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Maciej Lipiński White Rabbit 1/38



logo/WRlogo.pdf

Introduction Technology Equipment Calibration Configuration Summary

Outline

1 Introduction

2 Technology

3 Equipment

4 Calibration

5 Configuration

6 Summary
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What is White Rabbit?

CERN and GSI initiative for control & timing

Based on well-established standards

Ethernet (IEEE 802.3)
Bridged Local Area Network (IEEE 802.1Q)
Precision Time Protocol (IEEE 1588)

Extends standards to provide
Deterministic data transfer
Sub-ns synchronisation - incorporated into
IEEE 1588-2019 as High Accurcy(*)

Initial specs: links ≤10 km & ≤2000 nodes

Open Source and commercially available

dddd dsaf asd fasd fdsa fads f dsa fdsa f dsaf dsa
fdsa f dsaf dsaf fds

(*)home.cern/news/news/knowledge-sharing/white-rabbit-cern-born-technology-sets-new-global-standard
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Many users worldwide, including metrology labs...

CERN and GSI

The Large High Altitude Air Shower Observatory

KM3NET: Cubic Kilometre Neutrino Telescope

German Stock Exchange

Mikes: Finish National Time Lab

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

ESA: European Space Agency for Galileo

See user page: http://www.ohwr.org/projects/white-rabbit/wiki/WRUsers

Maciej Lipiński White Rabbit 5/38

http://www.ohwr.org/projects/white-rabbit/wiki/WRUsers
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Maciej Lipiński White Rabbit 5/38

http://www.ohwr.org/projects/white-rabbit/wiki/WRUsers


logo/WRlogo.pdf

Introduction Technology Equipment Calibration Configuration Summary

Many users worldwide, including metrology labs...

CERN and GSI

The Large High Altitude Air Shower Observatory

KM3NET: Cubic Kilometre Neutrino Telescope

German Stock Exchange

Mikes: Finish National Time Lab

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

ESA: European Space Agency for Galileo

See user page: http://www.ohwr.org/projects/white-rabbit/wiki/WRUsers
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White Rabbit technology - sub-ns synchronisation

Based on
Gigabit Ethernet over fibre
IEEE 1588 Precision Time Protocol

Enhanced with
Layer 1 syntonisation
Digital Dual Mixer Time Difference (DDMTD)
Link delay model
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Gigabit Ethernet Local Area Network over fibre

Ethernet Switch

1 2 3 4 5 6 7 8

PC 1 PC 2 PC 3

MAC: 00-1B-C5-00-00-01 MAC: 00-1B-C5-00-00-02 MAC: 00-1B-C5-00-00-03

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

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

01
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Precision Time Protocol (IEEE 1588)

Frame-based synchronisation protocol
Simple calculations:

link delay: δms = (t4−t1)−(t3−t2)
2

offset from master: OFM = t2 − (t1 + δms)

Hierarchical network
Shortcomings:

devices have free-running oscillators
frequency drift compensation vs.
message exchange traffic
assumes symmetry of medium
timestamps resolution

Maciej Lipiński White Rabbit 9/38
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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
timestamps

Maciej Lipiński White Rabbit 10/38
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Digital Dual Mixer Time Difference (DDMTD)

Precise phase measurements in FPGA
WR parameters:

clkin = 62.5 MHz
clkDDMTD = 62.496185 MHz (N=14)
clkout = 3.814 kHz

Theoretical resolution of 0.977 ps

Maciej Lipiński White Rabbit 11/38
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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 – fibre:

α =
νg (λs)

νg (λm)
− 1 = δms−δsm

δsm

Calibration procedure to find fixed delays
and α

Accurate offset from master (OFM):

δms = 1+α
2+α

(RTT −
∑

∆ −
∑
ε)

OFM = t2 − (t1 + δms + ∆txm + ∆rxs + εS)

Maciej Lipiński White Rabbit 12/38
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Maciej Lipiński White Rabbit 12/38



logo/WRlogo.pdf

Introduction Technology Equipment Calibration Configuration Summary

Out-of-the-box performance

”White Rabbit: a PTP Application for Robust Sub-nanosecond Synchronization”, M.Lipinski et al, ISPCS 2011
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Out-of-the-box performance
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State of the art performance

Accuracy: <10 ps
Jitter: <100 fs RMS 10 Hz–10 MHz

Maciej Lipiński White Rabbit 15/38
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Typical WR network
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WR Switch v3 - current

Central element of WR network
18 port gigabit Ethernet switch with WR features
Default optical transceivers: up to 10km, single-mode fibre
Fully open-source, commercially available from 4 companies

Maciej Lipiński White Rabbit 18/38
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Low-jitter variant of v3 switch

Uses external PLL and better VCTCXO in a daughter card or
directly integrated in the main switch PCB to improve short and
long-term stability.

Maciej Lipiński White Rabbit 19/38
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Switch types and their performance

WR Switch type Ports 1-12 (LPDC ports) Ports 13-18
Accuracy Precision Accuracy Precision

“Standard” <10 ps <10 ps <100 ps <10 ps
“Low-jitter” <10 ps <1 ps <100 ps <1 ps

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

Maciej Lipiński White Rabbit 20/38
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WR Switch v4 - under development

Up to 24 port, 1 and 10 Gbps, with WR features
Redundant & hot-swappable power supply and fans
Expansion board
Fully open design

Maciej Lipiński White Rabbit 21/38
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Typical WR network
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WR Node: WR PTP Core
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WR Node: carriers + mezzanines

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, ...)

Maciej Lipiński White Rabbit 24/38
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Open and commercially available off-the-shelf

Companies selling White Rabbit and their products:
www.ohwr.org/projects/white-rabbit/wiki/wrcompanies

NOTE: Not all WR equipment is open source

Maciej Lipiński White Rabbit 25/38

www.ohwr.org/projects/white-rabbit/wiki/wrcompanies
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WR Calibration - why

Ensures sub-ns accuracy between
The PPS output of the WR Grandmaster, and
The PPS outputs of the WR Devices connected
(directly/indirectly) to the WR Grandmaster

Determines the value of
Ingress/Egress latency (fixed delays)
Relative delay coefficient for fiber type used (α)

Must be performed for
Each WR device type, its port, SFP type, release
Note: can be performed for each device/SFP instance to increase accuracy

Each fiber type deployed

Described in WR Calibration procedure v1.1

Calibration values provided for
WR Switch releases
WR Node releases (reference designs)

Useful
Which SFP and fibre type to use for WR
Calibration

Maciej Lipiński White Rabbit 27/38

https://ohwr.org/projects/white-rabbit/wiki/SFP
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WR Calibration - how

In-lab procedure, requires
WR Device, SFP, fiber types to be used
Oscilloscope or time interval counter

Entails
Access to console of WR devices
Interconnection using different fiber lenghts
Measurement of skew between PPS outputs

Calibration of Ingress/Egress latency (fixed delays)
Relative calibration against a (golden) calibrator
Golden calibrator at CERN
Procedure to obtain local calibrator

Relative delay coefficient for fiber type used (α)
Absolute calibration, i.e. no calibrator
Type of deployed fiber needs to be known
Assumes no active elements (amplifiers)

In-situ calibration of relative delay coefficient
Experimental: Insitu determination of alpha
Active standardization: 1588f project

WR SlaveWR Master
ΔTX

ΔRX

WR Calibrator
WR Device

under calibration

ΔTXS

ΔRXS

skewPPS

δ1

Maciej Lipiński White Rabbit 28/38

https://ohwr.org/project/wr-calibration/wikis/insitu-determination-of-alpha
https://sagroups.ieee.org/1588/active-projects/
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Procedure to obtain local calibrator

Relative delay coefficient for fiber type used (α)
Absolute calibration, i.e. no calibrator
Type of deployed fiber needs to be known
Assumes no active elements (amplifiers)

In-situ calibration of relative delay coefficient
Experimental: Insitu determination of alpha
Active standardization: 1588f project
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Management of WR networks

White Rabbit is an extension of Ethernet

It implements standard protocols and tools (*):
Simple Network Management Protocol (SNMP)
Syslog
Link Layer Discovery Protocol (LLDP)
Kerberos-based authentication

It can be debugged using standard tools:
Wireshark
Tcpdump
Professional Ethernet testers

WR Switch configuration:

Recommended for large networks:
download dot-config (*) file from server
Recommended for small networks:
CLI (wrs menuconfig*)
Possible but discourage:
web interface

(*) Explained in subsequent presentation
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Introduction Technology Equipment Calibration Configuration Summary

WR network configuration

Device:
Management port IP
Enable/configure services
(SNMP, Syslog, LLDP...)

Data plane:
Virtual LANs (VLANs)
Forwarding options
No support for advanced protocols:
(R)STP, (M)SRP

Time plane:
PTP-generic
WR-specific
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Generic time plane configuration

Device role:
Grandmaster - 1 PPS & 10 MHz inputs required
Useful: Note on using WR Switch in Grandmaster mode

Free-running GM - 1 PPS & 10 MHz NOT required
Boundary Clock - one of the ports is Slave

LeapSeconds & NTP servers

Port roles:
Automatic - non-seamless recovery using BMCA
Static - no risk of ”rogue” Grandmaster

Mapping and VLANs:
IEEE802.3 - VLAN support
UDP/IP - no VLAN support, need IP on wriX
Useful: Synchronizing WR master and a non-WR node using PTP

Profile:
WR - compatible with Default PTP Profile
Default PTP - ”standard” PTP
none

Default values marked in bold font.
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WR-specific time plane configuration

Ingress/Egress latency (Fixed delays)
Value specific to a device/port/firmware
Automatically chosen from database based on SFP type
Values available for typically used SFPs
(1000BASE-BX10, single strand & mode, 1490/1310mm)
WR Switch

Calibrated out-of-the box for typical SFPs
SFP database in dot-config file

WR Node
Calibrated for reference designs for typical SFPs
SFP database needs to be configured via shell or snmp

Fiber’s relative delay coefficient (α)
Calibration value available for fiber type used at CERN
WR Switch - database in dot-config file
WR Node - database configured via shell or snmp

Values for more SFPs and fiber types can be
determined using WR calibration and added easily to
configuration

Useful: Which SFP and fibre type to use for WR

Maciej Lipiński White Rabbit 33/38
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WR Network vs. Management Network

(*)
Explained in subsequent presnetation
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Architecture WR network at CERN
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Summary

Ethernet-based synchronisation

<1 ns accuracy and <10 ps precision out-of-the-box
Sub-10 ps accuracy and sub-100 fs precision achievable
Open-source 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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Thanks!

WR Project page: http://www.ohwr.org/projects/white-rabbit/wiki
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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

Maciej Lipiński White Rabbit 41/38
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Time & frequency transfer

Widely used/evaluated by National Time Labs (5 countries)

Evaluated by Deutsche Telekom

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

Maciej Lipiński White Rabbit 43/38



logo/WRlogo.pdf

Applications Standardisation WR Switch Internals WR Performance Improvements Determinism in WR

Time-based control
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Time-based control - example application

GSI Helmholtz Centre for Heavy Ion
Research in Germany

1-5 ns accuracy and 10 ps precision
WR network at GSI:

Operational since June 2018:
134 nodes & 32 switches
Final: 2000 WR nodes & 300 switches
in 5 layers
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Maciej Lipiński White Rabbit 44/38



logo/WRlogo.pdf

Applications Standardisation WR Switch Internals WR Performance Improvements Determinism in WR

Time-based control - example application

GSI Helmholtz Centre for Heavy Ion
Research in Germany
1-5 ns accuracy and 10 ps precision
WR network at GSI:

Operational since June 2018:
134 nodes & 32 switches
Final: 2000 WR nodes & 300 switches
in 5 layers
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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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Maciej Lipiński White Rabbit 47/38



logo/WRlogo.pdf

Applications Standardisation WR Switch Internals WR Performance Improvements Determinism in WR

Fixed-latency data transfer
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Fixed-latency data transfer- example application

Distribution of magnetic field in CERN accelerators
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Radio-frequency transfer - example application

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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Maciej Lipiński White Rabbit 54/38

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


logo/WRlogo.pdf

Applications Standardisation WR Switch Internals WR Performance Improvements Determinism in WR

WR standardisation in IEEE 1588 (2)

White Rabbit integration into IEEE 1588 as High Accuracy:
https://www.ohwr.org/projects/wr-std/wiki/wrin1588
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Frequency transfer: out-of-the-box and improved

Measurement device: Microsemi/Microchip 3120A Phase Noise Test Probe
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Out-of-the-box performance:
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GM-in to Slave-out: jitter of 11 ps RMS 1 Hz–100 kHz and MDEV of 4E-12 τ=1 s ENBW 50 Hz
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WR time & frequency tranfser: state of the art

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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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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Maciej Lipiński White Rabbit 66/38



logo/WRlogo.pdf

Applications Standardisation WR Switch Internals WR Performance Improvements Determinism in WR

High Priority
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WR Switch Latency
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