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Hi everyone,
My name is Nicolas Chevillot. I’m working at LAPP Laboratoire d’Annecy le Vieux de Physique de Particules, in Annecy, France.
I will present you today what we call Phase I trigger readout electronics upgrade. The context of the work is the ATLAS experiment in CERN Geneva Switzerland.



Plan
• Context
• Front-end upgrade
• Back-end upgrade
• Demonstrator
• Conclusions
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Here is briefly the plan of my talk. I will start with an introduction on the ATLAS calorimeter and its trigger electronics, at least part of it.
I will tell you about what has been done for the front-end and back-end electronics upgrade and tell you about the demonstrator which has been already installed in the experiment.



• Large Hadron Collider (LHC) at CERN, Geneva, Switzerland
▫ 27km circumference
▫ depth between 50 to 175m

• A Toroidal LHC AppartuS (ATLAS)
▫ 46m long, 25m diameter and 7000 tons

• Purpose:
▫ Answer fundamental physics questions
▫ Standard model

Context - LHC and ATLAS
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The ATLAS experiment is one of the most complex machine built. It’s located on the LHC particle collider in Switzerland.  The focus of this talk is the liquid argon calorimeter. It is one of the many pieces of the ATLAS experiment.
It’s made of several parts and has a total of 180 thousand channels for the data readout and 3000 channels for the trigger readout.
The electronics here is seperated in 2 parts, the front-end which has to be radiation tolerant and the back-end which have no radiation constraints.



Context - ATLAS LAr calorimeter
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Front End CratesCalorimeter

Between Electromagnetic barrel and end-cap 

• 180K channels for the full readout of the electromagnetic (EMB+EMEC), 
hadronic (HEC) and Forward (Fcal) calorimeters

• 3K channels for analog Trigger readout
• Front End crates: ≈ 1600 Front End Boards (FEB)
• Back End crates: 200 Readout Out Driver boards (ROD)
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The ATLAS experiment is one of the most complex machine built. It’s located on the LHC particle collider in Switzerland.  The focus of this talk is the liquid argon calorimeter. It is one of the many pieces of the ATLAS experiment.
It’s made of several parts and has a total of 180 thousand channels for the data readout and 3000 channels for the trigger readout.
The electronics here is seperated in 2 parts, the front-end which has to be radiation tolerant and the back-end which have no radiation constraints.



Context - Current electronics
• Regular readout:

▫ Cells signals are amplified, shaped, sampled at 40MHz, digitized and transmitted at 
100kHz upon level-1 trigger

• Trigger readout:
▫ Summing signals on Layer Sum Board (LSB) to form 0.1 x 0.1 (Δη x Δφ) trigger towers
▫ Tower Builder Board (TBB) sums analog signals from LSB to send to L1 Calo system
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Here is a diagram showing the current implementation of the data readout in blue and the trigger readout in red.
The data coming from the calorimeter is amplified and shaped. This is shown on the left diagram. The data is fed into analog buffers that will transmit it only when a request from the trigger comes. The maximum trigger rate is 100kHz. When triggers comes, the data is digitized and transmitted to the next layers for data analysis.

The trigger readout starts with analog sums of several calorimeters channels. This is called a trigger tower. The different sums are sent to the L1 Calo system which will decide whether an interesting event has occurred or not. The trigger readout is currently analog.



Context - LHC Schedule 
• Two phase upgrade planned for LHC, ATLAS upgrade:

▫ Phase-I (2021-2023): upgrade of trigger path, installation in 2019-2020
▫ Phase-II (after 2025): upgrade of data path, installation in 2024-2025
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Phase-IIPhase-I
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The ATLAS experiment schedule is closely related to the LHC schedule. In order to increase beam intensity and improve performance it is mandatory to replace parts in the LHC and  ATLAS. Long shutdown are schedule, shown here as LS for Long Shutdown.
The overall upgrade is planned as 2 phases. Phase 1 starting ion 2021 will have an upgraded trigger path, moving from analog to digital. The installation will begin in 2019.
Phase 2 will find its data path upgraded to cope with the increased luminosity of the LHC. It is planned for 2025 with installation starting in 2024.



Context - Phase-I Upgrade
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70GeV electron shower 70GeV electron shower
seen into only one Trigger Tower seen into multiple Super Cells

• Upgrade in Phase-I is for trigger path
• Current concept: Trigger Tower

▫ Transverse energy (ET) summed over an area of Δη x Δφ = 0.1 x 0.1
• New concept: Super Cell to improve jet rejection using shower shape variables

▫ Finer layer segmentation down to Δη x Δφ = 0.025 x 0.1
▫ Keep layer information

• Typically Trigger Tower corresponds to 60 standard cells and 10 Super Cells
• Super Cells digitized at 40MHz on the new front-end board: LAr Trigger 

Digitizer Board (LTDB)
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Phase 1 upgrade is as described upgrade for the trigger path. The current concept for the analog trigger chain is called Trigger Tower shown on the left figure. The transverse energy is computed over an area of 0.1 times 0.1.
The new trigger system called Super Cells shown on the right will improve the granularity to 0.025 times 0.1. This will improve the trigger capabilities and reject better non interesting events. It will also be possible to know in which layer the interesting event occurred.
There are approximately 10 times more Super cells than trigger towers. Each super cell data will be digitized at 40MHz in the front-end electronics called Lar Trigger Digitizer Board, i.e. LTDB.



• Trigger data flow is replaced from analog to digital
• Front-end upgrade:

1. Layer Sum Boards (LSB): perform analog sums for Super Cells (SC)
2. Backplane update: transports additional analog sums
3. LAr Trigger Digitizer Board (LTDB): digitizes SC data at 40MHz, generates analog 
sums for current trigger system (compatibility), sends data to LDPB at 5.12Gbps

• Back-end upgrade:
4. LAr Digital Processing Blade (LDPB): reconstructs SC transverse energy (ET) and send 
to L1A Calo system at 11.2Gbps
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Context - Phase-I electronics upgrade
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The main difference in the current trigger system and the new upgraded one is that we are moving from analog to digital.
The front-end boards need to perform analog sums for the super cells. Those sums are sent on the backplane to the Lar Trigger Digitzer Board (LTDB) where they are shaped and digitized at 40MHz with a resolution of 12 bits. The LTDB also generates analog sums for the current trigger system. Both systems will work in parallel so the performance can be verified.
The digitzed data is sent to the LDPB shown as LDPS on the diagram. The data is sent over optical fibers at 5.12Gbps on a distance of roughly 70m.
The LDPB system receives the data and computes the Transverse energy for the super cell as well as some other informations like quality or saturation. The data is sent to L1 Calo system on optical fibers at 11.2Gbps.
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Now i will spend some time describing the upgrade for the front-end electronics with a focus on the Lar Trigger Digitizer board, LTDB.



LTDB:
• 124 LTDBs to readout the 34K Super Cells of the LAr calorimeter
• 1 LTDB handles analog input from 320 Super Cells
• Digitizes all analog signals at 12 bits @ 40MHz using 80 custom ADC
• Generate analog sums to keep compatibility with old system
• Transmits digital signals using 40 optical links @ 5.12Gbps on custom ASIC
• Receives TTC clock and data through 5 GBTx links
• Design is made in collaboration between several groups
• Phase-II compatible
• Key components in development:

▫ LTDB pre-prototype board
▫ Nevis ADC
▫ LOCx2
▫ LOCld
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There will be 124 LTDBs in the system connected to 34 thousand super cells.
One LTDB board receives 320 super cells analog inputs from the front-end.
Each input is digitized at 40MHz on 12 bits using 80 custom ADCs. Important to remember is that this board needs to be radiation tolerant which is a big constraint.

In order to keep the old trigger system functional, it generates analog sums for the trigger tower.

All digitized data are transmitted on an optical fiber at 5.12Gbps. A dedicated custom ASIC has been developed for this purpose.

The board also receives information about the system clock called TTC.

The LTDB has to be compatible with Phase 2 of the upgrade. The key components of the LTDB are the board itself, as well as the custom devices developed for it, the Nevis ADC and the LOCx2 and LOCld.



LTDB: Nevis ADC
• Quad 12 bits hybrid pipeline SAR ADC (IBM8RF 130nm CMOS)
• 40 MSPS
• ENOB ≥ 11
• 45mW/channel
• 87.5ns latency
• Radiation tolerant

▫ for the whole ATLAS lifetime
• Die:

▫ 3.6x3.6mm
▫ 72 pins QFN
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Here is a picture of the Nevis ADC that has been developed specifically for the LTDB. It’s a quad 12 bits SAR ADC made in a 130nm CMOS technology.
It digitizes each 4 inputs at 40 mega samples per second.
This device has been custom made because it needs to be radiation tolerant for the whole ATLAS lifetime.




LTDB: LOCx2/LOCld
• LOCx2:

▫ Dual 8*14 bits channel 5.12Gbps serializer
▫ Nevis ADC compatible
▫ Radiation tolerant
▫ Die:

 6.036x3.68mm
 100 pins QFN

• LOCld:
▫ Dual channel VCSEL driver
▫ Radiation tolerant
▫ Die:

 2.114x1.090mm
 40 pins QFN
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Another pair of devices that were custom made for the same radiation tolerant reasons are the LOCx2 and LOCld.
LOCx2 is a dual 8 14 bits channels 5.12Gbps serializer. It’s using a dedicated protocol to embed timing information (TTC) as well as 8 data channels. The data transmission is running at 5.12Gbps.
It is compatible with the custom design Nevis ADC which was described in the previous slide.
The LOCld chip is a laser driver, both chips are radiation tolerant. 



LTDB:
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Analog Digital

24 layers PCB

10 SFP+ cages

Power

Timing and 
slow control

• Pre-prototype PCB
▫ FPGA used to replace LOCx2
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There has been several prototypes designed for the LTDB, the latest board beign developed is the LTDB pre-prototype which includes 80 Nevis ADCs. The LOC_IC protocol is here not handled by LOCx2 chips but rather by FPGAs.
The design has been made in 2 different institutes and merged together as digital and analog parts.



RT2016 - ATLAS LAr calorimeter Phase 1 trigger readout electronics upgrade: 07/06/2016

Back-end upgrade

14

LAr Digital Processing Blade (LDPB)

Présentateur
Commentaires de présentation
On the back-end side, the Lar Digital Processing Blade has been developped. I will describe it now.



LAr Digital Processing Blade - LDPB
• ATCA carrier board for 4 AMC mezzanines (LATOME)
• Brings power to LATOME AMC through IPMC
• Transmits TTC recovered clock and data from optical links (GBT) through 

LVDS links to all 4 LATOME AMC boards
• Routes GBT and XAUI monitoring links from LATOME to SFP+ cages on the 

backplane
• Connects all LATOME AMC boards to GbE ethernet network through 

dedicated switch
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The Lar Digital Processing Blade, aka LDPB is an ATCA carrier board housing 4 AMC mezzanines which I will describe later.
The carrier board is responsible for handling power management for the AMC mezzanines. It also provides the timing information coming from the FELIX boards through a GBT link. The timing information is transmitted on LVDS lines to the AMC boards.
Part of the AMC firmare takes care of monitoring data. This data is transmitted to the carrier board on dedicated GBT and XAUI links. The carrier takes care of routing the 4 monitoring data to the RTM backplane.
Slow control data is also routed from the backplane to the AMC boards.



LDPB Carrier board
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Here is a picture of the current LDPB carrier board. It is split in 2 parts. On the left is the carrier board itself with the AMC connectors.
The power management is handled by the IPMC which was developed at LAPP in Annecy.
The GBT, XAUI and GbE links are handled in the Xilinx FPGA.
On the right side you can see the RTM extension which holds the different SFP+ and GbE cages.
 



LAr Trigger prOcessing MEzzanine - LATOME
• Main data path:

▫ Receives Super Cell data from LTDB @ 5.12Gbps on up to 48 optical links
▫ Computes Super Cell transverse energy (ET) using optimal filtering
▫ Builds trigger tower transverse energy
▫ Sends trigger tower data @ 11.2Gbps on up to 48 optical links

• Receives TTC clock and data on LVDS links
• Monitors data and send to TDAQ system upon request on 10GbE network
• System is fixed latency less than 15BC=375ns
• 80W power budget
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The main processing of the data coming from the LTDB is handled in the Lar Trigger Processing Mezzanine. This is called LATOME which is also the name of a famous cheese la Tome made in Savoie.
It is based on an Arria-10 FPGA from Altera.
It receives the data on up to 48 optical links running at 5.12Gbps coming from the LTDB.
The data is rearranged in the firmware to fit detector geometry and fed into 62 pipelined 8 stages FIR filters to compute the transverse energy.
The result of the filter is either transmitted or summed to send to the FEXs subsystems on up to 48 optical links running at 11.2Gbps.
All transactions are synchronized on the LHC TTC clock coming from the carrier board on LVDS signals.
Another important part of the LATOME is to monitor the results of the user code where the filters are made as well as the output summing.
The whole data path is fixed latency with maximum of 15 bunch crossing.
This board has a power budget of 80 watts which means a lot of care has to be taken for properly cooling the system in the ATCA crate.



LATOME - Hardware

RT2016 - ATLAS LAr calorimeter Phase 1 trigger readout electronics upgrade: 07/06/2016

18

8 Avago uPods (8*12 optical links)

Altera Arria 10 FPGA (10AX115R4F40)
2Gbits DDR3 @ 800MHz

DC/DC block

MMC controller

AMC interface
16 layers PCB
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Here is a nice picture of the LATOME board with and without optical fibers and heat sink. The heat sink has been custom made and prototypes are being evaluated using coper and aluminium.
Version 2 of the LATOME board is being developed with a revised DC/DC part.



LATOME - Firmware
• Input stage: align all input fibers together
• Configurable remapping: reorder input data according to detector topology
• User code: computes ET using optimal filtering
• Output summing: builds trigger tower energies
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The data from the 48 fibers are aligned on the same bunch crossing in the input stage. They are rearranged according to detector geometry and fed to the optimal filters in the user code. The different trigger tower transverse energies are then summed in the output summing part.
The constraints on the data path are very critical. So far we have implemented a 1 fiber only system to demonstrate fixed latency. The next steps will be to implement the monitoring and IP bus controller which will be challenging memory wise.
This firmware is being developed in 7 different insitutes across the world and centralized in LAPP in Annecy.
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Now i will spend a bit of time telling you about the demonstrator that has been installed in the machine.



Demonstrator - Motivation 
• Collect data from the Super Cells
• Validate energy reconstruction and bunch crossing identification 

algorithms in FPGAs
• Measure trigger efficiency and jet background rejection
• Learn about installation and operation of the apparatus in the ATLAS 

environment
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Before any of the boards and ASIC I’ve shown before were designed, a demonstrator system has been developed. The intention of this demonstrator is to collect super cells data on the real system in order to validate the different algorithms to be used in the final solution.
Energy reconstruction, bunch crossing indentification as well as trigger efficiency are tested.



Front-end demonstrator - LTDB
• Handles up to 320 Super Cells signals 

▫ 284 Super Cells in EM Barrel
• Super Cells signals are digitized with 12bits ADC@ 40MHz

▫ Commercial ADC COTS : TI ADS5272 (not radiation tolerant)
• Multiplexing of 8 Super Cells on one 4.8Gbps optical link

▫ 8B10B encoding, K code sent every Bunch Crossing
▫ FPGA  (XILINX/ALTERA) 
▫ 40 optical links 

• Throughput ≈200Gbps/LTDB

• Status:
▫ 2 LTDBs installed in August 2014
▫ Taking collision data in LHC Run 2

RT2016 - ATLAS LAr calorimeter Phase 1 trigger readout electronics upgrade: 07/06/2016
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Digital part                                       Analog part
LTDB boards (490x410mm)
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For the front-end, a demonstrator LTDB has been developed for this purpose. It is connected to 284 super cells which are digitized at 40MHz using commercial non radiation tolerant ADCs.
The sampled data is transmitted over a 4.8Gbps optical link using 8b/10b encoding.
This board generates about 200Gbps of data.
2 of those boards were installed in the machine in 2014. Collision data is being gathered right now for LHC run 2.



Back-end demonstrator - LDPB - ABBA 
• ATCA board: 3 Altera FPGAs (StratixIV)
• Receives up to 320 Super Cells signals (SC) from one LTDB

▫ 48 optical links @ 4.8Gbps
• Stores Super Cells data into circular buffer

▫ Latency up to 2.5us
• Waits for TTC trigger to readout Super Cells

▫ Readout with filtered Level-1 trigger
• Readout through 10GbE Ethernet network

▫ Readout with ATCA fabric interface

• Status:
▫ 2 ABBA boards installed
▫ Online software has been set
▫ Taking collision data in LHC Run 2
▫ Performance as expected
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For the back end, a demonstrator LDPB called ABBA has been developed.
It receives the data from the demonstrator LTDB on 48 optical links.
It is used mainly as data storage waiting for a Level-1 trigger accept and sends the data on the ATCA fabric on a 10GbE Ethernet network.
There is no optimal filtering done on this board.
2 ABBA boards were installed in the machine. They are connected to the 2 LTDB boards.
Collision data is being retrieved sucessfuly at the moment and processed using the online software. The performance so far is according to the simulations.



Demonstrator - Installation in ATLAS
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Some more pictures about the demonstrator installed in the machine.
On the top picture you can see the LTDBs that are installed in the front-end crate located in the UX15 cavern where the ATLAS detector is.
In the USA15 cavern which in not subject to radiation are installed the 2 ABBA boards connected to the 10GbE Ethernet network.



Demonstrator - Results
• Pulse sent through calibration board
• Readout through the complete DAQ chain:

▫ FEB  LTDB  ABBA  TDAQ software
• Results:

▫ Pulse shape for several signal amplitudes 
(DAC)

▫ Linearity:
 Saturation of analog part ~10000

▫ Noise: (RMS of DAC pedestal)
 Jump seen at η=0.8 due to change of material
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Thanks to the demonstrator we were able to send calibration pulses and validate the LTDB path. The readout is dones through the front end board, LTDB, ABBA and TDAQ software.
The upper right diagram shows different calibration pulses.
The bottom left diagram shows the linearity of the system across several layers of the detector. And the last diagram shows the measured noise in the system. The jump you can see is due to material change in the detector.
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Now for the conclusion.



Conclusion
• A part of the new Trigger scheme (Demonstrator) has been installed 

▫ Both Front End and Back end electronics have been validated
▫ One Front End Crate (1/32) is equipped with the demonstrator
▫ Readout through TDAQ software

• Measurements have been done with this new Trigger chain
▫ Does not affect the current system : no additional noise
▫ Does not disturb  the current readout system : works in parallel
▫ Pulses shapes have been checked with Calibration runs

• LTDB and LDPB systems are being developed
▫ Radiation tolerant ADC and Optical links specifically designed
▫ LTDB pre-prototype being assembled
▫ LDPB ATCA carrier board and LATOME AMC boards being tested

• Production will start in 2017-2018

RT2016 - ATLAS LAr calorimeter Phase 1 trigger readout electronics upgrade: 07/06/2016
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To conclude this speech, a demonstrator system for the upgraded trigger for Phase 1 has been successfully implemented. It is installed in the machine and providing real data as we speak.
It has shown that it does not affect the current system and works happily in parallel.
The demonstrator is still in development to understand better how the machine behaves. However the final LTDB and LDPB system are well advanced now. Several boards and custom ASICs have been designed.
The production will start in 2017/18.
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