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* The IDROGEN System

* Master board

* Additional functionalities

* Last results on different setup
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% IDROGEN Key concepts

* A modular architecture where all signals generated by the master board are
* synchronous with the master clock: 1-ps stability
* Time-tagged: 100-ps accuracy
* Over >100 km distance thanks to an enhanced White Rabbit architecture

* A fully re-configurable syntonic motherboard hosting:
* Early data transfer at high rate (40 Gb/s)
* High data rate acquisition boards (4 ch 16 bit 250 MSPS, 2 ch 14 bits 1 GSPS)
* Arbitrary frequency generator
* Interface to external digital signals (triggers and interrupts)

* |Integration: standalone board or microTCA crate

23/04/2026 4



High speed data acquisition & Low phase noise WR node

* White Rabbit Design & development done by [JCLab
(based on CERN schematic): Component upgrade and
EMC design rules compliant = High stability timing
distribution

e XTCAA4.0 form factor board = Modularity

IDROGEN Enhancements
* System frequency
* PLL selection
* VCXO Frequency RTM Connector 1 &
* Input frequency for DDMTD L
* Tx/Rx routing equalisation

UTCA connector
* Ethernet 1Gb/s
* PCle Gen3x4 (8Gb/s)

Base on ARRIA 10 FPGA — High data rate transfer
Standalone capability

RTM extension boards

FMC carrier board

£360485

FMC Slot (ADC, DAC,
clock synthesis, ...)

R . i 3 SFP+ connector for WR

QSFP connector for data
transfer (Ethernet
1Gb/10Gb/40Gb, GBT, ...)
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* High data rate acquisition boards (4 ch 16 bit 250 MSPS, 2 ch 14 bits 1 GSPS)

* Frequency generator.

* Interface to external digital signals (triggers and interrupts)

FMC Slot (ADC, DAC,

clock synthesis, ...)
RTM Connector

Double Wide

188.15 +/-0.4
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% User interface philosophy

* Ensure versatility with early data transfer and high-level language
(C, python)

— Configuration / deployment

— Signal and data processing in remote server

* Firmware reduced to critical functions
—  White Rabbit
— Data transfer

— Low-level interface
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DMA write

* Data transfer firmware iessiinone
. Data B P | Al0PCle

o PCl-Express with DMA Gen3x4 (~25Gb/s) Stream ontroter g Hard IP

© GBT protocol (CPPM development for PCle40)
© |pBus 1G & 10G portage on Arria 10, from LPSC
laboratory developments > Data Memory -
o UDP streamer 1G & 10G PMAwrite Data

— Software C, Multi Jumbo frame by event

BAR 1

© 2 x 10 Gb available, 40 Gb future development , Host Memory |_
* High speed ADC acquisition it omters. e ) DPDK
© JESD204B for (1G/500M/250M)
* Parallel 64 data acquisition

* White Rabbit core v4 & v5 porting on Arria 10

© Master & Switch (on development)

CENTRE DE PHYSIQUE DES g Stationde %
PARTICULES DE MARSEILLE Rad | 0 astrono mie

de Nancay
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% IDROGEN: softwares

* Configuration GUI tools over USB and Ethernet (IPBus protocol)
© Power, PLL, FMC and ADC configuration

* Monitoring GUI for power supplies and temperature monitoring

* Slow control library and tools (12C, SPI, WR diagnostic, ...)
* Frame viewer

* Acquisition software

°o Based on DCOD framework

o Implement a generic processing algorithm interface (loading a
dynamic library)

© Based on widely used technologies (Docker, DPDK)

Processing
algorithm
library

ARAREE

@ docker:

2 it commit:
©Down @ Up
000 025 050 075 100 125 150 175 2.0
minutes




s  FACULTE

@ . : 0 | o
t CL b Mechanical integration B s e QAL TRRS
F) - :

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

EMI immune, waterproof, pwr 12v, EMI protection, pwr 24V,
XTCA crate passive heat dissipation active heat dissipation
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IDROGEN BOARD: 4x better than Low

IDROGEN board perft

Jitter Switch from Safran

3000

Integrated jitter according to integration range

|
—— wrs-lj

250071

—— Idrogen lj slave (new LO)

ay

——————— —— Idrogen lj slave - Idrogen lj master

rms jitter (fs)
= = N
o ul o
o o o
(@] o o

N

Done at LTE

500

-\

A

101
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10° 10* 102 10 10* 10°
Fourier frequency (Hz)

Variation of lower bound of integration range.
Upper bound fixed at 1 MHz

10°

£y (dBc/Hz)

Phase noise measurement

-20 ‘
—— Idrogen3 (old LO)
—— wrs-lj locked
—40 e Idrogjen lj slave (new LO)
W‘\\ —— Idrogen lj slave - Idrogen Ij master
-60 W —— Measurement Noise floor )
—80 M N
-100 i i
"‘W«AM e |
—-140 NM,.-V,. —
-160
—-180Q

10-1  10° 10! 102 103 10 105 106
Fourier frequency (Hz)

1 10 100 1,000 10,000

wrs-lj 2246 2191 1984 1075 1075
S 1757 1557 563 110 110
S-M 866 751 351 94 94
GM 445 439 432 129 129

Table 1: Integrated rms jitter expressed in fs for
Idrogen and a wrs-lj, for integration bandwidth

up to 100 kHz
) Stationde .
xt:LelTe) astronomie
de Nangay

Observatoire
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” IDROGEN board stability : 3e-18 over

* PPS time difference between two independent
IDROGENS3 boards

* Excellent long term stability : ~ 3E-18
* On-going work: improve short term performances
[ ]
idrogen3
f
100 )
_ 50
2
;
£ -50
|_
—-100 —— channel A-B
—— Savitzky-Golay w = 190
—— mean
-150 . ] I ] . ] .
0 5 10 15 20 25 30
Time (d)

idrogen3

@ unyerssé WAL povsle

10-11
10-12!
10-13!
10-14/
10-15/

10—16_

10—17_

tion

100 101! 102 103

integration time T (s)

W" @ Observatoire
de Paris

. Stationde .
LI astronomie
de Nancay

Stellar Intensi ) _




% 1GSPS ADC board: Synchroni

* Bandwidth (single board):
~500Mhz (1GHz = 1.5GHz)

* 2 IDROGEN boards synchronized by WR
* 2 channels 1GSPS 14b ADC

Im

* Same RF signal (312.5MHz) split on boards \a»
* FFT 8k point

* Cross correlation

WhiteRabbit switch

[nE=2"0

Two IDROGEN board

. 25— . ) .
_ System time resolution : 1.9ps :  resampled-+noise
\ 20 . raw data
, _— | ' L . SG filtered
= B S e ‘ b e i"»'z.f:' b T W R ‘ et Mo mean= 5.7 ps
g 10 k. y TVRREITEE MO N7 Y e o o hid v 3 4 ¥ REPEIEE W 1Y 181 : g b +1.97 ps L
p
g 5
E 0 ! & R t': b p ik (NS .ﬁ, be T il 1 Al id &
£ : ’ ‘
F 54 .
\
0 1000 2000 3000 4000
Time (s)

*Paon IV development
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% PAON IV Radio Interferometer

Nancay Observatory
Acquisition by IDROGEN board and ADC 1GSPS
Phase difference between 2 antennas
Synchronization by REFIMEVE network

— Paris observatory UTC(OP) connection

— Fiber link length ~ 300km

CsA_21105 arg.(deg) - 1Hx2H

N
< 1360
‘; 28
©'1380 o %
0 o
= i
E_,- 1400+ —50
L
1420 ~100
1440 e

20 o1 22 23 24 25
Time (TU, h)

Voltage Integrator
Amplifier

dj
Typical configuration of radio interferometer




% IDROGEN interferometi

* Hardware :
— 2 IDROGEN-V3 + 1GSPS boards with mechanic integration in test at [JCLab

— Complete setup will be test on CEA camera for the end of 2026

* Firmware
— 40Gb eth: IpBus and UDP streamer (on development)
— RDMA transfer
* Software
— Data transfer for 40Gb
— Online signal processing
— Configuration by IpBus 40Gb %/2

— Debian depl t, Docker depl t Q12027
ebian deployment, Docker deployment Q N ecrarCARe

08/10/2026
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Clock synthesis: 10 kHz to

Fractional PLL (FPLL) for accelerator synchronization (S15362)

* Generate frequencies, disciplined by WR clock, from 10kHz to
2.75GHz, with 1 Hz resolution.

S15362: Phase noise measurement
* Tests performed at IJCLab and KEK (SuperKEKB and ATF);

* Phase noise measured for various different output frequencies
and input filters, re-scaled at 357 MHz: 1.7ps RMS jitter;

RTM additional board Q1 2027

Rubidium

PPS

Yy

Fref

Funded by
- the European Union
08/10/2026 .

WR LJ switch

Fiber

Y

Idrogen

WR Ref
Clock

Y

SI15362

Phase noise PSD [dBc/Hz]

-120 -

-140 -

-180

-40

-80 -

T

357Mhz

125 MHz IDROGEN only
178.5Mhz

714Mhz

357Mhz, pll Slboard 4kHz
357.013756MHz SSA E5052B (KEK)
357Mhz, pll Slboard 100Hz

Same configuration but two
totally different qualification
schemes

10°

The research leading to these results has received funding from the European
Union's Horizon Europe MSCA under grant agreement no. 101086276

10"

102

10°

10*

f [Hz] (carrier at 357 MHz)

107




Laser synchronisation

WCuLs

Iréne Joliot-Curie

Laboratoire de Physi .
et ePhviave IDROGEN 1 : GM = IDROGEN 2 slave 7
B Fiber [ength 5SKm — TOOK¥rzbbit cock distribution |
I Rohde & Schwarz I
' SMB100A WhiteNggbbit boards Skyworks I
: option B1H 5I5362-EVB I
10MHz " . I
I Master « e ) NE o I
| optical
5.FO fiber :
| |
e s [
| Menhir Photonics L L L
| Menhir-1030 Alphalas Minicircuits 50Q  Minicircuits Minicircuits Femto
| @F0~217MHz UPD-70 SLP-1000 Splitter  ZX05-43H SLP-15 + BLP-1.9 DHPVA-201
5.FO
' . o B
| |
I I
I I [
| |
|
I TEM Messtechnik :
Laselock
| aseloc Laser lock scheme |
e oo e e e e e e e e e e e o o mm mm mm o e e Em e Em e Em Em Em e o e Em o o Em Em Em Em Em -—
r——r~——""" Timing jitter measurement |
gl
I I
: . LPF Scope :
https://arxiv.org/abs/2602.20622 | Minicircuits Minicircuits Rohde & Schwarz |
| ZX05-43H  VLF-320 +BLP-1.9 RTO2044 |

Renaux, et al., Laser Synchronization Over
One Hundred Kilometers With Stability at Picosecond Scale,
IEEE TIM 2026, doi:10.1109/TIM.2026.3706219, preprint, doi:10.48550/arXiv.2602.20622

08/10/2026

Absolute Allan deviation
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Menbhir laser long term stability @ 216.66MHz

—<— laser/S15362 vs ref - 100km fibers
—— laser/SI5362 vs ref - 50km fibers

10° 102
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1072
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Menhir long term timing drift vs RF re
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https://doi.org/10.1109/TIM.2026.3706219
https://doi.org/10.48550/arXiv.2602.20622

% IDROGEN: roadmap and

* IDROGEN_V4

° Prototype Q4 2026, mass production Q1 2027 (if

components are available ...)
© Replacement of obsolete components

© Selections of new components for better
performances

© Versatility Improvement
* FMC-AD42JB69-V2 (in cabling)
© 4 channels 250MSPS 16bits
* FMC-ADC 3GSPS (development Q1 2027)

* Hardware

© FMC-3.6GSPS 2 channels 12b. Prototype Q1 2027:

© 40Gb on development (IpBus access and UDP
streamer)

© 40 Gb RDMA

08/10/2026

White Fox IN2P3 R & T project (Highly improved
White Rabbit)

© Development with LTE

© Sub 100-fs performance (prototype in
development)

o RTM extension of IDROGEN board

Performances Improvements: (ongoing
development)

— short term performance:
* WhiteRabbit software configuration
* Firmware
— long distance stability > 50Km
IDROGEN_v5
© New FPGA familly AGILEX
© 100Gb RDMA

10Gb/s White Rabbit firmware

21



IDROGEN and WhiteRabbi
improvment

o Phase aﬂ:er reset Mean phase difference after reset 2 Mean phase difference according time (no reset)
© Measure at 1GHz = ~30ps rms 27
ore . o 10 A
° Modifications of the WR firmware 3 3
2 2 o-WN"‘W'““""J g A S P
and software £ £
_10_
_.20_
StdDev ~ 10 ps StdDev ~ 1.5 ps
-0 0 160 260 360 460 560 660 760 -0 0 1dOO 2600 3050 4600 SObO 6600 70b0
Reset number Time (s)
*Temperature influences
6 X  FPGA Temperature - 48.00
e} We are dominate by the temperature Of the setup —— 4th order polynomial regression of the Temperature
/ r47.75
° The thermometers are not sensitive enough — B e
new one on V4 version. g 2 .
—~ F47.25 ¢
© Integration of temperature correction § o oo
§ =2 - 46.75 é
. . = &
* Distance influences > 50km = | e
° Modification of the fiber polarization o [ 46.25
© Very preliminary development =l — [ 46.00

15000 20000 25000 30000 35000

Time (s)

5000 10000
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% Conclusion

* Very promising results with IDROGEN board (sub-picosecond RMS jitter)
* New board version (v4) with new functionalities and news adding boards

* New projects: CTAO-MST, NENUFAR (Nancay observatory), ATF LLREF, KEK accelerators, New
Comet (Nuclear physics @ 1JClab), PERLE....

* Focus on essential performances improvements :
* low-frequency phase noise = WR configuration, software, Firmware
* Distances = news developments

* White Fox project (jitter < 100fs) for future applications (FCC, Einstein Telescope,...)
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Thanks for your attention
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IDROGEN boardi_ : WhiteRabbit i

SFP

1.25 GHz

FPGA

» DAC

Reference Clock generator

Y

VCXO

oy

PLL

125 MHz

» WR PTP Core

DAC

DDMTD Clock generator

VCXO

125 MHz

PHY
ATX PLL

+2

i

DDMTD
Phase
detector

> PLL

62.5 /125 MHz

A A

= PLL

~62.5/~125 MHz

(] Based on CERN open hardware with Enhancements
(] Based on LMK4828 synthetiser

@ Ultra low noise clock jitter Cleaner with Dual
Loop PLL

£ 90fs RMS jitter
(1 DDMTD internal of FPGA (placement with constraint)
1 Two generated local clocks :

@ DDMTD source (comparison between WR
master clock from SFP)

@ PLL source with phase adjustment
(] IDROGEN Enhancements

) PLL selection

] VCXO Frequency

@ Input frequency for DDMTD

@) Tx/Rx routing equalisation



@ :

Last result of Super KEK B clock synchronization with [JCLab IDROGEN board.

‘l‘ Comparison of SKB and Idrogen clocks
10h persistency, at scope resolution limit

— I —— w——r
e Lo bl Ll Ll L]

Regular optical link,

IDROGEN
w/ 515362 chip

. i
: MR 1
+ 500MHz," h=5120

- ~ -
-

RF 508.9MHz




)Amplitude (dB)

o oo g LT

Temperaturd’hase (degree

Humidity

‘.b C SuperKEKb : Master oscillator
J Lab m '

IvAnma lalint_ Muasia

IDROGEN synchronization setup

SuperKEKB MO
(510MHz)

@

IN2P3

1/510M division

R switch

1/51 division

s . FACULTE

universite | pessciENCcEs
PARIS-SACLAY | D'ORSAY

DPO 7254

509Mhz

08/10/2026

Phase noise PSD [dBc/Hz]

| | [ ‘ | | | |
03-21h 04-08h 04-21h 05-09h 05-21h 06-09

T T
—— 1,=508 MHz: 0.94 ps RMS [>10Hz]

940Fs at 508 MHz

RMS jitter 10HZ — |

@
7T\ 10MHz
WR
protocol
IDROGEN
500MHz
1/50 division 10MHz

10° 104 10° 108 107
f [Hz] (relative to carrier frequency)

Data taken from Sep22 19:10 to Sep24 12:00
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W Accelerator synchronization: Arbitrar

Fractionnal PLL (FPLL) FMC (on test)
* Replace very expensive system with recent, 30€ component
* Generate arbitrary frequency disciplined by WR clock

° Frequency resolution 1 Hz

© Phase noise system: 1.7ps (1 Hz, 10 MHz)

© ~0.3° RMS phase jitter at 375MHz below 1Hz

© 4 outputs 10KHz to 1.3GHz (2.75GHz: SI5361H chip)

357Mhz.

125 MHz IDROGEN only
178.5Mhz

714Mhz

357Mhz, pll Slboard 4kHz
357.01375MHz SSA E50528 (KEK)
357Mhz, pll Slboard 100Hz

RTM board extension (under test)
* Arbitrary synthesizer

* High performance extension for optical time
transfer (White Fox)

Amplitude, arb. units

Phase, degree

132

' ' ' ' '
0 10 20 30 40 50 60 " | . I " .
Time, minute 10° 10! 10? 10% 10* 10° 108 107

f [Hz] (carrier at 357 MHz)

Long term drift ) . .
Phase noise for various different output

frequencies



% 1GSPS ADC board: Synchroni

2 channels on a single IDROGEN board —

. led+noise
* Bandwidth (single board): AR i s : -
_ ' ‘ System time resolution : 180fs
~500Mhz (1GHz - 1.5GHz) grues| - Sofiers y |
g -147.0 . +0.18 ps
. é —147.5
* 2 IDROGEN boards synchronized by WR B e
g e
* 2 channels 1GSPS 14b ADC T 1485
* Same RF signal (312.5MHz) split on boards ~149.01 . | .
0 200 400 . 600 800
* FFT 8k point Timets)
* Cross correlation
TWO IDROGEN boards i ‘ mean=-6.1ps 10 mean=-0.012rad
. . 200 . | | [
ol Systemtimeresolution : 2.2ps | coeies 125 [
_ g 156 ‘ period=3200.0 (p3) E 100 |
R T e e A e e B N e IR s v E £
% Ok SN NCIR I o TR S ‘/\M,\/\'\Am‘ J g g
T o L R Eret A KGOy i AR A0 s c S £ &
8 20 . o e
50
—40 |
0.00 0.05 0.10 0.15 0.20 0.25 07 —50 0 50 00— 0.0 01

time (s) decalage (ps) dephasage (rad))

20/11/2025 29




% ADC acquisition board

Development of custom ADC board: Using the IDROGEN on
board low jitter WhiteRabbit clock 20250117 15:0227

0.3775

* FMC ADC9680_V1 (2022)
o 2 channels, 500 MSPS, 14 bits
° 2GHz analog bandwidth
° Clock provided by Idrogen board

Value

0.3760 1

0.3755 1

0.3750 1

o 1000 2000 3000 4000

° FMC ADC9680_V3 (2024) From : 353495008 ns to 4096.0

Stop | Scale: l_‘_"LU Zo0m: 1 Triglevel: [0 Conditionlevel: [>level | x=2426.47,y2=038 [.]
o 2 channels, 1 GSPS, 14 bits
* FMC ADS42JB69 (2025)
° 4 channels, 250 MSPS, 16bits

° One external trigger
° Analog input 900MHz

-a0

673.3 GHz

° 2.5V inputs voltage

~60

‘Amplitude (dBfs)

-80

-100

50 100 150 200 251
Frequency (MHz)
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lJClab setup
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Boards 13 & 14 Dt 10x11

resampled+noise
. raw data

—146.0

o —146.5 . SG filtered
= ——— mean=-147.4 ps
§ -147.04% +0.18 ps
g
O —147.5 f—
© —148.0
£
'_
-148.5

—149.0

Time (s)




200

event number

50

run 1002 v =312.5 MHz

mean=-6.l\ps

sig=7.6ps
period=3200.0 (p3)

-50 0 50
decalage (ps)

150

125

event number

50

25

100+

751

-0.1 0.0 0.1
dephasage (rad))




Phase noise PSD [dBc/Hz]

-140

-160

——— =508 MHz: 0.94 ps RMS [>10Hz]

10°

10'

102

10° 10* 10° 108 107
f [HZ] (relative to carrier frequency)




o o 9o 9o © 0 T Mmoo
¥ & S ® momo@m omom
m om oA N A a8 a4
o o o o

s)un “que ‘apnyjdwy 231bap ‘aseyq

Time, minute




IDROGEN synchronization setup

SuperKEKB MO DPO 7254

(510MHz)
1/510M division
1/51 division

o | | e | asnc | i | i | cursors | s | wos | et | wyscpo | ez | s | v [ T B R

WR
protocol
jitter = 7.604ps





AR

Regular optical link,

RF 508.9MHz

IDROGEN

15362 chi N
w R ) laser synchro input
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Average Delay (ps)

X  FPGA Temperature
~———4th order polynomial regression of the Temperature

5000 10000 15000 20000 25000 30000 35000
Time (s)
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Absolute Allan deviation

Menhir laser long term stab!

@ 216.66MHz

1010

1011

1012

1013

1014

1018

—6— laser/SI5362 vs ref - 100km fibers
—C— laser/SI5362 vs ref - 50km fibers

1016
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ZX05-43H  VLF-320 +BLP-1.9 RTO2044

it SN
T
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————————————————————————————— T2 chbit dlock distabution | =—[@23ps = ¢ )
: White rabbit clock distribution | 5F0 7ad
| Rohde & Schwarz !
SMB100A White Rabbit boards Skyworks !
: option B1H SI5362-EVB |
I m (( . . )) Slave S I
| optical
5.FO fiber !
] 1
il i i e i 1
| Menhir Photonics o L L |
Menhir-1030 Alphalas Minicircuits 50Q  Minicircuits Minicircuits Femto
: @ FO~217MHz UPD-70 SLP-1000 Splitter  ZX05-43H SLP-15 + BLP-1.9 DHPVA-201 !
| FO comb 5.F0 !
| PhD LPF LPF 1
1 Fast élSnH :
| PZT I 1
| |
|
| TEM Messtechnik :
Laselock
| aselod Laser lock scheme |
e o e o o o o o o o e o e - e o o e e e o = - — — -
r=-r-—=--- Timing jitter measurement |
! 1
|
—@ I
| Minicircuits Minicircuits Rohde & Schwarz |
1 1








)Amplitude (dB)

Temperaturé®hase (degree;
N L

Humidity
IS
S

03-21h  04-09h 04-21h 05-09h 05-21h 06-09h




*
NectarCAM




Voltage. Integrator
Amplifier













soL 3RS
.auAHL .
e A

5

i

Y

shis,

Fii sy





Time difference (ps)

25
201
151

104

|
Ul

|
[
o

Boards 14 & 16 Dt 00x10

resampled+noise
raw data

SG filtered
mean= 5.7 ps

1000

2000

Time (s)

3000

4000




idrogen3

100
50+
m
£
©
c 01
8 gth: 0.002 km .« 1|
= :
O]
£ -50;
|_
—100+ —— channel A-B
Savitzky-Golay w = 190
mean
~-1501 | | | ' ' '
0 5 10 15 20 2> 30

Time (d)




idrogen3

—— AB

100

101

102 103

integration time T (s)

104

105





Frequency (Mhz)

Time (TU, h)

150

100

50

|eubis

-50

—100

—150




rms jitter (fs)

3000

2500

2000

1500

=
o
o
o

500

—— wrs-lj

\'\ —— Idrogen lj slave (new LO)

—— Idrogen lj slave - Idrogen |j master

1071

100

10t 102 10® 104
Fourier frequency (Hz)

10°

106









Frequency
standard

Phase noise

analyser,
Frequency
counter,

H-Maser
Timescale
UTC(OP)

Time interval

— counter
STS 201




©

% o1b3S

1ES 635
s’y

5 71As,

505 ¥
b

: <
= >
=X
-S
>3
e
=
=2

S

FITERS

on s L
10> SRR 1S A y
| lonso B e agk

v sl Fe e





T
L
s e Iy ; -









-100

Phase noise PSD [dBc/Hz]

-140

-160

-180 L

357Mhz

125 MHz IDROGEN only
178.5Mhz

714Mhz

357Mhz, pll Slboard 4kHz
357.01375MHz SSA E5052B (KEK)
357Mhz, pll Slboard 100Hz

10° 10'

102

10° 10
f [Hz] (carrier at 357 MHz)

10° 108

107




/\

|DR®GW





. Stationde .
O =l ile) astronomie
de Nancay

Observatoire |
de Paris





°
o
=
2
=
=
=
=
=

s




Funded by
the European Union




Ly (dBc/Hz)

| |
AN
o o

|
()]
o

| | |
[ R ] |
H N o [}
o o o o

—— Idrogen3 (old LO)
—— wrs-lj locked
—— Idrogen lj slave (new LO)

Idrogen lj slave - Idrogen |j master
Measurement Noise floor

10t 102 103 10 10° 108
Fourier frequency (Hz)





Producer

Acquisition Reception of Traces Filter Energies Cpnsumer
Build the spectrum
UDP frames
Processing
2 algorithm
® library
(o
)
&
ne’gi@s
Consumer Consumer

Write to Disk Write to Disk




DPDK

DATA PLANE DEVELOPMENT KIT

2





DMA write

descriptors A10 PCle
DMA Controler Hard IP

Data Memory
Host Memory
Map

Data
Stream

DMA write Data

BAR 1

DMA write FPGA
data pointers




Global Parameters

2025-01-17 15:02:27
0.3775
0.3770 1
0.3765
o
=
E
0.3760
0.3755
0.3750
0 1000 2000 3000 4000
From : 353495008 ns to 4096.0

Trig Level: [0 Condition level: [> level o] x=2426.47,y2=038 ||





EEEEEEEEEEEEEE




DROGEN& | Frequencies

ADC Generator
50MHz — 2GHz
Rubidium
10MHz & PPS
e
T
"
[EIREEENE , PC Serveur

ADC 4
A




° o | FACULTE P
2 Université
DES SCIENCES
U( :| t sl | B | s

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis





CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE





700000
600000

u
£ 500000+

Time interval (

2000001

100000

idrogen3

400000

300000

—— channel A
—— channel B

0 5 10

length: 0.002 km
Filters: 1000.00

0 n.
Span: 0.000 - 17000000 000s

15
Time (d)

25





e
i
Avswpree iy

SALkote

ot

I o

T
lodie
e

Cot oy |

ar‘fé,:",’

R
3 ‘e





Rubidium WR LJ switch S15362
7ef









w oIS

eS8 s
s’

Ry

50§
¥ WHONDIWIT

By
BrEL:

Iacrop\oyava

v,
)

H
i

_eua Cl0s®
TS5, acesece
T
031 seede





TOROGEN Monitor

Ports init done.

cnd> : ADC com
: clear_screen
<of1> 7 ococ di

Tocal Ted contr.
liiz <0/
Soft reset
Feset FRGA

go-to 51eep modd
Pead temp via

:
ad LWk config
Read voltages
write LMK confid
. 'h: this help

Connected to COM4 32400,

Slow control

Syndvonszaten

028 satis
@ rutiodes

ocked

Pover sphes

21 pover sssly

@[

Vatage

@[

Grrent

Montoreg

s5338saus
@ smiosox

@ rubie

Temperatres
o J< <
Boxd R
Resd
o E%)
o ov
03

am Een
[+
o ov
cose

FC comector
[ ensbie vadst
Dlenabiersvs
O Enste ve12
Dlenasierzc
0 enabie RTM P12v

£

ReQUXIFFF = 53





Double Wide

(180.85 +/- 0.4) (Rugged uTCA Spec Figure 2-7)

AMC Module STOP









m . £360485 @)
: LOREC_PLVE e .
<Q MAD 258 'i“l‘ ; ; BTN | =~ X (P !
P12V @°5 N Bh Sl j A-_.",‘,Q* = L &
: . @ 4 . : o A b
-‘-;‘. i ‘f,"-%:* 1l :: . %E:* L, P oust T 0. .
‘ eOO-lZ:l_ - e sn S S=r— ! D — @& e )
e L ss (W™ n oS & s J} ok
) e = I — - Lisnnanaie Veasits (s ] e TeR
o E ey sEg E537 4, |
'3 = \ H | = ) L
Q L ~. [ i
g% s e l-< i E ~ l—-< .70:‘ HEHEI ; : ]
"""" SSH) { o E Nwshpz018 ‘? b i . i B %]
T i N . o%rx)éx [ @P AV,, % ! ‘,:
. = : e ',. !l Sl
l’lllll:llglJlZ 5 2 AL e . ]

GO R OV S Vol S S S

SR, STy s
s DeBEI E 3 o e
—_— -

i

VAR S AR i B R PR A TS,

om0 ™

l“ﬁﬁl e
Lk ot SN T G

W \‘f“.}

ClO)

-
e

Ml I_ (14}

Fomial Ciip 016

eLid

IDROGEN_V 3B
2019 B »
DANIEL CHARLET e J6
CNRS LAL ORSAY i '
04/21 - ]
JEAN-LUC SOCHA. A

Ole
(|
xy

"
]
? b
M|

i

e 1L L

iy é .
he e ]

M4 8

£ o e o i ‘e

= 118 o e 1 i l R W |

] nj -l moa ey 5 1 Vel E‘. l,
L ..:ml (TITES =4 ( e, ¢ - — =
= E=:~::m-n Ml ® u.."@ﬁnil h plE &
1

o

]

s

015 =

Pl
]

= ’-"l..'lv :.,u.m PRERERIIO o ,; :: “""“ - ":,. R
~ ! A ] mEEREEEEEE . 3 e
= '4:5’ £ : i ::Ic'fr":"":'l e |§? ==
oy L R o \E i el M Y MAICY o
— ,-7,: 3V5AP L. ................ 3 “'4§ || > a I IEIH—El
= | g e lm.‘.r,ﬂ lEcl TRIG TRIG INEH
: = E _ERM1GIN= J I "lg % EXT - g
> - " ; o'ut £ PX7 o SR 1
=3 = @A o sz-- < :,' e = sady S e
— ——1 .}\m ¢ ";, »;-E g ris S == By ,
: = B, vean i e --11' G ' 700
p=——"0" e 1 r =
o @ l' « nu@i D[ =
E f ] — "5 o AT l
= 3V‘30AC CLK_OUT
! ] v - -




LTE




ADG configuration by SPI f¢

Give registers address and vali
|

Adress Read Regsterad

wiite Register ad

Value

Power offfon

|
|
Sendth defauit configurationtothe ADC S Configurg

PLL Locked

Températur

Démarrer lenregistrement
Nancay: 20.79°C

s en direct de Ia carte IDROGEN:

idrogen.7 ~ - o X

Stopper l'enregistrement
FPGA: 34.00°C

et |
st a700°C

Nancay
FPGA
— Board

Tensions de la carte IDROGEN cidrogen.7

Démarrer enregistrement |

Stopper l'enregistrement

exit

T2v: 1142
33V:336V

12VCUR: 0.98A
L8v: 183V,
33VPLL 338V

09V 091V,
103V: 105V
33VWR: 340V

Voltages (v)

12v
12vCUR
0sv
33v
18v
103v
36v
33VRLL
33VWR

100

minutes

125

_ox

00 125
(minutes)

150 175 200

Project Information

oogen?
top_idrogen_newcomet

rogen

Arta 10 (10AX02THIF4E25G)
Mon Mar 31 11:4001 UTC 2025
ESNAULT Cedic <esnaut@imnc.
online fpgava 0lalin2p3.r
Version 20.2.0 Buld 50 06/11/2020
master

‘e4603c95.diny

Gitbranch :
Gitcommit:

Quitr |

File Infos.

Configure
ADC
iarogen. P

ode: RURNING. 1
s

1PBUS Control

Global Mode:

Stop Acquisition
RESET boards.

Dump Debug Registers.













e









1 10 100 1,000 10,000

wrs-lj 2246 2191 1984 1075 1075
S 1757 1557 563 110 110
S-M 866 751 351 94 94
GM 445 439 432 129 129

Table 1: Integrated rms jitter expressed in fs for
Idrogen and a wrs-lj, for integration bandwidth
up to 100 kHz
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The  System

A high data rate acquisition system synchronized by an enhanced White Rabbit node
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		The IDROGEN System

		Master board



		Additional functionalities







		Last results on different setup









IDROGEN mother board 







IDROGEN Key concepts





		A modular architecture where all signals generated by the master board are 



		synchronous with the master clock: 1-ps stability



		Time-tagged: 100-ps accuracy



		Over >100 km distance thanks to an enhanced White Rabbit architecture



		A fully re-configurable syntonic motherboard hosting:



		Early data transfer at high rate (40 Gb/s)



		High data rate acquisition boards (4 ch 16 bit 250 MSPS, 2 ch 14 bits 1 GSPS)



		Arbitrary frequency generator



		Interface to external digital signals (triggers and interrupts)



		Integration: standalone board or microTCA crate











High speed data acquisition & Low phase noise WR node



		White Rabbit Design & development done by IJCLab (based on CERN schematic): Component upgrade and EMC design rules compliant → High stability timing distribution



		xTCA4.0 form factor board → Modularity



		Base on ARRIA 10 FPGA → High data rate transfer



		Standalone capability



		RTM extension boards



		FMC carrier board

























FMC Slot (ADC, DAC, clock synthesis, ...)



SFP+ connector for WR



QSFP connector for data transfer (Ethernet 1Gb/10Gb/40Gb, GBT, ...)



RTM Connector



µTCA connector



		Ethernet 1Gb/s



		PCIe Gen3x4 (8Gb/s)





IDROGEN board v3





IDROGEN Enhancements

		System frequency



		PLL selection



		VCXO  Frequency 



		Input frequency for DDMTD 



		Tx/Rx routing equalisation









IDROGEN extension boards 















FMC Slot (ADC, DAC, clock synthesis, ...)



RTM Connector







FMC







		High data rate acquisition boards (4 ch 16 bit 250 MSPS, 2 ch 14 bits 1 GSPS)



		Frequency generator.



		Interface to external digital signals (triggers and interrupts)









User interface philosophy



		Ensure versatility with early data transfer and high-level language (C, python)

		Configuration / deployment



		Signal and data processing in remote server







		Firmware reduced to critical functions

		White Rabbit



		Data transfer



		Low-level interface









		









		Data transfer firmware





				PCI-Express with DMA Gen3x4 (∼25Gb/s) 



		GBT protocol (CPPM development for PCIe40)



		IpBus 1G & 10G portage on Arria 10, from LPSC

 laboratory developments



		UDP streamer 1G & 10G









						Software C, Multi Jumbo frame by event













				2 x 10 Gb available, 40 Gb future development









		High speed ADC acquisition





				JESD204B for (1G/500M/250M)









		Parallel 64 data acquisition



		White Rabbit core v4 & v5 porting on Arria 10





				Master & Switch (on development)









IDROGEN: Firmwares















IDROGEN: softwares















		Configuration GUI tools over USB and Ethernet (IPBus protocol)





				Power, PLL, FMC and ADC configuration









		Monitoring GUI for power supplies and temperature monitoring



		Slow control library and tools (I2C, SPI, WR diagnostic, …)



		Frame viewer



		Acquisition software





				Based on DCOD framework



		Implement a generic processing algorithm interface (loading a dynamic library)



		Based on widely used technologies (Docker, DPDK)











Mechanical integration 





EMI immune, waterproof, pwr 12v, 

passive heat dissipation 

 



EMI protection, pwr 24V, 

active heat dissipation



XTCA crate









IDROGEN board: Timing performance 







IDROGEN board performance: 1-ps RMS jitter





IDROGEN BOARD: 4x better than Low Jitter Switch from Safran



Phase noise measurement



Phase noise measurement



Integrated jitter according to integration range

Variation of lower bound of integration range.

Upper bound fixed at 1 MHz



Done at LTE







 IDROGEN board performances



		Measure the time interval between idrogen#1 and idrogen#2 PPS : 

 























idrogen3_stabs_md0.000 - 17000000.000.png IDROGEN board stability : 3e-18 over 30 days



idrogen3_Trace_A-B_0.000 - 17000000.000.png

Atomic fountain resolution



Optical lattice clock resolution





Goal performance

Achieved performance



		PPS time difference between two independent IDROGEN3 boards



		Excellent long term stability : ~ 3E-18



		On-going work: improve short term performances 



		





















		Bandwidth (single board):

	~500Mhz (1GHz → 1.5GHz) 



		2 IDROGEN boards synchronized by WR



		2 channels 1GSPS 14b ADC



		Same RF signal (312.5MHz) split on boards



		FFT 8k point



		Cross correlation







1GSPS ADC board: Synchronization performance





Two IDROGEN board

System time resolution  : 1.9ps





*Paon IV development







Applications to interferometry







PAON IV Radio Interferometer 







		Nancay Observatory 



		Acquisition by IDROGEN board and ADC 1GSPS



		Phase difference between 2 antennas



		Synchronization by REFIMEVE network

		Paris observatory UTC(OP) connection  



		Fiber link length ~ 300km















Typical configuration of radio interferometer





IDROGEN interferometry for CTAO?





		Hardware :

		2  IDROGEN-V3 + 1GSPS boards with mechanic integration in test at IJCLab



		Complete setup will be test on CEA camera for the end of 2026









		 Firmware

		40Gb eth: IpBus and UDP streamer (on development)



		RDMA transfer







		Software 

		Data transfer for 40Gb



		Online signal processing



		Configuration by IpBus 40Gb



		Debian deployment, Docker deployment  Q1 2027













				















Fractional PLL (FPLL) for accelerator synchronization (SI5362)

		Generate frequencies, disciplined by WR clock, from 10kHz to 2.75GHz, with 1 Hz resolution.







SI5362: Phase noise measurement

		Tests performed at IJCLab and KEK (SuperKEKB and ATF);



		Phase noise measured for various different output frequencies and input filters, re-scaled at 357 MHz: 1.7ps RMS jitter;







RTM additional board Q1 2027









Clock synthesis: 10 kHz to 2.75 GHz, phase noise < 1.7 ps RMS









Same configuration but two totally different qualification schemes



The research leading to these results has received funding from the European Union's Horizon Europe MSCA under grant agreement no. 101086276









Laser synchronisation > 100 km











IDROGEN 1 : GM → IDROGEN 2 slave

Fiber length 5Km → 100Km







Renaux, et al., Laser Synchronization Over 

One Hundred Kilometers With Stability at Picosecond Scale, 

IEEE TIM 2026, doi:10.1109/TIM.2026.3706219, preprint, doi:10.48550/arXiv.2602.20622



https://arxiv.org/abs/2602.20622





IDROGEN: roadmap and future directions





		IDROGEN_V4





				Prototype Q4 2026, mass production  Q1 2027 (if components are available ...)  



		Replacement of obsolete components



		Selections of new components for better performances 



		Versatility Improvement







		 FMC-AD42JB69-V2 (in cabling)

		4 channels 250MSPS 16bits







		 FMC-ADC 3GSPS (development Q1 2027)



		 Hardware 

		FMC-3.6GSPS 2 channels 12b. Prototype Q1 2027:



		40Gb on development (IpBus access and UDP streamer)



		40 Gb RDMA  















		White Fox IN2P3 R & T project (Highly improved White Rabbit)





				Development with LTE



		Sub 100-fs performance (prototype in development)



		RTM extension of  IDROGEN board

 









		Performances Improvements: (ongoing development)

		short term performance: 

		WhiteRabbit software configuration



		Firmware 







		long distance stability > 50Km







		IDROGEN_v5





				New FPGA familly AGILEX



		100Gb RDMA









		10Gb/s White Rabbit firmware







IDROGEN and WhiteRabbit

 improvment





		Phase after reset





				Measure at 1GHz →  ~30ps rms



		Modifications of the WR firmware 

and software















		Temperature influences 

		We are dominate by the temperature of the setup



		The thermometers are not sensitive enough → new one on V4 version.



		Integration of temperature correction











		 Distance influences > 50km

		Modification of the fiber polarization



		Very preliminary development 



























StdDev ~ 10 ps



StdDev ~ 1.5 ps





Conclusion





		Very promising results with IDROGEN board (sub-picosecond RMS jitter)



		New board version (v4) with new functionalities and news adding boards 



		New projects: CTAO-MST, NENUFAR (Nançay observatory), ATF LLREF, KEK accelerators, New Comet (Nuclear physics @ IJClab), PERLE….



		Focus on essential performances improvements  :





						low-frequency phase noise → WR configuration, software, Firmware



		Distances → news developments











		White Fox project (jitter < 100fs) for future applications (FCC, Einstein Telescope,...)









		Thanks for your attention









IDROGEN board : WhiteRabbit implementation







		Based on CERN open hardware with Enhancements



		Based on LMK4828 synthetiser 





				Ultra low noise clock jitter Cleaner with Dual Loop PLL



		90fs RMS jitter







		DDMTD internal of FPGA (placement with constraint)



		Two generated local clocks :

		DDMTD source (comparison between  WR master clock from SFP)



		PLL source with phase adjustment







		IDROGEN Enhancements

		PLL selection



		VCXO  Frequency 



		Input frequency for DDMTD 



		Tx/Rx routing equalisation



















Clock synthesis for accelerators





Comparison of SKB and Idrogen clocks

10h persistency, at scope resolution limit











RF 508.9MHz

Last result of Super KEK B clock synchronization with  IJCLab IDROGEN board.







509Mhz





SuperKEKb : Master oscillator distribution







RMS jitter 10HZ → 10MHz 

940Fs at 508 MHz





Fractionnal PLL (FPLL) FMC (on test)

		Replace very expensive system with recent, 30€ component



		Generate arbitrary frequency disciplined by WR clock





				Frequency resolution 1 Hz



		Phase noise system: 1.7ps (1 Hz, 10 MHz)



		~0.3° RMS phase jitter at 375MHz below 1Hz



		4 outputs 10KHz to 1.3GHz (2.75GHz: SI5361H chip)













Accelerator synchronization: Arbitrary clock signal synthesizer





Phase noise for various different output frequencies





Long term drift



RTM board extension (under test)

		Arbitrary synthesizer



		High performance extension for optical time transfer (White Fox)











		Bandwidth (single board):

	~500Mhz (1GHz → 1.5GHz) 





		2 IDROGEN boards synchronized by WR



		2 channels 1GSPS 14b ADC



		Same RF signal (312.5MHz) split on boards



		FFT 8k point



		Cross correlation









1GSPS ADC board: Synchronization performance



Two IDROGEN boards

System time resolution  : 2.2ps





2 channels on a single IDROGEN board

System time resolution  : 180fs





Development of custom ADC board: Using the IDROGEN on board low jitter WhiteRabbit clock

		FMC ADC9680_V1   (2022)

		2 channels, 500 MSPS, 14 bits



		2GHz analog bandwidth



		Clock provided by Idrogen board







		FMC ADC9680_V3  (2024)

		2 channels, 1 GSPS, 14 bits







		FMC ADS42JB69  (2025)

		4 channels, 250 MSPS, 16bits



		One external trigger



		Analog input 900MHz



		2.5V inputs voltage













ADC acquisition board











IJClab setup





WhiteRabbit switch

IDROGEN &

ADC

IDROGEN &

ADC

PC Serveur

Frequencies

Generator

50MHz → 2GHz













ETH 10G

Rubidium

10MHz & PPS





