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High-Luminosity LHC
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During HL-LHC, luminosity will reach 5-7 times the nominal value. Average number of interactions per bunch crossing can reach 
up to 200.


ATLAS LAr calorimeters electronic read-out system will be upgraded during LS3. Trigger read-out is being upgraded currently 
during LS2. Physical detector will remain unchanged.


The LAr upgrade aims to provide the necessary radiation hardness and make the read-out chain compatible with future ATLAS 
trigger read-out system.
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ATLAS Liquid Argon (LAr) Calorimeter

Sana Ketabchi

HEC: Parallel plate 
design using copper 
plates

EMB & EMEC: 
Accordion-like 
structure with absorber 
lead plates, enabling a 
full azimuthal coverage

FCal: paraxial electrode 
structure with copper 
and tungsten as absorber

Technical Design Report
15th June 2018

ATLAS
Liquid Argon Calorimeter Phase-II Upgrade
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Figure 2.2: Accordion structure of the EMB. The top figure is a view of a small sector of the barrel
calorimeter in a plane transverse to the LHC beams.
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Figure 2.3: Sketch of an EMB module where the different layers are visible. The granularity in h and
f of the cells of each of the three layers and of the trigger towers is also shown.

10 Chapter 2: System Overview

Sampling calorimeter using LAr as active material

ATLAS
Liquid Argon Calorimeter Phase-II Upgrade

Technical Design Report
15th June 2018

Figure 2.4: Shapes of the LAr calorimeter current pulse in the detector and of the signal output after
bipolar shaping. The dots indicate an ideal position of samples separated by 25 ns.

operations have taken place during end-of-year shutdowns and during LS1 when access to
the FE electronics was possible.

2.3.1 On-detector front-end electronics

Due to the stringent performance requirements on the LAr electronics, the FE electronics are
mounted directly on the LAr cryostats, in the gap between the barrel and endcap calorimeters
and on the outer face of the end cap cryostats. These areas have limited access and require
radiation tolerant electronics components. The on-detector electronics have been qualified,
in terms of radiation tolerance, for up to 10 years of operation at the LHC, i.e. equivalent to
an integrated luminosity in the range of 700 to 1 000 fb−1 [15].

The FE electronics are housed in 58 FE crates. As shown in Figure 2.5, each FE crate
contains:

Readout Front-End Boards (FEBs): These are the main elements in the FE electronics and
are designed to read out and digitize the LAr calorimeter signals without degrading
the energy resolution. Analog signals are summed on Layer Sum Boards (LSBs). Each
FEB is a large (approximately 0.5 m ⇥ 0.5 m), dense, 10-layer PCB that processes the
signals from up to 128 channels in a specific layer of the calorimeter.

Chapter 2: System Overview 11

CR-RC2 shaper is used to create the bipolar output.

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel (EMB)

LAr Forward (FCal)

Slide 3 of 14



Σ

Optical
Links

Phase-II Upgrade
Front-End Board (FEB2)

Preampl.

Layer Sum
Boards
[LSB]

CLK
Fanout

Σ

Σ Linear 
Mixer

Shaper

Baseplane

75 m

fibers

ADC

ADC

Optical Links

ADC

MUX/Serializer
(FPGA)

ADC

Optical Receiver
Deserializer

Timing 
Trigger 
Control 

Rx

FPGA Global Event
Processor

Ped
Sub

Ped
Sub

Ped
Sub

Ped
Sub

E,t 
N-tap FIR

E,t 
N-tap FIR

E,t 
N-tap FIR

E,t 
N-tap FIR

Σ
480Gbps/module
1.92 Tbps/board

~250 Gbps/board

LAr Trigger Digitizer Board (LTDB)

Crate 
Monitoring

Σ

ADC  
x2

FPGA

data buffers

Ped
Sub

Ped
Sub

Ped
Sub

Ped
Sub

E,t 
N-tap FIR

E,t 
N-tap FIR

E,t 
N-tap FIR

E,t 
N-tap FIR

x2

2 gains

Level-0,1 Calorimeter Trigger 
System

ORx
Arrays

CLK Fanout

ORx

SDRAM

LAr Calorimeter Cells

ADC
x2

ADC
x2

ADC
x2

LAr Digital Processing System (LDPS)

TTC

LAr Signal Processor (LASP)

L0/L1 
Accept
Logic

Energy sums &
Data reduction

 

Clock & Control

...

FEX
Systems

MUX/Serializer

OTx
Array

OTx
Array

OTx
Array

Clock & Control

Calibration Board

DAC
TTC &

Control FPGA

LAr Timing System (LATS)

TTC FPGA
x 12

DCS

ORx
Array

FELIX

FELIX

fragment
builder

controller

FELIX

Sana Ketabchi

Trigger read-out path is currently 
being upgraded during LS2 and will 
remain operational during HL-LHC.

Overview of LAr HL-LHC upgrade
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Overview of LAr Phase-II upgrade

Main read-out will 
be updated during 
LS3.
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Overview of LAr Phase-II upgrade
on-detector (front-end) off-detector (back-end)

Free-running scheme: All analog signals 
will be digitized and sent off-detector at 
40 MHz.

Main read-out will 
be updated during 
LS3.
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Clock & Control

Calibration Board

DAC

Injects signals similar to ionization pulses directly into calorimeter cells for calibration 
of read-out electronics


Requirements:


• Integral non-linearity < 0.1%, pulse rise time < 1 ns, 16-bit dynamic range and 
radiation tolerance of 1.8 kGy


CLAROCv3 + LADOCv1:


• CLAROCv3 : Integrated ASIC, HV-CMOS (XFAB 180 nm), 4 high frequency (HF) 
switches to pulse up to 4 calibration channels


Calibration board

• LADOCv1: TSMC DAC chip & I2C


• CASA test board: to test CLAROCv3 + 
LADOC


32 channel (8 ASIC) calibration prototype 
board (CABANON) is produced and is 
currently undergoing various tests.

Slide 7 of 14
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On-detector: Preamplifier/Shaper 
ASIC

BNL (M. Benoit, M. Dabrowski, D. 
Matakias)

ALFE2 design: 
●Adds trigger sum and I2C for slow control
●Tuning/performance improvements
●Design well advanced
●Submission around January/February 2021

PDR on December 11, 2020
ALFE2 as baseline solution due 
to good performance

ALFE1:
●TID irradiation tests done:

–Target of 180 kGy for LAr 
Barrel FEC was achieved

●Speci"cations achieved 
(ENI, INL, PSR), good noise

●Positive Power Supply 
Rejection widens choice of 
regulators

Sana Ketabchi

Performs amplification and bipolar shaping of calorimeter signals


Both preamplifier and shaper implemented on same chip


 Requirements:


• Summing 4 channel signals with linearity < 0.2%, CR-RC2 shaping, low and high gain 
output for each channel with ratio~23, radiation tolerance up to 1.8 kGy


Two ASICs, ALFE and LAUROC, were developed and evaluated. The former was selected 
based on its lower noise levels.


ALFE: 130 nm TSMC CMOS


• Differential outputs to ADC

Preamplifier/Shaper

ALFE2 test board (2 / 2)

9

• The existing ALFE1 test board is shown on 
the right

• The highlighted current sources, DAC and 
3V reference circuits will be removed. 
These were used for ALFE1 biasing.

• Changes will be made on 
ALFE2 decoupling and power

• Expected to be ready in July
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For HEC, polarity of amplified signals is 
inverted. → HEC-specific preshaper 
ASIC to correct for inverted polarity: HPS


Design based on existing 
preshaper+ALFE/LAUROC
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Digitizes analog signals at 40 MHz with two gains

Requirements:

• 14 bit dynamic range, ENOB > 11 bits


8 ADCs/ASIC: 4 calorimeter channels at 2 gains

COLUTAv4:

• 65 nm custom CMOS

• 14-bit Multiplying DAC (MDAC) + 12-bit Successive Approximation Register (SAR)


Analog parts on COLUTAv3 meet resolution and radiation hardness requirements. Some 
improvements planned for I2C radiation hardness.

COLUTAv4 ready for submission in September 1st run.

Analog-to-digital convertor 
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• COLUTAV4:
• Final prototype—keep the design changes to a 

minimum.
• Down select to 8-channel MDAC+SAR channels from 

4-channel DRE+SAR, 4-channel MDAC+SAR. 
• Issues uncovered before and after PDR have been 

addressed.
• On target for September 1 submission.

• Radiation testing:
• Performed a fully-remote radiation test  for COLUTAV3 

in March at Mass. General Hospital, Boston.
• SEU cross section:

• Configuration corruption cross section:

• Expect to reduce configuration corruptions to zero in 
COLUTAV4. 

COLUTAV3 COLUTAV4 Layout

�config. corr./channel = (1.30± 0.02)⇥ 10�12cm2
<latexit sha1_base64="yB008f4BMxhNOu3c9+HNPewDkPA="></latexit><latexit sha1_base64="1hexo9qk4NYdYT7yLhwJ6LGcp+c="></latexit><latexit sha1_base64="1hexo9qk4NYdYT7yLhwJ6LGcp+c="></latexit><latexit sha1_base64="1hexo9qk4NYdYT7yLhwJ6LGcp+c="></latexit>

�SEU/channel = (4.33± 0.26)⇥ 10�10cm2
<latexit sha1_base64="6zghYQ7CuHri5KhTN0Rf1Vmr3Fk="></latexit><latexit sha1_base64="kj9Pho9m3j9PmWKoqYApjrciCb4="></latexit><latexit sha1_base64="kj9Pho9m3j9PmWKoqYApjrciCb4="></latexit><latexit sha1_base64="kj9Pho9m3j9PmWKoqYApjrciCb4="></latexit>

COLUTA v4 layout

ATLAS HL-LHC Upgrade Project LAr ADC PDR, December 8, 2020

MDAC + SAR

 7GONSKI, COLUMBIA

• Re-verify precision with MDAC + 
SAR sine data 
▪ Extra 2 bits of dynamic range  

➡ Achieve ENOBs of 11.7 and 
11.3 bits at 1 & 8 MHz (cf. spec 
ENOB > 11)

1 MHz

5 MHz

8 MHz

18 MHz

ATLAS HL-LHC Upgrade Project LAr ADC PDR, December 8, 2020

Pulse Linearity

• High AWG noise: use varying attenuation across dynamic range to get 
pulses with minimal AWG noise contribution   

• Results below combine data with 2 different attenuators (calibrated) 
➡ INL < 0.04% across full dynamic range (c.f. spec 0.1% up to 60% full 

dyn. range, 1% at 80% full dyn. range, < 4% at 100% full dyn. range)

 12GONSKI, COLUMBIA

Linear Fit Residuals (INL)
INL<0.04%	across	full	DR

Slide 9 of 14
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Integrate several custom components and ultimately read-out 128 calorimeter cells per 
board


Provide clock distribution and control, configuration and monitoring functions


Also including Layer Sum Boards

Front-end board (FEB2)
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Features of v1.1
• New optical connections, designed by SMU

• Front panel mounted connectors
• Fix for the lpGBT 12 & lpGBT13 master 

problem
• The first time the board is brought up, we need to 

communicate with lpGBT12&13 to burn e-fuses
• On v1.0, we had to cut the M2 lines to allow this 

communication
• On v1.1, we can now isolate undefined 

lpGBT12&13 masters by changing the headers on 
the board 
• As soon as I2C buses are free we burn e-fuses on 

lpGBT12&13, and lpGBT11&14
• This is a one time operation – once done the 

board can be fully operated via FELIX

E. Busch 410 March 2021

Slice test board:

• Represents a “slice” of the final FEB2

• Goal: to demonstrate multi-channel 

performance, bi-directional control 
links and radiation tolerant power

• Integrate pre-prototype PA/shaper, ADC and lpGBT data serializer to read out 32 
channel signals 


• Able to successfully read out signals from all 32 channels → ie the front-end read-
out chain is functional


• Control and read-out links are validated
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Digital signal processing, buffering and transmitting data to trigger and data 
acquisition (TDAQ)


• Includes gain selection and application of the algorithm used to calculate 
signal energy and deposition time 


Each FPGA (Stratix 10) handles input from 4 FEBs (corresponding to 512 
calorimeter channels). Output from FPGA is sent to TDAQ at 25 Gbps.


 LASP test board:


• Includes two processing FPGAs (Stratix-10), one control FPGA (MAX10) and 
12 FireFly transceiver modules


• Test board with interposers in place of FPGAs is tested and all functions are 
confirmed as operational.


• Test board with FPGAs to be produced soon.

LAr Signal Processor (LASP)

FE
B2

Test status of the LASP testboard (1/5) 
➢ What perfectly works

● Ohmic test : OK

● Electrical tests :
➔ 48V → 12V DC/DC converter OK 
➔ 45 / 47 regulators OK

● I2C tests :
➔  I2C link with sensors at 100 kbps OK
➔  I2C link with clock generators at 100 kbps OK

● MAX10 FPGA :
➔ JTAG configuration with MAX10 FPGA OK 
➔ MAX10 controller firmware is working

✔ It can read all the sensors (see next slides)
✔ It can digitize STRATIX10 power supplies for sequencing
✔ It communicates with PC through a UART/USB peripheral (identical to the one embedded on 

INTERMEZZO)

Interposer-based LASP test board

3
June 23rd 2021
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Alongside the LASP board is a smart RTM (SRTM) which helps with monitoring 
and provides electro-optics


• First test board is available and system infrastructure functionality is validated.


LASP and SRTM firmware (FW) development is ongoing.


There are ongoing studies concerning implementation of ANNs on FPGAs for 
energy reconstruction (to replace the previously used optimal filtering algorithm).


• Simulations have yielded promising results.


LASP Firmware
• Latest LASP release: LASP-v3.0:

• Added BSP for LASP testboard.
• Major update of lolli-v3.0 makes an interface for FELIX full 

mode.
• Further minor improvements include CI adjustments which now 

allow more precise checks on the log, a more user-friendly 
laspRestore script and provided procedures for resetting 
AVST signal types.

• New set of labels to visually indicate development and 
testing.
• Ongoing work:

o Deep testing results suggest to segmentize firmware into identical 
quadrants of independent clocks—is treating one FEB2 per FPGA 
compatible with mapping constraints?

o Best clocking scheme for optimal performance: one central clock 
per FPGA or multiple (4 clocks, i.e., 1 per quadrant) .

o Simulations are ongoing to better understand impact of FCAL HV 
drop to propose possible implementation in dacore. 16

LAr Signal Processor (LASP)

Firmware Block Diagram

10 Mar., 2021 LAr Week, HL‐LHC Electronics

Monitor data
path

MGT/Felix data
path

Infrastructure
(Zynq)

SRTM	FW	block	diagram

LASP	FW	block	diagram

INTERMEZZO
• Mezzanine board to create a ”LASP slice”.
• Eight V1 boards with 2 INTERMEZZO card types:

• Slow card: 1x B04 FFLY at 28 Gbps / 3x B04 FFLY at 14 Gbps

• Fast card: 4x B04 FFLY at 28 Gbps

• Second version: 20 PCB will be produced & 10 will be fully-equipped:
• Schematics done.

• Correction of minor issues observed when testing V1 boards. 

• Required BSP modifications for the LASP FW.

• Experiencing delays due to global shortage.

14

Mezzanine board for Intel devkit are produced 
to create a “LASP slice”.


• Setup including LASP and FEB slices is to 
be tested soon.

Slide 12 of 14
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Distribution of TTC signals and configuration and monitoring of FEB2 and 
calibration boards

Dedicated clock and control distribution implementation on ATCA blade

LATOURNETT design:

• Central FPGA connected to TDAQ

• Matrix FPGAs connected to front-end 

• System on module embedding OPCUA

• IPMC for reading critical sensors

LAr Timing System

LATOURNETT status  : 06/23/2021

11

LATOURNETT POWER
Board 

ATCA 
PIM

ATCA 
DC/DC

ATCA 
POL

MATRIX
Resistor 
Load

CENTRAL
Resistor 
Load

MATRIX
Heatsink

DEBUG ports
- POL, 

DC/DC
- …

FIREFLY
connectors

Power board:

• Board imitating the power 

tree on LATOURNETT

• Initial tests are performed, v2 

development in progress

FW in development.
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Implement Trigger, Timing and Control (TTC)

13

• Requirements:
TTC distribution, configuration and monitoring 
of 1524 FEBs & 122 calibration boards

• Liquid Argon Timing Trigger Control Distribution and 
Front-End Monitoring (LATOURNETT)
• Central FPGA (Cyclone 10 GX): connections to 

FELIX, DCS/RunControl
• Matrix FPGAs (Cyclone 10 GX): connections to 

front-end electronics
• System on Module (SOM): embeds OPC UA, 

Linux distribution
• IPMC: read critical sensors
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Summary

ATLAS LAr calorimeter will be upgraded for the HL-LHC to accommodate high expected radiation levels and to be 
compatible with the future trigger read-out.


This involves development and extensive testing of custom electronic components.

• All custom ASICs are at prototype stage.


We have started integrating and testing different components of the new read-out system.

• Integration tests have been successful so far.


On track for timely installation during LS3
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