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Hau »ku3zHo FPGA B Hay4yHoU cpege
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Auckaelmep

 Mamepuan ckopee nonyAsipHoll, YeM mexHuueckuu

* MHeHue aBmopa moXkem He coBnagamb C MHEHUEM
koane2

 Tym Hem UVM, Cocotb u.m.g.

* Bnepegu 17 cnatigoB

But omxpuimo Hosbe

20pU30HMbL
npoexmuposanus’?

* MHO20€e pacnpocmpaHaemcs nog AUUEH3UAMU
CERN OHL-(P/W/S]

* Ccbinku Ha ucmouHuku 6ygym 3a QR-kogamu
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ONAN/JINR

O6beguHeHHbIU UHCMUMYymM sigepHbIX uccaegoBaHut —
MexkgyHapogHas mexknpaBumeaobcmBeHHas HayuHo-
uccaegoBamenockas op2aHu3auus, co3gaHHas Ha ocHoBe
Coz2naweHus, nognucaHHO20 oguHHaguamolo cmpaHamu-
yupegumeasamu 26 mapma 1956 2.

B OUAN cuHme3upoBanu
118 aneMeHmMol 3aBepwalowue

5f"6d"75'7p°

cegomoll hepuog mabauybl
Oganesson »‘ MengeneeBa: 114 (paepoBull),
Ls. | § 115 (MockoBud), 116 (auBepmopudi),
| s 117 (meHHeccuH) u 118 (02aHecoH)
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Kpoauk

O cmmSA
. A A

Time Reference

( v v

[@ Node %) Node ] Node ] A
Lb U Ldbé J J LB%J
sensor actuator database actuator monitoring
MNodes

e CuHxpoHu3auyus ¢ moyHocmeolo 1 Hc uAu Ayuwe

* CmabunbHo noggep)kuBaem cemu ¢ gauHou cBs3u
go 10 Km (VTT MIKES ycnewHo gocmu2 1000km ¢
moyHocmblo 50HC)

» [lomeHyuanbHO Hem o2paHuueHull B pagmepe cemu

e AocmynHbl ucxogHuku IP u gokymeHmauus
(AuueH3us)

* [logHuManu Ha Virtex-6, Artix-7, UltraScale+... (boree
10 nanamdopm])
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Responsiveness
< 1us routing delay (per 1 switch)

Determinism Accuracy
ultralow PDV ¢ <1 ns clock offset
for HP packets between master

and every node.
Synchronous operation

Configuration Scalability
standard management tools > 1000 nodes in single network
(SNMP) 10-20 km links

== Standard Ethernet == Industrial Ethernet == \White Rabbit

Seven Solutions White R

FPGA-Systems 2024.2

C\E/RW The White Rabbit Project
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NOJTUTEX

CaHkr-MeTepbyprekuni
NOAUTEXHUYECKUI YHMBEPCUTET
MNetpa Benukoro

Kpoauk. 3auem?

SCAN ME

(Du3uka Boicokux aHepaul ACMpPOHOM

SKA (Square Kilometre Array)
MeXkgyHapogHbIl hpoekm no
co3gaHulo kpynHelwezo B8
Mupe
paguouHmepdepomempa.

‘%ICECUBE

'@r“

IceCube Laboratory
collected here and

bv atelite o the dat
rehouse at UW-| adnsor\

86 strings of DOMs,
set 125 meters apart

M

il
i

Digital Optica
Module (DOM)
5,160 DOMs
deployed in the

2450 m

q.“u”u

Antarctic M

gemekmop yacmuuy, 06beM0M
aHmapkmuueckozo Ao
Ckomm Ha H»kHOM noA
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LHC (Large Hadron Collider), CERN, Switzerland
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C\E/RW The White Rabbit Project

IceCube, HelUmpuHHaa obcepBamopusi Ha
ybuueckul
u pacnoAokeHHbIl Heganeko om cmaHuuu AMYyHQCEH-
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HkHoM noaloce, npegcmaBasem cobol
kuaomemp, u320moBAeHHbIl U3



Alex Forencich, Corundum u Kpoauk

Corundum is an open-source, i
high-performance FPGA-based
NIC and platform for in-network

Corundum + White Rabbit

Alex Forencich
3/22/2024

= Public - Public
Alex Forencich e Veriog PEl express components UCSan Diego @ oM Sl @
alexforencich Python Yy136 % 44 Verilog ~ ¥¥ 1.1k 285

Follow

Ax 2.6k followers - 34 following

[y UC San Diego
© LalJolla, CA

& http://www.alexforencich.com/

Therefore, | am planning a rewrite of the works (corundum and all of the verilog libraries) in System Verilog under the
CERN OHL strict license (similar to GPL) + a CLA, with an option for a paid commercial license.

26.10.2024 FPGA-Systems 2024.2



TRB3 - TDC

CywecmByem c 2011 2oga
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_\l === Il

GS| Helmholtzzentrum fiir Schwerionenforschung GmbH

U5

SCAN ME

) I-Ipoekm GSl Time difference single transition RMS vs Temperature
* TouHocmb < 20 ps i
 Max Hit Rate 50 MHz 140

« QueHb NogpobHas N
gokyMeHmauus

Mean: -184.4 ps
RMS: 14.82 ps 180
gAst meCmupoBaHus M o
« AocmynHbl cxeMol Beex peBusul | T T W

* licnonb30Banock, B ocHOBHOM, N
gemekmopoB "
20

-350 -300 -250 -200 -150 -100 -50 ~@— RMS — UnCal (31-500) —#— RMS — Cal RMS — 31.5Cal =—#— RMS — UnCal (correct limits)

U gonoOAHUMEAbHbIX MOgYyAeUu (e

1ime anTerence goubie Transinen

*
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(]
* %10
° k =
OCMYyNHbl UCXOgHUKU a0
- Mean: 452.3 ps
Au ueH3lu4d C RMS: 10.24 ps . ..
[ 3 ] r Time-to-Digital Converter IP-Core for FPGA at
25—
- State of the Art
— FABIO GARZETTI ", (Member, IEEE), NICOLA CORNA", (Member, IEEE),
20— NICOLA LUSARDI”, (Member, IEEE), AND ANGELO GERACI”, (Senior Member, IEEE)
- Politeenico di Milano, 20133 Milano, Tuly
~ “orresponding author: Fabio Garzelti (fabio. garzetti @ polimi.it)
15—
C . | ion results and In particular, Artix-7 column refers to the device selected for testing the IP-Core.
10— Performance Artix-7 Virtex—5 Spartan—6 Kintex-7 Zyng-7000  Kintex UltraScale
1 E - Resolution 366 fs 18 ps 25 ps 250 fs 2ps 305 fs
'_ Precision 8.0 pstms. 250 psrtms. 17 psrms. 8.0 psrms. 12 ps rms. 8.5 ps rm.s.
5 C_ Full Scale Range 103 s 10.7 s 640 ns 103 s 10.7 s 10.2 ps
- DNL 250 fs N.A. N.A. 200 fs 1.4 ps N.A.
_ INL 25 ps NA. NA. 22 ps 5 ps NA.
~ Number of Channels 16 16 4 16 8 24
%— T T Lol T Channel Rate 150 MHz 5 MHz N.A. 150 MHz 45 MHz 50 MHz
Dead-Time 5ns N.A. N.A. 5ns 20 ns N.A.
0a . 500 450 -400 L [3010 Temperature Sensitivity 286 fs/°C NA. N.A. N.A. N.A. N.A.
ps

26.10.2024 FPGA-Systems 2024.2 8



HLS4ML, Conifer, fwX

HLS4ML - 35 uenoBek /13
op2aHu3auuu

Conifer - 13 uenoBek
fwX - 5 yenoBek [ + 13)

When an Software
Engineer asks you why
FPGAs are "hard to
program":

26.10.2024

Backend

HLS4ML (YHuBepcaobHbil)

M
>

Vivado HLS
Intel HLS

Conifer (Onmumu3upoBaHHbIl)
Vivado/Vitis HLS
VHDL

fwX (AAs npodunoHOU 3agauu)
Vivado HLS

Latenc

> A few applications, varying

Latencies

FPGA-Systems 2024.2

his 4 ml

/,§ Conifer

FWX
Machina
ﬁ



FAST ML

_ A?D3 Institute_ . W
é1o|s~ FPGA/ASIC  7an? PV
% 10'7 T.B/y ‘@ | GPU Tesla V100 FPGA XCV13P with
* Beam control hisaml
. E ) piiligl Latency 5ms ~350 ns
* ML for compression &« ;

10”»

* ML for tracking

. 1ol Neuro° ‘@oo |
* ML for reconstruction [ o oremacus

-
gegd
\ | \ ) _c
10® 10°% 10* 102 10° 102  10* 108
Latency requirement [s] s m
- ——
—
]

LHCL1T puNE |

[nioH HoHHOp HAaOMOAAeT KaK Bbl NOTUXOHbKY

. Co- ing kernel
3aBOAUTE APYMOY C HEAPOCETAMMN. K € ONNX it aa

(Xilinx accelerators/SoCs)

s | PYT b RCH Convert model to internal
Y > representation .
FPGA custom designs
Model . Write HLS project targeting (eg trigger algorithms)
[ (quantized/pruned) ] specified backend ' fii

Run emulation

Quantized: Run synthesis LW ™

\ J

€ QONNX

Vivado™ HLS Meqp'; Hl.s /
QdErRAS / .

Vivado/Vitis best supported

Intel Quartus

Intel One API
Mentor Catapult HLS
available soon
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AnnapamHble PUAbMpPbl gaHHbIX

Celuac

“Particles collide in the Large Hadron
Collider (LHC) detectors approximately 1
billion times per second, generating
about one petabyte of collision data per
second.”

b of data generated,
Tb readout
Data compression |8
on-detector
%

[AaHUpyemcs
High Luminosity LHC (2030) A3D3 institute_

|- FPGA/ASIC

2
S
©

- x10 data size

s

S
~
I

- x3 collisions/s

Streaming data rate [B/s]

CPUIGPU
1015 =
LHC HLT Xilinx Ultrascales+ FPGAS
1o : . TRACKING
174 FPGAs MUONS.
96 FPGAS 5 16
1011 =
LHCLAT SENE PARTICLE
. FLOW:

10° LIGO ZTF . é : 66 FPGAs .

Neuro° @ec 3 g
107 | o S

Trigger

IceCube @ Netflix 4K UHD
] | | | | J
108 10° 10% 102 10° 107  10*  10°

Latency requirement [s]
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Pixel Detector + eFPGA + ML

* Filter pT > 2 GeV
e 28 nm eFPGA

e 25 ns latency
e 500 LUTs

B bygywem, no38oAum
OwymumMo yMeHbwumb nomok
gaHHbIX ¢ gemekmopoB 3a
cuem ombopa cobobimud.

[IpuHUUN NpuMeHuUM u K
gpyauM munam gemekmopoB.

26.10.2024

OV hataeg e

Signal Efficiency | Background Rejection

/,\_ Conifer

» o
UL L B
P )

o =MW s
o —I

N I
2

8

8

Classification threshold

- 96407(] 58(?{.
SCAN ME 97.8% 3.9%

FPGA-Systems 2024.2

0.4953
0.4922
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TOKAMAK stabilization

Tokamak —ycmaHoBka gasa MagHUMHO20 —_ N N P ST 2=

ygep)kaHusi nAa3Mbl C UeAblo gocmuykeHus

ycaoBul, HeobxoguMblIx gas npomekaHus

ynpaBAsemoz20 mepmMosigepH020 CUHMe3a. ] , b £ /
_,,f\_) _/J L, %

Hardware deployment T A =

e Wait.. many frame grabbers are FPGA-based! bnﬂk‘
o Inference latency satisfactory (<20us) «
o Deterministic fiming «
o Zero PCIe hops, all computation done on-chip
o Highly power efficient «

Model Latency: 7.7us
Full latency: 17.6us
Tested at 100kfps

Euresys CoaxLink Octo

Overhead view
of tokamak

host PC

Frame grabber

“l I ] —— gy

]

i actuators control outputs Controller DAC

26.10.2024 FPGA-Systems 2024.2




CAEN

* Open FPGA (Sci-compiler)

* DT5495 — V2495 Programmable Logic Units

» DT5550 DAQ System with User Programmable FPGA and

sequencer

* DT5550W Weeroc ASICs Development system

* R5560 128-channel Open FPGA Digitizer with differential inputs

Open FPGA

* RS5560SE 128-channel Open FPGA Digitizer with single-ended

inputs
» DTS5560SE 32-channel Open FPGA Digitizer
» 2740-2745 Digitizer Families

26.10.2024
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Your tickets

Tickot #TTISS407  Status: Answared by customer Date: 15/10,2024

Titla: v2435
Dovice: WVI4IEXARAAA - VI43E - Prearamnabk Loaic Unit FLUS
SN/PID: 34

Ticket #TTIS?634  Status: Closod  Date: 14/7/2023

Tickot #TTISTSE4  Status: Answarsd by customes Data: DE/T/2023

Titla: 5.
Davics:
SN

Ticket #TTISTS07  Status: Closed  Date: 26/09/2023

Titla: Sci Compiker 220,01 Dowrdaad
Davics:
SH/PID.

Ticket #TTIS7299  Status: Closod  Date: 22/05/2023

Ticket #TTIS620%  Status-Opem  Dafe: 06/03/2023

Titla: Sci Comaiker custom HOL
Davica:
SN/PID:

14


https://www.caen.it/products/dt5495/
https://www.caen.it/products/v2495/
https://www.caen.it/products/dt5550/
https://www.caen.it/products/dt5550w/
https://www.caen.it/products/r5560/
https://www.caen.it/products/r5560se/
https://www.caen.it/products/dt5560se/
https://www.caen.it/subfamilies/2740-digitizer-family/
https://www.caen.it/subfamilies/2745-digitizer-family/

Ewe 6onbwe OpenSource

HDL

MODULES

*% website | hdl-modules.com github [ hdl-modules/hdl-modules license | BSD 3-Clause

The hdl-modules project is a collection of reusable, high-quality, peer-reviewed VHDL building
blocks. It is released as open-source project under the very permissive BSD 3-Clause License.

This website contains human-readable documentation of the modules. To check out the source
code, go to the GitHub page.

The code is designed to be reusable and portable, while having a clean and intuitive interface.
Resource utilization is always critical in FPGA projects, so these modules are written to be as
efficient as possible. Using generics to enable/disable different features and modes means that
resources can be saved when not all features are used. Some entities are very deliberately area
optimized, such as the FIFOs, since they are used very frequently in FPGA projects.

More important than anything, however, is the quality. Everything in this project is peer reviewed,
has good unit test coverage, and is proven in use in real FPGA designs. All the code is written with

readability and maintainability in mind.

The following things can be found, at a glance, in the different modules:

axi: AXI3/AXI4 Crossbars, FIFOs, CDCs, etc.

axi_lite: AXI-Lite Crossbars, FIFOs, CDCs, etc.

bfm: Many BFMs for simulating AXI/AXI-Lite/AXI-Stream.

common: Miscellaneous, but useful, things that do not fit anywhere else.

fifo: Synchronous and asynchronous FIFOs with AX|-stream-like handshake interface.
hard_fifo: Wrappers, with cleaner AXI-stream-like handshake interfaces, around hard FIFO
primitives.

Ifsr: Maximum-length linear feedback shift registers for pseudo-random number generation.

math: Some common math function implementations.

reg_file: A generic register file and a simulation support package for register operations.
resync: CDC implementations for different signals and buses, along with proper constraints.
sine_generator: Professional sinusoid waveform generator (or DDS, NCQ).

26.10.2024
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Ha gaHHbil MOMEHM 02paHuUYeH gocmyn

Jcolibri

Open Source, Vendor Independent VHDL Common Library

This library is a collection of common compoenents, functions, and procedures used in CERN gateware projects. The scope of the library is to simplify and standardise the
development of gatewares for CERN

Structure

colibri.commaon Common Functions

colibri.pipes Pipes entities (Arbiter, Router, ...)

colibri fileio File Operations

colibri.memory Memory Entities (FIFOs, RAMS)

colibri.comms Utilities for Communications (scrambler, PRBS, ...)

colibriinterfaces Bus and Stream Protocols Components (AXI, Avalon, Wishbene, ...)
colibri.io Input Qutput protocols (UART, 12C, ...}

colibri.misc Miscellaneous

Everything in this repository should be compiled under colibri library.
Testbenches are available in the sim directory, formal verification tests are available in the fv directory.
License

The content of this repository is licensed under CERN-OHL-W-v2.

How to contribute

Contributing in the form of code, feedback, ideas or bug reports are welcome. Code contributions are expected to have self-checking testbenches, formal verification tests, and
pass the style checks. If there are any problems let us know.

Before doing any major changes we recommend creating an issue or chatting with us on mattermost to discuss first. In this way you do not get started on the wrong track and
waste time.

Contributors

2023 - 2024 @alperro alberto.perro (at) cern.ch
2024 @mvodnik mitja.vodnik (at) cern.ch
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FDF 2024

CERN, 11-13 June 2024

Organising Committee:

Nicolo Vladi Biesuz - INFN, IT

Filiberto'Bonini - CERN, CH

Andrea Borga - Oliscience, NL

Davide Cieri (co-chair) - Max-Planck-Institute for Physics, DE
Christian Glaser - Uppsala University, SE

Francesco Gonnella (co-chair) - University of Birmingham, UK
Evangelia Gousiou - CERN, CH

Christian Krieg - TU Wien, AT

Mathieu Saccani - CERN, CH

Paschalis Vichoudis - CERN, CH

Tom Williams - RAL, UK

Rui'Zou - Cornell University, US

(O
cern.ch/fdf

High-Level Synthesis for Machine Learning
30/7-018 - Kjell Johnsen Auditorium, CERN
Under the Canopy: Exploring Conlfer for Low-Latency Declslon Forests on FPGAs

30/7-018 - Kjelt Jonnsen Auditorium, CERN

UVVM - An Introduction to the world's fastest growing FPGA verification methodology
30/7-018 - Kjell Jonnsen Auditorium, CERN

LoCod: an open-source hardware/software co-design tool for SoCIFPGA

30/7-018 - Kjell Johnsen Auditorium, CERN

26.10.2024

Nicolo Ghieimett) &
16:15 - 16:45

Sioni Paris Summers &
16:45 - 17:15

Espen Tallaksen @

17:15 - 17:55
Florent Manni &

17:55 - 18:15

16:00

18:00

e Sharable HDL Cores
L] . . .
e Solutions to everyday dlglta| dESIgI"I
L] L] L]
° A|80I’Ithl N In Ip|€| nentation
L] L]
 HDL development, verification, and
I I
simulation tools
09:00 YML2HDL tool
30/7-018 - Kjell Johnsen Auditorium, CERN
code for
Anna Malgorzata Kulinska
Asser Bi Formal Dy ing During RTL D
@ 1000 30/7.018 - Kjell Johnsen Audiorium, CERN
Convenlent and rellable clock domain crossings, using scoped constraints and reusable blocks Lukas Vik & 5
Open source formal verification with SymbiYesis
30/7-018 - Kjell Johnsen Audiiorium, CERN 15:40 - 16:20 e i e o L
2 Coffee Break
COLIBRI: Towards a CERN-wide common cores library Alberta Perra &
100 30/7-018 - Kjell Johnsen Auditarium, CERN
30/7-018 - Kjell Johnsen Auditorium, CERN 16:20 - 16:50 T T TR E
CERN control group cores and tools Tristan Gingola @
30/7-018 - Kjell Johnsen Auditorium, CERN
30/7-018 - Kjell Johnsen Auditorium, CERN 16:50 - 17:20 HDL on git (Hog)
Fast Monitoring of FPGA algorithms using SpyBuffers lacopo Longarini & 1200
30/7-018 - Kjell Johnsen Auditorium, CERN
30/7-018 - Kjell Johnsen Auditorium, CERN 17:20 - 17:50 Summary of 1st FDF meeting
The BondMachine Project Mirko Mariomi et al. & 30/7-018 - Kjell Johnsen Auditorium, CERN
Closing Remarks
30/7-018 - Kjedl Johnsen Auditorium, CERN 17:50 - 18:20 30/7-018 - Kjell Johnsen Audtoriuim, CERN

FPGA-Systems 2024.2

[=] e [m]

[=]
SCAN ME

Thiago Costa De Paiva @
09:00 - 0920

the firmware and software for configurationistatus registers and memories in @

N. Engelhardt @

09-40 - 10:15

Yann Thoma &

1015 - 10:45

1045 - 11:15

Alexander Wirthmulier @

11:15 - 11550

Nordin Aranzabal Bario &
11:50 - 12:20

DrRuZou &
12:20 - 12:40

Dr Francesco Gonnella &

12:40 - 12:50
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Fast Machine Learning for Science (Workshop])

Fast Machine Learning
for Science

Real-time and accelerated ML
for fundamental sciences

Imperial College
London
25-28 September 2023

PURDUE

UNIVERSITY

FAST MACHINE LEARNING
FOR SCIENCE

Oct. 15 to 18, 2024. Purdue University

Fast ML meets fundamental sciences, quantum
information science, semiconductors

Scientific Committee

Scientific Committee:
Thea Arrestad (ETH Zurich)

| [ Bk

Javier Duarte (UCSD) Organizing Committee: Thea Aarrestad (ETH Zurich)
P:‘i,l.,:m::.(;m Mia .Liu (Chair) ) Javier Duarte (UCSD)
Burt Holzman (Fermilab) Maria Dadarlat (Co-chair)

Phil Harris (MIT)

Scott Hauck (U. Washington) Andy Jung "

Shih-Chieh Hsu (U. Washington) N o Natmekstor BurtHolzman (Fermilab)

Sergo Jindariani (Fermilab) Wei Xie Scott Hauck (U. Washington)

Mia Liv (Purdue University) Paul Duffel Shih-Chieh Hsu (U. Washington)

Allison McCarn Deiana (Southern Methodist University) U2 s JSindaniani (Fermilab!

Mark Neubavuer (U. lllinois Urbana-Champaign) Haitong Li ergo Jindariani (Fermilab)

Jennifer Ngadiuba (Fermilab) Guang Ling Mia Liu (Purdue University)

?"".'ism P;“i";égm) Eugenio Culurciello Allison McCarn Deiana (SMU)
ioni Summers

Alex Tapper (Imperial College) Yong Chen Mark Neubauer (UIUC)

Alexandra Boltasseva
Laimei Nie

Nhan Tran (Fermilab) Jennifer Ngadiuba (Fermilab)

Maurizio Pierini (CERN)

Sioni Summers (CERN)

Alex Tapper (Imperial College)
Nhan Tran (Fermilab)

|»

Organising Committee
Sunita Aubeeluck
Robert Bainbridge

David Colling E55E ]
Patrick Dunne z

Wayne Luk *

Andrew Rose E

Siaql Sunmece feoeiak) &

Alix Tapper (co-chaie) s
Yoshi Uchida indi.to/fastm|23

loannis Xiofidis fastmachinelearning.org

[=] 55
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Cnacubo 3a BHuMaHue
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