The London-Paris link

- A fibre link for optical frequency transfer between London and Paris
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. Objectives
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* Understand the basics of optical frequency transfer over fibre
* Recognize equipment necessary to operate a link

* Interpret link parameters and performance

* Give examples of applications
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. Problem of variable delay noise
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Every transmission system has delay:

Transmission system

phase D, (t) Variable Dyt (1) = Py (t — 7p)
delay
dd;,
dt

frequency f;, =

e.g. constant relative velocity

— Tp = (do +vt)/c fout:fm(l_g)

Any change of transmission delay causes “Doppler shift”.

- 26/02/2019 CLONETS Training Event @ NPL 3



. How to measure this noise? yil
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Every frequency measurement needs a reference:

Local Remote
reference reference

delay
@ ﬁ(O)C fin fout fr%m @
Tp

© © © ©
fi_n fout . fin v flgc (1 dTD)

5 =
]clOC froem ﬁco)c fr%m

Variable

clock mismatch is indistinguishable from Doppler shift.
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. Principle of delay noise compensation
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Solution: double pass transmission

Local
reference

Variable
Q # B T Y el
loc 6 out mn dt
fret

« Tp
v v
© ©

fret O_fm _ flon <1 o 2@) Measure
floc floc dt

Correct

Veasuring the round-trip enables correcting the output
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. General principle for time and frequency transfer
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e.g. not
10 MHz

O
®

All non-trivial point-tcoJ-point time or frequency
transfer methods use the double-pass principle.

Cable
Fibre
Carrier
Packet

Time

e.g. not
GNSS

O
o

or Radio

or Copper

or Modulated
or Physical layer

or Frequency

e
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.The need for a stable local frequency
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Fluctuating input frequency and constant delay:

i\

/Delayed signal f,o+ # fin

L

|

fin » Constant
delay
>

JUVY

| \/ \/ fret « Tp

Self-heterodyne noise indistinguishable from delay noise.
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. Optical frequency transfer over fibre
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: - Acousto-
Cavity-stabilised SEiile
< 1 Hz linewidth
modulator
Laser AOM shift  Link noise Partial Output

Faom Af reflection f, + const/2

fi
K@ w—(AOM [ Noise [l
Ultra- $|- Servo ,

stable
laser _
fret _ fL = 2 (fAOM +Af)
= const
Beat measurement
a.k.a.
Heterodyne receiver Link noise cancelled in real time.
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.A bit more technical
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A very unbalanced Michelsen interferometer:

fref

2fAOM
+2Af

End marker
Suppress Rayleigh
scattered light

Faraday mirror
Polarisation always
matches on return

Q@

X

/

FM
_j:L + faom + Af ’ . fu+ frep/2

fref = 2(faom + Af) =0




. Ultrastable cavity-stabilised laser

CLOCK NETWORK SERYICE

Very high Q resonator =5 Pound-Drever-Hall == Tunable laser

Low-loss mirrors

t
ULE spacer r
Multi-layer thermal &

shielding

Jeff Sherman
CC BY-NC-SA 2.0

Vacuum chamber

™~ Acoustic shielding

AN

Vibration isolation

NPL Commercial products available

Sub-Hz linewidth laser
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https://www.flickr.com/photos/fatllama/140513445/in/photostream/
https://creativecommons.org/licenses/by-nc-sa/2.0/legalcode

. London-Paris link — Local setup -

Transfer laser London-Paris

@ 1542 nm e

Ultrastable cavity
laser @ 1064 nm K

| | |
UK time scale
UTC(NPL)

Yb ion Sr lattice This is the service provider end —
Clock laser Clock laser not the user end!
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Optical
Frequency
comb
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. Optical frequency transfer - Remote setup &
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London-Paris link:
Repeater laser station

Simplest case: Longer links:
Partial Faraday mirror Signal regeneration

[ Anne Amy-Klein ]

EDFA

v Phase-locked laser

Link

Standard fibre-optic component

User output
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London-Paris link — Fibre route

760 km fibre
7 ms round-trip delay S B

200 dB l0SS  craveriet AR

|
, LRLE
Folkestc?rne Beauvais,\= g - (SYRTE

- : Raris GWir =
Paddock Wood Paris'PoP

(National-Physical Laboratory  Pair of dark fibres

Fully bi-directional
ITU Ch 44 transparent
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Central Paddock Folkestone  Graveline Lille Bois Albert Beauvais Paris Paris
London Wood Eurotunnel Bernard GWY  interXion
74 75 94 84 66 51 95 87 23 11 43
Britain France LPL LNE-

Distances between huts in km SYRTE

10 commercial bi-directional EDFAs

Image Landsat
Data SO NOAAT LIS Navy, NGA| GEBCO

Google earth
C

Imagery Date: 4/10/2013  50° 12.653' N 1°5.498'E elev -16 m eye alt 190.47 km
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. Amplification techniques *

EDFA (Erbium-doped fibre amplifier) Repeater laser station (RLS)

* Essentially a phase locked laser
Almost a laser with multiple outputs
Er-doped fiber * Used to regenerate the signal
at the link endpoint

Q [Anne Amy-Klein ]

Other options

e Gain limited by tendency to oscillate, typically < 15 dB
* Proven technology, benefits from telecom know-how
* Standard telecom EDFAs are unidirectional, not suitable
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. Inside an amplifier hut

y 1 !1,

Coogle'earth

(¢]
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Performance
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. Limits to performance
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Loop bandwidth limited by round-trip delay

300 T T T T T T I | |
iati In-loop error signal
__ 20 Phase deviation P gn |
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‘= 100 K ! ) i { A | i
-':% j | tl Ll I*I » \ I t\‘ﬁ' Il'ﬁ. J"- [ II . 1 L
-g 0 I 1 0 k .. | Irr % b
' X J | 1 | .
E -100 — IR '* "I I / { i ‘J ‘ i T |
o i
=
= B ‘ alfa ]
= bravo
—SDD 1 | 1 | | | 1 | |
0 0.1 02 0.3 0.4 05 06 07 0.8 0.9 1
time [s]
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Applications
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> Optical clock comparison = | Anne Amy-Klein |

» Test of fundamental physics

» Earthquake detection

2a |
B Central Italy - Mw 6.5 -
| Optical fibre link 2000 ra
€ =)
3 T
5 £
SL .. T
& | Seismometer 418
. o 200 pm =
Ultrastable laser interferometry for earthquake AT O
detection with terrestrial and submarine cables AMANA M’W
GIUSEPPE MARRA, CECILIA CLIVATI, RICHARD LUCKETT, ANNA _
TAMPELLINI, JOCHEN KRONJAGER, LOUISE WRIGHT, ALBERTO L
MURA, FILIPPO LEVI, STEPHEN ROBINSON, ANDRE XUEREB, _
BRIAN BAPTIE, DAVIDE CALONICO ' ' ' ' '
— 0 200 400 600 800 1000 1200
SCIENCE | 03 AUG 2018 : 486-490 Time (s)
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http://science.sciencemag.org/content/361/6401/486
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Thank you for your
attention

This project receives funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement no. 731107

e
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CLONETS — CLock NETwork Services

Strategy and innovation for clock services over optical-fibre networks

Proposal ID: 731107

Topic: INFRAINNOV-2016
Duration: 30 months

Start date: 1st January 2017

Web page: http://www.clonets.eu
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. London-Paris link — Topology
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London / Local Paris / Remote
Fibre A — transfer stable frequency

TX TAOM || Noise [mtmmmm)| RX

m& &—J A\

Servo
Ultra- Repeater
stable Laser
laser Fibre B — compare RX vs TX station

T‘-H Noise H AOM T Q [Anne Amy-Klein ]
& |

Servo

Check end-to-end “Hybrid two-
frequency stability way scheme”
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. Spurious lasing of bidirectional EDFAs

_“'x‘\\;
,‘I(]lI]EK NETWORK SERVICE

Pump
980 nm Er-doped fiber

Signal 1550nm

[ e.g. bad splice ]\

Laser threshold
GZRlRZ — 1

E.g. Rayleigh scattering -35 dB — occasionally much higher
In practice G = 15...20 dB max

\( Rayleigh ]

L scattering




