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Optical Carrier Transfer: The basic idea
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Delivering the same optical frequency at two places:
accurate cancellation of phase noise
introduced by an optical fiber or other time-varying path
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Atomic Frequency standards Comparisao
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Link in Fibra:

Always better than a commercial Cs
100 s for Cs fountains

1000 s for optical frequency standards
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Optical Fibre Links:laroadrangeof applications

z@ Remote clocks comparisons
)

VLBI radioastronomy and geodesy

Relativistic Geodesy

Seismology
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Optical Fiber Linksa worldwide snapshot

O Fiber Link in use

* Ongoing projects

®
B

lllllllllllllll



Standard telecommunication
optical fibre

A Made of glass (silica)

A 125 mm diameter (slightly thicker than
human hair)

A Very low loss (0.2 dB/km)

Architectures:

A Dark Fibre (dedicated)
A Coarse Division Wavelength Multiplexing (CWDM): spectrum divided into

channels (16 nm each)
A Dense Division Wavelength Multiplexing (DWDM): spectrum divided into

channels (100 GHz each, butalso 12.5-50 GHz) | TU IJIxxd d :
In Europe, hystorically, we use ITU44 with a central wavelength at 1542.14 nm



A with DWDM and CWDM: we can have metrological signals and
data traffic at the same time.

A Use od Optical Add and Drop Multiplexer or Wavelength Divison

Multiplexer (OADM or DWM) to Add/Drop a specific wavelength
(basically, they are bragg filters)

wavelength-division multiplexing (WDM)

Tmnsponders Transponders
MUK DEMUX
link 1 TP1 \-[\ /I// TPS | link 1
link 2 |_TP2 TPE | link 2
link 3 |_TP3 ;—:j/ \h TP7 | link 3
link 4 | TP4 TPE8 | link 4
= signal flow -




A network of distant clocks: how?

* Portable clocks
* Remote comparisons

Real:

transfer medium
(air, optical fiber, cable

Clock  Clock1 +noise 1| Clock?

E=E sin(ot+e) E=E, sin(ot+e_ +3¢) “

— Need a way to DETERMINE or CANCEL g
optical path noise :
Clock1 / Clock2+noise |
B e




Coherent Fiber Link:how it works

ULTRASTABLE 1542 nm,
Dn< 10 Hz

BIDIRECTIONAL

—_—— Mirror

/ig =
——— S
Opticz;I/Farad;y» < m ﬂ(\l

Filter  nirror : ——

FIBER NOISE
COMPENSATION
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Step-by-step remote comparison procedure

1. Take an ultrastable laser at the Metrology
Institute and measure its frequency vs local
(primary) atomic clock

2. Transfer the same laser to
the remote lab through an

optical fiber N
- Laser / Clock1 Laser / Clock2 |
3. Measure the received laser * |
frequency vs local clock ‘I

Clock1 / Clock?2
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Frequency transfer through optical fiber

* Exploits the same fibers which are used for the Internet

But....

* The metrological information is the absolute frequency of the optical
electric field travelling the fiber, i.e.:

E= E0 sin(ot+ o)
* Need full-optical path from transmitter to receiver
* Any environmental effect which affects the fiber length changes o, as:
e=2nL/A > Ap=2nAL/A

..and this in turns affects o, since ® = g—t(A(p)

' - OCS20185ressoneySeptember 12th, 2018 | I I



The Doppler-noise cancellation technique

Considers the fiber as a (very) long arm of a Michelson interferometer

=0

* I]
&

Interference appears on the photodiode between:

=E sin(ot+e, ) =E sin(ot+2nAL /1)

= E0 Sin((o]t+2'n: ALIong/ \)

sho rt)
=E, Sln(®2t+(p|0ng)

long

We are interested in the difference:

oc sin[2n/A (AL, . - AL )] ~ sin[ (2n/L) AL

photodiode

An actuator changes the optical phase by an equal amount, opposite in sign

' - OCS20185ressoneySeptember 12th, 2018 | I I



Coherent Fiber Link:noise sources

Use Stabilised lasers, with coherence
Wlength > 2x link length
]m/m Faraday
~

— —l Mirror
= PPu— — |
" N — _
A==
thlcal Faraday H
Filter  wirror : a—
é ............. oLL BIDIRECTIONAL
REEERENCE FIBER
PATH NOISE 5 5
Should be short _4p° a, nLQg
and Temperature Sremote( f ) — & — O Sfiber( f )
Controlled 9 C +

Williamset al., JOSA B25,1284 (2008)
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1284 J. Opt. Soc. Am. B/Vol. 25, No. 8/ August 2008 Williams et al.

High-stability transfer of an optical frequency over
long fiber-optic links

P. A. Williams,* W. C. Swann, and N. R. Newbury

National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305, USA
*Corresponding author: pwilliam@boulder.nist.gov

Received February 25, 2008; revised May 2, 2008; accepted May 31, 2008;
posted June 9, 2008 (Doc. ID 93074); published July 17, 2008

We present theoretical predictions and experimental measurements for the achievable phase noise, timing
jitter, and frequency stability in the coherent transport of an optical frequency over a fiber-optic link. Both
technical and fundamental limitations to the coherent transfer are discussed. Measurements of the coherent
transfer of an optical carrier over links ranging from 38 to 251 km demonstrate good agreement with theory.
With appropriate experimental design and bidirectional transfer on a single optical fiber, the frequency
instability at short times can reach the fundamental limit imposed by delay-unsuppressed phase noise from
the fiber link, yielding a frequency instability that scales as link length to the 3/2 power. For two-way transfer
on separate outgoing and return fibers, the instability is severely limited by differential fiber noise.
OCIS codes: 060.2360, 120.3930.




Link PSD, Example: LIFT Link 1284 km (642 kmx2)
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ltaly, LIFT Link 1284 km (642 kmx2)
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Offset between delivered and original signal <5x10-1°

D. Calonico etal., Applied Physics B , 117, 979 (2014).
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Instabllity. LinkLengthScalind-aw

Assuminguniform noisedistribution with fiber link length.
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N. R. Newbury et al., Ogtett 32, 3056 (2007)



The Doppler-noise cancellation technique

PID
loop

* Typically 500 km hauls

— after 500 km, 107'° of the original power

— need optical amplification
* non commercial
* Critical technology & operation

* Fiber loss 0.2 dB/km

Local Lab

: 0CS2018GressoneySeptember 12th, 2018 | | |



Erbium Doped Fiber Amplifiers

Erbium Doped
Fiber/1

Why not commercial ones?

Optical
Isolator

x fiber is not the same in the f
two ways —>
— noise is different

Optical
Isolator

Erbium
Custom developed EDFAs Doped Fiber/2
vOnly one fiber
— fully symmetrical
E_rbium Doped
x easily saturated by direct and Fiber ()
bakscattered ASE —>

— span length < 100 km

All coherent optical links so far rely on bidirectional EDFAs

' - — OCS20185ressoneySeptember 12th, 2018 | I I




Distributed Amplification

A Intensit
Pump laser Y

Scattered 5|gnal direct (B) direct (R)
mo = scattered n A

Non linear effects in optical fibers:

» frequency

® Stimulated Raman Scattering (10 THz shift)

» Stimulated Brillouin Scattering (10 GHz shift)

v No special fiber is needed
(the gain medium is standard fiber)
v Fully symmetrical
v High gain (gain is distributed on 20 km!)

m. C. Clivati et al., IEEE Photon. Techn. Lett. 25, 1711 (2013) O. Terra et al., Opt. Expr.18, p. 16102 (2010)
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BidirectionalEDFAsaturationin-field
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Challenges: reliability

. Small gain (15-20 dB) & filtering
- Automated amplifiers gain adjustment
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Monitoring and Control

Fluctuationf the AmplifiersGainusedto take thesystemto delock
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Monitoring and Control /2
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: R Fr W 1 P WINV‘“ Riade ad ] AA

0 24 48 72 96 120 144 168
time (h)

' - — OCS20185ressoneySeptember 12th, 2018 | I I



Cycle Slips
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TWOWAY Optical Transfer

@b

_ocz

To beinvestigated
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Advantages AW Q w edtHed® Q
ALowerattenuation indepenedenidetectionand
(noneedof a rounatrip) aquisitionsystems
AHigherSNRat detection ADataexchangéetween
remote laboratories

C. ECalossopet al. Opt.Lett. 40, 131134 (2015)
C E.Calossoet al., Opt.Lett. 39, 11771180 (2014)
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120 km Lmk In Japan
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50 km Link in China NHVHU Beijiin
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U.S.A.: the NISJILA lini

Allan Deviation

102" L4 . .
10’ 10° 10
Averaging Time (s)

JeffertsS.R. et al., IEEHrans. Instrum. Meas., 46, 2@4.1 (1997)
ForemanS.M.,et al.,Phys. Rev. Lett.,99, 153601 (2007
P. A. Williams et alJ Opt. Soc. Am.25, 1284(2008)
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920km Link in Germany PI\BPQ
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London

F wus. / France, Project REFIMEVE+
oS / Fibré Métrologique a VVocation Européenne
- - % / \ g q p

Bt Results on 740 km
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(DWDM dark channel architecture)
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1500 km Link PTBraunschweig LNESYRTE, Paris
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812 km Londo#Paridink BPB & ﬂ_
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italy: LIFT, 1800 km

W A Quantum Technologies
= A Radioastronomy

A UltracoldatomsPhysics
A Space Galileo

A Finance

& 7 Researchnstitutes linked
CNR; NationalResearciCouncill
AS[c ItalianSpace Agency

INARC ItalianAstrophysics$nstitute

3 IndustrialUsers
ThalesAlenia Spacéaly
Telespazip
ConsortiumTopX
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European fibre links

P.Delvaet al.,PhysRevLett, 118, 221102 (2017)
C.Lisdatet al, NatComm 7, 12443 (2016)

E.Dierickxet al., IEEE Trans UFFC, 63935 (2016)

D. Calonico et al., EPL 110, 40001 (2015)

Z. Jiang, et aMetrologia 52,384-391(2015) .-
K.Predeh] Science 336, 44444 (2012 e
J. Grotti et al. Nat Phyq2018)

G. Marra et al., Science (2018)%
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European fibre links

and WG ATFT of CCTF

European

Eummmsmn And DG Conhect

. ANew Era of Technology May 2016

QuantumMamfesto ’

EURA
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European fibre links

A In Europehereis an intensaesearchactivity on fibrelinks

A Thereis a variety of techniques CoherentFL, ElectroniBtabilized
Links, PTHichAccuracy{White Rabbi) Time Transfer, Optical
Combsover fibre

A So far, Largprojectsinvolvinglinks
(NMI coordination:

EMRPNEATFT /EMPIROFTEN & ~
H2020CLONETS/ Hzc}mEMETRAﬁf
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European Projects on fibre links

H2020INFRAINNO\ i

Strategyand innovation for clock services over optiiale networks
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