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What is White Rabbit?

@ CERN and GSl initiative for control & timing ( .
ime ’

@ 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(*)
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Pl Node
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@ Ethernet (IEEE 802.3)
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@ 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
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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 sl

ltaly (INRIM) NIST

National Institute of
Standards and Technology

.
I’.@vatowe SYRTE
de Paris
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@ 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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White Rabbit technology - sub-ns synchronisation

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

Maciej Lipifiski White Rabbit



Technology
00000000

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

A\
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Gigabit Ethernet Local Area Network over fibre

———

Ethernet Switch

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

PTPDedces NG  PIPDeviceB @ Frame-based synchronisation protocol
link

Master  Stave @ Simple calculations:
time scale time scale
o link delay: ds = (=) (6=t)

Mgy, o offset from master OFM =t — (t + Oms)
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Precision Time Protocol (IEEE 1588)

@ Frame-based synchronisation protocol
@ Simple calculations:

P o link delay: ds = (=) (6=t)
o am fiset f OFM = t, — (ty +6
. o offset from master: t— (t + Oms)
\ @ Hierarchical network

Sae ] (S )
VN

Ordinary Ordinary| [Ordinary Ordinary|
Clock

& Clock) |© Clock] Clock
PTP message ———» Q) Loca
exchange ~ +——— oscillator
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Precision Time Protocol (IEEE 1588)

@ Frame-based synchronisation protocol
@ Simple calculations:

P 4 o link delay: 65 = (=t)-(b=t)
/CGstb e offset from master OFM =t — (t + Sms)
\ @ Hierarchical network

[ Bomdiry ] [ Begniley ] @ Shortcomings:
S <&

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

L‘;"ﬁ“ﬂ [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
L PLLZN KppmTn <

h foouro = gy faim = f

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

— : :
Counter p

h ch
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Link delay model

Master

e

@ Correction of RTT for asymmetries

PTP message exchange

t e RTT=(t,— )~ (ts— t;)
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Link delay model

@ Correction of RTT for asymmetries Tm” st
1 l‘\“
o Asymmetry sources: FPGA, PCB, SFP PTP message exchange ::z
. . . . . %
electrics/optics, chromatic dispersion e RIT=(t— 1) (6, t)

Sources of asymmetry:
Fiber

(single strand)

A=1490nm
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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:

_ vg(Xs) 1= Sms—08sm

— vg(Am) Ssm
@ Calibration procedure to find fixed delays
and a

Master Slave
4 ¢
pt,
PTP message exchange b @
3
t 4

RTT=(t,—t;) - (t; - t;)

Sources of asymmetry:

Fiber

(single strand)

A=1490nm

e

Link delay model:
fixed delays ! variabledelays : fixed delays

Atx,, Oms Arx,teg

Arx,+&y Osm Atx,

Maciej Lipifiski
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Link delay model

@ Correction of RTT for asymmetries T“St” stve
1 l‘\“
o Asymmetry sources: FPGA, PCB, SFP PTP message exchange ::z
electrics/optics, chromatic dispersion 08 iy i) i
@ Link delay model: Sources of asymmetry:
@ Fixed delays — FPGA, PCB, SFP Fiber
@ Variable delays — fibre: - '“:‘]4‘90;“:2
_ vg(Xs) 1= 5ms—5sm =
— vg(Am) -
@ 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 Arcites &

OFM =t — (t{ + Oms + Apxm + Amxs + €5) “ Arx, €y dsm Atx, &
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Out-of-the-box performance

Stable oscillator Oscilloscope
Cesium
beam clock

1 PPS

Sdd I
Sdd 1

WR Switch
(slave 1)

% Sk (/@) WR Switch
‘ (slave 2)
m

/72 WR Switch
(slave 3)

"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

Histogram of offsets between master and each slave

Master
140 (CHD I......
: Slave .2."'"...
120} .
: (CH3) A
2 100 i mean= 24.67 ps
5 Slave 3 : sdev=530ps .-
5 8ol (CH4) : Leeettt
o et
€ =-135.2 . eeee®’
2 o0 m::;:V _ 6354 Ssps i e Slave 1
SEPS e (CH2)
“l JUUTTU - mean= 161.86 ps
w0l ““u"" : sdev = 5.45 ps
Ra—T 100 50 0 100 150 200

5
Offset [ps]

"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

WR Switch
Boundry Clock

| [1%) WR Switch PPS or
‘ Boundry Clock || OMHz
1% WR Switch PPS or
Boundry Clock | [OMHz

/@ WR Switch|PPS or lOMHz
® Grandmaster |reference

10

CH1
C

Mean(skew) [ps] )

1B WR Switch PPS or
Boundry Clock || OMHz

H2

| (1% WR Switch PPS or A
Boundry Clock [ | OMHz CH4

H5

C
CH6 1
CH7

CH8

¢/ (18 WR Switch PPS or

) Boundry Clock [ | 0OMHz

i) WR Switch PPS or
0| Boundry Clock | | OMHz

CH9

Oscilloscope
Accuracy vs. distance from the Grandmaster )
00
00
205ps | _ _ o s=mT

Switch number [hops]

Precision vs. distance from the Grandmaster

%) WR Switch PPS or
Boundry Clock | |0MHz

- [/®) WR Switch|PPS or
Boundry Clock [TOMZ

3 4 5 6
Switch number [hops]

J

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

ite Rabbit
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State of the art performance

"~ Agilent F5052B Signal Source Analyzer.

Print
anen 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

C ] i B i 1 T 10M
F Gain 508 Freq Band [99M-1.5GHz] LO Opt [<150kHz])
e Start 1Hz Stop 10 MHz
|Set RF ATT 0dB|

@ Accuracy: <10 ps

@ Jitter: <100 fs RMS 10 Hz—10 MHz
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Typical WR network

Control [*
Data

Standard
GbE Switch

WR N Other
Node -0

PC

ite Rabbit
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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 Lipifiski White Rabbit 18/38



Equipment
00®000000

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 Lipinski White Rabbit
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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 <100ps | <10ps
“Low-jitter” <10 ps <1ps <100 ps <1ps
< —

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

Maciej Lipifiski White Rabbit
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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 Lipifiski White Rabbit PAVRE]
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Typical WR network

Control [*
Data

Standard
GbE Switch

WR N Other
Node -0

PC

ite Rabbit
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WR Node: WR PTP Core

4 | SPEC )
WR Node o
- core FM g ase
Device () carRD =
EtherBone
Network !
etwol &“

Example

> WR Node Design

AN

source

™
Ethernet sink MAC IfF

WR Node 2
IP Core

pipelined WB Slave I/F

} timing I/F

control/status pins /




Equipment

000000080

WR Node: carriers + mezzanines

Carrier board FMCs Carrier board

© ' FMC connector

@ 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, ...)

White Rabbit
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Open and commercially available off-the-shelf

i WR Switch )

\ Seven Sol, Spai

OPNT, Netherlands
Creotech, Poland ¥

SyncTechnology,
China

> P Simple VME Simple PCIe FMC Compact Universal
 FMC carrier carrier (SPEC) Timing Endpoint
3 Creotech, Poland -“WR-
R INCAR, Nethtnts O s i

Seven Solutions, Spain
ISD S.A., Greece

GPS Disciplined

p Digitizers Oscillator PXI g )
Sl sy oS module (&8 3

. SPDevices, Sweden 3 a
£ oo Sundance, 2
y 8% ZEN TP-32 BNC UK ’

Seven Solutions, Spain

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

NOTE: Not all WR equipment is open source
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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

Standard
GbE Switch

I 2000 nodes 1
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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 Mastes Slave
. 4 ’\4 t,
@ Ingress/Egress latency (fixed delays) PTP message exchange N

@ Relative delay coefficient for fiber type used («) B RIT=(t,~t) (6~ )

Sources of asymmetry:

Link delay model:
fixed delays | variabledelays | fixed delays

L e A ms A Feg

4 -
U Arrey dsm Aw,
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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 Master Stave
. b ’\4 t
@ Ingress/Egress latency (fixed delays) PTP message exchange N
@ Relative delay coefficient for fiber type used («) B RIT=(t,~t) (6~ )
@ Must be performed for SuEESSmm—— "::j —
@ Each WR device type, its port, SFP type, release s 1490mm

Note: can be performed for each device/SFP instance to increase accuracy 15=13100m

@ Each fiber type deployed

Link delay model:
fixed delays | variabledelays | fixed delays

L e A ms A Feg

u

Arx+Epy Ssm A,
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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 Master Stave
. b ’\4 t
@ Ingress/Egress latency (fixed delays) PTP message exchange N
@ Relative delay coefficient for fiber type used («) B RIT=(t,~t) (6~ )
@ Must be performed for SuEESSmm—— "::j —
@ Each WR device type, its port, SFP type, release s 1490mm

Note: can be performed for each device/SFP instance to increase accuracy 15=13100m

@ Each fiber type deployed

Link delay model:

fixed delays | variabledelays | fixed delays

@ Described in WR Calibration procedure v1.1

L e A ms A Feg

4 -
U Arrey dsm Aw,
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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 Master Stave
. i ’\,‘ t,
@ Ingress/Egress latency (fixed delays) PTP message exchange N
@ Relative delay coefficient for fiber type used («) B RIT=(t,~t) (6~ )
@ Must be performed for SuEESSmm—— "::j —
@ Each WR device type, its port, SFP type, release 1490

Note: can be performed for each device/SFP instance to increase accuracy 15=13100m

@ Each fiber type deployed
Described in WR Calibration procedure v1.1

Link delay model:

fixed delays | variabledelays | fixed delays

Calibration values provided for A s Aoty

@ WR Switch releases Y ey om Ao
@ WR Node releases (reference designs)

Maciej Lipifiski White Rabbit
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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 Master Stave
. i ’\,‘ t,
@ Ingress/Egress latency (fixed delays) PTP message exchange N
@ Relative delay coefficient for fiber type used («) B RIT=(t,~t) (6~ )
@ Must be performed for SuEESSmm—— "::j —
@ Each WR device type, its port, SFP type, release 1490

Note: can be performed for each device/SFP instance to increase accuracy 15=13100m

@ Each fiber type deployed

Link delay model:

@ Described in WR Calibration procedure v1.1 et | vaalodelas | ot

@ Calibration values provided for ud_fo Sms ) AT g
@ WR Switch releases N ey T o A
@ WR Node releases (reference designs)

@ Useful

@ Which SFP and fibre type to use for WR
@ Calibration

Maciej Lipifiski White Rabbit
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WR Calibration - how

@ In-lab procedure, requires

@ WR Device, SFP, fiber types to be used
@ Oscilloscope or time interval counter

WR Device
under calibration

5, p .
WR Mastﬂ‘l—. WR Slave

@ e

WR Calibrator

Maciej Lipifiski ite Rabbit
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Calibration
oce

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 WR Device

@ Measurement of skew between PPS outputs WR Calibrator under calibration

5, p .
'WR Maste WR Slave

@ et

Maciej Lipifiski ite Rabbit
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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 ) WR Device
@ Measurement of skew between PPS outputs WR Calibrator

@ Calibration of Ingress/Egress latency (fixed delays) WRMaste WR Slave

@ Relative calibration against a (golden) calibrator
Skew’w

under calibration

@ Golden calibrator at CERN
@ Procedure to obtain local calibrator

Maciej Lipifiski White Rabbit
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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 («)

@ Absolute calibration, i.e. no calibrator
@ Type of deployed fiber needs to be known
@ Assumes no active elements (amplifiers)

WR Device
under calibration

5, P ——
'WR Maste! WR Slave
et

WR Calibrator
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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 («)

@ 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 Device
under calibration

5, P ——
'WR Maste: WR Slave
et

WR Calibrator
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@ White Rabbit is an extension of Ethernet
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@ 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

(*) Explained in subsequent presentation
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@ 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:
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@ Tcpdump
@ Professional Ethernet testers
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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*)

(*) Explained in subsequent presentation
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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)

: E.ySIOg . White-Rabbit Switch Manager
ink Layer Discovery Protocol (LLDP) @@@@@@@@@@@@@h@@@@

@ Kerberos-based authentication X X IX IX 3V OX oX GX 9K X IX OX IX oKX IX oK IK IK

@ It can be debugged using standard tools: J— o
@ Wireshark p
@ 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




WR network configuration

Configuration
000000

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

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

@ Time plane:

@ PTP-generic
@ WR-specific

Control |5

Data

Standard
[ =i WR i

Y GbE SwitchJ wgr WR Other
= 5 R -
Database er

PC

e 2000 nodes g
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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 e _ o (0 .
@ Boundary Clock - one of the ports is Slave /% . Fom

Grandmaster

@ Master port
@ slave port
@ Non-WRport WR
Boundary
Clocks

T T T
Non-WR WR Non-WR devices
devices Ordinary Clocks (PTP Devices)

(Slaves)

Default values marked in bold font.

Maciej Lipin: hite Rabbit
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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 ‘ _ o
@ Boundary Clock - one of the ports is Slave /% ; s
@ LeapSeconds & NTP servers ® Nserpon

@ slave port
@ Non-WRport

WR
Boundary
Clocks
=
< _
= Wi
(S~ ]
Database &
L L rCc
T T T
Non-WR WR Non-WR devices
devices Ordinary Clocks (PTP Devices)
(Slaves)

Default values marked in bold font.
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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 :g - R s
@ LeapSeconds & NTP servers ® Nserpon
@ Sstave port
@ Port roles: v

@ Non-WR port WR
Boundary
Clocks

@ Automatic - non-seamless recovery using BMCA
@ Static - no risk of "rogue” Grandmaster

T T
Non-WR WR Non-WR devices
devices Ordinary Clocks (PTP Devices)
(Slaves)

Default values marked in bold font.
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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 :g T PR s
@ LeapSeconds & NTP servers ® Nserpon
@ Sstave port
@ Port roles: v

@ Non-WR port WR
Boundary
Clocks

@ Automatic - non-seamless recovery using BMCA
@ Static - no risk of "rogue” Grandmaster

@ Mapping and VLANSs:
@ |IEEE802.3 - VLAN support e
. Y
@ UDP/IP - no VLAN support, need IP on wriX Now-WR WR Non-WR devices
devices Ordinary Clocks (PTP Devices)
Useful: Synchronizing WR master and a non-WR node using PTP (Slaves)

Default values marked in bold font.
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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 .

} WR
_| Grandmaster

6GPS
@ LeapSeconds & NTP servers ® Mo port
@ save port
@ Port roles: ® NonwRpon w
oundary
@ Automatic - non-seamless recovery using BMCA Clocks
@ Static - no risk of "rogue” Grandmaster
@ Mapping and VLANSs: £ B
@ IEEE802.3 - VLAN support ) , e o
@ UDP/IP - no VLAN support, need IP on wriX N e e NomRes
Useful: Synchronizing WR master and a non-WR node using PTP (Slaves) e
@ Profile: Default values marked in bold font.

@ WR - compatible with Default PTP Profile
@ Default PTP - "standard” PTP
@ none

Maciej Lipifiski White Rabbit
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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

Master Slave
(1000BASE-BX10, single strand & mode, 1490/1310mm) ., p— ]
t
@ WR Switch B e
@ Calibrated out-of-the box for typical SFPs ! RTT=(t;— 1)~ (= t;)
@ SFP database in dot-config file Sources of asymmetry:
@ WR Node
) =1490nm
@ Calibrated for reference designs for typical SFPs FPGA pummd_SFP SFP_pammd FPGA
@ SFP database needs to be configured via shell or snmp N }s=1310nm B

Link delay model:
fixed delays | variabledelays | fixed delays

b A ms A Feg

Arx+Epy Ssm A,

Useful: Which SFP and fibre type to use for WR

Maciej Lipin: hite Rabbit
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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 Mo Sive
(1000BASE-BX10, single strand & mode, 1490/1310mm) .,

S —r———
@ WR Switch B e
@ Calibrated out-of-the box for typical SFPs ! RTT=(t;— 1)~ (= t;)
@ SFP database in dot-config file Sources of asvmmetry:
@ WR Node ::”
) =1490nm
@ Calibrated for reference designs for typical SFPs pu—
@ SFP database needs to be configured via shell or snmp : }s=1310nm
@ Fiber’s relative delay coefficient () Link delay model:
@ Calibration value available for fiber type used at CERN fixed delays | variable delays fZ“’""f‘ys
@ WR Switch - database in dot-config file A e S e
@ WR Node - database configured via shell or snmp YO Aty . om A ¥

Useful: Which SFP and fibre type to use for WR

Maciej Lipifiski ite Rabbit


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

Configuration
000000

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 Mo
(1000BASE-BX10, single strand & mode, 1490/1310mm) .,

Slave

’\4 ty
@ WR Switch [T o
i ; b RTT=(t;- 1) - (& - ;)
@ Calibrated out-of-the box for typical SFPs
@ SFP database in dot-config file Sources of asymmetry:
@ WR Node PR

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

Jy=1490nm

s=1310nm

@ Fiber’s relative delay coefficient («) Lillkdelal’ iy
@ Calibration value available for fiber type used at CERN fixed delays | variable delays fZ“’"j'f‘ys
@ WR Switch - database in dot-config file n Ao o iz
@ WR Node - database configured via shell or snmp YO Aty . om A,

@ 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 Lipif


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

Configuration
000000

WR Network vs. Management Network

Management

Network (/\‘

WR
Switch ~

. =
- ;’------

WR Node

Explained in subsequent presnetation

Maciej Lipif
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Architecture 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

Source ot time
foraWRnetwork!

seciatei o | dedicated >
asingle application | ! a single application

Local Masters:

Application:

End User:

[ies | WR switch

Active fiber Ethernet link
Backup fiber Ethernet link
Copper Ethernet link

Ma

OASIS
Source of time
fora WRnetwork
Gedicatedto

1
e scaon :
1
1
1
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@ Ethernet-based synchronisation
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@ Ethernet-based synchronisation
@ <1 ns accuracy and <10 ps precision out-of-the-box
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@ 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
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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

Maciej Lipifiski White Rabbit
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Thanks!



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

Backup slides

Backup slides
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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 Lipifiski White Rabbit
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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 Telekom

High Accuracy Time Dissemination
4. Application of Time Transfer Methods and Network Sync Level
uTC(PTS) © OTT ELSTAB
UTC(K) level raunschveio
@IEEE1588 HA
(aka. White Rabbit)
CORE e e |we
Network level PTP- | over T-BC
FTS single
fiber/ &
sync 1C-.|Bg
only
riber ] -
pair/ 2
together cLc
with
_ I traffic .
:I: - LIFE IS FOR SHARING. Highly Accurate Time Dissemination and Network Synchronization, Deutsche Telekomat ISPCS 2019, Helmutimiau, 25.09.2019 “

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

Maciej Lipif
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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
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Time-based control

Event ID Hhmm: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

ite 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
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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

SIS 300
SIS 100
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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

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

Maciej Lipifiski White Rabbit
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Precise timestamping

@ Association of time with

@ an event

Time-to-digital converter (TDC)
@ a sample (measured value)

A
Voltage Timestamp
Time
Digitizer
A
Voltage Timestamp & Measurement
Time
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Precise timestamping

@ Association of time with

@ an event

Time-to-digital converter (TDC)
@ a sample (measured value)

i . . “Voltage ;
@ The most widely used WR application Timgestemp
Time
Digitizer
“Voltage Timestamp & Measurement
Time




Applications
L]

Precise timestamping

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

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

>

Long distance

Local

W | Timing System

CERN

Global Positioning System (GPS)
e - g

@ Experiments
Timing Systems

Timing by BE-CO-HT

Timing by experiments
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@ The most widely used WR application

@ Time-of-flight measurement
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@ Types of particles - ProtoDUNE
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@ Speed of neutrinos - CNGS
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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

White Rabbit
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Trigger distribution

tri TAI Timestamp )
r r:ﬁg:r 12:34:56 ) ?:;gltétéstlmestamp
AL PUSE | Time-to-Digital | +1115ns | White Rabbit s
Converter (TDC) |, network — . .
TAl time Fixed ol
ixed delay
00 e.g. 300 us
A4

Programmable I trigger
pulse generator pulse

Maciej Lipin: hite Rabbit
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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)

Maciej Lipifiski White Rabbit 47/38
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Fixed-latency data transfer

WR Node
Network
VR Port R, OB \\ R P

B FPGA! FPGA

[ User Timestamp ; Ethernet Frame { %th:née ser

g ad L

(th+A)-tRx
Fixed latency (A) > Tim
e

® @ Tme,
tRx t
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Fixed-latency data transfer- example application

Distribution of magnetic field in CERN accelerators

Accelerating

Bending
magnet

©B (Y

Magnets I(t)
power (OO K\V [
converter

Maciej Lipifiski White Rabbit
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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 > —>

ite Rabbit



Applications

Feedback frequency (equal to RF input when locked)

|

. DDS
RF input dPhase Pl ne DDS
etector control

v

Encode

packets
Mt .- nn-- WhiteRabbit
Receiver network

I —

Decode packets
Apply control words

125
TAl tirr

125 MHz reference
TAl time

DDS
tune
»

DDS

RF output
—

Direct digital synthesis (DDS)

Add Waveform Digital
ress +> lookup +b to analog
counter table converte
p LN
X
L
)
>
»
[
(]
]
o

RF signal

N\

ite Rabbit
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Radio-frequency transfer - example application

i | booster
;| magnets
i | ramping

Diags, BLs...

@ 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

te Rabbit
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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 revision started in 2013 & targeted
”...support for synchronisation to better than 1 nanosecond”

@ Working Group with 5 sub-committees

Maciej Lipifiski White Rabbit
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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

White Rabbit
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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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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 (

$IEEE

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

IEEE Instrumentation and Measurement Society

Sponsaredy e
Tochnical Commitea on Sensor Technalogy (TC-9)

€ sta 15082008

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

Maciej Lipifiski ite Rabbit
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HA-specific optional features Generic optional features
(active by default) (inactive by default)

‘_ Calculation of the
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Calibration - Yy Y

Changes | Modify

Enhance to ‘Bl\’lm
IEEE1588
Sync “Core”

{AnnexQ) Conflgurable correction of
tlmestamps
Requires and specifies Defines attributes Requires and specifies
default/allowed values and mechanisms default/allowed values

High Accuracy Request-Response Default PTP Profile

(Annex J)
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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)
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WR Switch Internals
°

Simplified block diagram of the WR Switch hardware
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WR Performance Improvements
@000

Time transfer: out-of-the-box

Histogram of offsets between master and each slave
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Frequency transfer: out-of-the-box and improved

/ <7 % / S/ove
V.| P | )
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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)
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Measurement device: Microsemi/Microchip 3120A Phase Noise Test Probe
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Frequency transfer: out-of-the-box and improved

109s T T
I—WRS GMLJD
[ WRS GMSTD
10—10i —F—WRS Boundary LJD | 4
3 ——WRS Boundary STD

Modified Allan Dev. (Hz/Hz)

1071 =

10715 ¢ \

10—16 L 1 1 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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sfer: out-of-the-box and impro
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Modified Allan Dev. (Hz/Hz)
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@ 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
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WR Performance Improvements
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: state of the ar

"~ Agilent E50528 Signal Source Analyzer.

CaS0.000015 MHz 0,813 i

Stop 10 MHz R
Center 5.000005 MHz
=== NOisE aaduilit Abort Printing
Analysis Range X: Band Marker RRReee==SY
Carrier 250.000015 MHz ]
>1: 1 kHz -130.4840 dBC/HZz
Xi start 10 Hz
Stop 10 MHZz
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 IO Ve =) S [Nl e

@ 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
°

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 =

(
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(]

(]

/

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

Maciej Lipifiski White Rabbit



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

---~~
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bl 4
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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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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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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

- ~ \7 ) % A
o G oo @g‘r,{@} > 50
I L

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

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

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

* 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 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

Max frame:

12.336us
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°

High Priority

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

TIIITIT

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

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

VID: 0

. High Priority traffic in White Rabbit:
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--en
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)
P5 ->P0
~=P5 >PIl
-=P5 ->PI17
11 ->P0
P11 ->P5
P11 ->P17
7->P0
-=P17->P5
=-P17->P11

At e 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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