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Introduction
[ ]

What is White Rabbit?

@ Main features of a White Rabbit network:

@ transparent, high-accuracy synchronization
@ low-latency, deterministic data delivery
@ designed for high reliability

@ Accelerator’s control and timing

Ethernet

+ synchronism

@ International collaboration

+ determinism

@ Based on well-known technologies
@ Open Hardware and Open Software
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White Rabbit — enhanced Ethernet

@ Few thousands nodes

@ Fiber medium [Bswcd— Dt
@ Up to 10 km fiber links
@ Bandwidth: 1 Gbps
o
o
o

WR Switch: 18 ports
Non-WR Devices

Ethernet features (VLAN)
& protocols (SNMP)

WR i =
Node GbE Switch JiywR
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White Rabbit — enhanced Ethernet

Control _
Data

Two separate services
(enhancements to Ethernet)
provided by WR:

@ High accuracy/precision
synchronization
@ Deterministic, reliable

and low-latency Control
Data delivery
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White Rabbit applications

@ Existing applications:
@ CERN Neutrinos to Gran Sasso
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White Rabbit applications
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@ Future applications:

@ CERN and GSI
@ The Large High Altitude Air
Shower Observatory (China)
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Introduction
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White Rabbit applications

@ Existing applications:
@ CERN Neutrinos to Gran Sasso
@ Future applications:
@ CERN and GSI
@ The Large High Altitude Air Shower
Observatory (China)
@ Potential applications:
@ Cherenkov Telescope Array
@ European deep-sea research

infrastructure (KM3NET)
@ Others
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Motivation
o

Origin of White Rabbit Project

@ Renovation of CERN’s
General Machine Timing
(GMT)
@ GMT is great but...:
@ Manual calibration T | &
(with CS clock) ;
@ RS-422, 500kbps
@ Unidirectional
communication
@ Separate network required @ ©
@ Custom design, ,
complicated maintenance

@ White Rabbit is meant to solve
these problems @
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Time Distribution
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Time distribution in White Rabbit

@ High
accuracy/precision
synchronization

@ Deterministic, reliable
and low-latency Control
Data delivery

l¢—— 2000 nodess ————
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Time Distribution
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Time Distribution in White Rabbit Network

@ Synchronization with sub-ns accuracy and ps precision
@ Combination of
@ Precision Time Protocol (PTP) synchronization
@ Synchronous Ethernet (SyncE) syntonization
o Digital Dual-Mixer Time Difference (DDMTD) phase
detection
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Time Distribution
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Precision Time Protocol (IEEE1588)

Master Slave
time scale time scale . .
@ Packet-based synchronization
t\!

Syw rotocol

Wﬁsf\w t, @ Synchronizes local clock with
7 the master clock

W)

o ror E @ Link delay evaluated by
T measuring and exchanging
— ey, packets tx/rx timestamps

(COMSS
9 valyg o w\é'l%
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Time Distribution
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WR Precision Time Protocol Extension

Master Slave
time time Relative Delav Coefficient:
Announce
t1 \SK: @ Fixed ]fiays:
oo o : (tot) (-t A
— 2 Li le
Delay Re t ll 2 |::>\ Hl:/lodzlayl A
N @ U N
v I delay,, = p + asymmetry
offset,, = t, - (t,+ delay,)
Solution for Ethernet
over a Single-mode A—ap+al

asymmetry = A, +Ax, —
Optical Fiber Y Y tx ™

2+« @
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Time Distribution
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Synchronous Ethernet (SyncE)

Common clock for the entire network
@ All network devices use the same physical layer clock

@ Clock is encoded in the Ethernet carrier and recovered by
the receiver chip (PHY).

GPS;
Ve
clock loopback
£ 9—> T Fecsve
K System Downlink 1 Sync-E node
] - Ethernet Uplink X
S Ti : plin ’
8| Timing S —
port
3 Master
o - — Downlink 2
E Receiver , Transmitter gt 'Em'nsmiﬂsz
£ S E Other nodes
yne- Downlink N or switches
i switch Transmitter
Cesium

: ®
| CS
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Time Distribution
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DDMTD: Phase tracking

@ PTP limitation: timestamping granularity

@ Solution: take advantage of SyncE and measure phase

Master Slave
(upto 10 km smg\e mode fiber)

reference clock ; ~ ) Receiver uncompensated clock
Transmitter —/ " with CDRPLL | ¥

9, DMTD DMTD-based
<*— phase phase shifting
di PLL

shift

recovered in-phase clock

t— withcorpLL [ :
recovered clock

é:f@
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Time Distribution
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WR PTP

@ Extension to PTP (IEEE1588) — defined as PTP Profile

@ Addresses PTP’s limitations
(granularity, asymmetry, syntonization)

@ Compatible with "standard” PTP gear
@ Ongoing standardization effort to include WR into PTPv3
@ Labé&field-tested for sub-ns synchronization
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Time Distribution
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WR PTP

@ Extension to PTP (IEEE1588) — defined as PTP Profile

@ Addresses PTP’s limitations
(granularity, asymmetry, syntonization)

@ Compatible with "standard” PTP gear
@ Ongoing standardization effort to include WR into PTPv3
@ Labé&field-tested for sub-ns synchronization

According to ISPCS Plug Fest results ...

... White Rabbit is the most accurate PTP implementation
in the world!
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Time Distribution
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WR time transfer performance: lab tests
v
. ‘g) WR Switch
stable oscillator O (slave 3)
< REF PPS
Symmetricom ‘;Q uPo clock out
CS4200 “ [
- o
Cesium beam clock ® 7 WR Switch
§ Z (slave 2)
N REF PPS
" g) DPO UPO clock out
= x‘g‘ WR Switch 9 |
clytom & < (master) 9 WR Switch
B REF  PPS f (slave 1)
clock  out DL&J REF PPS
DPO UPO clock out
1 l l 2 vy
CH1 CH2 Ch3  ch4 N
¥ Agilent E5052

LeCroy
WavePro 7300A
oscilloscope

Signal Source
Analyzer

clock offset analysis ph

ite Rabbit
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Time Distribution
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WR time transfer performance: lab tests

Histogram of offsets between master and each slave

Master
(3]
" Slave 3 ( ' ) Slave 2
120 (Ca) H (C3)
mean = -135.25 ps i mean = 24.67 ps
2400 sdev = 6.14 ps : sdev = 5.30 ps
E H
3 .
5 © :
8
E H Slave 1
60 .
= . (C2)
A H mean = 161.86 ps|
: sdev = 5.45 ps
20 :
° S50 T 50 o 50 100
Offset [ps]

Measwre P1:skew(C1,C2) P2skew(C1,C3) P3:skew(C1,C4)

value 176 ps 42 ps 117 ps
mean 161.86 ps 2467 ps

min 141 ps 3ps

max 183 ps 48 ps

sdev 545ps 530ps :

num 59.764e+3 59.764e+3 59.757e+3
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Time Distribution
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WR time transfer performance: deployment for CNGS

-0.2 0 0.2 0.4 n 0.6 0.8 1 12

@ Duration: 31d,7h,40s
(2.7 + 108 samples)

® WR Nodes with TDC used

® Measurement includes
inaccuracy of TDC

@ Timestamping reference PPS
@ Accuracy: 0.517 ns
@ Precision: 0.119 ns (std. dev)

Erik van der Bij & Maciej Lipinski

Reference time:
12h 00m 00s 000000000.000ns

Timestamp: H
11h 59m 59s 999999999.906ns

‘WR timebase

|
Fanout (1 PPS)

Timestamp: :
12h 00m 00 000000000.014ns é:@
N e

WR timebase

e . e, s e, . s e, s e, e, e e, e
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Time Distribution
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WR time transfer performance: deployment for CNGS

Out of 2.7 x 10° samples '
9 values of Xt [0.0003%] et
exceeded MTIE=1ns {

MTIE [ns]

White Rabbit 17140
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Time Distribution
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WR time transfer performance: temperature tests

20 40 60

80 100 120 140
Time (min]

Skew between Local SPEC and Master Switch (mean removed]

raw data

80
Time (min]

[ps]

Skew between Loopback SPEC and Master Switch (mean removed) 2

Time (189) 100 120 140

Histogram of skew
T T

2 800

gsoo 4

: sdev=36ps

§ 400 i 4

20 SdEV—SspS_
0

O skow (Y
clock offset analysis

LeCroy
WavoPro 7300A
M osciioscope
o om com

[ pp———
i Climatic
:Chamber
-

Single Mode

Fiber 11km




Data Distribution
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Data distribution in White Rabbit

@ High accuracy/precision
synchronization

@ Deterministic, reliable
and low-latency
Control Data delivery

l¢—— 2000 nodess ————
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Data Distribution
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Control Data

ime & Data|
Master

Control [ &)
4 ~5ara

@ Two types of data:

@ Control Data (High Priority, HP)
@ Standard Data (Best Effort)
@ Characteristics of Control Data
Sent in Control Messages
Sent by Data Master(s)
Broadcast (one-to-alot)
Deterministic and low latency
Reliable delivery

10km

¢ ¢ ¢ ¢ ¢

A
le——— 2000 nodes ——————pf

é:f@
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Data Distribution
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Data Redundancy

@ Re-transmission of Control Data not possible
@ Forward Error Correction — additional transparent layer:

@ One Control Message encoded into N Ethernet frames,
@ Recovery of Control Message from any M (M<N) frames

@ FEC can prevent data loss due to:

@ bit error
@ network reconfiguration

Control Message Control Message

FEC FEC
Encoder l:l I:l Decoder

Erik van der Bij & Maciej Li i White Rabbit 21/40



Data Distribution
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Topology Redundancy

@ Standard Ethernet solution: o -
Rapid/Multi Spanning Tree Protocol 7.
@ Reconfiguration time: ~ 1s
(best: milliseconds)
@ 1s = =~ 82 000 Ethernet Frames lost
@ Solution:

o take advantage of FEC
o speed up (R/IM)STP— >eRSTP or JBER B,
@ use multiple paths— >eLACP ke 2000 nodes >

é:f@

Erik van der Bij & Maciej Lipinski White Rabbit 22/40



Data Distribution
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Determinism and low latency

@ Control Data:
7™ Class of Service (priority)
® WR Switch:
@ Quality of Service: resource
reservation
@ Upper bound latency
by design: < 10us
@ Cut-through

@ Careful diagnostics

Time. Control
( i ~Bata~

le 2000 nodes

WR
WR Py [ WR I wr WR
Node | Node R N0d¢ M Node Node 13
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Data Distribution

[e]e]e]e] ]

Determinism and low latency

@ Control Data:
7™ Class of Service (priority)

@ WR Switch: < Granaity Wi (G004 £ :
@ Quality of Service: resource i
reservation 1

@ Upper bound latency

2 Lz
by design: < 10us 1
0 Cut_through 00:00:09: 999000 00:00:10:000000000 00:00:10: ‘”‘“'“7“:
@ Careful diagnostics

é:f@

Erik van der Bij & Maciej Lipinski White Rabbit 23/40



System Components
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White Rabbit Network Components

& ez
A A )

: — r— e

{@l@»l""

[ '®) Node [ %) Node [ Node '®) Node [ Node

ke | o) (B )56 B

sensor actuator database actuator monitoring
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System Components
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White Rabbit Network Components

A White Rabbit network is composed of

. C esesagg wrsyis .+ _ . wmnv?ni.amvmsmm E)
wRswiches (I Caom meMmmeseeEnnanaent

WR Nodes
node X (
- Timing Master :
WR Timing Master w— node

Copper/ Fiber links / same optical link used for transmission/ reception

é:/@
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System Components
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White Rabbit Switch (V3)

Central element of WR network

Original design optimized for timing, designed from scratch

18 1000BASE-BX10 ports

Capable of driving 10 km of SM fiber ;
Open design (H/W and S/W) @

© ¢ 6 ¢ ¢
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System Components
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WR Node: WR PTP Core

Tx

—
Ethernet !

Rx

External

oscillators |,

{ EEPROM !

TBl/Serdes

WR PTP Core
CLK.e
CLKours
adjust 1-PPS
timecode
frequency
re

lg-Sink

—>

o —
e —

—>

RY
|
‘>— MAC I/FF

Pipelined WB
Slave I/F

~
~ timing I/F

control/status
pins
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System Components
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WR Node: WR PTP Core

@
WR PTP Core — \\ ~ 34.% .
GIP 4 i ' Fabric B
S5 PHY ‘ | redirector £8
= Sre 317 e G %
s ank Src o
) T
—
v)UART S [ | ¥
L v ﬁd M \‘\ Sk
wB Crossbar M\ § Mini-NIC
SysCon il //
—
l—> Soft PLL §
Tunab [ 1.PPS M
unable gens
oscillators WE Crossbar )}4—- UL "°'t
s 3x2)
Lattice M
Mlcro 32 M

Pr— ,
iy Gna124 j
| core J
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System Components
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WR Node: SPEC board

FMCs Carrier board

FMC-based Hardware Kit:

@ FMCs (FPGA Mezzanine Cards) with ADCs, DACs,
TDCs, fine delays, digital /10

@ Carrier boards in PCI-Express, VME
’
@ All carriers are equipped with a White Rabbit port @
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System Components
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WR Node: SPEC board

Network
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System Components
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WR Node: ongoing efforts

@ Simple VME FMC Carrier (SVEC)

@ Compact Universal Timing Endpoint Based
on White Rabbit

@ PXI express FMC Carrier Board (SPEXI)

Erik van der Bij & Maciej Lipinski White Rabbit
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White Rabbit applications

Control and timing system

Field bus recommended at CERN
Time Transfer

RF distribution

Distributed oscilloscope
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Applications
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WR at CERN

" CCR (Prevessin) ISOLDE ~
' LHC | LIC | | AD —LREX
(node) (node) node) * (node)
I 7T
SW SW

|LIC Network
(Meyrin)
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Applications
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Ethernet Clock distribution a.k.a. Distributed DDS

time & frequency reference
B
Encoder _—time & frequency reference T Receiver
v B
DDS DDS control words | @ 5
g \
SIRen s § WR Network g L
g 8 synthesizer| o onstructed clock
Phase | digital £ g
12 N
[ ———» detector filter T
input clock DDS control
DDS controk

Distributed Direct Digital Synthesis
@ Replaces dozens of cables with a single fiber.
@ Works over big distances without degrading signal quality.

@ Can provide various clocks (TTC, RF, bunch clock) with a
single, standardized link.
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Applications
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Distributed oscilloscope

Front-end cards WR Network Operator's PC

Analog signals
_—

Triggers

Sampling clocks
_—

@ Common clock in the entire network: no skew between
ADCs.

@ Ability to sample with different clocks via Distributed DDS.

@ External triggers can be time tagged with a TDC and used

to reconstruct the original time base in the operator's PC. |4
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Applications
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Time Transfer

® WR Network connected to
Cs Clock and GPS

@ SPEC + Fine Delay FMC module
@ Time-to-Digital Converter
@ 28 ps resolution
@ 55ps precision (std.dev)
@ 300 ps accuracy (WR-timebase)

@ Pulse Generator:

@ Produces pulses at UTC/TAI
@ Pulse width: 50ns-1s (res: 10ps)
@ Pulse spacing: 100ns-1s (res: 10ps)

Erik van der Bij & Maciej i White Rabbit

N
| Gps )
10 MHz
“TPPS
GPS 1PPS 10 MHz
Fanout
Wi (1 PPS) s

v

(1 PPS)
rl

il Fanout
(10 MHz) jnis




Openness
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Open Hardware

@ Open Hardware advantages:

@ Get a design just the way we want it

@ Peer review

@ Design re-use

@ Healthier relationships with companies

@ Open Hardware Repository (www.ohwr.org)
@ CERN Open Hardware License (OHL)
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Openness
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Open Hardware Repository — www.ohwr.org

HOME  MYPAGE  PROJECTS erikval

FMC PROJECTS L

OVERVIEW | ACTIVITY = MAILINGLIST = ROADMAP  ISSUES = NEWISSUE | NEWS = DOCUMENTS =~ WIKI | FILES  REPOSITORY = SETTINGS

A simple 4-1z
Ratbit fiminc

carrier for FPGA Mezzanine Cards (VITAS7). thas memory and clocking resources and supports the White
control network.

+ Detailed project information

ojects: Software support for the SPEC board

b atus: a
+ Licence: CERMN GHL
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Openness
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CERN Open Hardware License — ohwr.org/cernohl

Provides a solid legal basis

@ Open Software licences not usable (GNU, GPL, ...)
@ Developed by Knowledge and Technology Transfer Group
@ Defines conditions of using & modifying licenced material

4

Same principles as Open Software

@ Anyone can see the source (design documentation)

@ Anyone is free to study, modify and share

@ Any modification and distribution under same licence
@ Persistence makes everyone profit from improvements
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Openness
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Open Hardware works

@ 46 active projects
@ 38 initiated by CERN groups, 8 by other institutes

@ 3.6 developers on average

4

Types of designs

@ About 30 hardware designs (of which 20 FMC projects)
@ About 20 re-usable IP blocks

@ General tools

@ Production test environment (Python based)
@ ADC performance test

data from October 2011 {@
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Summary
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Summary

@ White Rabbit

@ 2000 nodes
@ < 1ns accuracy
@ Tested up to 10km

@ WR components available from industry
@ PCle, VME, Switch

@ Fully open design: H/W, G/W, S/IW

@ Large community

@ Proven results

@ Project still under development, open for improvements

ohwr.org/projects/white-rabbit
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Questions and answers

ohwr.org/projects/white-rabbit
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Extras
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CERN control system
000000

CERN

CERN's accelerator complex

@ 6 accelerators — _\
: (H.
@ LHC: 27km perimeter
SPS V

@ Thousands of devices to be
controlled and synchronized

@ A huge real-time distributed
system
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CERN control system
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A simplified explanation of CERN control system (1)

5 CERN's accelerator complex
Super Proton

Synchrotron Injections

A A

Proton :
Synchrotron /

| time

Extractions

. time’

Control © ! !
Events: | ;. :

1234 56 789 1011 1213 'ime

@ Events — points in time at which actions are triggered
’
@ Each event is identified by an ID @
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CERN control system
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A simplified explanation of CERN control system (2)

CERN's accelerator complex

{? =
# =% o g %
Magnet T3 = =
SPs =
- [~ =
- &, i)
=] - &,
actuator <3 *
<8
Dz S, ., S
Se SEE $%c 2 §F
@ 2
inPS & =T T i =7
== <
e ®
Y] 2
sensor ] ]
== =
e ad e

1234 56789 1011 1213 'ime

@ Devices are subscribed to events
’
@ Each device "knows” what to do on particular event @
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CERN control system
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A simplified explanation of CERN control system (3)

Event ID Hhmm:ssmnanoseconds
ID =1 [00:00:10:000000000

[ ID =2 [00:00:10:000000010 |

[TID=300:00:10:000000100 |

' send receive execute events
Control Message (CM) 1 2 3
—~ & Granuality Window (GW)pe @ L)

d

da
asnug

»

time
>

00:00:09:999999000 00:00:10:000000000 00:00:10:000000100

00:00:10:000000010

@ Each event (ID) has a trigger time associated
@ A set of events is sent as a single Control Message (CM) @
@ CM is broadcast to all the end devices (hodes)
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CERN control system
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A simplified explanation of CERN control system (4)

Granuality Window:
Data End Device
Master (Node)

@ Controller-input to Granuality Window (GW)P>

node-output (i.e. pulse)
@ Maximum bound latency
guaranteed by the system

@ Processing and network
latency included

Surssadoad/Surpuas
3urssa20ad/3urAd23.1
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CERN control system
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A simplified explanation of CERN control system (5)

Vs
Anti-proton Decelerator (AD)
Data Master

Data Master

@ 4 accelerator networks
@ Separate Data Master (DM) for each network

=) communicates with other DMs and
control devices in their networks

@ Broadcast of Control Messages within network(s) @
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CERN control system
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Time Distribution in White Rabbit

@ Synchronization with sub-ns accuracy over fiber
@ Combination of

@ Precision Time Protocol (PTP) synchronization

@ Synchronous Ethernet (SyncE) syntonization

o Digital Dual-Mixer Time Difference (DDMTD) phase
detection

@ WR Link:

«—— delay ———>

J\_/\/\/\

Master Slave
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White Rabbit PTP
o

PTP is OK but ...
What are the issues... and ... how we address them
PTP-base SyncE
syntonization
limited N SynckE
precision and resolution DDTMD phase detection
SyncE

unknown link asymmetry = DDTMD phase detection
WR Link Delay Model

WR extension to PTP (WRPTP) for
extra data exchange and logic 4@
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White Rabbit PTP
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Fine Delay Measurement

a) Reference Master Link Slave
clock 4 : i Slave recovered

@ Transmitter By Receiver clock 2
Syntonized

txm : : XS
phaseyyi | Phase : :
detector : :
Receiver | @ 5““ ¢ | Transmitter 3,5 and synlchLonized
Master-recovered clock 4 B : i A clod

@ offsety,g @
phaseyg
\; delayy,s > e

phase

b)




White Rabbit PTP
0e000000000

Link Asymmetry

Master Slave
time time

1 e
t

Follow_Up

Delay_Re: ]

: o ] " .,.
;ll:(t‘ t1)2(t3 tz) ‘ : ?

t4 Delay_Resp

\

il delay,, = pn + asymmetry
offset,, = t, - (t, + delay,)

v
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White Rabbit PTP
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Link Delay Model

delayms == AtXm + 5ms + AI'Xs
delaysm = Ag + dsm + Arxy,

fixed delays variable delays fixed delays
master !

Relative Delay Coefficient ( «)
for 1000BASE-BX10 over a Single-mode oms = (1 + a) dsm @
Optical Fiber
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Fixed Delays

White Rabbit PTP
000e0000000

A\xm (Alxs)

8

TX_CIR

Reference ( Srx puy w/ Srx see B (Bm)
oscillator
Seided tr::\zt(:‘;?vler
(B0 (SFP)
Phase 3 . < e
det % (\‘R\ PHY DRY SFP h\m (b n\)
| |
bl{\ CIR
rxm Drxs
Asymmetry sources: €<—> circuit <—> SFP <—> Serdes <—> fiber

Erik van der Bij & Maciej



White Rabbit PTP
0000e000000

Link Delay Model: fiber optic solution

Master Slave

time time Relative Delav Coefficient:
..., ANNOUNCE
t1 \SK: @ Fixed ]fiays:
B oot L o
= 2 Lmk Delay
Delay_Re t3 ll { A

Model ;

—
i<

I delay, = + asymmetry
Offsetms 2 = (t] + delayms)

v

2

— @ §o"
n
t

Solution for Ethernet
over a Single-mode
Optical Fiber

A —apu+al

2+« @

asymmetry = Agy,,+Ax—
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PTP and SyncE in WR

@ Compatibility with PTP verified

@ Compatibility with Synck for further study

@ Frequency distribution aligned with PTP’s logic topology

@ PTP’s Announce messages used for WR-peers recognition
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White Rabbit extension to PTP (WRPTP)

@ WR-peers recognition

@ Calibration (fixed delays measurement)
@ Exchange of WR-data

@ Support of redundancy

@ Mapping over IEEE802.3/Ethernet
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WR-peer recognition and WR-data exchange

WR WR WR PTP
Node Node Node Node
( ) WRAnnouncc MSGs |~ n ( Y (WR) Announce MSGs |~ I
PTP I DTG ICCE PTP
Master H N Master
— =
PTP | prp PTP PTP
Master S Uncalib Master Uncalib
_________ He adr == rated rated
P —
Request-response MGSs| p1p Request-response MGSs| p1p
: ™ Slave : > Slave
N : -— 1« -—
v v v v
Two WR devices WR and non-WR device @
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WR Link Setup

White Rabbit PTP
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WR WR
Node Node
( 1 WR Announce MSGs | R
PTP
Master
<
PP WR PTP
Master . Uncalibj
Link Setup | rawd
P
Request-response MGSs| p1p
: ™ Slave
— < —
v v

@ Frequency locking
@ Calibration

@ Exchange of
WR-parameters

@ WR Finite State Machine
@ WR Signaling Messages

é:f@
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Modified Best Master Clock Algorithm (mBMCA)

WR SW WR SW|
WR SW| WR SW|
I >< I mBMC
IWR SW WR SW|
WR SW| WR SW| WR SW] WR SW]
M M M M M
L
-~ \
- |
S P S pS sSpS
WR SW| WR SW] [WR SW WR SW|
P M M M M M M
L ® Ml LM M |
>
P S P sS pS sS pS
IWR SW| WR SW| [WR SW WR SW| é’@
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Clock Recovery System and mBMCA

e T T T - feedback clk
Feedback channel

|

refelk i b Phase and freq| freq error

error detection | Phase error”| &

= P % VCTCXO etk
refck N — E||Phase and freq| freq error
1} error detection | phase error
WRPTP phase shift Switch-over
GPS
M M M M
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