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White Rabbit technology (WR-PTP) NPL
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White Rabbit (WR) is a technology born at CERN which
achieves sub-nanosecond accuracy in Ethernet based
networks.

* Fully Deterministic low latency network.

10 years of expertise synchronizing large scientific
facilities with WR.

 Validated by National Metrology Institutes (NMls):
VTT, OP, VSL, NIST, NPL, PTB, ROA, RISE... 2= Fermilab

50 Years of Discovery



Why White Rabbit? NPL
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» Based on open hardware and software

« Scalability to 1000s of nodes

« Cost effective

« Active WR community & adaptability to industry

« Standardization - High accuracy PTP profile (IEEE1588-2019)
» Impressive early results by NMI VTT, ADEV = 2x10-3@1000 s
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Why White Rabbit?

» Based on open hardware and software

« Scalability to 1000s of nodes

« Cost effective

« Active WR community & adaptability to industry

« Standardization - High accuracy PTP profile (IEEE1588-2019)
» Impressive early results by NMI VTT, ADEV = 2x10-3@1000 s

White Rabbit Add-ons to Precision Time Protocol (PTP):

Synchronous Ethernet (SyncE)

Sub-ns synchronization

Digital Dual Mixer Time Difference (DDMTD) <1ns!

Propagation asymmetry compensation



Precision Time Protocol (PTP)  tmirmcrtsm

Two way time transfer technique

Master time scale Slave time scale

t1

Follow_Up

(containing the

2

value of t1)

Delay_Re?
(containing the
value of t4)

Master Slave

» Message exchange with transmission and reception
timestamps.

Round trip time (RTT) = (12—t1) + (t4-13)

Link latency (o )= RT1/2
Clock offset = 12 —11-d,

In case of asymmtery (6 #0__ ):

MS 7 SM
—0_)/2

error = (0
MS SM

* Instrumental delay asymmetries are taken mto account.

QMI
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Synchronous Ethernet (Sync E)

National Physical Laboratory

A common clock frequency for the entire network - syntonization.

Standard Ethernet Synchronous Ethernet
Node 1 Node 2 System Timing Master
- ri
free-running| Link 1-2 free-running pmfg‘r:rgce
oscillator oscillator oscillator

ey R
Node 3| | Uik 2:3 Node 1 ‘ ‘Ng_df 3
[@ﬁ&““"] [| fpu. :;g;g,m} [‘iu m]
\aster port
Node//
L [ Slave cort
PLL | o istor
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 All network devices use the same physical layer clock.
« Clock is encoded in data by master and recovered by slave.

» Clock loopback and phase detection allow precise timestamps.

clock loopback

Receiver

b «— phase
L detector

Ethernet Uplink

Timing link

Master

Receiver « -
recovered clock recovered in-phase clock




NPL

Digital DMTD (DDMTD) NPLE QMI

Quantum Metrology Institute

 Principle is based on the Analog version — Dual Mixer Time difference.

« Helper PLL is the common local oscillator signal.

« Down convert the input signals (by mixing with a common local oscillator signal).

clk, »D Q ' =
\ ! E 8 | phase
o2 5 .
helperNF’LL fo. g8 £5< | difference
far = N on WL = o ! E%E_P
il o i | ow q?.'l
f_lmll % E I | © % (13}
| o - =
v (ﬂ ¥ -
clk, »D Q > >

10



Master Slave
time time

U n Ifl Catl O n Of WI 2 Wlth P I P Mo valid data pattern on the wire
Stage Physical connection OK Actions
% PTPANNOUNCEt* AWR slave recognizes a WR master
x5 — | by the suffix (") of the Announce message
=T WR SLAVE_PRESENT
K «———————""" | WRslave detects WR master
WR M SI . c _§ WR LOCK Master commands the slave to start recovering
aster — Slave recognition sl 2 —, | Master comn
'-g = Slave's PLL is locking to RX clock
= £ WR LOCKED Slave acknowledges when its PLL becomes
_E | — locked to RX clock
-E WR CALIBRATE
- - = s calibrz atte -
SyntOn IZ&tIOﬂ u—': '% calibration Sesupy Master requests calibration of its PHY
S
= = WR CALIBRATED
=2 — —
2 WR CALIBRATE
E * calibration pattern
Transceiver calibration g Slave requests calibration of its PHY
= WR CALIBRATED A
WR MODE ON WR link has been successfully
Y _»| setup
Standard PTP h gl =t PTP SYNC
- a ] PTP — |t
tandar message eXC ange % E FOLLOW Up - "PTP two-step clock request-response
i i 0 5 DELAY REQ t, delay measurement. Slave calculates
SynCh roni ZatIOI’l g § t, PTP " M-S delay and M-S clock offset and
o = PTP DELAY RESP adjusts its time counter
a| & —
B| & | :
[ > i e
T A o i PTP synchronization is repeated
s a T »i periodically
n : , 11
i v v
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A typical White Rabbit network NPLE

National Physical Laboratory

Hierarchial network consisting of Switches and Nodes.

() e

.

B Node ‘%) Node Node :® Node
r‘- A E"J LENE

sensor actuator database actuator menitoring

12



NPLE

Contents

QMI

Quantum Metrology Institute

2. WR Calibration

 Sources of propagation asymmetry
« Calibration techniques

13
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WR calibration — Link delay model s e

WR Master WR Slave
6MS
> A
<

=

Fiber Propagation

Master Transmission delays Slave Transmission
and Reception delays (Oums> Osm) and Reception delays
A , A .
TXM> SRXM Arxs, Arxs

Bitslide values (eup, £5)

14
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WR calibration — Link delay model e

WR Master WR Slave
6MS
> A
WR gear WR gear
6SM
o (B ‘
Fiber Propagation
Master Transmission delays Slave Transmission
and Reception delays (Oums> Osm) and Reception delays
A , A _
TXM> SRXM Arxs, Arxs

Bitslide values (eup, £5)

« Transmission & Reception delays = PCB trace + SFP transceiver + component delays + FPGA internal delays
- Fiber Propagation Delays (Sus, Osum)

* Round trip delay RTT = TX and RX + Fiber propagation delays + bitslide values.

15
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Types of WR links NPL

National Physical Laboratory

Bi-directional link

)\‘1 }\‘2

%—@
L

Chromatic Dispersion

n(h) #n(2)

Single fiber

Different Transmission and Reception wavelengths

Time offset arises due to Chromatic dispersion
(different wavelengths travel at different speeds)

CwWDM/DWDM

16



Types of WR links
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National Physical Laboratory

Bi-directional link

)Ll 12

%—@
L

Chromatic Dispersion

n(k,) #n( 4,

Single fiber
Different Transmission and Reception wavelengths

Time offset arises due to Chromatic dispersion
(different wavelengths travel at different speeds)

CwWDM/DWDM

Uni-directional link

Unequal fiber length
(L,#L,)

and Chromatic Dispersion

Dual fiber
Same Transmission and Reception wavelengths

Time offset arises due to physical fiber length
imbalance

CWDM/DWDM

17
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WR calibration — Fiber latency NPLE

National Physical Laboratory

1. Measure the RTT with fiber f1. ‘ WR Master WR Slave

2. Measure the RTT with fiber f2 .

‘ WR Master WR Slave

3. Measure the RTT with fiber f1 + f2.

4. Subtract measure 1 or 2 from the combined RTT to

) ] . | 85,+5,
obtain the required latencies. ‘ WR Master -

WR Slave

v’ Calibrate Optical multiplexers, Optical Amplifiers and Fiber patches and spools

18
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WR calibration - Fiber asymmetry

National Physical Laboratory

The fiber asymmetry is defined by alpha (o) as:

_ Oms —Osum

L

Osm

For a Bi-directional link:

1. Measure Skewsl for a link with fiber f1 with a TIC.

2. Measure Skew?2 for a link with fiber f2 with a TIC. | @ f WER Slave ﬁ

3. Calculate the o value as:

o — 2(skewppss — skewppsy)

58, — (skewppsy — skew pps; )

Only for Lab tests — when Master and Slave are at the same site 1
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Calibration of Deployed links NPL

National Physical Laboratory

Fiber swapping method Wavelength swapping technique

Estimating the propagation asymmetry

Estimating the propagation asvmmetry
s t1¢ Propas Y y of a Bi-directional link

of a Uni-directional link

Reference timescale from other means

\‘ Before

: After
At the local site :

local timescale (synchronized to the reference at remote site)
20
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WR calibration — Fiber asymmetry  sureme

Bi-directional link — Wavelength swapping technigue

Reference site Local /User site

RX - A2 Rx - 11 ™~

Measure Skew 1 for the link with wavlength pair A1 at Master
side and A2 at the Slave side.

AS

GPS Receiver

21
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WR calibration — Fiber asymmetry s

Bi-directional link — Wavelength swapping technigue

Reference site Local /User site
Tx - 32 (@) Tx - Al PPS
RX - A1 RX - A2 N

« Swap the wavlength pair for link (A2 at the Master side and
)1 at Slave side) and measure the Skew 2.

AS

GPS Receiver

; Sk 1-Sk 2
- Skew for alpha calculation = £¥¢% : ew?)

22
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WR calibration — Fiber asymmetry  sureme

Uni-directional link — Fiber swapping technigue

Reference site Local /User site

)] Fiber A- Ll@
S
- E——

Fiber B - L2

AS

Measure Skew 1 for the link with Fiber A for transmission and | GPS Receiver
at Master side and Fiber B for transmission at the Slave side.

Only for a Private network!!
23



WR calibration - Fiber asymmetry

National Physical Laboratory
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Uni-directional link — Fiber swapping technigue

Reference site

).1 Fiber B- L)
e — K

FiberA—L1 A

» Swap the fiber pair and measure Skew 2 for the link with Fiber
B for transmission and at Master side and Fiber A for
transmission at the Slave side.

; Sk 1-Sk 2
- Skew for alpha calculation = £¥¢% . ew2)

Local /User site

AS

GPS Receiver

Only for a Private network!!

24
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 Calibration is a challenging task:
» Device calibration
» Link calibration when deployed
* Requires manpower of two teams — one at reference and other at remote end.
» For an existing telecommunication network:
» Optical Multiplexers and Optical Amplifiers can’t be calibrated individually.
* Only a global calibration can be done.

» Recalibration must be performed if any of the link components are changed.

» Atechnique for Autocalibration !1?

25
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3. Long haul WR links for:

« Scientific applications
* Industrial applications

26



Building long haul WR links NP8
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Uni-directional links

1. Single span

(@,
Master WRS @ Slave WRS

27
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B U i I d i n 9 IO ng h au I WR I i n kS National Physical l-aborty

Uni-directional links

1. Single span Optical Mutliplexer

© and Demultiplexer pair
Master WRS @ NEVERUES

2. Link with EDFASs

£ S

Optical Amplifier ~ Optical Amplifier
EDFA 1 EDFAN

28
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Building long haul WR links

Uni-directional links

1. Single span Optical Mutliplexer

© and Demultiplexer pair
Master WRS @ NEVERUES

2. Link with EDFASs

i

Optical Amplifier ~ Optical Amplifier
EDFA 1 EDFAN

3. Cascaded links (may require EDFAs dependig upon link losses)

Q O O Slave N
O 1 ON O WRS/WR Node

To other users To other users 29




NPLTime deployment with WR
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UTC(NPL) time scale

v 1 PPS v

PTP GM PTP GM

1 Gb/s

\ 4 \ 4

4

— copper
— optical

80 km fibre pair

Distribution hub in datacentre

A

WR GM

DWDM MUX

L]

Management | NPL-
server Paris

Enhancements:

Multiple ITU DWDM
wavelengths, 1 Gb/s

Cs holdover GPS
clock monitoring
WR slave PTP slave
A A
1Gb/s
> DWDM MUX Gt Distributor
networks
NPL- 1Gb/s
Paris v
PTP slave

- Passive optical DWDM multiplexers in place of switches
- Allows installation of White Rabbit (WR) on another channel

P Whibberley, NTS, NPL
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White Rabbit on NPL-Daisy link

National Physical Laboratory

NPL, Teddington

Daisy,
Reading

P
@ Daisy Data Centre, Reading
Dark Fibre DWDM MUX

|

~w' . WRS—Boundary Clock

WR switches (7 Solutions) installed at NPL and Daisy i
- Operating over 80 km duplex link (

Daisy switch returns WR signal to NPL on a different channel P Whibberley, NTS, NPL
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Round trip times (RTT)
measured over
20 days, 5 ns/d

Round trip time / ns

785090

785085

785080

783075

783070

7830685

783060

T T T T 15
RTT at Reading
RTT at Teddington
B White Rabbit GM - Slave 1 10
0w
£
L 4 5 Y
iy
A ;
V 10 2
0
0
]
%
- -5 e
£
=
B 4 -10
] ] ] ] 15
58195 58200 28205 28210

MID



Results
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National Physical Laboratory

Round trip times (RTT)
measured over
20 days, 5 ns/d

Offset between GM input and
slave output 1 PPS signals,
50 ps /d

Round trip time / ns

785090 , : . 1s
RTT at Reading
RTT at Teddington
785085 White Rabbit GM - Slave 11
0w
£
785080 1s o
o
[y
7850735 = 0O é
=
0
(o]
¥
785070 15
=
=
-0.05 T T T
White Rabbit GM - Slave
i
£
a
&
ul
E
0
]
4
2
=
=

-0.35

58194

58196

58193

28200

58202 58204 58206 58208 58210 58212 58214

MID
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Stability of WR over 160 km link

Modified Allan deviation (MDEV)

1|:|-1I:I ; IIII T T T III T T IIIII T T T LI IIII T T IIIII T T 1 | L III;
: October 2017 H—+— 3
- March 2018 ——
1wt e i
= : :
E 1071 | E
[ = =
= - 3
= - i
S 1wbE 3
c 114 - .
= -
= n
?E 1D-15 E 3
g F E
2 - .1.1e-16 @ 1 day
10718 E =
:I-I:I-]_:Ir i 1l il 1 Loyl 1l
1g” 10! 102 10° 10°

Averaging Time, T/ s



QMI

A fo u r Span Cascaded 500 km WR I i n k National Physical Labortory Quantum Metrology Institute

Optical Spectrum Analyzer Data Logger 4-channel Frequency Counter

Temperature SH3
: 1«
Wavelength From S#1, 5#3 1\ T J
---------- 10
To counter ! A oM ., WR ZEN (S#4)
? I iSpool set #1 |
1 wess#) L ' : o WRs(s#2) L
62.5 1541
WRS (S#1) .., :Spool set #2 : 1510 WRS (GM)

divider /4 | --#| To counter ohaee lock 10 MHz :'
o] T

To counter REF (& --=-=----

distribution
4 Local 10 MHz mme PPS Generator

in campus fiber

N Kaur et al, IEEE UFFC 2022,
10.1109/TUFFC.2021.3134163

35
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CompariSOn Wlth GPS performance NationalPhysicallabora;ry

Single span link - Chromatic Dispersion scales as L

L
y J Cascaded link - Chromatic Dispersion scales as N
100 : :
- === | Slave 1 — 125 km
K| PR Slave 2 — 250 km
E .ID—‘IE | .1
= it i il Slave 4 — 500 km
SJpE " “uE T I Il GPS Oscilloguartz
= =
:?:U )‘Hh I = |
£ 4o 14 l"ibi [ __1% i . 4e-15@ 1 d
o = — —— e- ay
§ = .LL""lf*‘EFF}‘____
S 10-15 Eb"' Fiber thermal noise (reduced
= by a factor of 5 for buried fiber)
10716
1 10 100 1000 10000 100000 1x10°

N Kaur et al, IEEE UFFC 2022,

Integration time (seconds) 10.1109/TUFFC.2021.3134163 36
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ESA ESTEC to SMD WR link NPLE  QMI

National Physical Laboratory Quantum Metrology Institute

Single fiber link (Dark fiber)

End | N\ > XA PG NN\ End
Node ~53 km ~71 km ~52 km ~84 km Node buil g lif
-14 dB -15 dB -11dB -19.dB Custom built Bi-di Amplifiers
ESTEC SMD P
Noordwijk Rotterdam Roosendaal Antwerp Brussels
|. . .I Estimated uncertainty < 0.2 ns
, .......... v enf, catlon Te rm ma| ................... .. ................. Ve ”flcatlonTermma' .............. .
i GPS GPS
DWDM channels - 1552.52 of GPSRX | Ok~ " signal® c9—] GPSRX e
nm from master to Slave E:::::::::::::f:::::'r:.[f::::::'::::i:g:&;[b::::::::::::::::::g :::::::::::::::::f:::::|::f':::::::-::::;::E%?ggm:u":i
- ocal lermina = : ocal lermina :
1550.92 nm from slave to : l [ :
master WR (B0 }=| iFibre Fibre! |Sle{E0] WR
S\;a;gr' oF Jedz [ = |2|»{OE] Slave ~{7ic]
[ [
Enet Enet
Switch switch | | PC |
NTP } ESTEC
P Waller et al, PTTI proceedings 2021, O j Ethernet

https://doi.org/10.33012/2021.17784 37



https://doi.org/10.33012/2021.17784

QMI

ESA ESTEC to SMD WR link

Timescale difference SMD-ESTEC
4e-9

. ® GPS CGGTTS
% « WR
%2e-9 : e GPS PPP
§ ; Difference between the two links
< is about 1.0 ns (well within the
= uncertainty of the GPS-link)
-2e—-9
~4e~9
-Ge-9

Nov 17 Nov 19 Nov21 _ Nov 23 Nov 25
Time

Figure 3. Timescale difference UTC(SMD) - UTC(ESTC)

https://www.vsl.nl/en/about-vsl/news/two-utc-locations-are-connected-fibre-optic-connection 38
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—_— ) JHU/APL Main Campus
*  WR over millimeter-wave (mm wave) 71-76 GHz carriers over 500 m. 500 m mm-wave Link

1000 m Fiber Link %2

» E-band transceivers to transmit timing signals to remote location.

B__

[

—<

WR-LEN
Grand Master

I
I
I
I
I
I WDM Fiber
WR-LEN ; '

Slave =

I Duplex Fiber
10 MHz . | _ J. E. Gilligan et al, 2020, doi:
Site A°- | SiteB 10.1109/TUFFC.2020.2989667.

39



White Rabbit over mm wave

QMI

Phase Offset (ps)

150

100

Lh
=

=

Lh
S

-100F

-150

4 6
Time Elapsed (s)

M i

T T T L L i T T

aaaal

Quantum Metrology Institute

Fiber
IMim-wave |

Cesium

1o

10’ 107 10° 104
Averaging Time (s)

40
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LLongest WR link ~ 1350 km

National Physical Laboratory

Seven Solutions sets new record for long-distance White Rabbit high-accuracy time-over-fiber link

* WR link ~ 1,350 km (840 miles) to connect GNSS

receiver

GNSS
receiver

Chicago and New Jersey trading locations.

—— e e o o — — ———

« Six long-distance WR hops using WR-Z16
and WR-ZEN TP devices.

_________________

« Connected by a combination of DWDM
and SyncE-compliant transponders.

o=

____________

. . . . I
* Public telecommunication fiber network. ' Hop2 !

:

WR-ZEN
—

' Chicago 2 /

____________________________

*https://www.gpsworld.com/white-rabbit-makes-leap-fui -
time-over-fiber/ 41
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Offset (ns)

_ongest WR link - performance

NPL

National Physical Laboratory

QMI

Quantum Metrology Institute

0,0

0,5

2 hops WR link (=800 km)

1,0

1,5

2,0

2,5 3,0
Time (days)

3,5

4,0

4,5

5,0

Offset (s)

4,00E-08
3,00E-08
2,00E-08
1,00E-08
0,00E+00
-1,00E-08
-2,00E-08
-3,00E-08
-4,00E-08
-5,00E-08
-6,00E-08

6 hops WR link (=1350 km)

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
Time (days)
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Deustch Telecom WR Lab results o s
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R
i

-

=

i

i R | R R|

= 1 ppS '#3:@:"3‘ © ’-#':%
ri—w 3|

N
100 [ | > -1 ! '. 1ot . . . e . |
moc - ! s ‘:',.-' tuliasse) Rt 3 : g : 1
. o - : - - - - IR 4 - i
. . e - - { . l s v
M a2 ! : ) : y—3—]
PRICA | ? b Bt T :
* | gl o A ple - At pastars - o Rales - : :
3 Tt | by | H 1 W
RICHE | ! £ 00 B -4y 9 SCSTT TRYR
- R ! ! P P e ] !
oPRIC /—"'
<> g LA 44 | i S H =g AR A b4 3 S A B <4 3 pe
praoc soe Observahon Window (Tau) K

7 90,0 psec/division : : |

Blue; unfiltered, red: LPfiltered 100 mHz ;
| i i 11 ! i i : : i
.00 20,0 dvechsy 400.2
l i | |
e .
B AL 4! .|
N . . -

TDEV T

1.000 Tiaaa
“ec ksoc

*https://www.researchgate.net/publication/336013265 Highly Accurate_Time_Dissemination_and_Network Synchronization

_at_ISPCS_2019
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WR for Swedish network - Netnod
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National Physical Laboratory

* Bi-directional fibre link between Stockholm and Sundsvall with

a distance of about 440 km.

» Tested in cooperation with the Swedish National Research and

Educational Network, SUNET.

» Adapted to work in parallel with the SUNET equipment by
running WR wavelengths on the side of SUNET’s DWDM

network.

» Custom built amplifiers were used.

> >D >
Line

— 4

Filter SUNET amplifiers Filter

https://www.netnod.se/time-and-frequency/netnods-white-rabbit-implementation-achieves-sub-nanosecond-accuracy-in-live-

swedish-network

44
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1-PPS
” HSR GrandMaster /—l—M’
e b L

White Rabbit HSR

National Physical Laboratory

High-availability Seamless Redundant Timing systemi(

i : - .o
« White Rabbit HSR was developed for Y by,
Smart grids. &S e, e ’*’kf"o
M 1-PPS : ~_1-PPS
, HSRWRS1 fOMH HSR WRS 5 fHomt,
. L. CCE N CEMNNENSNEEEEEEN 0 e "5 sEmwssEmsmswensw |
* Reliable ultra-accurate timing system. _— '3 @
E E ] v A g 2‘
|z £ 8 g8 (35
. . . 3£ 3 @ |3]3
* Ring topology — same notion of time &l e =) one
either clockwise or anticlockwise. C HsRwesy hom / hshwisa fiom
| " 1% Y " ”3/ ........ okl 4
* A Slave can lock to two reference sources NS 8 &/
at the same time. NG S
o> . HSR WRS 3 10 MHz,
e A~ p

45
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Offset from Master (cascade: open ring)

400,00
— 350,00
=
300,00 i ‘ l !
B 5000 hv‘*’w ./“ M&w | }WMM?MWW J‘lnA \‘ W N\w’ e PPS Evolution During Switchover
| \
ézoo,oo “." 1o e | 'I‘ ‘ld xl.'-' al Y ‘ { A WRS2 500,00
S 10 MR ok ".'«'Ll?:‘x L " H Ml VA '.'.'\ WRS3
g v i fﬂf"’) _‘?ﬁ\'{" ‘$¢,‘ N f."iffj*'é;é{'h i ‘u'f“ n j ‘J' ‘k‘ “ ’{ ‘| WRsa @ 40000
gxoo.oto ="""||"' i"wl '\'V,“‘ i [l 8 i Al ' ! ' " A e %
50,00 ' o 300,00
" 7]
N e nRRIvGeRIRSEARARYRESEUREASNATRRAERAR S 0000 —m:;
Time (seconds) 5 Py b ,="‘ _'Jf‘ r ==
v —— g 100,00 ‘H.b'k\n{“& mw"\" ' b" fAT ~—WRS3
. et from Master (HSR closed ring) E o \ Wi [l Jy /e ! —wWRrsa
—WRS5
E)SO.W g -100,00
= 300,00
g \ | W 200,
§ oo !WM\WW' M H‘ !‘4 1' M MJFMV\ whst O e EARRE g R A AAR AR AATRRLRR
E 20000 §b Lira's } '1“1 il | I | ’. - k WRS2 Time (seconds)
AT AR {‘ o \ W wess
,:_2‘ 150,00 EI"?:‘; ':‘j\r“\:\' ]‘X;.TA,‘,K%;_;:]IM @ it ; *#4 ‘N\' ‘&!‘ *‘ ;M, [u FJ, A\ i wass
é,w‘w v|| ! -"‘.J‘fu ‘."~ r .‘. _ ,||“¢ ' ' 't _ '. Ui | ,“". (———
o) i \ { "™ | | | ' |
0.00

nnnnnnnnnnnnnnnnnnnnnn

Time (seconds) 16



Summary

National Physical Laboratory
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Quantum Metrology Institute

WR is able to achieve:
« MDEV of 1-16 @ 1 day (buried fiber)
» Time accuracy < 200 ps
» Cascaded link for best short term stability

« WR HSR
» Redundant links
» Best Master Clock Algorithm (BMCA) for switchover

|EEE standardization and an Active WR community.

Validated by NMIs around the world.

The list of WR users has been ever since increasing - https://ohwr.org/projects/white-rabbit/wiki/WRUsers

WR is being improved continuosly to adapt to industrial requirements (3Rs Robust, Reliable, Redundant):
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QMI

National Physical Laboratory Quantum Metrology Institute

Advanced Quantum Metrology
aboratory AQML




QMI

Quantum Metrology Institute

Vision for test & evaluation faCility s ey

- Create traceable T&F signals and provide an independent testing capability

s Industry
T&F sighe Products & services
Quantum technologies
T&F signals
L NM s

T&F metrology
International time scales

T&F Sjgnals
Universities

Research
Fundamental physics




QMI

Quantum Metrology Institute

La.yo Ut Wi th i n AQ I\/I L National Physical I.aborty

« Most (but not all) of clock evaluation facility will be based in AQML
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QMI

Quantum Metrology Institute

Clock evaluation facility overview

National Physical Laboratory
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QMI

Quantum Metrology Institute

Links with external partners

« Academic partners

« Characterisation of portable clocks developed in NQTP
« Birmingham, Strathclyde, Sussex, NPL

» For future spectroscopy and fundamental physics
* Birmingham, Sussex, Imperial, Durham, Oxford ...

* Optical fibre link to Birmingham
» Dark fibre, transferring both time and frequency signals
» Applications:
« Timing signal for Birmingham radar testbed
* Frequency signal for fundamental physics research
e Could become a node of National Timing Centre (NTC)

European fibre
network



NPLElI QMI

National Physical Laboratory Quantum Metrology Institute

Thank you for your attention!

Oh dear! O dear!
I shall be tee latel
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