’ inst PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING AND SISSA

REcEIVED: December 11, 2007
AccePTED February 26, 2008
PuBLISHED: March 27, 2008

Design and implementation of the Front End Board
for the readout of the ATLAS liquid argon
calorimeters

N.J. Buchanan, 2! L. Chen, 2 D.M. Gingrich, 23 S. Liu,2 H. Chen,? J. Farrell,

J. Kierstead, P F. Lanni, ? D. Lissauer, P H. Ma,? D. Makowiecki, ? V. Radeka,?

S. Rescia, P H. Takai,? H. Ghazlane, ¢ A. Hoummada, ¢ H.G. Wilkens, 9 J. Ban, &4

S. Boettcher, ° G. Brooijmans, € C.-Y. Chi,® S. Caughron, ¢ M. Cooke, ©

D. Dannheim, &% A. Gara,®’ A. Haas, € |. Katsanos, € J.A. Parsons, & S. Simion, &8

W. Sippach, L. Zhang, ¢ N. Zhou, © E. Ladygin,  E. Auge, 9 R. Bernier, 9 M. Bouchel, 9
A. Bozzone, 9 D. Breton, 9 C. de la Taille, 9 I. Falleau, 9 P. Imbert, 9 G. Martin-Chassard, 9
A. Perus, 9 J.P. Richer, 99 V. Tocut, 9 J-J. Veillet, 9 D. Zerwas, ¢ F. Hubaut, ™10

B. Laforge, " O. Le Dortz, " D. Martin, " Ph. Schwemling, " J. Collot, ' D. Dzahini, !
M.-L. Gallin-Martel, ' P. Martin, ' W.D. Cwienk, | J. Fent, } L. Kurchaninov, 11

G. Battistoni, K L. Carminati, X M. Citterio, K W. Cleland,' B. Liu,' J. Rabel,' G. Zuk,'

K. Benslama, ™ E. Delagnes, " B. Mansoulié, " J. Teiger, " B. Dinkespiler, ®1° T. Liu, ©
R. Stroynowski, ° C.-A. Yang,° J. Ye,° M.L. Chu,P S.-C. LeeP and P.K. Teng P

aCentre for Particle Physics, Department of Physics, Ursitgrof Alberta,
Edmonton, Alberta, Canada

bBrookhaven National Laboratory (BNL), Upton, NY, U.S.A.

®Faculté des Sciences,University of Casablanca, Casablaviorocco

dCERN, Geneva, Switzerland

€Columbia University, Nevis Laboratories, Irvington, NYSLA.

fJoint Institute for Nuclear Research, Dubna, Russia

9Laboratoire de I'Accélérateur Linéaire (LAL), Orsay, Frem

NLPNHE, Université Pierre et Marie Curie Paris 6, Universiiénis Diderot Paris 7,
CNRS/IN2P3, Paris, France

'LPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P&itlrt National Polytechnique de
Grenoble, Grenoble, France

IMax-Planck-Institut fiir Physik, Werner-Heisenberg-itgt Munich, Germany
KDipartimento di Fisica dell'Universita di Milano and INFNVlilano, Italy
'University of Pittsburgh, Pittsburgh, Pennsylvania, AS.

MUniversity of Regina, Regina, Saskatchewan, Canada

N"CEA, DSM/DAPNIA, Centre d’'Etudes de Saclay, Gif-sur-¥yé&itance

9Southern Methodist University, Dallas, Texas, U.S.A.

PInstitute of Physics, Academia Sinica, Nankang, Taipeiyda, R.O.C.



INow at Department of Physics, Florida State University|afsssee, Florida, U.S.A.

2Now at Department of Electrical and Computer EngineeringiMdrsity of Saskatchewan,
Saskatoon, Saskatchewan, Canada

3Also at TRIUMF, Vancouver, British Columbia, Canada

4Also at Institute of Experimental Physics, Kosice, Slowaki

SNow at Christian Albrechts University, Institute for Expeental and Applied Physics, Kiel,
Germany

5Now at CERN

“Now at IBM T.J. Watson Research Center, USA

8Now at LAL

9Now at LPSC

ONow at CPPM

1INow at TRIUMF
E-mail: jpar sons@evi s. col unbi a. edu|

ABSTRACT. The ATLAS detector has been designed for operation at CERBrge Hadron Col-
lider. ATLAS includes a complex system of liquid argon calweters. The electronics for am-
plifying, shaping, sampling, pipelining, and digitizinget calorimeter signals is implemented on
the Front End Boards (FEBs). This paper describes the desigrlementation and production
of the FEBs and presents measurement results from testifgymped at several stages during the
production process.
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6. Summary £4

1. Introduction

ATLAS [fl] is a large general-purpose detector designed f@ration at the Large Hadron Collider
(LHC) at CERN. The LHC is a proton-proton collider which wilperate with a center-of-mass
energy of 14 TeV. A system of liquid argon (LAr) calorimetdosms one of the major ATLAS
detector systems (see figUje 1). The LAr calorimeters irckhe electromagnetic barrel (EMB)
calorimeter, which is housed in the central cryostat andiides coverage for pseudorapidities
In| < 1.5. The ranges of larger pseudorapidity are covered byagndalorimeter (EC) systems,
housed in separate endcap cryostats. Each EC cryostal@schn electromagnetic endcap (EMEC)
calorimeter, a hadronic endcap (HEC) calorimeter, and wefad calorimeter (FCAL) providing
coverage up ton| = 4.9. More details about the design, construction, andbpaidnce of the LAr
calorimeters themselves can be found in Referefjce [2].

The electronic readout of the ATLAS LAr calorimeters is didl into a Front End (FE) system
of boards mounted in custom crates directly on the cryostadthroughs, and a Back End (BE) sys-
tem of VME-based boards located in an off-detector undermguiccounting house. The FE system
includes Front End Boards (FEB), which perform the readowt digitization of the calorimeter

Tile barrel Tile extended barrel

/

LAr hadronic
end-cap (HEC)

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 1. Cut-away view of the ATLAS calorimeters. The LAr calorimet@re seen inside the scintillator-
based Tile hadronic calorimeters.



Table 1. A summary of some of the main specifications of the ATLAS LAoirEnd Board.

Channel Total Active Channels 182,468
count Number of FEBs 1524
Channel density 128 channels/FEB
Power consumption ~ 0.7 W/channel
Signal Sampling frequency 40 MHz
sampling L1 trigger latency < 2.5us (100 b.c.)
Max. L1 trigger rate 75 kHz
Samples to read/channel Typically 5, Maximum 32
Deadtime < few %
Energy Dynamic range ~ 17 bits
measurement | Calibration uncertainty < 0.25%
Noise/channel ~ 10 - 50 MeV
Coherent noise/channgl < 5% of total noise/channel
Time measurement Resolution < 100 ps
Trigger sums Gain uniformity < 5%

signals, Calibration boards which inject precision calitum signals, boards for producing analog
sums for the Level 1 (L1) trigger, and other control and numiig boards. The BE electronics
includes Readout Driver (ROD) boards which perform DSRetaiigital filtering of the signals.

A more detailed overview of the entire ATLAS LAr readout amaand details of the BE
system, can be found in Referen¢k [3]. The overall FE systehitacture is documented in Ref-
erence [4]. The purpose of this note is to describe the designmplementation of the ATLAS
LAr FEB, including some information on the standalone perfance of the FEB. The overall
system performance of the ATLAS LAr readout electronicd il documented in a subsequent
publication.

2. FEB specifications

The electronic readout of the ATLAS LAr calorimeters facem@nding specifications, a summary
of which is provided in tabl¢] 1. Given the fine segmentationthef ATLAS LAr calorimeters, a
total of 182468 active channels must be read out. These sirtbdied among the EMB (60%),
EMEC (35%), HEC (3%) and FCAL (2%). For noise optimizatidme FEBs are placed in crates
mounted directly on the calorimeter cryostat feedthrougAschannel density of 128 channels
per FEB is required to satisfy the space constraints of thideiector location. With this density,
and given the cabling of the calorimeters, a total of 1524 &EBrequired to read out the LAr
calorimeters. Any heat dissipated by the electronics meiselmoved in order to not impact other
detector subsystems. Therefore, maintaining a low poweswaption, well below 1 Watt per
channel, is important. Furthermore, since convective @iting using fans cannot be used in this
region of the detector, the FEBs are conductively cooledguain under-pressure water cooling
system.



The FEBs must sample the LAr calorimeter signals at the LH&hwcrossing frequency of
40 MHz. The online selection of events is performed by thedHayered ATLAS trigger sys-
tem [B]. In the first step, the L1 trigger uses partial infotiora from the calorimeters and the muon
system to reduce the trigger rate to a maximum L1 Accept rA#® d&Hz. For each L1 trigger,
the FEB readout of typically five samples per channel mustcoeraplished with little deadtime,
and the full event data made available for subsequent ei@iuay the Level 2 and Level 3 trigger
systems. The L1 trigger decision is performed by a deadéisselsynchronous pipelined system
with fixed latency of up to 2.5us (100 bunch crossings), during which the FEB must store the
time-sampled calorimeter signals. The FEB must be ablewatrl trigger rates, to read out up to
32 samples per channel, in order to measure the entire wavefben desired during calibration
or other special runs.

The energy resolution of the ATLAS electromagnetic (EM)ocimheters for EM showers is
given byo (E)/E ~ 10%/+/E ©0.7%/E, with the energyE is expressed in GeV ar@ representing
addition in quadrature. The resolution at high energiesoimidated by the second, so-called
constant, term, which arises due to a variety of contrilmgjancluding mechanical tolerances and
variations in the calorimeter construction, time variati@f the detector response, and uncertainties
in the calibration. Achieving the goal of 0.7% for the comstgerm requires that the calibration of
the readout is understood at a level of better than 0.25%.

For low energies, the noise contribution is also importdrite noise for an electron shower
in the EMB at low pseudorapidity is expected to be 190 MeV. &wfing on the section of the
calorimeter, the noise of the preamp loaded by the deteeipaditance for a single calorimeter
channel is typically= 10 - 50 MeV. The low end of the FEB dynamic range is set by thairement
that the FEB noise be dominated by the preamp noise. The hidjlofehe scale has been setto
3 TeV, the largest energy that could be deposited in a siftderel of the EM calorimeter due to
an electron originating from the decay of a 5 TeVtidson. Being able to cover this entire energy
range requires the FEB have a dynamic range @47 bits.

Given the fine granularity of the calorimeter, the energyroEd shower is obtained by sum-
ming the signals of typically 50-100 calorimeter cells; mveore channels must be summed for a
typical jet or for more global quantities such as missinggkerse energy (MET). As a result, any
coherent component of the noise is particularly critical.sBudying the impact on the reconstruc-
tion, using MET, of a heavy SUSY Higgs boson decaying to tats(jf], a requirement has been
set that the coherent noise per channel be less than 5% aftéh@oise per channel.

In addition to measuring the deposited energy per chanmelFEB readout must provide a
measurement of the time of the deposition and algg-dype quantity related to how well the
pulse shape follows the expected shape. Digital processinge performed of the typically five
time samples read out per channel to produce optimized me=asfi energy, time, ang?. The
X2 measurement provides sensitivity to pulses which are nasored due to waveform distortions
produced by large energy depositions in neighboring bumoksings. The time measurement
provides, first of all, identification of the bunch crossimgvthich the energy deposit belongs. A
timing resolution of~ 5 ns would be sufficient for this purpose given the time sdjmraf 25 ns
between subsequent bunch crossings. However, the caterifmes a much better intrinsic timing
resolution, and there are physics arguments to aim for lextdiming resolution. For example,
some variants of Gauge Mediated Supersymmetry BreakingSBMnodels imply existence of



Table 2. Radiation levels for which FEB components had to be qualifiedt more details, see the text.

Radiation Estimated| DMILL Commercial Process
Type Units Level RTC RTC
TID Gy 50 525 1700
NIEL 1 MeV equiv. n/crd 1.6x 10 | 1.6x 1013 1.6x 103
SEE | Hadrons (> 20 MeV)/crh | 7.7 x 1011 | 7.7 x 10%2 7.7 x 10%?

a heavy gaugino which would decay to an undetected Gravitdnaaphoton which, due to the
finite lifetime of the gaugino, would hit the calorimeter Wit slight delay and from an angle
not directed to the primary vertex. A study [6] of such a scendemonstrated that the pointing
resolution of the calorimeter would be a powerful tool tonitiy such “non-pointing” photons, and

a timing resolution much better than the mean delay @ ns would be helpful in confirming this
signature. For large pulses, a timing resolution betten th20 ps should be achievable. Such a
performance would also allow the possibility to use timiadpélp select the proper vertex in Higgs
decays to a pair of photons, and to achieve some rejectiopileftip” due to other proton-proton
scatters within the same bunch crossing.

Due to their on-detector location, the FEBs must be ablelérate significant levels of radia-
tion. Simulations of the expected radiation figlH [7] prediat, during 10 years of LHC operation
at design luminosity, the FEBs will experience a total iamzdose (TID) of 5 kRad and non-
ionizing energy loss (NIEL) effects due to an equivalentrittesof 16 x 10*? 1-MeV-neutrons/crh
In addition, the possibility of single event effects (SEBgluding single event upsets (SEU) of
logic states, must be considered, given the exposuré’te Z0'! hadrons/crfiiwith energies above
20 MeV. As will be described in a subsequent publication,F&B components were subjected
to an extensive radiation tolerance qualification procesth the required tolerance specified by
multiplying these expected radiation levels by three gafi@ttors (SF) which aim to account for
uncertainties in the simulated radiation levels, for palssiow dose rate effects, and for variations
in radiation tolerance from lot to lot in production of an ASI

The radiation tolerance issues led to the development ofrdbeuof custom ASICs in special-
ized, radiation-tolerant semiconductor processes, aad/éwy limited use of “commercial-off-the-
shelf” (COTS) components. A number of ASICs were developethé DMILL process|[]8], and
several more using a commercial 0.2B “deep submicron” (DSM) process, but using a special
library which was radiation hardened through the use of #oougleveloped enclosed transistor
geometry [P]. The SF values were lower for the DMILL procesbjch was guaranteed by the
vendor to be radiation tolerant, than for COTS component&RICs produced in a commercial
process that does not guarantee radiation tolerance. Paflenmarizes the expected radiation
levels as well as the “Radiation Tolerance Criteria” (RT@lues to which DMILL and other com-
ponents had to be tested and qualified. The RTC values for epoihprocesses take into account
the fact that the final production parts were purchased froowk, homogeneous lots; otherwise,
each of the commercial RTC values would have been an adalitiactor of two higher.

The on-detector location of the FEBs implies that there iacmess to them during operation
of the LHC, and gaining access requires a shutdown of coraitkelength. In particular, the FEBs



of the EMB detector are mounted in crates at either end of #émebcryostat. Accessing these
crates to repair or replace the FEBs requires rearrangirexteacting large detector elements in
the endcap regions, including the endcap calorimeter tatgsWhile it is foreseen to access these
crates once per year, during the long annual shutdown pifianéhe LHC, other opportunities for
access will be very limited. Given these access difficultieBability is a key concern.

The limited use of COTS components, and reliance on speedhliadiation-tolerant semicon-
ductor processes, implies that very little is known aboet éipected lifetime of the individual
components. All components were purchased witfb-8)% spares, to allow for repairs. As is
often the case for high energy physics instrumentatiorergisdly all FEB components are already
obsolete and unavailable, so procurement or productiorditianal spares is not feasible. This
fact, plus the current planning to upgrade the luminositthefLHC in the future and extend even
further its expected operations phase, makes the FEBieissue even more critical. An accel-
erated lifetime test is being performed by operating a nurobere-production FEBs at elevated
temperature in an environmental chamber. Results of thisd@ace available, will be reported in a
subsequent publication.

3. Overview of the FEB architecture

Block diagrams indicating the main features of the FEB aechire are shown in figuf¢ 2, and
a summary of the main FEB components is presented in fhbles3héraw calorimeter signals
emerge from the cryostat feedthroughs, they are mappedtioatBEB inputs. On the FEB, the
signals are first subject to several stages of analog progesBreamplifier hybrids amplify the
raw signals. To reduce the dynamic range requirements aiaimpling and digitization stages, the
preamp outputs are split and further amplified by shapersdioiproduce three overlapping linear
gain scales which are each subject to fast analog shapirgysfidped signals are then sampled at
the LHC bunch crossing frequency of 40 MHz by switched-capaarray (SCA) analog pipeline
chips, which store the signals in analog form during the idger latency.

For events accepted by the L1 trigger, typically five samplkeschannel are read out from
the SCA using the optimal gain scale, and digitized using-®iL2ADC. The digitized data are
formatted, multiplexed, and then transmitted optically ofuthe detector to the ROD via a single
1.6 Gbps optical output link per FEB.

The FEB implements the first two stages in the summing tredyming analog sums for the
L1 trigger. The shaper chips sum their four input channelbe $haper sum outputs are then
summed further on plug-in Layer Sum Boards (LSB) mountedhenREB. The LSB outputs are
sent off of the FEB to trigger boards mounted in the same cvettech perform further summing
and processing.

For configuration and operation, the FEBs require a numbexigfrnal control signals. The
40 MHz LHC clock, as well as the L1 trigger signal and a few osiignals synchronous with the
clock, are delivered via the ATLAS Trigger and Timing Cohtf®TC) system [10]. The FEB is
configured and monitored via a dedicated “Serial ProtoaolilAS Calorimeters (SPAC){[11]
serial control link, operating at 10 MHz.

The following sections describe each of the blocks on the RERBitecture in more detail.
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Table 3. The acronyms of the main active components of the FEB, thebeuper 128-channel FEB, and the
component’s functionality. The components are groupedralicg to the semiconductor technology used in
their production. The last column lists the section of trapgr where more details can be found.

Production | Component, Number | Brief Description Section for
Process Name per FEB| of Functionality Details
Hybrid Preamp 32 First stage amplification 7|

Preshaper 32 Amplification, preshaping for HEG B2
AMS BiCMOS Shaper 32 Amplification and shaping B3
DMILL SCA 32 Sampling and analog pipeline B4
SMUX 1 32:16 multiplexor i
TTCrx 1 Trigger and timing control receivel 0.1
SPAC slave 1 Serial control interface [10.3
CONFIG 1 Configuration controller [10.3
DSM GSEL 8 Gain selection, data formatting @
SCAC 2 SCA controller 3]
CLKFO 7 Clock fanout [10.2
QPLL 1 Quartz-crystal phase-locked loop [10.2
DCU 2 Temperature and voltage monitor i}
COTS OpAmp 32 Match SCA output to ADC input kg
ADC 16 12-bit digitization kg
10H116 8 SCA address bus driver 3]
GLINK 1 1.6 Gbps Serializer I
OTx 1 VCSEL-based optical transmitter i
STm RHBIpl VREG 19 Radiation-tolerant voltage regulator ~ [1

4. Analog Signal Processing

As depicted in figur¢]2, and described in more detail in thiefdhg, the analog processing per-
formed by the FEB includes amplification, shaping, storagan analog pipeline, and then digiti-
zation for events accepted by the L1 trigger.

4.1 Preamplifiers

For the ATLAS EM calorimeters (both barrel and endcaps)réwecalorimeter signals are cabled
out of the detector and received on the FEBs. Preamps moanttdte FEB provide the first step
of analog processing. A similar situation applies to the EG#gnals.

The raw calorimeter signal is an approximately triangularent pulse having a risetime of a
few ns and a falling edge extending for the total drift time400 ns) of electrons in the LAr gaps.
The response of the EM calorimeters to an electron resudtsumrent of typicallyx 2— 3 uA/GeV.
The dynamic range of interest corresponds, therefore, reimis in the range of nA up to several
maA.

The LAr preamps[[42] are coupled to the detector by a trarsanidine. As the signal duration
is long compared to the shaping time, current preamps ai whih provide a voltage output
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Figure 3. Schematic of one channel of the four-channel preamplifieridy

directly proportional to the input current. The principliecoupling a preamp to a high capacitance
detector is described in Referenfe [13].

The preamp circuit schematic is shown in figlfe 3. The mainatteristic of the ATLAS
preamp is the use of a local feedback in the input stage tibutttrthe functions of low noise
and high dynamic range to two different transistors. Thisuwif configuration allows excellent
linearity and noise performance, with relatively low power50 mW per channel). The gain (i.e.
the transresistance) and the input impedance can be chudependently without changing the
power supply voltages and power dissipation.

In order to optimize the match of the preamp characteristitee calorimeter cell to which it
is connected, three different variations, or “flavors”, cd@amp are used. As summarized in taﬂ)le 4,
the flavors differ in terms of their input impedance, gain {fansimpedance), and dynamic range.
These variations are achieved by using the appropriatesaficomponents R2, R12, L1, and L2
in the schematic of figurld 3. Flavor 1 is used in the presangsidrin the front sections of the EM
calorimeter, Flavor 2 is used for the FCAL as well as the EMdtgtback sections for lowen ]|,
and Flavor 3 is used for the EM middle/back sections for highé

The preamp is realized as a four-channel thick-film hybridasuring 55 mmx 23 mm. The
hybrid is equipped with gold-plated pins that plug into ntg sockets mounted on the FEB



Table 4. Characteristics of the three different flavors of preamps.

Preamp| Input Impedance Transimpedance Maximum Input| Typical Detector
Flavor (Q) (Q Current (mA) | Capacitance (pF
1 50 3k 1 160 - 500
2 25 1k 5 300 - 2000
3 25 500 10 400 - 2000

PCB, allowing customization of the FEBs for the differenlioceneter sections by insertion of the
appropriate preamp hybrids.

Production of the preamps was split approximately equadiywben Brookhaven National
Lab (BNL) and INFN Milano. Each site procured all componéiatstheir local production, and
some differences resulted. Measurements performed dilmingre-testing of the hybrids revealed
slightly different performance parametefs|[14]. The magificant difference was in the gains.
For example, figur¢] 4 shows the measured gains for th@ B5mA version of the preamp, for
which two different distributions are clearly visible. Thmver gaussian corresponds to the INFN
preamps, with a mean gain which is 1.7% below that of the BNéapmps. Each distribution
separately has a Gaussian widthoof: 0.5%. Within each lab, an acceptance windowt@% was
applied during preamp testing. For the precision readaah ehannel is separately calibrated and
therefore matching of the absolute gain is not relevant. @@ to ensure sufficiently uniformity
for the L1 trigger sums, the gains are required to be unifoithiv< 5%. As shown in the figure,
less than 2% of the hybrids would fall outside:2% acceptance window applied to the combined
distribution, and all are well within the L1 specificationhd slight differences, therefore, are not
considered an issue.

4.2 Hadronic Endcap Preshapers

For the Hadronic Endcap (HEC) calorimeters, cryogenic mppsaare mounted directly on the
detector in the liquid argon. The HEC cryogenic electrosigstem is described in Referen¢g [15].
The preamp outputs are driven on cables out of the cryosthetBEBs.

Instead of the plug-in preamp hybrids used for the rest of thesubsystems, the HEC FEBs
are equipped with plug-in “HEC preshaperf"|[16] that aregtesd to be pin-to-pin compatible with
the preamp. A schematic of the HEC preshaper is shown in flguféae HEC preshapers include
a pole-zero cancellation to adapt to the widely varying HE@@dtor capacitance. In addition, the
HEC preshaper invert, amplify and pre-shape the signaltatotihey output to the FEB shapers
signal that have the same polarity and approximately theesstmpe as for the rest of the LAr
calorimeters. With these adaptations, the same FEBs adgfarsall LAr calorimeters.

To optimize the match of the preshaper to the HEC channel tichwib is connected, 14
different preshaper pole-zero time constants are needddct, since the preshapers are mounted
on both sides of the FEB, a total of 28 different preshapesioes is required. Depending on the
value of component & the preshaper has a nominal gain of either 6 (“LO”) or 12 (JHFigure [
shows the measured gains for 168 hybrids, which are in gooeeatent with the design values.
The dispersion among hybrids has an RMS of less than 1.5%fy#ag the uniformity requirement

—10 -
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Figure 5. Schematic of one channel of the four-channel HEC preshaytich

set by the L1 trigger. Figurg 6 also shows the measured nsiadumction of detector capacitance,
with the results of Spice simulations superimposed on thasomements; good agreement is seen
between the noise levels achieved and those expected biationu
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sured gains, while the right plot shows the measured andlaigtinoise levels as a function of detector
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4.3 Shaper

The preamp/preshaper outputs are AC-coupled into a feamwl shaper chig [L7], which applies
an CR-(RCJ analog filter to the signals in order to optimize the sigwahoise ratio. The differ-
entiation serves to remove the long tail from the detectepaase, while the two integrations limit
the bandwidth in order to reduce the noise. The CR-@RiG¢r architecture, with transfer function
H(s) = (1s)/(1+ 1), is a good compromise between the number of stages (andsporging
power consumption) and the performance, since it is only d@¥se than an ideal filter.

The RC time constant of the shaping function is set to 13 mgesenting a compromise be-
tween minimizing pile-up noise, which increases for slowkaping, and thermal noise, which
decreases for slower shaping. The characteristic formeofdbultant output signal shape is shown
in figure[J(a). For the typical detector capacitance, th&ipgaime of the signal when convoluted
with a 450 ns triangular input current 48 35-40 ns. Figurg]7(b) demonstrates that this value of
peaking time is close to optimal for the LHC design luminpsit 103 cm2 s~L. For lower lumi-
nosities, further downstream digital filtering can be usedchieve an effectively longer shaping
time, and subsequently better noise performance. Anotiveideration is that the shaped signals
are sampled at the 25 ns LHC bunch-crossing rate, so even &mstping would start to suffer from
aliasing effects.

In addition to shaping, the shaper provides additional dmalion, so that the preamp noise
will dominate over the contributions from later stages. Thiave the full dynamic range, the
shaper splits each signal to provide three overlappingligain scales, with gain ratios ef 10.
The absolute gains are 0.8 (LO gain), 8.4 (MED gain) and 82g@ith). The shaper also includes
one “Dummy” output which has no input signal but the same agtage as the analog signals. The
Dummy channel thereby provides a measurement of the onadiise. As described in sectipn}4.4,
this signal is connected to the input Reference channelbeoSICA analog pipeline in order to
provide a “pseudo-differential” architecture, with theafjof reducing low frequency noise.

The shaper chip also incorporates a “Linear Mixer” (LM) stagepresented by thesymbol
in figure[2, which provides an additional output correspogdio a shaped sum of the four input
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separated by 25 ns. (b) Total noise versus shaping time foinbsities of 18% and 164 cm2s—1. Also
shown are the separate contributions from pile-up noiseframa electronics (series and parallel) noise.

channels. The channels are summed before shaping, andhthesumn is subject to a CR-RC
filter before being output. Depending on how the “Gain” pintba shaper package is connected
on the FEB PCB, the LM gain can be set to either one or three. e&sribed in more detail in
section[P, the LM output signals are used in the generati@malog sums for use by the L1 trigger
system. Programmable switches are used to enable or disall@ual channels in the trigger
sum, allowing the disabling of noisy or faulty channels. Thkies of the switches are set, and can
be read back for verification, via the SPAC slow control linkhe FEB.

The architecture of the shaper chip is depicted in figlire 8shmvn, the CSO0 through CS3
inputs are connected to fuses which can be blown to conneiitiGthl capacitors in the shaping
stages. Their purpose is to allow tuning of the RC time canistathe presence of unavoidable
process variations in the values of the on-chip resistodscapacitors.

The shaper is realized as a four-channel ASIC implementederAMS 1.2um BiCMOS
technology [1B], and is packaged in a 100-pin rectanguld® Qédckage with 0.65 mm pitch. Some
of the relevant shaper parameters and performance figuresiarmarized in tablg 5.

4.4 SCA analog pipeline

The shaper output signals are sampled at 40 MHz and storedliogaform by a switched-capacitor
array (SCA) analog pipeline. The SCA stores the analog Eghaing the L1 trigger latency in
pipelines of 144 cells, and further serves as a multiplerdrde-randomizing buffer in front of the
ADC for triggered events. The SCA is designed to allow siam#bus Write and Read operations.
Separate 8-bit Write addresses (WADD) and Read addressd30dR as well as a 40 MHz Write
clock (WCLK) and 5 MHz Read clock (RCLK) must be provided frasfi-chip to control the
operation of the SCA.

Each SCA chip processes all three gain scales for each otcdarimeter channels. In ad-
dition, an extra so-called “Reference” channel is assediatith each group of three gains corre-
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Figure 8. Block diagram of the shaper architecture. One of the fountidal signal channels is shown in
the upper half of the figure, while the fuse programming pwnmy output and Linear Mixer circuits are
shown in the lower half.

sponding to a calorimeter channel, so the SCA chip contaiotabof 16 analog pipeline channels.
Onthe FEB PCB, the inputs of the four Reference channelsoamected together to the “Dummy”
output of the shaper. The Reference channel is treated b8@#eexactly as the other channels
and its output is subtracted from the signal output durireyRead operation. This subtraction
is performed off-chip. This pseudo-differential operatis employed to reject the major part of
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Table 5. Some of the parameters and performance measures for ther Zait.

Parameter Value
Number of channels 4
Die size 4 x 4.5 mnt
Voltages| VDD 45V
VSS -3.0V
Power consumption 500 mW total
Output signal swing -2 Vto +3.5V
Input impedance | 50Q + 15%
Gain HI 82
MED 8.4
LO 0.8
Noise HI 850
(uv) MED 400
LO 250
Linearity +0.2%
Crosstalk < 0.1%

the coherent noise generated before and inside the chipasuclock feedthrough and couplings
through the substrate. It also improves the power suppéctien ratio (PSRR) of the SCA chip.

The output of the shaper is DC-coupled to the input of the SE&#\a result, the SCA is
asymmetrically powered (VSS=-1.7 V, VDD=+3.3 V) to deallwiihput signals in the range from
-0.9 V to +2.5 V with a baseline voltage of O V.

More details about the SCA design can be found in Referen@k flere we describe the
main design features and characteristics. A depiction @fsthucture of one channel of the SCA
is shown in figurd]9. Each pipeline contains 144 identicalsceEach cell comprises & 1 pF
storage capacitor, and separate switches for Writing ¢be#t S1 and S2 in figuf 9) and Reading
(switches S3 and S4). Switches S1 and S3, which have to dieiheiinput signal dynamic range,
are CMOS switches, whereas S2 and S4 are simple NMOS switshteey are connected to a
fixed intermediate level.

The input signal is connected to the Write bus through a Witglifier, the aims of which
are to limit the voltage swing of the input signal, to presardonstantly low capacitive load to
the shaper output, and to decrease drastically the levebegtalk by buffering the flow of signal
currents on and off of the SCA chip. The Write amplifier is armpional amplifier connected
as a voltage follower. To ensure stable operation, aQ @3 diffusion resistor is placed in series
between the amplifier output and the Write top bus.

Similarly, a return buffer, connected to the return busupes cross-talk by limiting currents
from the common reference pin of the chip. This buffer doeshawe a wide dynamic range
requirement, and so a simple NMOS source-follower is usethfe purpose. The common input
reference voltage of these 16 followers is generated byva-smmtrol system which connects the
Write return bus to a reference voltage, denoted by VREF.
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Figure 9. Block diagram of the SCA analog pipeline design.

During a Write operation, S1 and S2 are closed and the vodegess the capacitor tracks the
difference of voltage between the Write bus and the retus Aine effective capacitor charging
time constant isz 2 ns, set by the value of the capacitance and the ON resistditice switches.
The input signal voltage is sampled and stored on the capaithe moment the Write switches
are opened again. The timing of the Write switches is desigoeh that the NMOS transistors of
S1 and S2 open with a delay of about 2 ns compared the PMOSstaria S1. Thus, the opening
of switch S2 defines the time of the Write operation. SincesS@nnected to a quasi-invariant
voltage (the return bus), both the time of the sampling ardctiarge injected into the capacitor
during the operation are kept independent of the signakeyahus minimizing jitter and avoiding
undesirable non-linearity. The typical delay between isieg edge of the differential low voltage
input WCLK and the sampling time is 4 ns.

For a Read operation, the corresponding sampling capasipart in the feedback of the Read
amplifier by closing S3 and S4 after the Read bottom bus hasteset. To reduce the sensitivity
to noise injected in the substrate, the top plate of the géocapacitor is the one connected to the
sensitive input node of the Read amplifier during the Readatioe whereas the bottom plate,
which presents a parasitic capacitance to back silicorhesohe connected to the output of this
amplifier. As the Write and Read operations are both perfdrine/oltage mode, the gain of the
SCA s very close to unity and is, to first order, independéi® value of the storage capacitance.

The Read amplifier has the same open-loop structure as thie "vnplifier but uses a PMOS
transistor input pair to provide lower white and 1/f noisef@e reading a storage cell, the residual
charge stored on the parasitic capacitance of the bottord Reaneeds to be cleared to avoid the
mixing of two consecutive signals. During this Reset phése RST switches are closed, setting
the Read amplifier in voltage-follower mode and dischargimg bottom Read bus, while Read
switch R is opened, insulating the Read amplifier input frtve bhottom Read bus capacitance to
avoid oscillations. This phase lasts at least 100 ns to aliseharging of the bottom Read bus with
sufficient precision. At the end of the Reset phase, the RS{€lses are opened just before switch
R is closed.

At the output of the Read amplifiers, the 12 signal channgdustare multiplexed by CMOS
switches towards the signal output buffer. In the same weeyfaur Reference channels are mul-
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tiplexed towards the Reference output buffer. The commandse switches are generated by a
sequencer within the digital Read logic section. When noobhbis selected, the inputs of the two
output buffers are clamped by PMOS transistors to VREF.

The output buffers have the same structure as the Write enpl(NMOS input), and are de-
signed to be able to drive up to 30 pF for the 5 MHz read-outueegy. To allow multiplexing of
two SCA chips to the same external ADC, the output buffersremglated from the output pads by
CMOS switches. The ON resistance of these switches i<480d varies by about 15% along
the SCA voltage dynamic range. Achieving a good linearitpuiees that the electronics connected
to the SCA outputs have a high input resistance, at least ®0@\k described in section 4.5, com-
mercial op-amps configured as voltage followers are usethi®ipurpose. Moreover, the outputs
of the SCA are never left in a high-impedance state; one op#ied SCA chips is configured to
always drive the output lines except for when the other SA#eiag read out.

The Read control signals include the 5 MHz Read clock (RCLi#¢) a Read signal which is
used to trigger a Read operation. The 8-bit RADD is transmiitlit-serially to the SCA at the 5
MHz RCLK frequency in order to reduce the number of lines, agsociated noise, on the SCA
control bus. The SCA internally generates a complete Reaéd @yhich includes cycling the MUX
output through each of the four calorimeter channels. Fon ehannel, the gain scale indicated by
the two Gain Selection bits (supplied by the Gain Selectgr,@s described later) is output.

As described later in secti¢h 6, all control signals aresnaitted to the SCA chips via a control
bus using low voltage, differential signals. These sigaasreceived on the SCA chip and then
converted internally to differential CMOS signals for dnig the on-chip digital logic.

The SCA chip is realized in the DMILL process, and containd5000 transistors and 2384
capacitors on a die measuring 4.5 mumt.4 mm. The SCA chip is packaged in the same 100-pin
QFP package used for the shaper. For the SCA, two differeskaging geometries were used,
one with the die mounted up and the other with the die mounpséda down. This was achieved
by bending the pins on the chip frame in the appropriate timedefore the plastic encapsulation
stage. Using this method, half of the chips were packagetiari‘dtandard” geometry and the
other half using the “mirror” geometry. The purpose was tovalSCA chips mounted on opposite
sides of the FEB PCB to directly share the vias providing #igd number of connections to the
addresses and control signal buses, as well as power anddgrolrhis greatly simplified the
routing of the FEB PCB. Tablg 6 summarizes some of the passand performance figures for
the SCA chip.

4.5 Digitization and Gain Selection

As was shown schematically in figule 2, op-amps are used tolediie SCA outputs to the ADC.
In particular, two commercial dual op-amp chips (AD804irAnalog Devices[[20]) are used to
connect to the commercial 12-bit ADC (AD9042 from Analog ies [2]]), which is operated
continuously at 5 MHz. The first pair of op-amps are conneete@mitter followers to provide
high impedance loads to the two pseudo-differential CMO® 8Qtput drivers. The second pair
perform the differential subtraction in front of the singleded ADC. In addition, they are operated
with less than unity gain to map the SCA output voltage range the more limited (1 V) ADC
input signal range. Finally, a voltage offset is added sineh the pedestal value corresponds to
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Table 6. Some parameters and performance measures for the SCA chip.

Parameters Value
Power Consumption 290 mW= 5%
VSS, VDD -1.7V,+3.3V
Input Bandwidth 50 MHz
Input Slew Rate 175 Vius
Sampling time jitter ~ 10 ps
Cell-to-cell sampling time variation 1.9 ps/cell
DC Gain 0.995
Input range with< 0.2% integral nonlin| -0.8 Vto 2.9V
Noise 290 uv
Dynamic Range 13.2 bits
Fixed Pattern Noise 250 uv
Channel Offset Dispersion 12 mV RMS
Droop rate < 0.54 V/s
Crosstalk < 0.01%

~ 1000 ADC counts, allowing measurements on both the positieenegative lobes of the shaped
calorimeter signals.

The 12 single-ended TTL digital outputs of the ADC are irdeeld to a Gain Selector (GSEL)
ASIC [23]. To reduce the event size and required readoutwiltid, typically only one of the gain
scales is read out for each channel. For optimal precisiomymuld like to read out the scale which
has the highest gain and yet is not saturated. The gainisslexeds to be performed individually
for each calorimeter channel, and separately for each Lewefjger. The GSEL is designed to
perform this gain selection, and can be configured for catiifn purposes to read out either one,
two, or even all three gain scales. During normal physicsing the GSEL is configured to
operate in “Auto Gain” mode, where the gain scale is seledgmically for each channel and
trigger by first digitizing the peak sample on a specified gdinis value is then compared by the
GSEL against two 12-bit thresholds, downloadable for edznoel separately, to determine the
optimal gain scale to be used. The five samples of the givent@re then digitized, all on the
selected gain scale. The gain selection method thus reqthied six digitizations be performed
per channel in order to get the final five samples, but avoidtesyatic effects which would be
encountered in combining the five samples if they were natigiized on the same gain scale. The
GSEL communicates the appropriate gain via two gain seledits sent to the output multiplexor
sections of the corresponding SCA chips.

The GSEL was designed, prototyped and tested first using Mi.IDprocess. However,
when the SCA Controller (see sectifin 5) was developed in 8l process, the opportunity was
taken to target the GSEL design also to DSM, using essgntladl same Verilog design as for the
DMILL GSEL version. The minimum DSM production run was sublattthe SCAC, GSEL and
also CLKFO chips were all produced on the same wafers witkngisdly no extra cost, apart from
packaging, than would have been incurred to produce onlg@w Controller chips.
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The DSM GSEL is realized as a 4 mm4 mm ASIC implemented in the radiation-tolerant
DSM process, and was packaged in the same 100-pin QFP paagdbe shaper and SCA. One
GSEL ASIC handles the outputs of two ADCs, corresponding6t@lannels. The GSEL design
incorporates features to protect against SEU-triggerediption of the downloaded parameters
needed to configure and operate the GSEL. Hamming code bitsad to provide Error-Detection-
and-Correction (EDC) functionality such that, if any siadjit gets flipped, the error is detected
and automatically corrected. An error flag is set in the outfadia in order to allow monitoring of
the rate of single-bit errors. If two bits gets flipped, theercan be detected but not corrected, so
an error flag is set to indicate the need to download the pdemsnagain via SPAC in order to fix
the problem.

5. SCA Controller and FEB Digital Control

The SCA Controller (SCAC) ASIC[]2d, P4] provides the mainitdiycontrol of the FEB. The
SCAC receives the CLK and trigger information, and gensrttie WADD and RADD sequences
for the SCA pipelines. In addition, the SCAC controls the floirthe SCA readout through its
communication with the GSEL.

The main SCAC functionality, namely the SCA WADD and RADD kkeeping, involves
cycling the 144 pipeline addresses of the SCA through asyefd-IFOs. The SCA addresses are
gray encoded, to reduce address pattern noise on the FEBsidd the SCA. To achieve this noise
reduction, the addresses must be maintained in sequertdi&l @s much as possible. As illustrated
in figure[I0, the movement of SCA addresses takes the fol@ppath:

1. After a SCA cell number is used for the SCA WADD for a parfeciubunch crossing, it is
written into the Latency FIFO, which stores the sequenceGh 8ells corresponding to the
bunch crossings of the L1 trigger latency. The cell numbezstepped through the Latency
FIFO every 25 ns. The depth of the FIFO is programmed, depgrati the actual value of
the L1 latency, such that a given cell number emerges frorkR© at the time that the L1
trigger decision for the relevant bunch crossing arrivabefEB.

2. Cells which emerge from the Latency FIFO and are not paxhafl trigger are transferred to
the Free FIFO, which contains addresses which are availablese as WADD in upcoming
bunch crossings.

3. Those addresses emerging from the Latency FIFO whicheat@pa L1 triggered event are
transferred to the de-randomizing buffer of samples amgidigitization. The SCAC will
typically be configured to read out five consecutive sampegéch triggered event. The
relevant cell addresses are stored in either the Event FtRedSample FIFO. The Event
FIFO stores some event status information and the cell addvethe peak sample of the
event. The Sample FIFO stores the remaining non-peak sadgdlesses.

4. After the signal samples corresponding to a particulhradelress have been fully digitized,
the address is again available for re-use. However, in ddkeep the gray encoded ad-
dresses as sequential as possible, these cells are not iatehegut into the Free FIFO.
Instead, they are transferred to the Done FIFO.
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Controller.

5. Every 25 ns, the Address Sequencer compares the addedsbestop of the Free FIFO
and Done FIFO and chooses the one which most closely prestmwengoing sequence of
WADD. In this manner, the addresses in the Done FIFO, cooreipg to samples read from
previous L1 triggers, will be inserted back into the corsajuence.

The number of events that can be stored in the de-randomiizifigr of the SCA depends on
the L1 latency and on the number of samples to digitize perigher. The 144-capacitor depth
of the SCA was chosen to provide at least an eight-eventhaffsuming a maximum L1 latency
of 2.5 us (100 bunch crossings) and five signal samples per event.dddmtime caused by the
FEB is then less than a few percent for the maximum allowedrigger rate of 75 kHz. The FE
readout system does not send a “Busy” signal to the triggeesy. Instead, the L1 central trigger
processor models the status of the SCAC and implements yateaket algorithm to avoid issuing
additional triggers when the SCA buffers are full.

Via the SPAC system, the L1 latency is configurable in the S®AGveen 64 and 127 bunch
crossings. In addition, the SCAC can be configured to read ftdo 32 signal samples for each
L1 trigger. These signal samples can form an arbitrary patteith gaps) of up to 32 bunch
crossings in length. One sample is designated as the peakesand is read first to perform the
gain selection. The remaining signal samples are read ueseg.

From the TTCrx chip[[10] located on each FEB, the SCAC reczilie 40 MHz clock as well
as the L1 Accept (L1A) signal, Reset signals for its intefBahch Crossing and Event Number
counters, and a signal for initialization. The bunch coumémber (BCID) is used in ATLAS
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to align the various detector readout elements in order tectty combine them when building
an event. More details on the trigger and timing control amviped in sectior] 10]1. In order
to synchronize the readout operation, the SCAC providesaBEL with the RADD as well as
other information (such as BCID as well as SCAC internalstdiits) required for the readout data
stream.

The SCAC functionality was first implemented using the radiehard DMILL technology.
However, the DMILL design resulted in a rather large die sizd limited operating speed margin.
It was decided, therefore, to perform a new SCAC design ubim@SM technology. The increased
speed and density of the DSM process allowed inclusion idéiseyn of a number of features aimed
at mitigating SEU effectsm including Hamming code bits adl we using triple-redundant flip-
flops and majority voting. More details about the SEU handgniill be presented in a subsequent
publication about the radiation performance of the entife AS LAr FE readout.

The DSM SCAC is packaged in the same 100-pin QFP package skahper, SCA and GSEL.
The minimum size of the DSM SCAC die was 2.7 m12.7 mm. Due to quantization requirements
on the reticle, the edges of the die were required to be apreuthf 2 mm. While the design could
have fitinto a2 mnmx 4 mm area, it was decided to keep the geometry square to §ipptikaging.
The final die size was therefore 4 mm4 mm. A drawing of the layout can be seen in fighre 11.
The layout is pad-limited, with the core occupying less tbae-half of the available space. In
addition to the SRAM, the SCAC contains 957 D-flip-flops, inihg those embedded inside the
SRAM blocks. With few exceptions, all I/O to and from the SCAEes low-voltage differential
signal (LVDS) levels, with differential receivers on alpat pairs and current mode LVDS drivers
on the output pairs.

The SCAC chips were subjected to extensive functionalrtgdiefore being assembled on to
FEBs. The maximum frequency for which the SCAC operatedgntgpanged from 54.5 MHz to
63.5 MHz, with a mean value of 59.0 MHz and an RMS of 1.1 MHz. Sehealues provide a wide
safety margin, given the required operating frequency d¥i#.

6. SCA control and Address Bus

Each of the two SCAC chips on one FEB controls a total of 16 SGIAs; corresponding to 64
readout channels. For proper operation, the SCAC must setid t16 SCA chips the associated
WADD, RADD and control lines. Given the number of SCA chipglamontrol signals required,
the SCA control was implemented as a bus, with one driveriperdriving all 16 SCA chips.

The SCA control bus is driven differentially using commatdC10H116D chips[[25]. The
10H116 chips are powered with voltage rails of +3.3 V and AL.in order to match those of
the SCA chips. The SCA control bus lines are routed on annatdayer of the FEB PCB, with
grounds on neighboring layers (see secfign 12). The busrsrtated at both ends with 2@
resistors, with the far end termination connected to VS8utjn a 470 pF center-tap capacitor.
Simulations including the distributed SCA loads showed tha resultant signals are very clean,
with fast rise and fall times and little overshoot, and an ktonge of ~ 400 mV. These expectations
were confirmed by measurements. The delay between the sightie first pair of SCA chips
on the bus and at the last (eighth) pair is measured te [2ens, in agreement with simulation.
This effect implies a channel dependence of the signal saghpime that, if uncorrected, would
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Figure 11. Diagram showing the layout of the DSM SCA Controller ASIC eTfour double-width SRAM
blocks used to implement the SCA address FIFOs are visibteerupper region of the core, while the
combinatorial and sequential logic occupies the loweraegif the core.

correspond to a Gaussian sigmax0b80 ps. However, since the effect is perfectly systematit an
predictable, it can easily be corrected.

As described in sectiop 4.4, pairs of SCA chips mounted orosipp sides of the PCB were
packaged such that they could share vias for the contrds.lifféhis greatly reduced the routing
complexity, and also reduced loading of the bus due to vias.

7. Output optical link

The formatted event fragments of 16-bit words from each G&elL serialized in a sequence of
steps that results in a single 1.6 Gbps bit-serial outpetstt transmitted via optical link from
each FEB. The basic architecture of the optical link is showfigure[12.

The first step in the serialization is performed by the GSElt ¢ach of its two event fragments
of 16-bit words, the GSEL outputs two bits parallel at 40 Mkdking eight 40 MHz clock cycles
to output each partially serialized 16-bit word. The bits ansmitted from the GSEL chips over
LVDS-like signal lines.

With eight GSEL chips per FEB, and with each GSEL outputtiogr fdata lines (two event
fragments, each with two data lines), the SMUX clfid [26] reeea total of 32 data bits at 40 MHz.
The SMUX then performs a 2:1 multiplexing and a level shiftinom LVDS to TTL in order to
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generate an output stream of 16 bits at 80 MHz. In additiom SWUX generates a FLAG, which
is HI (LO) for the MUX cycle when data from channels 0 - 63 (64271 are sent the GLINK. The
16 SMUX data out signals and FLAG are then transmitted at 8@ kéHhe commercial “GLINK”
serializer chip (HDMP-1022 from Agilent Technologids][R7Avhich adds protocol and control
bits and produces a single serial output stream of 1.6 Glopthel final step, this serial stream is
converted to an optical signal and transmitted off of the RfzBa custom-built optical transmitter
(OTx) module which includes a commercial driver chip (SY289 from Micrel Inc. [28]) and a
850 nm VCSEL (TTR-1A43 from TrueLight Corg. [29]) for contieg the signal from electrical
to optical. Tabld]7 lists the parameters measured, and tcmEpwindows applied, during QC
measurements of the OTx. In addition, an eye mask test, aredrbri rate tests at 0 dB and 10 dB
attenuated optical power were also carried out. The bir eéates in both cases were required to
be less than 1012, The distributions for several OTx parameters are showngurd[1B, while
figure gives a typical eye diagram of the optical signainfithe OTx. Detailed information
about the QC tests of the OTx can be found in Referende [30].

Multimode 50um core graded-index (GRIN) fiber is used to carry the sigmahfthe FEB to
the ROD. At the ROD end of the fiber, the 1.6 Gbps optical siggebnverted back to an electrical
signal via a PIN-diode based custom-built optical recef@Rx) module. It is then de-serialized
by the GLINK receiver (HDMP-1024]T27] back into an image ln¢ 16 bits at 80 MHz data stream
output from the SMUX.

8. FEB output data format

The GSEL formats the output data for the 8 channels digitlzg@ single ADC into an event
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Table 7. Parameters measured, and the corresponding acceptard@msinduring the tests of the OTx

modules.
Parameter Units | Min. Value | Max. Value
Average optical power dBm -7.5 -3.5
Extinction ratio - 6.0 -
Rise time ps - 220
Fall time ps - 220
Deterministic jitter (peak-peak) ps - 125
Random jitter (RMS) ps - 10
g 200 — Entries 1975 0 E Entries 1975
m e RMS 1.138 S 0 RMS 5.401
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Figure 13. Distributions of optical power, extinction ratio, rise #yand fall time measured during QA tests
of the OTx modules.

fragment of 16-bit words according to the format shown infdih. The event fragment contains
one Frame Start word, two Event Header words, data wordgiegrthe calorimeter signal data,
one Event Trailer word, and at least one Frame End word taaepiom the next event. For all
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Figure 14. An eye diagram demonstrating the eye mask test of a typicalr@ddule. The horizontal scale
corresponds to 90 ps/division.

Frame start tag | 1 ‘1 ‘1 1‘ 1‘ 1‘ 1‘ 1‘ 1‘ 1‘ 1‘ 1‘ 1‘ 1 ‘1 ‘1
ert heador o P o o ADCID ]‘[ __ EVENTN )
o P o of BCD | )

Sample header | 0 ‘ P O ‘ 0 “[ } }CELLN} ]
0o P ‘[ gain ]‘[ . |, ADC | )

o P ‘[ gain ]‘[ . | _ApC )

§ 0‘ P‘[gam )[ } } } 1 } ADC } 1 ]

Sample data %_ O‘P‘[gmnj( | | | | | ADC | | ]
Gl lo.P ‘[ gain ]‘[ . | _ADC | )

[ o P ‘[ gain ]‘[ . | _ADC | )

o P [gain ]‘[ o 1 _ADC | )

0‘ P [gam )[ } ADC } 1 } } } ]

Event trailer | 0 ‘ P ‘ 0 ‘ 1 [ } SCAC status } } ]‘ 1
Frame end tag | 0‘0‘0‘O‘0‘0‘0‘0‘0‘0‘0‘0‘0‘0‘0‘0

Figure 15. Readout event format for the ATLAS LAr FEB. See more detailthe text. For each word, bit
0 is listed in the rightmost column, proceeding toward biirLEhe leftmost column.

words except for Frame Start and Frame End, Bit 14 serves asity (P) bit, and is set in the
GSEL to the appropriate value to ensure odd parity for eaehith&ord.
The first 16-bit word is the Frame Start word, defined as $F®&fRkch signals to the ROD the
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start of a new event. The first of two Event Header words fadlomnd carries the 4-bit ID number
of the corresponding ADC and an 8-bit EVENTN field that in&@ad 5-bit event number and the
3-bit phase of the 5 MHz RCLK with respect to the 40 MHz clocktlis L1Accept. The second

word contains the 12-bit BCID number for this L1Accept.

The number of signal data words per event fragment depenttseamumber of samples and
number of gains configured to be read out. For each sampie ithéirst a sample header word,
which contains the 8-bit SCA cell number, three “sample mdite, and one bit (denoted by A in
figure[1}) which has a value of 0 for normal data and 1 for d&@rtin a mode where configurable
test data is transmitted instead of data from the ADC. Theptmmmode bits indicate whether
the sample in question is the first (F) or last (L) sample ofefient, or whether the so-called
“Backporch” (B) bit has been set for this event. If the Badiqghobit is set in auto-gain mode, the
gain selection algorithm was modified to prevent any chafioet using a higher gain than in the
previous event. This flag can be set by the SCAC for eventsoitrair less than some specified
time (for example, the total LAr drift time of 400 ns) after the previous event, with the goal of
preventing an incorrect gain selection for the second e@nergses of large signals in the first event.

The sample header word is followed by 8 words containing the ADC data for that sample,
wheren is the number of gains to be read out. Each ADC word included 2ibit ADC value plus
two bits which encode the gain.

The event trailer word contains the 8-bit SCAC status woiith bits indicating SEU-induced
single- and double-bit errors, as well as other SCAC errdrstatus conditions. Bits 9 and 10 of
the event trailer word are used as flags to indicate thatesirgl double-bit errors, respectively,
have been detected in the EDC logic of the GSEL.

The final word in the event is the Event End word, defined to l@0@$0 Detection of this
word indicates to the ROD that the event has ended. Sincesvadttthis value are sent by the FEB
between events, the ROD simply waits for the next occurren@&&FFF to indicate the arrival of a
new event.

9. Level 1 Trigger Summing

In addition to signals from the muon detectors, the ATLAS tLigiger system[]5] considers the
energies deposited in the calorimeters in regions of redlgcanularity. These trigger signals are
produced via a chain of analog summing, the first two stagesafh are performed on the FEB.

The calorimeter signals are proportional to energy, and tmeigransformed to transverse en-
ergy for the L1 trigger. This transformation is accomplighbrough the choice of several gain
factors in the L1 summing chain, including the preamp trapsidance, the LM gain, the gain
of the Layer Sum Board (LSB) described below, and gains doeas of the FEB in the Tower
Builder and Receiver modules (described in more detail ifefeece [4]). The overall gain of
the L1 summing chain must be such that a 10 mV pulseheighedtlpreprocessor input would
correspond to 1 GeV of deposited transverse energy. The swrsshave a saturation level corre-
sponding to 250 GeV transverse energy. The gain uniformsitgdguired to lie within an allowed
variation of+ 5%.

As discussed in section #.3, each shaper chip has a LineasrNIiM) section that sums
its four input channels. On-chip logic, addressable via GPallows the contribution of each
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Table 8. Trigger Tower (TT) Structure and Layer Sum Board types ferEiMB calorimeter.

EMB Cell Size Number of cells| Width of LSB
Layer (An x Ap) per TT LSBsum| type
Presamplen 0.1x 0.025 16 1 S1x16H
Front 0.1 x 0.0003 32 8 S8x2
Middle 0.025x 0.025 16 4 S4x4

Back 0.05x 0.025 8 2 S2x8

individual channel to be switched ON or OFF in this triggemsurhis feature allows masking of

noisy or bad channels. In addition, this masking abilityvites a very useful debugging feature:
any single channel of the calorimeter readout can be exalmiffedetector with an oscilloscope

by enabling only that single channel in the appropriate Lkhsand also disabling all other inputs
to that particular trigger sum. This feature can be usedefample, to examine any individual

channel for high frequency noise that would not be easiljplgghrough the precision readout due
to its 40 MHz sampling rate.

The LM output sums from the 32 shapers per FEB are routed tmghes of the two Layer
Sum Boards (LSBs] [31] which plug into sockets on each FER.O0%Bs use commercial op-amps
to provide the next layer in the L1 trigger summing tree. Tlapping of EM calorimeter channels
onto FEBs has been chosen such that, except in limited regiear the barrel-endcap transition,
an individual FEB processes channels from only one longildsection (i.e. presampler, front,
middle, or back). In the EMB, all Level 1 trigger towers aresafe An x Ag = 0.1x0.1, and the
analog trigger sums are made using four different types d&8d,Svith 1, 2, 4, or 8 inputs (see
table[B). The LSB is designatetx m, in which n is the number of inputs to each sum amd
is the number of summed outputs on the LSB. In the case of tk@6SISB, a suffix (L, H, M)
is applied to denote the channel gains, as discussed behdtie lendcap calorimeters the trigger
tower structure is somewhat more complex, but the same typeSBs are used, employed in
different ways.

The LSBs provides sums with a gain of either one or two, deipgnoin the LSB type (with
exceptions for FCAL LSBs). The LSBs are required to have aeaihich is small compared to the
preamp noise, and to provide a voltage clamp:a V, with rapid recovery from saturation. The
LSBs are non-inverting. There are two basic designs, aesisigige non-inverting configuration
(figures[Ipa anfl 16b) and a two-stage summing configuratigur€filbc). The former is used only
for the S1x16 LSBs, while the latter is used for all other g/p&he LSB input impedance of 1.5
kQ is chosen to be large compared to the(®@utput resistor of the LM to both avoid the factor
of two loss in amplitude resulting from a low impedance, aeduce the effects of unavoidable
variations in the LM output resistance due to ASIC producfioocess variations.

The gains of the S8x2, S4x4, and S2x8 LSBs are all unity. Thd&LSBs are made in three
different types: high gain H (g=2 for the HEC and the presamplow gain L (g=1 for the HEC
and the front EMEC section) and mixed gain M (g=1 or g=2 oredé&ht channels, used only in the
HEC). In the FCAL, weighted sums are used, to account fotivelg large variations in the value
of sin@ over the bins of widtlhn = 0.4. In addition to their nominal gains, all boards require
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Figure 16. Schematic diagram of the circuits used in the LSBs. For metaild, see the text.

small (3%) additional gain to compensate for the voltag@icédn caused by the presence of the
50 Q series resistor at the LM output.

The amplifier chip chosen for the LSBs is the Intersil HFA1A387], a fast current feedback
amplifier produced using a bipolar technology. This devieelatively radiation tolerant, and
contains voltage limiting circuitry which is needed for idjand accurate recovery from saturated
pulses. The maximum input common mode voltage of the ampigfiemportant for the low gain
single stage amplifier of figule]16(b), as both inputs to theldier ride to the maximum level of
the pulse. Since the specification for this voltage is 1.7 Mifie HFA1135A and the maximum
amplitude of the LM output is 3.0 V, the input pulse is atteedeby a factor of two, and the gain of
the amplifier is set to two to achieve an overall gain of unityis precaution is unnecessary for the
high gain version of figurg 16(a), as the voltage clamp is atj@ral whenever the input is outside
the operating range of the IC. In the two-stage circuit ofriedl(c), the resistors used in feedback
are 1.5 IQ to yield unity gain. To reduce the noise, the resistors ofstmond stage are chosen to
be the lowest values recommended by the manufacturer.

The largest source of noise for the two-stage LSBs is theima@Trting input noise current
density of the HFA1135A in the first stage. The specified viB of 20 pAiA/Hz, combined
with the 1.5 K input resistance, yields a noise voltage density of 30\i¥Z at the output. The
bandwidth of the system, measured to be 12 MHz, is limitedhaylong cables over which the
signals are sent to reach the counting room, yielding a neist of approximately 10@V for this
particular source. Measured values of noise at the LSB orgpge from 14QuV for the S2x8 LSB
to 200V for the S8x2 LSB. The noise for the single stage configunatis lower, with measured
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Table 9. Acceptance criteria applied during testing of the LSBs. Breakpoint voltages are defined as the
absolute values of,; at the upper and lower transitions between the linear andatasn regions of the DC
response curve.

Parameter Acceptance Window
Deviation of gain from nominal value < 2%
Integral nonlinearity <0.7%
DC offset <40 mV
DC gain in both saturation regions <0.15
Breakpoint voltages 3.2-38V

values of 20uV and 42uV for the high and low gain circuits respectively. In the Lleegy scale,
200 uV corresponds to 20 MeV of transverse energy, approximaledypreamp noise of a single
calorimeter cell ahp = 0. A complete trigger tower, which is the sum of approximatd cells,
has preamp noise of about 300 8iMeV and electronic noise from the four LSBs (one per depth
layer) of 30 to 40 MeV. Other sources of electronic noise im thain (principally the Receiver
module, with a variable-gain amplifier) contribute additibnoise at the level of 100 MeV.

The LSB boards were produced and assembled in industry byinersity of Pittsburgh.
After receipt, the boards were visually inspected for asdgrar soldering faults and were then
given a test for basic functionality. Any faults found in findial tests were repaired. This process
was followed by a burn-in (168 hours at°70 while under power, with a low frequency sine wave
signal applied at the input). This was followed by an acaegatest, in which the response curve
described above was measured and analyzed. Boards wepteatts installation on the FEBs if
the criteria listed in tablf 9 were met.

The acceptance rate for LSBs was about 97% once the inisanasly faults (cold solder
joints, broken resistors, chips incorrectly inserted) eveorrected. No failures of components
could be attributed to the burn-in process itself. All b@andhich failed the initial acceptance tests
were repaired and retested, resulting in essentially 10@9d.y

10. FEB Control Interfaces

For configuration and operation, the FEB requires a numbextsrnal control signals. These
include a 40 MHz clock derived from the LHC machine clock, adlas the L1 trigger signal and
a few other signals synchronous with the 40 MHz clock. The EEEnfigured and monitored via
the SPAC serial control link, operating at 10 MHz. Theseayst are described in more detail in
the following subsections.

10.1 Trigger and Timing Control

As described in more detail in Referengp [4], the ATLAS TT@nsil is delivered to each FE crate
via redundant optical fibers. Inside each FE crate, Coetrbibards[[33] receive the optical TTC
signal, convert it to an electrical signal, and then fan bet TTC signal to each of the boards to
which it is connected. The electrical TTC signal fanout ifgened via point-to-point “mini-B”
USB 2.0 cables routed within the FE crate from the Contralezach individual board.
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The FEB receives its electrical TTC signal input via a mindBB 2.0 connector which pen-
etrates its front panel. As described in more detail in se¢ti0.p, the 40 MHz clock from which
all FEB control signals are generated is derived from thatifid C signal via the on-board TTCrx
chip. To avoid noise generation, the FEB uses only a few oflfoeded TTC signals, namely L1A,
Bunch Counter Reset (BCR), and Event Counter Reset (ECRiioiSaxample, instead of distribut-
ing the multi-bit single-ended TTL Bunch Counter and Eveoufter outputs of the TTCrx, the
SCAC has an internal 12-bit Bunch Counter and 5-bit Eventn@auwhich are synchronously re-
set using the relevant Reset signals. These signals aedrtiueach of the two SCAC chips on the
FEB. Use is also made of two of the possible TTC Broadcast camaisin order to perform control
operations on all FEBs on the TTC branch in question; onedd ts simultaneously initialize the
two SCAC chips on each FEB, in order to have all FEBs operaymghronously, while the other
resets the SPAC Slave chip.

The L1A signal can be encoded in the ATLAS trigger systemdas either one or two bits
before transmission to the FEB, where it will be subsequatdtoded by the SCAC. The two-bit
option was implemented to reduce the rate of fake triggeestd$EU-induced transient effects of
the PIN diode used to receive the optical TTC signal. Theevaluhe BCID counter is sent with
the first sample command of every event to the GSEL, and iediini the event header data.

10.2 Clock distribution

All clocks on the FEB are derived from a single input 40 MHzokloThe clock used to sample the
calorimeter signals must be of excellent quality if therbie timing resolution achievable by the
LAr calorimeter, of order a few tens of ps, is to be approaciienthermore, the FEB serial output
data link operates at 1.6 Gb/s. Since this high frequenaskatoust be derived by multiplying the
40 MHz clock, stable operation of the output optical linkuggs an input clock with very low
jitter.

The input 40 MHz clock is recovered on the FEB from the inpuCTsignal, via the on-board
TTCrx chip. The TTCrx includes an on-chip phase-lockedldBLL) circuit with a wide lock
range, but provides a recovered clock with rather largeaandnd TTC data-dependent jitter.
During the first round of prototype FEB production, it wascdigered that the jitter levels were
too high to prevent stable operation of the optical link. ®bve this problem, the FEB design
was modified to include the QPLL chip ]34]. The QPLL is a PLL é&®n a voltage-controlled
guartz crystal oscillator (with external crystal), deyad as a jitter filter for the TTCrx clock and
implemented in the DSM process. The QPLL has a narrow loceatypically less than 8 kHz,
and should provide an output clock with less than 50 ps jit=rk-to-peak.

Implementing the QPLL as a jitter filter on the TTCrx clockok®d the FEB optical link
stability problems. However, problems were observed irfitise batch of production FEBs, and
were traced to activity dips in the external crystals. Thigtgmn required screening the crystals
against activity dips within the relevant frequency ranJdwe FEB test procedure (described in
section 14) included measuring the jitter on a copy of the R&Utput clock brought for diagnostic
purposes to a coaxial connector on the FEB front panel. &ypialues werex 10 ps, and a
requirement was made that the value not exceed 30 ps. Thairegent was made across the
QPLL lock range in order to detect and reject any crystall wistances of activity dips.
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The QPLL output clock feeds a clock fanout tree for the erfie8 which is comprised of
custom CLKFO chips. The CLKFO ASIC was developed to proviglesal functions needed in
the FEB clock distribution, and was implemented as a mininsiza (2 mmx 2 mm) DSM chip,
produced on the same wafers as the SCAC and GSEL. The CLKE®esa@s inputs two LVDS
CLK signals, denoted CLK1 and CLK2. The CLK2 signal is cligpsuch that the high phase
of the clock is~ 6 ns. Two identical copies of the clipped CLK2 differentigyrsal are output.
The differential CLK1 input is fanned out internally to pide three single-ended TTL output
copies. In addition, the CLKFO has 8 LVDS outputs related t&KC. Depending on whether
one of the CLKFO pins is tied high or low, the LVDS outputs aither eight identical copies of
CLKZ1, or four copies of CLK1 and four identical 5 MHz signaltet are derived by counting down
the CLK1 40 MHz signal. The down-counter for generating theéi3z is designed using triple
redundant counters and majority logic to harden the desigtinat SEU-induced errors. Using
these functionalities, the clock distribution and fanoggtem for the FEB is implemented via a
tree totaling seven CLKFO chips.

The skew of the TTCrx clock signal used as input to the QPLLthedefore to the entire FEB
clock fanout tree can be set via SPAC through the 12C interédi¢he TTCrx chip. The skew can be
chosen, in steps of 104 ps, to optimize the phase at whichGl#es Sample the analog calorimeter
signals. The choice of this skew can, therefore, set by th&atkposition of the samples on the
calorimeter signal waveform. Since all clocks on the FEBdagved from this one input signal,
there is only one phase adjustment possible per FEB.

10.3 Configuration and slow control

The various types of data to be loaded to, and/or read baak, ftee FEB include the settings of
the switches on the shaper chips which enable/disableibotitms from individual channels to the
L1 analog trigger sums, the parameters required to confiher8 CAC (such as the L1 latency, the
number of samples to digitize, and the order of digitizaticghe parameters needed to configure
the GSEL (such as the number of gains to digitize, the ordéigifization, and the thresholds to
be used in the gain selection algorithm), and the skew of fbekDes1 signal from the TTCrx.
All parameters were designed to be also read back for vdiifita In addition, as described in
section, it is possible to enable/disable various velteggulators, and also to monitor some
voltages and temperatures on the FEB.

As described in more detail in Referendk [4], the ATLAS LAr EEctronics is configured
using a custom “Serial Protocol for ATLAS Calorimeters” &8 [[L1] system. Each FEB has an
on-board SPAC Slave ASIC to allow configuration and moniiprof the FEB via the SPAC bus.
An 8-bit switch which can be seen and modified through a sldhénFEB front panel is used to
control the SPAC addressing. Seven of the switches are ossst the 7-bit address of the SPAC
Slave. The eighth switch is used to configure the Local Brasid&ddress to which the FEB will
respond.

The SPAC Slave provides two 12C interfaces, as well as arn Bavallel interface. Each pro-
vides both Read and Write functionality. Most of the FEB cguafation is performed via the par-
allel interface of the SPAC Slave, which is connected to tbafiguration Controller chip (CON-
FIG) [B5]. The exceptions are the use of the SPAC Slave I2@&mamnected to the TTCrx (12C
port 0) and to the two DCU chips (12C port 1).
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The CONFIG is designed to serve as the interface betweenRAE Slave parallel interface
and the various custom chips on the FEB that require configardata. Simple serial protocols
are implemented in the CONFIG to connect to the SCAC and G3¥isc

The CONFIG is realized as a DMILL ASIC with die area 31 Rpackaged in the same 100-
pin QFP package as the shaper, SCA, SCAC and GSEL. The tadd#he shaper switches, which
has logic levels of 0 V and -3 V due to the shifted shaper poais,ris implemented by taking
advantage of the SOI nature of the DMILL process, which adltie use of different voltages on
different sub-blocks of the same chip. While most of the CGBIE powered with 0 V and +5 V,
the CONFIG shaper interface logic is powered with 0 V and -ghereby avoiding the necessity
of including external level-shifting components.

11. FEB power distribution and monitoring

The FEB receives its power on a 10-pin power connector almegedge of the board. Three of the
pins provide Ground connections, and one additional piesenved for the Calibration board and
is not connected on the FEB. The remaining pins are used tidersix different input voltages to
the FEB. The FEB total power consumptiorsis80.7 W, corresponding to less than 700 mW per
channel.

Each input voltage is protected for safety reasons with@&nsl a reverse-biased Zener diode.
The current rating of the fuse is chosen at least three tiargeil than the nominal current, to avoid
instances of fuses blowing due to aging. In the case of ooktages or reversed voltage polarities,
the diodes should be able to divert any potentially damagurgents long enough for the fuse to
blow, without causing damage to the other FEB components.

After the fuses, the input voltages are fed to a number ofaardradiation-tolerant positive
and negative voltage regulators (L4913 and L7913 from S[T@})[3To generate all of the dif-
ferent voltages required, while staying safely below the 8ufrent limit per regulator, a total of
19 regulators are needed per FEB. The regulators serveatéwsctions, including reducing the
sensitivity to power supply noise, particularly at low fuepcies, and providing current limiting
as well as a thermal shutdown function in case of over-hgat8ince the regulators are equipped
with an Inhibit control pin, they can be switched ON and OFmotely. The Inhibit signals are
connected to CONFIG switch outputs designed such that, ppasr-on of the FEB, most of the
regulators are OFF until being switched ON via SPAC. Thisuleaallows the FEB to be powered
on in a controlled and staged manner, reducing surges ar ptbkelems which might arise should
the entire load ofz 2 kW per crate be switched on simultaneously. The possikilgo exists to
power cycle a component without having to power off the entiiate, in case a radiation-induced
latch-up condition is unexpectedly encountered.

FEB temperature and voltage monitoring. The CONFIG has 8 inputs which are connected
to Overcurrent Monitor (OCM) outputs from voltage regutato Given the total of 19 voltage
regulators per FEB, the voltage regulators must be grougpstiter for these purposes.

Two DCU [37] chips, each with eight ADC inputs, are located emch FEB, in order to
monitor temperatures as well as selected voltages. The D@iJdesign provides two current
sources which can be connected to external thermistorsydli@ge across which can then be

— 32—



connected to one of the inputs in order to measure additimmaperatures. Given the known
temperature-sensitivity of the GLINK and TTCrx chips, tergture measurements are made for
these critical components by connecting external thearsshounted close to these components
to DCU current sources. One current source of a DCU is coadect the temperature-sensitive
diode input of the GLINK chip.

With the remaining DCU inputs available, it is not possil@entonitor the voltages from all
19 of the voltage regulators per FEB. Since the goal of thiagel monitoring is to be able to track
any possible variations in analog performance with voltggeference was paid to the voltages in
the analog sections of the FEB.

12. FEB layout and topology

The FEB is realized as a large, ten-layer printed circuitthg®CB). The dimensions of the PCB
measure 490 mnx 409.5 mm. Figurd 17 shows a photograph of the top layer of a, Féth
superimposed labels identifying many of the main active ponents. To achieve the required
density, there are components mounted on both sides of tBe FE

A notable feature of the FEB topology is that connectors apeinted on three sides of the
PCB. Along the “bottom” side in figure L7 one sees three 96BIM-style signal connectors. The
outer two are used to bring in 64 channels each (with the 3fcgins of each connected to
ground). The central connector is used to output the LSBarigignals back into the baseplane, in
which they are routed to the Tower Builder Board situatedniother slot in the same crate. Along
the “top” side of the PCB, in the front panel, are mounted thiguot optical link connector and the
input TTC connector. Finally, along the right side are mednthe power and SPAC connectors.
The power and SPAC connections must be made with “combs”wdlide through buses mounted
on the side of the crate and connect with the FEB. Details edfound in Referencé][4].

In order to minimize couplings in this mixed analog-digitalard, the general topology of the
FEB layout moves progressively from the sensitive analegtednics to the digital portion of the
board. Each set of components is mounted in a single rowstned=EB (along the z direction in
ATLAS), and the rows of different components do not overlap.one moves outward in the radial
direction in ATLAS across the FEB, one encounters first tive od preamps, then shapers, then
SCAs, then ADCs, then digital logic, and finally the digitgdtical link. This spatial separation
reduces noise coupling into the analog electronics.

A cross-section of the ten-layer FEB PCB is depicted schieait in figure[18. While the
density of the FEB does not allow the use of complete powergaodnd planes, the FEB design
makes extensive use of extended cooper pours to implemgmieseed power and ground layers
to distribute the various voltages and grounds. As showparsée “AGND” and “DGND” ground
regions are used for the analog and digital portions of thg, F&spectively. An important function
of the form of the analog ground architecture is to extendRfw@aday cage for the input signals
from the input connectors to the preamplifier inputs. The AlGidgions extend from the signal
input connector side of the FEB up until the ADC region, whitree DGND regions begin. The
AGND system also minimizes feedback from the digital attiffom the digital sections of the
FEB. The two ground systems, AGND and DGND, are tied togathder the ADC chips using 32
zero Ohm resistors. These resistors connect the planecpppes over the entire width of the FEB
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Figure 17. Photograph of the top layer of a FEB with the main active congms indicated.

PCB. There is another massive ground connection at the tiye 6fEB, where the ground from the
power connector connects also to AGND and DGND. At this pibiatfront panel is also connected
to the FEB ground system, closing the Faraday cage creatétbbyhole crate mechanics. This
connection should divert the power supply noise currentsobthe sensitive region of the FEB
near the signal inputs.

The quality of the ground connection between the FEB anddbase is very important since
ground motion could be seen at the preamp inputs and amplifiedributing to coherent noise in
the readout. Referenced to the preamp inputs, coherentstié the level of micro-Volts would
already violate the coherent noise specification. The 865N input connectors themselves do
not provide a sufficiently high quality ground connectiongdn part to the rather large inductance
of the connector pins and to the assignment of one groundp@Vvery two signal pins. In addition,
the plastic connector does not provide a shield connectlunhwould allow a separation between
signal return and ground. To address these issues, custtahghields are used to cover both sides
of the FEB connector. These shields connect to mating sprimgunted on the crate baseplane. In
addition, additional ground pins are used to further imprgwounding between the FEB and the
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L definition for Atlas FEB
Layer/Area  Input connector Preamplifier and Shaper SCA and ADC Digital
AGND Routing Routing Routing Top
Layer 1
0.7
AGND AGND DGND P47
Layer 2 13
Input signals routing Trigger out -3V VsS Routing ¢ 120
Layer 3 13
AGND VDDAW VDDD VDDAR DGND P 38
Layer 4 13
Layer 5 Trigger routing(in) VSS +5.5V +5V_ADC  +3.3V Routing € 163
PA +10V,+3V Shaper control  VSS Digital bus VSS +5V +2.5V P 6
Layer 6 - — 13
AGND VDDAW VDDD VDDAR DGND [}
Layer 7 13
Input signals routing Trigger out +4.5V VSS Output signal routing P 38
Layer 8 13
AGND AGND DGND ¢ 120
Layer 9 13
AGND Routing Routing Routing P 47
Layer 10 0.7
Bottom
total: 70.8 mils

Figure 18. Figure depicting the cross-sectional structure of the FEB.

baseplane.

From the input connectors, the raw input signals are roatétetfour-channel preamp hybrids.
As depicted in figurd 18, the input signals are routed on tweiifayers, each surrounded by
ground planes, to avoid pick-up. In addition, the use of tayets allows the routing without signal
crossings, in order to avoid cross-talk. The preamps atesettin their own RF-gasketed Faraday
shields to provide additional noise immunity.

Having gone through the first stage of amplification, the prgautputs are routed on the
outer layers directly to the inputs of the four-channel smagSICs, the outputs of which are then
routed to the four-channel SCA chip. This allows a compagbua with short signal traces, and
avoids potential problems in cross-talk and signal traads$ovhich could result if a more complex
routing of signal traces over several signal layers wereseary.

Care has been taken to minimize digital coupling into théa@nsections of this mixed analog-
digital board. Whenever possible, all digital signals aensmitted via “LVDS-like” push-pull
differential low-voltage signal pairs. Notable and unaatile exceptions are the single-ended
TTL digital outputs of the ADC chips. To minimize noise, tedmes are kept short. In addition,
series 1 K resistors are inserted on each line to slow down the transitio reduce dV/dt effects.
Finally, additional 1 K resistors are used to divide the signal swing by a factor ofitworder to
map the levels onto the GSEL inputs, while also providinghfer noise reduction.

As discussed in sectid 6, the control of the SCA chips regtinat a large number of digital
address and control lines be delivered to the SCA chips at B@.M hese lines are particularly
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critical since they must be distributed at 40 MHz across thére2 board, penetrating deep into
the analog section. Given the use of the SCA as a de-randugniriffer for L1 triggered events
awaiting digitization, the gray encoding of the WADD bitduees but does not eliminate the
occurrence of multi-bit transitions which might cause agehé noise in the readout. The SCA
control bus lines, labeled “Digital bus” on figure] 18, aretemlion a middle PCB layer and isolated
by a Faraday cage created by a combination of VSS and VDD cqupes.

The use of an optical link for the FEB output data connectthe off-detector electronics
avoids pick-up and ground loops which could arise from usiogper cables. A general description
of the grounding scheme of the overall FE electronics isigeavin Referencg J4].

13. FEB production

A total of 1524 FEBs are required to equip the ATLAS LAr cafoeters, A total of 1627 FEBs
were produced. This number included an allocation of up t6EBs which, for whatever reason,
might not be fully functional or usable in the final system.efdfore, the goal was to deliver at
least 1611 FEBs to the experiment, corresponding &% spares. After testing, debugging and
repair, all but two FEBs were delivered. One FEB was too waipdfit properly in the crate, and
attempts to sufficiently flatten the FEB through an additi¢n@ating cycle were unsuccessful. The
second faulty FEB was damaged in the reflow oven during adgerumfortunately, five FEBs
were lost during shipment from LAL to CERN, leaving a totall&?20 FEBs delivered to CERN.

The FEB fabrication and testing process proceeded throungiméder of steps, as described in
more detail below.

PCB fabrication. The 10-layer FEB PCBs were fabricated in lots of typicallyea fhundred.
The contract called for a delivery ef 100 PCBs per week. The PCB producer labeled all of the
FEB PCBs of a particular fabrication lot with a lot number.ckdare PCB was subjected by the
PCB manufacturer to a complete automated “bed of nails'téat test to verify the continuity
and isolation of all nets.

Upon receipt at Nevis Labs, the lot number and quantity of ®@Beach production lot was
recorded, along with the date received. To minimize hagdiihthe bare PCBs, a subset of only
a few PCBs per lot were visually inspected to check the qualitthe PCB fabrication. The
inspection checked for flatness as well as overall qualitycdeanliness. A few vias were inspected
under a microscope to check the alignment of the variougdayk limited number of Ohmmeter
tests were also performed to check for shorts and for cantinAccepted PCBs were delivered
from Nevis to the assembler in lots, matching the deliverthefactive components.

Component pre-testing. Each FEB includes: 200 active components. As discussed previously,
these include a large number of custom ASICs fabricatedfiardnt radiation-tolerant technolo-
gies. These ASICs were delivered from their fabrication padkaging process without having
been tested. It was necessary, therefore, for the custor@#iBlbe tested before FEB assembly.
Most of the custom ASICs were tested manually. In the casbefwo analog and highest
volume chips, namely the shapers and SCAs, for which more 582000 good chips each were
required, a robotic test system was developed. As part aflihper testing, the robotic test system
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Table 10.Yields from the pre-testing of the custom ASICs developeztgjzally for use on the FEB.

ASIC Type Process ASIC Die Size (mm) | Yield (%)

Analog | AMS BIiCMOS Shaper 18 88
DMILL SCA 19.8 65
SMUX 16 92

DMILL SPAC slave 27 89.7

Digital CONFIG 31 84.3

GSEL 16 95.8

DSM CLKFO 4 98.5

SCAC 16 96.6

would determine which on-chip fuses to blow in order to abtdie nominal shaping time, and
subsequently blow them. As discussed later, this methagttlout to not work very well.

Table[IP summarizes the yields achieved in the testing ofatieus ASICs developed specif-
ically for the FEB. During packaging of the DSM chips, the keging firm did not properly use
the wafer map provided by the ASIC manufacturer. As a resuftumber of chips from the pe-
riphery of the wafer were packaged despite the fact that wexg not fully processed during the
IC fabrication process and were missing power vias. Thegss atere easily rejected during the
testing process, since the chips in question did not drancamgnt. The yields in table JLO neglect
these chips, which amount te 6% of the total number delivered.

After testing, components were delivered in trays suit&meise in industrial automatic Pick-
and-Place machinery, and for baking at 125in order to remove moisture from the components
before they were used for PCB assembly.

FEB assembly. Each FEB has: 20,000 solder joints. On average, about 60 FEBs per week have
been processed during the production, with a peak througif@bout 120 FEBs per week.

The majority of the 200 active components per FEB were inasgrimount packages, and
were assembled onto the FEB through an automated assemélyntluding a Pick-and-Place
machine and reflow oven. The line included test equipmenthwvperformed full and automated
visual and X-ray inspections of each FEB. The visual indpaoterified the presence and correct
orientation of each component, as well as visually inspgail solder joints. The X-ray inspection
checked each solder joint for opens, shorts, bridges,atd.also verified the presence of sufficient
solder and checked the solder profile to try identify cold eaWwsolder joints. Since the FEB has
components mounted on both sides of the PCB, two passegthtba automated assembly line
were required.

The through-hole sockets used for installation of the ppeaamd LSBs had to be soldered onto
the FEB after the surface-mount steps were complete. Ghesize of the PCB, it was decided
to avoid use of wave soldering. Instead, the sockets wederad using a “selective soldering”
machine in which a soldering tip automatically solderedheiaclividual socket. The final FEB
assembly step involved hand soldering of a number of compenéncluding the OTx and the
Faraday shields installed over the preamps and over thé $ignal connectors.
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14. FEB testing

As described in more detail in the following sections, theBREsting plan [38] proceeded in a
number of stages, first at the industrial assembler and thearious labs. Debugging and repair
of failures has been mostly performed in time with the praiduc

14.1 Initial test and highly accelerated stress screening

Given the large number of custom ASICs, plus the mixed andigigal nature of the FEB, the use
of commercial test techniques such as JTAG, etc. was ndiigehdnstead, two custom test stands
were developed and installed at the industrial assemblgéiou

The first test stand could be used to test one FEB at a timenahaled computer-controlled
power supplies with current limiting in order to minimizeetpossibility of damage in case of a
short or other problem. Once the FEB was successfully futlwered and the currents recorded
and verified to be within pre-defined acceptance windows riesef automated tests was per-
formed. These tests included configuring and reading bdalf #he various chips on the FEB,
and triggering and reading out the FEB in order to verify,ddition to the correct functionality of
the FEB, the values (means and RMS values) of the pedestadseritire test tooks 30 seconds
per FEB and was fully automated. The various results of teewere recorded according to the
unique serial number of the FEB under test. The readout dfEiés and analysis of the data was
supervised remotely from Nevis Labs.

FEBs which passed the first test were then installed in thensktest stand, which was located
within a large environmental test chamber. A total of 16 FE&dd be tested simultaneously. Once
the FEBs were installed, a pre-test was performed, wheléa8EBs were tested in a manner sim-
ilar to the single board test, in order to verify that each R correctly installed and connected.
Once this test was successful, the chamber was closed andosmnated Highly Accelerated Stress
Screening (HASS) test performed][39]. For a periods06 hours, the FEBs were operated and
triggered while the test chamber underwent a series of #leryeles between®0C and 55 C. The
goal of the HASS test was to try trigger and identify any faékidue to component infant mor-
tality, cold solder joints, etc. The duration of the HASS t@as limited in order to allow testing
to proceed with sufficient throughput to match the requir&t Elelivery schedule. The tempera-
ture range was limited in order to avoid damage or excesgjwgaf the custom components, in
particular of the OTx.

After completion of the thermal cycling, the FEBs were sabjgnce again to the same test
procedure as used in the HASS pre-test, in order to identifyfailures which had occurred. The
acceptance windows used for the various parameters welevidaile, since the goal at this stage
was to identify failures rather than to ensure the analoditgjua the results.

Some failures of the OTx optical transmitter were obsenfear £IASS screening of the first
sets of FEBs. These failures were determined to be due tdgonghin the OTx burn-in process
which was used for the first batch of OTx before delivery to BiEB assembly process. As a
result, modifications were made to the OTx burn-in processd, iawas decided to replace all
transmitters from the first OTx batch. In total, 138 OTx habdéaemoved manually from FEBs and
replaced. Apart from this first batch of OTx, no OTx failurexorred during the HASS screening.
Other failures specifically attributed to the HASS scregnirere rare, with a few failures of other
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Figure 19. Mean value (left) and RMS (right) of the pedestal per chaimblgh gain, as measured during
the Digital Test (ie. before insertion of the preamps).

components. In addition, in some instances the thermaisstevealed bad solder joints that had
not been obvious in the data taken before the thermal cycling

14.2 Digital test

After completion of the tests and HASS screening at the askezmall FEBs were sent to Nevis
Labs, where they were subject to more extensive testingdditian, any FEBs which failed any
test at the assembler were delivered for debugging at Nebs Lin order to ensure quick feedback
in the case of potential manufacturing problems.

A visual inspection was performed upon receipt of each FER.ifispection followed a check-
list that included checks for overall quality, flatness,reot labeling, and proper component place-
ment. After the inspection was completed, the FEBs wereestlbp an automated “Digital Test”
that included repeating all of the tests performed at therabker, now with tighter acceptance win-
dows. Additional tests were also performed to preciselysueathe frequency range over which
the QPLL circuit properly locked, measure the clock jitteraafunction of frequency, and to char-
acterize both the jitter and performance of the output aptiok. Measurements were also made
to calibrate the current sources of the DCU chips. The Digiat was performed on a single FEB
at a time, and took about 6 minutes per FEB. Pre-defined auteptvindows were applied to all
parameters, a sample of which are reported in fable 11.

Note that the“Digital Test” included tests of the pedestdles and noise. However, since this
test was performed before the FEB was equipped with theiplpgeamps, the analog performance
in response to the injection of signal pulses could not bekebat this stage. Figufe]19 shows the
mean pedestal and RMS per channel as measured in the Diggtior all FEBs. The distributions
are uniform and narrow. Any significant deviation would r@veomponent or assembly problems.

To measure the lock range of the QPLL, the TTC system comtgolhe FEB was driven from
an Analog Devices AD9852 DDS synthesizer, which can be progred with 1 Hz precision. The
stability and accuracy of the clock frequency setting weragnteed by utilizing a GPS-referenced
10 MHz source (Symmetricom XLi). As a result, an absolute suezment of the QPLL lock
range was made with a precision of few Hz, the residual uairgyt arising mainly due to FEB
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Table 11. Acceptance windows for some of the parameters measureagoiine Digital Test of the FEBs.

Parameter Type Measurement Units Min. Value | Max. Value
Pedestals Mean ADC counts 880 1080
RMS (w/o preamps) ADC counts 0.5 15
Clock Jitter ps 5 30
Quality Lower Edge of Lock Range kHz fluc-6 | flHc-2
Upper Edge of Lock Range kHz flHc*+2 | fLHC + 6
Width of Lock Range kHz 5 11
Optical Data-dependent Jitter ul 0.01 0.18
Output Average Optical Power dBm -10 -0.01
Quality Extinction Ratio Opt. Output dB 10 30
DCU Current Source UA 10 35
Quality Temperatures (uncalibrated degC 15 35
DCU 3.3V SCAVDDD \Y 3.2 3.4
\oltage 3.3V SCA VDDA \Y 3.2 3.4
Monitoring 2.5V dig. \Y, 2.4 2.6
-1.7V SCAVSS \Y -1.875 -1.6
3.0V preamps \% 2.9 3.1
-3.0 V shaper VSS \% -3.3 -2.7
4.5V shaper VDD \% 4.40 4.65
Power Current +6 V dig. A 2.06 2.28
Consumption | Current +11 V (w/o preamps mA 2 7
Current +6 V analog A 4.23 4.53
Current +4 V A 2.6 29
Current -4V A 4.84 5.36
Total Power Dissipation w 67.4 74.0

temperature variations. As shown in figlir¢ 20(a), the lociyeaof the final QPLL circuits on the
FEBs safely covers the expected LHC operation frequenayerah40.078966 MHz- 12 ppm.

The jitter of the QPLL clock was measured by analyzing theyooipthe clock brought for
diagnostic purposes through a coaxial connector on the F&R panel. The system clock was
very clean, with a jitter of less than 5 ps RMS, and was usedhasdference trigger source to
a 20 GSa/s, 6 GHz analog bandwidth oscilloscope (Agilentehbd855A) used to measure the
QPLL clock. The peak-to-peak and RMS jitter of the FEB clockrevmeasured and recorded
throughout the lock range of the QPLL, in steps of 200 Hz. HFmud 1% of the QPLL circuits
it was found that for small frequency bands inside the locigeathe jitter increased to very high
values, due to activity dips in the quartz crystal. In suckesahe QPLL circuit was replaced and
the measurement repeated.

The clock jitter was within acceptable limits for most FERe¢ figurd 40(b)). About 3.5%
of all FEBs show jitter above 20 ps, which however can be reduzy reprogramming the PLL
current of the TTCrx timing receiver chip. Fifteen FEBs wijiter above 20 ps for all of the
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Figure 20. Distributions of (a) lower and upper lock range of the QPLicuits, as compared to the clock
frequency range expected during LHC operation, and (b) te@sored jitter of the FEB clock.

possible settings of the PLL current were sent back to thenalster for replacement of the TTCrx
chip. In all cases the jitter was found after the repair to ékew 10 ps for default PLL settings.
The 40 FEBs with high initial jitter above 20 ps for default IPkettings, but jitter below 20 ps
for non-default PLL current settings, have been selected fdedicated test. This test has been
performed to determine the optimal PLL current settings amslre that the jitter is stable over
a wide temperature range. The jitter has been determinédkei® environmental chamber for
temperatures between & and 45 C and as function of the PLL current setting. Optimized and
stable PLL settings were found and stored in a databasel 40 &EBs.

Another set of tests investigated the performance of thelcgérializer and high speed optical
transmitter. These measurements used the FEB test cloti sig a reference to measure the FEB
optical data output, which was connected to the fast oscitlpe through a NewFocus 12 GHz
DC-coupled receiver (Model 1554). While the FEB under teas wansmitting 5-sample fixed-
gain data at a 50 kHz L1A rate, the 1.6 Gb/s serial data outpstagquired, for 20 sweeps, using
the full memory depth of the 54855A oscilloscope, spannimgreximately 13 ms (at 20 GSal/s).
A dedicated analysis of the serial data was carried outpgakito account the specific features
of the GLink CIMT protocol. The phase error of the GLink mast@nsitions was calculated,
allowing detection of possible problems with the PLL on therik serializer. The data-dependent
jitter, sensitive to problems with the optical transmitbethe GLink output, was also calculated. In
terms of the Unit Interval (Ul) of 625 ps, it was typically QJ1, including the contribution from the
rise-time of the filter between the optical receiver and thallmscope input. Finally, the average
output optical power (see figufe]21) and modulation ampditeére also measured.

The DCU readout of all monitored voltages and temperaturas tested for each FEB. In
addition, the 2QuA constant-current outputs of the two DCU chips on each FERweeasured at
room temperature (see figyrg 21). This current is used te dne thermistors on the top layer of
each FEB. A large spread of the measured current with regpget nominal current of 2QA was
observed. All current values are stored in a database usaibwate the measured temperatures
of the FEBs after installation in the experiment.

The overall failure rate after digital testing was 15%. Besi component failures (73% of
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Figure 21. Distributions of measured optical power of the OTx (leftflautput current of the current source
of the DCU chips (right).

Table 12. Component failures observed in tests up to and includindgpigéal Test. The OTx numbers do
not include the failures observed in the first batch befoeg there replaced.

Component] Number Per FEB Number of Failureg Failure Rate
Shaper 32 5 0.01%
SCA 32 32 0.06%
OpAmp 32 4 0.01%
ADC 16 5 0.02%
GSEL 8 11 0.08%
SMUX 1 0 0%
GLINK 1 7 0.43%
OTx 1 4 0.27%
TTCrx 1 8 0.49%
QPLL 1 19 1.17%
CLKFO 7 4 0.04%
SCAC 2 1 0.03%
VREG 19 6 0.02%

CONFIG 1 11 0.68%

SPAC slave 1 2 0.12%
DCU 2 12 0.37%

all failures), assembly problems (23%) and PCB manufauguidilures (2%) have been observed.
The failure rates observed for the active components arensuized in tabld 2. The observed
component failure rates ranged from approximately 0.01%94%0

14.3 Analog test

Upon successful completion of the Digital Test at Nevis L.ahe FEBs were shipped to either
Brookhaven National Laboratory (BNL) in New York (USA) or k@boratoire de I’Accélérateur
Linéaire (LAL) in Orsay (France). In the two labs the 23 difet flavours of the FEBs were con-
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figured by mounting the appropriate preamps and LSBs. Onufggewed, the FEB were subjected
to a rigorous test of their analog performance, including@and pulse measurements. Fiduile 22
shows a sample pulseshape measured in MED gain for one ¢hamaog measurements were
also performed at Nevis Labs for a control samplex08% of the FEBs in order to have quick
feedback to the FEB production and assembly process.

The BNL test setup was based upon a standard LAr crate anttoglies, as described in
Reference[J4]. One half of the crate could be populated WEB$; allowing a test of up to 14 FEBs
simultaneously. The LAL test bench was based upon a custarally developed setup, in which
one FEB was tested at a time. The analog testing procedunhdofFEB consisted of a set of
different types of runs, including pedestal runs, signalpghruns, and ramp runs for the standard
readout as well as for the trigger output of the FEB. Each FEBfir had a dedicated configuration
file with acceptance cuts. An example of the acceptancerieriter one of the FEB flavours is
shown in tablg 3. Similar tests were performed at BNL and LAdr illustration, results from the
tests at LAL are discussed below.

The pedestals, noise and fixed sequences noise (FSN) wesama@aeparately for HI, MED,
and LO gains. Dead channels were easily detected via too ¢ésen The noise measurement is
also sensitive to the time constant of the shaper. The FSNumesthe pedestal dispersion of the
144 capacitor storage cells of the SCA. An analysis of catteraise was also performed, summing
over all 128 channels. The overall noise distribution oththnnels and FEBs equipped with Q0
1 mA preamps is shown in figufe]23 for HI gain.

A calibration signal of fixed amplitude, chosen to yield ansigin the saturation region of
each of the gains, was then injected and the minimum and memisignal of the peak sample and
a non-peak sample were determined for each channel as #ofunétthe SCA cell used to store
the signal. The difference between the minimum and maximnameéch channel (and gain) was
required to be small. This test was designed to detect ptematturation of individual pipeline
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Table 13. Acceptance windows for some of the parameters measuredgdamialog tests at LAL of FEBs
equipped with 5@ preamps and S8X2 LSBs.

Parameter Gain | Min. Value | Max. Value
Mean Pedestal (ADC counts)| All 900 1100
Noise (ADC counts) HI 6.0 8.5
MED 0.9 15
LO 0.6 1.2
Fixed Sequence Noise HI 0.1 0.95
(ADC counts) MED 0.1 0.6
LO 0.1 0.6
Coherent Noise (ADC counts) All - 0.075
Time Offset of Peak HI 68 77
(ns) MED 70 77
LOW 68 75
Deviation of Gain All -7% +7%
Trigger Pedestal (ADC counts) 400 550
Trigger Noise (ADC counts) 15 6.
Trigger Timing (ns) 66 71
Deviation of Trigger Gain -3% +3%

cells of the SCA (peak sample) as well as timing deviatiofiisp@ak sample).

Timing runs with ten samples were performed to measure gmakshape in steps of 1 ns The
signal shape was compared to a reference signal to deteetides. The signal shape analysis
also verifies the read and write operations of the combinatfoSCAC chips, SCA control bus
and SCA chips. The position of the signal peak was requirddltavithin an acceptance window
of about 7 ns. A significant number of shapers were found t@ lzaghaping time shorter than
nominal, since the fuses had not been properly blown duhirgabotic pre-testing of the shaper
chips. These shapers were either replaced or the pins ofises fvhich should have been blown
were cut in order to correct the problem. After installatminthe FEBs in ATLAS, many more
instances of this problem were found, and in fact it was skanthe fraction of shapers with such
problems was growing with time, suggesting a systematiblpro with the fuses. By the time this
fraction reached=1% and was the leading cause of bad channels, it was decided tioe pins of
all ~ 52000 shaper chips in order to eliminate this problem.

The linearities of the three gain scales were calibratedrsggly, with the highest DAC value
chosen appropriately for each gain scale to give an almdisbhdight signal. Typically 67 DAC
steps were used, equally spaced between the minimum andanomaxsignal. The signal timing
was adjusted so that the maximum of the signal coincided théhhird sample in time. The third
sample signals were averaged and the gain was determined Viritear fit. The gain was required
to be within an acceptance window of the expected value. ™igldition of the gains determined
for the LO gain of all channels of all FEBs equipped with@@reamp is shown in figurg 3. A
ramp run was also performed with the GSEL chips configurediiogain mode, in order to verify
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Figure 23. Some results measured for all channels during analog gestinAL of 479 FEBs equipped with
50 Q preamps. The left plot shows the noise distribution for Hhgavhile the right plot shows the fitted
slope of the linearity curve in LO gain.

the proper operation of the gain selection algorithm.

The analog performance of the the trigger sum outputs waschiscked. The first test con-
sisted of injecting a large input signal while turning off sthaper sums and verifying that none of
the 32 trigger channels showed an output signal. The shapeoatputs were then turned on one
at a time. This test verifies the correct functioning of themr output and also crosschecks the
correct configuration of the LSB as the channel with the etgqueoutput signal is dependent on the
LSB type. The gains as well as the shapes of the trigger suputsuivere measured, to ensure a
homogeneous trigger response in ATLAS.

The three most frequently detected failures were preamipigmes, mostly due to breaking a
pin or the preamp hybrid itself during insertion on the FEBaers with a short peaking time, and
SCAs with a cell with large leakage currents or a limited dyitarange. These problems occurred
at rates of~ 0.6% each for the preamps and shapers, arfd2% each for the SCAs. All FEBs
were repaired as necessary to ensure they passed the Amsogequirements during subsequent
retesting.

Once the Analog Test was passed, the cooling plates weretatban both sides of the FEB
and an air pressure test at 3 bar was performed to verify batytstem was leakless. A partial re-
test of the FEB was then performed to ensure no damage wasdcdusng this step, after which
the FEB was shipped to CERN. Upon arrival at CERN, a leak test performed, and then the
FEBs were prepared for installation on the calorimeter MAMLAS pit.

15. Performance of the FEB

To evaluate the performance of the LAr FE readout agstema dedicated set of tests of a half-
crate of electronics, including 14 FEBs, was performedailed results of this FE system test and
tests during installation and commissioning of the eledt®on the ATLAS detector at CERN can
be found in Referencd][4]. Here are summarized only a fewiteestithe measurements of the
performance of the FEB.
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The FEB meets or exceeds all of the specifications that wenensuized in tabl¢]1. The noise
of a single channel of the FEB s 0.8 ADC counts, without the preamp. This includes contri-
butions from the shaper, SCA, op-amps, and the ADC itseltlutfing the (unloaded) preamp,
the noise increases for HI gain 10 3-6 ADC counts, depending on the preamp type. Therefore,
as required, the HI gain noise is dominated by the preampgendce the FEB is connected to
the detector, this noise increasessial-10 ADC counts, depending on preamp type and detector
capacitance. The coherent noise per channel across thénd@8eds of one FEB is typically 1-3%
of the total noise per channel.

During typical operation at the LHC, for each L1 trigger fivaargles will be digitized and
read out from the FEBs per channel. For large pulses, theitaisiplcan be reconstructed with
a resolution better than 0.1% and the time can be measurbdawisolution of~ 20 ps. The
nearest-neighbour crosstalk<4s1%, dominated by the input connectors, and small compared to
crosstalk and energy sharing effects in the detector itself

16. Summary

We have discussed the design, implementation and productithe Front End Boards designed
to meet the challenging specifications of the readout of fhieAS LAr calorimeter system. Each
FEB handles 128 signal channels. Implementing the spedtfiRifunctionality and performance
while meeting the radiation tolerance requirements reguihe utilization of 11 different custom
ASICs, including eight developed specifically for the FEBeTFEB is implemented as a large
10-layer PCB with components mounted on both sides, and~0B,000 solder joints per board.
Production and testing the full set of FEBs took approxiyatee year, with the testing work
shared among three labs.

Each FEB was subjected to a rigorous Quality Assurance tegram, and debugged and
repaired as necessary until it passed all tests. The mdicuttits encountered during production
and testing of the FEBs included the following:

¢ the sizeable jitter of the 40 MHz clock from the TTCrx chip uégd a re-design of the FEB
after the first prototype production to introduce the QPldséd jitter filter;

e the first deliveries of crystals for the QPLL demonstratetivig dips and had to be subject
to a special screening process to reject any crystals with groblems;

e the first batches of OTx optical transmitters were subjefiirieedelivery to a faulty burn-in
process, and subsequently experienced failures durifgBEBeHASS test; well over 100 had
to be de-soldered from FEBs and replaced with OTx from |la¢éiveries after the problem
was solved;

e some SCA chips had to be replaced since the FEB testing esl/éfzdt they had pipeline
cells that had large leakage currents or which had a resghatsaturated before reaching
the required dynamic range;

e as discussed in sectign 14.3, problems were identified Wéhfuses implemented on the
shaper chips to allow tuning of the shaping time. Eventualyas decided to cut the appro-
priate pins of alle 52000 shaper chips in order to eliminate the problem.
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The FEBs meet or exceed the exacting specifications of theASTILAr readout. For exam-
ple, for large pulses the FEBs measure the deposited enétigyawelative precision better than
0.1%, and with a timing resolution ef 20 ps. In total, 1524 FEBs are required to read the LAr
calorimeter system. A total of 1620 FEBs were delivered t&rRGE
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