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ABSTRACT: The ATLAS detector has been designed for operation at CERN’s Large Hadron Col-
lider. ATLAS includes a complex system of liquid argon calorimeters. The electronics for am-
plifying, shaping, sampling, pipelining, and digitizing the calorimeter signals is implemented on
the Front End Boards (FEBs). This paper describes the design, implementation and production
of the FEBs and presents measurement results from testing performed at several stages during the
production process.
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1. Introduction

ATLAS [1] is a large general-purpose detector designed for operation at the Large Hadron Collider
(LHC) at CERN. The LHC is a proton-proton collider which will operate with a center-of-mass
energy of 14 TeV. A system of liquid argon (LAr) calorimeters forms one of the major ATLAS
detector systems (see �gure 1). The LAr calorimeters includ e the electromagnetic barrel (EMB)
calorimeter, which is housed in the central cryostat and provides coverage for pseudorapidities
jη j < 1.5. The ranges of larger pseudorapidity are covered by endcap calorimeter (EC) systems,
housed in separate endcap cryostats. Each EC cryostat includes an electromagnetic endcap (EMEC)
calorimeter, a hadronic endcap (HEC) calorimeter, and a forward calorimeter (FCAL) providing
coverage up to jη j = 4.9. More details about the design, construction, and performance of the LAr
calorimeters themselves can be found in Reference [2].

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

Figure 1. Cut-away view of the ATLAS calorimeters. The LAr calorimeters are seen inside the scintillator-
based Tile hadronic calorimeters.
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Table 1. A summary of some of the main speci�cations of the ATLAS LAr Fr ont 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 < 2.5 µs (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/channel < 5% of total noise/channel

Time measurement Resolution < 100 ps

Trigger sums Gain uniformity < 5%

signals, Calibration boards which inject precision calibration signals, boards for producing analog
sums for the Level 1 (L1) trigger, and other control and monitoring boards. The BE electronics
includes Readout Driver (ROD) boards which perform DSP-based digital �ltering of the signals.

A more detailed overview of the entire ATLAS LAr readout chain, and details of the BE
system, can be found in Reference [3]. The overall FE system architecture is documented in Ref-
erence [4]. The purpose of this note is to describe the design and implementation of the ATLAS
LAr FEB, including some information on the standalone performance of the FEB. The overall
system performance of the ATLAS LAr readout electronics will be documented in a subsequent
publication.

2. FEB speci�cations

The electronic readout of the ATLAS LAr calorimeters faces demanding speci�cations, a summary
of which is provided in table 1. Given the �ne segmentation of the ATLAS LAr calorimeters, a
total of 182468 active channels must be read out. These are distributed among the EMB (60%),
EMEC (35%), HEC (3%) and FCAL (2%). For noise optimization, the FEBs are placed in crates
mounted directly on the calorimeter cryostat feedthroughs. A channel density of 128 channels
per FEB is required to satisfy the space constraints of this on-detector location. With this density,
and given the cabling of the calorimeters, a total of 1524 FEBs is required to read out the LAr
calorimeters. Any heat dissipated by the electronics must be removed in order to not impact other
detector subsystems. Therefore, maintaining a low power consumption, well below 1 Watt per
channel, is important. Furthermore, since convective air cooling using fans cannot be used in this
region of the detector, the FEBs are conductively cooled using an under-pressure water cooling
system.

� 3 �
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The FEBs must sample the LAr calorimeter signals at the LHC bunch crossing frequency of
40 MHz. The online selection of events is performed by the three-layered ATLAS trigger sys-
tem [5]. In the �rst step, the L1 trigger uses partial informa tion from the calorimeters and the muon
system to reduce the trigger rate to a maximum L1 Accept rate of 75 kHz. For each L1 trigger,
the FEB readout of typically �ve samples per channel must be a ccomplished with little deadtime,
and the full event data made available for subsequent evaluation by the Level 2 and Level 3 trigger
systems. The L1 trigger decision is performed by a deadtimeless, synchronous pipelined system
with �xed latency of up to 2.5 µs (100 bunch crossings), during which the FEB must store the
time-sampled calorimeter signals. The FEB must be able, at lower trigger rates, to read out up to
32 samples per channel, in order to measure the entire waveform when desired during calibration
or other special runs.

The energy resolution of the ATLAS electromagnetic (EM) calorimeters for EM showers is
given by σ(E)=E … 10%=

p
E '0:7%=E , with the energy E is expressed in GeV and ' representing

addition in quadrature. The resolution at high energies is dominated by the second, so-called
constant, term, which arises due to a variety of contributions, including mechanical tolerances and
variations in the calorimeter construction, time variations of the detector response, and uncertainties
in the calibration. Achieving the goal of 0.7% for the constant term 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 important. The noise for an electron shower
in the EMB at low pseudorapidity is expected to be 190 MeV. Depending on the section of the
calorimeter, the noise of the preamp loaded by the detector capacitance for a single calorimeter
channel is typically … 10 - 50 MeV. The low end of the FEB dynamic range is set by the requirement
that the FEB noise be dominated by the preamp noise. The high end of the scale has been set to …
3 TeV, the largest energy that could be deposited in a single channel of the EM calorimeter due to
an electron originating from the decay of a 5 TeV Z0 boson. Being able to cover this entire energy
range requires the FEB have a dynamic range of … 17 bits.

Given the �ne granularity of the calorimeter, the energy of a n EM shower is obtained by sum-
ming the signals of typically 50-100 calorimeter cells; even more channels must be summed for a
typical jet or for more global quantities such as missing transverse energy (MET). As a result, any
coherent component of the noise is particularly critical. By studying the impact on the reconstruc-
tion, using MET, of a heavy SUSY Higgs boson decaying to tau pairs [6], a requirement has been
set that the coherent noise per channel be less than 5% of the total noise per channel.

In addition to measuring the deposited energy per channel, the FEB readout must provide a
measurement of the time of the deposition and also a χ2-type quantity related to how well the
pulse shape follows the expected shape. Digital processing can be performed of the typically �ve
time samples read out per channel to produce optimized measures of energy, time, and χ2. The
χ2 measurement provides sensitivity to pulses which are mismeasured due to waveform distortions
produced by large energy depositions in neighboring bunch crossings. The time measurement
provides, �rst of all, identi�cation of the bunch crossing t o which the energy deposit belongs. A
timing resolution of … 5 ns would be suf�cient for this purpose given the time separa tion of 25 ns
between subsequent bunch crossings. However, the calorimeter has a much better intrinsic timing
resolution, and there are physics arguments to aim for excellent timing resolution. For example,
some variants of Gauge Mediated Supersymmetry Breaking (GMSB) models imply existence of
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Table 2. Radiation levels for which FEB components had to be 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/cm2 1:6 £ 1012 1:6 £ 1013 1:6 £ 1013

SEE Hadrons (> 20 MeV)/cm2 7:7 £ 1011 7:7 £ 1012 7:7 £ 1012

a heavy gaugino which would decay to an undetected Graviton and a photon which, due to the
�nite lifetime of the gaugino, would hit the calorimeter wit h a slight delay and from an angle
not directed to the primary vertex. A study [6] of such a scenario demonstrated that the pointing
resolution of the calorimeter would be a powerful tool to identify such �non-pointing� photons, and
a timing resolution much better than the mean delay of … 2 ns would be helpful in con�rming this
signature. For large pulses, a timing resolution better than 100 ps should be achievable. Such a
performance would also allow the possibility to use timing to help select the proper vertex in Higgs
decays to a pair of photons, and to achieve some rejection of � pile-up� due to other proton-proton
scatters within the same bunch crossing.

Due to their on-detector location, the FEBs must be able to tolerate signi�cant levels of radia-
tion. Simulations of the expected radiation �eld [7] predic t that, during 10 years of LHC operation
at design luminosity, the FEBs will experience a total ionizing dose (TID) of 5 kRad and non-
ionizing energy loss (NIEL) effects due to an equivalent �ue nce of 1:6£1012 1-MeV-neutrons/cm2 .
In addition, the possibility of single event effects (SEE), including single event upsets (SEU) of
logic states, must be considered, given the exposure to 7:7£1011 hadrons/cm2 with energies above
20 MeV. As will be described in a subsequent publication, all FEB components were subjected
to an extensive radiation tolerance quali�cation process, with the required tolerance speci�ed by
multiplying these expected radiation levels by three safety factors (SF) which aim to account for
uncertainties in the simulated radiation levels, for possible low dose rate effects, and for variations
in radiation tolerance from lot to lot in production of an ASIC.

The radiation tolerance issues led to the development of a number of custom ASICs in special-
ized, radiation-tolerant semiconductor processes, and to a very limited use of �commercial-off-the-
shelf� (COTS) components. A number of ASICs were developed i n the DMILL process [8], and
several more using a commercial 0.25 µm �deep submicron� (DSM) process, but using a special
library which was radiation hardened through the use of a custom-developed enclosed transistor
geometry [9]. The SF values were lower for the DMILL process, which was guaranteed by the
vendor to be radiation tolerant, than for COTS components or ASICs produced in a commercial
process that does not guarantee radiation tolerance. Table 2 summarizes the expected radiation
levels as well as the �Radiation Tolerance Criteria� (RTC) v alues to which DMILL and other com-
ponents had to be tested and quali�ed. The RTC values for comm ercial processes take into account
the fact that the �nal production parts were purchased from k nown, homogeneous lots; otherwise,
each of the commercial RTC values would have been an additional factor of two higher.

The on-detector location of the FEBs implies that there is no access to them during operation
of the LHC, and gaining access requires a shutdown of considerable length. In particular, the FEBs
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of the EMB detector are mounted in crates at either end of the barrel cryostat. Accessing these
crates to repair or replace the FEBs requires rearranging or extracting large detector elements in
the endcap regions, including the endcap calorimeter cryostats. While it is foreseen to access these
crates once per year, during the long annual shutdown planned for the LHC, other opportunities for
access will be very limited. Given these access dif�culties , reliability is a key concern.

The limited use of COTS components, and reliance on specialized radiation-tolerant semicon-
ductor processes, implies that very little is known about the expected lifetime of the individual
components. All components were purchased with … (5-8)% spares, to allow for repairs. As is
often the case for high energy physics instrumentation, essentially all FEB components are already
obsolete and unavailable, so procurement or production of additional spares is not feasible. This
fact, plus the current planning to upgrade the luminosity of the LHC in the future and extend even
further its expected operations phase, makes the FEB lifetime issue even more critical. An accel-
erated lifetime test is being performed by operating a number of pre-production FEBs at elevated
temperature in an environmental chamber. Results of this test, once available, will be reported in a
subsequent publication.

3. Overview of the FEB architecture

Block diagrams indicating the main features of the FEB architecture are shown in �gure 2, and
a summary of the main FEB components is presented in table 3. As the raw calorimeter signals
emerge from the cryostat feedthroughs, they are mapped onto the FEB inputs. On the FEB, the
signals are �rst subject to several stages of analog process ing. Preampli�er hybrids amplify the
raw signals. To reduce the dynamic range requirements of the sampling and digitization stages, the
preamp outputs are split and further ampli�ed by shaper chip s to produce three overlapping linear
gain scales which are each subject to fast analog shaping. The shaped signals are then sampled at
the LHC bunch crossing frequency of 40 MHz by switched-capacitor array (SCA) analog pipeline
chips, which store the signals in analog form during the L1 trigger latency.

For events accepted by the L1 trigger, typically �ve samples per channel are read out from
the SCA using the optimal gain scale, and digitized using a 12-bit ADC. The digitized data are
formatted, multiplexed, and then transmitted optically out of the 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 tree pro ducing analog sums for the
L1 trigger. The shaper chips sum their four input channels. The shaper sum outputs are then
summed further on plug-in Layer Sum Boards (LSB) mounted on the FEB. The LSB outputs are
sent off of the FEB to trigger boards mounted in the same crate, which perform further summing
and processing.

For con�guration and operation, the FEBs require a number of external control signals. The
40 MHz LHC clock, as well as the L1 trigger signal and a few other signals synchronous with the
clock, are delivered via the ATLAS Trigger and Timing Control (TTC) system [10]. The FEB is
con�gured and monitored via a dedicated �Serial Protocol fo r ATLAS Calorimeters (SPAC)� [11]
serial control link, operating at 10 MHz.

The following sections describe each of the blocks on the FEB architecture in more detail.
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Figure 2. FEB block diagrams, with the upper �gure showing more detail s of the analog processing for a
block of eight channels, and lower one showing the architecture of the entire 128-channel FEB.
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Table 3. The acronyms of the main active components of the FEB, the number per 128-channel FEB, and the
component’s functionality. The components are grouped according to the semiconductor technology used in
their production. The last column lists the section of this paper where more details can be found.

Production Component Number Brief Description Section for
Process Name per FEB of Functionality Details

Hybrid Preamp 32 First stage ampli�cation 4.1
Preshaper 32 Ampli�cation, preshaping for HEC 4.2

AMS BiCMOS Shaper 32 Ampli�cation and shaping 4.3

DMILL SCA 32 Sampling and analog pipeline 4.4
SMUX 1 32:16 multiplexor 7
TTCrx 1 Trigger and timing control receiver 10.1

SPAC slave 1 Serial control interface 10.3
CONFIG 1 Con�guration controller 10.3

DSM GSEL 8 Gain selection, data formatting 4.5
SCAC 2 SCA controller 5

CLKFO 7 Clock fanout 10.2
QPLL 1 Quartz-crystal phase-locked loop 10.2
DCU 2 Temperature and voltage monitor 11

COTS OpAmp 32 Match SCA output to ADC input 4.5
ADC 16 12-bit digitization 4.5

10H116 8 SCA address bus driver 6
GLINK 1 1.6 Gbps Serializer 7

OTx 1 VCSEL-based optical transmitter 7

STm RHBip1 VREG 19 Radiation-tolerant voltage regulator 11

4. Analog Signal Processing

As depicted in �gure 2, and described in more detail in the fol lowing, the analog processing per-
formed by the FEB includes ampli�cation, shaping, storage i n an analog pipeline, and then digiti-
zation for events accepted by the L1 trigger.

4.1 Preampli�ers

For the ATLAS EM calorimeters (both barrel and endcaps), the raw calorimeter signals are cabled
out of the detector and received on the FEBs. Preamps mounted on the FEB provide the �rst step
of analog processing. A similar situation applies to the FCAL signals.

The raw calorimeter signal is an approximately triangular current pulse having a risetime of a
few ns and a falling edge extending for the total drift time (… 400 ns) of electrons in the LAr gaps.
The response of the EM calorimeters to an electron results in a current of typically … 2¡3 µA/GeV.
The dynamic range of interest corresponds, therefore, to currents in the range of nA up to several
mA.

The LAr preamps [12] are coupled to the detector by a transmission line. As the signal duration
is long compared to the shaping time, current preamps are used which provide a voltage output
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Figure 3. Schematic of one channel of the four-channel preampli�er hy brid.

directly proportional to the input current. The principle of coupling a preamp to a high capacitance
detector is described in Reference [13].

The preamp circuit schematic is shown in �gure 3. The main cha racteristic of the ATLAS
preamp is the use of a local feedback in the input stage to attribute the functions of low noise
and high dynamic range to two different transistors. This circuit con�guration allows excellent
linearity and noise performance, with relatively low power (… 50 mW per channel). The gain (i.e.
the transresistance) and the input impedance can be chosen independently without changing the
power supply voltages and power dissipation.

In order to optimize the match of the preamp characteristics to the calorimeter cell to which it
is connected, three different variations, or ��avors�, of p reamp are used. As summarized in table 4,
the �avors differ in terms of their input impedance, gain (ie . transimpedance), and dynamic range.
These variations are achieved by using the appropriate values of components R2, R12, L1, and L2
in the schematic of �gure 3. Flavor 1 is used in the presampler and in the front sections of the EM
calorimeter, Flavor 2 is used for the FCAL as well as the EM middle/back sections for lower jη j,
and Flavor 3 is used for the EM middle/back sections for higher jη j.

The preamp is realized as a four-channel thick-�lm hybrid, m easuring 55 mm £ 23 mm. The
hybrid is equipped with gold-plated pins that plug into matching sockets mounted on the FEB

� 9 �
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Table 4. Characteristics of the three different �avors of preamps.

Preamp Input Impedance Transimpedance Maximum Input Typical Detector
Flavor (Ω) (Ω) Current (mA) Capacitance (pF)

1 50 3k 1 160 - 500

2 25 1k 5 300 - 2000

3 25 500 10 400 - 2000

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

Production of the preamps was split approximately equally between Brookhaven National
Lab (BNL) and INFN Milano. Each site procured all components for their local production, and
some differences resulted. Measurements performed during the pre-testing of the hybrids revealed
slightly different performance parameters [14]. The most signi�cant difference was in the gains.
For example, �gure 4 shows the measured gains for the 25 Ω 5 mA version of the preamp, for
which two different distributions are clearly visible. The lower gaussian corresponds to the INFN
preamps, with a mean gain which is 1.7% below that of the BNL preamps. Each distribution
separately has a Gaussian width of σ … 0:5%. Within each lab, an acceptance window of §2% was
applied during preamp testing. For the precision readout, each channel is separately calibrated and
therefore matching of the absolute gain is not relevant. However, to ensure suf�ciently uniformity
for the L1 trigger sums, the gains are required to be uniform within < 5%. As shown in the �gure,
less than 2% of the hybrids would fall outside a §2% acceptance window applied to the combined
distribution, and all are well within the L1 speci�cation. T he slight differences, therefore, are not
considered an issue.

4.2 Hadronic Endcap Preshapers

For the Hadronic Endcap (HEC) calorimeters, cryogenic preamps are mounted directly on the
detector in the liquid argon. The HEC cryogenic electronics system is described in Reference [15].
The preamp outputs are driven on cables out of the cryostat to the FEBs.

Instead of the plug-in preamp hybrids used for the rest of the LAr subsystems, the HEC FEBs
are equipped with plug-in �HEC preshapers� [16] that are des igned to be pin-to-pin compatible with
the preamp. A schematic of the HEC preshaper is shown in �gure 5. The HEC preshapers include
a pole-zero cancellation to adapt to the widely varying HEC detector capacitance. In addition, the
HEC preshaper invert, amplify and pre-shape the signals so that they output to the FEB shapers
signal that have the same polarity and approximately the same shape as for the rest of the LAr
calorimeters. With these adaptations, the same FEBs are used for all LAr calorimeters.

To optimize the match of the preshaper to the HEC channel to which it is connected, 14
different preshaper pole-zero time constants are needed. In fact, since the preshapers are mounted
on both sides of the FEB, a total of 28 different preshaper versions is required. Depending on the
value of component RG, the preshaper has a nominal gain of either 6 (�LO�) or 12 (�HI �). Figure 6
shows the measured gains for 168 hybrids, which are in good agreement with the design values.
The dispersion among hybrids has an RMS of less than 1.5%, satisfying the uniformity requirement
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Figure 4. Distribution of gains measured for the 25 Ω 5 mA version of the preampli�er hybrids. For more
details, see the text.

Figure 5. Schematic of one channel of the four-channel HEC preshaper hybrid.

set by the L1 trigger. Figure 6 also shows the measured noise as a function of detector capacitance,
with the results of Spice simulations superimposed on the measurements; good agreement is seen
between the noise levels achieved and those expected by simulation.
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Figure 6. Results of measurements of a sample of 168 HEC preshapers. The left plot shows the mea-
sured gains, while the right plot shows the measured and simulated noise levels as a function of detector
capacitance.

4.3 Shaper

The preamp/preshaper outputs are AC-coupled into a four-channel shaper chip [17], which applies
an CR-(RC)2 analog �lter to the signals in order to optimize the signal-t o-noise ratio. The differ-
entiation serves to remove the long tail from the detector response, while the two integrations limit
the bandwidth in order to reduce the noise. The CR-(RC)2 �lter architecture, with transfer function
H(s) = (τs)=(1 + τs)3, is a good compromise between the number of stages (and corresponding
power consumption) and the performance, since it is only 10% worse than an ideal �lter.

The RC time constant of the shaping function is set to 13 ns, representing a compromise be-
tween minimizing pile-up noise, which increases for slower shaping, and thermal noise, which
decreases for slower shaping. The characteristic form of the resultant output signal shape is shown
in �gure 7(a). For the typical detector capacitance, the pea king time of the signal when convoluted
with a 450 ns triangular input current is … 35-40 ns. Figure 7(b) demonstrates that this value of
peaking time is close to optimal for the LHC design luminosity of 1034 cm¡2 s¡1. For lower lumi-
nosities, further downstream digital �ltering can be used t o achieve an effectively longer shaping
time, and subsequently better noise performance. Another consideration is that the shaped signals
are sampled at the 25 ns LHC bunch-crossing rate, so even faster shaping would start to suffer from
aliasing effects.

In addition to shaping, the shaper provides additional ampli�cation, so that the preamp noise
will dominate over the contributions from later stages. To achieve the full dynamic range, the
shaper splits each signal to provide three overlapping linear gain scales, with gain ratios of … 10.
The absolute gains are 0.8 (LO gain), 8.4 (MED gain) and 82 (HI gain). The shaper also includes
one �Dummy� output which has no input signal but the same outp ut stage as the analog signals. The
Dummy channel thereby provides a measurement of the on-chip noise. As described in section 4.4,
this signal is connected to the input Reference channels of the SCA analog pipeline in order to
provide a �pseudo-differential� architecture, with the go al of reducing low frequency noise.

The shaper chip also incorporates a �Linear Mixer� (LM) stag e, represented by the Σ symbol
in �gure 2, which provides an additional output correspondi ng to a shaped sum of the four input
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Figure 7. (a) Shape of the signal output from the shaper chip. The dots indicate the position of samples
separated by 25 ns. (b) Total noise versus shaping time for luminosities of 1033 and 1034 cm¡2s¡1. Also
shown are the separate contributions from pile-up noise and from electronics (series and parallel) noise.

channels. The channels are summed before shaping, and then the sum is subject to a CR-RC
�lter before being output. Depending on how the �Gain� pin on the shaper package is connected
on the FEB PCB, the LM gain can be set to either one or three. As described in more detail in
section 9, the LM output signals are used in the generation of analog sums for use by the L1 trigger
system. Programmable switches are used to enable or disable individual channels in the trigger
sum, allowing the disabling of noisy or faulty channels. The values of the switches are set, and can
be read back for veri�cation, via the SPAC slow control link t o the FEB.

The architecture of the shaper chip is depicted in �gure 8. As shown, the CS0 through CS3
inputs are connected to fuses which can be blown to connect additional capacitors in the shaping
stages. Their purpose is to allow tuning of the RC time constant in the presence of unavoidable
process variations in the values of the on-chip resistors and capacitors.

The shaper is realized as a four-channel ASIC implemented in the AMS 1.2 µm BiCMOS
technology [18], and is packaged in a 100-pin rectangular QFP package with 0.65 mm pitch. Some
of the relevant shaper parameters and performance �gures ar e summarized in table 5.

4.4 SCA analog pipeline

The shaper output signals are sampled at 40 MHz and stored in analog form by a switched-capacitor
array (SCA) analog pipeline. The SCA stores the analog signals during the L1 trigger latency in
pipelines of 144 cells, and further serves as a multiplexor and de-randomizing buffer in front of the
ADC for triggered events. The SCA is designed to allow simultaneous Write and Read operations.
Separate 8-bit Write addresses (WADD) and Read addresses (RADD), as well as a 40 MHz Write
clock (WCLK) and 5 MHz Read clock (RCLK) must be provided from off-chip to control the
operation of the SCA.

Each SCA chip processes all three gain scales for each of four calorimeter channels. In ad-
dition, an extra so-called �Reference� channel is associat ed with each group of three gains corre-
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Figure 8. Block diagram of the shaper architecture. One of the four identical signal channels is shown in
the upper half of the �gure, while the fuse programming pins, Dummy output and Linear Mixer circuits are
shown in the lower half.

sponding to a calorimeter channel, so the SCA chip contains a total of 16 analog pipeline channels.
On the FEB PCB, the inputs of the four Reference channels are connected together to the �Dummy�
output of the shaper. The Reference channel is treated by the SCA exactly as the other channels
and its output is subtracted from the signal output during the Read operation. This subtraction
is performed off-chip. This pseudo-differential operation is employed to reject the major part of
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Table 5. Some of the parameters and performance measures for the shaper ASIC.

Parameter Value

Number of channels 4

Die size 4 £ 4.5 mm2

Voltages VDD 4.5 V
VSS -3.0 V

Power consumption 500 mW total

Output signal swing -2 V to +3.5 V

Input impedance 50 Ω § 15%

Gain HI 82
MED 8.4
LO 0.8

Noise HI 850
(µV) MED 400

LO 250

Linearity §0:2%

Crosstalk < 0:1%

the coherent noise generated before and inside the chip such as clock feedthrough and couplings
through the substrate. It also improves the power supply rejection ratio (PSRR) of the SCA chip.

The output of the shaper is DC-coupled to the input of the SCA. As a result, the SCA is
asymmetrically powered (VSS=-1.7 V, VDD=+3.3 V) to deal with input signals in the range from
-0.9 V to +2.5 V with a baseline voltage of 0 V.

More details about the SCA design can be found in Reference [19]; here we describe the
main design features and characteristics. A depiction of the structure of one channel of the SCA
is shown in �gure 9. Each pipeline contains 144 identical cel ls. Each cell comprises a … 1 pF
storage capacitor, and separate switches for Writing (switches S1 and S2 in �gure 9) and Reading
(switches S3 and S4). Switches S1 and S3, which have to deal with the input signal dynamic range,
are CMOS switches, whereas S2 and S4 are simple NMOS switches as they are connected to a
�xed intermediate level.

The input signal is connected to the Write bus through a Write ampli�er, the aims of which
are to limit the voltage swing of the input signal, to present a constantly low capacitive load to
the shaper output, and to decrease drastically the level of crosstalk by buffering the �ow of signal
currents on and off of the SCA chip. The Write ampli�er is an op erational ampli�er connected
as a voltage follower. To ensure stable operation, a 100 Ω p+ diffusion resistor is placed in series
between the ampli�er output and the Write top bus.

Similarly, a return buffer, connected to the return bus, reduces cross-talk by limiting currents
from the common reference pin of the chip. This buffer does not have a wide dynamic range
requirement, and so a simple NMOS source-follower is used for this purpose. The common input
reference voltage of these 16 followers is generated by a servo-control system which connects the
Write return bus to a reference voltage, denoted by VREF.
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Figure 9. Block diagram of the SCA analog pipeline design.

During a Write operation, S1 and S2 are closed and the voltageacross the capacitor tracks the
difference of voltage between the Write bus and the return bus. The effective capacitor charging
time constant is¼ 2 ns, set by the value of the capacitance and the ON resistanceof the switches.
The input signal voltage is sampled and stored on the capacitor at the moment the Write switches
are opened again. The timing of the Write switches is designed such that the NMOS transistors of
S1 and S2 open with a delay of about 2 ns compared the PMOS transistor in S1. Thus, the opening
of switch S2 de�nes the time of the Write operation. Since S2 is connected to a quasi-invariant
voltage (the return bus), both the time of the sampling and the charge injected into the capacitor
during the operation are kept independent of the signal value, thus minimizing jitter and avoiding
undesirable non-linearity. The typical delay between the rising edge of the differential low voltage
input WCLK and the sampling time is 4 ns.

For a Read operation, the corresponding sampling capacitoris put in the feedback of the Read
ampli�er by closing S3 and S4 after the Read bottom bus has been reset. To reduce the sensitivity
to noise injected in the substrate, the top plate of the storage capacitor is the one connected to the
sensitive input node of the Read ampli�er during the Read operation whereas the bottom plate,
which presents a parasitic capacitance to back silicon, is the one connected to the output of this
ampli�er. As the Write and Read operations are both performed in voltage mode, the gain of the
SCA is very close to unity and is, to �rst order, independent of the value of the storage capacitance.

The Read ampli�er has the same open-loop structure as the Write ampli�er but uses a PMOS
transistor input pair to provide lower white and 1/f noise. Before reading a storage cell, the residual
charge stored on the parasitic capacitance of the bottom Read bus needs to be cleared to avoid the
mixing of two consecutive signals. During this Reset phase,the RST switches are closed, setting
the Read ampli�er in voltage-follower mode and dischargingthe bottom Read bus, while Read
switch R is opened, insulating the Read ampli�er input from the bottom Read bus capacitance to
avoid oscillations. This phase lasts at least 100 ns to allowdischarging of the bottom Read bus with
suf�cient precision. At the end of the Reset phase, the RST switches are opened just before switch
R is closed.

At the output of the Read ampli�ers, the 12 signal channel outputs are multiplexed by CMOS
switches towards the signal output buffer. In the same way, the four Reference channels are mul-
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