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ABSTRACT. The ATLAS detector has been designed for operation at CERBIfge Hadron Col-
lider. ATLAS includes a complex system of liquid argon catoeters. The electronics for am-
plifying, shaping, sampling, pipelining, and digitizinyet calorimeter signals is implemented on
the Front End Boards (FEBs). This paper describes the desigriementation and production
of the FEBs and presents measurement results from testifoyiped at several stages during the
production process.
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1. Introduction

ATLAS [1] is a large general-purpose detector designed paration 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. The LAr calorimeters include the eletagnetic barrel (EMB) calorimeter,
which is housed in the central cryostat and provides coeefagpseudorapiditieghj < 1.5. The
ranges of larger pseudorapidity are covered by endcapicadter (EC) systems, housed in separate
endcap cryostats. Each EC cryostat includes an electragtiagendcap (EMEC) calorimeter, a
hadronic endcap (HEC) calorimeter, and a forward calomm@CAL) providing coverage up
to jhj = 4.9. More details about the design, construction, andopaidince of the calorimeters
themselves can be found in Reference [2].

The electronic readout of the ATLAS LAr calorimeters is died into a Front End (FE) system
of boards mounted in custom crates directly on the cryostdthroughs, and a Back End (BE) sys-
tem of VME-based boards located in an off-detector undemgiaccounting house. The FE system
includes Front End Boards (FEB), which perform the readmat digitization of the calorimeter
signals, Calibration boards which inject precision caltion signals, boards for producing analog
sums for the Level 1 (L1) trigger, and other control and maniity boards. The BE electronics
includes Readout Driver (ROD) boards which perform DSReHatfigital Itering of the signals.

A more detailed overview of the entire ATLAS LAr readout amabnd details of the BE
system, can be found in Reference [3]. The overall FE systehitacture is documented in Ref-
erence [4]. The purpose of this note is to describe the demighimplementation of the ATLAS
LAr FEB, including some information on the standalone perfance of the FEB. The overall
system performance of the ATLAS LAr readout electronicsl W& documented in a subsequent
publication.

2. FEB Speci cations

The electronic readout of the ATLAS LAr calorimeters facesmanding speci cations, a summary
of which is provided in Table 1. Given the ne segmentationtlué ATLAS LAr calorimeters, a
total of 182468 active channels must be read out. These siitbdied 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 feedthroughschannel density of 128 channels
per FEB is required to satisfy the space constraints of thidetector 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 mesemoved in order to not impact other
detector subsystems. Therefore, maintaining a low poweswmption, well below 1 Watt per
channel, is important. Furthermore, since convective @iling using fans cannot be used in this



region of the detector, the FEBs are conductively cooledgisin under-pressure water cooling
system.

The FEBs must sample the LAr calorimeter signals at the LH@bicrossing frequency of
40 MHz. The online selection of events is performed by thedHayered ATLAS trigger sys-
tem [5]. Inthe rst step, the L1 trigger uses partial infortiwam from the calorimeters and the muon
system to reduce the trigger rate to a maximum L1 Accept rai#&Hz. For each L1 trigger,
the FEB readout of typically ve samples per channel must é@anplished with little deadtime,
and the full event data made available for subsequent ai@iuay the Level 2 and Level 3 trigger
systems. The L1 trigger decision is performed by a deaddsselsynchronous pipelined system
with xed latency of up to 2.5n5 (100 bunch crossings), during which the FEB must store the
time-sampled calorimeter signals. The FEB must be ablevadd trigger rates, to read out up to
32 samples per channel, in order to measure the entire wavefthen desired during calibration
or other special runs.

Table 1. A summary of some of the main speci cations of the ATLAS LAt End 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 < 2.5ns (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%

The energy resoluti8n of the ATLAS electromagnetic (EM)ocaheters for EM showers is
givenbys(E)=E 10%= E O0:7%=E, withthe energ is expressed in GeV andrepresenting
addition in quadrature. The resolution at high energiesosiidated by the second, so-called
constant, term, which arises due to a variety of contrimgjoncluding mechanical tolerances and
variations in the calorimeter construction, time varia®f the detector response, and uncertainties
in the calibration. Achieving the goal of 0.7% for the cométierm 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 importdrtte noise for an electron shower
in the EMB at low pseudorapidity is expected to be 190 MeV. &w®jing on the section of the
calorimeter, the noise of the preamp loaded by the deteetpadtance for a single calorimeter
channelis typically 10 -50 MeV. The low end of the FEB dynamic range is set by theirement
that the FEB noise be dominated by the preamp noise. The higjlofethe scale has been set to



3 TeV, the largest energy that could be deposited in a sirttgdarmel 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 @f7 bits.

Given the ne granularity of the calorimeter, the energy oftéM 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 missingsreerse energy (MET). As a result, any
coherent component of the noise is particularly criticay. dBudying the impact on the reconstruc-
tion, using MET, of a heavy SUSY Higgs boson decaying to tars[@], a requirement has been
set that the coherent noise per channel be less than 5% aftdiebise per channel.

In addition to measuring the deposited energy per chanhelFEB readout must provide a
measurement of the time of the deposition and alst?4ype quantity related to how well the
pulse shape follows the expected shape. Digital processinge performed of the typically ve
time samples read out per channel to produce optimized mesasfi energy, time, and?. The
c? measurement provides sensitivity to pulses which are nasomed due to waveform distortions
produced by large energy depositions in neighboring bumolsings. The time measurement
provides, rst of all, identi cation of the bunch crossing which the energy deposit belongs. A
timing resolution of 5 ns would be suf cient for this purpose given the time separaof 25 ns
between subsequent bunch crossings. However, the cateritmags a much better intrinsic timing
resolution, and there are physics arguments to aim for Extefiming resolution. For example,
some variants of Gauge Mediated Supersymmetry BreakinggBMmodels imply existence of
a heavy gaugino which would decay to an undetected Gravihdnaaphoton which, due to the
nite lifetime of the gaugino, would hit the calorimeter ‘ita slight delay and from an angle
not directed to the primary vertex. A study [6] of such a secendemonstrated that the pointing
resolution of the calorimeter would be a powerful tool toritiy such “non-pointing” photons, and
a timing resolution much better than the mean delay & ns would be helpful in con rming this
signature. For large pulses, a timing resolution betten thd0 ps should be achievable. Such a
performance would also allow the possibility to use timiadnelp 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 ablelépate signi cant levels of radia-
tion. Simulations of the expected radiation eld [7] predibat, during 10 years of LHC operation
at design luminosity, the FEBs will experience a total iamizdose (TID) of 5 kRad and non-
ionizing energy loss (NIEL) effects due to an equivalentnae of 16  10'2 1-MeV-neutrons/crh
In addition, the possibility of single event effects (SEBEluding single event upsets (SEU) of
logic states, must be considered, given the exposurerto 0 hadrons/crfi with energies above
20 MeV. As will be described in a subsequent publication,F&B components were subjected
to an extensive radiation tolerance quali cation procesih the required tolerance speci ed by
multiplying these expected radiation levels by three gafi@ttors (SF) which aim to account for
uncertainties in the simulated radiation levels, for polgsiow dose rate effects, and for varia-
tions in radiation tolerance from lot to lot in production @f ASIC. The SF values were lower
for the DMILL process [8], which was guaranteed by the veriddoe radiation tolerant, than for
“commercial-off-the-shelf” (COTS) components or ASICeguced in a commercial process that
does not guarantee radiation tolerance. Table 2 summaheesxpected radiation levels as well



as the “Radiation Tolerance Criteria” (RTC) values to whidMILL and other components had to
be tested and quali ed. The RTC values for commercial preeggake into account the fact that
the nal production parts were purchased from known, honmages lots; otherwise, each of the
commercial RTC values would have been an additional fadttwo higher.

Table 2. Summary of the radiation levels to which components for tB8 lhad to be tested and quali ed.
For 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 1.6 102 | 1:6 104 1.6 101
SEE | Hadrons (> 20 MeV)/cth | 7.7 10 | 7:7 10%? 7.7 10%

The radiation tolerance issues led to the development ofitbeuof custom ASICs in special-
ized, radiation-tolerant semiconductor processes, awdviery limited use of COTS components.
Table 3 summarizes the process technologies utilized éonthin active components on the FEBs.
A number of ASICs were developed in the DMILL process, ancesgvmore using a commer-
cial 0.25mm “deep submicron” (DSM) process, but using a special liprghich was radiation
hardened through the use of a custom-developed enclosetistia geometry [9].

The on-detector location of the FEBs implies that there iscmess 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 #reebcryostat. Accessing these
crates to repair or replace the FEBs requires rearrangirexiacting large detector elements in
the endcap regions, including the endcap calorimeter tayg@sWhile it is foreseen to access these
crates once per year, during the long annual shutdown ptefamehe LHC, other opportunities for
access will be very limited. Given these access dif cultiediability is a key concern.

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

3. Overview of the FEB Architecture

A block diagram indicating the main features of one foursuiel element of the FEB architecture
is shown in Figure 1. The raw signals from the calorimeterraepped onto the FEB inputs as
they emerge from the cryostat feedthroughs. On the FEB,igmals are rst subject to several

stages of analog processing. Preampli er hybrids amplify taw signals. To reduce the dynamic



Table 3. The acronyms of the main active components of the FEB, thebeurof each component per
128-channel FEB, and the component's functionality. Thajgonents are grouped according to the semi-
conductor technology used in their production.

Production | Component| Number | Description of
Process Name per FEB | Functionality
Hybrid Preamp 32 First stage ampli cation
Preshaper 32 Ampli cation, preshaping for HEC
AMS BiCMOS Shaper 32 Ampli cation and shaping
DMILL SCA 32 Sampling and analog pipeline
SMUX 1 32:16 multiplexor
SPAC slave 1 Serial control interface
CONFIG 1 Con guration controller
TTCrx 1 Trigger and timing control receiver
DSM GSEL 8 Gain selection, data formatting
CLKFO 7 Clock fanout
SCAC 2 SCA controller
DCU2 2 Temperature and voltage monitor
QPLL 1 Quartz-crystal phase-locked loop
STm RHBipl VREG 19 Radiation-tolerant voltage regulator
COTS OpAmp 32 Match SCA output to ADC input
ADC 16 12-bit digitization
GLINK 1 1.6 Gbps Serializer
OTx 1 VCSEL-based optical transmitter

range requirements of the sampling and digitization statyegpreamp outputs are split and further
ampli ed by shaper chips to produce three overlapping lirgain scales which are each subject
to fast analog shaping. The shaped signals are then sanijtesll2HC bunch crossing frequency

of 40 MHz by switched-capacitor array (SCA) analog pipelaigps, which store the signals in

analog form during the L1 trigger latency.

Detector b oomp Shaper b SCA OpAmp  [1ADC/Z{GSEL{ SMUX [ GLINK = OTX i

inputs

*"‘—> bi @

128 L  BCR,

channels | % CLKFO QPLL %ﬁim
]

Analogue s 144 cells SCAC CONFIG SPAC slave Spacbus
trigger sum i E g .DCU :
LSB =5 10 7 voltages

VREG |=<—

Figure 1. Block diagram of the FEB architecture, depicting the data for four of the 128 channels.

xcZ

For events accepted by the L1 trigger, typically ve sampbes channel 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 olthe detector to the ROD via a single
1.6 Gbps optical output link per FEB.

The FEB implements the rst two stages in the summing trea@pecing analog sums for the



L1 trigger. The shaper chips sum their four input channelfie $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 creltéch perform further summing
and processing.

For con guration and operation, the FEBs require a numbegxtérnal 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 ContfdTC) system [10]. The FEB is
con gured and monitored via a dedicated “Serial ProtocolADLAS Calorimeters (SPAC)” [11]
serial control link, operating at 10 MHz.

The following sections describe each of the blocks on the REBitecture in more detail.

4. Analog Signal Processing

As depicted in Figure 1, and described in more detail in tHeviong, the analog processing
performed by the FEB includes ampli cation, shaping, sggran an analog pipeline, and then
digitization for events accepted by the L1 trigger.

4.1 Preampli ers

For the ATLAS EM calorimeters (both barrel and endcaps) réve calorimeter signals are cabled
out of the detector and received on the FEBs. Preamps moontéte FEB provide the rst step
of analog processing. A similar situation applies to the EG#gnals, except that there is one
intermediate step in which transformers are used to sumatvesignals into the nal towers, in
order to reduce the channel count.

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 resuéteurrent of typically 2 3 mA/GeV.
The dynamic range of interest corresponds, therefore, t@ists in the range of nA up to several
mA.

The LAr preamps [12] are coupled to the detector by a trarsiondine. As the signal duration
is long compared to the shaping time, current preamps arm whé&h provide a voltage output
directly proportional to the input current. The principlecmupling a preamp to a high capacitance
detector is described in Reference [13].

The preamp circuit schematic is shown in Figure 2. The maaratteristic of the ATLAS
preamp is the use of a local feedback in the input stage tibbutirthe functions of low noise
and high dynamic range to two different transistors. Thisuwt con guration 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 chodepeindently without changing the
power supply voltages and power dissipation.

In order to optimize the match of the preamp characteristiche calorimeter cell to which it
is connected, three different variations, or “ avors”, gamp are used. As summarized in Table 4,
the avors differ in terms of their input impedance, gain.(teansimpedance), and dynamic range.
These variations are achieved by using the appropriatesalficomponents R2, R12, L1, and L2
in the schematic of Figure 2. Flavor 1 is used in the presangpid in the front sections of the EM
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Figure 2. Schematic of one channel of the four-channel preampli doriy.

calorimeter, Flavor 2 is used for the FCAL as well as the EMdtatbhack sections for lowghj,
and Flavor 3 is used for the EM middle/back sections for highg

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

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

The preamp is realized as a four-channel thick- Im hybricgkamsuring 55 mm 23 mm. The
hybrid is equipped with gold-plated pins that plug into niétg sockets mounted on the FEB
PCB, allowing customization of the FEBs for the differenloceneter sections by insertion of the
appropriate preamp hybrids.

Production of the preamps was split approximately equadifwieen Brookhaven National
Lab (BNL) and INFN Milano. Each site procured all componeiaistheir local production, and
some differences resulted. Measurements performed dtiregre-testing of the hybrids revealed



slightly different performance parameters [14]. The maghiscant difference was in the gains.
For example, Figure 3 shows the measured gains for th&/85mA version of the preamp, for
which two different distributions are clearly visible. Thaver gaussian corresponds to the INFN
preamps, with a mean gain which is 1.7% below that of the BNeaprps. Each distribution
separately has a Gaussian widtrsof 0:5%. Within each lab, an acceptance window &% was
applied during preamp testing. For the precision read@ah ehannel is separately calibrated and
therefore matching of the absolute gain is not relevant. él@m to ensure suf ciently uniformity
for the L1 trigger sums, the gains are required to be unifoiithiw< 5%. As shown in the gure,
less than 2% of the hybrids would fall outside % acceptance window applied to the combined
distribution, and all are well within the L1 speci cation.h€ slight differences, therefore, are not
considered an issue.

Figure 3. Distribution of gains measured for the 285 mA version of the preampli er hybrids. For more
details, see the text.

4.2 Hadronic Endcap Preshapers

The Hadronic Endcap (HEC) calorimeters represent the onesuBsystem where preamps are
mounted directly on the detector in the liquid argon. The Higgbgenic electronics are described
in Reference [15]. The preamp outputs are driven on cablesfdbe cryostat to the FEBs.

Instead of the plug-in preamp hybrids used for the rest of thesubsystems, the HEC FEBs
are equipped with plug-in “HEC preshapers” [16] that areigie=d to be pin-to-pin compatible
with the preamp. A schematic of the HEC preshaper is showrigaré 4. The roles of the HEC
preshapers include providing a pole-zero cancellatiordapato the widely varying HEC detector
capacitance, and inverting, amplifying and pre-shapirgsiynal so that the input to the shaper is



the same polarity and approximately the same shape as foeshef the LAr calorimeters. With
these adaptations, the same FEBs are used for all LAr cadteis

Figure 4. Schematic of one channel of the four-channel HEC preshapmich

To optimize the match of the preshaper to the HEC channel tichwih is connected, 14
different preshaper pole-zero time constants are needefdct, since the preshapers are mounted
on both sides of the FEB, a total of 28 different preshapesiges is required. Depending on the
value of component R the preshaper has a nominal gain of either 6 (“LO”) or 12 {JHFigure 5
shows the measured gains for 168 hybrids, which are in googkagent with the design values.
The dispersion among hybrids has an RMS of less than 1.5%fysad the uniformity requirement
set by the L1 trigger. Figure 5 also shows the measured neiadunction 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

4.3 Shaper

The preamp/preshaper outputs are AC-coupled into a foamodl shaper chip [17], which applies
an CR-(RC5 analog lter to the signals in order to optimize the signalroise ratio. The one
differentiation serves to remove the long tail from the daeresponse, while the two integrations
limit the bandwidth in order to reduce the noise. The CR-(R@®r architecture, with transfer
function H(s) = (t9)=(1+ t9)3, is a good compromise between the number of stages (and cor-
responding power consumption) and the performance, siniseonly 10% worse than an ideal
Iter.

The RC time constant of the shaping function is set to 13 mesenting a compromise be-
tween minimizing pile-up noise, which increases for slowhkaping, and thermal noise, which

—-10-



Figure 5. Results of measurements of a sample of 168 HEC preshapersleftiplot shows the mea-
sured gains, while the right plot shows the measured andlatedinoise levels as a function of detector
capacitance.

decreases for slower shaping. The characteristic formeofebultant output signal shape is shown
in Figure 6(a). For the typical detector capacitance, ttakipg time of the signal when convoluted
with a 450 ns triangular input current is 35-40 ns. Figure 6(b) demonstrates that this value of
peaking time is close to optimal for the LHC design lumingsit 1034 cm 2 s 1. For lower lumi-
nosities, further downstream digital Itering can be usedathieve an effectively longer shaping
time, and subsequently better noise performance. Anothasideration is that the shaped signals
are sampled at the 25 ns LHC bunch-crossing rate, so evem &wtping would start to suffer from
aliasing effects.

Figure 6. (a) Shape of the signal output from the shaper chip. The dalisate the position of samples
separated by 25 ns. (b) Total noise versus shaping time foinlsities of 18% and 164 cm 2s 1. Also
shown are the separate contributions from pile-up noiseframd electronics (series and parallel) noise.

In addition to shaping, the shaper provides additional aogtion, so that the preamp noise
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will dominate over the contributions from later stages. TDhiave the full dynamic range, the
shaper splits each signal to provide three overlappingatirgain scales, with gain ratios of
10. The absolute gains are 0.8 (LO gain), 8.4 (MED gain) andH82gain). The shaper also
includes one “Dummy” output which has no input signal but shene output stage as the analog
signals. The Dummy channel thereby provides a measurenémt on-chip noise. As described
in Section 4.4, this signal is connected to the input Refararhannels of the SCA analog pipeline
in order to provide a “pseudo-differential” architectukeith the goal of reducing low frequency
noise.

The shaper chip also incorporates a “Linear Mixer” (LM) staghich provides an additional
output corresponding to a shaped sum of the four input chanmbe channels are summed before
shaping, and then the sum is subject to a CR-RC lter befoiagoeutput. Depending on how
the “Gain” pin on the shaper package is connected on the FEB, Bf@ LM gain can be set to
either one or three. As described in more detail in Sectidh@®].M output signals are used in the
generation of analog sums for use by the L1 trigger systerngr@Bmmable switches are used to
enable or disable individual channels in the trigger sumopahg the disabling of noisy or faulty
channels. The values of the switches are set, and can be aekddy veri cation, via the SPAC
slow control link to the FEB.

The architecture of the shaper chip is depicted in Figure § slhown, the CSO0 through CS3
inputs are connected to fuses which can be blown to connelitiGthl capacitors in the shaping
stages. Their purpose is to allow tuning of the RC time carstathe presence of unavoidable
process variations in the values of the on-chip resistotscapacitors.

The shaper is realized as a four-channel ASIC implementeleém@AMS 1.2nrm BiCMOS
technology [18], and is packaged in a 100-pin rectangulaP Q&ckage with 0.65 mm pitch. Some
of the relevant shaper parameters and performance gueeswanmarized in Table 5.

Table 5. Some of the parameters and performance measures for thersha|C.

Parameter Value |
Number of channels 4
Die size 4 45mnt
\oltages| VDD 45V
VSS -3.0V

Power consumptior 500 mW total
Output signal swing -2V to +3.5V
Input impedance | 50W  15%

Gain HI 82
MED 8.4
LO 0.8
Noise HI 850
(mv) MED 400
LO 250
Linearity 0:2%
Crosstalk < 0:1%
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Figure 7. Block diagram of the shaper architecture. One of the fountidal signal channels is shown in

the upper half of the gure, while the fuse programming piBsimmy output and Linear Mixer circuits are
shown in the lower half.

4.4 SCA Analog Pipeline

The shaper output signals are sampled at 40 MHz and storedlogaform by a switched-capacitor
array (SCA) analog pipeline. The SCA stores the analog Sgharing the L1 trigger latency in
pipelines of 144 cells, and further serves as a multiplexor@-randomizing buffer in front of the
ADC for triggered events. The SCA is designed to allow siam#ious Write and Read operations.
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Separate 8-bit Write addresses (WADD) and Read addres#d30R as well as a 40 MHz Write
clock (WCLK) and 5 MHz Read clock (RCLK) must be provided fraffi-chip to control the
operation of the SCA.

Each SCA chip processes all three gain scales for each ofcidarimeter channels. In ad-
dition, an extra so-called “Reference” channel is assediatith each group of three gains corre-
sponding to a calorimeter channel, so the SCA chip contaiogbof 16 analog pipeline channels.
On the FEB PCB, the inputs of the four Reference channelsoamected together to the “Dummy”
output of the shaper. The Reference channel is treated bg@#feexactly as the other channels
and its output is subtracted from the signal output durirgy ead operation. This subtraction
is performed off-chip. This pseudo-differential operatis employed to reject the major part of
the coherent noise generated before and inside the chipasuclock feedthrough and couplings
through the substrate. It also improves the power suppéctigin 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 deallwihput signals in the range from
-0.9 V to +2.5 V with a baseline voltage of O V.

The architecture of the SCA ASIC is depicted in Figure 8. Miegails about the SCA design
can be found in Reference [19]; here we describe the maiglésatures and characteristics.

Figure 8. Block diagram depicting the architecture of the SCA.

SCA analog pipeline architecture

A more detailed depiction of the structure of one channelhef 8CA analog pipeline is shown
in Figure 9. Each pipeline contains 144 identical cells. lEeell comprises a 1 pF storage
capacitor, and separate switches for Writing (switchesr8l1S? in Figure 9) and Reading (switches
S3 and S4). Switches S1 and S3, which have to deal with the Bigoal dynamic range, are
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CMOS switches, whereas S2 and S4 are simple NMOS switchésewpste connected to a xed
intermediate level.

Figure 9. Block diagram of the SCA analog pipeline design.

The input signal is connected to the Write bus through antibpéfer ampli er, the aims of
which are to limit the voltage swing of the input signal, tegent a constantly low capacitive
load to the shaper output, and to decrease drastically Weéde crosstalk by buffering the ow of
signal currents on and off of the SCA chip. The input buffesuisoperational ampli er connected
as a voltage follower. To ensure stable operation, a\l* diffusion resistor is placed in series
between the ampli er output and the Write top bus.

Similarly, another buffer, connected to the return busuoed cross-talk by limiting currents
from the common reference pin of the chip. This buffer doeshave a wide dynamic range
requirement, and so a simple NMOS source-follower is usethis purpose. The common input
reference voltage of these 16 followers is generated bywsmntrol system which connects the
Write return bus to a reference voltage, denoted by VREF.

During a Write operation, S1 and S2 are closed and the volagess the capacitor tracks the
difference of voltage between the Write bus and the retus) Aihe effective capacitor charging
time constant is 2 ns, set by the value of the capacitance and the ON resistdirtice switches.
The input signal voltage is sampled and stored on the capaithe moment the Write switches
are opened again. For a Read operation, the correspondimglisg capacitor is put in the feedback
of the Read ampli er by closing S3 and S4 after the Read bothoshhas been reset. To reduce
the sensitivity to noise injected in the substrate, the tiapepof the storage capacitor is the one
connected to the sensitive input node of the Read ampli einduthe Read operation whereas the
bottom plate, which presents a parasitic capacitance tk &ificon, is the one connected to the
output of this ampli er. As the Write and Read operations lan¢h performed in voltage mode, the
gain of the SCA is very close to unity and is, to rst order, @mtndent of the value of the storage
capacitance.

The Read ampli er has the same open-loop structure as thee\&impli er but uses a PMOS
transistor input pair to provide lower white and 1/f noiseef@e reading a storage cell, the residual
charge stored on the parasitic capacitance of the bottord Bg&sneeds to be cleared to avoid the
mixing of two consecutive signals. During this Reset phése RST switches are closed, setting
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the Read ampli er in voltage-follower mode and dischargihg bottom Read bus, while Read
switch R is opened, insulating the Read ampli er input frdme bottom Read bus capacitance to
avoid oscillations. This phase lasts at least 100 ns to alissharging of the bottom Read bus with
suf cient precision. At the end of the Reset phase, the RSitckws are opened just before switch
R is closed.

At the output of the Read ampli ers, the 12 signal channepatg are multiplexed by CMOS
switches towards the signal output buffer. In the same wayfaur Reference channels are mul-
tiplexed towards the Reference output buffer. The commafdise switches are generated by a
sequencer within the digital Read logic section. When nanobhis 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 arg(NMOS input), and are de-
signed to be able to drive up to 30 pF for the 5 MHz read-outdezgy. To allow multiplexing of
two SCA chips to the same external ADC, the output buffersreselated from the output pads by
CMOS switches. The ON resistance of these switches isMa0d varies by about 15% along
the SCA voltage dynamic range. Achieving a good linearityurees that the electronics connected
to the SCA outputs have a high input resistance, at least W)@k described in Section 4.5, com-
mercial op-amps con gured as voltage followers are usedHim purpose. Moreover, the outputs
of the SCA are never left in a high-impedance state; one op#wed SCA chips is con gured to
always drive the output lines except for when the other SCli#eiag read out.

SCA Write and Read Control Logic

As shown in Figure 8, in addition to the analog pipeline settihe SCA chip contains separate
digital sections for the Write and Read control logic. Thase physically separated from each
other and from the analog pipeline section. All of the buiglblocks were developed with full-
custom designs. All the ip- ops and registers use gatedenter-based master-slave ip- ops.

As described later in Section 6, the WADD, RADD, and othertaarsignals are transmitted
to the SCA chips via a control bus using low voltage, difféi@rsignals. The differential signals
are received on the SCA chip via the “DIFF” blocks depictedrigure 8, which use CMOS com-
parators to convert the inputs to differential CMOS signdlee comparators have NMOS inputs
in order to be compatible with the common mode voltage of 6& $ontrol bus drivers.

The Write control signals include the 8-bit WADD and the 40 ¥MWCLK. On the falling
edge of WCLK, the WADD bits are stored in a register. The 8eitput of this register is pre-
decoded into four groups of four signals, two bits at a timeab asynchronous AND gate based
decoder. Inside each group, each of these four signals agsad the four possible values of
the two corresponding bits. The 16 resulting lines are thesed to 144 synchronous four-input
decoders, designed such that the timing of the Write ofmarasi de ned solely by the rising edge
of WCLK and is not address dependent.

At the output of the WADD decoders, the signal is buffered rigedthe gates of the NMOS
transistors of the S1 and S2 Write switches. The same sigmalalso inverted and then buffered
with a delay of about 2ns to drive the PMOS transistor in S1usThhe opening of switch S2
de nes the time of the Write operation. Since S2 is connedted quasi-invariant voltage (the
return bus), both the time of the sampling and the chargestiejeinto the capacitor during the
operation are kept independent of the signal value, thugmging jitter and avoiding undesirable
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non-linearity. The typical delay between the rising edgthefdifferential low voltage input WCLK
and the sampling time is 4 ns.

The Read control signals include the 5 MHz Read clock (RCL#J a Read signal which
is used to trigger a Read operation. The 8-bit RADD is tratigahibit-serially to the SCA at
the 5 MHz RCLK frequency in order to reduce the numbers ofsljirend associated noise, on
the SCA control bus. The data bits are clocked on the fallidgeeof RCLK into an 8-bit shift
register (SR). Detection of a Read signal triggers the lugadif the SR into the RADD register,
which is subsequently decoded as described above for WADB SICA then internally generates a
complete Read cycle which includes cycling the MUX outpubtigh each of the four calorimeter
channels. For each channel, the gain scale indicated byvhvé&tain Selection bits (supplied by
the Gain Selector chip, as described later) is output. Theried Read signal is used internally as
the Reset signal, to hold the output op-amps in reset bet®Reand operations.

SCA Realization and Performance

The SCA chip is realized in the DMILL process, and containd5000 transistors and 2384 capac-
itors on a die measuring 4.5 mm4.4 mm. The SCA chip is packaged in the same 100-pin QFP
package used for the shaper. For the SCA, two different gacgayeometries were used, one with
the die mounted up and the other with the die mounted upside.ddhis was achieved by bending
the pins on the chip frame in the appropriate direction lefbe plastic encapsulation stage. Using
this method, half of the chips were packaged in the “staridgedmetry and the other half using
the “mirror” geometry. The purpose was to allow SCA chips med on opposite sides of the
FEB PCB to directly share the vias providing the large nundf&onnections to the addresses and
control signal buses, as well as power and grounds. Thiglgrsepli ed the routing of the FEB
PCB. Table 6 summarizes some of the parameters and perfoemgures for the SCA chip.

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 Vins
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 mv
Dynamic Range 13.2 bits
Fixed Pattern Noise 250 mv
Channel Offset Dispersion 12 mV RMS
Droop rate < 0.54 VIs
Crosstalk < 0.01%
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4.5 Digitization and Gain Selection

Two commercial dual op-amp chips (AD8042 from Analog Desif20]) couple the SCA outputs
to the commercial ADC. The rst pair of op-amps are connecsdcemitter followers to provide
high impedance loads to the two pseudo-differential CMO& 80tput drivers. The second pair
perform the differential subtraction in front of the singladed 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 sineth the pedestal value corresponds to

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

The commercial 12-bit ADC (AD9042 from Analog Devices [2id)operated continuously
at 5 MHz. The 12 single-ended TTL digital outputs of the ADE€ anterfaced to a Gain Selector
(GSEL) ASIC [22]. To reduce noise, the transition edges efdlyital lines are slowed down by
inserting 1 KV resistors in series. In addition, resistive voltage divsdare used to map the 5 V
ADC logic levels onto the 2.5 V range of the GSEL chip.

To reduce the event size and required readout bandwidtitatyyponly one of the gain scales
is digitized and read out for each channel. To optimize tlaloet precision, one would like to
read out the scale which has the highest gain and yet is naiagad. The gain selection needs
to be performed individually for each calorimeter chanaglg separately for each Level 1 trigger.
The GSEL is designed to perform this gain selection. In &mdiit formats and serializes the data
before sending it to the interface to the optical link usettaosmit the data off-detector from the
FEB to the ROD. For the eight channels corresponding to destiQC, the GSEL formats the data
into an event fragment of 16-bit words. The format is diseds& more detail in Section 8.

The GSEL can be con gured for calibration purposes to reatdeither one, two, or even all
three gain scales. During normal physics running, the GSEton gured to operate in “Auto
Gain” mode, where the gain scale is selected dynamicallyeémh channel and trigger by rst
digitizing the peak sample on a speci ed gain. This valuéhentcompared by the GSEL against
two 12-bit thresholds, downloadable for each channel sdplgr to determine the optimal gain
scale to be used. The ve samples of the given event are ttgitizéd, all on the selected gain
scale. The gain selection method thus requires that sixizlitjons be performed per channel in
order to get the nal ve samples, but avoids systematic efffewhich would be encountered in
combining the ve samples if they were not all digitized oretbame gain scale. The GSEL com-
municates the appropriate gain via two gain selection keits ® the output multiplexor sections of
the corresponding SCA chips.

The GSEL was designed, prototyped and tested rst using thHLD process. However,
when the SCA Controller (see Section 5) was developed in Bl Process, the opportunity was
taken to target the GSEL design also to DSM, using essanttadl 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 withresdly no extra cost, apart from
packaging, than would have been incurred to produce onlg@& Controller chips.

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 paakdbge shaper and SCA. One
GSEL ASIC handles the outputs of two ADCs, corresponding&@tannels. The GSEL design
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incorporates features to protect against SEU-triggereduption of the downloaded parameters
needed to con gure and operate the GSEL. For each of the e@btimeter channels correspond-
ing to a single ADC, a 32-bit word is assigned in the GSEL toestbe relevant parameters. The
mapping of these bits includes six Hamming code bits, a 1Rgper threshold and a 12-bit lower
threshold for use in the gain selection algorithm, and twe tihich specify the mode in which
the GSEL should operate. The six Hamming code bits per 32«nitl are suf cient to provide
Error-Detection-and-Correction (EDC) functionality subat, if any single bit gets ipped, the er-
ror is detected and automatically corrected. An error agesin the output data in order to allow
monitoring of the rate of single-bit errors. If two bits gefsped, the error can be detected, but not
corrected. For double bit errors, an error ag is set to iadécthe need to download the parameters
again via SPAC in order to x the problem. A total of ve modetbiis suf cient to fully specify
the GSEL operation, while 16 modes bits are available, ibiged over the eight 32-bit channel
words. The mode bits are provided even more protection ag&BU corruption by distributing
three redundant copies of the ve mode bits over the eightdspand using majority voting logic
to set the selected mode.

5. SCA Controller and FEB Digital Control

The SCA Controller (SCAC) ASIC [23, 24] provides the mainitiycontrol of the FEB. The
SCAC receives the CLK and trigger information, and genertttie WADD and RADD sequences
for the SCA pipelines. In addition, the SCAC controls the @i/the SCA readout through its
communication with the GSEL. A block diagram depicting tlesioc SCAC architecture is shown
in Figure 10.

The main SCAC functionality, namely the SCA WADD and RADD kkeeping, involves
cycling the 144 pipeline addresses of the SCA through asysfé-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 sequerdi&l @ much as possible. As illustrated
in Figure 10, the movement of SCA addresses takes the faltpwath:

1. After a SCA cell number is used for the SCA WADD for a parégubunch crossing, it is
written into the Latency FIFO, which stores the sequenceCA Sells corresponding to the
bunch crossings of the L1 trigger latency. The cell numbesstepped through the Latency
FIFO every 25 ns. The depth of the FIFO is programmed, depgnali the actual value of
the L1 latency, such that a given cell number emerges fronkFtR® at the time that the L1
trigger decision for the relevant bunch crossing arrivethat-EB.

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

3. Those addresses emerging from the Latency FIFO whichaatepa L1 triggered event are
transferred to the de-randomizing buffer of samples anguitigitization. The SCAC will
typically be con gured to read out ve consecutive samples €ach triggered event. The
relevant cell addresses are stored in either the Event FIR@ecSample FIFO. The Event
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Figure 10. Block diagram of the SCA Controller architecture.

FIFO stores some event status information and the cell addrEthe peak sample of the
event. The Sample FIFO stores the remaining non-peak sadglesses.

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

5. Every 25 ns, the Sequence Control compares the addressies ®p of the Free FIFO
and Done FIFO and chooses the one which most closely prasdmgeongoing sequence
of WADD. In this manner, the addresses in the Done FIFO, spording to samples read
from previous L1 triggers, will be inserted back into thereat sequence.

The readout operation must be synchronized with the GSEpschdepending on the gain
mode in use. The Readout Control block of the SCAC handlesntkeface between the SCAC
and the GSEL. The SCAC provides the GSEL with the RADD as webtaer information (such
as Bunch Crossing number) required for the readout dataratre
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The “con g” block of the SCAC provides the interface to the&Psystem used to con gure
the SCAC. The L1 latency is con gurable between 64 and 127cbwrossings. In addition, the
SCAC can be con gured to read from 1 to 32 signal samples fohdal trigger. These signal
samples can form an arbitrary pattern (with gaps) of up tolB&h crossings in length. One sample
is designated as the peak sample and is read rst to perfoergdin selection. The remaining signal
samples are read in sequence.

The number of events that can be stored in the de-randomlairfigr depends on the L1
latency and on the number of samples to digitize per L1 trigdée 144-capacitor depth of the
SCA was chosen to provide at least an eight-event buffeynaisg) a maximum L1 latency of
2.5 s (100 bunch crossings) and ve signal samples per event.d€adtime caused by the FEB
is then less than a few percent for the maximum allowed Lbé&igate of 75 kHz. The FE readout
system does not send a “Busy” signal to the trigger systestead, the L1 central trigger processor
models the status of the SCAC and implements a leaky budietidm to avoid issuing additional
triggers when the SCA buffers are full.

The TTC block of the SCAC provides the interface of the SCA@&®TTCrx chip [10] located
on each FEB. In addition to the 40 MHz clock, the SCAC receivems the TTCrx chip the L1
Accept (L1A) signal, Reset signals for its internal Buncto€ding and Event Number counters,
and a signal for initialization. The bunch counter numbe€(B) is used in ATLAS to align the
various detector readout elements in order to correctlylinenthem when building an event. More
details on the trigger and timing control are provided int®ec10.1.

Status information for monitoring the performance of theA8Cand checking for possible
corrupted data is obtained in two ways. First, event stahgsSCAC status information is com-
municated by the SCAC to the GSEL and included in the evert datput. In addition, a 32-bit
SCAC status register, containing additional informatitmowat the internal state of the SCAC, can
be read out via SPAC.

The SCAC functionality was rst implemented using the rditin-hard DMILL technology.
However, the DMILL design resulted in a rather large die simd limited operating speed margin.
It was decided, therefore, to perform a new SCAC design usiedpSM technology. The increased
speed and density of the DSM process allowed inclusion inddsgn of a number of features
aimed at mitigating SEU effects. The SCAC is con gured by dtvading 64 bits through the
serial con guration interface. Since the corruption on afythese bits would result in incorrect
operation of the SCAC, all 64 con guration bits are storedhgstriple-redundant ip- ops, and
majority voting is used to resolve any ambiguities.

Proper functioning of the SCAC depends on the entire hisgange the last initialization.
Whenever the SCAC takes a wrong decision due to SEU, the segqueé SCA addresses is very
likely to be corrupted, and recovery requires a reinitigiian. Due to this nature of the SCAC,
efforts at “hardening” the SCAC design against SEU-induegdrs focused on reducing the rate
of SEU errors that corrupt the sequence of SCA cell addresERs largest contribution to SEU
on the SCAC are the SRAMs of the FIFOs. The address pointereifIFO implementation are
not protected against SEU errors. The SRAM blocks employtinggisters at the address busses.
These registers contribute about equally to the SEU crod#oseas the address pointers. Since
the SRAM module was provided from an external source, wectnat harden the input registers.
Thus, protecting the address pointers would only reducesthe cross section of the FIFO logic
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by half, which was not considered worth the considerablereféquired. However, all information
stored in the FIFOs includes redundancy to protect agaiBkt-8duced errors. Every 8-bit SCA
cell address is accompanied by ve Hamming code bits, whitdwafor correction of single bit
errors, and detection of double bit errors. The EDC algaritk applied to the cell addresses before
the SCAC takes a decision based on the address value, amd bafaddress is sent off-chip. When
any EDC unit encounters a single or double bit error, a bieisis the next event's status word.
The occurrence of EDC errors can also be detected by redtn§CAC status word via the serial
con guration interface.

The Event FIFO also stores the BCID, event number, and remak ghase. These bits are
unprotected, since they are not used for any decision witl@rSCAC. This is one example where
a transient SEU error in the SCAC would corrupt the data fangle event.

The DSM SCAC is packaged in the same 100-pin QFP package sisdper, SCA and GSEL.
The minimum size of the DSM SCAC die was 2.7 mn2.7 mm. Due to quantization requirements
on the reticle, the edges of the die were required to be a phelitif 2 mm. While the design could
have tintoa2mm 4 mm area, it was decided to keep the geometry square to §rpplkaging.
The nal die size was therefore 4 mm 4 mm. A drawing of the layout can be seen in Figure 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- ip- ops, dluding those embedded
inside the SRAM blocks. With few exceptions, all I/O to andnfr the SCAC uses low-voltage
differential signal (LVDS) levels, with differential resers on all input pairs and current mode
LVDS drivers on the output pairs.

The SCAC chips were subjected to extensive functionalnggiefore being assembled on to
FEBs. The maximum frequency for which the SCAC operated gntgpanged from 54.5 MHz to
63.5 MHz, with a mean value of 59.0 MHz and an RMS of 1.1 MHz.sSEhealues provide a wide
safety margin, given the required operating frequency di#x.

6. SCA Control and Address Bus

Each of the two SCAC chips on one FEB controls a total of 16 S@iAs; corresponding to 64
readout channels. For proper operation, the SCAC must setitetl6 SCA chips the associated
WADD, RADD and control lines. Given the number of SCA chipglaontrol 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 commatdiC10H116D chips [25]. The
10H116 chips are powered with voltage rails of +3.3 V and AL.ih order to match those of
the SCA chips. The SCA control bus lines are routed on anriatdayer of the FEB PCB, with
grounds on neighboring layers (see Section 12). The bugnsriated at both ends with 2W
resistors, with the far end termination connected to VS8ubh 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 btongle of 400 mV. These expectations
were con rmed by measurements. The delay between the sigiiadhe rst pair of SCA chips
on the bus and at the last (eighth) pair is measured to lZns, in agreement with simulation.
This effect implies a channel dependence of the signal sagipime 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 visibtedérupper region of the core, while the
combinatorial and sequential logic occupies the loweraegif the core.

correspond to a Gaussian sigma 0680 ps. However, since the effect is perfectly systematit an
predictable, it can easily be corrected.

As described in Section 4.4, pairs of SCA chips mounted orosipp sides of the PCB were
packaged such that they could share vias for the contra$.lifiéhis 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&F serialized in a sequence of
steps that results in a single 1.6 Gbps bit-serial outpetastr;, transmitted via optical link from
each FEB. The basic architecture of the optical link is showRigure 12.

The rststep in the serialization is performed by the GSE&r Each of its two event fragments
of 16-bit words, the GSEL outputs two bits parallel at 40 Midking eight 40 MHz clock cycles
to output each partially serialized 16-bit word. The bits arnsmitted from the GSEL chips over
LVDS-like signal lines.

With eight GSEL chips per FEB, and with each GSEL outputtiogrfdata lines (two event
fragments, each with two data lines), the SMUX chip [26] reeg a total of 32 data bits at 40 MHz.
The SMUX then performs a 2:1 multiplexing and a level shgtinom LVDS to TTL in order to
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Figure 12. Architecture of the transmission end (left side) and reioepénd (right) of the 1.6 Gbps FEB
output data optical link. The transmitter is mounted on tE®Rnd the receiver on the ROD.

generate an output stream of 16 bits at 80 MHz. In additiom IMUX 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@ ktHhe commercial “GLINK”
serializer chip (HDMP-1022 from Agilent Technologies [p7lvhich adds protocol and control
bits and produces a single serial output stream of 1.6 Ghpthed nal step, this serial stream is
converted to an optical signal and transmitted off of the FiBa custom-built optical transmitter
(OTx) module which includes a commercial driver chip (SY889 from Micrel Inc. [28]) and a
850 nm VCSEL (TTR-1A43 from TrueLight Corp. [29]) for contigrg the signal from electrical
to optical. Table 7 lists the parameters measured, and trwp windows applied, during QC
measurements of the OTx. In addition, an eye mask test, amdrbr rate tests at 0 dB and 10 dB
attenuated optical power were also carried out. The bitreais in both cases were required to
be less than 102 The distributions for several OTx parameters are showniguré 13, while
Figure 14 gives a typical eye diagram of the optical signairthe OTx. Detailed information
about the QC tests of the OTx can be found in Reference [30].

Multimode 50mm core graded-index (GRIN) ber is used to carry the signahirthe FEB to
the ROD. At the ROD end of the ber, the 1.6 Gbps optical sigaaonverted back to an electrical
signal via a PIN-diode based custom-built optical rece{@Rrx) module. It is then de-serialized
by the GLINK receiver (HDMP-1024) [27] back into an image o 116 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 digitizga single ADC into an event
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Table 7. Parameters measured, and the corresponding acceptangewsinduring 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
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Figure 13. Distributions of optical power, extinction ratio, rise mand fall time measured during QA tests of the
OTx modules.

fragment of 16-bit words according to the format shown in.Ai§. The event fragment contains
one Frame Start word, two Event Header words, data wordgiogrthe calorimeter signal data,
one Event Trailer word, and at least one Frame End word toragp&om the next event. For all
words except for Frame Start and Frame End, Bit 14 serves asity |0P) bit, and is set in the
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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.

GSEL to the appropriate value to ensure odd parity for eaehitl@ord.

Frame starttag | 111 1)1 1.1 1,1 1 1 1,1 1 11
et header 0 P 0 0 ‘[ ADCID ]‘[ __ EVENTN )
0 P 0 0 [ BCD | )
Sample header | 0 ‘ P 0 O ‘[ } }CELLN} ]
0 ! P \[ gain j‘[ 1 1 1 ‘ 1 ADC 1 ‘ j
o Ploan)( |  Ac )
Ellopfgan)( | apc | )
Sampledata | S| |0 P (gan J( | _Abc | )
Slloplean)( |  Ac, | )

o .
o Ploan)( |  ac )
o Ploan)( |  Ac )
0 ! P \[ gain j‘[ : : : | : ADC : | : : : j
Event trailer O P O O 1 |S||E SCAC status 1

| | | ‘ | | | ! } } } |

Frame end tag | 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0

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

The rst 16-bit word is the Frame Start word, de ned as $FF®Rjch signals to the ROD the
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start of a new event. The rst of two Event Header words fokownd carries the 4-bit ID number
of the corresponding ADC and an 8-bit EVENTN eld that inckgla 5-bit event number and the
3-bit phase of the 5 MHz RCLK with respect to the 40 MHz clocktfis L1Accept. The second

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

The number of signal data words per event fragment dependseonumber of samples and
number of gains con gured to be read out. For each sampleetiserst a sample header word,
which contains the 8-bit SCA cell number, three “sample nidiits, and one bit (denoted by A in
gure 15) which has a value of O for normal data and 1 for daketein a mode where con gurable
test data is transmitted instead of data from the ADC. Thepgamode bits indicate whether
the sample in question is the rst (F) or last (L) sample of theent, or whether the so-called
“Backporch” (B) bit has been set for this event. If the Baakbobit is set in auto-gain mode, the
gain selection algorithm was modi ed to prevent any charir@h using a higher gain than in the
previous event. This ag can be set by the SCAC for events tleatir less than some speci ed
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 ewerdses of large signals in the rst event.

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

The event trailer word contains the 8-bit SCAC status worith Wits indicating SEU-induced
single- and double-bit errors, as well as other SCAC errar status conditions. Bits 9 and 10 of
the event trailer word are used as ags to indicate that singt double-bit errors, respectively,
have been detected in the EDC logic of the GSEL.

The nal word in the event is the Event End word, de ned to bed80. Detection of this
word indicates to the ROD that the event has ended. Sincesvadrithis 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 Lifiger system [5] considers the
energies deposited in the calorimeters in regions of radligeanularity. These trigger signals are
produced via a chain of analog summing, the rst two stagestoth are performed on the FEB.

The calorimeter signals are proportional to energy, andtinegransformed to transverse en-
ergy for the L1 trigger. This transformation is accomplidhittrough the choice of several gain
factors in the L1 summing chain, including the preamp trapsdance, the LM gain, the gain
of the Layer Sum Board (LSB) described below, and gains dtreas of the FEB in the Tower
Builder and Receiver modules (described in more detail ifeRRace [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 swashave a saturation level corre-
sponding to 250 GeV transverse energy. The gain uniforrsitgquired to lie within an allowed
variation of 5%.

As discussed in Section 4.3, each shaper chip has a LinearNIbM) section that sums
its four input channels. On-chip logic, addressable via SPallows the contribution of each
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individual channel to be switched ON or OFF in this triggemsurhis feature allows masking of
noisy or bad channels. In addition, this masking abilityiles a very useful debugging feature:
any single channel of the calorimeter readout can be exahuffedetector with an oscilloscope
by enabling only that single channel in the appropriate Lvhsand also disabling all other inputs
to that particular trigger sum. This feature can be usedgkample, to examine any individual
channel for high frequency noise that would not be easilipleghrough the precision readout due
to its 40 MHz sampling rate.

The LM output sums from the 32 shapers per FEB are routed tonthas 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. Thapping 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 longialdsection (i.e. presampler, front,
middle, or back). In the EMB, all Level 1 trigger towers aressfeDh Df = 0.1 0.1, and the
analog trigger sums are made using four different types d84,Swith 1, 2, 4, or 8 inputs (see
Table 8). The LSB is designated 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 tkR@6SIISB, a sufx (L, H, M)
is applied to denote the channel gains, as discussed beflathe lendcap calorimeters the trigger
tower structure is somewhat more complex, but the same tgp&SBs are used, employed in
different ways.

Table 8. Trigger Tower (TT) Structure and Layer Sum Board types ferEMB calorimeter.

EMB Cell Size Number of cells| Width of LSB
Layer (Dh  Df) perTT LSBsum| type
Presamplen 0.1 0.025 16 1 S1x16H
Front 0.1 0.0003 32 8 S8x2
Middle 0.025 0.025 16 4 S4x4

Back 0.05 0.025 8 2 S2x8

The LSB functional requirements include providing sumswaitgain of one or two depending
on the LSB type (with exceptions for FCAL LSBs), having a eoighich is small compared to the
preamp noise, and providing a voltage clamp a8 V, with rapid recovery from saturation. The
LSBs are non-inverting. There are two basic designs uselaeii. EBs, a one stage non-inverting
con guration (Figures 16a and 16b) and a two-stage summaorgguration (Figure 16¢). The
former is used only for the S1x16 LSBs, while the latter iscufse all other types. The LSB input
impedance of 1.5Wis chosen to be large compared to theVBoutput resistor of the LM to both
avoid the factor of two loss in amplitude resulting from a lmapedance, and reduce the effects of
unavoidable variations in the LM output resistance due téGA@oduction process variations.

The gains of the S8x2, S4x4, and S2x8 LSBs are all unity. Thel&1SBs are made in
three different types: high gain H (g=2, used for the HEC dragresampler), low gain L (g=1,
used for the HEC and the front section in the EMEC) and mixed §a(g=1 or g=2 on different
channels, used only in the HEC). In the FCAL, weighted surasuaed, to account for relatively
large variations in the value of sinover the bins of widttDh = 0.4. In addition to their nominal
gains, all boards require a small (3%) additional gain to gensate for the voltage reduction
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Figure 16. Schematic diagram of the circuits used in the LSBs. The uppercircuits are single stage
ampli ers of (a) gain=2 and (b) gain=1. The lower drawing is@hematic of the adder circuit in the S2x8
LSB, which utilizes two stages to achieve summing withouapty inversion. The S4x4 and S8x2 LSBs
use identical circuits with 4 and 8 inputs, respectively.

caused by the presence of the\B3eries resistor at the LM output.

The ampli er chip chosen for the LSBs is the Intersil HFA1E3[2], a fast current feedback
ampli er produced using a bipolar technology. This deviserélatively radiation tolerant, and
contains voltage limiting circuitry which is needed for idjnd accurate recovery from saturated
pulses. The maximum input common mode voltage of the ampiseémportant for the low gain
single stage ampli er of Figure 16(b), as both inputs to thepé er ride to the maximum level of
the pulse. Since the speci cation for this voltage is 1.7 V tlee HFA1135A and the maximum
amplitude of the LM output is 3.0 V, the input pulse is attebedaby a factor of two, and the gain
of the ampli er is set to two to achieve an overall gain of ynifThis precaution is unnecessary
for the high gain version of Figure 16(a), as the voltage glasnoperational whenever the input
is outside the operating range of the IC. In the two-stagauitiof Figure 16(c), the resistors used
in feedback are 1.5W to yield unity gain. The resistors of the second stage arsado be the
lowest values recommended by the manufacturer, in ordezdoae the noise contributed by that
stage.

The largest source of noise for the two-stage LSBs is theimagrting input noise current
density of the HFA1135A in the rst stage. The speci ed vali32] of 20 pA/ Hz, combined
with the 1.5 WV input resistance, yields a noise voltage density of 30 ri¥Z at the output. The
bandwidth of the system, measured to be 12 MHz, is limitedheylong cables over which the
signals are sent to reach the counting room, yielding a reig of approximately 10@rV for this
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particular source. Measured values of noise at the LSB outipge from 1401V for the S2x8 LSB

to 200nV for the S8x2 LSB. The noise for the single stage con gunasids lower, with measured
values of 20mV and 42nV for the high and low gain circuits respectively. In the Lleegy scale,
200 nV corresponds to 20 MeV of transverse energy, approximdtedypreamp noise of a single
calorimeter cell ath = 0. A complete trigger tower, which is the sum of approximate0 cells,
has preamp noise of about 300 giMeV and electronic noise from the four LSBs (one per depth
layer) of 30 to 40 MeV. Other sources of electronic noise ia thain (principally the Receiver
module, with a variable-gain ampli er) contribute additi@ noise at the level of 100 MeV.

A typical DC response curve of the S1x16H LSB (gain=2) is sméw Figure 17, where
the output voltage is plotted versus the input voltage. Fsoich a curve, several parameters are
de ned. The upper part of the curve can be modeled as twosetting lines, one in the linear
region, obtained by tting all points with/yy; below a certain limit (chosen to be 2.8 V). The
second line, in the saturation region, is obtained by ttadbpoints withVy; greater than another
limit (3.2 V). The value oV where the two lines intersect is de ned as the upper breaipoi
voltageVs: , the onset of saturation in the positive voltage region. rAilgsir procedure is used to
determine the lower breakpoint voltalyg . The offset voltagd/pc is the intercept of the tted
line in the linear region, and the gain in each of the regisriaken to be the slope of the tted line
in that region. The integral nonlinearity is found by ndirige maximum deviation between the
points and the tted line in the linear region and dividindit the breakpoint voltage.

Figure 17. Typical response curve for the S1x16H layer sum board (leftyl illustration of the parameters
that are used to characterize the circuits (right).

The LSB boards were produced and assembled in industry byJtineersity of Pittsburgh.
After receipt, the boards were visually inspected for addgror soldering faults and were then
given a test for basic functionality. Any faults found in tindial tests were repaired. This process
was followed by a burn-in (168 hours at 7G while under power, with a low frequency sine wave
signal applied at the input). This was followed by an acasgaest, in which the response curve
described above was measured and analyzed. Boards wepeatéar installation on the FEBs if
the criteria listed in Table 9 were met.

The acceptance rate for LSBs was about 97% once the inisa&nalsly faults (cold solder
joints, broken resistors, chips incorrectly inserted) eveorrected. No failures of components
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Table 9. Acceptance criteria applied during testing of the LSBs. fRore details, see the text.

Parameter Acceptance Windovq
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

could be attributed to the burn-in process itself. All baawehich failed the initial acceptance tests
were repaired and retested, resulting in essentially 10i@dd.y

10. FEB Control Interfaces

For con guration and operation, the FEB requires a numbeexiérnal 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 E&En gured and monitored via

the SPAC serial control link, operating at 10 MHz. Theseeayst are described in more detail in
the following subsections.

10.1 Trigger and Timing Control

As described in more detail in Reference [4], the ATLAS TT@sil is delivered to each FE crate
via redundant optical bers. Inside each FE crate, Corgrdtloards [33] receive the optical TTC
signal, convert it from electrical to optical, and then farn the TTC signhal to each of the boards to
which it is connected. The electrical TTC signal fanout isf@ened via point-to-point “mini-B”
USB 2.0 cables routed within the FE crate from the Contrdtiezach individual board.

The FEB receives its electrical TTC signal input via a minbBB 2.0 connector which pen-
etrates its front panel. As described in more detail in $ecti0.2, the 40 MHz clock from which
all FEB control signals are generated is derived from the il 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 (ECRijoiSexample, 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 Eventr@@uwhich are synchronously re-
set using the relevant Reset signals. These signals aedraueach 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 subseqyetdlcoded by the SCAC. The two-bit
option was implemented to reduce the rate of fake triggeestd SEU-induced transient effects of
the PIN diode used to receive the optical TTC signal. Theevalithe BCID counter is sent with
the rst sample command of every event to the GSEL, and irediich the event header data.
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10.2 Clock Distribution

All clocks on the FEB are derived from a single input 40 MHzakoThe clock used to sample the
calorimeter signals must be of excellent quality if theralite timing resolution achievable by the
LAr calorimeter, of order a few tens of ps, is to be approactadthermore, the FEB serial output
data link operates at 1.6 Gb/s. Since this high frequenagkatoust 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 inpuClSignal, 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 large sem@énd TTC data-dependent jitter.
During the rst round of prototype FEB production, it was diwered that the jitter levels were
too high to prevent stable operation of the optical link. ©we this problem, the FEB design
was modi ed to include the QPLL chip [34]. The QPLL is a PLL kdson a voltage-controlled
quartz crystal oscillator (with external crystal), deyedol as a jitter Iter for the TTCrx clock and
implemented in the DSM process. The QPLL has a narrow locgeatypically less than 8 kHz,
and should provide an output clock with less than 50 ps jigak-to-peak.

Implementing the QPLL as a jitter Iter on the TTCrx clock mged the FEB optical link
stability problems. However, problems were observed in tsiebatch of production FEBs, and
were traced to activity dips in the external crystals. Thiitsan required screening the crystals
against activity dips within the relevant frequency randdwe FEB test procedure (described in
Section 14) included measuring the jitter on a copy of the R&Wtput clock brought for diagnostic
purposes to a coaxial connector on the FEB front panel. &pialues were 10 ps, and a
requirement was made that the value not exceed 30 ps. Theuregant was made across the
QPLL lock range in order to detect and reject any crystal& wistances of activity dips.

The QPLL output clock feeds a clock fanout tree for the erfiEB which is comprised of
custom CLKFO chips. The CLKFO ASIC was developed to provielerl functions needed in
the FEB clock distribution, and was implemented as a miningiza (2 mm 2 mm) DSM chip,
produced on the same wafers as the SCAC and GSEL. The CLKFEWesa@s inputs two LVDS
CLK signals, denoted CLK1 and CLK2. The CLK2 signal is cligseich that the high phase of
the clock is 6 ns. Two identical copies of the clipped CLK2 differentigjrsal are output. The
differential CLK1 input is fanned out internally to providleree single-ended TTL output copies.
In addition, the CLKFO has 8 LVDS outputs related to CLK1. Begling on whether one of the
CLKFO pins is tied high or low, the LVDS outputs are eithertgiglientical copies of CLK1, or
four copies of CLK1 and four identical 5 MHz signals that aegieked by counting down the CLK1
40 MHz signal. The down-counter for generating the 5 MHz isigiged using triple redundant
counters and majority logic to harden the design against-8iduced errors.

Using these functionalities, the clock distribution anddat system for the FEB is imple-
mented via a tree totaling seven CLKFO chips. In the rst step 40 MHz differential output of
the QPLL is connected to the CLK1 input of the rst CLKFO chipthe tree. Its three 40 MHz
TTL outputs are connected together and routed to a connenttre FEB front panel that can be
used to externally measure the FEB clock quality, such g#tiés Two LVDS CLK outputs are
routed to two additional CLKFO chips which are used to previdrther fanout in order to pro-
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vide 40 MHz clocks to operate the relevant chips (SCAC, GIHLU, SPAC, CONFIG, SMUX,
GLINK). Two of them also use their CLK2 input in order to geaerthe two clipped 40 MHz clock
signals used to drive the left and right SCA Write Clock bugé®e clipping is performed for SCA
noise optimization. Finally, the 40 MHz signal is countedvddoy the rst CLKFO chip in the tree
to generate a 5 MHz signal for the Read logic. The four LVDS 52MHtputs are routed to four
additional CLKFO chips which are used to provide furtherdfainin order to provide 5 MHz clocks
for the relevant chips (ADC, GSEL, SCAC). Note that both tBeMHz and the 5 MHz clocks are
derived in a single CLKFO chip at the top of the tree. This,fatus the attention paid in routing
the various clock signals on the FEB, provide the synchrsramd in-phase operation of all of the
various chips on the FEB.

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 interédt¢he TTCrx chip. The skew can be
chosen, in steps of 104 ps, to optimize the phase at which@#e Sample the analog calorimeter
signals. The choice of this skew can, therefore, set by theatkposition of the samples on the
calorimeter signal waveform. Since all clocks on the FEBdeaved from this one input signal,
there is only one phase adjustment possible per FEB.

10.3 Con guration and Slow Control

The various types of data to be loaded to, and/or read baak, fitee FEB include the settings of
the switches on the shaper chips which enable/disableilbotitms from individual channels to the
L1 analog trigger sums, the parameters required to con gueeSCAC (such as the L1 latency, the
number of samples to digitize, and the order of digitizatiadghe parameters needed to con gure
the GSEL (such as the number of gains to digitize, the ordeligifization, 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 veiboa In addition, as described in
Section 11, 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 Reference [4], the ATLAS LAr EEctronics is con gured
using a custom “Serial Protocol for ATLAS Calorimeters” (&P [11] system. Each FEB has an
on-board SPAC Slave ASIC to allow con guration and monitgriof the FEB via the SPAC bus.
An 8-bit switch which can be seen and modi ed through a slathie FEB front panel is used to
control the SPAC addressing. Seven of the switches are osset the 7-bit address of the SPAC
Slave. The eighth switch is used to con gure the Local Br@sidddress to which the FEB will
respond.

The SPAC Slave provides two 12C interfaces, as well as ar Bavallel interface. Each pro-
vides both Read and Write functionality. Most of the FEB cguration is performed via the par-
allel interface of the SPAC Slave, which is connected to tba Quration Controller chip (CON-
FIG) [35]. The exceptions are the use of the SPAC Slave 12@& mannected to the TTCrx (12C
port 0) and to the two DCU chips (12C port 1).

The CONFIG is designed to serve as the interface betweenRAE Slave parallel interface
and the various custom chips on the FEB that require contipmadata. Simple serial protocols
are implemented in the CONFIG to connect to the SCAC and GS3#isc
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The CONFIG is realized as a DMILL ASIC with die area 31 fpackaged in the same 100-
pin QFP package as the shaper, SCA, SCAC and GSEL. The ireddahe shaper switches, which
has logic levels of 0 V and -3 V due to the shifted shaper poa#s,ris implemented by taking
advantage of the SOI nature of the DMILL process, which aldie use of different voltages on
different sub-blocks of the same chip. While most of the COBI powered with 0 V and +5 V,
the CONFIG shaper interface logic is powered with 0 V and -Bhereby 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 alowgeolge 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 consumption is80:7 W, corresponding to less than 700 mW per
channel.

Each input voltage is protected for safety reasons with@ &uml a reverse-biased Zener diode.
The current rating of the fuse is chosen at least three tiargst than the nominal current, to avoid
instances of fuses blowing due to aging. In the case of owktages or reversed voltage polarities,
the diodes should be able to divert any potentially damagingents 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 of @ard radiation-tolerant positive
and negative voltage regulators (L4913 and L7913 from ST&})[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 serveasduactions, including reducing the
sensitivity to power supply noise, particularly at low ftempcies, 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 OFfmaotely. The Inhibit signals are
connected to CONFIG switch outputs designed such that, ppamr-on of the FEB, most of the
regulators are OFF until being switched ON via SPAC. Thisueaallows the FEB to be powered
on in a controlled and staged manner, reducing surges or ptoblems which might arise should
the entire load of 2 kW per crate be switched on simultaneously. The possildlio 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 Overcurrentitdio(OCM) outputs from volt-
age regulators. Given the total of 19 voltage regulatorskeB, the voltage regulators must be
grouped together for these purposes.

Two DCU [37] chips, each with eight ADC inputs, are located eath FEB, in order to
monitor temperatures as well as selected voltages. The D@jJdesign provides two current
sources which can be connected to external thermistorsydhage across which can then be
connected to one of the inputs in order to measure addititemperatures. Given the known
temperature-sensitivity of the GLINK and TTCrx chips, tergture measurements are made for
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these critical components by connecting external theorstounted close to these components
to DCU current sources. One current source of a DCU is cordeict the temperature-sensitive
diode input of the GLINK chip.

With the remaining DCU inputs available, it is not possildentonitor 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 voliggeference 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 circuirdg®CB). The dimensions of the PCB
measure 490 mm 409.5 mm. Figure 18 shows a photograph of the top layer of a, W&t
superimposed labels identifying many of the main active ponents. To achieve the required
density, there are components mounted on both sides of tBe FE

Figure 18. Photograph of the top layer of a FEB with the main active congmats indicated.

A notable feature of the FEB topology is that connectors apeimted on three sides of the
PCB. Along the “bottom” side in Figure 18 one sees three 96IN-style signal connectors.
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The outer two are used to bring in 64 channels each (with thee@2r pins of each connected to
ground). The central connector is used to output the LSEB@rgignals back into the baseplane, in
which they are routed to the Tower Builder Board situatednather slot in the same crate. Along
the “top” side of the PCB, in the front panel, are mounted thipot 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 ediolnd in Reference [4].

In order to minimize couplings in this mixed analog-digitelard, the general topology of the
FEB layout moves progressively from the sensitive analegtebnics to the digital portion of the
board. Each set of components is mounted in a single row sithes~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 rst thes mf preamps, then shapers, then
SCAs, then ADCs, then digital logic, and nally the digitaptical link. This spatial separation
reduces noise coupling into the analog electronics.

A cross-section of the ten-layer FEB PCB is depicted schiealt in Figure 19. 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 implemegmiested power and ground layers
to distribute the various voltages and grounds. As showparsge “AGND” and “DGND” ground
regions are used for the analog and digital portions of thB,F&spectively. An important function
of the form of the analog ground architecture is to extendRaeday cage for the input signals
from the input connectors to the preampli er inputs. The ABNKegions extend from the signal
input connector side of the FEB up until the ADC region, whitre 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 togaihder the ADC chips using 32
zero Ohm resistors. These resistors connect the plane icpppes over the entire width of the FEB
PCB. There is another massive ground connection at the tihye #fEB, where the ground from the
power connector connects also to AGND and DGND. At this pthiatfront panel is also connected
to the FEB ground system, closing the Faraday cage creatdlaebyhole crate mechanics. This
connection should divert the power supply noise currentsobtihe sensitive region of the FEB
near the signal inputs.

The quality of the ground connection between the FEB anddiaise is very important since
ground motion could be seen at the preamp inputs and ampl¢extributing to coherent noise in
the readout. Referenced to the preamp inputs, coherertt®ie the level of micro-Volts would
already violate the coherent noise speci cation. The 36IpIN input connectors themselves do
not provide a suf ciently high quality ground connectioryalin part to the rather large inductance
of the connector pins and to the assignment of one groundp#very two signal pins. In addition,
the plastic connector does not provide a shield connectimiolwwould allow a separation between
signal return and ground. To address these issues, custtahshields are used to cover both sides
of the FEB connector. These shields connect to mating sprimpunted on the crate baseplane. In
addition, additional ground pins are used to further imprgvounding between the FEB and the
baseplane.

From the input connectors, the raw input signals are routéiae four-channel preamp hybrids.
As depicted in Figure 19, the input signals are routed on twwi layers, each surrounded by

— 36—



L definition for Atlas FEB
Layer/Area  Input connector Preamplifier and Shaper SCA and ADC Digital
AGND Routing Routing Routing Top
Layer 1 07
AGND AGND DGND P47
Layer 2 13
Input signals routing Trigger out -3V Vss Routing c 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 € 16:5
PA +10V,+3V Shaper control  VSS Digital bus VS§S +5V +2.5V P 6
Layer 6 - — 13
AGND VDDAW VDDD VDDAR DGND cC 6
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 P47
Layer 10
0.7
Bottom
total: 70.8 mils

Figure 19. Figure depicting the cross-sectional structure of the FEB.

ground planes, to avoid pick-up. In addition, the use of tayels allows the routing without signal
crossings, in order to avoid cross-talk. The preamps anesed in their own RF-gasketed Faraday
shields to provide additional noise immunity.

Having gone through the rst stage of ampli cation, the pmga outputs are routed on the
outer layers directly to the inputs of the four-channel €ragSICs, the outputs of which are then
routed to the four-channel SCA chip. This allows a compagbulia with short signal traces, and
avoids potential problems in cross-talk and signal traeael$onvhich could result if a more complex
routing of signal traces over several signal layers weressary.

Care has been taken to minimize digital coupling into théansections of this mixed analog-
digital board. Whenever possible, all digital signals asm$mitted via “LVDS-like” push-pull
differential low-voltage signal pairs. Notable and unalatile exceptions are the single-ended
TTL digital outputs of the ADC chips. To minimize noise, tedses are kept short. In addition,
series 1 MVresistors are inserted on each line to slow down the tramsitio reduce dV/dt effects.
Finally, additional 1 KVresistors 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 Section 6, the control of the SCA chips reguinat a large number of digital
address and control lines be delivered to the SCA chips at K@.Mrhese lines are particularly
critical since they must be distributed at 40 MHz across thiire2 board, penetrating deep into
the analog section. Given the use of the SCA as a de-randugniiffer for L1 triggered events
awaiting digitization, the gray encoding of the WADD bit-duees but does not eliminate the
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occurrence of multi-bit transitions which might cause aen¢ noise in the readout. The SCA
control bus lines, labeled “Digital bus” on Figure 19, aratexl on 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 connectmthe off-detector electronics
avoids pick-up and ground loops which could arise from usimgper cables. A general description
of the grounding scheme of the overall FE electronics is idex in Reference [4].

13. FEB Production

A total of 1524 FEBs are required to equip the ATLAS LAr caloédters, A total of 1627 FEBs
were produced. This number included an allocation of up t&EBs which, for whatever reason,
might not be fully functional or usable in the nal system. &rbfore, the goal was to deliver at
least 1611 FEBs to the experiment, corresponding %6 spares. After testing, debugging and
repair, all but two FEBs were delivered. One FEB was too warae t properly in the crate,
and attempts to suf ciently atten the FEB through an adulital heating cycle were unsuccessful.
The second faulty FEB was damaged in the re ow oven duringrasdy and was not salvageable.
Unfortunately, ve FEBs were lost during shipment from LAb CERN, leaving a total of 1620
FEBs delivered to CERN.

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

PCB Fabrication

The 10-layer FEB PCBs were fabricated in lots of typicallea thundred. The contract called for
a delivery of 100 PCBs per week. The PCB producer labeled all of the FEB REBgparticular
fabrication lot with a lot number. Each bare PCB was subgktte the PCB manufacturer to a
complete automated “bed of nails” electrical test to vetlifg 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 hagdtihthe bare PCBs, a subset of only
a few PCBs per lot were visually inspected to check the qualitthe PCB fabrication. The
inspection checked for atness as well as overall qualitgt eleanliness. A few vias were inspected
under a microscope to check the alignment of the variouggay® limited number of Ohmmeter
tests were also performed to check for shorts and for coiyinédccepted 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, thesedad large num-
ber of custom ASICs fabricated in different radiation-talet technologies. These ASICs were
delivered from their fabrication and packaging proces$aut having been tested. It was neces-
sary, therefore, for the custom ASICs to be tested before &&Bmbly.

Most of the custom ASICs were tested manually. In the caskeofwo analog and highest
volume chips, namely the shapers and SCAs, for which mome 592000 good chips each were
required, a robotic test system was developed. As part dtibper testing, the robotic test system
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would determine which on-chip fuses to blow in order to abtdie nominal shaping time, and
subsequently blow them. As discussed later, this metheetlout to not work very well.

Table 10 summarizes the yields achieved in the testing ofdheus ASICs developed specif-
ically for the FEB. During packaging of the DSM chips, the keging rm did not properly use
the wafer map provided by the ASIC manufacturer. As a resuttumber of chips from the pe-
riphery of the wafer were packaged despite the fact that thene not fully processed during the
IC fabrication process and were missing power vias. Thegesahere easily rejected during the
testing process, since the chips in question did not drawcamgnt. The yields in Table 10 neglect
these chips, which amount to 6% of the total number delivered.

Table 10.Yields from the pre-testing of the custom ASICs developeztspally for use on the FEB.

ASIC Type Process ASIC | Die Size (mrd) | Yield (%) |
Analog | AMS BiCMOS 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

After testing, components were delivered in trays suitéeise 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 e processed
during the production, with a peak throughput of about 128§ ger week.

The majority of the 200 active components per FEB were inagsgfmount packages, and
were assembled onto the FEB through an automated assemélyntluding a Pick-and-Place
machine and re ow oven. The line included test equipmentciviperformed full and automated
visual and X-ray inspections of each FEB. The visual ingpacteri ed the presence and correct
orientation of each component, as well as visually inspgatil solder joints. The X-ray inspection
checked each solder joint for opens, shorts, bridges,atd.also veri ed the presence of suf cient
solder and checked the solder pro le to try identify cold oeak solder 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 pressamd LSBs had to be soldered onto
the FEB after the surface-mount steps were complete. Ghvesize of the PCB, it was decided
to avoid use of wave soldering. Instead, the sockets wenesal using a “selective soldering”
machine in which a soldering tip automatically solderedheidividual socket. The nal FEB
assembly step involved hand soldering of a number of commenéncluding the OTx and the
Faraday shields installed over the preamps and over the gignal 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, rst at the industrial assembler and therarious labs. Debugging and repair
of failures has been mostly performed in time with the prdidunc

14.1 Initial Test and HASS Test

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

The rst test stand could be used to test one FEB at a time, rasidded computer-controlled
power supplies with current limiting in order to minimizeetipossibility of damage in case of a
short or other problem. Once the FEB was successfully futiwgred and the currents recorded
and veri ed to be within pre-de ned acceptance windows, d@eseof automated tests was per-
formed. These tests included con guring and reading batkfaihe various chips on the FEB,
and triggering and reading out the FEB in order to verify, didiéion to the correct functionality of
the FEB, the values (means and RMS values) of the pedestadseriiire test took 30 seconds
per FEB and was fully automated. The various results of theviere recorded according to the
unique serial number of the FEB under test. The readout of Efes and analysis of the data was
supervised remotely from Nevis Labs.

FEBs which passed the rst test were then installed in thesétest stand, which was located
within a large environmental test chamber (see Figures 20jotal of 16 FEBs could be tested
simultaneously. Once the FEBs were installed, a pre-testpggormed, where all 16 FEBs were
tested in a manner similar to the single board test, in omleetify that each FEB was correctly
installed and connected. Once this test was successfuthtmaber was closed and an automated
Highly Accelerated Stress Screening (HASS) test perforfB8§l For a period of 6 hours, the
FEBs were operated and triggered while the test chamberrwede a series of thermal cycles
between 0 C and 55 C. The goal of the HASS test was to try trigger and identify &ailgres due
to component infant mortality, cold solder joints, etc. Theation of the HASS test was limited
in order to allow testing to proceed with suf cient throughigo match the required FEB delivery
schedule. The temperature range was limited in order tadasamage or excessive aging of the
custom components, in particular of the OTx.

After completion of the thermal cycling, the FEBs were sgbjence 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 welgvade, since the goal at this stage
was to identify failures rather than to ensure the analodityuzf the results.

Some failures of the OTx optical transmitter were obsentel #1ASS screening of the rst
sets of FEBs. These failures were determined to be due tdgonshin the OTx burn-in process
which was used for the rst batch of OTx before delivery to thEB assembly process. As a
result, modi cations were made to the OTx burn-in process] & was decided to replace all
transmitters from the rst OTx batch. In total, 138 OTx had®removed manually from FEBs and
replaced. Apart from this rst batch of OTx, no OTx failuresaurred during the HASS screening.
Other failures speci cally attributed to the HASS screaninere rare, with a few failures of other
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Figure 20. Photograph showing the front end crate with FEBs instaltetthé environmental chamber used
for the HASS test. The single-FEB test stand used for thalnést can be seen behind the chamber in the
right part of the photograph.

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

14.2 Digital Testing

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

A visual inspection was performed upon receipt of each FE#.ifispection followed a check-
list that included checks for overall quality, atness, @t labeling, and proper component place-
ment. After the inspection was completed, the FEBs wereestilp an automated “Digital Test”
that included repeating all of the tests performed at therab$er, now with tighter acceptance win-
dows. Additional tests were also performed to precisely sueathe 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 aepliok. 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-de ned aaoeptwindows were applied to all
parameters, a sample of which are reported in Table 11.

Note that the"Digital Test” included tests of the pedestdues and noise. However, since this
test was performed before the FEB was equipped with the iplpgeamps, the analog performance
in response to the injection of signal pulses could not belde: at this stage. Figure 21 shows the
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Table 11. Acceptance windows for some of the parameters measuregigiine Digital Test of the FEBs.

Parameter Typé Measurement | Units | Min. Value | Max. Value
Pedestals Mean ADC counts 880 1080
RMS (w/o preamps) ADC counts 0.5 1.5
Clock Jitter ps 5 30
Quality Lower Edge of Lock Range kHz flLHc -6 | fLHC -2
Upper Edge of Lock Range kHz flHc+2 | fLHCc +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
Quiality Extinction Ratio Opt. Output dB 10 30
DCU Current Source mA 10 35
Quiality Temperatures (uncalibrated degC 15 35
DCU 3.3V SCAVDDD Vv 3.2 3.4
\oltage 3.3V SCA VDDA Vv 3.2 3.4
Monitoring 2.5V dig. \ 2.4 2.6
-1.7V SCAVSS Vv -1.875 -1.6
3.0V preamps \% 2.9 3.1
-3.0 V shaper VSS \ -3.3 -2.7
4.5V shaper VDD V 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 -4 V A 4.84 5.36
Total Power Dissipation w 67.4 74.0

mean pedestal and RMS per channel as measured in the Diggieior all FEBs. The distributions
are uniform and narrow. Any signi cant deviation would rel€omponent or assembly problems.

To measure the lock range of the QPLL, the TTC system coimtgolthe FEB was driven from
an Analog Devices AD9852 DDS synthesizer, which can be progned with 1 Hz precision. The
stability and accuracy of the clock frequency setting werargnteed by utilizing a GPS-referenced
10 MHz source (Symmetricom XLi). As a result, an absolute sneament of the QPLL lock
range was made with a precision of few Hz, the residual uairéyt arising mainly due to FEB
temperature variations. As shown in Figure 22(a), the l@eige of the nal QPLL circuits on the
FEBs safely covers the expected LHC operation frequenayerafi40.078966 MHz 12 ppm.

The jitter of the QPLL clock was measured by analyzing theycofpthe clock brought for
diagnostic purposes through a coaxial connector on the k&R panel. The system clock was
very clean, with a jitter of less than 5 ps RMS, and was usedasdference 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. Hmuha 1% of the QPLL circuits
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Figure 21. Mean value (left) and RMS (right) of the pedestal per chaimblgh gain, as measured during
the Digital Test (ie. before insertion of the preamps).
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Figure 22. Distributions of (a) lower and upper lock range of the QPLtcuits, as compared to the clock
frequency range expected during LHC operation, and (b) tbasured jitter of the FEB clock.

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 FEBg¢ Figure 22(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 wijitter above 20 ps for all of the
possible settings of the PLL current were sent back to thenalsker for replacement of the TTCrx
chip. In all cases the jitter was found after the repair to bl 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 anslure that the jitter is stable over
a wide temperature range. The jitter has been determinédeims 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 160 &EBs.
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Another set of tests investigated the performance of thenleserializer and high speed optical
transmitter. These measurements used the FEB test clatkl sig a reference to measure the FEB
optical data output, which was connected to the fast oscitipe through a NewFocus 12 GHz
DC-coupled receiver (Model 1554). While the FEB under teatwansmitting 5-sample xed-
gain data at a 50 kHz L1A rate, the 1.6 Gb/s serial data outpstacquired, for 20 sweeps, using
the full memory depth of the 54855A oscilloscope, spannipgreximately 13 ms (at 20 GSa/s).
A dedicated analysis of the serial data was carried outnggkito account the speci ¢ features
of the GLink CIMT protocol. The phase error of the GLink madi@nsitions was calculated,
allowing detection of possible problems with the PLL on thertk 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 O, including the contribution from the
rise-time of the lIter between the optical receiver and ttseiboscope input. Finally, the average
output optical power (see Figure 23) and modulation amgditwere also measured.

The DCU readout of all monitored voltages and temperaturas tested for each FEB. In
addition, the 207A constant-current outputs of the two DCU chips on each FEERweeasured at
room temperature (see Figure 23). This current is used Y dno thermistors on the top layer of
each FEB. A large spread of the measured current with regpéot nominal current of 260A was
observed. All current values are stored in a database usealibvate the measured temperatures
of the FEBs after installation in the experiment.
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Figure 23. Distributions of measured optical power of the OTx (leftdlautput current of the current source
of the DCU chips (right).

The overall failure rate after digital testing was 15%. Blesi component failures (73% of
all failures), assembly problems (23%) and PCB manufauguidilures (2%) have been observed.
The failure rates observed for the active components arerguired in Table 12. The observed
component failure rates ranged from approximately 0.01%to

14.3 Analog Testing

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 t@aboratoire de I'Accélérateur
Linéaire (LAL) in Orsay (France). In the two labs the 23 difiat avours of the FEBs were con-
gured by mounting the appropriate preamps and LSBs. Onoegtoed, the FEB were subjected
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Table 12. Component failures observed in tests up to and includinddiigéal Test. The OTx numbers do
not include the failures observed in the rst batch beforeytiwvere replaced.
Component, Number Per FEB{ Number of Failure# 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%
DCU2 2 12 0.37%
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Figure 24. Signal form (in ADC counts) in 1 ns steps for one Medium gaiaratel.

to a rigorous test of their analog performance, includingg@@and pulse measurements. Figure 24
shows a sample pulseshape measured in MED gain for one dhamadog measurements were
also performed at Nevis Labs for a control sample 08% of the FEBs in order to have quick
feedback to the FEB production and assembly process.

— 45—



The BNL test setup was based upon a standard LAr crate anttoglims, as described in
Reference [4]. One half of the crate could be populated wWiHBS$; 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 procedurthdoFEB consisted of a set of
different types of runs, including pedestal runs, signapehruns, and ramp runs for the standard
readout as well as for the trigger output of the FEB. Each FE®ur had a dedicated con guration
le with acceptance cuts. An example of the acceptancerait®r one of the FEB avours is
shown in Table 13. Similar tests were performed at BNL and LBbr illustration, results from
the tests at LAL are discussed below.

Table 13. Acceptance windows for some of the parameters measuredglanalog tests at LAL of FEBs
equipped with 50/ preamps and S8X2 LSBs. The number of events used in each regesu is also
listed.

| Parameter | Gain | Min. Value | Max. Value | Events
Mean Pedestal (ADC counts)| All 900 1100 see Noise
Noise (ADC counts) HI 6.0 8.5 100000
MED 0.9 15 50000
LO 0.6 1.2 25000
Fixed Sequence Noise HI 0.1 0.95 see Noise
(ADC counts) MED 0.1 0.6 see Noise
LO 0.1 0.6 see Noise
Coherent Noise (ADC counts) All - 0.075 see Noise
Time Offset of Peak HI 68 77 5000
(ns) MED 70 77 5000
LOW 68 75 5000
Deviation of Gain All -7% +7% 6700
Trigger Pedestal (ADC counts) 400 550 10000
Trigger Noise (ADC counts) 15 6. see Trigger Ped
Trigger Timing (ns) 66 71 5000
Deviation of Trigger Gain -3% +3% 10200

The pedestals, noise and xed sequences noise (FSN) wersuneeisseparately for HI, MED,
and LO gains. Dead channels were easily detected via too ¢ise n The noise measurement is
also sensitive to the time constant of the shaper. The FSNunemthe pedestal dispersion of the
144 capacitor storage cells of the SCA. An analysis of caitereise was also performed, summing
over all 128 channels. The overall noise distribution ofchlhnnels and FEBs equipped with 80
1 mA preamps is shown in Figure 25 for HI gain.

A calibration signal of xed amplitude, chosen to yield arsig in the saturation region of
each of the gains, was then injected and the minimum and mewisignal of the peak sample and
a non-peak sample were determined for each channel as @ofumétthe SCA cell used to store
the signal. The difference between the minimum and maximamedch channel (and gain) was
required to be small. This test was designed to detect prematturation of individual pipeline
cells of the SCA (peak sample) as well as timing deviatioffisp@ak sample).
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Timing runs with ten samples were performed to measure tr@abshape in steps of 1 ns The
signal shape was compared to a reference signal to deteiettides. The signal shape analysis
also veri es the read and write operations of the combimatid SCAC chips, SCA control bus
and SCA chips. The position of the signal peak was requirddlitavithin an acceptance window
of about 7 ns. A signi cant number of shapers were found toehawshaping time shorter than
nominal, since the fuses had not been properly blown duhiegdbotic pre-testing of the shaper
chips. These shapers were either replaced or the pins otiffes fiwvhich should have been blown
were cut in order to correct the problem. After installatiohthe FEBs in ATLAS, many more
instances of this problem were found, and in fact it was skatthe 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 ttoe pins of
all 52000 shaper chips in order to eliminate this problem.

The linearities of the three gain scales were calibratedrsgply, with the highest DAC value
chosen appropriately for each gain scale to give an almdishéight signal. Typically 67 DAC
steps were used, equally spaced between the minimum andnenaxsignal. The signal timing
was adjusted so that the maximum of the signal coincided thélthird sample in time. The third
sample signals were averaged and the gain was determine@\ifitear t. The gain was required
to be within an acceptance window of the expected value. ™iglalition of the gains determined
for the LO gain of all channels of all FEBs equipped with\Wpreamp is shown in Figure 25. A
ramp run was also performed with the GSEL chips con gureditogain mode, in order to verify
the proper operation of the gain selection algorithm.
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Figure 25. Some results measured for all channels during analog teatibAL of 479 FEBs equipped with
50 Wpreamps. The left plot shows the noise distribution for Hihgavhile the right plot shows the tted
slope of the linearity curve in LO gain.

In addition to evaluating the analog performance of the saadhannels, the trigger sum
outputs were also checked. The rst test consisted of imgca large input signal while turning
off all shaper sums and verifying that none of the 32 trigdermels showed an output signal. The
shaper sum outputs were then turned on one at a time. Thigeess the correct functioning of
the shaper output and also crosschecks the correct cortigaraf the LSB as the channel with the
expected output signal is dependent on the LSB type. The gaimvell as the shapes of the trigger
sum outputs were measured, to ensure a homogeneous trgpense in ATLAS.
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The three most frequently detected failures were preambplgmus, mostly due to breaking a
pin or the preamp hybrid itself during insertion on the FEBggers with a short peaking time, and
SCAs with a cell with large leakage currents or a limited dyiarange. These problems occurred
at rates of 0:6% each for the preamps and shapers, antd2% each for the SCAs. All FEBs
were repaired as necessary to ensure they passed the Aredbeduirements 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 bigagystem was leakless. A partial re-
test of the FEB was then performed to ensure no damage wasccdusng 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 éAfiLAS pit.

15. Performance of the FEB

To evaluate the performance of the LAr FE readout agsaema dedicated set of tests of a half-
crate of electronics, including 14 FEBs, was performed.aided 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 Reference [4]. Here are summarized only a fewlteesfi the measurements of the
performance of the FEB.

The FEB meets or exceeds all of the speci cations that werensarized in Table 1. The
noise of a single channel of the FEB is0.8 ADC counts, without the preamp. This includes con-
tributions from the shaper, SCA, op-amps, and the ADC itdeifluding the (unloaded) preamp,
the noise increases for HI gain to 3-6 ADC counts, depending on the preamp type. Therefore,
as required, the HI gain noise is dominated by the preampendce the FEB is connected to
the detector, this noise increases tat-10 ADC counts, depending on preamp type and detector
capacitance. The coherent noise per channel across thend@8ais of one FEB is typically 1-3%
of the total noise per channel.

During typical operation at the LHC, for each L1 trigger varaples will be digitized and
read out from the FEBs per channel. For large pulses, theituti@lcan be reconstructed with
a resolution better than 0.1% and the time can be measurédawisolution 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 produefithe Front End Boards designed
to meet the challenging speci cations of the readout of thi&AS LAr calorimeter system. Each

FEB handles 128 signal channels. Implementing the spec¢tEB functionality and performance

while meeting the radiation tolerance requirements rexguthe utilization of 11 different custom

ASICs, including eight developed speci cally for the FEBhE FEB is implemented as a large
10-layer PCB with components mounted on both sides, and wi2B,000 solder joints per board.
Production and testing the full set of FEBs took approxiryatee year, with the testing work

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

the sizeable jitter of the 40 MHz clock from the TTCrx chip végd a re-design of the FEB
after the rst prototype production to introduce the QPLhAded jitter Iter;

the rst deliveries of crystals for the QPLL demonstratedivaty dips and had to be subject
to a special screening process to reject any crystals with ptoblems;

the rst batches of OTx optical transmitters were subjedobe delivery to a faulty burn-in

process, and subsequently experienced failures duringEBeHASS test; well over 100 had
to be de-soldered from FEBs and replaced with OTx from lagdiveries after the problem
was solved;

some SCA chips had to be replaced since the FEB testing ssl/¢lat they had pipeline
cells that had large leakage currents or which had a respbassaturated before reaching
the required dynamic range;

as discussed in Section 14.3, problems were identi ed withfuses implemented on the
shaper chips to allow tuning of the shaping time. Eventuallyas decided to cut the appro-
priate pins of all 52000 shaper chips in order to eliminate the problem.

The FEBs meet or exceed the exacting speci cations of theASILAr readout. For exam-
ple, for large pulses the FEBs measure the deposited endtiyyawelative precision better than
0.1%, and with a timing resolution of 20 ps. In total, 1524 FEBs are required to read the LAr
calorimeter system. A total of 1620 FEBs were delivered tdrGE
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