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Introduction

LHC calorimeter read-out
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 In the LHC, Bunch Crossings (BC) happen at 40 MHz (25 ns)

« The processing happens after the Level-1 Trigger, at 100 kHz (10 us)

« Signals are processed online using the Optimal Filtering (OF) algorithm
o The processing is made using Digital Signal Processors (DSPs)

o Therefore, it is sequential

o Fixed point arithmetic is used -
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Introduction

HL-LHC calorimeter signal reconstruction
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« In the HL-LHC, signals will be reconstructed for every BC at 40 MHz (25 ns) before the
trigger
o Signals need to be processed by FPGAs due to their low and deterministic latency for
signal synchronization
o Multiple simultaneous signals will produce pile-up
« There is a need for more sophisticated algorithms for signal reconstruction
- Deep learning algorithms (Neural Networks)

ﬂ 1 .2 —7 T T | T T T | T T T [ T T T L L T —]
= — lllustration of out-of-time pile-up (+ 50 ns) ]
i _ ATLAS Tile Calorimeter |
@ Uy ~
2 L . . :
On-detector Off-detector ~ j—= < gl Tile Calorimeter —
——m |LoA} . .
Detector ~N [ N 140 MHz, — L ]
_ FENICS Mainboard Daughter board - E&TA TilePPr 1 MHz r ]
Elgnalﬁ $—| Integrator (FPGA - y £y 0.6 L -
| O " FireFl > L 5
PMT . Sy J to FELIX L .
_»|HG »( ADC ) w 0.4 B ]
»>LG FireFly | « HE-N - i
\ ) to FELIX - -
L —, 0.2 —
Calibration & Control 40 MHz | Digital Trigger C ]
Y Primitives L .
LE'UE-'G % ‘ | & l L 1 1 _l_l 1 1 I 1 | 1 | | | |
Trigger 0 -60 40 20 0 20 40 60 80

Time [ns]




-
Introduction

Signal Reconstruction FPGA

Firmware requirements:

Device: xckullb-flvalbl/-2-e

Bunch Crossing frequency: 40 MHz

Signal Reconstruction frequency: 400 MHz
Maximum latency: 10 BCs (250 ns)
Maximum window size: 9 events

O

o We have 10 - 5 = 5 BCs left for processing

Implies: 5 BCs

Maximum absolute resources in the device:

O

DSPs: 5520
FFs: 1326720
LUTs: 663360
BRAMs: 4320
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Developing Worflow

Algorithm Elaboration Chain

O PyTorch |

orc

SW Dev & Train
e Developing and
training of ML
models in SW

FW Prototyping
e Prototype models in
FW
e Analysis of resources,
bit widths and latencies
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Vivado -
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FW Fine-tuning

e Fine-tuning in RTL
(VHDL) of the selected
model

e Pre-post-processing

e Logic wrapping the ML
model

e Formal verification
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Data Analysis Framework

Physics Analysis
e FW/SW Cosimulation
e Physics data analysis
e Cosimulation made in
containerised
environment (Docker)
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ML Models

Neural Networks
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Physics Analysis

MLP 120 9

FW Prototyping

MLP 148 9

FW Prototyping

CNN 147 9

FW Fine-tuning

’Limited to 9 because of the

e WS9 = Minimum latency
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Software Model

(0) (1) (2) (3)
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Model type: CNN
Cells: Al

Window size: 9 o oo
Loss: hybrid '
Date: 2025-05-29 Convi S
Time: 15:45:56 contD ConviD
Parameters: 14/ ..
++++++ 4 ConviD oD f \
R Fatten. oy a—
ConviD il # ;
Sequential( convip ConviD
(0): Conv1ld(1, 6, kernel_size=(3,), stride=(1,), padding=(1,))

ConviD

(1): PReLU(num_parameters=6) Sl
(2): Conv1ld(6, 4, kernel_size=(3,), stride=(1,), padding=(1,))
(3): PReLU(num_parameters=4) ; F
(4): Flatten(start_dim=1, end_dim=-1) ConviD Sarav g
(5): Linear(in_features=36, out_features=1, bias=True) ’

Convi1D

ConviD
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CNN 147PWS9  _,
Firmware Prototyping CNN [147P, 9WS]
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CNN 147PWS9  _,
Firmware Prototyping CNN [147P, 9WS]
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Firmware Prototyping CNN [147P, 9WS]
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Firmware Prototyping CNN [147P, 9WS]
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Firmware Prototyping CNN [147P, 9WS] -
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Firmware Prototyping CNN [147P, SWS] -
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Vivado R Convolutional layer
RTL Schematic
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e RTL Schematic Neuron

e VHDL Code ~» Netlist

e Syntax check

e Visualizing the design

e Coded usng VHDL
2008 standard

e Use of fixed point
arithmetics

e Structural and
hierarchical RTL
code
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Vivado v
Component Example - Adder Tree . Second and third stage adders
=
e Adder tree
e Multiply 2 vectors, |
and sum the
resulting vector
e Latency optimized
L=1+log2(N) First stage multipliers —
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Formal verification

VUnit for unit testing ’
GHDL as simulator /
OSVVM for /7
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Next steps
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e Complete the FPGA chain (Synthesis, Implementation, STA, Bitstream, HW Verification)

e Study new ML algorithms, apply pruning and quantization

e Select the best algorithm for the signal reconstruction task

e Study implementation of different algorithms wrapping the signal reconstruction
algorithm (noise cancelling)
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