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Why We Build Particle Colliders?

▸ Caveman can’t open a watch, but he can break many  

▸ He can analyse the debris from each of the collisions 
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Large Hadron Collider (LHC)

▸ World’s largest particle accelerator → 40 M collisions per 
second 

▸ 100 m underground 27-kilometre ring of superconducting 
magnets 
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ATLAS

▸ ATLAS is the largest detector of the LHC 

▸ Capture the debris from 40 M bunch crossings per second
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Trigger

▸ Detector data →  100’000 CDs per second [1] 

▸ It corresponds to a pile of CDs to the moon in 3 months [1] 

▸ Higgs Boson decay → only one every 3h [1] 

▸ Data are selected in two stages: 

▸ Level-1: Custom electronics (FPGA, ASIC) 

▸ 40 million → 100 thousand per second 

▸ Processing Δt =1.5 us → 66k faster than eye blinking 

▸ HTL: Commercial computers 

▸ 100 thousand →  1 thousand per second (Δt < 1s)
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[1]  ATLAS Experiment, “ATLAS Fact Sheet.” 2011. Available here.

https://cds.cern.ch/record/1457044/files/ATLAS%20fact%20sheet.pdf
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Field-Programmable Gate Array (FPGA)
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▸ Programming with CPUs 

▸ One processor follows instructions one by one 

▸ Synthesis with FPGAs 

▸ Many dedicated blocks works in parallel, each of them 
performing their part of the task

Car factory analogy

CPU FPGA

CPU CPU CPU

FPGA FPGA FPGA

HLT

Level-1 Trigger

HANDYMAN EXPERT MEN 
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MUCTPI
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▸ Combines and processes the entire trigger data from the muon detector 

▸ 18 VME 9U cards replaced to a single ATCA blade 

▸ High bandwidth and density with high-speed serial links 

▸ High integration enables enhancing existing functionalities 

x 16PhD Part 1 
Data transfer

PhD Part 2 
Data processing

Front view Side view
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Data Transfer and Processing Requirements 

▸ Both have to be reliable, and with low and fixed latency
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RELIABLE LOW-LATENCY FIXED-LATENCY

IN A GOOD 
 SHAPE

VERY 
FAST

VERY 
PUNCTUAL



Low-Latency High-Bandwidth Circuit and System Design for Trigger Systems in High Energy Physics

Data Transfer Reliability - MUCTPI Demonstrator 
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▸ Custom double-width FMC for prototyping 
MUCTPI high-speed connectivity 

▸ Data reliability measured with BER tests 
and eye-diagrams 

▸ BER of less than one bit error per day with 95% confidence level

Noise

Ideal
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Data Transfer Reliability - Testing Automation 
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▸ MUCTPI requires complex test configuration due to many high-speed 
connections

> 300 high-speed links

Noise

Ideal

Noise

Ideal

Nominal rate 
6.4 Gb/s

Stress test 
12.8 Gb/s

Very good area opening (ao) 
70 % < ao < 80 %

FPGA

HANDYMAN 



FPGA TRANSCEIVERS
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Data Transfer Low and Fixed Latency 
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▸ Transceiver configuration optimised and designed IP to synchronise data

Transmitter flag Receiver flag

DATA SYNCHRONISATION

208 X

▸ Fixed latency 

▸ Total latency ≅ 110 ns 
(1 million times faster than eye blinking) 
(200 ns budget) 

TX RX
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Data Processing
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▸ 40 millions of bunch crossings per second 

▸ In average, there are 25 proton-proton collisions per crossing 

▸ Not all will generate muons, also not with same energy 

▸ The trigger processing requires a sorted list of the muons

1
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FPGA
MUCTPI 
needs 

352-to-16 
sorting
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Divide-and-Conquer Method
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176-key 
sorter

(176,176) 
merger

176-key 
sorter

Big groups of robots are slow !!!!

Given that only the 16 highest 
outputs are needed, is it better 

sorting small groups first? 

352 inputs

88-
to-16

88-
to-16

88-
to-16

88-
to-16

(16,16) 
merger

(16,16) 
merger

(16,16) 
merger

(16,16)

(16,16)

(16,16)

(16,16)

(16,16)

(16,16)

Yes, but there are many 
options ! 

Can we select the best 
options before 

implementing them in 
hardware ? 

352 inputs

352 inputs

88-to-16

(16,16)

HANDYMAN 

EXPERT MEN 
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Divide-and-Conquer Method - Can We Improve Further? 
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▸ What about using the 
fastest known networks ?  

▸ 22-key Baddar sorting 
network (3 stages faster) 

▸ 32 instead of 45 stages 
(30 % faster, if compared 
to 352-key Batcher 
sorting network) 

▸ 2528 instead of 4446 
comparison-exchanges 
(—44 %)



FPGA SYNTHESIS USING RTL FPGA SYNTHESIS USING HLS
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RTL vs HLS

▸ The task requires 2528 comparisons (expert men) 

▸ A factory with 2528 robots can be optimised in many ways 

▸ Senior engineers can teach handyman to help junior engineers building 
factories? 
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HANDYMAN 

Senior engineer 
expert in sorting 

and in FPGA

Engineer expert 
in sorting but 

beginning with 
FPGAs
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RTL vs HLS
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RTL vs HLS
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Comparative Study
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HLS → 50% ↑ WNS HLS → 15% ↓ LUTs

HLS → 12% ↑ FFs

▸ RTL and HLS have equiparable performance for this example 

▸ HLS has 50% better timing slack and 15% better LUT utilisation 

▸ HLS requires a little more registers but overall utilisation is < 1% 

▸ RTL requires more knowledge and development time 

▸ HLS requires less knowledge and development time

L = 5 → Latency = 31.25 ns
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Comparative Study
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▸ RTL requires more knowledge and development time 

▸ Engineer must define clocking and hardware resources explicitly 

▸ Design exploration is performed manually (long)   

▸ HLS requires less knowledge and development time 

▸ HLS tool defines clocking and hardware resources (scheduling and 
binding)   

▸ HLS facilitates design exploration by automatising code generation and 
synthesis
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Summary
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▸ Part I 

▸ Development of MUCTPI demonstrator 

▸ Testing automation of hundreds of high-speed serial links 

▸  BER of less than one bit per day with 95% confidence level 

▸ Synchronizer IP, 208 SL inputs with low and fixed latency.  
Total data transfer latency 110 ns (200 ns total latency budget)
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Summary
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▸ Part II 

▸ Using divide-and-conquer method and Baddar 22-key sorting network 

▸ MUCTPI sorting network, 13 fewer steps than the 45-step 352-key Batcher 

▸ FPGA implementation MUCTPI sorting network, 31.25 ns,  RTL and HLS  

▸ Part I & II already integrated to MUCTPI firmware and tested  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Thank You Very Much ! 
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