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High-Luminosity LHC (HL-LHC)
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Fig: HL-LHC timeline

• Luminosity: indicate the performance of

an accelerator

• Proportional to: number of collisions

that occur in a given amount of time

• higher the luminosity: the more data

the experiments can gather

• Aim: to deliver a much larger dataset for

physics to the LHC experiments

• Pile-up: Number of simultaneous proton-

proton interactions (~200)

• With high pile-up, need more

advanced selection algorithms at L1

trigger

• This increased datasets will help in the high 

precision measurements of:

• Standard model (SM)

• new territories beyond the SM (BSM)

Instantaneous

Luminosity

Pile-up (average) Integrated luminosity

Run-2 2.1 x 1034 cm-2s-1 55 160 fb-1 

(4 years)

HL-LHC (baseline) 5 x 1034 cm-2s-1 140 3000 fb-1 

(10 years)

HL-LHC (ultimate) 7.5 x 1034 cm-2s-1 200 4000 fb-1 

(10 years)

28 July, 2022



CMS HL-LHC upgrade
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• The CMS detector planned upgrade for the HL-LHC era:

• New pixel and strip tracking detector

• New high-granularity calorimeter  (HGCAL) of the endcap

• New frontend/backend electronics for the:

• Barrel calorimeter

• Electromagnetic calorimeter (ECAL)

• Hadronic calorimeter (HCAL)

• Muon system

• Drift tube (DT)

• Cathode strip chambers (CSC)

• 40 MHz Scouting system

• can be used to scrutinize the collision events and 

identify potential signatures unreachable through 

standard trigger selection processes

• L1 trigger:

• Inclusion of the tracker information

• Extensive usage of:

• large FPGA (Virtex UltraScale+/Kintex UltraScale)

• high-speed optical links (28 Gbps)
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Fig: CMS detector HL-LHC upgrade
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L1 trigger principle
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• At design parameters the LHC produces:

• ~109 events/second in CMS detectors.

• each event is ~ 1 MB.

• 109 events/s x 1 Mbyte/events = 1015 bytes/s = 1

PB/s (1 Petabyte/second)

• Problem:

• It is impossible to store and process this large

amount of data

• Solution:

• a drastic rate reduction has to be achieved

• Level-1: 40 MHz to 750 kHz

• High level trigger (HLT): 750 kHz to 7.5 kHz

• A trigger is designed to reject the uninteresting events

and keep the interesting ones for physics.

Fig: Trigger system
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L1 trigger architecture
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Fig: HL-LHC L1 trigger architecture

Piyush Kumar & Bhawna Gomber | System Design and Prototyping for the CMS Level-1 Trigger at the High-Luminosity LHC

• The HL-LHC L1 trigger receives input from the backend electronics

of:

• Calorimeters

• Muon spectrometers

• Track finder

• Calorimeter trigger: (creating clusters from the energy deposited by

the particle in the calorimeter)

• Regional calorimeter trigger (RCT)

• Barrel ECAL and HCAL

• Global calorimeter trigger

• RCT, forward hadronic (HF), and HGCAL

• Correlator trigger (CT) receives input from all the trigger sub-system:

• Aim: identifying and reconstructing all the particles with a

particle flow algorithm

• Global trigger:

• Aim: Issues the final L1 trigger decision

• Input rate: 40 MHz

• Increased output rate: 100 kHz => 750 kHz

• Increased latency: 3.8 μS => 12.5 μS
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L1 trigger architecture
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Fig: CMS Phase-2 L1 trigger design. Mentioning the time-multiplexing (TMUX) period, regional (RS) and functional segmentation 

(FS), and the number of FPGAs for each architecture component.
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Technology R&D examples
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BOARD FAMILIES

APx Serenity

Ocean BMT-L1

• ATCA based electronics

• Generic high I/O (> 100) processing boards

• One or two Virtex UltraScale+/Kintex UltraScale FPGA from Xilinx

• Wide range of testing and prototypes

• Extensive link tests @ 28 Gb/s

• endurance test (< 10-12 BER) of the FPGA quads.

• Thermal performance test and simulation

• Heat sink test (in order to keep operating temperature

bellow 1000C)

• Algorithm firmware

• Infrastructure firmware

Fig: APxF 25G eye scans, quads 121-135

APx 25G quad eye scans

• 25.78125 Gbps

• Using pseudorandom 

binary sequence 

(PRBS31)

• Clock and data recovery 

(CDR) ON

28 July, 2022

Heat sink



Trigger Algorithms Development
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• The trigger algorithms are implemented by using Xilinx Vivado-

HLS (high level synthesis) tool

• Rapid prototyping

• Codes are written in C++

• HLS synthesizes the code to generate the RTL and

• Provide an early estimate of latency and resource

utilization

• Increased ease of collaboration and code sharing for

algorithm design

• Downstream:

• Integration of the algo with the firmware shell (orange box)

that provides

• MGT link instantiation

• Timing and Control Distribution System (TCDS)

connectivity

• DAQ support

• and an AXI interface to the controlling system

• Uses HDL wrapper for integration (magenta box)

Fig: Trigger algo device 

implementation 

Fig: Vivado-HLS performance 

estimates of trigger algorithm

Aim is to write HLS algorithms in a framework agnostic way 

28 July, 2022
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Barrel calorimeter segmentation
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Fig: Barrel calorimeter segmentation
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L1 Trigger Algorithms
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Calorimeter Trigger

Regional Calorimeter Trigger (RCT) creates electrons/photons energy clusters and towers and sends them to Global Calorimeter Trigger (GCT)

• The Xilinx UltraScale+ XCVU9P FPGA supports

3 super logic regions (SLR).

• For efficient implementation, the algorithm is

partitioned SLR wise in 2 SLR (SLR2 and

SLR1)

• RCT algorithm is divided in three part

• RCT8x4:

• Implemented in SLR1

• Processes the 8η x 4𝜙 RCT

regions

• only ECAL.

• RCT9x4

• implemented in SLR2

• processes the 9η x 4𝜙 RCT

regions

• ECAL

• 16η x 4𝜙 HCAL data.

• RCTSUM

• implemented in SLR2

• combines both the algorithm

and sends the output to the

GCT.
Fig: RCT algorithm HLS results

Fig: e/gamma cluster 

making in RCT algorithm

Fig: RCT algorithm organisation and dataflow 

RCT geometry for the FPGA processing: 17η×4𝜙 of the barrel (total 36 APx cards)

The implementation is

scalable for the region of

17η×6𝜙 (can use 3

SLRs). RCT APx board will

reduce from 36 to 24

28 July, 2022



RCT to GCT slice test
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• The GCT algorithm (merging the energies

between the RCT cards in phi direction) is

synthesized in Vivado-HLS

• The RCT (SLR2 and SLR1) and GCT (SLR0) is

implemented together in XCVU9P FPGA.

• Tested on a single card:

• Replicate the 4 RCT output links x5 (20

input) ~ GCT processing 5 RCT cards

• Implementation details

• XCVU9P-FLGC2104-1-E FPGA

• Clock: 240 MHz

• Link bandwidth: 16 Gbps

Fig: GCT algorithm HLS results  

Fig: RCTTDR and GCT algorithm implementation in three SLR

Piyush Kumar & Bhawna Gomber | System Design and Prototyping for the CMS Level-1 Trigger at the High-Luminosity LHC28 July, 2022



RCT to GCT slice test
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Fig: GCT device implementation

• The bitstream is generated and the project passes

the timing constraints.

• Following are the algorithms device placement:

• RCT8x4: SLR1

• RCT9x4: SLR2

• RCTSUM: SLR2

• GCT: SLR0

• Post implementation device utilization is within

the boundary.

• Bitstream is successfully tested on the APd1 (APx

demonstrator board) board

• Test vector generated via Monte Carlo

physics simulations for different physics

models.
Fig: Utilization and timing 

summary (setup)

Fmax
= 1/(4.167-0.019) ~ 241 MHz
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Muon trigger
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• The function of the muon trigger:

• Identification of the muon tracks

• Measure momenta

• inputs in the form of muon stubs (32-64 bits each)

• Inputs (stubs) are relaying through various

electronics regions:

• Barrel:

• Drift tube (DT)

• Resistive plate chambers (RPC)

• Endcap:

• very forward extension iRPC

• cathode strip chambers (CSC)

• gaseous electron multiplier (GEM)

• Full implementation of the barrel algorithm

• Tested on small KU040 FPGA

• Algorithm clock: 160 MHz

• BMT latency: 2.25 μS

DSP FF LUTs BRAM

10% 17% 37% 46%

Fig: Muon trigger architecture

Fig: barrel algorithm implementation
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Stubs: position, bend angle, and timing information of the muons



Track trigger
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• Aim:

• Reconstruction of the primary vertices

• Identify track-only objects

• Uses 6 APx and 6 serenity board

• Primary Vertex (PV) Finding:

• Origin of tracks constrained to ~1mm

• Remove pileup to maintain manageable rates

• Track-Vertex Association:

• Select tracks consistent with the PV

• Track-based Jet Finding:

• Track-based missing transverse energy (MET)

• Track-based Missing HT
*

Global track trigger algorithm:

Single board, GTT framework + 

multiple algorithms

Whole 

algorithm 

fits in one 

SLR

DSP FF LUTs BRAM

1% 11% 17% 21%

Vertexing MET/Jets

Latency 540 ns 1530 ns

Implemented 

in XCVU9P
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HT : scalar sum pT of jets



Correlator trigger

15

• Aim: Collect information from 

calorimeters/muon systems/tracker, 

combine them

• reconstruct the particles and 

identify them.

• Employs algorithms for:

• Particle Flow (PF) and Particle per 

pile-up identification (PUPPI) (barrel 

+ endcap)

• Jets/Missing transverse energy 

(MET)/HT

• Taus, Isolation, NN MET, 

electron/photon (egamma)

• Two layers: 

• Correlator Layer-1: Performs full 

PF+PUPPI create particle-flow 

candidates

• Correlator Layer-2: use PF 

candidates to reconstruct physics 

objects

Correlator trigger layer-1

Barrel Endcap

Latency 1120 ns 1030 ns

• Full working PF+PUPPI 

• Barrel/endcap implemented using  

VU9P-2

VU9P DSP FF LUTs BRAM

Barrel 33% 36% 46% 38%

Endcap 24% 24% 30% 32%

Fig: Layer-1 barrel

Fig: Layer-1 endcap

Piyush Kumar & Bhawna Gomber | System Design and Prototyping for the CMS Level-1 Trigger at the High-Luminosity LHC28 July, 2022



Global trigger
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• Final stage of the Level-1 trigger

• Aim: responsible for implementing 

the trigger menu

• Based on serenity board 

• XCVU9P FPGA

• Flexible design:

• can be adapted for future 

algorithms

• 480 MHz algorithm clock

• Total latency of the GT Algorithm

• ~250 ns (10 Bunch-crossing)

• Budget: 40 BX (1000 ns)

Fig: 39 algorithm placed in 1 SLR

(total 117 algorithms for 3 SLR)
Fig: 78 algorithm placed in 1 SLR

(total 238 algorithms for 3 SLR)

Flexible 

System
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Slice test
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Track finder (backend) => Global track trigger (GTT)

• VU7P Apollo => KU15P Serenity test

• Apollo algo firmware: Final subcomponent of 

track finder

• Serenity algo firmware: Vertexing algorithm

• Tracks sent over 18 links

• inputs is injected into the buffers on Apollo

• Generated via CMS software (CMSSW)

• Outputs is captured on the Serenity buffer

• Compared with expectations: 100% agreement

Correlator layer 1 (Serenity) → Layer 2 (Serenity)

• Layer-1 algo input: HGCAL => jets 

• Layer-2 algo output: electron/photon (egamma)

• 100% agreement with emulator

Fig: Track finder and GTT board placement in the TIF crate 



Summary
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• Key technological choices to leverage the HL-LHC high data-taking environment:

• High-speed optical links (from ~10 Gbps to ~28 Gbps)

• Large FPGAs (from Virtex-7 to Xilinx Virtex UltraScale+/ Kintex UltraScale)

• Modular and scalable algorithm firmware

• Several FPGA boards are being developed and various tests were performed, 

such as:

• The links eye scan (@25 Gbps) and 

• endurance test (< 10-12 BER) of the FPGA quads.

• FPGA thermal test to explore various heat sinks options.

• Following trigger algorithms are being prepared and tested successfully on their 

corresponding prototyped board:

• RCT and GCT

• Barrel muon trigger and global muon trigger (GMT)

• Global track trigger (GTT)

• Correlator Layer-1 and Layer-2

• Global track trigger

• The latency and resource utilization is well within the desired limit. 

• All the testing/development is going in time with the HL-LHC schedule.
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Fig: L1 trigger crate installed at CERN that houses

three Serenity, X2O, and DTH (DAQ and TCDS hub) board (for 

multi-board testing)
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BACKUP…
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Xilinx Stacked Silicon Interconnect (SSI) Technology

Fig 3: Xilinx FPGA Enabled by SSI Technology*

• The SSI technology integrate multiple Super

Logic Region (SLR) components placed on

a passive Silicon Interposer (fig 3).

• Each SLR contains the active circuitry common

to most Xilinx FPGA (Field programmable gate

array) devices. This circuitry includes large

numbers of:

• 6-input LUTs (Look-up tables)

• Registers

• I/O components

• Gigabit Transceivers (GT)

• Block memory

• DSP blocks

• Other blocks

• The device we are using for our synthesis and

implementation is based on Xilinx SSI

technology and support three SLRs.

• Xilinx Virtex UltraScale+ xcvu9p flgc2104-

1-e FPGA *: UG872 Large FPGA Methodology Guide
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Barrel Calorimeter Segmentation (New) 
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Fig 2: Barrel calorimeter segmentation (new)
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Project hierarchy and floor planning 
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Fig 23: Project floor planningFig 22: Project hierarchy in Vivado

Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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APx Firmware shell
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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Iridis – 64b66b-

based optimized 

signaling method 

and firmware 

cores for CMS 

Trigger 

applications



APx test
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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Serenity tests 
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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