the substrate, this is of little
consequence as these materials offer little electrical resistance and the electron-hole pairs are
quickly swept away from the region in which they were generated by local electrical fields. For
the electron-hole pairs that are generated in the gate and field oxides, which are insulators, this is
not the case. Figure 3-10 schematically illustrates the effects induced by ionization in a MOS
device when the gate is positively biased. An ionizing particle penetrates the oxide and electron-
hole pairs are generated. For pair creation in SiO, an energy of 17+ 1 eV is required [LUT99].
A fraction of the electron-hole pairs generated will recombine immediately. The electron-hole
pairs that do not recombine are separated by the electric field between the gate and bulk ((1) in

Figure 3-10). For the case of a positive bias applied to the gate, the electrons drift towards the
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Figure 3-10 Energy band diagram of a MOS structure with a positive gate voltage applied [BAUO3].

16

gate electrode. In SiO, electrons have a 10*10" times higher mobility'® than holes (depending
on electric field and temperature) and escape out of the oxide into the gate material within the

otder of ps.

The remaining holes that do not initially recombine follow the electrical field in the SiO,-
layer towards the SiO,-Si interface through a relatively slow transport mechanism (2). The
transport phenomenon can last from several seconds at room temperature to several tens of
thousand seconds at lower temperatures. One suitable model for this transport mechanism is
continuous-time random walk (CTRW) which uses the concept of ‘small polaron hopping’.
Small polaron hopping is based on a strong interaction between the hole and the lattice. The
transition between two nearby sites is activated by thermal fluctuations in the system. These
momentarily bring the energy levels of the two sites into coincidence and the hole tunnels to the

next site.

When the holes reach the SiO,-Si interface a fraction will be captured in long-term traps
(3). These trapped holes, along with the induced interface traps (4) cause a remnant negative
voltage shift in the threshold voltage V,, which is the most commonly observed form of
radiation damage in MOS devices. The vatious processes contributing to the buildup of a

negative shift in V, are shown schematically in Figure 3-11 a) for a MOS structure with oxide

16 The electron mobility in S$;O; is ~20 cm?V-1s! at room temperature and saturates at a velocity of around 107 cm/s.
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thickness t,. (= d,,) and a positive gate voltage. A description of hole trapping and interface

traps follows.

The number of holes trapped in the deep hole trapping centres (which are actually a few
nano-metres away from the interface) is proportional to the number of defects in the silicon
dioxide and therefore depends greatly on the control of the gate oxide quality. Holes can remain
trapped from milliseconds to years and can be released by two processes. Firstly an electron can
tunnel from the Si surface into the oxide and recombine, giving rise to a tunnel-effect based
annealing. Secondly an electron in the oxide valence band which, having sufficient thermal
energy, can jump into the oxide and recombine, this being thermal annealing. It is important to
note that the tunnel-annealing probability decreases exponentially with the distance from the

SiO,-Si (or SiO,-gate) interface.

ELECTH'D N-
GENEMMN

0 ————

T = BO°K
—HOLE TRAPS Sox = +2.0 MViem

| OT03C
10 G0 10 | FHOS-0PED B
+T08 POLY-S1
ELECTRON-HOLE womuen ) BATE 4

RECOMBINATION 10" FAt0s } aowon 7 T

ELECTRON BATE /8 aoescha

INJE[:TIUN Ao—mmm
FHDM $i 10° - Ve + (1976} -

Ve Avpgadiy,

e
w0+ 7 #

..

—AVgg/10* RAD (Si) (VOLT/RAD(S])

| HOLE TRAPPING S TRAPS CLEARED .
. AND TRAP FILLING I BY TUNNELING FROM Si 4
: I Y
BATE ‘]l 8i0; 8i wr & i
4 X
0 DISTANCE THRU OXIDE g, P N
1 10 102
2 b) tox {nm})

Figure 3-11 a) Hole trapping in the MOS oxide with positive gate bias applied [McL89]. b) Shift in the flat
band voltageVrsp after an accumulated dose of 1 Mrad as a function of gate oxide thickness, dox (Ztoy) for
various MOS structures [SAK84].

Interface traps are dangling bonds due to a deficiency in an oxygen atom at the crystalline
silicon and amorphous oxide boundary. These traps have energy levels within the silicon
bandgap. The number of radiation-induced interface traps depends on several factors: electric
field, temperature, radiation energy dose rate and, more importantly, oxide thickness. From

experiment [ANEOO], traps in the upper part of the silicon bandgap are acceptors and those in
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the lower part are donors. Therefore radiation-induced traps increase the absolute value of V,

for both # and p type MOS FETs.

From advances in process technolgy in cleaner and lower growth temperature oxides, the
FET geomety is continously reducing, in particular a lower gate oxide thickness lowers the
density of hole traps. The improved radiation hardness, due to the reduced number of traps in
the gate oxide is demonstrated in Figure 3-11 b). This shows the flatband voltage (Vi) after 1
Mrad irradiation as a function of t,. Vpg is the voltage that has to be applied to the gate
eletrode to create a flat energy band within the silicon. When the voltage between source and
base V equals zero then Vi is equal to V.. Below an oxide thickness of ~12 nm the removal
of trapped charge is dominated by tunnelling effects and the number of radiation-induced traps
is reduced. This greatly increases the tolerance to radiation damage. For the process technology
used for designs within this thesis, t,, is equal to 6.2 nm and therefore can be considered to be

radiation hard against trapped charge in the gate oxide.
FET layout design for thin gate oxide devices

Although the reduction in the gate oxide greatly increases the tolerance to radiation
effects, there still exists the problem of the thick field oxide, shown in Figure 3-9, which is
typically an order of magnitude larger than t,.. Field oxide is used to define the channel width,
to isolate devices from one another, and to allow interconnection layers to be routed on top of
one another. For NMOS devices, as the oxide is over a p-type substrate, charge trapping in the
bird’s beak region (c.f. Figure 3-9) causes parasitic transistors, which are in parallel to the active
device, to turn ‘on’. The result is a leakage path directly from drain to source i.e. bypassing the

gate. This problem is circumvented by the use of special layout techniques.
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Figure 3-12 Schematic drawing a) of the standard linear FET geometry and b) an enclosed FET
device.

Figure 3-12 shows two ways in which a MOS FET transistor would be in layout; the most
commonly used linear method, a), and the enclosed gate (ELT) radiation hard layout method,
b). Although the ELT consumes a considerable amount more area than the linear method it has
only one path between drain and source, and that is under the gate region. This therefore
removes any possibility of parasitic transistors being created between the drain and source
regions and any leakage current around the gate is eliminated. As the linear device is completely
symmetrical, the drain and source are interchangeable. However, the ELT is not a symmetric
device as the two diffusion regions differ in area, and consequently capacitance and
conductance. From measurement [ANEOO] is has been found that, for a minimum allowed gate
length L. of 0.25 um in this case, the output conductance is 20 % more when the drain is on the
inside of the gate. For an L of 5 um this increases to 75 %. Whether the drain is chosen on
the inside or the outside of the gate depends on the application. For example, the current bias
circuit described in section 4.2 requires a high output resistance from many of the NMOS
devices used, so takes advantage of the low conductance by using the region outside of the gate

as the drain.
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A method to extract the effective W/L aspect ratio'” of an ELT device has been devised
by [FAC98]|GIR98]|[RD49_stat]. The three contributions are labelled in Figure 3-12. The
effective (W/L) ratio of an ELT device is desctibed as

d-d'
W 42 g lza 5 2 , Fqu 3-22
L d' 1 L 9
eff n—— 113 In—  _~°f
d'—ZGZLeff # 3
— 2

1

where

[W/ L)Cff is the effective apect ratio of the enclosed transistor,

Lt is the drawn length minus the the reduction in gate length due to underdiffusion,

photolithography and etching,
d,d"are the geometrical lengths shown in the ELT layout and
a, K are fitting parameters : @ = 0.05; K = 3.5for L. < 0.5 um, K =4 for L. > 0.5 um.

The first term (1) in Equ 3-22 takes into account the linear region between corners. Term
(2) describes the triangular corner segment and term (3) represents the rectangular region of the
corner. This formula gives a precision of 94 % for short transistors and even better for long
devices. A minimum aspect ratio (~2.3) is reached for L=7 pm so transistors with large L and

small W are not possible.

3.4.2 Single event effects (SEE) in MOS transistors

In contrast to the accumulative total ionizing effects, single-event radiation effects are
usually triggered by a single particle that crosses the sensitive region of a device, causing
localized damage. As the technology size becomes smaller, most obviously below 0.8 um, the
sensitivity to an SEE significantly increases. For the deep-submicron technology used for the
Beetle only two SEE effects are of importance, namely ‘single event upset’ and ‘single event

latch-up’.

17 The effective L or W is where a reduction in the geometry due to, for example, oxide encroachment has been accounted for.
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Single event upset (SEU)

Unlike the semiconductor bulk where electrons and holes generated by an ionizing
particle immediately recombine, the electron-hole pairs generated in reverse bias pz-junctions,
such as the drain/bulk, are separated by an electrical field. This can give rise to a cutrent spike
on the passage of an ionizing particle that can modify a logic cell such as a flip-flop. These
effects can become static in a memory cell. For example a static RAM cell, which is made of
two inverters in which the output of each is fed back to the input of the other, will have
sensitive transistor drains, which if affected will cause the memory cell to capture the upset. The
charge collection of this current spike has two components: a fast (~ps) collection from the drift
process in the depleted region and a slow (~ns) collection from the diffusion in the bulk. The
fast drift effects are magnified by an effect called ‘funnelling’. An ionizing particle penetrating
the junction and depleted region generates electron-hole pairs along its trajectory. The created

charge distorts the local electrical field along its track and causes a nesting of funnel-shaped

/parl cle track

depletion region

funnel region rapid charge collection

by drift

bulk region slow charge collection by diffusion

Figure 3-13 Enhanced charge collection by funnelling.

equipotential surfaces that can extend deep into the substrate bulk. This produces a large
potential gradient resulting in an enhanced charge collection at the sensitive device node,

demonstrated in Figure 3-13.
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For each device there is a minimum charge quantity that is able to generate a SEU. The
charge generated by the incident particle is directly proportional to its linear energy transfer

(LET) defined as

LET = 1dE Equ 3-23
pax

where p is the mass per unit volume of the silicon expressed in kg/ m’ and dE/dx is the mean

energy transferred to the material per unit path length in eVem™. Hence LET depends on the

nature and on the energy of the incident particle and the target material. The critical LET is

given by
E it
|_E'|'Crit =it Equ 3-24
ps.d
where E; is the minimum energy required to generate a SEU, p'S; is the mass per unit length

path of silicon and 4 is the sensitive depth (for example the depth of silicon under the drain
region). It should be noted that the employment of LET as a single parameter can suffer
limitations. For example LET yields the energy lost by the incident ionising particle which is not
necessarily the same as the energy deposited in the SEU sensitive volume, which is generally
referred to the stopping power. However, for very large ‘d” dimensions the LET is equivalent to

stopping powet.

Potential candidates to cause a SEU are heavy-ions, protons, pions, or neutrons by
secondary effects from inelastic interaction. Hardening integrated circuits to SEU can be
achieved by technology and design methods. However, technology methods such as using SOI
or the use of larger devices, generally degrade circuit performance i.e. by slowing the switching
time and increasing the power consumption. The design methods make use of two forms of

self-correcting digital control logic cells, described below.

Figure 3-14 a) shows a ‘triple redundant cell’ that would be used in, for example, a state

machine. In this case the input, D, is fed to three standard flip-flops. The three flip-flop
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Figure 3-14 a) Triple redundant flip-flop, b) self correcting cell [BAUO3].

outputs are decoded with four NAND gates so as to give an output at Q that corresponds to
the majority of the logic levels at A, B and C. This is often referred to as a majority-voting
scheme. In the case of a SEU causing one flip-flop to change state, the remaining two will still
hold the correct logic level and will be in the majority, therefore the logic level at Q will be
unaffected by the SEU. The triple redundant cell has a flag I to show that a SEU has occutrred.
Figure 3-14 b) shows a cell that could be used as part of a configuration register i.c. a register
that is loaded from the JTAG interface. Internally it uses a triple redundant cell. In this case an
analogue switch is used to select between feedback or configuration data. When in normal
running mode (feedback) a SEU causes the flag to set, which is used to clock the majority vote
back into the register therefore making the correction. This is normally achievable in less than

1ns, depending on technology.
Single event latch-up (SEL)

Latch-up occurs in standard CMOS technology due to the turning on of parasitic
thyristors, shown in Figure 3-15. Latch-up can occur due to high temperatures, large transients
on the power supply or be induced by a heavily ionizing particle. Once the parasitic thyristor is
on, a short circuit develops between the power lines causing a large current on the
interconnects. The device is destroyed unless this is not promptly interrupted. The mechanism
of a latch-up for the schematic of Figure 3-15 is as follows. An increase in the base current of

Q2 gives rise to an increase in Q2 collector current. As the collector of Q2 is connected to the
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Figure 3-15 a) Cross section of a CMOS with parasitic thyristors Q1 and Q2, b)
schematic representation. [BAUO3].
base of Q1, the collector current of Q1 is also increased, which is positively fed back to the base

of Q2 and latch-up occurs. Latch-up is only possible if the following conditions are met:

e The power supply must be able to supply enough current to keep the device
latched;

e The two parasitic bipolar devices which make the thyristor must be forward

biased;
e The loop gain has to be greater than one.

To prevent latch-up, the loop gain is made to be less than one by making the resistors R,
and R, small in value, thereby reducing the voltage drop to forward bias the base-emitter
junctions. These resistors are not discrete components but represent the resistance of the
leakage path through the silicon. A reduction of the leakage path resistance, and therefore the
potential voltage at the circuit nodes, can be achieved by flooding the circuit node areas with
substrate or well contacts (discussed in the next chapter) and by the use of guard rings, shown in
Figure 3-16. Guard rings surround the device and offer low impedance routes to the power

rails. The other advantages guard rings have are a) the removal of leakage paths between
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Figure 3-16 Layout principle of guard rings(grey) for NMOS and PMOS FETs [BAUO03].

NMOS diffusion regions, such as the drain to the neighboring #-well of the PMOS, for example
caused by radiation damage in the field oxide, and b) the prevention of any substrate noise

injection from adjacent devices.

The following chapters make use of all these techniques for the Beetle chip design.
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Chapter 4

Beetle Bias Generator

The 0.25 pm process Beetle ASIC, introduced in section 3.1.3, needs voltage and current
biasing'® to set numerous DC operating points within the chip. The chosen bias values have an
affect on the chip performance, in particular, the noise and shaping times of the front-end
amplifiers. This is explained in detail in Chapter 5. To facilitate performance optimisation, the
biasing needs to be adjustable. To provide the biasing externally is cumbersome, and

particularly demanding in LHCb, where thousands of closely packed chips will be used.
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Figure 4-1 The bias generator test structure: a) is the floor plan and b) is the layout.

Therefore the bias levels are generated on-chip and are adjustable by internal voltage (V-DAC)
and current (I-DAC) DACs that are controlled by the user through the I°C interface. The

18 FET transistors need a fixed DC voltage applied to their gate so as to put them in, for example, the saturation mode of
operation. This is termed biasing. In the case of an amplifier the small-signal response in then supetimposed on the DC value.
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author designed the components needed for a complete bias system and submitted the

prototype designs as a test structure, in an MPW'" run.

Figure 4-1 shows the layout and floor plan of the so-called BeetleBG1.0 prototype bias
generator. ‘The chip was designed in such a way that it could be placed next to the BeetleFE1.0
test structure, which is a set of prototype Beetle front-end amplifiers, and bonded across to give
the amplifiers the necessary biasing while under test. The BeetleBG1.0 consists of two 10-bit
voltage V-DACs, nine 10-bit current I-DACs, one voltage reference source, and three types of
current-source. For circuit testing purposes a 16:1 multiplexer was also necessary because of the
restricted number of chip I/O pads available. In this way 16 internal test points can be routed
out to a single I/O at the cost of only four multiplexer addressing I/O pins. The test structure
in the centre of the chip shown in Figure 4-1 was added on behalf of another project and is not

related to this thesis.

The following subsections highlight layout techniques for improved matching of the bias
values across the chip. Also discussed is how the components of the BeetleBG1.0 are combined
together to make two circuit modules, the ‘Voltage-bias module’ and the ‘current bias module’,
for generating and distributing, respectively, voltage and current to the Beetle circuit bias nodes.
For these modules, the designed circuitry and chip layout down to the component level is given.
For both the voltage- and current-biasing modules the measured values from the prototype
designs on the test structure are compared to simulated results. The reader is referred to section

3.2, MOS FET characteristics, for general FET and current mirror principles.

4.1 Layout techniques

Ensuring that the bias points remain rigid” and are identical in operation for all 128
readout channels across the entire Beetle chip is of paramount importance to the signal integrity.
Primary causes that affect the stability of the biasing network are the temperature and the

manufacturing process variations. Vatiations in process parameters caused by, for example,

19 MPW, Multi-Project Wafer. A wafer is shared between several independent projects to reduce cost.

20 The set values remain constant under any various load conditions.
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variation of gate-oxide thickness across the chip, oxide encroachment™ and lateral diffusion™
can drastically affect the performance of a component. One parameter that particularly suffers
from these process variations and has a large effect on FET operation is the threshold voltage V,
(defined in section 3.2). The dominant effects of temperature are a shift in V, and
transconductance parameters, and changing resistor values. Both the process vatiation and
temperature effects can be limited by following layout rules that are summarised in the following
bullet points and given by example in the layout of the current mirror shown in Figure 4-2. In

the following context a device is defined as a single component such as a FET, whereas a

component is a group of devices that form a circuit.

Drain Drain
)
=
:

Gate
o= M1 }-4{ I:M2
= ‘_
)
{ v}
m "
‘ Source
D Gate & contacts D Drain or Source
a) & contacts b)

Figure 4-2 Applying the layout rules to a current-mirror component: a) Layout using W-divided FETS,
where both M1 and M2 have been divided by 4, and using the centroid scheme with contact flooding and
dummy devices, b) is the current-mirror schematic.

e Gate dimensions should be several times larger than the minimum allowed by the
process. This reduces the effects of channel length modulation and process
variations. It also improves device matching and eases the analytical modelling of
the device. The gate dimensions are not explicitly shown in Figure 4-2.

¢ As many interconnect contacts should be used on the drain, source and gate
regions as possible. Interconnects are vias with a fixed physical size that join the
different metal (or poly) layers together. Increasing the number of vias used

results in lower resistance, more current capability and a more distributed current
load.

21 Oxide encroachment is where the oxide overlaps into areas it should not.

22 Lateral diffusion is where the p and # boundaries merge during and after fabrication, which consequently modifies the L. or W
of a FET device.
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Symmetrical or common-centroid layout schemes should be used. Where
possible the device should be split into a number of parallel parts and laid out in a
symmetric way so as to distribute process variations evenly across an entire single
device. By using symmetrical or common-centroid schemes the value of, for
example V, , will be the mean V, value of the device’s smaller parts. The mean V,
value will hence represent the complete device characteristic and will be easily
duplicated. For components where more than one device (tesistor FET or
capacitor) is used, for example the current mirror shown in Figure 4-2, a further
improvement can be made by interleaving the component parts, making the
device symmetrical around a central point; hence the name common-centroid.
This considerably improves the matching between the two devices.

Single FET devices should be split into n parallel devices, each with an n® of the
original W. This reduces parasitics (for instance stray capacitance) associated
between drain/source and substrate. An example of this scheme is shown in
Figure 4-2 with M1 and M2 being sub-divided by four, and sharing drain and

source connections.

Dummy devices should surround each component. A dummy is a replica device
that has no electrical purpose but does protect edge devices from over etching,.
The dummy device should be the same in layout as the device it is protecting.

Guard rings should be used to isolate sensitive devices. Any precision circuit is
susceptible to charge injection via the substrate from adjacent circuitry. The
simplest method of reducing noise between adjacent circuits is to surround the
device or component with a p+ implant (for a p-substrate) that is tied to Vg The
implant removes the injected carriers and holds the substrate to a fixed reference.
This has added benefits when designing circuitry for a radiation environment, see
section 3.4. The guard rings are not shown in Figure 4-2.

4.2 Current bias module

The Beetle chip has several circuit nodes that need to be current biased. These current-
bias nodes are mostly the DC current within an amplifier; this determines the gain, rise-time and
even noise characteristics of the amplifier cell. The simplest way of setting a DC current bias is
to generate a single reference DC current that can be mirrored, for example, within the input
amplifier cells of each channel. The accuracy, adjustability, resolution and dynamic range of the
reference current required is specified by the designer of the Beetle sub-circuit that the

references serve.

In total the Beetle chip requires 11 externally adjustable current references for operation;

the reader is referred to the Beetle block diagram (Figure 3-1 [BEE(4]) for the bias nodes. Most
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of the current references serve sensitive nodes and therefore need to be insensitive to noise and
the voltage demands made of them. Furthermore they should not drift or contribute any

significant noise themselves.

As discussed eatlier, an effective way of distributing current biasing to many locations
over a chip area is to make use of current mirrors. This has the advantage of the ease in which
the magnitude of current can be changed at the design stage for each bias node i.e. by simply
modifying the current mirror ratio. Furthermore, variation of parameters caused by temperature
and radiation can be made to have little effect. For example, if the two FETSs of the current
mirror are physically close together then the same change to V., due to temperature can be
expected in both FET devices and will therefore cancel out. To satisfy the design requirements
of adjustability, accuracy, resolution and dynamic range, 10-bit” I-DACs are used; the current

magnitude at the I-DAC output being set by the user through the I’C interface.

Box 1

Box 3
Current source

@ I-DAC 10 groups of LSB -FETs

Total # of LSB-FETs =1023

. !
Iin -
10 parallel .
VDD switches. ik 11
VDD I_-;|||.-I
m2 v, 1 LML
DD, . _ 1 1 . |||. .t
V-ref L I ge! 2 parallel 1 i a
b . = LSB-FETS 1o
| [ N ad
m3 m 10-bit control
address logic I-load. One/channel.
I-mirror —_
Box 2

L
m4 ’_I_I_( m;

Load =

Box 4

Figure 4-3 The general current-reference scheme.

23 A 10-bit 2 pA resolution was more sensitive than required but allowed some insight into manufacturing process variations.
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Figure 4-3 shows the general current reference and distribution scheme of a single current

bias module. The principle is as follows:

e A 10-bit digital value is input via I’C; each bit controls the operation of 10 parallel

switches.

e Hach switch turns “on” a circuit consisting of a group of FETS; each of these
FET circuits outputs a current proportional to value given by the input control bit

(i.e. a binary-weighted value), when that bit is set.

e The currents from all 10 groups of FETSs are recombined to form the required

output current reference, which is proportional to the input digital value.

Each group of FET's contains 2" identical FET devices, where i runs from 0 to 9. All the
FETSs are connected in parallel and have common-connected drains, giving an output current
which is proportional to the number of FETs within that group. Hence the 10-bit I-DAC
consists of 1023 FET transistors in total, each having the exact same geometry. The basic FET
building-block used in the I-DAC is termed here as the LSB-FET’, since a single LSB-FET unit
is used for the LSB setting. Hence when only the LSB of the I-DAC is selected (bit 0), then the
number of LSB-FETS in the smallest group is one, and this defines the minimum possible value
of bias current. If the MSB of the I-DAC is selected, then the largest group, consisting of 2’ =
512 LSB-FETs, is turned ‘on’. The magnitude of current from a LSB-FET is determined by its
geometry and V-ref. To generate the V-ref setting, a current-source and a system of current
mirrors is used. In principle a large current is generated and scaled down using a series of
current mirrors to the smallest current value required for biasing. The scaling thus reduces noise

and improves accuracy.

Referring to Figure 4-3, an integrated current-source (Box 1) provides the reference
current for an I-mirror (Box 2) so that a single, stable V-ref (V) can be switched to any
number of the 10 groups of LSB-FETs (Box 3). When Switch #0 is closed, this corresponds to
an LSB I-DAC setting, while switch #9 gives a MSB setting. When a switch is closed, m2 forms
a current mirror with the LSB-FETS in the switched group. When the switch is open, the group
of LSB-FETSs are at Vyp, i.e. switched off. The load for each I-DAC is one half of a current
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mirror (m4 Box 4). The other half of the current mirror is a FET (mi) that provides the bias
reference for any given node of the Beetle chip. For example, the current bias I in Figure 3-2
is distributed to each of the 128 amplifier channels, plus the test channel, with one mirror FET
at each channel-node. The following sub-sections describe the components in more detail and

are ordered with respect to the design flow.

421 I-DAC

The specification for the I-DAC is a 10-bit resolution with an LSB of ~2 pA. As eleven
I-DACs are required, physical size is also important. A binary-weighted I-DAC was opted for,
as this offers a simple DC scheme. A further advantage is that this can be implemented simply
with CMOS FET transistors. Good device matching can be achieved if duplicates of the
transistor used for the LSB are used to make the remaining binary-weighted outputs. In total the
binary-weighted I-DAC will be composed of 2°-1=1023 LSB-FETSs in a current-source
configuration. Below, the design of a single LSB-FET device is described.

The LSB-FET

A good current-source (in this case the LSB-FET) should have a high output resistance

|
compared to its load, implying a good compliance™ and a low g,. From @, =-**, a small g

in
infers that the FET will be de-sensitised from the DC voltage between gate and source, Vg,
thereby improving the common I, setting of duplicate devices. Furthermore, this reduces the

effects of noise on the gate terminal. To obtain a low g, two parameters are at the designer’s
disposal, namely the WA gate dimensions and Vs, which determines the LSB-FET DC

operating point. The L gate dimension has a direct effect on the incremental resistance of a

FET device. The equation (Equ 3-8) for incremental resistance, defined in the saturation region,

is7, = %I , where the channel-modulation parameter A is the inverse of the Early voltage and
D

I, is the drain current of the FET device. Using an L gate dimension that is larger than the

24 Good compliance in this case means only a small change in output current (Al ouT ) results under varying voltage load
conditions.
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minimum allowed will reduce the value of 4 to some degree; this value is usually found
empirically. Reducing A increases 7, , where 7, in this case is the current-source output
resistance. The increase in 7, , giving an improved current-source, is at a cost of real estate and

needs to be optimised.

In fabrication, the W gate dimension does not suffer from the drain/source dopant atom
diffusion under the gate region or A like the I. dimension, and can therefore be made closer to
the minimum design rules without the consequences of the short-channel effects. In the case of
the LSB-FET, W was arbitrarily chosen to have a reasonable value of 0.6 um. With the W
dimension chosen, the L. dimension could now be optimised to give an I, of 2 pA, with an
appropriate Vg operating point that allowed a broad range of load voltages on the LSB-FET

drain terminal, an acceptable 7, and a small g .

Equation Equ 3-5 can be written as

gszWx\/ﬁx\/W Equ 4-1

where it can be cleatly seen that g, is proportional to N /0 , and therefore can be optimised in

relation to the real estate consumed. Figure 4-4 a) is a plot of the W A proportionality factor,

from Equ 4-1, as a function of L. with a fixed W value of 0.6 pm. Also shown is the total gate

area, simply W x L x (the number of FET devices), required for all the LSB-FETSs within the

2 50000 12
—m— gm factor /» —ID
18 A area 45000
10 4
16§ + 40000
1.4 1 + 35000 o
124 + 30000
o <
g E
& 1 +25000 3 | |« 6
E g3 Operating point
® 8 Chosen L of | 20000 ® | | 2
S, S 3um 4 1,236V
06 M 15000
0.4 10000
/ ""'"l--..._._._‘._._. 24
0.2 5000
7
oY e e 0 ‘ ‘ ‘ : ‘
1 4 7 10 13 16 19 22 25 28 0 05 1 15 2 25
gate length L 1x0.25 um Vgs V
a) b)

Figure 4-4 Optimisation for W/L of the LSB-FET. a) Shows the gm factor from Equ4-1 and area consumed
with increasing L. b) Shows the operating point of Ip for the LSB-FET with W/L=0.6 pm/3 pm.
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Beetle chip for eleven I-DACs, as a function of the gate length I.. The remaining FET area
required for drain- and source-terminal regions is not accounted for here; this would be a fixed
area and therefore an offset. From the graph of Figure 4-4 a), the area consumed gives a linear
gradient of 6800 um’/um. From this the gate length of the I.SB-FET was chosen to be 3 um.
Although an L of 1.5 pm would have saved ~ 50 % in area without much penalty in increased
g., the longer I was beneficial in considerably reducing the short-channel effects and improved

matching of the devices.

0.6m
3um

To ascertain whether the WA aspect ratio of can give the required 2 uA with a

reasonable value of V is determined by the simplified equation of Equ 3-2 for I, given as

Iy =%(VGs -V, )2 forlongLandVq <V =V, . Equ 4-2

The value of K' is dependent on PMOS or NMOS technology. In order to make an NMOS
FET radiation hard, the use of enclosed gate layout (described in section 3.4) is required. This
has the disadvantage that it prevents the use of a small aspect ratio. Another advantage of
PMOS over NMOS in this instance is that the hole mobility is ~2.25 less than the electron
mobility, making g less for a PMOS with the same geometrical size as the NMOS. Figure 4-4
b) shows the simulated transfer curve using Equ 4-2 for a PMOS LSB-FET with an aspect
ration of 0.6 um/3 um. Taking an operating point for I, of 2 pA gives a Vg of 1.236 V. This
results in a g, of 7 uA/V, an 7, of 47 MQ® for a OV — Vbs_sar load voltage, and a total gate
area for eleven I-DACs of 25300 pm®. The value of Vi gy, and therefore the maximum

allowable load voltage on the LSB_FET drain terminal, is found to be ~1.98 V.

Consideration needs to be given to 7, and the sensitivity of the I-DAC to V-ref when all
1023 LSB-FET devices are combined to form the maximum I-DAC current. When all 10-bits
of the I-DAC are selected the effective value of 7, will be ~ 47 M%OZB ~ 46kQ . Therefore, in

order to keep the generally-accepted required accuracy for a DAC of +0.5 LSB

25 The value of A in simulations uses empirical measurements from the fabricators.
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(corresponding to an output current of 1 uA) across the full dynamic range of the I-DAC, the
load resistance needs to be small so as not to cause more than 1 pA x 46 kQ =46 mV deviation
in load voltage for any I-DAC current setting. As the load of the I-DAC will be a drain-gate
connected FET (see Figure 4-3, FET m4), a low ohmic load value can easily be achieved for
the entire I, range of 0.002-2.046 mA by an appropriate W/L selection of m4.

The I-DAC layout

Figure 4-5 shows a) the layout of the I-DAC, b) the floor plan and grouping scheme and
¢) the binary-weighted PMOS FET output stage, where nl, n2..n512 represents the number of
LSB-FETs used per binary-weighted stage. The layout of the I-DAC is critical, as the
monotonicity and accuracy is dependent on how well all 1023 transistors can be matched.

Monotonicity is defined as the condition such that there is an increasing value of output for

1-bit logic | 1-bit logic

. . . . 512 Transistors
1-bit logic | 1-bit logic = 64
32 W/=0.6/3

b) | 1-bit logic | 1-bit logic

SOUIIIMS

128 Transistors

uorssIwsuer],

1-bit logic | 1-bit logic 256 Transistors

1-bit logic | 1-bit logic
output

VDD
Bu<0> Blt<1> Blt<2> BN> Blt<4> Bdt<5> Blt<6> Bu<7> Bu<8> Bn<9>

Mﬁ Mﬁ Md Mﬁ Md Md Mlj Mﬁm Mﬁ Mgu

V-Ref

Figure 4-5 The 10-bit binary-weighted current DAC that was implemented in the BeetleBG1.0. a)
The layout, b) the floor plan and ¢) the schematic of the binary-weighted PMOS FET output stage,
where n1, n2..0512 represents the number of LSB-FETSs used per binary-weighted stage.
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every increasing digital input code. A non-monotonic DAC can result if the differential non-
linearity error, described in the subsequent paragraph, exceeds =1 LSB. This leads to the
requirement that the matching of the MSB-group of FETS to the LSB-FET must be better than

% 101 0t 0.195 %. To facilitate this, all of the LSB-FET's in Figure 4-5 would, preferably, all be

interwoven around a common-centroid scheme desctibed in section 4.1. However this proved
difficult when routing the gate tracks. Instead the FETs are grouped together with their

associated bit number, and layed out as close as practically possible to a common-centroid.
Measurement results

Four BeetleBG1.0 chips, each with 9 I-DACs, were mounted on tests boards. The input
address was loaded directly to the I-DAC address bus as this was accessible via the chip I/O
pins in the case of the test structure. A Hewlette Packard 34970A multipurpose data acquisition
unit was used to generate the required I-DAC address and binary input, and to measure and
store the I'DAC output. The unit was fully controlled by a Labview program running on a PC.
Figure 4-6 a) shows the measured results of I as a function of the set binary input value,

sampled over the 4 chips.
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2) b)
Figure 4-6 Measured results for the BeetleBG1.0 current DAC. a) Linearity plots of 36 DACs b) differential and
integral non linearity for a single DAC.
For each binary input value the I-DAC measured results were histogrammed and the
following results obtained. The mean dynamic range of all the I-DAC measurements shown in

Figure 4-6 a) is 0.1 pA to 2.101 mA, with an LSB of 2 pA. This gives a mean gain error of
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10
2 —IXLSB 100 =2.6%, where 1SB and DAC,,

DAC "

max

are the measured currents. This poor

gain error is attributed to the demands of accurately setting the power supply for Vi to 2.5V,
as Vg of the LSB-FET is the voltage between Vi, and V-ref. The variation between the I-
DACs is =1 % RMS and there are no obvious trends between the I-DACs on different chips.

Two parameters that allow a detailed view of any non-linearity that may be present in the

Iour transfer function of Figure 4-6 a) are ‘differential non-linearity’ (DNL) and ‘integral non-
linearity’ (INL). DNL is the measured difference Alg,; between settings n and n-1, whete n is

the value set by the input bit pattern. This cleatly demonstrates how well each I, increment
matched the last, and indicates whether or not the DAC is monotonic. INL shows the overall
distortion from linearity by taking the difference between the ideal I linear curve and the
measured L. The DAC is usually deemed acceptable if both the DNL and INL are within
+0.5LSB. Figure 4-6 b) shows the DNL (with the LSB curtrent subtracted) and the INL of a
typical -DAC. The measurements after the 511" binary setting suffer from rounding errors of
the measurement equipment as a different resolution had to be selected. The DNL can be seen
to be within + 0.5 LSB, the I-DAC is therefore monotonic. The DNL can be seen to have
some correlation with the code being set i.e. the current spikes seen at the binary input setting of
256 and 512, which indicates that there are some systematic effects, most probably due to the
non-centroid scheme. The INL accentuates the mismatching of devices and is £1 LSB in the
worst case. The dependence on the bit setting is clearly seen and indicates that the largest non-
linearity effects are associated with the largest number of collective FETs i.e. the 128, 256 and
512 groups. Whilst the INL is outside the +0.5 LSB tolerance, a =1LSB error is acceptable

for the Beetle since the 10-bit sensitivity is more than necessary.

To measure I and 7, of the I-DAC a variable resistor was connected as the load of the I-
DAC. While varying the resistance, the voltage across the resistor, V, ,p and the output current
of the I-DAC, 1,;; were measured with multi-meters. A plot of Iy as a function of V,,p for
an LSB setting (2 uA output current) is shown in Figure 4-7. The ~100 nA leakage current is
attributed to the summation of a small leakage from each of the 1023 LSB-FET devices. The
measured LSB=2.1 pA and the measured 7, is 38 M up to a load voltage of 0.5 V of the 2.5 V
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Vpp rail, which compares well with simulation. If the offset is taken into account then the

simulated value of 2 pA agrees well with that measured.

| out uA

15
W load V

Figure 4-7 Ip vs Vioap for the LSB of the current DAC. The measured
values are: LSB=2.1uA, =38 MQ) and leakage~100nA.

For a LSB setting on a typical I-DAC, the sensitivity to the Vp, supply voltage was measured
to be an approximately linear, 1.4 uA/V, over the supply range of 1.1-3.0 V. The temperature
sensitivity over a range of 25-80 °C was measured to be 1.8 nA/°C by using a hot-air gun to
increase the chip temperature and a thermistor to measure it. For both the temperature and
supply voltage sensitivity, the voltage and temperature gradients are multiplied by the decimal
equivalent of the I-DAC input binary-bit number set. Therefore these parameters need to be
kept stable to within ~ 0.5 mV and ~ 0.5°C if the I-DAC is to maintain an accuracy of 2 uA 1
LA over its entire working range. The Beetle chip is less stringent in requirements than this due

to the reduced resolution requirements.

4.2.2 Current-source and V-ref

The design procedure of both the current-source and V-ref is now discussed. As V-ref is
fundamental in setting the correct I-DAC operating conditions the design procedure starts with

V-ref.
V-ref accuracy

To determine the accuracy and stability requirement of the V-ref node shown in Figure

4-3 50 as to maintain the £ 0.5 LSB I-DAC requirement and a generally acceptable requirement
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that the LSB should be within 1 % of the design value of 2 uA, the I-kDAC is considered when
all of its binary input bits set to ‘1. This consequently gives the maximum I-DAC output
current, and therefore the maximum sensitivity to the setting or deviations in V-ref. To facilitate

the V-ref evaluation while the I-DAC has its maximum output current set, the total number of
1023 I-DAC FETs are considered as a single FET with an aspect ratio of 1023x0.6 %Hm

(c.f. the aspect ratio discussed in section 4.2.1) and will be referred to as LSB-FET-mb5.

For evaluating the effects of a small change in Vg of LSB-FET-m5 caused by noise, the
combination of the LSB-FET-m5 and drain-gate-connected m4 FET of Figure 4-3 should be
considered as a parasitic common-source amplifier. The reader can refer to section 3.2 for the
standard common-source amplifier configuration. In this configuration V-ref, with a

superimposed small-sighal v-... , would be the input to the common-source amplifier. The

ref o

voltage at the drain of LSB-FET-m5, which is determined by the 7, resistance of the m4 FET
multiplied by i,,, would be the output voltage. This is also v, of the m; FET. The common-
source configuration has a gain of g /g ., where g - and g, are the transconductances of the
LSB-FET-m5 and m4 FET respectively. Therefore the sensitivity of the load (Box4) to v-,
depends on the gain of the common-source amplifier stage as this directly modifies v,, of the m;
FET. Assuming that the common-source amplifier just discussed will be designed to give a
maximum gain of one i.e. an m, FET with a large g, then by extrapolating back from Equ 3-5 it
is found that V-ref should not vary by more than & 140 uV if I, is to stay within + 0.5 LSB over
the entire I-DAC range. This does not take into account any AC decoupling that might be
added to reduce noise effects at any node within the Beetle chip. From Equ 3-3 and the general
requirement that the LSB I, should be within 1 % of the design value of 2 pA, V-ref should be
1.236 V+ 10 mV. For the V-ref accuracy of =10 mV and the required low noise content of v-

r Of 2 maximum =+ 140 uV, implies that V-ref must generate little noise, be accurate and stable.

It is worth mentioning that V-ref could have been generated with a resistor divider
network. To make the divider a low power circuit requires large resistors and therefore the
circuit would contribute Johnson noise to V-ref. Other disadvantages are the difficulty in
gaining resistor accuracy and the chip area consumed by large resistors. The implemented

design achieves the required accuracy, low noise and low power by scaling down a
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proportionally large current, compared to the LSB current, using a system of current mirrors.
The current mirror scaling method introduces little noise compared to using discrete
components and is very accurate in its scaling if the devices are matched well in layout, thus

allowing a precision design.
V-ref circuit description

Again referring to Figure 4-3, the I-mirror used to set V-ref is described below in terms
of both layout and circuit design. An accurate way to generate V-ref is to use a duplicate (the
duplicate is m2) of the LSB-FET from the I-DAC design to form a current mirror with the I-
DAC LSB-FETs. By using multiples of the ‘duplicate’ in parallel, the ratio of the currents can
be such that a more manageable I, ,, can be used, i.e. a scaled up version of the LSB current
requirement. An advantage of using multiple ‘duplicates’ over the use of a single larger FET
device is that the mean value of V, for several devices will better match to the mean V, value of
the I-DACs. The accuracy of the scaling ratio will also be improved due to the fact that, in
fabrication, devices can always be copied very precisely. The increased Iy, , has a further
advantage when considering noise. If m2 is considered as the active load resistor of the
common-source amplifier created by m2 and m1, the increased value of I, ,, compared to the
LSB of 2 pA, consequently decreases the active-load resistance (m2) given by 1/g., . This
makes the V-ref node less susceptible to noise pick-up, less of a noise generator, and also

reduces the small-signal gain, g_,/g.,, of the common-source stage.

Figure 4-8 shows the V-ref mirror scheme used, a) is the layout, b) is the floor plan and c) is
the schematic. To have a manageable I, of 200 pA and to keep the design to a reasonable size
while maintaining good V, matching, m2 has been built from 100 duplicate LSB-FETs. For
noise considerations, m1 and m2 form the common-source amplifier with m2 being the active-
load with an R, of 1.4 KQ (here R, =1/g, for a drain-gate connected FET and is not the
incremental resistance 7). To give the lowest g and largest 7, and to make use of multiple
devices for improved matching, m1 composes 8 NMOS FET devices. Fach have an enclosed
gate, with an L of the same dimension as the L of m2 and an aspect ratio close to 4.29, which is

the minimum for an enclosed gate with this L. dimension.
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Figure 4-8 The V-ref current mirror used for the gate voltage of the current DAC. a) The layout, b) the floor
plan and c) the schematic.

Current-source

The current value required to be generated by the current-source (Box1 of Figure 4-3) can
simply be found by multiplying the required LSB value of 2 pA by the current mirror ratios at
each stage, which is now described. While referring to Figure 4-8 c), the LSB value of 2 pA is
multiplied by the first current-mirror ratio of 100:1, given by the number of m2 FETS to a single
LSB-FET, this equates to 200 pA. This current flows through m1. The current mirror ratio

between ml and m3 is 10:8, and therefore m3 will have a current flow of

%x 200 uA =250 pA . It is this value of 250 pA that the current source will generate. As the

parasitic common-source amplifier gains, discussed earlier, have been made to be <1 and that
Rioap Of the current-source = % W~ 580€Q2, which is considered to be a small R-noise
m
generator, no special noise considerations are given to the design of this circuit.
As stated previously, an ideal current-source has a uniform output current response over

the entire range of load values. To ensure this, R, of the current-source needs to be large. One

way in which to achieve this with a FET device is to use a small I, as was done for the LSB-

FETs of the I-DAC (recall 1, = %l ). However, the current reference I, needs to be large
D
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compared to the LSB current of 2 pA, so that noise coupling or current fluctuations are
proportionally small; therefore a small I;; approach is obviously not suitable. At the cost of

circuit complexity, both a large current output and a large R

out

can be achieved by employing
‘boot-strapping’ methods. Boot-strapping is a DC feedback mechanism that uses an amplifier
to constrain a circuit node to a fixed voltage or current value. Three current-sources that
employ boot-strapping and vary in complexity and output performance have been designed and
evaluated. Table 4-1 summarises the relevant performance parameters. The regulated cascode
out-performs the other designs in all aspects and is the only design reported here. The

remaining two were considered as they were tune-able to the exact required current output and,

although they performed as expected, this tune-ability was not required.

Maximum load Small-signal Power Size
Type of current-source (delta I=1%) resistance consumption (um?)
(ohms) (mW)
Regulated Cascode 193V 17M 0.859 84x23
Op-amp +Regulated Cascode Output | 1.94 V 14 M 2.5 189x61
Op-Amp + Cutrent mirror Output 1.06 4 M 2.35 164x61

Table 4-1 Three current-sources wetre submitted for evaluation.

Figure 4-9 shows the regulated cascode cutrent-source, a) is the layout, b) is the floor plan
and ¢) is the schematic. A description of operation follows. The two 2.9 kQ resistors and
transistor m5 form a simple resistor ladder to set the gate voltages of m2 and m3. The transistor

mb5 is used to act as a current mirror to m2. The aspect ratio of m5 and m2, both are the same

| VDD

5/1 um 5/1

)zll md

pum
m2j—

m4 |
X6 Viram
r m 6
q | X
VCS |

5/1 um |i6
|

29K
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30/1
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30/1
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22/6
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30/1

29K
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Figure 4-9 The regulated cascode. a) The layout, b) the floor plan and ¢) the schematic. Ioutis 256 pA.
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in this case, is determined by using Equ 4-2. Transistors m4 and m3 make a common-source

amplifier with output, V,

cs?

connected to the gate of m1. An increased voltage AV on the drain
of ml caused by the load conditions gives rise to a reduced output current Alg ;, which
consequently increases Vg, 0f m2 (reduces the voltage across m2). However as Vg, 1s the
input to the common-source amplifier, the voltage at the gate of ml is reduced; therefore
increasing I and consequently the original change Alg,; is compensated by negative
feedback. Hence the small-signal output resistance of m2 has been increased by bootstrapping.
As the common-source amplifier stage uses m3 with a fixed Vg as an active load-resistor (refer

to section 3.2), the gain is expressed as, AV:gm4(’04| 7,5). Ideally m3 and m4 would have a large 7,

so that the common-source amplifier has a large voltage gain, which is a requirement for rigid
boot-strapping. However, as discussed earlier, the aspect ratio is restricted for an enclosed gate
device and therefore m3 has a larger I, than desired, and this consequently reduces the value of

r,;. However, this has not been detrimental to the design.

If all transistors are in the saturation region and, ignoring bulk effects, the output resistance

R, is given by [GEI90]

or | Ym X Oms Equ 4-3
gol(go4 + 93)

where Iy, is the incremental output resistance of m2, g, and g, are the inverse of the

incremental output resistance of m1 and m2, respectively, and g3 is the conductance of m3. To
measure [y and Ry a variable resistor was connected as the load of the current-source.
Whilst varying the resistance, Iy and Vig,p were measured with multi-meters. Figure 4-10

shows the measured and simulated results of I as a function of V; g,p.

From simulation, Iy is a constant 250 pA and R, a constant 15 GQ up to 0.52 V of
the 2.5 V Vi, supply rail. At this point the voltage on the drain of m1 (V,,p) supersedes the
Vs reference of m1, causing m1 to turn off. For this reason current sources are characterised
by how close the load voltage can be taken to the supply rail; an ideal source would have Iy

remain constant for an infinite V;,,p. From measurement I ;=256 uA up to 0.52 V of the rail.

As R

out

is very large it is difficult to measure without employing specialised measuring
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Figure 4-10 Iour from the regulated cascode current source. Iour=256 pA and is
compliant to within 0.57 V of the 2.5 V supply rail. The small signal output resistance is
at least 100 MQ.

equipment. Instead, to gain a crude estimate, R, was measured with a standard multi-meter

out

and the resistance was found to be at least 100 MQ. As this translates to a

AV,
— T~ Al,r #20nA, and after scaling by the current mirrors gives an error at the LSB of

100MQ ™
~0.008 %, the R, value of 100 MQ is already good enough for Beetle requirements. Hence an

accurate R

out

measurement was not deemed necessary.

4.2.3 Small-signal response and noise

As the current-bias generator contains circuitry that consists of parasitic amplifier stages
that may add small-signal gain and cause operational instabilities if not designed correctly, a

small-signal simulation was performed. The results are represented in the form of a Bode plot
in Figure 4-11. The Bode plot is a plot of the gain VOU% and relative phase of v, and v;, as a
in

function of frequency. This is the common way in which the stability of a circuit is represented.
For simulation purposes the output of the I-DAC is connected to an 800 Q dummy load
resistor and the I-DAC is set to deliver its maximum current of ~ 2.046 mA. An AC signal is
superimposed on the Vi, DC supply voltage for AC analysis; V=V was set to 2.5 V with
an AC sinusoidal signal content of 1 mV RMS. V,

out

is simply the voltage across R; o p.
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Figure 4-11 The Bode plot for the small signal analysis of the I-DAC output.

The Bode plot gives a gain of ~1 for a frequency range of 1x10’-1x10” Hz and the phase
has a minimum/maximum at -20° and +15° respectively. For the sensitive front-end amplifiers
the range of interest is 1-100 MHz which, from the Bode plot, can be seen to be a particularly
stable operating point of the current-bias generator, as the gain drops to —6 dB. This low gain is
beneficial to reducing the noise contribution from the bias generator. To ensure that the bias
generator does not contribute any significant noise to the front-end amplifiers, a noise

measurement is taken from simulation. The first measurement, taken at the V-ref point, gives a

worst case result of 17n\7 for frequencies less than 1 MHz and 2n\7 for frequencies
v Hz VHz

above 1 MHz, respectively. The 1 MHz was an arbitrary point to demonstrate the difference in

noise values, where the low frequency content is attributed to flicker noise. The noise figure is

approximately 20 uV RMS for the frequency range that the Beetle front-end responds to and is
well within the 140 uV limit that was discussed eatlier. For the I-DAC output, when connected

to its load, the noise translates as 40n\%/H_Z and 4n\%/m for below and above 1 MHz,

respectively. The noise above 1 MHz can mostly be attributed to the noise generated by the

dummy-load resistor.
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4.3  Voltage-bias module

The Beetle chip requires five externally adjustable voltage references; refer to Figure 3-2

for Vi, Vi, Vg, Vg and V. As with the cutrent-bias nodes, the specifications are given by the

>
designer of the sub-circuit that the bias will service. The voltage-reference nodes all have high
input impedance” and a low voltage precision requirement. These voltage references can
therefore be generated with a simple V-DAC design, one for each node. The physical size of
the V-DAC’s and power consumption should be optimised, and the dynamic range should be

large, preferably from the ground reference up to the Vi, supply rail (rail-to-rail).

There are many approaches to designing a V-DAC. Most applications require high
precision or fast switching; the Beetle chip does not require either of these. The simplest
approach is to have a resistor ladder of 2" resistors from rail-to-rail, where ‘n’ is the V-DAC
resolution in number of bits. This removes the requirement of a voltage reference” and it is
easy to minimise the DNL as only one node is switched to the output for a given binary input
i.e. it is not a superposition of switched currents or voltages. The disadvantage of the resistor
ladder is the balance between power and chip area, as large resistors (2" of them) are required for

low power consumption. Further chip area is consumed for the 2" switches that are required.

An alternative method of using resistor ratios, the one implemented in this case, uses the
R-2R ladder network. This has a full rail-to-rail dynamic range and requires only 2n+2 resistors
and n switches. The main disadvantage of the R-ZR is the degraded DNL caused by the
resistance of the binary switches. Also there are stringent matching requirements between the
R2R resistor network used for the MSB and LSB settings in order to make the V-DAC

monotonic (see below, and refer to section 4.2 for discussion of DNL and monotonicity).

26 The Vi and Vq circuit nodes do have current demands, therefore these nodes have a buffer at their inputs.

27 Band-gap diodes are usually used as voltage references but were not available within the fabrication process at this time.
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Bit<0> Bit<1> Bit<2> Bit<3> Bit<4> Bit<5> Bit<6> Bit<7> Bit<8> Bit<9>

Figure 4-12 Schematic circuit diagram of a 10-bit R-2R ladder. For clarity the digital control logic is not shown.
The implemented value of R for the BeetleBG1.0 chip is 3 k€.

The circuit diagram of a 10-bit R-ZR ladder V-DAC is shown in Figure 4-12. The R-2R
configuration consists of a network of resistors that alternate in value by R and 2R. For ASIC
device matching purposes only multiples of R are used in this case i.e. the 2R value is made from

two resistors of value R. Each node voltage is related to V,

ref>

in this case Vpp, by a binary-
weighted relationship caused by the voltage division of the ladder network. The digital inverters
pull 1, to either ground potential or Vp,. The circuit can be analysed by replacing the

circuitry at the nodes 17, ,, with a Thevenin-equivalent circuit. For example, the resistor chain

between Vp, and ground is equivalent to connecting a voltage source of VD% with an output

resistance of R to node 17,. The Thevenin circuits for the remaining nodes will depend on

whether 17, is 0 or Vp,. If 17, is O volts, then an equivalent voltage source of VD% can be

connected to the node I,,. For [, equal to Vyp,, then a voltage source of %VDDis used. The

Thevenin-equivalent source output impedance is always R for any node. A general equation can

be given for Vo that is a function of the binary input as

\Y, 1 & V
Vour =—2| —— 320V, |+-22
ouT 2n VDD = 1) 2n+1

Equ 4-4

where n is the resolution i.e. 10 bits, j=0 represents the I.SB, j=9 represents the MSB and V; is
the voltage at the inverter node associated with the j™ bit. V; is OV and 2.5 V for a logic 0 and

logic 1 input, respectively. The last term of Equ 4-4 accounts for the 0.5 LSB voltage offset
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which is inherent to this design due to the V;; node being the output of a potential divider

resistor network formed by the last two resistors in the ladder.

The powet specification for the Beetle chip was originally defined at 2 mW/channel.
With 60 % of this required for the front-end amplifiers, an approximate total power of 4 mW
was allowable for the V-DAC. This was divided between 24+2 mW for both the analogue and
digital parts. The maximum current demanded from an R-2R is calculated to be V,,/R from
the Thevenin-equivalent circuit. Therefore this gives a reasonable R value of 3 KQ for a Vi, of
2.5 V. Larger values of R would be advantageous for reducing the power further and improving

the DNL, but would require more real estate. The noise voltage output for this circuit is
1/i4kTROUT Af i, where Ry is the output resistance, simply R in this case. Therefore there is a

further advantage in the use of small ohmic values, although for this design, analogue noise is

not a demanding parameter.

To consider the effects of R on the DNL, the impedance of the inverter switch must be
known, as this resistance is in series with the 2R leg of the R-2R circuit and causes an imbalance

in the ladder network. The DC resistance of the inverter gates can be found from

L

RFET ~ W@S_\/t) ,Wh€r€ VDS SVGS —Vt 5 Equ 4-5

which gives an approximate resistance of the gate channel when the device is operating in the
ohmic region. The W/L aspect ratio of the inverter gate is taken from the standard 0.25 pm
process library. The resistance of the inverter switch for both the p and # type FET is
approximately 30 €2 and is therefore 1 % of R. If the layout allows it, then some compensation
of the switch resistance can be made either by selecting an appropriate inter-track width and
length to give a compensation of approximately 30 Q2 /2, ot to add compensating resistors in the
single R legs of the ladder. When selecting the inter track aspect ratio, care should be taken of

electromigration® which has a significant effect on tracks with small widths.

28 Electromigration is movement of atoms with the current flow that deteriorates the tracks in analogy to wind erosion.
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Figure 4-13 The BeetleBG1.0 R-2K 10-bit voltage DAC, a) layout and b) floor plan.

Figure 4-13 shows a) the V-DAC layout and b) the floor plan. The resistors are
implemented as 2.9 KQ N diffusion OP types, where OP is a fabricators definition of this
resistor. These can be made within a 10 % core resistor tolerance and within a 50 % end-cap
tolerance. The simplified equation for calculating the resistance of the drawn N diffusion OP

resistor is

R
R:2><( \/E\'/\‘Dj+(RSOP X\%) > Equ4_6

where Ry p,= 20Qx0.46 um , the 0.46 um is fixed in this design and is the distance between

the contact and OP border, and Ry, = 63%(1 for the N" diffusion resistor. Rg.p is the sheet

resistance and is extensively used in ASIC design for calculating resistor values. The sheet
resistance is a measure of the characteristics of a large, uniform sheet or film of material with a
thickness that is considered to be negligible. The sheet resistance is specified in terms of ohms
per square (sq) of surface area. If a rectangular sheet of material of length I. and width W has
measured resistance R between the two opposite ends, then the sheet resistance of the material

is given by Ry, = RVTV.

sq

As with the I-DAC, the largest non-linearity will occur when switching from the decimal

input 511 to 512, i.e. the transition where the MSB is switched from off to on, and all other bits
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are turned from on to off. For the V-DAC to remain monotonic this transition should produce
a non-linearity of less than one LSB. In the case of the R-2R ladder this linearity is determined
by the matching of the R and 2R resistors associated with the MSB. Therefore, all R and 2R

resistor ratios should be better than 2'% —2<27M = 40.195% for a 10-bit V-DAC, whete
i

iand j are labels. The limit that can be achieved is ultimately down to the process variations but
by using the special layout techniques, described in section 4.1, the matching of devices can be
drastically improved. This design was implemented with each R resistor being composed of 5

sub-resistors in series, each with W=1 pm and L=9 pm.

To measure Vg as a function of the binary number set at the V-DAC input, a multi-
meter with an input resistance of 10 MQ was connected as the load to each V-DAC in turn.

For the simulation, a2 10 MQ load resistor was assumed. Figutre 4-14 a) shows a graph of V.
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Figure 4-14 Results and simulation from the voltage DAC, a) Linearity of 10 measured DACs and simulation,
b) simulation of DNL without compensating resistors, and measured DNL of a single V-DAC.

as a function of the input binary number, measured for a sample of ten V-DACs. The
simulation is also included, although it is not visible as it matches well with that measured. The
mean dynamic range of all the measured V-DACs is 1.57 mV to 2.498 V; the LSB is 2.43 mV
and the variation between the V-DACs is £ 1 % RMS. The gain error (defined in the I-DAC
section) is 0.5 %. Figure 4-14 b) shows the measured V-DAC DNL using the layout of Figure

4-13, compared to simulation of a V-DAC without compensating switch resistors. The DNL is

measured to be + 1.4 LSB. Although this does not meet the general requirements for a 10-bit
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V-DAC it is more than adequate for the Beetle chip requirements, which needs a precision of
only 8-bits. Like the I-DAC, the 10-bit V-DAC was submitted to evaluate V-DAC process

variations and will have the last two LSBs removed for the full chip submission.

For compliance29 measurements, a variable resistive load was connected to the output of a
V-DAC and varied, while measuring AV ; of an LSB setting with a multi-meter. The value of
Vour when R, gap = is taken as 100 % compliant. Figure 4-15 shows V. to be compliant to
better than 99 % for loads greater than 70 KQ, and compares well with simulation. From the
value of load resistance that gives Vo n../2, the DC output resistance (=R, g,p ) of this V-

DAC is found to be 2.7 KQ. The voltage offset in Figure 4-15 is due to the last term in Equ 4-4
and is calculated to be 1.22 mV (0.5 LSB). This agrees well with the measured value of 1.55 mV.

a5 ¥=5% at 32kQ ¥=1% at 70kQ
40 4 /
o

V-Load mV

offset =1.55mV Sim

0& =& leasured
== Of[58l
oo
oo 20 40 g0 100 12.0 14.0

3.0 g
R-Load 10* ahms

Figure 4-15 Vout vs R load for the voltage DAC with 1 LSB set.

To measure the circuit sensitivity to temperature and voltage-supply variations, a multi-
meter was again used as the load resistance. For a 2.4 mV LSB setting on a the V-DAC, the
sensitivity to the Vp, supply voltage was measured to be approximately linear, 1.65 mV/V, over
the supply range of 0.7-3.0 V. When all bits of the binary input number are set to ‘1’ the
sensitivity to the supply voltage is 0.969V/V. This is easily understood as the voltage V-DAC is
very dependent on the inverters being OV or V. By using a hot-air gun to increase the chip

temperature and a thermistor to measure it, the chip temperature sensitivity over a range of 25-

2 Good compliance in this case means only a small AVOUT results under varying resistive load conditions.
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80 °C was measured to be 1.8 mV/°C at the V-DAC output, for any binary input setting. This
figure is surprisingly high, as variation to resistors due to temperature should be common across
the V-DAC and cancel out. Therefore the effects are attributed mainly to temperature effects in

the inverters.

Although the V-DAC worked within specifications the author learned of several
disadvantages with working with N* diffusion tesistors, outlined below, and therefore changed
all resistors to a non-silicided” polysilicon type for the Beetle chip submission. The N*
diffusion creates a reversed-biased diode and therefore has a reverse leakage. Under irradiation
this diode could also go forward biased. These resistors exhibit an undesirable non-linear

relationship between voltage and cutrent, most evident in larger devices. N diffusion sheet

resistance is 03 % q compared to 210 %q for non-silicided polysilicon, and therefore the N*

diffusion resistors consume more chip area for the same resistance given by a polysilicon
resistor.  Although the absolute accuracy of the N* diffusion resistors is better than the
polysilicon, this does not have great importance when the circuit is designed to work on good
matching and ratio techniques. Also it should be noted that polysilicon has an increased
radiation tolerance due to the energy bands present at the grain interface and its amorphous

structure [BAUO3].

4.4 Summary

A fully integrated bias generator that supplies all of the necessary current and voltage

biasing for the Beetle chip has been designed, fabricated and tested.

The 10-bit I-DACs use a binary-weighted current-source scheme with 1023 PMOS
transistors. The linear PMOS transistors, with an aspect ratio of 0.6um/3um, wete chosen
because of the restricted aspect ratio available with edgeless devices. The necessary voltage
references are generated with current mirror scaling circuits. The size of each I-IDAC is 281x104
um’. The mean dynamic range of the 36 -lDACs measured is from 0.1 pA to 2.101 mA (£ 1 %
RMS) with an LSB of 2 uA and a gain error of 2.6 %. These values are very dependent on the

30 Silicides and/or refractory metals are alloyed with the poly to reduce tesistance.
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supply voltage and temperature. The differential and integrated non-linearity has been measured
to be 0.5 LSB and + 1 LSB, respectively. The output resistance for an LSB setting is 38 MQ
for a load voltage of 0-2 V. The noise level is negligible. This I-DAC is suitable for the Beetle

chip requirements.

The 10-bit V-DACs are of the R-2R type utilising 3 kQ N* diffusion OP resistors. The
mean dynamic range measured for ten V-DACs is from 1.57 mV to 2.498 V with an RMS of
1 % and a gain error of 0.5 %. The mean LSB is 2.43 mV and is better than 99% compliant
with a load resistance > 70 kQ. The differential non-linearity is + 1.4 LSB making the V-DACs
non-monotonic, although this is not important for the final Beetle design. The size of each V-
DAC is 206x153 um”. The V-DAC has a worse-case sensitivity to the supply rail setting of
0.969 V/V. The effects of temperature are easily managed. This V-DAC is suitable for Beetle
chip use but benefited in performance when the resistors were changed from N" diffusion to

non-silicided polysilicon for the Beetle fabrication submission.
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Chapter 5

The BeetleMA ASIC

In the context of this thesis, one of the objectives was to modify the Beetle ASIC so as to
make it compatible with the MAPMT. The need for a modification is primarily due to the large
MAPMT output signal compared to that of a silicon strip detector, which the Beetle was
designed for. The modification required a replacement of the Beetle front-end, consisting of a
charge sensitive amplifier (CSA), a CR-RC shaper and a buffer, shown in Figure 5-1. The

modified/replaced front-end was renamed the BeetleMA.

R !
Efb i Rsfb
e n
C. | [ —
i i R, C, (O
/E—'—Q:)—| |—<

CR-RC shaper

Source follower Buffer

Figure 5-1 The Beetle front-end amplifier consisting of CSA, shaper amplifier and buffer.

5.1 Front-end amplifier selection

Amplifier selection requires considerable knowledge of the input load (the soutce) that
will be connected to it, in this case the MAPMT. The MAPMT characteristics were described in
Chapter 2 with the emphasis on photon detection efficiency, while here the emphasis is on

electronic characteristics.
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For the tests described in Chapter 2, the MAPMT output impedance was 50 € by the
addition of a load resister of that value in parallel to the large output impedance of the tube. A
voltage amplifier was then utilised as this was suitable for the job at hand and was easy to
implement into the test system. However, ideally the MAPMT should be considered a current-
soutce as it has an output impedance of GQS. The output current of an MAPMT is dependent
on the high voltage bias but must stay within limits; too high a voltage the tube electrically
breaks down, and too low a voltage the tubes SNR becomes poor [EIS03]. For the R7600-03-
M64 MAPMT used for the BeetleMA studies, a high voltage of -800 V gives a typical output
signal of 300 k electrons (ke). Taking into account the gain variations between MAPMT tubes
and pixels and the variation in number of photon hits within a channel, the MAPMT electronics
must be optimised to operate with an input dynamic range of 0.3-2.7 Me. The dark current can

be neglected as it is the order of pA.

Parameter Average or expected value
Average single-photon response 300,000 ¢ @ -800 V
MAPMT capacitance without the base 1.5 pF
Pulse rise-time 2 ns
Pulse fall time 3ns
Pulse duration 5ns
Gain variation tube-to-tube 2
Gain variation pixel-to-pixel 2
Total gain variation 3
Range of number of input photon 1-3
Required signal to noise 40
Dynamic range 0.3-2.7 Me’
Max load capacitance with PCB 10 pF
Possible photon saturation yes
Typical channel occupancy 1% & 10 % depending on location

Table 5-1 MAPMT characteristics.

103



The MAPMT does not suffer from internal electronic cross-talk [MUHO00]. However,
cross-talk may occur at impedance points on the PCB or between channels on the same
substrate of the chip if correct physical layout and design of both the PCB and chip are not
employed. For example, the large signals from the MAPMT may produce a shift in the bulk
voltage which will have an effect across the entire chip. Another consideration is that charged
particles traversing the MAPMT can produce Cherenkov photons in the quartz window; the
number of photons produced is highly dependent on the angle of the particle with respect to the
tube axis. For normal incidence tracks 5 to 10 photons are produced, for angles around 45
degrees up to 30 of the 64 channels can be activated [MUHOO]. This puts greater demands on
the channel occupancy and necessitates fast recovery from front-end saturation. This is

discussed in the subsequent sections. Table 5-1 summarises the MAPMT characteristics.

As the Beetle chip was primarily designed for a silicon strip detector, a general comparison
is now made between the MAPMT output characteristics and that of the silicon strip detector
used with the Beetle. Table 5-2 shows the relevant characteristics of each device. It is clear that
the main difference between the two types of detector is the magnitude of the response to a

single-photon or MIP input; the MAPMT typically delivers 13 times more electrons. The SNR

Parameter Approx MAPMT value | Approx Silicon value
Input response photon/MIP 300,000 e 22,000 ¢
Load capacitance/resistance 1.5 pF/~10 G ohms 10-30 pF/~10 ohms
Rise-time 2 ns ~3 ns
Required signal to noise 40 20
Dynamic range 2.7 Me 0.22 Me’
Typical channel occupancy 1% to 10 % ~3%

Table 5-2 Comparison of MAPMT output characteristics to that of a silicon detector.

requirement of 40 in Table 5-2, discussed in Chapter 2, is based on the noise measurements of
the Beetle chip and the MAPMT gain variations. This gives a SNR requirement for the
MAPMT of twice that of a silicon detector. However, as the MAPMT has a larger output signal
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Figure 5-2 Three possible amplifier types.

and a smaller capacitance with respect to a silicon detector, the SNR is intrinsically improved for
the Beetle CSA MAPMT connection. This is described further in section 5.2. The other major
difference between the two dectectors is the output resistance; the MAPMT has a very large
output resistance while the silicon detector is very low. Guided by the characteristics of Table

5-2, a consideration of different amplifier types for use with the MAPMT can now be made.

Three basic amplifier configurations are considered, and these are shown in Figure 5-2:

e Voltage amplifier. For the voltage amplifier, the MAPMT output source is shown
as a Thevenin-equivalent voltage source. The voltage amplifier has a gain of
-R,/R,+R), where R, is the output resistance of the MAPMT. Therefore, in
order to have a practical gain value, R, would have to be made unreasonably large.
The effective value of R, can be reduced by having a parallel resistor which loads
the output of the MAPMT, as was described in chapter 2. However as the input
of the amplifier at the inverting terminal sees a noise impedance of R, in parallel
with R,, this is not the most noise-quiet amplifier configurations. The same would

apply in a non-inverting configuration.

e Transimpedance amplifier. With this type of amplifier the MAPMT load is better
represented as a Norton current-source equivalent circuit. The transfer function,

in this case v,,/i, , is simply -R,. This amplifier suffers the same noise problems

105



as the voltage amplifier. The transimpedance amplifier can easily become unstable
if its input has inductance and capacitance, which in this case could be the
bonding wire inductance and gate capacitance of the amplifier’s input transistor.
For both the voltage and transimpedance amplifier, the downstream Beetle shaper
stage would need considerable modification, or need to be removed completely.
The removal would degrade the noise performance considerably as the shaper

stage is a band-pass filter.

CSA: Again with this type of amplifier, the MAPMT load is better represented in
the Norton current-source equivalent circuit. The CSA actively integrates the
detector charge (q) on the amplifier feedback capacitor C; and the transfer
function, in this case v,,/q, , is approximately -1/C;. To remove the charge
from Cj a parallel resistor, Ry, is chosen so as to give the required CR discharge
time-constant. 'This is the quietest noise configuration as a suitably chosen C
offers a low impedance point at the frequencies of interest. A noise evaluation of

this configuration is given in the following section.

To minimise the changes to a working chip, it is preferable to modify the existing Beetle

front-end as little as possible. Significant modifications can lead to design or layout errors and

discontinuities with further Beetle design iterations, which may be required for ‘bug’ fixes within

the Beetle Family. Since the CSA offers the best noise configuration, the Beetle CSA was

modified to accept the MAPMT as a source. So that no other part of the Beetle chip required

modification, it was also important that the output of the buffer was ensured to be compatible

to the dynamic range of the downstream analogue pipeline memory.

5.2 Beetle front-end amplifier characteristics

Before a description of the Beetle modifications can begin, a good understanding of the

operation of the front-end amplifier is required. This section discusses the CSA, the shaper and

buffer stages. A more detailed description of the shaper amplifier is given in section 5.3.
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The Beetle core amplifiers

Figure 5-3 shows the three front-end core amplifier stages used for the Beetlel1.2 ASIC.
The CSA, shaper and buffer cores, Figure 5-3 (a), (b) and (c) respectively, were designed by
E.Sexauer [SEXO01] and later improved by S.Lochner [LOCO03]. The dimensions of the
transistor aspect ratios (the gate widths are the upper numbers) are given in um. The CSA and

shaper cores are of a folded cascode type. The buffer stage is simply a source follower.

10.52 pF ==

Figure 5-3 The core amplifiers of the Beetlel.3 chip. Figure a) shows the charge sensitive amplifier, b)
the shaper and ¢) the buffer.

The CSA requires a very large open loop gain for good performance and a very large g,

for low noise, which implies in CMOS a large input FET aspect ratio. Consequently this

amplifier is large in layout, the Beetle input transistor alone is 8,500 (um)’. This large input

device is complex in design and layout due to:
e The number of parasitics that have to be considered;

e The increase in gate, soutce and drain capacitance making high speeds and

stability more demanding;

e The variation of fabrication process which is augmented over large areas.
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If suitable, it is very desirable to use the existing CSA core of the Beetle chip and modify only
the feedback network. As the shaper and buffer stages were designed around the CSA amplifier,

the same also holds true for those components.

The circuits of Figure 5-3 a) and b) are both of the folded cascode type, the difference
being that a) is an NMOS design while b) is a PMOS. The NMOS is used for the CSA due to
the faster speed gained by the improved mobility over PMOS; the shaper uses PMOS so that a
voltage shift can be introduced into the cascade so as to match the buffer DC bias requirements.
The folded cascode configuration is composed of a common-source and folded common-gate

amplifier, the reason for this is now described.

Figure 5-4 a) shows the common-source amplifier. The gain of this configuration is
0, xR, where R is the output resistance of the current-source. With carefully designed

components the gain can be reasonably large (~1000). The disadvantage of this configuration is

Cg d o—{ M2
v, ] v,
M1 ° M1 ?
Vi Vi Vi
1 '
a) b) c)

Figure 5-4 Stages of the NMOS folded cascode: a) the source follower, b) the linear cascode and c)
the folded cascode [BAUO3].

that the parasitic capacitance between gate and drain, C,y, is multiplied by the gain, which is the
so-called Miller effect. The application of the Miller’s theorem is to replace C,y with a Miller

capacitor, C,, that is equal to C,(1+g,R;) between the gate and ground. Therefore this circuit
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can be considered to be a low pass filter with a phase shift of up to 90 and a corner frequency
=1
of f, = A #C R’

The Miller capacitance can be minimised by reducing the gain of the input amplifier and
using a cascade of further amplifiers to recover the larger gain downstream. However this may
lead to possible instabilities and an increase in noise. Another way in which to reduce the Miller
effect is to add a second FET in series with M1, as shown in Figure 5-4 b). This circuit is
referred to as a linear cascode. In this case FET M2 is operating as a common-gate amplifier

and the following equations can be applied:

. r
Input resistance Rin = 1 (1 4 om J , Equ 5-1
(gmz + gmz bs) r02
. Equ 5-2
Voltage gain Av= (g m T gmz_bs xro(m) H roz) >
Output resistance R, = (ro (m)H r 2) , Equ 5-3

where g, . represents the added transconductance due to the source of M2 not being
connected to the bulk, and 7,, and 7,,, are the incremental output resistances of M2 and the
current-source respectively. For simplicity, FET M1 is assumed to be a perfect voltage-
controlled current-source so that it need not be accounted for in these equations. From Equ 5-1
to Equ 5-3, it can be concluded that v, of M1 will be considerably reduced due to the low input
resistance of a common-gate amplifier and that v, will be reasonably large due to the large
output resistance and the common-gate amplifiet’s open loop voltage gain, A, , which is about
20 % greater than that of the common-source. In this configuration, the Miller capacitance has

been virtually eliminated from the feedback path.
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For the low noise and large open-loop gain requirements of the Beetle chip, the input
transistor requires a high drain current to achieve the high g requirement, refer to section 3.2.
This large current flows through the entire chain in the case of the linear cascode and reduces
the output resistance and therefore the overall gain. Figure 5-4 ¢) shows a circuit referred to as
the folded cascode, which overcomes this problem by folding the common-gate. This requires
an additional load resistor but allows the common-gate (M2) to operate at a lower current,
therefore increasing the output resistance. For the folded cascode CSA and shaper cores in

Figure 5-3, this additional load is an active device.
CSA noise evaluation

The noise of a circuit can be evaluated by replacing each component within the circuit
with an ideal noiseless component and a dedicated current or voltage noise source. For resistors
the Thevenin or Norton principle is used to covert from one to the other. For FET devices, the
channel noise is represented as a current-source in parallel with the channel, given by Equ 3-19.
By taking the inverse of g in Equ 3-19, the channel noise can be represented by a voltage
source on the gate of the device. Figure 5-5 shows the different representations; the one chosen

is dependent on the circuitry to be evaluated.

R, R,

H vnoise

Inoise p— i
— I noise ——

Figure 5-5 Norton and Thevenin equivalents for a resistor (left) and channel noise (right).

In the normal case of describing the noise of an amplifier, the noise performance is

. . . . . 2 .
characterized by a seties voltage noise, €’ in units of [V AZJ’ and a parallel current noise
source, i in units of [A7 J

>N Hzl\
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The first step in evaluating the CSA noise performance is to replace the core of the CSA

shown in Figure 5-3 a) with its equivalent noise component. As stated previously, the
predominant noise source of the CSA is the input transistor. The noise figures €2 and i’,

previously discussed in section 3.3, are given by

K 8 KT 1 Equ5-4

el = ———
" CIWLf 3 g,

i =2ql, , Equ 5-5

respectively. ‘The first term in the expression for €, represents the 1/f noise of the input
transistor and the last term represents the input transistor channel thermal noise.  The
expression for i. represents only the shot noise. Both terms of €, are dependent on the gate

dimensions, the second term is also dependent on the drain current which can be increased to
reduce the noise, which increases the g, of the device. The increase in drain current is achieved
by making the aspect ratio of the input transistor large. As the CSA core of Figure 5-3 a) was
specifically designed around the requirement for reading out silicon strip detectors, the W and L
dimensions (3744 and 0.42 um) and drain current were chosen through an optimisation process
that considered the thermal noise, the 1/f noise, the low impedance capacitive load and shot

noise of a silicon detector, and the power consumption of the input transistor.

When extending the design to an MAPMT, the components, other than the MAPMT
source, are unchanged from that used for the Beetle CSA. Figure 5-6 shows the representation
of the CSA configuration with its input connected to an MAPMT. All of the equivalent noise
sources have been added. In the Beetle design, the feedback resistor Ry has been implemented
with a FET, however it is depicted here as a standard resistor. The feedback resistor is in
parallel with a feedback capacitor Cy (400 fF). As the input device has large gate dimensions,
the capacitance is not negligible (10.52 pF) and shown here as C,,  The MAPMT is a current
noise source in parallel with its output resistance, R, which is the normal representation for a

device that has a very large output resistance. The MAPMT cutrent noise contribution, izpmt ,1s
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i2:=(4KT)/Ry,

o] TC}AV V

Figure 5-6 The noiseless CSA circuit when connected to an MAPMT.

. Rt Cdetj_
I2pmt
=(4kT)/R, I

just the thermal noise from R, since the leakage current is negligible. We will see later that the
MAPMT thermal noise contribution is also negligible. The MAPMT output capacitance of 1.5
pF is relatively small compared to that of a silicon strip detector (10-30 pF). However, to make
allowance for the capacitance added through PCB design, the MAPMT output capacitance is

taken as 10 pF, represented as C..

With the source and feedback impedances known, along with associated noise sources, an
overall noise spectral density, ¢’ , referred to the input of the pre-amplifier, can be found. This
is achieved from the superposition of all of the noise soutrces added in quadrature, under the
assumption that there is no correlation between them. For the Beetle CSA pre-amplifier, €’ is

given by

2 2
2 2 :2 :2
e —¢’ +|pmt(Rt Xc,, Xcg”chb"bej +|n(Rt Xc,, ng||chb||bej Fqu 5-6
+ir2f(Rt

2
ng||fob||bej :

Xcdet
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where X, = % #C and the labels are self explanatory. The current noises of Figure 5-6 are

multiplied by the parallel load impedance so as to convert them to a voltage equivalent. The

noise currents i’ and i’ are simply due to thermal resistance calculated using the MAPMT

pme
output resistance (~10GQ) and the FET channel resistance used for the feedback resistor
(~10 MQ), respectively. As the resistance of both of these devices is large and the i*, shot noise
term is very small, the overall current noise contribution is negligible. ~ Furthermore, for the
CSA operating frequency of ~100 MHz the impedance seen by the current noise sources is also
very low, ~80€2. Therefore the current noise contribution in Equ 5-6 can be disregarded and
the predominant noise source is simply ¢”, , given by Equ 5-4. It can therefore be concluded
that using an MAPMT as a soutce will not degrade the noise performance of the CSA compared

to when using a silicon detector. The MAPMT does not introduce any more noise than the

silicon detector, and with the PCB load capacitance, offers about the same load impedance. The

ENC of Beetle chip =497e™ +48.3e” / pF .

5.3 BeetleMA front-end design

The gain function of any amplifier is given by

Af:h: A/ Equ 5-7
Vin 1+A/IB ,

where A is the open loop voltage gain and S is the fraction of output signal fed back to the
input. For the Beetle CSA, A, is 3.8.10° and if the large parallel resistances R, and Ry, are

ignored B is seen from the feedback network to be

Cs Equ 5-8
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Combining Equ 5-7 and Equ 5-8, the gain function of the CSA is

qin
Vv = — , E u5~9
our Cu +C, +Cy 4

Av

where ¢, =C;, xv,,. C;, =Cy+C,, +C, and g, is the charge from the MAPMT. From

inspection, this shows that the gain of the Beetle CSA can be reduced merely by increasing C,.
Also, the charge collection on C, will improve by increasing its physical size i.e. the larger A, or
C,, in equation Equ 5-9 is, the more charge will be collected on Cg. This leads to an improved
noise performance in Equ 5-6. Another benefit is the reduction of any cross-talk due to the

reduced impedance point at the inverting node of the amplifier.

From Table 5-2, the number of electrons generated from an MAPMT compared to that

of a silicon detector is ~13 times more. To make the CSA feedback capacitor large enough so

———————— 530um ()

Figure 5-7 The Cadence schematic and physical layout of the modified CSA
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that the CSA output voltage remains compatible to the existing downstream shaper stage,
requires that C; be made 13 times larger than the present size used in the Beetle ASIC.
Unfortunately such a large capacitor is not feasible within the existing layout of the chip, hence
the capacitor has simply been made as large as the layout allows. Figure 5-7 shows the
schematic and layout of the CSA, where the feedback capacitor Cy has been made as large as
feasibly possible by an increase in the x dimension. The y dimension could not be changed.
The resulting capacitance is 807 fF, which is approximately twice as large as the standard Beetle
Cyq, capacitor. From simulation using HSPICE running under Analogue Artist, v, of the

modified CSA remained linear up to the required 3 Me at the input and stayed within the
allowable output dynamic range. From the approximation % o = Vou and the expected 300 ke’

for a single-photon input pulse from an MAPMT, the voltage output from the modified CSA is
6.5 times larger than that of a MIP from a silicon detector, and a non-modified CSA. This
increase in v, gives an immediate improvement of the SNR of 6.5 compared to the Beetle CSA.

The remaining gain-reduction factor necessatry, 0.5, is added at the shaper (see the next section).

To study the effects of increasing Cy, in the time-domain, the response of the amplifier to
a o -function cutrent pulse on the input is evaluated. In order to evaluate the time-domain

response the frequency domain has first to be considered. For this, the loaded input and output

be

1

iin Rt CdeJ_ Cg gmvin l RL CL —
I Vin

Figure 5-8 Small-signal model of the CSA.

| |
I
I
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impedance of the CSA has to be evaluated. As the CSA output stage is a common-gate
amplifier which has large output impedance, the amplifier gain stage will be described as a
voltage-controlled current-source output ie. g, v,. Figure 5-8 shows the small-signal model
used for evaluating the transfer function. R in parallel with C, represents the resistive and
capacitive output load of the common-gate amplifier. The transfer function in the frequency

domain is then given by

Vau(8) _ g, Equ 5-10

>

1 (5) Igim"'SQmeb +5%C,,(Cy, +C\)

fb

where the s term is used to represent jo for use with Laplace transforms. In Equ 5-10, R, and
R; are assumed to be very much greater than Ry, , and C,,=C,,+C,+Cy. Equ 5-10 contains two
poles, Le. the roots of the polynomial expression in the denominator of the transfer function.

The two poles are

1 1 Equ 5-11
P o T 2R,Cy
and
C C Equ 5-12
p, = 1 _ ) =GBWi, qu
2nr, 272G, (Ch, +C) Ci

where GBW is the gain-bandwidth product of the CSA [SEXO01] . The first pole is produced by
the feedback time constant Ry Cgy and determines the continuous discharge time of the CSA.
The second pole is a result of Cy and defines the rise-time of the voltage output signal of the

amplifier. The rise-time is given for the transition time between 10% and 90% as

Cin
27.GBWChn
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From Equ 5-13 it is clear that minimising the input capacitance and increasing the feedback
capacitance will reduce t,.. The v, response of the CSA in the time-domain can now be
obtained by taking the inverse Laplace transformation of Equ 5-10 with a ¢ -function input, and

is given by

r _t _t
Vout(t) = —L(e i_pn ). Equ 5-14
Cu(z, —17,)

The first exponential term is the rising edge, the second term is the falling edge; 7, is much

smaller than 7,. Therefore v, (t) has a rising step with a slowly decaying tail.

Figure 5-9 a) shows the simulation result of the BeetleMA CSA output response to a 300
ke input signal from an ‘MAPMT-like’ pulse. This asymmetric Gaussian MAPMT-like signal

has a rise-time of 2 ns and falls in 3 ns and is generated by the differentiation of a step voltage

across a capacitor. Both 7, and 7, are indicated in Figure 5-9 . The rise-time of the output, t

tise
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a) b)

Figure 5-9 a) The simulated CSA output tesponse to a 300 ke input signal from an MAPMT-like pulse. b) The
simulated CSA output response to a 5 pA ac frequency sweep.

, 18 12 ns and the decay is of the order of ps (note that in the actual BeetleMA chip, the decay
time can be adjusted so that the output returns to baseline after 300 ns by varying Ry, via the I°C

chip interface). Figure 5-9 b) shows the CSA output response to a 5 pA RMS AC frequency
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sweep input. The flat response seen between 1 Hz and ~2 kHz is due to the DC response of
Ry, , as Cy is effectively open circuit at these low frequencies. As expected the output is of a

low-pass filter type.

The CSA feedback resistor Ry enables continuous operation by steadily discharging the
feedback capacitor causing the amplifier output to return to the baseline. If a new charge pulse
should arrive on the input while the CSA output is still returning to baseline, the corresponding

voltage step would superimpose on the previous one. If the amplitude of v,

out

is sampled directly
at the CSA output, its value would be dependent on history. This history could be removed if
the return time to the baseline was fast enough to ensure decay before the next sample was
taken. For LHCb this would require a return to baseline within 25 ns, less the signal peaking
time. To achieve this, Ry would have to be made small, which would consequently increase the
parallel noise content. Furthermore, in the case of the CSA being used with a silicon detector,
the pulse amplitude would be reduced to an unacceptable level due to the fast discharge time. A
more effective way to remove the history content is to add a following stage that consists of a
high-pass filter (CR filter) on the input. In this way the slowly decaying tail is removed and only
fast-rising pulses are sampled. To maintain the SNR from the CSA, the CR filter should also be
bandwidth limited with a low-pass filter (RC filter). These requirement lead to a CR-RC band-

pass filter or otherwise referred to as the Shaper.
Shaper

The task of the pulse shaper is to convert the voltage step at the output of the CSA into a
time-limited pulse, with a peak height that is proportional to the charge delivered by the
detector. The CR-RC shaping method is a widely used technique. The frequency spectrum is
confined by filtering low frequencies by differentiation (CR) and high frequencies by integration
(RC). The design boundaries are the SNR performance, the time constraints of the shaped
pulse, the dynamic range, the power consumption and the physical space requirements. For
LHCb, the maximum allowable pulse peaking time of 25 ns and the constraint that a maximum

30 % of the pulse should remain after a following 25 ns is defined by the global electronic
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scheme, described in section 1.3. Since the pulse characteristics are defined, this constrains the

SNR optimisation.

As the modifications made to the BeetleMA CSA results in a voltage amplitude 6.5 times
higher than the Beetle CSA, the gain of the shaper stage needs to be reduced by approximately
6.5 so its output remains within the dynamic range of the downstream buffer and subsequent
pipeline memory. This reduction in shaper gain is ideally achieved by making modifications to
only the peripheral components, R, C, and C; of Figure 5-1. As R, is the output impedance

of the CSA, it is not accessible for modification, however it is one of the adjustable variables via

the I’°C chip interface.
Rsfb
I
|1
A
C
! Csfb v
I I out
N 5
C
. g R C
lin Rl — ImVin <l - - —
I I Vin
differentiating part Integrating part

Figure 5-10 Small-signal model of the Shaper.

The evaluation of the shaper can be crudely achieved by separating the differentiating part
from the integrating part as shown in the small-signal model of Figure 5-10. R, and i, are the
output impedance and current from the previous CSA stage. The small-signal model for the
integrating part is the same as that of the CSA shown in Figure 5-8, with the exception that the

detector capacitance is not present in this case. Therefore equation Equ 5-9 is valid by writing

0;, =linx RixCi and making the appropriate substitutions, namely,

119



v inx RixCi o 515
our = — . qu >-
c Cy+Cq
s T

Ay

The gain of the shaper can be reduced by increasing C, and decreasing C, , both of which are
beneficial to circuit performance. The increase in Cg reduces the noise and improves the
charge collection, as was the case for the CSA. The decrease in C, makes the output less
responsive to the slow decaying tail of the CSA output. However these adjustments will affect

the time constants of the circuit.

The transfer function in the frequency domain of the equivalent circuit of Figure 5-10, as

an approximation, is given as [FALIS]

Vout(s) ngCIRl

2C.. —-C._—-C _ >
Sz(Cssz - Cincout)+ S[ sfb n out _ ngSfb _C:In] + 1

Rsfb RL (1_9 J
Rsfb Rout "

:CL+Csfb and Rout:Rsfb

iin(s)

Equ 5-16

where C,,=C,+C,+C, C R;. From inspection of Equ 5-16 it can be

out

seen that this circuit has one zero and two poles, where the zero appears in the numerator of the
transfer function. To keep the same bandpass characteristics as the unmodified system, i.e. the
same pole and zero separation after the capacitors Cy and C; have been modified, the feedback

resistors Ry and R, must be adjustable.

As with the CSA, the maximum physical size that C, can be made is governed by the
space available on the Beetle chip, without modifying any other part of the chip layout.
Therefore, the simple approach was taken of first maximising the size of C in the x dimension
and then decreasing the size of C, until the desited gain was obtained. To maintain the rise and
fall times of the shaper unit, Rz had to be physically modified to reduce its resistance, even
though it is externally adjustable via the I°C chip interface. This was to bring it into the

necessary working range.
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The final schematic and layout of the shaper unit is shown in Figure 5-11. The
modifications changed C; from 700 fF to 190 {F, C from 48 I to 197 {F, and the adjustable

range of Rz was halved.

Figure 5-11 The schematic and physical layout of the modified shaper amplifier.

Figure 5-12 a) shows results of simulation of the BeetleMA shaper output response to a
300 ke input signal, input at the CSA, from an MAPMT-like pulse. The rise and fall times are 7
ns and 17 ns, respectively. Both the rise and fall times can be adjusted by modifying R, and R g,
using the I°C chip interface. Figure 5-12 a) shows the fastest adjustable response time. Figure
5-12 b) shows the shaper output response to a 5 pA RMS AC frequency sweep at the CSA
input. As expected it has a band-pass response with a FWHM of ~50 MHz.

From simulation of the CSA, shaper and buffer, it was concluded that the output buffer
did not require any modifications; the output response to injected MAPMT-like signals has the
correct magnitude, has the necessary rise and fall time, has the required output dynamic range of

10x300 ke and recovers quickly from saturation.
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Figure 5-12 a) The simulated shaper output response to a 300 ke input signal from an MAPMT like pulse at
the CSA input. b) The simulated shaper output response to a 5 pA ac frequency sweep at the CSA input.

As the front-end performed satisfactorily in simulation, a prototype chip was submitted in
an MPW run for fabrication. The chip is named Beetle1.2MAO and is discussed, along with the

measured results, in the following section.

5.4 Beetlel.2MAQO submission

At the end of September 2002 the Beetlel.2MAO chip, shown in Figure 5-13, was
submitted for fabrication. Other than the front-end amplifiers, this chip had the same
architecture as the Beetle1.2 [BAUO3]. In total, four different amplifiers were used for testing
purposes: 1) ‘FBRmod’ is a modified Beetle1.2 amplifier for debugging purposes, 2) ‘1.2T" is a
standard Beetlel.2 amplifier for cross-reference purposes, 3) ‘1.2Div’ uses a series capacitor for
charge division, and 4) ‘1.2Att" has the modifications made to the Beetle that have been
described eatlier in this chapter. The layout plan in Figure 5-13 shows how these amplifiers are
grouped together and distributed among the 128 available input channels of the Beetlel.2MAO.
With the exception of the FBRmod, The amplifiers are grouped in multiples of at least 3 so that
cross-talk measurements could be studied. To gain direct measurement access to the front-end
amplifier outputs, as well as through the pipeline readout, probe points were added. The 1.2Att

was allocated 64 channels so it could be fully connected to all outputs of an MAPMT. Only the
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Figure 5-13 The Beetle1.2MAQO, a) the floor plan and b) the layout.

results from the 1.2Att amplifier will be presented in this chapter, as this amplifier configuration

was the primary reason for the chip submission.

5.41 Measurement test set-up

For testing the Beetle].2MAO and MAPMT, an electrically-sealed containment box was
constructed to reduce external noise sources, shown in Figure 5-14. The size of the box is
60x40x2.8 cm’; the only common ground point for the electronics is a star-point connection in
the corner. The MAPMT is fixed firmly to the inside of the box where a window has been
located to allow an external fibre-optical light source to be directed at the face of the tube. An
external dark box protects the MAPMT from extraneous light. A motherboard from
Heidelberg University provides ports and CLC400 amplifiers to read out the pipeline of a
Beetle1.2MAO chip, this being housed on an interchangeable daughter-board. All power

supplies are external to the box.
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Figure 5-14 Test set-up

The external light source and fibre-optical system is a modified version of the
arrangement used in Chapter 2; however the latter version gave some photon timing jitter. For
testing an amplifier that is part of a pipeline chip such as the Beetlel.2MAO, the signal sampling
point must be fixed and therefore timing jitter would randomize the amplitude reading. In order
to improve the photon jitter in the laboratory setup, the mono-mode fibre was replaced with a
multi-mode and the storage capacitor C, of Figure 2-3 was removed. This improved the LED-
to-fibre coupling, therefore reducing the amount of light output required from the LED.
Consequently the charge injected into the LED is reduced, allowing a faster LED switching,

However, this was at a cost of a larger light spot diameter.

To make the jitter measurement, one output channel of the MAPMT was connected to a
50 Q resistor and the remaining channels grounded. An oscilloscope with a sample rate of one
Giga sample per second (GS/s) measured and stored the MAPMT voltage response across the
resistor to single-photons. The oscilloscope trigger was synchronised to the pulse used for the
LED light source. From each captured response, the time at which the signal voltage peak
occurred was plotted. The LED was triggered at 100 kHz. Figure 5-15 shows the results from
the modified light source. The RMS jitter was found to be £2.5 ns which is an improvement of
~9 ns on the previous system. The photon timing jitter for the LHCb RICH experiment will be
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considerably less than *2.5 ns, and will therefore further reduce the randomizing of the
amplitude measurement. The LHC timing jitter is determined by the bunch crossing and transit
time, which is of the order of 175 ps RMS [CHRO1_L.0] and the inherent MAPMT signal jitter is
of the order of a few ps.
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Figure 5-15 The measured time jitter from the light soutce system.

In order to evaluate the characteristics of the front-end amplifier, three modes of testing
have been incorporated. Firstly it is advantageous to measure the voltage signal directly at the
output of the amplifier. To do this the motherboard was modified so that it was possible to
read out the analogue outputs directly from probe pads. Secondly, to remove complications of
MAPMT pixel gain variations and to allow the front-end output dynamic range to be measured
in a controlled way, a test-pulse circuit was used. The test-pulse circuit applies a voltage step
pulse across a capacitor to generate an asymmetric semi-Gaussian MAPMT-like signal. The
capacitor value is chosen to deliver a controlled amount of charge to the Beetlel ZMAO input. A
1.5 pF capacitor gives 300 ke’ /2.6 V. The Beetle1.2MAO chip does have internal test-pulse
generators but these are upstream of the input pads and protection diodes and therefore

externally generated test-pulses emulate the MAPMT more effectively.
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Figure 5-16 shows the schematic for the test-pulse injection circuit for a single channel.
The yellow shaded box area is the front-end amplifier within the Beetle]l. 2MAQO ASIC. The
CLC400 amplifier and the resistor attenuation circuitry, along with the capacitor used for test
charge generation, are peripheral to the Beetle].2ZMAO and are mounted on the Heidelberg
motherboard. The TDS oscilloscope is fully controlled via Labview. Input load capacitance,
not shown in Figure 5-16, can be added to the motherboard for testing purposes. For testing
with the MAPMT connected to the input, the test-pulse circuitry is simply removed. It should
be noted that measurements taken showed that the analogue output signal suffered a 7 %
attenuation due to measurement devices used (i.e. the CL.LC400 non-inverting amplifier of Figure
5-16). The front-end amplifier could also be read out through the chip pipeline and differential
output ports, shown in the photograph of Figure 5-14.
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Figure 5-16 The test circuit for a single channel readout from the analogue probe points.
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The standard LHC mode of operation of the Beetle].2MAO is to multiplex 128 input
channels to four output channels. However, for these tests, the alternative readout mode of 128

input to one output channel was used for simplicity.

5.4.2 Beetlel.2MAO results

The ASIC under test was the Beetlel.2MAO, Chip 42 from wafer D4KKGZKT. All

measurements were taken with a 10 pF load at the input of the 1.2Att amplifier.
Test system authentication

To authenticate the Beetlel.2MAO test system, the output of the amplifier was measured
at the probe point for an input test-pulse compared against simulation. Figure 5-17 shows the
results. There is a discrepancy between the simulated, blue trace, and measurement. This can be

understood in terms of the 7 % attenuation in the readout electronics, mentioned previously,
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Figure 5-17 Comparison of simulated (blue trace) and measuted (purple trace)
analogue output response from an external test pulse injection.

and the 10 pF input load capacitance which was not accounted for in the simulation. The
measured rise-time is 10 ns and the fraction of the pulse remaining 25 ns after the peak is 25 %,
which is acceptable for LHCDb operation. The same measured analogue output from the probe
point was then compared to the signal at the output of the pipeline, shown in Figure 5-18 a).

The measurement from the pipeline, blue trace, is the result of a scan over the pulse profile
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(pulse-height scan). Here the Beetlel.2MAO analogue sampling point was fixed, and 10,000
samples taken from the output of the pipeline, the input pulse was then repeatedly delayed by 6

ns and samples retaken. Excellent agreement is seen.
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Figure 5-18 a) A pulse height scan from the pipeline, blue trace, compared to a measurement taken at the
analogue probe point for an external injected pulse. b) A pulse height scan of a single photon response from
and MAPMT (blue trace) compared to the measured response from a test pulse (purple trace).

An MAPMT was then connected up to the Beetlel.2MAO input to study the response to a
‘typical’ photon signal. The MAPMT bias voltage was set at -800 V. An average MAPMT pulse
was measured by triggering the LED light source and sampling at the pipeline output port
20,000 times at each 6 ns interval. The resulting pulse profile is compared to the test-pulse in
Figure 5-18 b. The test-pulse is seen to emulate the signal from the MAPMT to a reasonable
level and there can be confidence that the output of the pipeline readout truly represents the

input signal.
Results from test-pulse injection

The purpose of these measurements was to characterise the amplifier with a known and

stable input pulse. This also allowed an insight into the effects of coupling an MAPMT to the
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input. In addition, measurements such as dynamic range can only be reliably done with a

controlled source.

To cater for the considerable signal spread for a single-photon response from an MAPMT, the
SNR has been specified at 40, explained in chapter 2.4. The measured signal and noise from the
analogue probe points were measured separately with and without the chip system clock
running, shown in Figure 5-19 a) and b) respectively. To make these measurements, an input
charge of ~300 ke was injected on every other trigger signal given to the oscilloscope, which
consequently gave rise to two peaks in each plot, one corresponding to signal, the other to noise.
Figure 5-19 ¢) shows the signal and noise from the pipeline readout port, where the system
clock has to be running to invoke readout. Straightforward Gaussian fits were performed on the
signal and noise peaks. The SNR is then found by dividing the signal peak by the o of the
noise signal. The SNR is 38, 19 and 22 for the three cases of analogue without and with clocks,

and pipeline, respectively.
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Figure 5-19 Signal and noise measurements from the analogue probe point, a) with and b) without the chip
clock running and c) for the pipeline where the clocks have to be running to invoke readout.
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From the SNR measurements it is clear that the front-end amplifier suffers considerably
from cross-talk of the clock system. At the time of these measurements this was understood to
be a problem arising from the system ‘clock tree’ of the Beetle1.2 digital logic and was under
repair; the fabrication of Beetlel.3 solved this fault. As this problem is understood, allowance
should be made for the rather poor SNR obtained when the clocks ate running. It should be
noted that reading through the pipeline does not degrade the SNR compared to that read out

from the analogue probe points with the system clocks running.

With the system clocks turned off, the dynamic range of the front-end amplifier was
measured at the probe point. Figure 5-20 shows the front-end voltage response to a charge
injection at the input of ~0.722 to 2.7 Me™ (note that a typical single-photon charge input is

~300 ke ) , in multiples of 0.722 Me". The inset shows the peak value from each response
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Figure 5-20 The pulse shape and linearity of the front-end amplifier at the probe point. The colours
correspond to increased voltage steps across the charge injection capacitor (0.5 V=722 ke"). The
inset shows the linearity of the data.

plotted against charge injected. In this case the charge injected was continued up to 6.9 Me in
order to show linearity and the point of saturation; more will be discussed on saturation effects
later. From the inset it can be seen that there is lineatity up to an input charge of ~2.8 Me; 2.7
Me was the specification for the dynamic range given in Table 5-1. Taking into account the 7 %

readout loss, the gradient gives an output of ~26 mV per 314 ke
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The four pulse profiles in Figure 5-20 show overshoots exist that are approximately 10 %
of the pulse-height, and recover to < 10 % of a single-photon pulse of 300 ke” within 250 ns.
The overshoot is caused by an integrator (the CSA) being coupled to a differentiator/integrator
stage (the shaper). The output of the shaper responds to the slow recovery of the integrator; the
following section on channel occupancy explains this in greater detail. The overshoot can be
removed by tuning the front-end time constants but this is at the expense of reduced channel
occupancy capabilities i.e. a longer pulse fall time. There are three mitigating factors to the
overshoot problem: 1) As the maximum average channel occupancy is 10 %, or one channel
hit every 250 ns, then on average the amplifier will have recovered before a second pulse arrives,
2) the average channel hit will be only 300 ke, then the average loss of signal would be only 10
% of a typical single-photon response, and finally 3) any signal loss on subsequent beam
crossings can be recovered offline by suitable computer algorithms, but is not a favoured

solution.

Another consideration is that of saturation. To measure this, an input charge was injected
from 0.776-8.5 Me™ in steps of 0.776 Me, or in terms of photons from 2 to 28 in steps of 2,

giving a maximum of ~3 times the dynamic range requirement. From Figure 5-21 it can be seen

—05v|
v
1.5v|
2.0v|

_ [—30v]|

—4.0v|

— 5.0v|

—6.0v|
7.0v|
B.0v|

-9.0v|

0.5 V~776 ke-

Volts V
o
w

Total saturation
at 6x776 ke-

0.00E+00 250608 5.00E08 750608 1.00E-07 1.256-07 1.50E07 1.756-07 200E-07

Time s

Figure 5-21 Front-end saturation effects at the probe point.
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that the peak response saturates at 4.7 Me but the overshoot takes on a new shape. This is
caused by saturation of the feedback resistors on the CSA and shaper amplifiers, which are
implemented as FET devices. Although the overshoot goes into saturation, it does still return to

zero within approximately 250 ns.

Next the output from the pipeline was studied in detail. Figure 5-22 shows all 128-
amplifier channels read out from the pipeline, and clocked out in turn in 25 ns steps on one
output port. Note that the readout has been inverted to comply with the DAQ system in use.
A test charge of 0.776-7 Me™ in steps of 0.776 Me' is injected at the channel 1 input; 776 ke’ /0.5
V. The output starts with a 16 bit header that gives, among other things, the pipeline column

number (the column number is the memory location within the 186 deep pipeline, ie. the
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Figure 5-22 Readout of 128 channels clocked through the pipeline. The data are on channel 1.

pipeline is 128 input channels by 186 columns). There then follows the 128 channels, with
channel 1 coming first. Clearly seen, from the voltage spikes on the header and data channels,

are the effects of the system clock being ‘on’, as discussed earlier. A curvature of the base-line
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can also be seen. This is due to a further feature of the Beetle1.2 architecture which has been
remedied in the Beetlel.3. Data are being read out on channel ‘1. Noise signals are seen on
channels 8, 9 and 10, as these channels use standard Beetle1.2 amplifiers, which are much more

sensitive to input noise and cross-talk.

Figure 5-23 shows a zoom of Figure 5-22 showing the channel 1 data for the full range of
input test charge. The inset shows the peak value from each sample measured against charge
injected. Saturation occurs at 3.1 Me’, which is equivalent to a 10 photon hit. The pipeline

response saturates at an input signal 34 % less than from the analogue probe points; this is
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Figure 5-23 Zoom of data in channel 1 read out from the pipeline. The insert shows the linearity of the data.

attributed to the pipeline readout amplifier. Close inspection of the saturation effects on channel
1 shows that there are no detrimental effects. The linearity of the pipeline is 114 mV per 300 ke’

, approximately 4.5 times that of the analogue probe point.

The amplitude of the header signal is used to define the output voltage range of the chip.
It is fixed internally in the Beetle family of chips and therefore makes a good benchmark when

comparing the output characteristics from alternative electronic systems used to read out the
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Beetle chips. In this case the pipeline output has a dynamic range of 4 headers, where 1 header

equates to the response from 0.7 Me’ at the input.
Results from MAPMT readout

The test-pulse input circuitry of Figure 5-16 was removed and selected channels of the
MAPMT were coupled to the input of the Beetleel.2MAOQ, the remaining unconnected channels
of the MAPMT were all grounded. Figure 5-24 shows a typical response of the MAPMT from a
single-photon hit with the HT bias at —882 V, measured at the front-end amplifier probe point.

The output signal has a rise-time of 12 ns and 33 % of the signal remains after 25 ns.
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Figure 5-24 A typical response to a single photon with the MAPMT bias at —882 V. The oscilloscope time
base is set to 20 ns per division and the voltage scale is 10 mV per division.

To ensure the conditions to give a single-photon response, the intensity of the LED was
varied by increasing the voltage across it, as in Figure 2-3. Figure 5-25 shows the measured
response from the pipeline for two LED voltage settings, a) 15 V (50,000 events) and b) 25 V
(30,000). Two Gaussian distributions were fitted to the signal and noise distributions. The ratio
of the number of events under the two fitted Gaussians is 6.3 % and 14 % for Figure 5-25 a)
and b), respectively. These statistically low numbers of signal events gives confidence that light
leaving the end of the multi-mode fibre consists mainly of single-photons. The noise cut

adopted was ~ 50 in all cases.
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Figure 5-25 Pipeline response to an intensity-increasing light source on the MAPMT.

By adjusting the high voltage bias, the tube gain gives further freedom to adjust for a
single-photon response. Figure 5-26 shows the response to bias settings of =750 to —900 Volts
in steps of =50 V, a), b), ¢) and d), respectively. A setting of =850 V, is judged to give the best
operating performance. This setting gives 142 mV per photon, therefore being compatible to
the dynamic range of the Beetlel.2MAO chip, a SNR of 21, and has low MAPMT dark counts.
From measurement of single-photon response taken at the analogue probe points with the
system clock on and off, the SNR can be expected to be improved by at least a factor of 1.5
when cross-talk due to the clock has been eradicated. Note that the HV setting of -900 V

achieves the SNR requirement, although at the expense of reduced dynamic range.
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Figure 5-26 Photon response for =750 to —900 V high voltage bias settings.

Spill-over
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‘Spill-over’ occurs when a fraction of an analogue signal pulse recorded in a given bunch
crossing still remains at the next 25 ns sample time. An example of a 30 % spill over measured
from the Beetle1.2MAO is demonstrated in Figure 5-17. The amplitude of the remaining signal
is sampled and stored in the pipeline and is read out on a Level 0 accept trigger (section 1.2).
As there is no prior knowledge of the previous event, the sampled remainder can be construed

as a valid signal; this leads to the term ‘ghost hit’. The fraction of signal remaining can be tuned



between 0 and 50 % by adjustment of the CR time constants of the front-end amplifier. To
remove the remainder completely, the output signal from the shaper amplifier has to be fully
contained within 25 ns, this only being achievable with fast rise and fall times. An increase in
rise/fall ime means higher bandwidth, noise, an increase of signal overshoot and a smaller pulse
plateau in which to set the sampling point. The Beetlel.2MAQO was optimised around a 30 %
remainder, however ongoing studies are suggesting that this may lead to an unacceptable

number of ghost hits when the chip is used in the binary mode.
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Figure 5-27 Measurement from the pipeline at time a) t=0 and b) 25 ns later.

The studies here quantify the spill-over value for the Beetle].ZMAOQ. The light source was
synchronised to the chip sampling time so that the peak of a photon response would be
captured into the pipeline. Figure 5-27 a) shows the measured response from the MAPMT for
30,000 events. Figure 5-27 b) shows the measured response captured 25 ns later into the next
pipeline address column. Taking the mean signal value from Figure 5-27 b) gives ~50 % of the
mean signal value of Figure 5-27 a). A 50 % remainder was chosen to give a good signal and
noise separation of the spill-over measurement for first analysis. By using these measurements it
was possible to determine if the plot of Figure 5-27 b) could be obtained mathematically by just

scaling the pedestal-subtracted histogram of Figure 5-27 a) by 50 %. Figure 5-28 [SOMO3]
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shows the pedestal-subtraction spectrum of the peak of a photon response, which has a more
typical CR time constant of ~30 % signal remaining, in blue. The red histogram is the
corresponding spill-over measured 25 ns after the photon peak response. The green trace is the
result of scaling the blue trace by 30 % after a pedestal cut of 3¢ has been applied. It is obvious
that this scaling method is an effective technique for representing the pulse spectrum of the

spill-over fraction.
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Figure 5-28 Spill-over scaling plot. The histograms are described in the

It is clear that the spill-over fraction can be reduced by simply increasing the noise threshold
cut, the black line in Figure 5-28. However this will also cause a loss of genuine single-photon

signal. To demonstrate this, Figure 5-29 shows the efficiency of primary signal as a function of
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Figure 5-29 Signal efficiency verses the fraction of spill-over remaining, for different noise cuts (in Volts) [SOMO03].
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spill-over detection efficiency as the noise cut is varied. To obtain this plot, the original
measured pulse height spectrum and spill over data of Figure 5-28 was used. For each noise
threshold position, of 0.036 V to 0.216 V in steps of 4 mV, the fraction of signal above the
threshold of both primary and spill-over signal were plotted against each other. It can be seen
that a threshold cut which retains only 10 % of the spill-over, also will result in a ~20 % loss of

photon signal.

To investigate the effects of spill-over into later bunch (=50 ns) crossings, six columns of
the pipeline representing t=0 ns to t=125 ns , in steps of 25 ns, were measured as a function of
the input pulse amplitude. Multiples of 300 ke were injected at the input using the test-pulse
generatort, corresponding to approximately a 140 mV pulse amplitude at the output. Figure 5-30
shows the amplitude of the sampled pulse remainder from sampling times up to 125 ns, as a
function of the sampled amplitude at t=0. As expected, 30 % of the sampled pulse remains in
the next time bin for amplitudes < 280 mV (two photons). This increases to = 50 % for a 4-
photon pulse, which can be understood from observation of the pulse profiles of Figure 5-20.

It can be seen that the sampled amplitude fraction after two or more crossings is negligible. The
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Figure 5-30 Pulse amplitude versus pulse remainder for At = 25-125 ns.
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Beetle1.2MAO does offer some external fine-tuning of this remainder, but at the expense of an
increase in overshoot. Pulse overshoot is observed in Figure 5-30 where the sampled voltage

goes negative for the times At =25 ns.

The optimal CR time constant, and threshold hold setting, for operating the BeetleMA in
the binary mode requires further studies. Another constraint on the optimal CR time is the

effects of channel occupancy, discussed in the following section.
Channel occupancy

Channel occupancy is expected to be a maximum of 10 % for the RICH detectors, in the
inner most region of RICH-1. For the electronics this means that on average there will be a
~300 ke input signal at 250 ns intervals. To take into account fluctuations in the channel
occupancy and MAPMT gain variation, the Beetle].2MAO is designed to accept a minimum
~900 ke at a rate of 125 ns without being degraded by pile-up effects. Consideration must also
be given to the effects of charged particles traversing the MAPMT, causing large numbers (~10)

of photons to be produced in the quartz window.
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Figure 5-31 Simulated vour (mV) of the CSA for a regularised 10 % channel occupancy.
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For the Beetlel.2MAO, the occupancy is limited by the time constant of the feedback
capacitor and the active feedback resistor of the CSA, C; and Ry in Figure 5-7. As Ry is a FET
device and is accessible via the I°C interface, the resistance value can be readily chosen within
limits. The source connection of Ry is connected to v r , and therefore Vg of the FET is
dependent on vy As Ry is a PMOS device, then the larger the small-signal amplitude v, is,
the more Ry is turned on and the smaller the value of its resistance becomes. This gives the
CSA the ability to recover quickly from a large input charge. By simulating a 10 % uniformly-
spaced channel occupancy, the change in the time constant can be seen in Figure 5-31 which
shows the output of the CSA, before the shaper. The first output voltage pulse has a decay time
constant 1, followed by pulses all with a consistent decay time constant 1,; this is seen by the
difference in their gradients. In this case vy settles down to a ~250 ns recovery rate for a 10

% occupancy.

Ideally for large channel occupancy rates, the resistance of Ry, would be small. The lower
limit of Ry, is governed by the effects that the CSA recovery rate has on the shaper stage. This is

because the shaper stage is a differentiator and integrator, as shown in Figure 5-10. Figure 5-32

shaper v, Long term overshoot

Negative gradient

time

Figure 5-32 Simulation of the output voltage from the CSA and shaper.
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shows, on the same time base, the CSA output from Figure 5-31 and the output from the
shaper. It is observed that the shaper output has a long-term overshoot representing the
negative gradient of the CSA due to the shaper differentiator. This is not accumulative in the
sense of pile-up, however a baseline shift will occur depending on the occupancy and average
pulse-height. The base-line will then find an average value, which in this case in a few mV

greater than the shaper DC offset voltage of 1.046 V.

To study the extreme case, Figure 5-33 shows vyp at the CSA and shaper for single-
photons received at 100 % occupancy. There is no degradation in pulse amplitude from the
shaper, but a shift in the baseline of 30% of a single-photon response. Although the shaper
output suffers from overshoot, this can, in principle, be tuned out on a per-chip basis for
channels that have regular and known occupancy rates. Simulations have also been performed

that show no degradation in v, for 5 photon signals being received at 50 % channel occupancy.

out

In conclusion the performance of the Beetlel.2MAOQ is not degraded under high occupancy

rates.

shaper v

out

Figure 5-33 vou of the pre-amp and shaper for the extreme case of 100 % occupancy.
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5.4.3 Beetlel.2MAO FE simulations

Secondary effects such as channel cross-talk and time jitter were studied only in
simulation. The simulation test bed is shown in Figure 5-34. Although not obvious from the

schematic, there are three input channels, charge can be independently injected into any one of

Idc allows Fromtendbt_Zch_test
occupancy test

FE_input=2>

J— c=C_lood
|
e

77pF added to
emulate other
126 channels

Figure 5-34 The simulation test bed.

the three. All components related to the front-end amplifier such as bias generators, current
mirrors and current references have been added into the test bed. The associated parasitic
capacitances, from the components and layout, were all included. To emulate the capacitance
that would be present on the Beetlel.2MAO due to the remaining 125 input channels, two 77 pF

capacitors have been added in the simulation.

To evaluate the cross-talk, the signal on the centre channel (channel 2) was simulated for
all 64 combinations of 0, 0.3, 1.2 and 2.7 Me” on the three inputs; this represents 0, 1, 4 and 9

photons respectively. The results are shown in Figure 5-35 where the cross-talk can be seen as a
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Figure 5-35 Cross talk evaluation on the centre channel (channel 2).

very slight smearing of the traces. The inset shows the measured peak signal values of channel
2, for each input combination. The curves are labelled as a function of the number of electrons
injected on the adjacent channels, i.e. channel 1 and 3. The measured peak signal values are
used to give the linearity of channel 2 and, although barely visible, the aberrations due to signals
on the adjacent channels. As would be expected, the cross-talk distortion becomes increasingly
worse the larger the injected charge on the adjacent channels becomes. The linearity is 30
mV /0.3 Me with an RMS error of £1.6 mV. For the worst case, when both adjacent channels
have a 9 photon response, while a single-photon response is observed on channel 2, the cross-
talk is 26 %. This would only happen in the case of a charged particle directly traversing the
photo cathode. A more realistic case is when adjacent channels are responding to only one

photon, this results in less than a 1% cross-talk seen on channel 2.

Another effect of cross-talk is jitter or time walk at the sampling point. Figure 5-36 a)
shows the simulated response to one photon on channel 2 with the adjacent channels having
charge injected between 0.3-2.7 Me, 16 combinations in total. The result is that the peak of the
signal slightly moves in time. For a binary system, which is an option with the Beetle1l.2MAO,
the time walk affects where to set the threshold; the higher the threshold setting the larger the

time walk. To evaluate this, the time was found at which each signal pulse in Figure 5-36 a)

144



Threshold scan of single photon pk with
combinations of 0.3, 1.2and 27 Me- signals on
adjacent channels

“
e
=8
b
z
o 4
E
2
0
0% 20% 40% 60% B80% 1007
i threshold % of average single photon pk (~30mv)
a) b)

Figure 5-36 Time walk on a single photon response due to cross talk. a) The output pulse shape, b) the
time walk.

crossed 5, 30 and 80 % of 30 mV, which is the amplitude for a single-photon response. Figure
5-36 b) shows the results of the time walk as a function of the crossing point, for a number each
of input combinations. The curve colour scheme is the same as that used for Figure 5-35. The
plot in Figure 5-36 b) shows a worse-case spread of ~2ns for a threshold setting of 80 %.

Realistically the average jitter would be less than 1 ns.

5.5 Conclusions

Consideration has been given to the most appropriate front-end amplifier for capturing
photon signals from an MAPMT. A study was undertaken to find the best approach for
incorporating the new front-end into the architecture of the exiting Beetle ASIC by optimizing
the gain performance of the amplifier. The modifications have improved the performance of
the front-end amplifier in relation to SNR, a reduction in the input impedance, and a faster rise

and fall time from the output.

The test-setup for evaluating the BeetleMA has been described and the measurement
results given. 'The output has a rise-time of 10 ns and ~30 % of the signal remaining after a
further 25 ns after the peak, dependent on the value of the feedback resistance. With a test-
pulse to represent the MAPMT signal, the output of both the front-end and pipeline readout
remained linear up to 10x300 ke. With the MAPMT coupled to the input of the BeetleMA the

single-photon response was 142 mV, with a SNR of 21. Using measurements from the pipeline
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readout the spill-over of signal from one time bin to the next was evaluated. Simulations were
made of the occupancy and crosstalk effects and it was found that the BeetleMA has, in general

aless than 1 % crosstalk and can operate up to an occupancy of 100 %.

From the measured and simulated results it is concluded that the BeetleMA is a suitable chip for

reading out the MAPMT in an analogue mode.
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Chapter 6

The RICH demonstrator readout system

In November 2003, the final decision to adopt the Hybrid Photon Detector (HPD) as the
RICH photon detector was taken. The HPD was chosen ahead of the Multi-Anode Photo-
Multiplier Tube (MAPMT), which had been the alternative option. To advance the HPD
development, the author was heavily involved in the commissioning and testing of the proof-of-
principle HPD readout chain, and solely developed the precursor algorithms for the Level 1
region. In this regard, the demonstrator system described in this chapter was used to evaluate in
the laboratory the complete readout scheme, from a single HPD readout chip to DAQ. As the
development of the proof-of-principle readout chain started before the final detector choice had
been made, the scheme was also made compatible with reading out the MAPMT with some

minor hardware modification.

In August 2003 the complete LHCb readout scheme was modified as part of a detector
re-optimisation programme [TDRO03opt]. This programme was necessary in order to reduce the
amount of material (radiation lengths) in the detector and improve the efficiency of the Level 1
trigger; the latter improvement led to a considerable increase in the data storage requirements at
Level 1. Consequently the Level 1 RICH detector electronics had to undergo a significant re-
design, which changed the architecture, modularity and components to be used. Although this
chapter describes the Level 1 electronics designed for the predecessor of the present system (i.c.
pre-August 2003), the work presented here demonstrates the proof-of-principle on which the

current system is based.

The outline of this chapter is as follows. First an overview of the full demonstrator
readout chain is given, followed by an explanation of the major differences between the present

and predecessor (demonstrator) systems. Next the major components of the demonstrator

31 Data AcQuisition (DAQ). The process of acquiring data for storage. For the demonstrator system a PC was used.
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system are described in detail, followed by a presentation of results and conclusions. The reader
should also refer to the description of the global electronics readout scheme presented in section

1.3, as well as the system specifications.

6.1 Overview of the RICH electronics demonstrator system

The first stage of the electronics readout system is the Pixel HPD, and a description is
given here for completeness. The CERN/DEP-developed HPD [TP98], shown in Figure 6-1,
has active elements which comprise a photo-cathode, electrostatic imaging system and an
encapsulated 62.5x500 um® pixellated silicon detector. The silicon detector is bump-bonded to a
‘LHCBPIX1’ binary readout ASIC [LEB99], also encapsulated within the HPD vacuum
envelope. The LHCBPIX1 chip OR’s groups of eight pixels, resulting in a 500x500 um?® logical
pixel size. The electrostatic imaging system of the HPD introduces a magnification factor of
five, therefore giving an effective pixillation™ of 2.5x2.5 mm®at the photo-cathode. Although a
full-speed HPD was not available for the system tests reported here, a 40 MHz LHCBPIX1

readout chip was used to generate the input data.

Si pixel array

Ceramic carrier

Photocathode
(-20kV)

VACUUM

Photon

NP ’
Electrode ‘
Solder Binary
\' bump  electronics
: . bonds chip
Optical input
window

Figure 6-1 Schematic representation of the Pixel HPD.

32 The effective pixel size was designed to meet the photon spatial measurement resolution required.
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Figure 6-2 shows the modular conception of the demonstrator readout system. There are
two basic electronics prototypes, the ‘on-detector’ Level 0 board and the ‘off-detector’ Level 1

board, connected via a 100m optical link.

ONE ON-DETECTOR MODULE ONE OFF-DETECTOR MODULE
PILOT I_TTCrx | | Ecs || wrosupervisor |
ECS TTCrx
e I I
p— ] | =] _L/_I_FPGAI | FPGA2 . 2
PIXEL-CHIP | -, .| & =l = 18 TR
‘,/ PINT 17,/ g — 8 DDR " DDR
2048 PIXELS 2 —
# § § | QDR DDR QDR |
% ] BUFFER DE-RANDOMISER
LEVEL 0 BRD LEVEL_1 BRD

Figure 6-2 Block diagram of the demonstrator-system concept for HPD readout. The blue lines

show the dataflow, and the grey lines the control.

Central to the Level_0 board is the Pixel INTerface (PINT) chip. The PINT provides the
synchronisation and communication for the CERN-developed TTCrx, PILOT, and GOL chips,
the latter used for optical data transmission [GOLO1]. It also communicates to the
Experimental Control System (ECS) using the JTAG protocol. A Spartan XLINX FPGA is
used to implement the PINT logic (although an antifuse ACTEL AX1000 FPGA device will be
used in the final system). The TTCrx provides clock, trigger, reset and fast control distribution;
the PILOT ASIC is used for voltage-biasing of the LHCBPIX1 chip. The GOL serialises data
from the PINT and drives Vertical Cavity Surface Emitting Laser (VCSEL) devices [VCSEL].
The VCSELs optically transmit at 800Mbit/s over 100 m of multimode fibre to the Level 1
board. The transmission speed from Level 0 to Level_1 is 900 ns, which is compatible with the

global electronics specification (described in section 1.3.1).

The Level_1 module has two regions, shown in Figure 6-2, namely the buffer and
derandomiser. The buffer region is able to receive 2 fibres from a single Level 0 board. The
data are received by a HDMP-1034 optical de-serialiser component; one component services
one pair of fibres. Under the control of FPGA-1, the event-blocks are checked for correct

bunch crossing identification (BID) and transmission. Any subsequent errors found in the
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event-block or in the FPGA-1 built-in-logic-observer (BILBO) are appended to the side of the
event-block as an extra column; the ECS is also notified of an error occurrence via FPGA-2.
The event-block, now 18x30 bits, is sent to the buffer region QDR SRAM at a DDR rate of 40
MHz and stored there for the duration of the Level 1 trigger latency. The ECS interface and
TTCrx are used in the same way as for the Level_0 board but further demands are made of the
TTCrx with the full use of the channel-B (see the TTCrx section in 1.3.1) to receive Level 1
triggers and user commands. On a Level 1 trigger accept, the event-blocks are transferred to
the de-randomiser QDR SRAMs at a DDR rate for temporary storage. Under the control of
FPGA-2, data are then released from the derandomiser QDR, at a 40 MHz DDR rate, to
FPGA-2 where they are formatted into 32 bit-wide words so as to be read out by the DAQ.
FPGA-2 can perform different functions on the event-block such as zero-suppression, further
error checking and some local error correction. All communication between the ECS and the

Readout Supervisor (RS) is achieved through FPGA-2.

6.2 Consequences of detector re-optimisation

The re-optimisation of the trigger [TDRtrig] resulted in a major change to the Level 1
electronics scheme. The Level 1 trigger reject capability was improved by introducing a small
magnetic field (~100 kGem) in the region between the VELO and RICH-1. This enables a
coarse momentum measurement at Level 1, but involves a longer processing time, hence
increased latency. As a result, the Level 1 global electronic specifications (c.f. section 1.3.1) are
now based on using QDR and DDR RAM which can have any part of their memory directly
accessed in any order. This contrasts with the earlier specifications which were based on
standard FIFO memory which does not have direct memory access. In addition, the Level 1
latency was increased from 2 to 52 ms. This increase has a significant effect on the RICH
Level 1 electronics as the already significant buffer size of ~40 Gbits had to be increased by a
factor of 26. Although the Level 1 demonstration scheme described in this chapter was

designed for the FIFO memory-type specifications, the memory used was QDR with direct

3 DDR (double data rate) is when data are transferred on both the rising and falling clock edges. QDR (quad data rate) is when
the device can transfer data into and out of the device at the same time with both input and output operating at a DDR.
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memory access. The main advantage of this memory is that the QDR can read and write to the
memory within one LHCb clock period of 25 ns, thus removing any complex timing issues
related to priority between read or write commands. Due to the fact that QDR memory has
been used, the Level 1 demonstrator architecture can meet all the specifications of the new re-
optimised scheme. However, incorporating an increased number of QDRs to meet the

increased buffer size would make this design, in its detail, cost prohibitive.

In addition to the differences in the ILevel_1 architecture described above, the
demonstrator system also differs in a number of significant aspects from the new baseline

system:

e The prototype Level 0 board uses a non radiation hard Xilinxk FPGA as this
offers multiple re-programming capabilities. This is in contrast to the ACTEL
anti-fuse device to be used in the final system which is expensive and can be

programmed only once.

e The PILOT ASIC chip used for external biasing of the LHCBPIX1 chip was not
available, so commercial off the shelf (COT) DACs have been used.

e The physical size of the hardware is considerably larger for testing purposes.

e The optical transmission is Glink rather than Gigabit Ethanet which will be used
in the final system. This means the speed of optical transmission in the

demonstrator system is 800Mbits/s as opposed to 1.6Gbits/s.

e The Level_1 receives only two fibres. It will receive 48 fibres in the final system.

e The FPGA multiplexes data into the QDR at a DDR of 40 MHz. This allows
easy use of a four-burst QDR device (see later for the desctiption) when

connected to only one HPD.
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e The Level_1 to DAQ-PC uses a readily available and simple CERN-developed
optical Gbit Link which is based on an S-Link specification, also a CERN
development [BRAOO].

e The ECS interface protocol is not adopted. Instead a PC and a PM3705 JTAG
interface from JTAG Technologies is used.

6.3 The readout system demonstrator

In this section the components of the demonstrator system are described in detail. Figure
6-3 shows the demonstrator readout scheme and data flow for a single HPD. The Level 0
incorporates the PINT, HPD, GOLs and VCSELSs, and the Level_1 incorporates the fibre-optic
receivers (HDMP-1034), FPGAs, QDRs and S-link. Both hardware regions use the TTCrx for
clock and trigger distribution. For the demonstrator system the TTCrx is controlled locally with
the CERN interface modules TTCvi and TTCvx [TTCstat] and a PC, these are not described

within this thesis.

Pint GOLs
4,\ ll’arallel/selial. H Driver = %_
HPD 3232
BECS/TTCx lPaml]e /serial. H Driver Y
17x36
For proof of principle the PInt is a ZION M
non rad tolerant Xilinx FPGA
_S— _a— 21X36
QDR1 9Mb

= SLINK : 4BURST 21X36

RX FORVIAT | MEMORY “amum

FLIC
SLINK HDMP-1034
T T ONTRL
: CARD ADDR 19

SLINK TX  |¢— URST

Figure 6-3 Demonstrator readout scheme.
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6.3.1 Level 0

Figure 6-4 shows the demonstrator Level 0 board. The board size is 28x14 cm?and along
the front edge are two pin connectors to receive data from a single HPD. The TTCrx plugs into
the back of the board, not shown here. Components a) are the power-supply regulators and
associated circuitry, b) the GOLs and VSCELs, ¢) the DACs for LHCBPIX1 biasing and d) is

the Xilinx FPGA. These units, together with the data transmission protocol, are now explained.

Figure 6-4 The Level_0 demonstrator board.

The PINT Xilinx FPGA chip

Figure 6-5 shows the block diagram of the PINT and its supporting blocks. The PINT
translates all incoming signals to the LHCBPIX1 chip I/O standard of GTL and outgoing
signals to CMOS by internal 1/O configuration banks. It generates all of the required
LHCBPIX1 test-pulse signals. Different PINT operation modes can be selected through the
JTAG interface. The two external DACs needed for setting the LHCBPIX1 bias voltages and
currents are configured from the PINT and its JTAG interface. In order to use the JTAG
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Figure 6-5 Functional block diagram of the PINT.

protocol within the PINT, a JTAG test access port (TAP) has been written in VHDL™ and
imbedded within the core logic. The TAP controller is a 16-state finite state machine (FSM) that
responds to the control sequences supplied from the PM3705. The TTCrx bunch-crossing clock
of 40 MHz is used to synchronise the PINT with the LHCBPIX1 and GOL chips.

As mentioned previously, for the final system, the PINT algorithms will be ported into an
anti-fuse radiation-tolerant AX 1000 FPGA 896 BGA™ from the ACTEL Axcelerator family.
This FPGA uses a 0.15 um process, has seven-layers of metal, ~1M system gates and ~4
thousand flip-flops. As the AX 1000 is an anti-fuse device, the registers to hold the
configuration are themselves configured by electrically building an internal link between the gate
of a flip-flop and a control voltage. Once configured the device is not re-programmable. These
anti-fuse nodes are not susceptible to the radiation levels found in the LHCb RICH detectors.
The flip-flops used for the core logic must have different voltage stimuli applied to their gates
and are therefore not anti-fuse devices. To protect the core logic against SEU, triple redundant
logic is used, described in section 3.4.2. In the demonstrator, a Spartan XLINX FPGA replaces
the ACTEL, for the reasons already discussed, but the triple logic philosophy is fully adopted.

34 Very high speed integrated circuit Hardware Description Language.
35 Ball grid array package type.
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Data format and transmission protocol

Data arriving from the LHCBPIX1 chip are of binary format i.e. a binary ‘1’ for a hit
pixel. On a Level_0 trigger accept, 32x32 pixels are read out into the PINT chip where the data
are formatted into event-blocks. The size and format of these event-blocks are determined by
the GOL protocol, discussed in the next subsection. Figure 6-6 shows a representation of the
event-block transmitted down a single fibre after having being formatted by the PINT chip. A

discussion of the format follows.

<4«——— 1"BITS

« 16 BITS >
A BCID | | Cntrl word
L0 FLAGS P
4 A
36 32 DATA R
WORDS woios BLOCK I
T
PARITY Y
v HAMMING CODE | | Cntrl word

Figure 6-6 Event-block for one fibre after PINT formatting.

The PINT splits the 32-column-wide incoming data block from the LHCBPIX1 chip into
two blocks of 16x32 bits per HPD. Each 16-bit wide data block then has transmission
information added, bringing the block size to 17x306, and this is the event-block in this context.
In the Glink protocol, the first and last words of the event are control (Cntrl) words. The data

width within a Cntrl word is restricted to 14 bits. The event block is constructed as follows:

e A header is added as the 1% event-block word (first Cntrl word), which comprises the

bunch crossing identification (BID).

e A following event word is added that contains any error conditions that the PINT chip
may have identified (LO FLAGS). These are cither internal PINT logic errors, or errors

due to the event data from the LHCBPIX1 having an unexpected format.
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e A block has each row parity-checked and the result is added as a 17" row parity bit.
e A column parity check is added as a 35" event-block word.

¢ A Hamming-code is added as a 36™ event-block word (last Cntl word).

This brings the total data transmission from PINT to GOL:s for every Level 0 trigger accept to
17x36x2 bits per HPD (17 bit wide word, 36 words deep data event and 2 channels for each
HPD).

Ideally each Cntl word that is transmitted from the Level 0 should have within it, a data
word that is predictable and recognisable by the Level 1 logic for synchronicity checks. The 12-
bit BID from channel A of the TTCrx>¢ is common to both Level 0 and Level 1 regions and
therefore is a good option. By checking that the BID arriving at the Level_1 is a correct control
word, then a misalignment of event-block data, or a loss of clock, or a wrong event-block sent,
can all be detected and action taken. On receiving the BID, the Level 1 logic checks that no
event words are missing between the start and end control words by incrementing a counter and

checking that 36 words have been received.

The GOL and HDMP-1034

The GOL [GOLO1] chip is a radiation hard, SEU tolerant, multi-protocol high-speed
serial transmitter developed at CERN. One such protocol is suitable for use with the Hewlett

Packard HDMP-1034 de-serialiser receiver chip.

The GOL transmitting and HDMP-1034 receiving devices are used in the ‘17-bit Glink’
protocol mode, the 17" bit, known as a flag bit, being used as a parity flag. The event-block is
transferred serially, a row at a time, plus transmission protocol. The transmission rate is 20 bits

in 25 ns (800 Mbits/s), 16 of which are data and the remaining 4 are overhead bits for encoding,

36 The BCID is provided on every Level_0 trigger accept.
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In hardware the GOL and HDMP-1034 have various configuration pins; 16 user data pins, a
flag pin, two pins for marking words as either control, data or idle words and a force_ff0 pin.
With the force_ff0 pin set to ‘1°, idle words consisting of ff0 are sent in periods when no event-
blocks are sent so that the transmitting and receiving devices can remain locked to each other

(the clock for the receiver is recovered from transmission data).
Optical fibre transmission

The serialised data from the GOLs are converted to optical signals using VCSEL devices.
VCSELs emit light perpendiculatly to their p-n junctions. High output luminosity, focusing, and
large spectral width allows for easy coupling to multimode fibres. The wavelengths of these
devices are generally 650 nm, 850 nm or 1300 nm [HP] and the output power is typically 5 mW.
VCSEL arrays can be easily incorporated into single ICs, which allow for a much more compact
multiple fibre package. The VCSELs have been proven to be very robust in terms of radiation
and magnetic-field tolerance. At the receiving end the optical signal is converted back to an
electrical signal using the Stratos M2R-25-4-1-TL pin-diode receiver and amplifier packages.

Two GOLs and one VCSEL package are used for transmission over two multi-mode fibres.
Transmission errors

Example of transmission errors can be a missing clock, an inversion of a data bit, or a loss of
event-block synchronisation. These errors can be detected and a correction mechanism used for
repair. The detection and repair methods used will depend on the number of errors that need to
be corrected per second, the time taken to detect and repair, and the overhead in logic density to
implement such a mechanism. One method is to perform a reset of all the electronics, but this
should be kept to a minimum of occutrences, as several hundreds of thousands of events will be
lost during the reset period. Another option, which is used in this case, is to make full use of the
allowable readout time from Level 0 to Level 1 i.e. 900 ns per event [CHRO1_LO]. The data
block from the LHCBPIX1 chip is 32 words deep and is transferred off the LHCBPIX1 chip in
800 ns. This allows four extra words that contain error-checking information to be added to the
data block in the available 100 ns (i.e. 900-800 ns). These words can be used to implement error
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detection and correction codes that can then be used for diagnostic purposes further

downstream.

Each data block has its row and columns evaluated with a parity and Hamming scheme. The
results of both are transmitted, along with the data block, to the Level 1 receiver. The parity
and Hamming-codes of a data block received at the Level 1 are evaluated with the same two
schemes, and the results compared to those sent with the data block. A discrepancy between
the two results indicates a transmission error. The parity and Hamming schemes are now

described.

For parity, the bits of a row or column are taken through a tree of eXclusive-OR (XOR) gates
so as to generate a parity bit ‘17 only if there are an odd number of ones in the input. By taking
the XOR of both row and column, a parity grid is generated. This parity grid is compared at the
receiving end where it is translated into an error grid, thus allowing the correction of single
errors.  Double errors are identifiable but not necessarily correctable; this depends on the
positions of errors within a block. Triple errors are not recognisable or correctable. The patity
generation for columns requires storage of a running parity over 32 clock cycles, which can also
suffer from SEUs. An error in the parity flags results in false error detection, which is
impossible to distinguish or correct. Studies have shown that a Hamming-code is more robust
in terms of reducing these false errors, whilst not so good at being able to correct real errors,
while the opposite is true for parity checking. Therefore the use of both Hamming and Parity is

used.

The Hamming-code uses a given polynomial of the N power, N+1 bits, by which the
data stream is modulo-2 divided. There is no carry operation between places, i.e. each place is
computed separately, which makes the division simpler. The quotient is disregarded and the
remainder of N bits is appended to the data stream. When the data with the appended
remainder are divided by the same polynomial, the remainder should be zero if no errors
occurred. The Hamming-code can be applied to the full event-block, as it is the last word to be
appended.  One suitable polynomial for the Level 0 to Level 1 transmission is
X ad o +ae+1, (110000011011), which gives an 11-bit remainder [DAMO02]. Hardware
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for Hamming coding is simple and compact. For full checking of an event-block, an 11-bit shift
register and five ‘OR’ gates are required. The PINT and FPGA-1 of Level _1 both use exactly

the same Hamming-code algorithms to ensure compatibility.

6.3.2 Level 1

In the LHCb experiment, the Level_1 electronics will be situated in the counting room in
a non-radiation and non-magnetic field region, about 100 m away from the Level_0 area. The
counting room can be considered as an electronically ‘friendly’ environment and therefore
standard COTs components can be used. This has the advantage of availability, ease of
maintenance, and cost effectiveness. There are a broad range of products, and the use of SRAM
FPGA devices is allowed. Error checking, error correction and self-test algorithms are built into
the Level_1 electronics to ensure that synchronisation is not lost and corrupt data are not being

transmitted either to, or from, the Level _1 region.

SLINK TX

Figure 6-7 Level_1 board a) not loaded with intetface cards, b) loaded.
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Figure 6-7 a) shows the demonstrator Level _1 board. The board size is 23x17 cm?® The
board can connect into a VME crate for power or use external supplies. The FPGAs are close
to the QDR memories to optimise speed performance. Figure 6-7 b) shows the Level 0 fibre-
optic receiver, TTCrx and S-Link interface boards that plug onto the face of the Level 1 board.
A detailed description of the Level 1 and plug-in boards is now desctibed. The TTCrx plug-in

board has already been described in section 1.3.1.
Plug-in interface boards

The Level 1 receiver accepts two multimode optical fibres into a M2R-25-4-1-TL device,
which contains two pin-diodes and amplifiers. The data are de-serialised using two Hewlett
Packard HDMP1034 devices, one per channel. Figure 6-8 shows a block diagram of a single
data channel. The synchronisation between the Level 1 receiver board and the Level 1 mother

board is maintained by the signals RxReady, RxCntl and RxData. The timing relationships are

Hewlett Packhard-HDMP-1034
(Later Texas- TLK2501IRCP)
M2R-25-4-1-TL —-—>Rx(0-15).
Invert. = »RxFlag.
ClOCk 77[’ 7L ‘:T PRXError.
L Lol Data | D 2 "RxData.
Amp, Am, e Recovery. g PRxCntl.
-+ Decode. 71 *RxDSlip.
»Shiln.

‘J 17 ShfOut.
Clock Word TT

Generator. Align Flag &2‘ | :::gg:“
1 «—|DESCRM| ’

" PassEn.

Figure 6-8 Block diagram of the Level_1 receiver board.

shown in Figure 6-9. RxReady is a flag from the de-serialiser and gives a logic ‘1 when the

device has tuned and phase-locked into the clock recovered from transmission data. The
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RxData flag is a logic ‘1’ for event data transmission or a logic 0 for idle-word data

transmission. RxCntl is the flag used to mark control words in the event data block.

25 ns 850 ns 25 ns

TV AVAVAVAVAVAVAVAVA WA VAN AWA VAW,

RxData [
Rx(0-15) SIS
RxCntl 1 L

rReReady e

Figure 6-9 Timing relationship between RxData, RxCntl and RxReady.

The Slink TX card, seen in Figure 6-7b), is part of a readily available CERN-developed
optical Gbit Link, which is based on an S-Link specification. The S-Link is a CERN
specification for an easy-to-use FIFO-like data link that connects front-end to readout at any
stage in a data-flow environment [BRAOO]. It is used here to send the event-blocks over an
optical fibre to a CERN-developed PCI receiver card named ‘FLIC” where the data can then be
written to disk on a PC. The readout speed of this system is a maximum of 20 MHz. FPGA-2

formats and controls the data-flow for the S-link card.
QDR SRAM

The MT54V512H18EF QDR SRAMs were provided by Micron. A single package is a
13x15 mm?2 BGA with a 1 mm pitch. This device has a total memory bank of 9 Mbits given in
blocks of 128k words and can therefore store up to ~7k events from one HPD pending the
Level 1 trigger decision. The QDR architecture is shown in Figure 6-10. The key features and

maximum operating rates of the device are as follows:
e 9-Mbit Quad Data Rate Static RAM (upgradeable to 64-Mb).

e Manufacturers: Cypress, IDT, Micron and NEC.

e Separate independent read and write data ports support concurrent operations.
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Data can be read in and read out of the QDR SRAM on the same clock edge in bursts of

Figure 6-11 shows an example timing diagram for storing and retrieving four data words

4-word burst for reducing addressing frequency.

167 MHz clock frequency (333 MHz data rate).

Upgradeable clock frequency to 250 MHz (500 MHz data rate).

Logit: Elock Diagram Memory block of
Dyiray 128kx18, one per
18 hr ” h’ H fibre, can store up to
T ) 3.5k events
Iyrite | Write], Wyritg, Wirite
Acdress Rag/ Regtes /R"
F Register AU R I ] Adckess
(16:0) Sl (w | m P ) -}
7 g % g i;:g g § il Register 17 nea)
| AR
[ EREE R ERE i
CLK 303 |3 |3 i
= Gen H EEERENE E Contral “—RPS
' £ d loge (g ¢
__| Resd Data Req. .=
T2 J . ‘
Vref ——» 3G o
WPS — comnl _ Rﬂg- 18
BWSp— Logic 36 [
Qpgy

18

Figure 6-10 Block diagram of QDR SRAM.
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four data words. The four-burst devices require only one write address to be generated to store
four 18-bit words. The same is also true for reading from memory i.e. one read address releases
a burst of four data words. This therefore means that for the demonstrator scheme, addresses
are generated at a rate of 20 MHz while the data are being transferred at 80 MHz i.e. 40 MHz

DDR. This allows a data word from each of the two receivers to be stored in 25 ns.

to the arbitrary memory location of address 3. On the rising edge of the k-clock, the memory

address on the address bus (SA) and the write pointer signal (W_pS), are latched into the chip.
On the following rising edge of the k-clock the first of the received data words are clocked into

the memory location. The three remaining words are written to memory on the following 3 k-



k

SA —(
S

Datain —
ps
Data out ——— XXX

g S1S <

Figure 6-11 Timing diagram for writing and reading data to memory address 3 of the QDR. Read
and write occur simultaneously.

clock edges. For a read sequence, the memory location to be read from, again on the SA bus,

and the read control signal Ips are latched into the chip on the rising edge of the k-clock. The

four words in memory are then clocked out on each of the k-clock edges starting with the rising

edge.

As the data from the receivers are in 17-bit wide words and the QDR accepts 18-bit
words, the remaining 1x36 bits of the memory are used for error flagging and data validation in

the Level 1 buffer stage. The 1x36 bit error word is appended onto the side of an event.

6.3.3 Level_1 buffer

FPGA-1 is a low-cost Xilinx Spartan-II XC25200 FG456 FPGA and is used as the buffer
controller chip. The device offers 284 input/output pins (I/Os) and access frequencies of 200
MHz, internal clock speeds of 333 MHz, 1176 control logic blocks” (CLB) and 5292 logic cells.
The chip has four imbedded Delay Lock Loops (DLL) that can be used for clock management,
for example clock multiplication, division, and phase shifting. The Spartan-II is programmable

directly by JTAG or PROM.

37 CLBs are imbedded blocks containing a number of logic functions such as AND and OR, along with multiplexers, shift
registers and flip-flops.
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In order to take full advantage of the QDR four-burst memory access, four input
channels will be multiplexed into one QDR, instead of two channels as is the case for the
demonstrator. To multiplex four input channels requires the QDR write and read speed to be
160 MHz i.e. 80 MHz DDR, compared to 40 MHz DDR in the case of the demonstrator. For
this reason the FPGA-1 algorithm and QDR interface were designed to operate in two modes:
the four-channel and demonstration mode. The demonstration mode simply selects the internal
system clock to run at half speed of that of the four-channel mode and disables two input
channels; both modes of operation have been tested in hardware. Below describes the four-

channel 80 MHz DDR mode of operation.

Figure 6-12 shows the general architectural scheme with the support blocks for the
FPGA-1 chip. Four fibre-optic input channels are multiplexed to one QDR. All four of the
available DLLs are used in a cascaded way within the clock block. The first DLL is used to
distribute the 40 MHz input clock within the chip. The output of this DLL is the input to the
next DLL in the chain, the output of which is a doubling of the 40 MHz clock. This 80 MHz

QDR BUFFER
EVENT*BLOCK | ADDRESS & CONTROL | 90 & 270 CLKS
YY
1 | |
| 4TO I MUX 160MHz | L1/LO DATA CLK BLOCK
5 CONTROL RESETS
* * A A F
F | 5 TICK PIPE LINE L 2 ADDRESS -
GENERATORS [« L
P f \ L] x290 | [P
G | ] $»| Error 270 G
A |LCOMPARE BUNCH CNT [===2mmmep] 7 |A
ID FIFO DLL
[ SYNC DATA | OP X2
% MODE
r ;
17BIT[17BIT[17 BIT[17BIT| romana [CHANB | CLK & RESET
EVENT BLOCK FROM L_0 TTCm

Figure 6-12 Block diagram for the FPGA-1 algorithm and general interface scheme.

clock is required for the QDR k-clocks. A further DLL is used to introduce phase shifts to the
80 MHz clocks of 90° and 270°. The 90° phase shift is used for clocking the event data out to

the QDR while the 270° shift is for clocking the wps and write pointer signal (r_ps) off chip.
The final DLL is used to double the 80 MHz clock for the 4:1 multiplexer stage.
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The timing for moving data blocks through the Spartan chip is critical. For example, a
data block cannot always be routed directly from the chip input pins to the chip output pins.
Instead it is routed through internal CLBs and flip-flops that can add delays of up to several
nano-seconds. In this case each bit of the data-block can suffer different time delays and
therefore cause a misalignment. Two ways in which to keep the data alighed and prevent
metastable® states is to use the flip-flops that ate available within the Spartan I/O blocks and to

use pipelining techniques. These two methods are now described.

e Each of the I/O pins around the Spartan chip have some locally built in logic
including a flip-flop. By assigning, within the VHDL code, a clocked one-bit
register to each of the incoming, ot outgoing data-bus lines, the I/O flip-flops can
be forced into use. These input registers are shown as the ‘sync data’ block in
Figure 6-12, the output registers and 1/O pads are not shown. This has the effect
of re-synchronising input data to the internal clock regardless of the physical

location of the I/O pin used.

e DPipelining is a method of reducing the size of synchronous logic cells, the size of
which is determined by the automatic physical device placement tool that is used
to layout the internal architecture of the chip. The size of a synchronous logic cell
is defined by how many CLBs are utilised between two synchronous registers i.c.
the input register to a group of CLBs to the output register from that group of
CLBs. By placing several one-bit deep clocked registers with the same width of
the data-bus in the data path, the number of CLB blocks between registers can be
reduced. The size of the synchronous cell should be such that the time for the
data to pass through the CLBs to the next register is less than the sum of delays
and set-up and hold times within the cell. For Figure 6-12 the five pipeline

registers are depicted as one block in the diagram.

3 When the setup and hold time of a flip-flop is violated causing the output to be unstable.
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Referring to Figure 6-12, while the event data are passing through the pipeline, the FIFO-
stored BID from the Level 1 TTCrx is compared to the BID control word of the event data.
The 1-bit result, along with any other error flags generated by FPGA-1, is formatted into a 1x36
bit word by the ‘Error_Gen’ block and is serially fed back into the pipeline to be appended as
the 18" bit word of the event-block. FPGA-1 carties out many internal error checks. In
particular it checks the event-block for size, parity and Hamming-code. The Op-mode block is
configurable by JTAG and puts FPGA-1 into several different operational modes. Most of the

modes are for self testing by generating pseudo event blocks.

The QDR read and write addresses are generated by two independent counters under the
control of the L.1/L0-Data-Control unit. This unit also generates control signals for the QDR
memory chip. The control logic is built around two state machines, a write machine shown in
Figure 6-13 and a read machine, which is very similar in operation but receives different hand-
shaking signals. The state machines ensure the correct timing of the QDR signals and address
generation. These are implemented using the so-called ‘one hot” method, which uses one flip-
flop output for each state. By taking the appropriate logic function of these state outputs
ensures that only one state will ever be active at any one time. A state is represented by the
circles in Figure 6-13, the movement between each state is determined by the blue boxes and the
actions to be taken at each state are shown next to the states. If there is a choice to move to one
of two available states the priority is given by the number given in the smaller circles, 1 being the
highest priority. The ‘one hot’ method has the advantage of ease of design and clarity of circuit
operation as the inputs to the state flip-flops directly describe the condition in which that state
can be entered. Further to this, it is compact in size for designs with less than ~9 states as the
decoding for each state is still quite small. Above 9 states, the decoding logic becomes
disproportionate to the logic that is being implemented. The operation of the write state

machine is now described.
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Package List

LIBRARY ieee;

USE ieee.std_logic_1164.all;
USE feee.std_logic_arith.all;

GET_DATA=T'

Dout_cld==DATA4;
HOLD_read_cld =="0%
continue <= cantinue,

GET_DATA=1"
AND
K=

Adut_cld==A;
WRShar_cld=="0
HOLD_read_cld=="1",
continue == 00,

ADDRESS

continue="1"

Aout_cld == A,

WP Shar_cld == "0,
HOLD_read_cld ="",
Dout_cld == DATAZ,
continue =='1",

GET_DATA="1"

address2

Dout_cld==DATAL;
inctADD _eld=="1",
HOLD_read_cld=="0",

Duut_cld<:DATA

KEVENT AND K="

Dout_cld==DATAZ;
inctADD_eld=="0"

Figure 6-13 The write state machine.

For the state machine to make a next state decision and have enough time to multiplex
four fibres, the state machine master clock operates at 160 MHz. The state machine sits in the
idle state until there is logic ‘1’ of both the k-clock and GET_DATA, which is the logic AND of
the RxCntl and RxReady signals (refer to Figure 6-9). It then moves to the address state. This

state releases the W_pS signal and the data from the write counter. The following state, WR_D1,
sets the multiplexer to output the event data received on the first of four fibres. The state
machine is held in the WR_D1 state until the machine is synchronised to the rising edge of the
k-clock at which point the state machine moves through each of the remaining states,
multiplexing the remaining three event-blocks as it goes. Every time the write machine is
activated, the wrap-around write counter is incremented by 1. The state ‘address2’ and
‘continue’ line are used to prevent the state machine going back to the idle state in the case
where there has been a consecutive Level 0 trigger and incoming data are continuous between

received events.
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As stated earlier, the read state machine is similar in operation, but on receipt of a Level _1
trigger the read machine is activated and cycles 36 times consecutively. In the case of a Level 1
trigger reject the state machine multiplexes the event-blocks out but does not release the rps

signal to the QDR. Logic has been incorporated into the design to ensure the read and write

pointer cannot overtake each other.

AE

Fle Edt Cursor Zoom Compare Bookmark Format Window

5919448 ps to 6364655 ps

Figure 6-14 Simulation of data to (labelled data) and from (labelled dout) the QDR chip.

Figure 6-14 shows a simulation of test data flow to and from the QDR for the
demonstrator system. Here event data arrive on two fibres and the internal clocks are running at
half speed, i.e. the k-clock is 40 MHz. The FPGA-1 chip has been set to a test mode where
after receiving the first internally generated event word, an automated self-generated Level 1
trigger accept is asserted 9 k-clocks later. Shown in the figure is the cursor which is positioned
at the beginning of a write sequence. With the rising edge of k-clock and W_pS set to 0’ the
write address is taken from the input port SA, the address is 1 in this case. On the following
rising edge of the k-clock the first data word from the event-block (fibre #1) is stored to
memory. This is an arbitrary header word, 21FFF. On the next falling edge of the k-clock the
header word, also 21FFF, from the second event-block (fibre #2) is stored. The remaining 35
words in each of the two event data blocks are then stored on every k-clock edge with W_pS =0

every time a new write memory address is required. After the automated Level 1 trigger accept
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has been asserted, I'PS is set to 0’ and the read address is taken from SA. In this case the
address is 1 so as to read out the last event-block stored. The first BID is read out on the

following k-clock rising edge, the second on the next falling edge. The remaining data words
from the two event-blocks are then read out on each k-clock transition. With the ﬁ and read

address on SA being asserted every other rising k-clock edge, the device can read and write

event-blocks at the same time.

6.3.4 Delay Lock Loop (DLL)

The Level_1 FPGA-1 takes advantage of the Xilinx internal DLLs to multiply the TTCrx
40 MHz output clock signal by a factor of 2 and 4, for use internally and externally to the
FPGA. The DLL also adjusts the phase of the internally generated 80 MHz clocks by 90° and
270°. To ensure that the TTCrx output clock signal is compatible with the DLL input
requirements, and to find how the DLL responds to a corrupted input clock, the following

studies were undertaken to investigate:
e Whether the lock signal® responds to missing input clock pulses.
e How a DLL x2 output responds to a missing input clock pulse.

e Whether the DLL can tolerate jitter from a TTCrx output clock signal.

Two types of jitter were considered. Cycle-to-cycle jitter is measured from one clock edge
to the next, whereas the long-term jitter of a clock is measured with respect to some stable clock
of the same frequency. Jitter measurements were obtained by using a Lecroy oscilloscope with a
2Gs/s sampling rate. The Lecroy uses its internal clock for a timing reference so as to log the
input signal voltage level at each sample. On the transition of a user set voltage level the

oscilloscope uses the logged voltage levels to extrapolate a time of transition. In this way the

3 The lock signal is given from the DLLs when synchronisation is achieved.
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oscilloscope is able to make timing measurements between rising edges of an input signal to

within a 10 ps accuracy.

The DLL within the Xilinx Spartan FPGA can tolerate a maximum cycle-to-cycle jitter of
+/-300 ps at its input. The DLL tolerance to the long-term jitter was not stated by the
manufacturer. The TTCrx used for the demonstrator to generate the DLL input is a Version-3
chip and was found by measuring its output clock signal, to have a cycle-to-cycle jitter of +/-290
ps and to have a long-term output clock jitter (or drift) of 400 ps. The histogram of the cycle-
to-cycle and long-term jitter measured at the TT'Crx output is shown in Figure 6-15 a) and b),
respectively. The problem of the two discrete jitter peaks seen in the cycle-to-cycle jitter
distribution is caused by the internal chip cross-talk when having data traffic on both channel A

and B of the TTCrx at the same time. This problem has been eliminated in the new version of
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Figure 6-15 a) TTCrx cycle-to-cycle signal output jitter, b) TTCrx long term signal output jitter.

the chip with the second peak being removed, hence halving the jitter value. Without this
improvement the TTCrx is only just within the DLL jitter input tolerance of +/-300 ps, which
does not give enough margin for use within the experiment. However, no detrimental effects

were observed at the x2 output clock from the DLL with the Version-3 TTCrx clock connected
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to its input. The cycle-to-cycle and long term jitter measurements taken at the output of the

DLL x2 show that there is a maximum 35 ps jitter when using the clock from the TTCrx input.

To measure the effects on the DLL lock signal and x2 clock output in the case of missing
input clock pulses, a pattern generator was used to generate a vector of input clock pulses. In
this way one or more of the clock pulses could be removed from the vector. Measurements of
changes in the lock signal showed that it takes 100 ps to lose the lock signal after the clock
pulses are turned off, i.e. no system clock or an irregular 14 out of 16 input clock pulses can be
missing before the out of lock signal is given. The x2 output responded to missing input pulses
by a doubling in missing output pulses. From this it can be concluded that the DLL will pass on
missing clock pulses and that the lock signal does not recognise this condition. Therefore the

lock signal can be used for indicating that the DLL has locked-on but not for loss of lock.

To port VHDL algorithms into an FPGA, the Xilinx designer software is used. The
software first translates the VHDL into a net list of components and interconnect wires (the net
list file can be viewed like a schematic drawing). If requested to do so, the software will then
automatically take each component and interconnect, and find a physical placement within the
FPGA hardware. However, the DLLs cannot be automatically placed when using more than 2
DLLs within a FPGA chip. There was also a need to maximise the speed performance of the

critical logic cells within the multiplexer. Therefore some physical layout within FPGA-1 is

Figure 6-16 Internal Layout of FPGA-1.
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done by hand and not left to the automated router. This is achieved by anchoring the group of
cells shown in the white boxes of Figure 6-16 and then allowing the automatic router to finish
off the rest of the layout. Although the layout of Figure 6-16 looks sparsely populated, with
only ~60 % of the chip resources having been utilised, this does have the advantages of

flexibility in I/O selection and space for fast routing.

6.3.5 FPGA-2

A Xilinx Spartan II XC28200 FG456 FPGA is also used for FPGA-2 of the
derandomiser area of Figure 6-2. For the present testing of the readout chain, FPGA-2 is only

used to interface to the S-Link, and serves the following functions:

e Accepts event-blocks from the QDR memory at a data rate of 40 MHz DDR.

e Strips the 17th bit (parity) and 18th bit (error code) from the event-block and

formats them into end words.

o Concatenates the two, now 16 bit-wide event-blocks, into a 32 bit-wide word so

as to match the S-Link data-bus width.

e  Generates all the necessary control and clock signals for the S-Link.

Clocks out the 32-bit wide data block to the S-Link at 20 MHz.

6.3.6  System tests

The full demonstrator readout system, desctibed in the previous sections, was tested using
a stand-alone LHCBPIX1 chip as an input (an HPD was not available at the time of the test).
The LHCBPIX1 chip offers a charge-injection test pulse on each of the readout channels to
emulate the charge pulse from an HPD. Due to hardware problems associated with the S-Link
and also the need to release the DAQ system for debugging the next iteration of Level 0 board,
the demonstrator test at the time was confined to making simple comparisons of the

input/output data integrity to verify proof-of-principle. More sophisticated tests involving an
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HPD and more robust DAQ system were to follow, but with a revised set of hardware

elements. These tests will be briefly summarised in the next section.

Figure 6-17 shows an example of a screen dump of a) the input data written into the
LHCBPIX1 and b) the data read out through the S-Link/FLIC. A simple bit pattern was input
into the LHCBPIX1 chip; the 32x32 pixel array in this case has all the pixels in column 13

selected for test-pulse injection. The event data were then processed through the Level _0 and

N - > S 7 TECEEY
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Error code

non-zero event bits

a) b)

Figure 6-17 a) Screen dump of pulsed LHCBPIX1 test channels, b) the data read out from the Slink.
Level 1 systems, and written to the PC hard disk. The BID number and error code are
displayed on-screen, along with any non-zero event bits. Figure 6-17 b) shows the BID,
hexadecimal a3 in this case, and error code hexadecimal 3, from two fibres. As expected for
correct data transmission, both fibres have the same BID and error code. The error code gives

information about the FIFO status in the PINT chip. Also from Figure 6-17 b), it can be seen

that the test-bits set in column 13 have been detected in all of the 32 event-data words.

A number of important conclusions are drawn from these tests:

e The PINT is fully operational with the LHCBPIX1, TTCrx, GOLs and VSCELs.
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e The PINT algorithms are functional. Writing and reading to the LHCBPIX1

chip is proven.

e The BID is added correctly at Level_0 and is maintained throughout transmission

to the PC.

e The error flags, at both the Level 0 and Level 1, are added correctly and give the

correct information.

e Data are successfully sent from Level_0 to Level_1 via optical fibre at 800 Mb/s.

e The Level 1 fibre-optic receiver card works correctly.

e Both FPGA-1 and 2 are functional with TTCrx operation.

e TI'PGA-1 can multiplex and store data into the buffer QDR.

FPGA-2 can interface to the de-randomiser QDR and interface to the Slink.

6.4 Recent test beam results

Following the successful operation of the first demonstrator system, further iterations of
Level_0 and Level_1 boards have been designed to conform to final LHCb requirements. The
boards have been refined in terms of physical size, more compact design and doubling the data-
transmission speed, but in all other aspects the new system is fully compatible with the original
demonstrator system. The author has been fully involved in the development of the new system
(with particular attention to the Level_0 region). This work culminated in the successful readout

of a single HPD in a test beam in October 2004 [PATO04].

Figure 6-18 shows the preliminary results of Cherenkov rings observed. The plot shows
hits from the Pixel HPD, integrated over many events. Cherenkov rings resulting from the

passage of 10 GeV/c pions through a ~1m nitrogen radiator at atmospheric pressute ate cleatly
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Run number = 26

Figure 6-18 Cherenkov rings observed from 10 GeV/c pions in an N gas radiator. The
x and y axis represent the column and row number, respectively, of the pixel HPD.

seen. The left and right asymmetry clearly seen in Figure 6-18 is a result of the PINT double
sampling the incoming data on some channels due to a timing issue. With the double sampling
accounted for a total of 9.1+0.1 photons are observed per event, compared to 7.9+0.8
expected. The results indicate the electronics readout system is operating at full efficiency and

with low background.

6.5 Summary

A complete demonstrator readout system, from LHCBPIX1 chip to DAQ, has been
successfully developed and operated.  Error detection methods have been incorporated into
both the Level 0 and Level 1 regions. The Level 0 board can perform all the necessary data
formatting, and operates successfully with the I/O interfaces. Algorithms for the Level 1
FPGAs have been written using VHDL, synthesised and downloaded using JTAG. These
algorithms have been tested at a modular and system level. The Level 1 board can store
incoming events at 40 MHz DDR, perform the necessary formatting for the S-Link and send
data out to a PC on receipt of a Level 1 trigger. The delay lock loops are compatible with

TTCrx operation. The optical link from Level 0 to Level_1 has been verified.

In summary, the demonstrator described here has provided a proof-of-principle and test-

bed for the final readout system of the LHCb RICH detectors.
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Chapter 7

Summary

In this thesis, the LHCDb detector, its global electronic scheme and triggering system have
been introduced. A description of the role in which the Ring Imaging CHerenkov (RICH)
detectors play within LHCb, and the electronics readout requirements, have been given. Two
tiers of dedicated electronics, the Level 0 and Level 1 regions, which filter data into a farm of

commodity processors making up the High Level Trigger (HLLT), have been described.

The following major contributions have been made by the author to the development of

the LHCb experiment:

e An ecvaluation of the Multi-Anode Photo-Multiplier Tube (MAPMT) as a
candidate for the RICH photo-detectors.

e The development and successful testing of a customized readout ASIC, the

BeetleMA, which has been optimised for MAPMT readout.

e The evaluation and implementation of the BeetleMA bias generator, the current

and voltage DACs, and front-end amplifier.

e The development and operation of a demonstrator of the full RICH readout
system, focusing especially on the VHDL algorithms used for the Level 1

electronics.

A vital influence on the performance of the LHCb RICH detectors is the choice of
suitable photo-detectors. Both the MAPMT and Hybrid Photon Detector (HPD) have met the
RICH requirements of spatial resolution and single-photon sensitivity. Both detectors require
specialised radiation-hard ASIC chips that can capture and store the signals, while being fully

compatible to the global electronics scheme of LHCb.
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The 12-dynode R5900-00-M64 H7546B MAPMT photon detector has been studied by
the author. The device has performed to the manufacturer’s specifications and is a suitable
photon detector for the LHCb RICH detectors. The relative efficiency for single photons
converted at the MAPMT photo-cathode has been measured to be 74+3%, reduced from full
efficiency by the focussing and gain structure of the device. The author has demonstrated that
the readout amplifier of the MAPMT must be able to accommodate a dynamic range of the

input signal of 9 and give a SNR ratio of ~40 for a typical single-photon response.

Studies have been made on the most appropriate front-end amplifier for capturing photon
signals from an MAPMT. The best approach was found by incorporating a new front-end
amplifier design into the architecture of the exiting Beetle ASIC by optimizing its gain
performance. The use of a deep-submicron process technology, with thin oxide and enclosed
NMOS transistors, makes the BeetleMA tolerant to ionising radiation. CMOS latch-up is
suppressed by the use of guard rings. Robustness against single event upset is achieved with

triple-redundant logic.

The test setup for evaluating the BeetleMA has been described and the measurement
results given. The output has a rise-time of 10 ns and ~30 % of the signal remains after a
further 25 ns after the peak, dependent on the value of the feedback resistance. With a test-
pulse to represent the MAPMT signal, the output of both the front-end and pipeline readout
remained linear up to 10 single photon signals i.e. ~3x10° electrons at the nominal operating
voltage. Simulations were made of the occupancy and crosstalk effects and it was found that the
BeetleMA has, in general, less than 1 % crosstalk and can operate up to an occupancy
approaching 100%. From the measured and simulated results it was concluded that the

BeetleMA, in analogue mode, is a suitable chip for reading out the MAPMT.

A fully integrated bias generator that supplies all of the necessary current and voltage
biasing for the BeetleMA chip has been designed, fabricated and tested. The bias generator
contains a current source, voltage V-DACs and current I-DACs. The 10-bit I-DACs use a
binary-weighted current-source scheme with 1023 PMOS transistors. The necessary voltage
references are generated with current mirror scaling circuits. The mean dynamic range of the 36

177



I-DACs measured is from 0.1 pA to 2.101 mA (with an LSB of 2 uA and a gain error of 2.6%).
These values are very dependent on the supply voltage and temperature. The differential and
integrated non-linearity has been measured to be +0.5 LSB and £ 1 LSB, respectively. This I-

DAC is suitable for the Beetle chip requirements.

The 10-bit V-DACs are of the R-2R type utilising 3 KQ N* diffusion OP resistors. The
mean dynamic range measured for ten V-DACs is from 1.57 mV to 2.498 V with a gain error of
0.5 %. The mean LSB is 2.43 mV and is better than 99% compliant with a load resistance > 70
KQ. The differential non-linearity is + 1.4 LSB making the V-DACs non-monotonic, although
this is not important for the final Beetle design. The effects of temperature are easily managed.
This V-DAC is suitable for Beetle chip use but benefited in performance when the resistors
were changed from N diffusion to non-silicided polysilicon for the Beetle fabrication

submission.

The LHCBPIX1 front-end ASIC is used to read out the HPD photon detector. A
complete demonstration readout system has been successfully developed and operated from
LHCBPIX1 chip to DAQ. Error detection methods have been incorporated into both the
Level 0 and Level_1 regions. The Level 0 board and PINT chip perform all the necessary data
formatting, and operate successfully with the I/O interfaces. The data are transmitted to the

Level_1 region down fibre-optics using the 800 Mb/s G-Link protocol.

The demonstrator Level 1 region stores data while awaiting the Level 1 trigger accept at
an average rate of 40 kHz. The incoming events are stored for a variable latency time into QDR
memory chips. QDR control and data formatting is achieved with an FPGA. The data capture
rate into the QDR is at a DDR rate of 40 MHz. Data stored in the QDR are sent out to a PC
on receipt of a Level_1 trigger using fibre-optics and an S-LINK protocol. The necessary
formatting for the S-LINK is achieved using a second FPGA on the Level 1 board. The
algorithms for both FPGAs are written using VHDL, synthesised and downloaded using JTAG.
These algorithms have been tested at a modular and system level. The timing and control chip,

the TTCrx, is compatible with the delay-lock loops used on the Level 1 board.
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The results reported here show that the MAPMT and BeetleMA can be successfully used
for the LHCb RICH detectors. From the first operation of the Level 0 to Level 1
demonstrator system, it can also be concluded that events can be successfully formatted, stored

and transmitted through each tier of the LHCb electronic regions.
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Glossary of terms

AMS Austria Mikro System International
ASIC Application Specific Integrated Circuit
Beetle ASIC detector readout chip

BeetleMA Modified Beetle MAPMT readout chip
BID Bunch ID

BILBO Built-In-Logic-Observer

Bulk Also body. The ASIC substrate

CLB Control Logic Blocks

Cox Capacitance of FET gate oxide

CSA Charge-Sensitive Amplifier

CTRW Continuous-Time Random Walk
Derandomiser Temporary data storage area

DDR Double Data Rate

DLL Delay Lock Loops

DNL Differential Non-Linearity

DMILL Durci-Mixte sur Isolant Logico-Lineaire
ECAL Electromagnetic CALorimeter

ECS Experiment Control System

ELT Enclosed Layout Transistor
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ENC Equivalent Noise Charge

ESD ElectroStatic Discharge protection
FIR Finite Impulse Response filter
FSM Finite State Machine

FWHM Full-Width-Half-Maximum

g Transconductance

GOL Gigabit Optical Link

HCAL Hadronic CALorimeter
HDMP-1034 Fibre-optic receivers

HL High Level

HLT High Level Trigger

HPD Hybrid Photon Detector

IT Inner Tracker

JTAG Joint Test Advisory Group

L Length of FET gate region
Latency Data storage time

LEP Large Electron Positron collider
LET Linear Energy Transfer

Level 0 The first level of LHCD trigger and storage
TLevel 1 The second level of LHCD trigger and storage
LHC Large Hadron Collider

INL Integral Non-Linearity
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LSB
LVDS
(M1-M5)
MAPMT
MIM

MPW
MSB
MWPC
NA

OoT
PINT

PM3705
Poly

pp

PS

QDR

RICH

rps

Least Significant Bit

Low Voltage Differential Signal
Muon system

Multi-Anode Photo-Multiplier Tube
Metal Insulator Metal capacitors

Multi-Project Wafer
Most Significant Bit
Multi Wire Proportional Chambers
Numerical Aperture

Outer Tracker
Pixel INTerface chip

JTAG interface unit

Polysilicon semi-conductor material
Proton-Proton

Pre-Shower

Quad Data Rate

Random Access Memory

Ring-Imaging Cherenkov

The incremental output resistance of a FET

QDR SRAM Read Pointer Signal
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RS

SA

SEE

SEL

SEU

SNR

SOI

SPD

SRAM

SRBF

TAP

TFC

TTCrx

VCSEL

VELO

VETO

Readout Supervisor

QDR SRAM Address bus

Single Event Effects

Single Event Latch-up

Single Event Upset

Signal-to-Noise Ratio

Silicon-On-Insulator

Scintillating Pad Detector

Static Random Access Memory

Silicon Resin Bonded Fibre

JTAG Test Access Port

Timing Fast Control
Thickness of FET gate oxide

Trigger Tracker

Timing Trigger Control

Timing Trigger Control receiver
Vertical Cavity Surface Emitting Lasers
Silicon VErtex LOcator

Pile-up VETO detector
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=

wps

FET gate FlatBand voltage

Voltage between FET gate and source terminals
FET Vg threshold voltage

Width of FET gate region

QDR SRAM Write Pointer Signal
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