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What is White Rabbit?

@ CERN and GSl initiative for control & timing

@ Based on well-established standards
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What is White Rabbit?

@ CERN and GSl initiative for control & timin ime ; ontrol [
. ’ /(_ e - > (e o
@ Based on well-established standards GPs
@ Ethernet (IEEE 802.3)
@ Bridged Local Area Network (IEEE 802.1Q)
@ Precision Time Protocol (IEEE 1588)
@ Extends standards to provide

@ Sub-ns synchronisation
@ Deterministic data transfer

@ Initial specs: links <10 km & <2000 nodes
@ Open Source and commercially available v "
P v o

- PRl Node Fe
J¢&——— 2000 nodes —————— ]

Database
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Many users worldwide, including metrology labs...

CERN's accelerator complex

@ CERN and GSI
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Many users worldwide, including metrology labs...

-~ MIKES

The longest WR link of 950 km

@ CERN and GSI

@ The Large High Altitude Air Shower Observatory
@ KM3NET: Cubic Kilometre Neutrino Telescope
@ German Stock Exchange

@ Mikes: Finish National Time Lab
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Many users worldwide, including metrology labs...

< MIKES
CERN and GSI N PL

o
@ The Large High Altitude Air Shower Observatory National Physical Laboratory
@ KMB3NET: Cubic Kilometre Neutrino Telescope
@ German Stock Exchange
@ Mikes: Finish National Time Lab @h
METROLOGICA
@ National Time Labs in Netherlands (VSL), Dutch

France (LNE-SYRTE), USA (NIST), UK (NPL) and b

ltaly (INRIM) NIST

National Institute of
Standards and Technology

.
I’.@vatowe SYRTE
de Paris
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Many users worldwide, including metrology labs...

@ ESTEC; Noordwijk

CERN and GS| B B teancl Rlisrda
The Large High Altitude Air Shower Observatory = s
KM3NET: Cubic Kilometre Neutrino Telescope » AlticmyRSasgndal
German Stock Exchange : S Ren
Mikes: Finish National Time Lab s LOL, Antwerp
National Time Labs in Netherlands (VSL), :

France (LNE-SYRTE), USA (NIST), UK (NPL) and
ltaly (INRIM)

ESA: European Space Agency for Galileo

SMD, Brussels

260 km fiber link between
ESTEC (Noatdwijk) and
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KM3NET: Cubic Kilometre Neutrino Telescope » AlticdmsREasgndaal
German Stock Exchange LSRR

Mikes: Finish National Time Lab Bntkn

National Time Labs in Netherlands (VSL),
France (LNE-SYRTE), USA (NIST), UK (NPL) and
Italy (INRIM)

@ ESA: European Space Agency for Galileo

SMD, Brussels

260 km fiber link between
ESTEC: (Noerdwuk) and
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White Rabbit technology - sub-ns synchronisation

Based on
@ Gigabit Ethernet over fibre
@ |[EEE 1588 Precision Time Protocol
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White Rabbit technology - sub-ns synchronisation

@ Gigabit Ethernet over fibre
@ |[EEE 1588 Precision Time Protocol

y

Enhanced with

@ Layer 1 syntonisation
@ Digital Dual Mixer Time Difference (DDMTD)
@ Link delay model
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Ethernet network in a nutshell

Ethernet Switch

MAC: 00-1B-C5-00-00-01 MAC:
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Ethernet network in a nutshell

D: 00-1B-C5-00-00-02
S: 00-1B-C5-00-00-01

MAC: 00-1B-C5-00-00-01 MAC: 00-1B-C5-00-00-02 MAC: 00-1B-C5-00-00-03
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Ethernet network in a nutshell

Ethernet Switch
PC1- PC3

1B-C5-00-00-03
1B-C5-00-00-01

MAC: 00-1B-C5-00-00-01 MAC: 00-1B-C5-00-00-02 MAC: 00-1B-C5-00-00-03
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Ethernet network in a nutshell

Ethernet Switch

1B-C5-00-00-02 D: 00-1B-C5-00-00-01
1B-C5-00-00-01 S: 00-1B-C5-00-00-03

MAC: 00-1B-C5-00-00-01 MAC: 00-1B-C5-00-00-02 MAC: 00-1B-C5-00-00-03
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Precision Time Protocol (IEEE 1588)

PTP Device A Network PTP Device B
link
Master ) Slave
time scale time scale

te

Qﬂ\eis/a’g' —1t
P
o O
—2ELay
(conzam,,, P . 83,,93

@ Frame-based synchronisation protocol
@ Simple calculations:

o link delay: gy = (=t)-=k)
o offset from master OFM =t — (t + Oms)
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Precision Time Protocol (IEEE 1588)

@ Frame-based synchronisation protocol
@ Simple calculations:

2 _ (ta— 1) (z—tp)
,%,%,» o link delay: oms = =7 o=k
o, o offset from master: OFM — to — (t + 6ms)
\ @ Hierarchical network
Crl I el

/[

Ordinary Ordinary| [Ordinary Ordinary|
Clock] & Clock) |© Clock] Clock
PTP message ——> Local

hange ~ +——— oscillator
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Precision Time Protocol (IEEE 1588)

@ Frame-based synchronisation protocol
@ Simple calculations:
o link delay: ds = (=) (6=t)
o offset from master OFM — to — (t + Sms)
N\ @ Hierarchical network
(Conty ] [ Dumdy ] @ Shortcomings:

/// \\\ /// \\\ o devices have free-running oscillators

L‘;“MY] [o: dmry] [Or £l ry] [Or pve y] o frequency drift compensation vs.
Clock]  |© Clock] [© Clock Clock message exchange traffic
Pomesne —— Q) tewl e assumes symmetry of medium

e timestamps resolution
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Layer 1 Syntonisation

@ Clock is encoded in the Ethernet carrier and recovered by the
receiver chip

@ All network devices use the same physical layer clock

@ Clock loopback allows phase detection to enhance precision of

tlmeStampS
E’j clock loopback
o O—P e | ., = —
2 SyStem Ether . . Downlink 1 node
3 Timing ‘tl.UkMt e 3 TR
© Master = port y
g = Downlink 2
S~~~ b
e = BN e~ —~——>
& . ..... Other nodes
= 55 " Downlink N or switches
. switch
Cesium 1 j— >
132.91
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Digital Dual Mixer Time Difference (DDMTD)

@ Precise phase measurements in FPGA
@ WR parameters:

@ clkj, = 62.5 MHz
@ clkppytp = 62.496185 MHz (N=14)
@ clkoyt = 3.814 kHz

@ Theoretical resolution of 0.977 ps

clk,;
S e D O
PLLZN KppmTn <

h foouro = gy faim = f

| el 1k, !
AL pof=te | 1

— : :
Counter p

h ch
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Link delay model

i [ ‘ i
@ Correction of RTT for asymmetries 1:"‘":““ ave
1

PTP message exchange

uY RTT=(t; ~ ) - (ts— 1)
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Link delay model

@ Correction of RTT for asymmetries

@ Asymmetry sources: FPGA, PCB, SFP
electrics/optics, chromatic dispersion

Master

e

t;

PTP message exchange
RTT=(t,—t;) - (t; - t;)

Sources of asymmetry:
Fiber

(single strand)

Slave

1
b,

A=1490nm

k, Maciej Lipifiski

White Rabbit



Technology
0000080

Link delay model

@ Correction of RTT for asymmetries

@ Asymmetry sources: FPGA, PCB, SFP
electrics/optics, chromatic dispersion

@ Link delay model:

@ Fixed delays — FPGA, PCB, SFP
@ Variable delays — fiber:
_ vg(Xs) _ Sms—9
O= gt =
@ Calibration procedure to find fixed delays
and a

Master

e

t 4

PTP message exchange

RTT=(t,—t;) - (t; - t;)

Slave

Sources of asymmetry:

Fiber

(single strand)

1
b,

A=1490nm

t g

Link delay model:
fixed delays ! variabledelays : fixed delays

Atx,, Oms

Arxﬁrss

Arx,+&y Osm

AtxS

Aski
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Link delay model

Master Slave
e

L\“
o Asymmetry sources: FPGA, PCB, SFP PTP message exchange P >

b .,

@ Correction of RTT for asymmetries

electrics/optics, chromatic dispersion t ¢ RIT=(t— 1) (6, t)
@ Link delay model: Sources of asymmetry:
@ Fixed delays — FPGA, PCB, SFP Fiber
@ Variable delays — fiber: - pi14mm
_ vg(Xs) 1= 5ms—5sm 7
= 290m) =
@ Calibration procedure to find fixed delays . ‘
and o Link delay model:

° Accurate Offset from master (OFM) fixed delays ! variabledelays : fixed delays
dms = 52 (RTT — 3 A — Y e) % Sms Artes L
OFM =t — (t{ + Oms + Apxm + Amxs + €5) “ Arx, €y dsm Atx, &

Aski i White Rabbit
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Out-of-the-box performance

Stable oscillator Oscilloscope

Cesium
beam clock

WR Switch
(master)
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Out-of-the-box performance

Histogram of offsets between master and each slave

160 Master
a0 (CHBLL......
I : SlaVe .2....'~.~..
120 : (CH3) A
% 100l : mean= 24.67 ps
% Slave 3 : sdev=530ps ..«
a 8ol (CH4) : “‘-“‘
o weett
E ol mean=-135.25 ps : fuss Slave 1
= sdev = 6.14 ps . (CH2)
40! .‘_.-""" : mean= 161.86 ps
IOt Lie = sdev = 5.45 ps
20t . .
0 :

50 100 150 200
Offset [ps]
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Typical WR network

Control [°
Data

Standard
GbE Switch

WR N Other
Node J S

PC
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WR Switch

@ Central element of WR network

@ 18 port gigabit Ethernet switch with WR features

@ Default optical transceivers: up to 10km, single-mode fiber
@ Fully open, commercially available from 4 companies
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WR Switch: hardware block diagram
Cooling FANs Debug ports
| |
@Back panel@ T ? w
Power
supply
12V DC
Xilinx Virtex6 ] 80w
FPGA
2 256MB
<) NAND
A ry 8
o
v s
clocking
resources g 8MB boot
o flash
o
°° e N I O O | D
- Front panel
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WR Node: carriers + mezzanines

Carrier board FMCs Carrier board

@ All carrier cards are equipped with a White Rabbit port
@ All carrier cards instantiate WR PTP Core

@ Mezzanines can use the accurate clock signal and timecode
(synchronous sampling clock, trigger time tag, ...)
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WR PTP Core

[ sPEC

WR Node
Device

v

Network

EtherBone

Example

FMC-base
CARD

Tx
Ethernet
Rx

external
oscillators

WR Node
IP Core

WR Node Design

source

sink } MAC IfF

pipelined WB Slave I/F

} timing I/F

control/status pins

AN

Maciej Lipifiski

0 White Rabbit



Equipment
0O0000e

Open and commercially available off-the-shelf

i

\ Seven Sol, Spain L
Creotech, Poland

OPNT, Netherlands
SyncTechnology,
China

P Simple VME Simple PCIe FMC Compact Universal .
 FMC carrier carrier (SPEC) Timing Endpoint i 4
:. (SVEC) Creotech, Poland (Cute-WR-DP) 1 -:.

INGAA, Netherlanids SyncTech, China
Seven Solutions, Spain >
ISD S.A., Greece

Janz Tec AG,

... : GPS Disciplined |
Digitizers - Oscillator PXI g 3

Sp ;mwk ] Seven Solutions, Spain module [=4 s

p evices, Sweden e T S = 1
1 ' " “#F ZEN TP-32 BNC Uk .

Seven Solutions, Spain

Y Companies selling White Rabbit: :
www.ohwr.org/projects/white-rabbit/wiki/wrcompanies
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Management of WR networks: monitoring & config

@ White Rabbit is an extension of Ethernet
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Management of WR networks: monitoring & config

@ White Rabbit is an extension of Ethernet

@ It can be managed using standard protocols and tools:
e Simple Network Management Protocol (SNMP)

Syslog

Link Layer Discovery Protocol (LLDP)

Kerberos-based authentication
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Management of WR networks: monitoring & config

@ White Rabbit is an extension of Ethernet
@ It can be managed using standard protocols and tools:
e Simple Network Management Protocol (SNMP)
e Syslog
o Link Layer Discovery Protocol (LLDP)
o Kerberos-based authentication
@ It can be debugged using standard tools:
e Wireshark
e Tcpdump
o Professional Ethernet testers
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WR Network vs. TN/GPN Network

Technical or General

Purpose Network (/\l

<

WR ot ;-S----"l"‘
Switch -7
i

WR Node
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BE-CO services: Monitoring with COSMOS/Grafana

Controls Open Source
MOnitoring System

Technical or General (https://cosmos-grafana.cern.ch)

Purpose Network

WR NEtwork MOnitoring
and Configuration

WR Node
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BE-CO services: Monitoring with COSMOS/Grafana

{3 - B8 White RabbitSwitch - * @ o < ZoomOut > @ Last30 minutes

= Whie Rabbit Dashboards

PROWRS ping status by building
20180227 11:25:19 ctdwa-193.cttad
20180227 11:24:03 ctdwa sm1B.ctist
20180227 11:24:58 ctdwa-sré-clistt

20180227 11:24:03 ctdwa354.cttmaster
20180227 112501 Ctdwa 355-cwrsps
2018.022711:2837 ctowa.ccr-cistt
2018.022711:2825 ctdwa-cer-ctnalimi

2018.02:271125:00 ctdwa-cor-cttmaster

ctdwa-cr-clist1

OK
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BE-CO services: Configuration with CCDE

Controls Configuration
Data Editor
(https://ccde.cern.ch)

Technical or General
Purpose Network

WR NEfwork MOnitoring
and Configuration

WR Node

k, Maciej Lipiriski ion to White Rabbit
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BE-CO services: Configuration with CCDE

@

Controls
22X Configuration
@ Dashboard
8 Hadware
Nxcals
D Histoy
BB Data Browser

a8 expen

O e

Documentation

Support

Switch Configuration

Switch browser

Switch Name

Switch Name

wa-864-clabs1

ctawa-cer-cdevalimi

ctowa-co

allm

ctawa-cer-cgpnalimt

ctowa-774-cins2

ctowa-774-cois1

wa-774-cot
ctowa-774-cins1

Version browser

Hardware Verson

Hardware Version
34
34

Basic | Advanced  Ports
Verson

Version [HW/FW]

34150

341501

PYYFTY Timing mode

341501 ® Grand Master
337501

24150

34

NTP server

Firmware Version v ip-time-1.cem.ch

Additional details.

Computer Name
ctawa-774-cinm1 ¢

HCP Image Path
white_rabbitconfig-H

Description
MASTER TEST SWI.

Boundary Clock Free-running Master

veco.

acing

B

Responsible
ACC-frontend-responsiblet

Operational Support
ACC-frontend-responsible!|

Operatic Diamon
LINUX EMB. Py

Layout  MTF

& Remove swicn [lEgs

to White Rabbit
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BE-CO services: Configuration with CCDE

WR Nemo l

WR Nemo Servers Search WR Nodes

Dashboard earch crera WR Nemo Server Details

®
e IO ° « me [— Descrption
2 Devices cs.cer-cwnemog Jutien Palluet CONTROL WHITE RABBIT NETWORK MO
eutng oo ek
8 Hardwar Nemo Server ~ v Responsible v v Rack v Description =
@ cscercmmemogt CONTROL WHITE RABIT NETWORK MC
T [——
W iz @ |cs-corcwnemogz | utie o SERVER FOR CS-CCR-CWNEMOG2.
Bas bsL. ° o
P FesA Edior
® O Layout v CedeEx v ExtraD v MACAd v IPAddr v Comput v Module v
NXCALS
o BTLAB.CBT. 02:09:11:82 192.168.5.1 cfc-774-cbt 59519 /s o
D History o BTLAB.CBT. 22:33.03.0F 192.1685.1 4-cbt 59517 s B8
BB Data Browser o sTLAB CoT 2233036 19216851 b s B
o OASISTRIG 233050 19216851 cvTT4cai 2025 4 @
0 Expert
o OASISTRIG! 22330631 192.1685.1 74-ca 7 8

Logout

. i s

to White Rabbit
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WR applications in science and beyond

Time & frequency transfer
Time-based control
Precise timestamping
Trigger distribution
Fixed-latency data transfer
Radio-frequency transfer
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Applications
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WR applications in science and beyond

Time & frequency transfer
Time-based control

Precise timestamping Selected

. e WR applications at CERN
Trigger distribution ol o lielierd
Fixed-latency data transfer next week

Radio-frequency transfer
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Time & frequency transfer

@ Widely used/evaluated by National Time Labs (5 countries)
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Time & frequency transfer

@ Widely used/evaluated by National Time Labs (5 countries)
@ Evaluated by Deutsche Telecom

High Accuracy Time Dissemination
4. Application of Time Transfer Methods and Network Sync Level

UTC(PTB]

uTel © OTT ELSTAB

UTCI(K) level Braunschweig
@I|EEE1588 HA
(aka. White Rabbit)
CORE “1®  Bidi w/o
Network level PTP-  |over T-BC
FTS  |single
fiber/ 7 T.8C
Sy CL.D
only
Fiber ] -
pair/ 2
together cLc
with
-  traffic .
:I: w w  LIFE1S FOR SHARING.  Highly Accurate Time Disseminstion and Network Synchronization, Deutsche Telekomat ISPCS 2018, Helmutimiau, 25.09.2019 |4

ISPCS keynote Highly Accurate Time Dissemination & Network Synchronisation, Helmut Imlau, Deutsche Telekom
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Time-based control
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Time-based control

e D anosecond
ID =1 [00:00:10:000000000
ID =2 [00:00:10:000000010
ID =3 {00:00:10:000000100

Control Message (CM)

Data Master
(Controller)

inPs

sensor

Greg Daniluk, Maciej Lipin
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Time-based control

Event ID Hh:mm:ss:nanoseconds
ID =1 ]00:00:10:000000000
ID =2 [00:00:10:000000010
ID =3 {00:00:10:000000100

send receive execute events

Control Message (CM) ; % 3
@) ‘ I
‘

Data Master
(Controller)

P &

Magnet
inPs

dny

sensor .
time o

>

00:00:09:999000000 00:00:10:000000000 00:00:10:000000100
v

00:00:10:000000010

White Rabbit
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Time-based control

ID =1 {00:00:10:000000000
ID =2 [00:00:10:000000010
ID =3 {00:00:10:000000100

Control Message (CM)

send receive execute events
2

a Max latency . ®® '
V. I :
Teomoter 1 : :
P 1 : L
s | : :
2, 1 : 3
2 I L
Y H s
»f':g:scx I L] Z 2
sensor I l 2 time o
. v »
00:00:09:999000000 00:00:10:000000000 00:00:10:000000100
v

00:00:10:000000010

White Rabbit
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Time-based control - example application

@ GSI Helmholtz Centre for Heavy lon
Research in Germany
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Time-based control - example application

@ GSI Helmholtz Centre for Heavy lon
Research in Germany

@ 1-5ns accuracy and 10 ps precision

Introduction to White Rabbit



Applications
oce

Time-based control - example application

@ GSI Helmholtz Centre for Heavy lon
Research in Germany

@ 1-5ns accuracy and 10 ps precision

SIS 100
@ WR network at GSI:

@ Operational since June 2018: y épy FAIR
134 nodes & 32 switches

@ Final: 2000 WR nodes & 300 switches
in 5 layers

Greg Daniluk, Maciej Lipinski Introduction to White Rabbit
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Precise timestamping

@ Association of time with

@ an event
@ a sample (measured value)

A

A

Time-to-digital converter (TDC)

‘Voltage

‘Voltage

Timestamp
Time
Digitizer
Timestamp & Measurement
Time
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Precise timestamping

@ Association of time with

@ an event
@ a sample (measured value)

@ The most widely used WR application

A

r

Time-to-digital converter (TDC)

‘Voltage

‘Voltage

Timestamp
Time
Digitizer
Timestamp & Measurement
Time
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Precise timestamping

@ Association of time with
@ an event
@ a sample (measured value)

@ The most widely used WR application
@ Time-of-flight measurement

Greg Daniluk, Maciej Lipinski Introduction to White Rabbit
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Precise timestamping

@ Association of time with

@ an event
@ a sample (measured value)

>

Global Positioning System (GPS)

@ The most widely used WR application R iy
@ Time-of-flight measurement ' \ o
@ Speed of neutrinos - CNGS

Long distance

Local

CERN

@ Experiments
W | Timing System Timing Systems

Timing by BE-CO-HT Timing by experiments
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@ The most widely used WR application

@ Time-of-flight measurement

@ Speed of neutrinos - CNGS

@ Types of particles - ProtoDUNE
@ Cosmic ray and neutrino detection

@ Large High Altitude Air Shower
Observatory
@ Cubic Kilometre Neutrino Telescope
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Precise timestamping

@ Association of time with

@ an event
@ a sample (measured value)

@ The most widely used WR application
@ Time-of-flight measurement
@ Speed of neutrinos - CNGS
@ Types of particles - ProtoDUNE
@ Cosmic ray and neutrino detection
@ Large High Altitude Air Shower
Observatory
@ Cubic Kilometre Neutrino Telescope
@ Tunka Advanced Instrument for
cosmic ray physics and Gamma
Astronomy
@ High Frequency Trade monitoring
@ German Stock Exchange
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Trigger distribution

Applications
L Je]

Output timestamp

+300,111.5 ns

trigger TAI Timestamp

; 12:34:56
J1 WEEES Time-to-Digital | + 111.5 ns White Rabbit 12:34:56

Converter (TDC) le network +

TAI time —
300 us Fixed delay’
e.g. 300 us
A 4

Programmable

pulse generator

I z
- trigger
pulse
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Trigger distribution - example applications

LHC trigger distribution to measure beam instabilities - since 2016

Observation instrument (OB)
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Trigger distribution - example applications

LHC trigger distribution to measure beam instabilities - since 2016

Observation instrument (OB)

WRTD - White Rabbit Trigger Distribution- to be used for CERN’s
Open Analog Signals Information System (OASIS)
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Fixed-latency data transfer

WR Node

VR Port

User ] Ethernet Frame g Receive User

: Timestamp s
i

data & ; d 1
tranamit mP VAC .‘_>: th Header ———gpr MAC T delay  map D

Fixed latency (A)
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Fixed-latency data transfer- example application

Distribution of magnetic field in CERN accelerators

Accelerating
RF cavity

fev (8)

Bending
magnet

©B ()

Magnets I(t)
power (OO K\V [
converter
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Feedback frequency (equal to RF input when locked)

!

DDS
RF input Es
Phase Pl | oo
detector control
125 MHz reference
TAl time
Encode
packets
st emeen. WhiteRabbit _____
Receiver network
125 MHz reference
TAl time
DDS
Decode packets tune DS RF output
Apply control words > —>
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Feedback frequency (equal to RF input when locked)

l Direct digital synthesis (DDS)
. DDS
RF input Phase Pl i — RF signal
—> A g | DDS Add Waveform Digital
control —h "85S L/l lookup [ toanalog /\/
counter
table converte
i =l T W
tinr
Encode i \*
packets $
l 4
) d
[
Master : ; §
NS White Rabbit ]
=i o =
Receiver network
125 MHz reference
TAl time
DDS
RF output
Decode packets e | pps

Apply control words
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Radio-frequency transfer - example application

i | booster
;| magnets
ramping

@ RF over WR at European Synchrotron Radiation Facility (ESRF)
@ A prototype tested in operation: <10 ps jitter

@ RF over WR at CERN

@ A prototype: <100 fs jitter and <10 ps reproducibility over reboots
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Standardisation
[ le]

WR standardisation in IEEE 1588 (1)

@ |EEE standards are revised periodically IEEE 1588
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WR standardisation in IEEE 1588 (1)

@ |EEE standards are revised periodically IEEE 1588

@ IEEE 1588 revision started in 2013 & targeted
”...support for synchronisation to better than 1 nanosecond”
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WR standardisation in IEEE 1588 (1)

@ |IEEE standards are revised periodically

IEEE 1588
o IEEE 1588 revision started in 2013 & targeted ——
”...support for synchronisation to better than 1 nanosecond” d) ;?@ fa‘x 8
@ Working Group with 5 sub-committees Vil
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WR standardisation in IEEE 1588 (1)

@ |EEE standards are revised periodically IEEE 1588
o IEEE 1588 revision started in 2013 & targeted Vv
”...support for synchronisation to better than 1 nanosecond” 2% /BN . 2
& x: AKX i

@ Working Group with 5 sub-committees

@ High Accuracy sub-committee

@ Focus on White Rabbit

@ Experts from industry and academia

@ Division of WR into self-contained parts

@ Definition of Optional Features and PTP Profile that allow
WR-like implementation and WR performance
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WR standardisation in IEEE 1588 (1)

@ |EEE standards are revised periodically IEEE 1588
@ IEEE 1588 revision started in 2013 & targeted W
”...support for synchronisation to better than 1 nanosecond” d) ?@ ‘ ‘

@ Working Group with 5 sub-committees

@ High Accuracy sub-committee

@ Focus on White Rabbit

@ Experts from industry and academia

@ Division of WR into self-contained parts

@ Definition of Optional Features and PTP Profile that allow
WR-like implementation and WR performance
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Standardisation
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WR standardisation in IEEE 1588 (1)

@ |EEE standards are revised periodically IEEE 1588
@ IEEE 1588 revision started in 2013 & targeted W
”...support for synchronisation to better than 1 nanosecond” d) ?@ ‘ ‘

@ Working Group with 5 sub-committees

@ High Accuracy sub-committee
@ Focus on White Rabbit
@ Experts from industry and academia
@ Division of WR into self-contained parts
@ Definition of Optional Features and PTP Profile that allow
WR-like implementation and WR performance

@ Revised IEEE 1588 approved on 7 Nov 2019

Te t
NATIONAL
INSTRUMENTS'
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WR standardisation in IEEE 1588 (2)

$IEEE

IEEE Standard for a Precision Clock
Synchronization Protocol for
Networked Measurement and Control
Systems

IEEE Instrumentation and Measurement Society

Sponsaredy e
Tochnical Cammitea on Sensor Technalogy (TG-9)

€ sta 15082008

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588

Maciej Lipin: ction to White Rabbit


https://www.ohwr.org/projects/wr-std/wiki/wrin1588

Standardisation
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WR standardisation in IEEE 1588 (2)

Changes
to
IEEE1588
“Core”

Enhance
—

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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WR standardisation in IEEE 1588 (2)

HA-specific optional features
(active by default)

‘_ Calculation of the
<delayAsymmetry>
Calibration Yy Y
(Al
( nne.xq) Configurable correction of
timestamps

Changes

Enhance to
w IEEE1588
Sync “Core”

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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WR standardisation in IEEE 1588 (2)

HA-specific optional features Generic optional features
(active by default) (inactive by default)

‘_ Calculation of the
<delayAsymmetry>
Calibration Yy Y
(Al
( nne.xQ) Configurable correction of
timestamps

Changes | Modify

Enhance to BMCA
11 IEEE1588
Sync “Core”

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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WR standardisation in IEEE 1588 (2)

HA-specific optional features Generic optional features
(active by default) (inactive by default)

Calculation of the Enhance to ‘BJ/ICA
; <delayAsymmetry>
Calibration s e . L1 IEEE1588
“Core”
(Anne| xQ) Configurable correction of SYnc
timestamps

Requires and specifies Defines attributes Requires and specifies
default/allowed values and mechanisms default/allowed values

Changes | Modify

High Accuracy Request-Response Default PTP Profile

(Annex J)

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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Standardisation
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WR standardisation in IEEE 1588 (2)

— Calculation of the Enhance 5 BMCA
<delayAsymmetry>

Calibration yisy b I |EEE1588

(Annex Q) “Core”

' Configurable correction of Syne
timestamps

HA-specific optional features Generic optional features

(active by default) . (inactive by default)
Changes | Modify

Defines attributes
and mechanisms

Requires and specifies
default/allowed values

Requires and specifies
default/allowed values

High Accuracy Request-Response Default PTP Profile
(Annex J)

Informative annex describes HA Profile
implementation that provides
sub-ns accuracy of synchronization

Sub-ns synchronization using High Accuracy Default Profile
(Annex P)

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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Ongoing work

@ Improve accuracy (<10 ps) and jitter (<100 fs)
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Ongoing Work
.

Ongoing work

@ Improve accuracy (<10 ps) and jitter (<100 fs)
@ White Rabbit over 10 Gb Ethernet

@ New WR Switch hardware

@ WR PTP Core support for new FPGA families

@ Support for building WR applications
(next week BE seminar)
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@ Ethernet-based synchronization
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Summary
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Summary

@ Ethernet-based synchronization

@ <1 ns accuracy and <10 ps precision out-of-the-box

@ Sub-10 ps accuracy and sub-100 fs precision achievable
@ Open with commercial support

@ Standard-based and standard-extending

@ Included in the revised IEEE 1588

@ A versatile solution for general control and data acquisition
@ Showcase of technology transfer
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Questions?

WR Project page: http://www.ohwr.org/projects/white-rabbit/wiki
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WR Performance in Long Chain
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WR Performance in Long Chain
°

WR performance in a lon

WR Switch|PPS or 10MHz

o)

g chain

Oscilloscope

% WR Switch PPS or
Boundry Clock [ |OMHz

Grandmaster [reference
— ( Accuracy vs. distance from the Grandmaster \
| [1® WR Switch PPSor | | T
% Boundry Clock | |0MHz @ 1000 =T
2 L
| (3@ WR Switch[PPS or = e ]
T ——
7 » IR S-S
& 0 - |
)@ WR Switch|PPS or 8 ; !
10MHz ] CH2S oo -205p5 \\
- - cH3l- T 0 1 2 3 6 8 9
@WR Switch|PPS or Switch number [hops]
Boundry Clock [ | OMHz CH4
Precision vs. distance from the Grandmaster
B e fé’&i{ <o 100
Boundry Cloc 7 CH6 | &
. chz7|S # r/
;| [1® WR Switch PPS or S
. Boundry Clock [ TOMT1Z s 60
X
3 40 —
CHIlZ Iy
S 20
2 0
0 1 2 3 4 5] 6 8 9
Switch number [hops] )

= ®WR Switch|PPS or
Boundry Clock | [)MHz

Performance without prior-calibration of the switches

Worst case of performance without prior-calibration of the switches
Performance with careful calibration of the switches

Worst case performance with careful calibration of the switches

Greg Daniluk, Maciej
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WR Performance Improvements
[ eJe]e]

Time transfer: out-of-the-box

Histogram of offsets between master and each slave

Master
0 LN —
! i Slave .2...."~.~~
120 ; (CH3) A
£ 100} ; mean= 24.67 ps
5 Slave 3 - sdev=530ps .-
5 80 (CH4) - Leeet
o Lest
E =-135. : weett
3 o m:;l:v =163f4255ps : 4 Slave 1
AR i (CH2)
“l JUUTTU mean= 161.86 ps
a0l e : sdev = 5.45 ps
0 :

-150 100 50 100 150 200

50
Offset [ps]

Reported in 2011

Introduction to White Rabbit



WR Performance Improvements
[e] le]e]

Frequency transfer: out-of-the-box and improved

/ <7 % / S/ove
V.| P | )

10M 10M y ﬁ 10M ﬁ’
N oyt out

1 MB/s traffic

10 km 1
Only one source measured
e .
[ TTTTTTTTTT =y < at the same time (GM or
||||||1||||||11|||||uu|u‘?‘_ Slave)

‘;;:H|I|I|IHlt||||||||||||||||| -
D . *r'?%; AT Ly )

Measurement device: Microsemi/Microchip 3120A Phase Noise Test Probe
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WR Performance Improvements

[e]e] ]o)

Frequency transfer: out-of-the-box and improved

[—WRS GMLJD
! WRS GMSTD
10—10i —F—WRS Boundary LJD | 4

| ——WRS Boundary STD
|8 \

~N 10711 L

T :

N |

L [

310712

8 E

f=

& [

<10 ¢

el E

2 f

=

8

S 10 =

10715 ¢ \

107167 L L L L
1072 107" 10° 10" 102 10°
7(s)

@ Out-of-the-box performance:
@ GM-in to GM-out: jitter of 9 ps RMS 1 Hz—100 kHz and MDEV of 2E-12 7=1 s ENBW 50 Hz
@ GM-in to Slave-out: jitter of 11 ps RMS 1 Hz—100 kHz and MDEV of 4E-12 7=1 s ENBW 50 Hz
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WR Performance Improvements
[e]e] o]

sfer: out-of-the-box and impro

[—WRS GMLJD
WRS GM STD
—F—WRS Boundary LJD | 4

——WRS Boundary STD

Modified Allan Dev. (Hz/Hz)

<
=
T

10"5é \

10-16 L L L L
1072 107" 10° 10" 102 10°
7(s)

@ Out-of-the-box performance:
@ GM-in to GM-out: jitter of 9 ps RMS 1 Hz—100 kHz and MDEV of 2E-12 7=1 s ENBW 50 Hz
@ GM-in to Slave-out: jitter of 11 ps RMS 1 Hz—100 kHz and MDEV of 4E-12 7=1 s ENBW 50 Hz

@ WR Switches improved with Low Jitter Daughterboard (LJD):
@ GM-in to GM-out: jitter of 1 ps RMS 1 Hz—100 kHz and MDEV of <5E-13 7=1 s ENBW 50 Hz
@ GM-in to Slave-out: jitter of <2 ps RMS 1 Hz—100 kHz and MDEV of <7E-13 =1 s ENBW 50 Hz

White Rabbit



WR Performance Improvements
[e]e]e] )

WR time & frequency tranfser:

"~ Agilent F5052B Signal Source Analyzer.

CaNS0.000015 MHz _ 0.813R i

Stop 10 MHz R
Center 5.000005 MHz
=== NOisE aaduiiit Abort Printing
Analysis Range X: Band Marker RRRee==SY
Carrier 250.000015 MHz ]
>1: 1 kHz -130.4840 dBC/Hz
Xi start 10 Hz
Stop 10 MHz
Center 5.000005 MHz
span 9.99999 MHZ
=== Noise ===
‘ Analysis Range X: Band Marker
Analysis Range Y: Band Marker
Intg Noise: -79.9602 dBc / 10 MHz
RMS Noise: 142.071 prad
8.14005 mdeg
RMS Jitter: 90.445 fsec
Residual FM: 611.688 Hz

i & C I i
[3 a8 Freq Band [99M-1.5GHz] LO Opt [<150kHz])

Phase Noise Start 1 Hz

SetREATT 08 IPhase Noise: Mes [ RN ISR Ve =) SISOl v

@ GM-out to end-node-out: accuracy of <10 ps
@ GM-out to end-node-out: jitter of <100 fs RMS 10 Hz—10 MHz
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WR networks at CERN
.

Global WR network at CERN

ime reference.
GPS+CS

WRS | WRS

COEMIIET iy
diagnostics for all |

WR Networks in an

accelerator (group)
Located in C

Backbone: WRS

Optional satelite switches
closer to WR Networks

OASIS

Source oftme | urce of g Sourceoftme
for a WR network | r network
" dogatedo | Gedatedio dedcatedto
asingle application | asingle application ‘single application

1
Local Masters: 1
1
1
1
1

Application: 1

End User:

[ies | WR switch

Active fiber Ethernet link
Backup fiber Ethernet link

Copper Ethernet link




Determinism in WR

Outline

@ Determinism in WR

Maciej Lipinski ion to White Rabbit



Determinism in WR
°

Determinism and Network Latency

* Determinism
A deterministic system is predictable: it provides calculable and consistent
characteristics of operation that are required by the application, e.g. network
latency of data transmission.

* Network latency

|EthernetFrame =

(

(]

(]

(]

/

i 1
i Ethernet Frame
H

1

1

1

[

1
o I
i

1

Network latency:

»
»

ttx trx71 trfo
Deterministic network is a network in which we
can calculate the maximum latency
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Determinism in WR
°

Network Latency Contributors

* Cables: 5us/km — we cannot do much about this
* Switch operation

We can do something about this
* Other traffic

[ S

---~~
~_ | [~

bl 4
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Determinism in WR
°

Determinism in WR

@ "White Box” design of WR switch - allows thorough analysis
@ Backward-compatible extension of the IEEE 802.1Q std
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Determinism in WR
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Priorities

0-1B-C5-00-00-02

D: 00-1B-C5-00-00-02 77
S: 00-1B-C5-00-00-01 ‘7 0-1B-C5-00-00-03

©w o
oo

/7
'I ,I
s
‘7
‘7
‘7
/! v
Min frame:
0. 672us
Max frame:
MAC: 00-1B-C5-00-00-02
12.336us
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Determinism in WR
.

Priorities

D: 00-1B-C5-00-00-02
S: 00-1B-C5-00-00-03

VID
Prio: 5

Min frame:
0.672us

Max frame:
12.336us
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Determinism in WR
.

Priorities

D: 00-1B-C5-00-00-02
S: 00-1B-C5-00-00-03

VID

Prio: 5

i * Assignment of priorities — standard option
gﬂ'gfzra?e' + Two problem remain:

. Y *  Memory resources
Max frame: * Frames being transmitted
12.336us
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Determinism in WR
°

High Priority

|{§}§ oo o @@{@} R O o ol

D: 00-1B-C5-00-00-02
l S: 00-1B-C5-00-00-03

VID

GLiozl /k
. High Priority traffic in White Rabbit:
Min frame: « Concerns priorities selected by configuration
0. 672us By default: separate memory resources
Max frame:
12.336us

Introduction to White Rabbit



Determinism in WR
°

High Priority

|@@ oo ol {@}@?@ 5 o0 a0 o

TIIITIT

D: 00-1B-C5-00-00-02
l S: 00-1B-C5-00-00-03

/k

High Priority traffic in White Rabbit:

D: 00-1B-C5-00-00-02
: 00-1B-C5-00-00-01

Min frame: * Concerns priorities selected by configuration
0.672us * By default: separate memory resources
e Drop non-HP frames
Max frame:
12.336us
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Determinism in WR
.

WR Switch Latenc

F Ilnr SPIRENT ﬂ ﬁ T m

Ll One switch  Two switches
traffic

Max Pk-pk Max Pk-pk

stream
Besteffort M~ M <4----m----
stream

Non-HP traffic 3.1 0.2 N/A  N/A

Maximum latency for 10 streams between 4 ports

(no PTP traffic)
1000 «+=P0 ->P11

(deterministic)
PS5 ->P0
~=P5 >PIl
-=P5 ->PI17
11 ->P0
P11 ->P5
~e-P11->P17
7->P0
-=P17->P5
=-P17->P11

At e -
3.04-3.04-3.05-3.04 32,88 2.89 3.04 3 2.9 2.88

10 120 130 [ 40 50 [ 50 [ 50 |10 (20 | 30 [ 40 [ 50 |%
128 256 | 512 1024 [bytes
Traffic load [%] and frame size [bytes]
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