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A brief review of time transfer methods

Clock A

Time transfer = mastering delays Propagation delay
* Instrumental delays 2
* Propagation delays

* Otbher... (Sagnac effect)

Instrumental delays Instrumental delays
One way time transfer Two way time transfer
Clock A Clock A Clock B
Delay AB Delay AB
...................... S
D L LT
Delay BA
* The path delay AB needs to be * Both clocks must transmit signals.
determined.
+ Hypothesis * Measure the Round trip time (RTT).
« Asignal is sent from clock A * One way delay is estimated as half of the
« Input: round trip value.
* Celerity of the waves * Results depend on the hypothesis that
 Propagation modeling the path delay is same in both
* Spatial coordinates directions.
* Measure a time interval at B side
« Applied in GPS time transfer method * Applied Two-Way satellite T&F transfer,
NTP, PTP...
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Performance comparison of some Time transfer methods

Very high performance
time transfer through

optical fiber links

\_

(High performance time

Satellite time transfer and

~N

transfer by Two way

GPS common view

methods )

\/

Accuracy ~ few 100 ps to a few ns

Range ~ hundreds of km,
National/continental scale

\J

Accuracy ~ a few ns

Range ~ more than 1000 km

GPS CV ~ Global scale

Time over Internet by
Network time protocol (NTP)
Precision Time Protocol (PTP)

White Rabbit PTP (WR-PTP)

v

Accuracy NTP ~ ms
PTP ~ ps
WR-PTP ~ ns range

Range NTP-WAN
PTP-LAN
WR-PTP - typical 10 km,
extended up to 1000 km

I’.@vatmre
de Paris

4



Introduction to White Rabbit (WR) technology
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(WR-) PTP : Precision Time Protocol (IEEE 1588)

Master Slave

* Frame-based synchronization protocol.

Master time scale Slave time scale
1 * Synchronizes slave clock with the master clock.
¢ * Link delay evaluated by measuring and exchanging
RTT frames with tx/rx timestamps.
t2
RTT a v Round trip time (RTT) = (12—tl) + (t4—t3)

Link latency 5 = RTT/2
Clock offset = 12 —1tl + 5
In case of asymmtery (5 F5_ ):

v # error = (5 —d8_)/2
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Add-ons of WR-PTP :
SyncE, DDMTD and asymmetry compensation

Synchronous Ethernet (SyncE)

* Layer-1 syntonization
* A common frequency reference for the entire network
* All nodes of the network are locked to the frequency of the System timing master

Digital Dual Mixer Time Difference (DDMTD)

* Precise phase measurement
* A phase compensated clock signal for the slave

Asymmetry compensation

* PTP accounts for node asymmetries.
* Sources of propagation asymmetry in a White Rabbit link:

« Chromatic dispersion ( in a bidirectional single fiber (Bi-color) link, the wavelength in
one way is different from the wavelength in the opposite direction)

* Unequal fiber lengths (in a unidirectional dual fiber (Bi-fiber) link, the fiber length in
one way is usually different from the fiber length in the other way).

e ‘Static’ correction of propagation asymmetry possible with WR.
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White Rabbit technology: Early results @ CERN
(2013)

;‘*” "-Ilislu_ur:lm of offsets between master and each slave s

P Master \
- (1), !
! : Sla\’e-.Z.."'-.u :

1200 L

- : (CH3) 3 _,.
12 100 ' i mean= 24.67 ps
= Slave 3 . sdev=530ps .+ 1
13w (Ch4) : :
i mean=-13525ps | !
e sdev =6.14 psp ; j P 1 :
17 . (CH2) ;
1w e i mean= 161.86 ps i
1 Ll - ; = e -
2 - guee® L sdev =5.45 ps .
. - ;
I';“ —T -100 50 0 50 100 180 200 #

Histograms of PPS output offsets of three cas-
caded WR switches with respect to the PPS pulse outputin
the master switch.
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White Rabbit technology: some nice features

* (Gigabit Ethernet data transfer
* Single/Dual fiber medium, works also on air !

* Network hierarchy : scalable to 1000s of nodes

* Developed by CERN for typ. 10 km @ ﬁ

* Extension to longer distances up to 100-

1000 km on telecom backbones (VTT, - H H
VSL®)  swich I s
*  Fully open hardware and software e H r' = i
* Initiated by CERN in 2008. After 10 years: (ot | (®rote | [ woe |  [®rote ] [ Nose )
* Mutli-laboratory
* Multi-company collaboration L'i"‘ ! J héJ \ ‘ L% g
° >60 engineers il’lVOlVCd .l ‘sensor actuator database ; -actuator ; monitoring ’

* Standardization (@ IEEE1588 : 2018?

Extremely fast developments

Schematic of a White Rabbit Network

* E.F. Dierikx et al, "White Rabbit Precision Time Protocol on Long Distance Fiber Links",
DOI: 10.1109/TUFFC.2016.2518122 (2016).
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White Rabbit equipments

Collaboration with Emission/detection :
SevenSol Small form factor pluggable
~ (SFP) optical transceivers
() o -SA
A A lime Reference |
¥ Y

- A A ik " A Network
s =5

1) Node ] Node
sensor actuator database actuatar monitoring

SPEC
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White Rabbit Switch
Stage 1: The Grandmaster

SYRTE

H-Maser signal

1GHz distribution

10 MHz Local
reference ]
and distribution
|
PPS generation and
distribution

- - m =

WR SWITCH
(Grandmaster) GM

Clock out

h 4

‘--------------‘

: Microsemi '
1 Phase noise analysis

~--------------'

PPS OUT

PPS REF f Time interval counter

l (ST 210)

J
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Default and Improved WR Switch performance

Phase noise Power Spectral density

-40 Default -
i Improved
-60
I~ [ ] :
% '80 l
g '
& 1
g | | I |
2-100 P ' A :
5 1 :
: ' A
w 1
b B
120 ' ... _!!-..!..-"‘.n. H‘.‘) \
o SEH
e E :
s 20 KHz:
1 ]
-140 e Z- :
: Lt 1
B i »
10° 10' 10° 10" 10% 10° 10°

Frequency (Hz)
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Allan Deviation

Allan Deviation (NEQ BW - 500Hz)
No fiber

1.3x10"@1s —» 4.9x10"° @ls

| Improved —e—

Default —e— | ]

0—16
0.01

0.1 1 10 100
Integration time(seconds)

* ADEV is measured by Microsemi Phase noise test set S120A.

1000 10000
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19

g

Time Deviation (seconds)

-
<
[}h]

fere

Time deviation
1.2x10" s@1s —» 5.5x10"*s@1s

Default GM —m—
Improved GM —l—

B il

1——\

e —

——

10 100 1000 10000
Integration time(seconds)

* BW of measurement=1 Hz

100000
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A 100 km White Rabbit link
Stage 2: Slave White Rabbit Switch

SYRTE

H-Maser signal
1GHz'distribution

o
| WR SWITCH %@
= = = =] (Grandmaster) GM

1
»

|
10 MHz Local : 1541 nm
reference — ' 100 km _ _Bl-fl_ber _
and distribution : fiber spool (Unidirectional) link
I i ¢ m m m mm
PPS generation and ' )
distribution : WR SWITCH ; 1 SPEC
! Slave I
1 A\ ] - - m m
| 125MHz " :
Clock out
L.O '
1
[ Time interval counter P> OUT . il
- Microsemi
PPS RER LR . Phase noise analysis
t-..p, Time stability :

analysis '

« s " " ...
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The local oscillator performance
Slave Bandwidth increased from 20 to 60 Hz

_170 = LEEEEE R B B A, [ FE R E R B EELELE L | EEERELERE | LR R | EEEEELELE
‘ Slave switch ——
180 Error signal of the Slave
TRV R Local Oscilla‘tor
-190 ¢ ; '
200 e
210 |
220 |
-230 |
240 |
-250 |
-260
270 §

280 S e e e e e B P D R B BO R B e Bl
0.01 0.1 1 10 100 1000 10000 10000¢(

Fourier frequency (Hz)

DSP Rel. Freq. noise (dB.sz/Hz)
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Time transfer performance for a 100 km WR link
and its limitations

1079 e

" Slave Switch 100 km ——
. Fiber noise

resolution of TIC :

Time Deviation (s)

10—15

1 10 100 1000 10000 100000
Integration time (s)

* BW of measurement=1 Hz
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The linewidth of the emitters

=10 T T T ¥ T

- — 1541 nm
20
30
40
50
0 A J
-70-*@/ \ IF \/\/
=80 T T T T T

1540 1541 1542 1543
Wavelength (nm)
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Time transfer performance for a 100 km WR link
and its limitations

10_9 A Y AN B A L s 0 N S Wbt gt b A ol 2 Ol b E L e R A Tl o ) i et LA o 1 S o

" Slave Switch 100 km =—
. Fiber noise

resolution of TIC : :

(-

fate

Chromaticbiparsion |~ | |
G

Time Deviation (s)

10718

10714 _______ :

10—15

1 10 100 1000 10000 100000
Integration time (s)

* BW of measurement=1 Hz
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A cascaded 500 km WR link

WR SWITCH
SYRTE Grandmaster) GM gE %
H-Maser signal v ( )
IGHz*distrihuﬁon : 1510 nm OADM
|
10 MHz Local S— 1 125 km
ll reference : fiber spool
and distribution 1 DADN
|
PPS generation and i WR SWITCH g I
distribution : .
' 1541 nm 1
1GHz 125MHz ' ;
L.O 1
CADM ¥
Clock out K+K
Increased PTP rate to 14 Hz wfsngCH D - frequency counter
1610 n A
H
iy
: 1
OADM ' :
WR SWITCH Clockout _J E
(Slave 3 @ .
1560 nm 1 :
L]
1
1
1
PPS OUT Uni-dir '
EDFA ¥ 4 -
Time interval counter ]- PPS OUT '
[ (ST 210) (Slave 4) ;
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The first 500 km 4-span cascaded WR link

ZEN -10 MHz clock out
(K+K counter)

Accuracy for frequency < 1E-15

Lo le-11

| | — zEN, = 3.1e—16|.

A gate time = 1s

Relative frequency deviation

A ; . ; ‘ ;
0 100000 200000 300000 400000 500000 &00000

time (s)

7 days of measurement

* BW of measurement=0.5 Hz
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The first 500 km 4-span cascaded WR link
Allan Deviation at each span

10‘11
¢ 125Kkm -
*—% 250 km
¢—¢ 375km
; : : i 500 km
1012 » ....................... ....................... ....................... .......................
20713 b N L SR S R SRR

| Corresponds for S\

E 10-14 = 3 . . | 3
= Chromatic; Dispersion :
3()=0.5 pm ;
8(v)="70 MHz
0 Sl S e , .............
10716 |-. =
-17 I 1 il 1 L
19 100 10’ 10° 10° 10° 10° 10°

T {s)

A gate time = 1s
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The first 500 km 4-span cascaded WR link
Comparison with GPS

10" T T T T —
: : : i 125 Km

&% 250 km
&—& 375 Kkm

¢ 500 km
$—% GPS 5201 ||

10-12

- AN\ N S e . R

10.14

ADEV

10735 ...

1071 ___ ....................... ....................... b R SR R SRS ,__.: ......................

10-17 i '} 1 L
10° 10t 102 102 10? 10° 10°
T (s)
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The first 500 km 4-span cascaded WR link

Scaling to the Paris to Besancon link

/ (4 spans, about 250 km each)

s % 125km

0. &% 250 km
e ¢—# 375 km

1072 p-

10—13 ..

a -14
S 10 |
=L

10—15

10-16 =5

1017 | I i L L

10° 10’ 107 103 10 10°% 10°
T {s)
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10-

Time deviation, seconds

1012

10-
1010 §

10-11

The first 500 km 4-span cascaded WR link

Time deviation comparison with infield applications

8 F

E—E SYRTE 500 km link
=8 VTT 1000km link (scaled to 500 km)
=8 Smotlacha 540 km

9 F

100 101 102 103 104 105 106
Averaaina time, tau(seconds)

* BW of measurement=1 Hz

107
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Conclusions

* Improved the White Rabbit Switch stability (in Grandmaster mode) by more than one
order of magnitude for 0 euro!

» The improved performance is only limited by the switch hardware.

* The bandwidth of the slave is optimized : improved by a factor 3 (0 euro)

*  We evaluated the performance of a 500 km cascaded White Rabbit link for long range
time and frequency dissemination.

* We have demonstrated frequency transfer stability at the level of 2x10"° over 1 day of
integration time. No shift within the statistical uncertainty.

* Time deviation reaches a minimum of 1.5 ps at short integration time.
* The limitations for the time performance are chromatic dispersion (emitters stability)

and fiber thermal noise...
» The end-user equipment has to follow...
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Perspectives

* Time and frequency dissemination at a national scale:

»> A WR link between Paris to Besancon (UTINAM) using active telecom
fiber network in collaboration with RENATER.

* Looking for practical solutions to be implemented in field for determining time
accuracy/calibration of the link.

I’.@vaton’e
de Paris



Thank you for your attention!
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