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Low-Latency Applications
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High-Frequency Trading 
ms → $100M/year

High-definition image processing 
 us → low-latency

Trigger subsystems in ATLAS 
 ns → otherwise data are lost ▸ MUCTPI receives and synchronizes muon event 

data @ 40 MHz 

▸ Processes overlap handling and multiplicity  

▸ Coarse-topological information to L1Topo (M.Sc.)
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LHC / MUCTPI Upgrade
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LHC upgrade → higher chances 
 of rare events  

 
Nominal luminosity in 2016 

2x in 2021-2024 
5-7.5x in  2027-2040 

 
Trigger has to be more selective 

to keep output rates up to 100 kHz 

More selective 
↓ 

 routing more detector 
 information to the trigger 

↓ 
Higher bandwidth 

-  
E.g. up to 4 instead of 2 

muon candidates 
per trigger sector 

& 
sending full detector-granularity  

muon position to L1Topo 
 

More selective 
↓ 

processing larger portions  
of information together 

↓ 
Higher integration 

-  
E.g.  All MUCTPI data in one 

module instead of 18  
& 

Overlap handling in 
any region instead of 1/16 

of the detector 
& 

Sorting muon candidates in 
1/2 instead of 1/16 

of the detector 

Upgraded MUCTPI
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Thesis Motivation
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▸ Low-latency 
→ address limited storage 
→ data are lost 

▸ Fixed-latency  
→ address pipelined processing 
→ wrong event accepted, right 
rejected 

▸ Reliability 
→ high trigger efficiency 
→ fake triggers
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Part I : Data Transfer
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MUCTPI Demonstrator
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▸ Evaluation card + custom FMC 

▸ Demonstrate use of FPGA 
transceivers and optical modules 

▸ Latency measurements 

▸ Demonstrate optical TTC reception 

▸ Compare 2 jitter cleaner options 

▸ Enable early firmware development 
and integration tests
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High-Speed Serial Link Testing Techniques
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BER testing 
↓ 

estimation of error  
probability < threshold 

with quantifiable CL 
↓ 

No qualitative information on  
how link can be improved

Eye diagrams 
↓ 

qualitative information 
↓ 

No pass/fail result 

Mask compliance 
↓ 

Introduces pass/fail result 
to eye-diagrams 

Open area histograms 
↓ 

Gives a performance overview, 
comparative qualitative information

OPTICAL

ELECTRICAL
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BERT Firmware / Software

9

Software: Extracts interconnectivity from schematics, controls the hardware 
testing, and generate BERT tests, eye-diagrams, mask compliance, histograms, 
and compiles the result to a PDF report.

Firmware: Based on Xilinx IBERT IP core. Implements 
pattern generator and checker, error counter. Controls 
several transceiver settings such as voltage and time offsets, 
emphasis, differential swing, and equalization.
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MUCTPI Loopback Test Results
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Very good opening in MUCTPI V1, V2, and V3 @ 6.4 Gb/s (Run3)

Still good opening in MUCTPI V1, V2, and V3 @ 12.8 Gb/s (Stress)

Worst 6.4 Gb/s Best 6.4 Gb/s

Worst 12.8 Gb/s Best 12.8 Gb/s

V1
▸ BER testing: All links tested 

at 12.8 Gb/s 

▸   
equivalent to 1 bit error per day  
(Could cause 1 fake or lost trigger per 
day)  
 
 
 
 
 
 
 

▸ Very good opening in optical output to 
L1topo

BER < 9 × 10−16 with CL = 95 % V2

V3

▸ All links passed mask compliance test 

▸ Different transceiver performance in V1 

▸ Similar performance for V2 and V3
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Latency Evaluation Test System and Optimization Results
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▸ Based on evaluation kits 

▸ Shared reference clock driven by jitter cleaner 

▸ Periodic sequence is transmitted and received 

▸ Beginning of sequence is detected at TX and RX 

▸ To measure latency and latency-uncertainty

DETERMINISTIC 
TRANSMITTER LATENCY

NON-DETERMINISTIC 
TRANSMITTER LATENCY

TX Ref. Clock

RX Flag

Programmable clock divider Reference clock routed directly

▸ Clock fabric and data-path MGT configurations 
optimized: 

▸ Clock-fabric → clock routed directly when possible 

▸ Data-path → memory buffers are bypassed 

▸ Overall latency = 50 ns (200 ns budget) 

▸ Overall latency uncertainty = 3.125 ns (absorbed by 
synchronizer)

TX Flag (Trig.)
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Synchronization Requirements
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▸ A: Synchronization phase offset → < 25 ns, with uncertainty of 3.125 ns 

▸ B: Alignment phase offset → k x 25 ns, k ≥ 0 

▸ C: Guarantee deterministic latency 

▸ Synchronization IP based on dual-port memories

A B

END-OF-FRAME

BCID
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Functional Verification and Calibration
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Calibration 
phase 
25 ns

MUCTPI 
latency uncertainty

Extended 
latency uncertainty  

of ±25 ns 
to quantify margin

One-time calibration procedure  
increases the latency uncertainty 

tolerance symmetry 

BCID 
errors

BCID 
errors

Error-free

Error-free
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Integration Tests
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Transmitter flag Receiver flag

Transmitter flag

Receiver flag▸ Data transfer + TX/RX synchronization ≅ 110 ns 

▸ Value is within functional simulation limits and the MUCTPI 
latency budget of 200 ns 

▸ Fixed latency after MUCTPI synchronization (after reset and  
power cycle)
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Part II : Data Processing 
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Muon Sector Data Processing
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▸ SL data → Trigger → L1Topo 

▸ Sorting is part of the Trigger 

▸ Run 2 sorting algorithm (26-to-2) cannot be 
extended to Run 3 requirements (352-to-16)  

▸ Sorting network is known as the fastest 
method to sort data in hardware
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Sorting Networks
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Merging Network: 
merges two sorted sequences 

Sorting Networks: 
sorts any sequence 

Delay of 3 stages 
(comes from data dependence)

▸ Sorting networks made of comparison-
exchange blocks 

▸ Optimized in view of delay or size
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Divide-and-Conquer Method
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176-key 
sorter

(176,176) 
merger

176-key 
sorter

With mergesort, before the last merging 
step, 176 elements have to be sorted !!!!

Given that only the 16 highest 
outputs are needed, can 

we avoid sorting and merging 
hundreds of elements ?

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

Merge-exchange 
Sorting Stages

Odd-even  
Merging Stages

88-to-16

(16,16)
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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) 

▸ (16,16) odd-even merging is 
optimal 

▸ S and M are optimized to 16 
outputs 

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

▸ 2496 instead of 4446 
comparison-exchanges (—44 %)
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RTL / HLS Design Flows 
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Parallelization/pipelining described explicitly

Parallelization/pipelining inferred 

List of the 2496 
comparison-exchange 

pairs 

Automatically generated 
VHDL and C

HLS-generated VHDL

[(0,1), 
 (2,3), 
 (0,2), 
 (1,3), 
 (2,3)]

Registers

USER-VHDL

C HLS-VHDL
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Sorting Network and RTL / HLS Verification 
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1

[(0,1), 
 (2,3), 
 (0,2), 
 (1,3), 
 (2,3)]

Verified using the 0/1 
principle

230 out of 2352 
combinations 
verified using the 0/1 
principle

2

Testing list of 
comparison-
exchanges 

 
0/1 principle: If a 

network sorts 0s and 1s, 
it sorts any arbitrary 

number!

Testing network description 
with no implementation details 

such as parallelism and pipelining 

Available only in HLS 
(C Simulation)

3

Functional Verification 
of user-generated 

and HLS-generated 
VHDL

C
USER-VHDL
HLS-VHDL

User VHDL: Mentor 
Modelsim + Cocotb that 
enables using a Python 
testbench

HLS VHDL: Integrated 
Vivado simulator, same 
testbench used in C 
simulation 

100,000 randomly 
selected inputs

100,000 randomly 
selected inputs
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RTL Results
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L
Number of 

registered stages 
(1 to 8)

H
Abstraction level

3 2

M

Multiplexer

0

1

R Rebuilt

0: Keeps hierarchy in synthesis 
1: Flattens hierarchy

▸ Clock frequency: 160 MHz (6.25 ns) 

▸ H=2 → increases in up to 100X in 
synthesis time and have negative 
timing impact 

▸ M=0; H=3 → highest WNS with L=5 
(370 ps)
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HLS Results
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II
Iteration Interval

▸ Clock frequency: 160 MHz (6.25 ns) 

▸ M=0; II=1 → highest WNS with L=5 
(540 ps)  

▸ II=4 → reduces dissipated power 
but also WNS 

▸ Synthesis and Implementation time 
is low for any option
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Comparative Study
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HLS → 50% ↑ WNS HLS → 15% ↓ LUTs

HLS → 12% ↑ FFs

Parallelization and pipelining 
is not required to be described in HLS 

(lower design time) 

C code has higher abstraction, 
more time to design instead of  

mechanical RTL tasks

Early verification, already available 
when only the functionality is 

expressed in C code. 

Lower synthesis and 
implementation 

time (up to 100X)
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Summary 

25



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

Summary
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▸ Part I 

▸ Development of MUCTPI demonstrator 

▸ Software packages to automate the testing of hundreds of high-speed serial 
links 

▸  equivalent to 1 bit error per day → 1 fake or lost trigger per day 

▸ FPGA MGT latency of ≈ 50 ns and latency uncertainty of 3.125ns 

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

BER < 9 × 10−16 with CL = 95 %



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

Summary

27

▸ Part II 

▸ Sorting Networks Python Package 

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

▸ Based on Baddar 22-key sorting network and divide-and-conquer method 

▸ 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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Outlook
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▸ Automated MGT testing reused to other projects with hundreds of links 

▸ Latency-optimized MGT configurations 

▸ Synchronization IP design and testing  

▸ MUCTPI sorting network experience in low-latency applications 

▸ HLS experience in low-latency applications
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Thank You Very Much ! 
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Backup Slides 
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Level-1 Trigger System / MUCTPI
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▸ Real-time / low-latency / high-bandwidth 
event selection system 

▸ Based on Muon and Calorimeter information 

▸ CTP takes final decision

▸ Trigger / Data Acquisition 

▸ Event rate 40 MHz → 100 kHz (L1) → 1 kHz 

▸ Level-1: subset-detector data, custom, 2.5 us 

▸ MUCTPI: 200 ns
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LHC Upgrade
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MUCTPI Prototype
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Data-Path Optimization
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Clock-Fabric Optimization
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Integration Test Results
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Worst 11.2 Gb/sBest 11.2 Gb/s

5.25 dB 7.25 dB 8.25 dB 9.25 dB

▸ SL module tests @ 6.4 Gb/s 

▸ No bit errors after overnight run 

▸ Very good area eye opening (58%-74%)

▸ L1Topo module tests @ 11.2 Gb/s 

▸ No bit errors after 40 h run 

▸ Very good area eye opening (50-64%) 

▸ 7 dB power margin for SL modules and L1Topo
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Synchronization Firmware
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▸ Dual-port memories: 

▸ Transfer Rec Clk → Sys clk addressing synchronization & alignment 

▸ For fixed phase relationship: Write and read pointers engine are enabled 
simultaneously 

▸ Write side: End-of-frame character feeds write control to increment write pointer 

▸ Read side: Increments every 25 ns (40 MHz) 

▸ What happens when end-of-frame arrives at the same time the engine is enabled? 

▸ Write control adds configurable delay to alignment pulse to address latency 
uncertainty  

▸ Delay is computed from an 
one-time calibration test  

▸ Configurable read pointer offsets to 
address alignment 

▸ CRC and BCID error are computed at  
the read side for monitoring 
and calibration 

FRAME 0 IS LOST

FRAME 0 IS RECEIVED
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Sorting Networks
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Input optimization Output optimization

Within Batcher methods, merge-exchange has minimum delay 
without requiring more comparison-exchanges

# comparisons

Delay
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0/1 Principle - Merging
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▸ Only sorted input combinations 

▸ (16,16) merging: 

▸ Total combinations: 172 = 289
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RTL Implementation
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RTL/HLS L1-4
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