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Objectives of the ATLAS Liquid Argon Calorimeter upgrade for HL-LHC

X

Readout Electronics underway towards the HL-LHC

7’ N\

On-detector Off-detector
v Pre-amplification / Shaping v Data acquisition from on-detector
v Analog to digital conversion v Digital processing
v Detector and control data transmission v Detector and control data transmission

gensolen@cppm.in2p3.fr TWEPP 2021, September 20t


mailto:gensolen@cppm.in2p3.fr
mailto:gensolen@cppm.in2p3.fr

CENTRE DE PHYSIQUE DES

PARTICULES DE MARSEILLE

CPPM

LHC and ATLAS detector

ATLAS detector

https://atlas.cern/discover/detector/
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ATLAS LAr calorimeter
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LAr eleciromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel (EMB)
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ATLAS LAr calorimeter readout electronics upgrades
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On detector

Phase-II upgrade Off detector

Calibration Board

(shutdown 2025-2027) - Lar Timing System (LATS)
Digitize and readout the full | Conl P
calorimeter (182500 cells in ——
. ase- Pgra
total) at 40 MHz and provide v Frot End Board (FEG2)
the information to the .
trigger and data acquisition _ . SNCEE
LAr Calorimeter Cells ||| = || databuffers | [rzoment
SyStemS IIHII buider ™
T =1
Nl b
¥
&‘_ F%m
ILBBIE
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____________________________ '%‘ s [P
° LAr Trigger Digitizer Board (LTDB)
Phase- I upgrade ﬁ LAr Digital Processing System (LDPS) T
(shutdown 2019-2021) [ i e ’.
. ] Zpludin
Increase the granularity of % 1) ot Rty R
the calorimeter trigger cells % I = b f.
by factor ~10 — ; -
O M"S“?te"]:"’g ﬁ%;% Level-0 Calorimeter Trigger
T 3 = System
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FELIX
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On-detector electronics specifications

Calibration Board

Clock & Control

v Wide dynamic range: 16 bits

v <0.1% linearity

Phase-ll Upgrade
Front-End Board (FEB2)
v~ Radiation tolerance: I
TID (1.4 x kGy) _
NIEL (4.1 x 10™ neq/cm?) LAr Calorimeter Cells | :

SEE (103 h/cm?)

v Fully digitized readout of the entire

Calorimeter at 40 MHz with two gains for the

Trigger and DAQ systems:

128 LAr calorimeters channels per Front-
End Board (256 digitized)

42 TB/s, 163.84Gb/s per board of raw data
via 10Gb/s optical links

sseq
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On-detector electronics: Calibration Board
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Calibration Board

v 130 boards with 128 output channels

v Provides pulses with well known amplitude and shape for
the calibration and testing of the readout board channels y

Phase Il Upgrade
Front-End Board (FEB2)

< —
v 16-bit dynamic range , :
. . Lar Calormeter Cell | | @
v < 0.1% Linearity |
v Radiation hard up to 1.4 kGy ]_\ B

v Solution based on custom ASIC for High-Frequency
Switching and Digital-to-Analog Conversion
(CLAROC, LADOC)

v 4 channels/ ASIC, 32 ASICs per board

sseq

SO G ]
bod fod @

First 32-channels calibration board prototype
fabricated and tested

] Bed

Third ASIC prototype being tested with CASA
test boards (see picture)
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CENTRE DE PHYSIQUE DES

On-detector electronics: Front-End Board (FEB2)
ALFE1l vs LAUROC2 ENI 250 comparison CPPM

== [ AUROC2 HG 250 ENI
== ALFE1 HG 25Q ENI

400

NEW SPECS

350 -@

Pre-amplifying and shaping of the ensing cells

ENI [nA]

v analogue processing of the pulse signals

v amplification followed by a CR-RC? shaping function

v signal split into two overlapping gain scales with a gain
ratio of around 23

CURRENT SYSTEM

100 T T T

v 4 channels input, 9 channels output (4 x LG/HG + trigger

Tp [ns]
Sum Of 4- ChannelS) POWER — SUPPLY REJECTION, ALL VDDs & 25, 500

100 - ‘

Jew.;mW\WWYM\L I

I
il

WL
o »‘"}’{J’ %ﬂ W)
Y ey

WY ey

. . —— VDD1P2 PA- HG 25
v —— VDD1P2 PA - HG 50
dynamlC range > 1 6'blt —— VDD1PZ PA- LG 25

—— VDD1P2 PA- LG 50
—— VDD2PS5 PA - HG 25
—— WDD2P5 PA - HG 50
—— VDD2PS PA- LG 25
—— VDD2P5 PA- LG 50
——— WDD1P2 SH- HG 25
—— VDD1P2 SH - HG 50
—— VDD1P2 SH- LG 25
VDD1P2 SH - LG 50

v configurable design via [2C communication ‘
v multiple prototypes developed in 130 nm CMOS: ‘
ALFE (ATLAS Liquid Argon Front-End)
LAUROC (Liquid Argon Upgrade Readout Chip)
v INL below 0.2% on the high gain output

v equivalent noise current (ENI) below 350 nA (120 nA)-
for a 25 ohm (50 ohm) termination :

Power Supply Rejection [dB]

SPECIFICATIONS 10+ dB below 1 MHz

AND ALL SETTINGS IS 7 dB. IT NEVER GOES BELOW 0
dB. 1

]
]
1 MIN PSR ACROSS ALL FREQUENCIES, ALL SUPPLIES
1
o° 107 50 MHz 10

Frequency [Hz]

v power-supply rejection ratio (PSRR) > +10 dB up to 1MHz
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Digitizing the pre-amplified and shaped signals

v

v

v

COLUTA ASIC designed in CMOS 65nm TSMC technology
14-bit (3.5 bit MDAC — 12-bit SAR)

Digitizes at 40 MHz with two gains

4 channels, 8 ADC/ASIC

Low noise and good long-term stability

Highly configurable via 12C o
Cross-talk <0.1% ~20/

Coherent Noise < 0.2 LSB

On-detector electronics: Front-End Board (FEB2)

A
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COLUTAV4 Layout

Sine Wave FFT

ENOB =11.32

SNR=725

SINAD = 69.88

00 25 50 75 100 125 150 17.5 200

Frequency [MHz]
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On-detector electronics: integration
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The integration of the ASICs into the FEB is done o s

L_PA/SH13 F——>
: . . . CeaS | —apcis —
with a succession of partially integrated board Ceafsins 1———aocrs LR ViRe3 >
[_PA/SH16 ] — [pGBTIT > —
(slices) with increasing complexity. = e
- . . [ IpGBT1Z3 |—p[ VIRXt5 | ;
The Slice test board integrates the main i S N sty
- [_PA/SH18 [ ADCI8 i £
components of the final system: /19 ncis S S e SR e Analog__
v Control and Data IpGBT for slow control and readout A

e o b -
of 8 x COLUTA ADC ' ) 5

v Powering network and Input protection
v VTRx Module for optical transmission

v Signal input via backplane connector for crate

integration

The board can be used to prepare the integration
of a test stand for the final production of the
FEB:

v Study of noise, linearity, cross-talk for improvement
to FEB2 prototype

v Development of software and firmware for the
operation and characterization of the production
board
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LAr Timing System:

v LATS distributes the Timing, Trigger and
Control interface (TTC) to the on-detector
electronics (FEB and calibration boards) and
handles the configuration and monitoring

v 40 Mhz clock distributed with RMS jitter < 2 ps

LAr Timing System (LATS}

Off-detector electronics specifications

| TICR
Control FPGA

LAr Signal Processor:
v LASP boards should acquire the data coming
from the 1524 front-end boards ie. 40000
optical fiber @10.24 Gbps ~ 340 Tbps

v Compute signal energy and timestamping

v Feed the data to the trigger system and buffer

A
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them until LO-trigger-Accept to send them to
the online processing of data (TDAQ)

; L
40 MHz Data: L0

Calorimeter data reception in LOCalo and LOMuon Processors [us] 1.7
Maximum skew between all calorimeter inpuis to the FEX processors [BC] 16
Calorimeter data reception in Global Event [us] 1.7
Muon detector data reception in LOMuon Jus] 2.8
Maximum skew between all muon detecior inputs to the LOMuon [BC] 72

Trigger:
Consecutive friggers [# LOA in# consecutive BCg]

Burst size [# LOA in# ps]

L0 trigger rate [MHz]
L0 latency [us]

<4/5
<8/05
<128/90
1

10
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C10 DevKit + FMC Dual SFP:

v

oxSFP
Front End

2xSFP
GbE/FELIX
emulate optical (SFP) and
electrical (LVDS) links
validate SI15394(Clock)

start develop/test firmware

LATOURNETT Power board:
v emulate power tree with the same physical
characteristics than the foressen LATOURNETT board

v test Voltages, power sequences, temperature

CENTRAL
Resistor

Board e
Load DEBUG ports
- POL,
DC/DC
MATRIX :
Resistor

T FIREFLY

connectors
MATRIX
Heatsink ATCA
POL
ATCA
PIM

ATCA
DC/DC

LAr Timing System (LATOURNETT)

‘ s = ‘\“
% 160.516M VIl
Ll Cleaner
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SMA probes
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SFP+
SFP+

/" FMC Dual SFP I

t Tools
0SC160
Jitter
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ZDM 0sC o
2 || 125 125
Bl
=]
\ Sl LVDS Tx/Rx
& [ xz | /
~ o i
10 BANK IO BANK MGT BANK
CENTRAL MATRIX MATRIX
FPGA FPGA FPGA
\_ C10 DevKit )

LATOURNETT / Power v1
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Lar Signal Processor (LASP) test system overview

CENTRE DE PHYSIQUE DES
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LASP-test board SRTM board CPPM
DC/DC converters DC/DC converters
for MX FPGA for ZYNC FPGA
o & . o CFPG Input data for each processing FPGA :
Co?ﬂ;"c"’;'or [ v~ coming from 3/4 FEB2 boards
= (not decided yet)
MAX10 ><
JTAG T v # of input links : 66/88 @ 10,24 Gbps
connector . =
Multi- E
;ggﬂg;;;téﬁ x(%’ Required number of TDAQ output links
£ .
g per processing FPGA :
i 1@ 10,24Gbps (or @ 25 Gbps) : FELIX
v 3 @ 25Gbps : Global Event Processors
Optical v 20 @25Gbps : fwd Feature Extractor
connector
DC/DC converters
for SX FPGA
Test boards (now): Prototype boards: Production boards:
+ available 2021-2022 37>+ available 2022-2023 T available 2024-2026
v~ 5 boards produced v 6-10 boards produced v 200-400 boards produced
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sRTM board

CENTRE DE PHYSIQUE DES
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test purpose waiting LASP board fabricated

\

Tester card
SRTM board v1 designed and fabricated:
v based on Zynq

"System infrastructure” tested OK:

v power management infrastructure

v~ SD card, GbE, I2C sensors (current, voltage,
temperature, firefly status)

v clock synthesizer

v firefly “slow control” lines

Standard software also available:

v petalinux booting & instructions (readme)

v SRTM specific software not part of petalinux
(clock configuration, firefly control/status,
sensor read out)
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LASP test board 4
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PCB overview :
v ATCA format

v >4000 components

v~ 133 schematic pages

v~ 20 layer PCB (6 signal, 14 power and ground)
v Total thickness : 2.4 mm

v Dielectric material : Megtron 6

v 1**board received in June with FPGA interposer
(dedicated to first tests and FPGA power sequencing)

v 1st board fully equipped with FPGA received mid
september

v Production of additional LASP test blade for extensive
test campaign starting Q3 2021

Features :
v 1 INTEL STRATIX-10 SX FPGA with ARM processor (2.8M LEs)

v 1 INTEL STRATIX-10 MX FPGA with high-bandwith DRAM memory (2 1M LEs) T
v 1 INTEL MAX10 FPGA as a controller
v 12 Firefly transceiver modules per FPGA (8 x 12ZRX @ 11Gbps, 3 x 12TX @11 Gbps, 1 x 4RX/TX @25 Gbps)

Challenges:
v Power and cooling : ATCA shelf cooling limit @ 350+50 W/slot

v High speed links @ 25Gbps
v High density / complexity
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processing ?

Towards Machine Learning on FPGAs for real-time data

Deposited energy

resolution

—_— T T T T L T T T T T 15
> ,[ AREUS Simulation 3 | Areus Smason
(5 4| EMB Middle (n, ¢) = (0.5125, 0.0125) = EMB Middie (10) = (0.5125,0.0125)
— I <u>=140 Er 1- g: Z;ﬂ. E;_r; 240 MeV

po Wi [l r
| Isolated ! a2

L

o w'JlL“w,ra_J

0 20 40 60 Overlapping

O O O = = = = X
Y [=1] (n+] [0 ] A [=2] (=]
Normalized to unity

=
(]

1730720730 '40 50 60 70 80 90100 °
Gap [BC]

Optimal filter is currently used for energy computation, but has difficulties to
reconstruct energies in case of overlapping pulses.

Neural network approach is being developed with prototype firmware
implementations to improve the energy reconstruction (see poster by Nemer

Chiedde)
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Conclusion
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Huge effort by many institutes of the LAr group to prepare the electronics readout
upgrade for HL-LHC collisions starting 2027.

Measurement results performed on prototypes and test setups that have been
designed show that the requirements are already met or on very good way to be.

LASP electronics under development give the opportunity to implement Machine
Learning for signal processing. First results are promising.

LHC HL-LHC

= [EVETS] [ ts2 LS3
13 TeV 13 - 14 TeV 14 TeV
Diodes Consolidation energy
splice consolidation li LIU Installati
7 TeV 8 TeV button collimators ﬁw:’r:rarg;on it HL-LHC 5 tu 7.5 x nominal Lumi
e e e b R2ZE project ragmns 11 T dipole call. installation

Civil Emg. P1-P5

mmm—? |||||M

ATLAS - CMS o
experiment upgrade phase 1 damags ATLAS - CMS

nominal Lumi 2 x nominal Lumi ALICE - LHCh 2 % nominal Lumi HI_upat=ce
| 24 nominal L, |
T5% naminal Lumi / upgrade
7 integrated JERD RN
1 -1 { :
30 fb 190 fiy m luminosity BEFT T (ultimate)

HL-LHC TECHNMNICAL EQUIPMEMT:

DESIGN STUDY €¢) PROTOTYPES CONSTRUCTION insTALLATION & comm.|]|  pHysics
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Thanks a lot for your attention !

Questions ?
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Backup slides
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The integration of the ASICs into the Front-
End Board design is done with a succession
of partially integrated board (slices) with
increasing complexity:

v Analog Test Board (2019), 2 channels

v Slice Test Board (2020-21), 32 input
channels
LAUROC + COLUTAv3 + IpGBT

v FEBZ2 Prototype (2022), full readout of
128 channels

The FEB2 slow control makes use of the
IpGBT I2C Master, ADC and GPIO to monitor
board temperature and configure ASICs

The IpGBT implement a redundancy scheme
against VTRx failure

PA/SH1

ADC1

On-detector electronics: FEB integration

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

PA/SH2 ADC2 :ggg
PA/SH3 ADC3 s e
PA/SHA ADCA i
[ IpGBT3 |
PA/SHS ADCS IpGBT3
PA/SHG ADC6 lpGBT4
PA/SH7 ADC7
PA/SH8 ADC8 :ggg
PA/SHO ADC9 S A
PA/SH10 ADCI10 EETT 3
PA/SH11 ADC11 | =T
PA/SH12 ADCI12 =
PA/SH13 ADC13
PA/SH14 ADC14 IlGGBBTT190
PA/SH15 ADC15 [_IpGBTI0 | VTRx+3
PA/SH16 ADC16 [pGBT11
[ IpGBT12 ! [ VTRx+4
[ lpGBT13 | [ VIRx+5
PA/SH17 ADC17 > [pGBT14 _|——>
PA/SH18 ADC18
[ IpGBT15 | VTRx+6
PA/SH19 ADC19 :gg%:
PA/SH20 ADC20 [_IoGBT16 ]
PA/SH21 ADC21
PA/SH22 ADC22 :ggﬁ;
PA/SH23 ADC23 . AL
PA/SH24 ADC24 e 2
PA/SH25 ADC25 T
PA/SH26 ADC26 | R
PA/SH27 ADC27
pGBT21 ||
[_PA/SH28 > ADC28 | BT
PA/SH29 ADC29 g
PA/SH30 ADC30 GRS
PA/SH31 ADC31 -m-
PA/SH32 ADC32 RatLes

10.24GHz
—_—

640MHz

Analog
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LASP test board : first tests
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First tests carried out without FPGAs :
v visual and ohmic
v current regulators
v power sequencing
v static power consumption
v dynamic power consumption
v 12C links
v UART link via GUI

A numbering error in a
regulator footprint solved
by designing and inserting
a custom interposer :
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LASP test board : VRTT tests

VRTT : Voltage Regulator Test Tool

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

v Charge emulator designed by Intel
sink currents with given characterics
measure voltage variations versus specifications

v VRTT connects to interposers

v Goal : validate the power delivery to the Stratix-10 FPGAs
(regulators, decoupling, power planes)

| Ve @ ol (a) Bice |

1.05
3 e 2 ; i ==
0.9;}" : : : "
] ¥=1i v
0.93

50.166us 2.737A 8.997V

VCCIN 2  Cursor2 72.881us  2.636A ©.998V

VCCIN 2 High/Low State Level High ©.999V R:0.,999V Low ©.966V R:©.966V |
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LASP test board : VRTT static tests

MX VCC static current analysis LTM4650 x2 U10/11_A (72A)

W /4722222
0.93 mean measured | VC C . O K
fit U = -2.14e-04 | + 8.73e-01 | core L]

0.92

min max measured range
091 min operating condition
0.90 max operating condition
0.89

0.88
0.87
0.86
0.85
0.84
0.83 MX VCCERAM static current analysis ENE3A0QI U2 (12A)

o (=, V CCERAM : OK

E N NN N N N N N U N N NN WA — ftU=-202603 1+ 80101
0 10 20 30 10 50 60 70 80 [ min max measured range |
I min operating condition

2 max operating condition

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

Voltage (V)

current (A)

0.91

Voltage (V)
o
w0
(=]

0.89

0.88

0.87 MX VCCIOUIB static current analysis EN63A0QI U17_A (12A)

0 2 4 6 —

* mean measured

current (A) fit U = -6.54e-03 | + 1.19e+00 |
5 min max measured range
121 = min operating condition 1
120 B8 max operating condition
S 1194
% 118
VCCIO_UIB core : NOK £,
116
= new dedicated regulator added 115
(currently shared with VCCIO_1.2V) ™™
112
= power shapes enlarged :

current (A)

, September 20"
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